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Il.  Omdwienie celu naukowego oraz uzyskanych wynikéw

Wprowadzenie

Rownowaga tautomeryczna zasad nukleinowych jest jednym z kluczowych
czynnikdw odpowiadajacych za poprawne rozpoznawanie odpowiadajgcych
sobie zasad w kwasach nukleinowych [1], a jej zaburzenie ma duzy wptyw na
biologiczne procesy, poniewaz moze prowadzi¢ do mutacji genetycznych [2].
Proces tautomeryzacji puryn oraz zasad nukleinowych zostat szeroko zbadany
zarébwno przy uzyciu metod teoretycznych jak i eksperymentalnych [3-11].
Rozwdj alternatywnego kodu genetycznego (expanded genetic code) zrodzit
naturalne pytanie o rownowage tautomeryczng jego nowych form —izo-guaniny
oraz izo-cytozyny [12]. Problem ten byt szczegdlnie interesujacy, poniewaz dane
eksperymentalne ujawnity mozliwos¢ mutacji izo-cytozyna->tymina [13].
Zsyntetyzowana pochodna guaniny (Gua) — aza-guanina (azaGua) — oraz
pochodna izo-guaniny (izoGua) — 8-aza-izo-guanina (z8izoGua) — zostaty
rozpoznane jako obiecujgce sondy fluorescencyjne [14,15], ktére mogg znalez¢
zastosowanie w badaniach waznych biologicznych procesow. Zamiana wegla C8
na azot nie wptywa bezposrednio na interfejs Watsona-Cricka i Hoogsteena,
chociaz moze prowadzi¢ do zmiany rownowagi tautomerycznej nowych
zwigzkdw w porownaniu do naturalnych puryn, w tym rowniez do Gua oraz
lzoGua.

Oproécz konwersji C8->N8, warto rowniez zbadac¢ ewentualny wptyw metylacji na
rownowage tautomeryczng pochodnych puryn. Metylowana izoGua zostata
zbadana przy uzyciu metod chemii kwantowej [16], jednak nie pod katem wptywu
metylacji w pozycji 9 na rownowage tautomeryczng. W ramach tych badan grupa
metylowa zostata umieszczona w pozycji nr 9 izoGua w celu imitowania jej
obecnosci w tancuchu polinukleotydowym. Metylacja umozliwia takze wskazanie
lokalizacji protonu na pierscieniu triazolowym (w niektorych przypadkach takze
pierscienia  pirymidynowego) azapuryn za pomocg  Wwyznaczonych
eksperymentalnie widm absorpcji, co zastosowano min. dla azaGua oraz
z8izoGua [15]. Co istotne, metylacja tych zwigzkow nie doprowadzita do utraty
wtasciwosci fluorescencyjnych.

Bardzo interesujgcym biatkiem, ktore jako substraty wykorzystuje naturalne
puryny orazich analogi, jest fosforylaza nukleozyddw purynowych (PNP). PNP jest
enzymem, ktory katalizuje odwracalny proces konwersji (rybozylacja i fosforoliza)
miedzy zasadami nukleinowymi (purynami) i ich nukleozydami. PNP odgrywa
wazng role w metabolizmie nukleotyddw, poniewaz uczestniczy w zapasowym
szlaku metabolicznym syntezy nukleotydow, ktéry wykorzystuje zasady
nukleinowe i nukleozydy dostepne w komorce. Jest to alternatywna droga do
bardziej powszechnego, ale energetycznie drozszego procesu syntezy de novo

6



[17]. Takie wtasciwosci biochemiczne umozliwiajg wykorzystanie PNP w
procesach farmakologicznych, medycznych i praktycznych. Jedng z negatywnych
konsekwencji dziatania enzymu jest fosforoliza lekow nukleozydowych, ktorg
mozna ztagodzi¢ poprzez zastosowanie odpowiednich inhibitorow [18]. Z drugiej
strony fosforylazy mogg przyczyniac sie do aktywacji prolekéw, ktore mogg byc
nukleozydami lub zasadami nukleinowymi [19]. Niektore z enzymow PNP mozna
stosowa¢ w terapii genowej raka, w ktorej cytotoksyczny kwas nukleinowy
uwalnia sie w wyniku fosforolizy toksycznych nukleozydow [20]. Wykazano, ze
niedobdr lub brak aktywnosci PNP prowadzi do dysfunkcji komaérek T i powoduje
zmniejszong odpornos¢ komorek. PNP moze by¢ rowniez stosowane jako lek
immunosupresyjny, zapobiegajgcy odrzuceniu przeszczepu, lek na raka
powodujgcego nadprodukcje komorek T i lek na choroby autoimmunologiczne,
takie jak dna moczanowa, reumatoidalne zapalenie stawow, fuszczyca,
stwardnienie rozsiane [21-23]. Z drugiej strony aktywnos¢ enzymatyczna PNP
moze by¢ wykorzystywana do syntezy specyficznych nukleozydow, co stanowi
alternatywng metode dla syntezy chemicznej [24-27].

Dzieki temu, ze 8-azapuryny wykazujg mierzalng emisje fluorescencji, to mogg
znalez¢ zastosowane w badaniu kinetyki procesu wigzania do PNP [15].
Fluorescencja 8-azapuryn w tym azaGua zalezy takze od pH i dlatego moze by¢
stosowana do badania standw jonizacji zasad nukleinowych w
ustrukturyzowanym RNA [28]. Ostatnie badania eksperymentalne na 8-aza-
purynach pokazujg, ze PNP moze katalizowac rybozylacje w réznych pozycjach
pierscienia triazolowego, niekoniecznie w pozycji kanonicznej nr 9 [29]. Przyczyna
tej réznorodnosci moze wynika¢ z réznic w geometrii wigzania przyjetych przez
badane 8-aza-puryny. Ligandy te mogg eksponowac rézne atomy azotu (nr 7, 8
lub 9) pierscienia triazolowego na kanat prowadzacy do miejsca wigzania, co
moze powodowaé rybozylacje ligandu w tych eksponowanych pozycjach.
Ztozonos¢ tego procesu poteguje obecnos$¢ réznych tautomerycznych form
ligandow, a takze réwnowaga standw protonacyjnych reszt aminokwasowych
obecnych w miejscu wigzania.

W tej rozprawie zaprezentowane zostaty wyniki obliczen metod chemii
kwantowej zastosowanych do réznych form tautomerycznych z8izoGua oraz
azaGua, co pozwolito na przedstawienie obrazu rownowagi tautomerycznej tej
sondy fluorescencyjnej. Wyniki obliczen zostaty pordwnane z wynikami
otrzymanymi dla Guaniny i izoGua. Metoda zastosowana dla z8izoGua oraz
azaGua zostata takze przetestowana na 2,6 — diamino-8-azapurynie (DaaPur).
Poprawnos¢ naszej metodologii zostata sprawdzona przez obliczenie
elektronowych standw wzbudzonych oraz poréwnanie ich z dostepnymi danymi
eksperymentalnymi [14,30,31]. Takze wptyw metylacji na wybrang azapuryne —
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z8izoGua — poprzez metylacje pozycji N9 (9m-z8izoGua) zostat zbadany. Grupa
metylowa imituje pierscien deoxyrybozy, zatem badany ukfad nasladuje molekute
z8izoGua umieszczong w tancuchu polinukleotydowym. 9m-z8izoGua ma o 12
wiecej mozliwych tautomerédw porownujgc do metylowanej izoGua, co jest
spowodowane wiekszg iloscig stanow protonacyjnych pierscienia triazolowego,
co z kolei moze wptywac na rozktad gestosci elektronowej badanej molekuty. Z
tego powodu zostata przeprowadzona takze analiza rozktadu tadunkéw
Hirshfelda. Obliczenia zostaty wykonane na tym samym poziomie teorii
kwantowej jak ten zastosowany do z8izoGua [32] i porodwnane do wynikow
otrzymanych za pomocg metod kompozytowych Gaussian-3 [33] oraz Gaussian-
4 [34].

W pracy podjeto rowniez prébe wyjasnienia mechanizmu kanonicznej i
niekanonicznej rybozylacji dwdéch azapuryn przez cielece PNP, odpowiednio
azaGua oraz DaaPur, ktory zostat zaobserwowany podczas badan
eksperymentalnych [29]. Na podstawie ustalonej rownowagi tautomerycznej
tych dwdch zwigzkow wyselekcjonowano najbardziej prawdopodobne formy,
ktore nastepnie zostaty poddane procedurze dokowania w kieszeni wigzacej
odpowiednio wybranej i przygotowanej konformacji biatka. W wyniku dokowania
odpowiednie mody wigzania zostaty zakwalifikowane do dalszych badan.
Nastepnie wykorzystano odpowiednie techniki modelowania molekularnego, aby
odpowiedzie¢ na pytanie, dlaczego dwa badane analogi puryn s3 rybozylowane
w roznych pozycjach. Wyniki zostaty omowione w kontekscie dostepnych danych
eksperymentalnych.



Cel pracy doktorskiej

Celem pracy jest zbadanie wifasciwosci wybranych 8-aza-puryn: 8-aza-izo-
guaniny, 8-aza-guaniny, 2,6-diamino-azapuryny oraz wyjasnienie mechanizmu
niekanonicznej rybozylacji wybranych ligandow — pochodnych 8-aza-puryn —
przez fosforylaze nukleozyddw purynowych (PNP).



Omdwienie prac wchodzacych w sktad rozprawy doktorskiej

Na niniejsza rozprawe doktorska sktadajg sie trzy oryginalne publikacje, ktore sg
spojnym tematycznie cyklem artykutow. Prace te zostaty opublikowanie w
indeksowanych czasopismach naukowych o zasiegu miedzynarodowym,
znajdujacych sie w bazie Journal Citation Report i wypetniajg zatozony plan
projektu badawczego.

Artykutem otwierajgcym projekt badawczy jest praca pt. , Theoretical study of
tautomeric equilibria of 2,6-diamino-8-azapurine and 8-aza-iso-Guanine”. W
pracy wyznaczono obraz tautomeryczny dwodch wybranych pochodnych 8-
azapuryn - 2,6-diamino-8-azapuryny (DaaPur) oraz 8-aza-izo-guaniny (z8izoGua)
- w otoczeniu gazowym oraz wodnym. Badania zostaty przeprowadzone za
pomocg metod chemii kwantowej na poziomie B3LYP/6-311+G(d,p) oraz
BHandHLYP/cc-pVTZ. Wszystkie badane molekuty to formy aminowe, gdyz jak
wykazano w przypadku izoguaniny (izoGua), formy iminowe s3 mocno
niekorzystne z energetycznego punktu widzenia [16]. Procedura wyznaczenia
rownowagi tautomerycznej badanych zwigzkoéw zarowno w gazie jak i w wodzie
byta nastepujaca:

e W pierwszym kroku geometria pieciu form tautomerycznych DaaPur oraz
jedenastu tautomerdw azaGua w gazie zostata zoptymalizowana. W celu
potwierdzenia znalezienia sie czasteczek w minimum energetycznym
zostata przeprowadzona analiza wibracyjna. Geometrie tautomerow
zoptymalizowanych w prozni zostaty uzyte jako startowe struktury w
Srodowisku wodnym

e Nastepnie wykonano obliczenia termochemii, ktore pozwolity wyznaczy¢
parametry termodynamiczne tautomerdéw, tj. energie elektronows,
entalpie, energie swobodng Gibbsa, wktad entropowy oraz energie
swobodng solwatacji. Analiza populacyjna zostata przeprowadzona na
podstawie rozktadu Boltzmanna

e W celu walidacji rozwazan teoretycznych pierwsze trzy singletowe energie
wzbudzenia zostaty wyznaczone za pomocg czasowo-zaleznej metody DFT
oraz poréwnane z eksperymentalnie wyznaczonymi maksimami absorpcji.
Wszystkie obliczenia standw wzbudzonych zostaty wykonane dla
zoptymalizowanych geometrii stanu podstawowego

Wyniki analizy populacyjnej w gazie dla DaaPur wskazaty na dominacje tautomeru
D9, ktory miat wyrazng przewage nad kolejng formg — D8 (AG = 5.2 kcal/mol).
Populacja pozostatych tautomerdw wydaje sie by¢ mocno zwigzana z odlegtoscia
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pomiedzy tautomerycznymi protonami a grupami aminowymi, na co wskazuje
bardzo duza wartos¢ AG dla formy D1, w ktorej proton jest zlokalizowany
pomiedzy dwoma grupami aminowymi. Solwatacja DaaPur znaczgco obniza
roznice energii swobodnej Gibbsa pomiedzy tautomerami zajmujgcymi skrajne
miejsca w kolejnosci energetycznej (AG spadta z ok. 28 do ok. 12 kcal/mol), jednak
D9 nadal dominuje nad pozostatymi formami (AG = 3.9 kcal/mol). Wyniki obliczen
stanow wzbudzonych wskazujg na bardzo dobrg zgodnos¢ przeskalowanych
stanow singletowych S1 oraz S3 tautomeru wiekszosciowego D9 z maksimami
absorpcji otrzymanymi eksperymentalnie.

Analiza energii swobodnych Gibbsa dla z8izoGua w srodowisku gazowym
sugeruje niewielkg przewage form enolowych A29c oraz A29t (AG < 1 kcal/mol)
nad amino-tautomerem A38. Dominujgce tautomery enolowe sg bardziej
stabilne niz formy oxo — A39 oraz A19. Z biologicznego punktu widzenia
najwazniejszg podgrupg tautomerdw sg te protonowane w pozycji N(9)-H, ktore
mogg stuzy¢ jako modelowe zasady zwigzane z pierscieniem cukru w faricuchu
kwasu nukleinowego. Ta wazna podgrupa tautomerdow zostata zdominowana
przez formy enolowe. Poza pierwszymi trzema wyraznie dominujgcymi
tautomerami, obecnosc pozostatych form w gazie jest niewielka bgdz marginalna.
Zanurzenie w srodowisku wodnym azaGua powoduje, iz najbardziej stabilnym
tautomerem staje sie A38, chociaz solwatacja jest bardziej korzystna dla
wiekszosci pozostatych tautomerdow. Dla tautomerdw dominujgcych w gazie —
A29c, A29t — solwatacja okazata sie szczegdlnie niekorzystng (AAG > 5 kcal/mol).
Zyskujg natomiast wazne biologicznie formy oxo — A39, A19. Ich obecnos¢ w
srodowisku wodnym jest znaczaca, na co wskazuje AG < 3 kcal, z niewielka
przewagg A39 (AG = 0.6 kcal/mol). Blisko$¢ energetyczna A39 oraz A19 sprawia,
iz ten drugi tautomer, ktory moze formowac interfejs Watsona-Cricka z
izocytozyng, musi rywalizowacé z tautomerem N(3)-H. Réznica energii swobodnej
Gibbsa pomiedzy najnizej i najwyzej energetycznym tautomerem zmalata z 22.3
kcal/mol do 11.0 kcal/mol. Pomimo najkorzystniejszej energii swobodnej
solwatacji tautomeru A17 (AAG = -10.5 kcal/mol), wcigz jego populacja pozostaje
bardzo niska. Analiza standow wzbudzonych w wodzie wskazuje, iz wyznaczone
teoretycznie przeskalowane energetyczne stany singletowe S1 oraz S3 formy A38
sg bardzo zblizone do tych otrzymanych eksperymentalnie. Jest to zgodne z
wynikami obliczen réwnowagi tautomerycznej, ktéra wskazuje na tautomer A38
jako wiekszosciowy.

Zaréwno w srodowisku gazowym jak i wodnym wktady entropowe dla obu
zwigzkdéw nie przekroczyty 1.2 kcal/mol, co Swiadczy o izoentropowosci procesu
tautomeryzacji.
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Drugim artykutem wchodzgcym w skfad pracy doktorskiej jest praca pt.
,Theoretical investigations of tautomeric equilibrium of 9-methyl-8-azaiso-
Guanine and its electrostatic properties”. Praca zawiera wyniki badan nad
wptywem metylacji z8izoGua w pozycji N(9) na jego rownowage tautomeryczng
a takze nad jego wtasciwosciami elektrostatycznymi. Obliczenia zostaty
przeprowadzone za pomocg metod wykorzystujgcych hybrydowe funkcjonaty
(BHandHLYP/cc-pVTZ) oraz metody kompozytowe (G3, G4). Wszystkie mozliwe
formy tautomeryczne 9m-z8izoGua zostaty rozwazone, w tym formy iminowe.
Badania zarowno w srodowisku gazowym jak i wodnym zostaty przeprowadzone
wedtug ponizszej procedury:

e Geometrie 34 tautomeréw 9m-z8izoGua zostaty zoptymalizowane.
Nastepnie geometrie poszczegdlnych form zostaty poddane procedurze
weryfikacji minimum energetycznego poprzez analize wibracyjna.
Geometrig startowg dla obliczen w wodzie byta zoptymalizowana struktura
gazowa.

e W kolejnym kroku, na podstawie obliczen termochemicznych zostaty
wyznaczony parametry termodynamiczne tautomerdw: energie
elektronowg, entalpie, energie swobodng Gibbsa, wkfad entropowy oraz
energie swobodng solwatacji. Rozktad populacji tautomeréw 9m-izoGua
zostat wyznaczony za pomocg rozktadu Boltzmanna.

e W celu zbadania wtasciwosci elektrostatycznych badanego uktadu tadunki
czastkowe Hirshfelda oraz momenty dipolowe zostaty wyznaczone.

Wyniki obliczen réwnowagi tautomerycznej 9m-z8izoGua w fazie gazowej
wskazujg na dominacje dwdéch form amino-enolowych AEc(t). Forma cis jest nieco
bardziej preferowana z energig swobodng nizszg o ok. 1 kcal/mol. By¢ moze
powodem tej nieznacznej roznicy jest odlegtos¢ pomiedzy grupga metylowa a
protonem O(2)-H. Populacja pozostatych tautomerdw jest wtasciwie nieznaczaca.
Ich energia swobodna (uwzgledniajgc réwniez biologicznie istotne tautomery
AO1, AO3 oraz 1t0O13) jest co najmniej o 4 kcal/mol wyzsza od najbardziej
prawdopodobnego tautomeru. Warto zaznaczy¢, ze wsrod trzech podgrup
(amino-oxo, imino-oxo, imino-enol), niemalze wszystkie formy protonowane w
pozycjach N(7) oraz N(8) sg najbardziej dyskryminowane w ramach danej
podgrupy. Tak jak w przypadku rownowagi cis-trans, powodem tego zjawiska
moze by¢ odlegtosé pomiedzy protonami N(7)-H oraz N(8)-H a grupg metylowa.
Umieszczenie 9m-aza-izoGua w srodowisku wodnym znaczgco zreorganizowato
rownowage tautomeryczng ujawniong w gazie. Najbardziej preferowanymi
tautomerami sg amino-oxo formy protonowane w pozycji N(1) oraz N(3) (AO1
oraz AO3) z bardzo niewielkg przewagg tego pierwszego. Jako ze izoGua moze
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formowac interfejs Watsona-Cricka z izo-cytozyng (izoCyt), a takze biorac pod
uwage niewielkg rdéznice pomiedzy dwoma najnizej energetycznymi
tautomerami, mozna zaktada¢ ze forma protonowana w N(1), ktéra moze
utworzyc stabilng pare typu Watson-Crick z izoCyt, musi rywalizowac o proton z
tautomerem N(3). Najbardziej prawdopodobne formy w Srodowisku gazowym to
AEt(c), pomimo niekorzystnej energii solwatacji oraz niskich wartos$ci momentu
dipolowego (AAG = 6.91 kcal/mol oraz 8.02 kcal/mol; p = 0.90 D oraz 2.85 D,
odpowiednio) ich obecnos¢ w srodowisku wodnym jest nadal znaczgca (AG = 1
kcal/mol). Szczegdlnie obecnos$¢ tautomeru AEc jest godna uwagi, poniewaz
moze ona oddziatywa¢ z tyming (Tym) poprzez interfejs Watsona-Cricka.
Wiekszos¢ imino-oxo tautomerdw charakteryzujg sie nizszg energig solwatacji niz
forma AO1. Jak sie spodziewano rowniez formy imino-enolowe, pomimo
relatywnie korzystnej solwatacji, nadal pozostajg niestabilne. lzoentropowy
charakter procesu tautomeryzacji zaréwno w srodowisku gazowym jak i wodnym
potwierdza stosunkowo niewielki wktad entropowy (TAS < 1 kcal/mol).
Elektryczny moment dipolowy najbardziej preferowanych form zaréwno w fazie
gazowej (AEc(t)) jak i w wodzie (AO1 oraz AO3) nie przekracza 8D. Ponadto suma
tadunkéw czgstkowych na kazdym z pierscieni dla tych tautomerdw oscyluje
wokot zera. Z drugiej strony wartos¢ momentu dipolowego form protonowanych
w pozycjach N(7) lub N(8) w wiekszosci wypadkow jest wysoka (od ok. 7 D do ok.
24 D). Pierscienie tych specyficznych form sg przedmiotem nieréwnomiernego
rozktadu tadunku (od -1.07 a.u. na pierscieniu pirydyminowym 1t0O78 do 0.76 a.u.
na pierscieniu triazolowym 1c078). Badany ukfad tautomeryczny zawiera kilka
tautomerdw, ktore moga zosta¢ zdefiniowane jako cwiterjony (AO7, IcEc(t)7,
Ic(t)017, Ic(t)O37, Ic(t)O38 oraz Ic(t)O78). Charakter cwiterjonowy tych molekut
moze zosta¢ rozpoznany po zwyktej analizie macierzy rzedéw wigzan
kowalencyjnych. Jednak sg réwniez takie formy tautomeryczne (AOS, Ic(t)Ec(t)8
and Ic(t)O18), ktére okazujg sie by¢ cwiterjonami na podstawie analizy rozktadu
tadunkdw czgstkowych, a nie w wyniku analizy macierzy rzedéw wigzan
kowalencyjnych.

Ostatnim artykutem sktadajgcym sie na dysertacje doktorskg jest praca pt. ,Why
Purine Nucleoside Phosphorylase Ribosylates 2,6-diamino-8-azapurine in non-
Canonical Positions? A Molecular Modeling Study”. Badania przeprowadzone w
ramach tej pracy skupiajg sie na wyjasnieniu procesu alternatywnej
(niekanonicznej) rybozylacji — 2,6-diamino-8-azapuryny (DaaPur) w pozycji nr 7
lub 8 przez fosforylaze nukleozyddw purynowych (PNP). W celu walidacji naszych
wynikow rowniez standardowa (kanoniczna) rybozylacja 8-azaguaniny (azaGua)
w pozycji nr 9 pierscienia triazolowego przez to samo biatko zostata zbadana.
Metodologia zastosowana do badanych uktadow moze zosta¢ podzielona na
cztery kroki:
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e \Wyznaczenie rownowagi tautomerycznej azaGua z wykorzystaniem metod
chemii kwantowej na poziomie BHandHLYP/cc-pVTZ. Tautomeria drugiego
liganda — DaaPur - zostata zbadana w pierwszej pracy réwniez za pomocg
wyzej wymienionej metody i bazy

e Wyznaczenie standéw protonacyjnych miareczkowalnych reszt biatka za
pomocy serwera sieciowego h++ w eksperymentalnym pH (6.6)

e Dokowanie najnizej energetycznych  tautomerow do  struktur
krystalicznych biatka oraz selekcja odpowiednich moddow ze wzgledu na
mape wigzan wodorowych w kieszeni wigzgcej biatka, a takze orientacji
geometrycznej ligandow wzgledem kanatu prowadzgcego do tej kieszeni

e Zastosowanie bardziej wyrafinowanych metodologii (Molecular Mechanics
Poisson-Boltzmann Surface Area (MM-PBSA) w potaczeniu z Normal Mode
Analysis (NMA)) do wybranych moddéw wigzania otrzymanych w wyniku
dokowania. Metody te pozwalajg na wyznaczenie wzglednych energii
swobodnych Gibbsa modow wigzania

W pierwszej pracy wchodzgcej w sktad pracy doktorskiej wyniki obliczen
rownowagi tautomerycznej DaaPur wskazujg na wyrazng dyskryminacje formy z
protonem zlokalizowanym w pozycji nr 1 (AG = 12 kcal/mol). Wyniki zastosowania
tej samej metodologii dla azaGua pokazaty, Zze wszystkie trzy najnizej
energetycznie tautomery w srodowisku wodnym sg protonowane w pozycji nr 1
i roznig sie protonacjg pierscienia triazolowego, ktéry moze by¢ uprotonowany
we wszystkich trzech dostepnych pozycjach: 9 (najnizsza energia), 8 (AAG = 2.9
kcal/mol) oraz 7 (AAG = 4.4 kcal/mol). Tylko populacyjnie znaczace (AG < 5
kcal/mol) tautomery zostaty zakwalifikowane do dokowania, tj. D8 oraz D9 dla
DaaPur i A17, A18 oraz A19 dla azaGua. Najbardziej prawdopodobne mody
wigzania DaaPur wewnatrz kieszeni wigzgcej PNP eksponujg azot N8, co stoi
czesciowo w zgodzie z wynikami eksperymentu, w ktérym postuluje sie
rownowage pomiedzy produktami rybozylowanymi w pozycjach N7 oraz N8.
Pomimo ze najnizej energetyczny mod eksponujgcy azot N7 jest dopiero szdsty
w kolejnosci pod wzgledem energii swobodnej, to jego obecnosc in vitro nie moze
zostac catkowicie wykluczona. Niska pozycja tego modu wigzania w rankingu jest
spowodowana najwiekszym spadkiem entropii sposrod wszystkich badanych
moddéw wigzania. Jesli rozwazymy tylko wktad entropowy, to ten mod wigzgcy
awansuje na czwartg pozycje, tracgc do podium jedynie 0.1 kcal/mol. W
przypadku drugiego badanego liganda — azaGua — najbardziej prawdopodobny
mod wigzania eksponuje pozycje nr 9, co jest zbiezne z wynikami eksperymentu.
Chociaz nastepny w kolejnosci mod eksponuje pozycje nr 8, to nastepujace po
nim trzy mody wigzania eksponujg rowniez pozycje nr 9. Analiza kombinacji
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energii swobodnych Gibbsa oraz entalpii liganddw, biatek oraz kompleksow
wskazuje na ekspozycje N8 dla DaaPur oraz N8 lub N9 dla azaGua. Kolejny istotny
wynik tej pracy jest zwigzany z kluczowa resztg aminokwasowa obecng w kieszeni
wigzgcej — Glu201. Obydwa miareczkowania teoretyczne wykonane za pomoca
serwera sieciowego h++ oraz symulacji dynamiki molekularnej w statym pH formy
apo biatka w srodowisku wodnym pokazaty, ze pK, tego tancucha bocznego jest
Znaczgco wyzsze niz to wyznaczone eksperymentalnie dla uktadu modelowego, a
zatem populacja protonowanej formy nie jest zaniedbywalna i musi zostac¢ wzieta
pod uwage w dokowaniu. Analiza populacji tautomerdw azaGua oraz DaaPur w
potgczeniu z teoretycznym miareczkowaniem oraz analiza dokowanie/MM-
PBSA/NMA pokazaty, ze analogi puryn z podstawnikami 6-oxo i 6-amino powinny
wigzac sie do biatek znajdujgcych sie w roznych stanach protonacyjnych kieszeni
wigzacej. Nasze wyniki sugerujg, ze azaGua (6-oxo podstawnik) wigze sie do
kieszeni ze zdeprotonowanym Glu-201 (forma ujemnie natadowana), natomiast
DaaPur (6-amino podstawnik) wigze sie do kieszeni z uprotonowanym Glu-201
(forma neutralna), ktéra zgodnie z naszymi teoretycznymi wynikami
miareczkowania powinna by¢ znaczgco populowana w srodowisku wodnym.

15



Whnioski

Tautomeria 8-aza-izo-guaniny (z8izoGua), 2,6-diamino-aza-puryny (DaaPur), 8-
aza-guaniny (azaGua)

e Najbardziej stabilnym tautomerem DaaPur w wodzie jest forma
protonowana w pozycji N(9)

e Amino-oxo tautomer azaGua protonowany w pozycjach N(1) oraz N(9) jest
najbardziej stabilnym tautomerem w wodzie

e Sposrdod tautomerow z8izoGua, najnizej energetyczng formg A38 jest ta,
ktorej maksima absorpcji znajdujg sie najblizej przeskalowanych energii
wzbudzenia, silnie wskazujgc protonacje pozycji N(3) pierscienia
pirymidynowego, czego wyniki eksperymentalne nie wyjasniaja

e W porownaniu do guaniny kolejnos¢ energetyczna form A19 oraz A39
z8izoGua jest odwrocona, a wiec efekt mutacji izoCyt—Tym

zaobserwowany dla alternatywnego kodu genetycznego moze by¢
spodziewany réwniez przypadku zamiany izoGua na z8izoGua

Metylacja z8izoGua

e Dla metylowanej w pozycji N(9) z8izoGua formy amino-oxo AO1 oraz AO3
dominujg w srodowisku wodnym

e Metylacja z8izoGua znaczgco zwieksza populacje amino-enolowych form
Aec(t). Ten efekt nie jest spowodowany solwatacjg, lecz raczej zmianami w
strukturze elektronowej molekuty

e Jako ze tautomer AEc moze by¢ zaréwno donorem jak i akceptorem
wigzania wodorowego, moze to skutkowac utworzeniem trzech wigzan
wodorowych z tyming. Znaczgca obecnos¢ AEc moze doprowadzi¢ do

mutacji genetycznej izoCyt — Tym

e Tautomery 9m-izoGua z uprotonowanym pierscieniem triazolowym
wykazujg charakter cwiterjonowy

e Dla kilku tautomerdw niemozliwe jest rozpoznanie cwiterjonowosci na
podstawie analizy rzeddw wigzan. Ich cwiterjonowy charakter moze by¢

potwierdzony tylko poprzez analize rozktadu tadunkéw wyznaczong za
pomocg metod chemii kwantowe]
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Powinowactwo DaaPur oraz azaGua do PNP

Dwa najbardziej prawdopodobne mody wigzania DaaPur wewngatrz
kieszeni wigzacej cielecego PNP eksponujg azot N8, co jest czesciowo
zgodne z wynikami eksperymentu, ktéore wskazujg na rownowage
pomiedzy produktami rybozylowanymi w pozycjach N7 i N8

W przypadku azaGua najbardziej prawdopodobny mod wigzania eksponuje
pozycje N9, co jest zbiezne z wynikami eksperymentu. Jak mozna zauwazyc¢
drugi w kolejnosci mod wigzania eksponuje pozycje N8, jednak nastepne
trzy mody wigzania wskazujg na potencjalng rybozylacje w pozycji N9

pKs kluczowej reszty aminokwasowej w kieszeni wigzgcej — Glu-201 — jest
znaczaco wyzsze niz to wyznaczone eksperymentalnie dla ukfadu
modelowego, a zatem populacja protonowanej formy nie jest
zaniedbywalna i musi zosta¢ wzieta pod uwage w procedurze dokowania

azaGua (6-oxo podstawnik) wigze sie z biatkiem zawierajgcym
zdeprotonowang reszte Glu-201, natomiast DaaPur (6-amino podstawnik)
z biatkiem zawierajgcym uprotonowang reszte Glu-201

Poréwnanie wyznaczonych moddéw wigzania badanych ligandow z
inhibitorami obecnymi w strukturach krystalicznych sugeruje, ze
modyfikacja inhibitora (S)-PMPDAP, w ktorym taricuch 2- (fosfonometoksy)
propylowy jest przytgczony w pozycji 8 zamiast w pozycji 9, moze zwiekszy¢
jego powinowactwo wigzania sie do biatka PNP

Podziat modow wigzania ligandow na cztery rodziny ekspozycyjne
(eksponujgce atomy N3, N7, N8 i N9) oraz analiza ich zmian energii
swobodnej Gibbsa w procesie wigzania do biatka PNP wskazuje na
ekspozycje N8 dla DaaPur oraz N8 lub N9 dla azaGua. Analiza rodzin
ekspozycyjnych uwzglednia populacje réznych form tautomerycznych
ligandow oraz form protonacyjnych reszty Glu-201
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lll. Streszczenie w jezyku polskim

Rownowaga tautomeryczne form aminowych 2,6-diamino-8-azapuryny, 8-aza-
izo-guaniny oraz 8-azaguaniny zostata wyznaczona za pomocg obliczen DFT na
poziomie  B3LYP/6311+G(d,p) oraz  BHandHLYP/cc-pVTZ.  Najbardziej
prawdopodobny tautomer 2,6-diamino-8-azapuryny jest protonowany w pozycji
N(9), co jest zbiezne z wynikami dostepnymi danymi eksperymentalnymi.
Tautomer o najnizszej energii swobodnej 8-aza-izo-guaniny jest protonowany w
pozycjach N(3) i N(8). W przypadku wazniejszego biologicznie tautomeru N(9)-H
prawdopodobienstwo protonacji w pozycji N(3) jest wyzsze niz w N(1). Ten wynik,
obserwowany rowniez dla izo-guaniny, pokazuje odwrocone
prawdopodobienstwo protonacji w pozycjach N(3) i N(1) w pordwnaniu z
guaning, a wiec efekt mutacji izocytozyna->tymina, zaobserwowany dla
alternatywnego kodu genetycznego, moze rowniez mie¢ miejsce w przypadku,
kiedy izo-guanina zostanie zastgpiona 8-aza-izo-guaning. Wyraznie dominujgcym
tautomerem 8-aza-guaniny jest forma uprotonowana w pozycji N(1) oraz N(9), co
jest zgodne z wynikami otrzymanymi dla guaniny. Zatem guanina moze z
powodzeniem zostac zastgpiona przez 8-aza-guanine, poniewaz nie niesie to ze
sobg konsekwencji w postaci zaburzenia interfejsu Watsona-Cricka. Obliczone
energie standéw wzbudzonych dla 8-aza-izo-guaniny oraz 2,6,-diamino-8-
azapuryny pozostajg w dobrej zgodnosci z dostepnymi  danymi
eksperymentalnymi i wskazujg na najbardziej prawdopodobne tautomery, jako
te odpowiedzialne za absorpcje.

Obraz tautomeryczny 9-metylo-8-aza-izo-guaniny zostat zbadany rowniez
metodami hybrydowej chemii kwantowej (BHandHLYP/cc-pVTZ) oraz dodatkowo
metodami kompozytowymi (G3, G4). Najbardziej dominujgcymi tautomerami s
formy amino-oxo, ktére sg protonowane w pozycjach N(1) i N(3). Ta kolejnos¢
dominacji jest zgodna z wynikami tautomerii otrzymanych dla 8-aza-izo-guaniny,
ale metylacja badanej czasteczki powoduje znaczny wzrost populacji form amino-
enolowych  protonowanych ~w  pozycji 0O(2). Analiza  wifasciwosci
elektrostatycznych  9-metylo-8-aza-izo-guaniny pokazuje, ze dominujace
tautomery majg rownomierny rozktad tadunku, ale zdecydowana wiekszosc
wysokoenergetycznych form protonowanych na pierscieniu triazolowym to
cwiterjony.

Fosforylaza nukleozydow purynowych (PNP) jest enzymem, ktory katalizuje
odwracalny proces konwersji (rybozylacja i fosforoliza) miedzy zasadami
nukleinowymi (purynami) i ich nukleozydami. Badania eksperymentalne
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wykazaty, ze cielece PNP rybozyluje analogi purynowe w okreslonych pozycjach -
2,6-diamino-8-azapuryna w pozycjach 7 lub 8 i 8-azaguanina w pozycji 9
pierscienia triazolowego. Przyczyng tego zjawiska moze by¢ rézna ekspozycja
substratow purynowych na kanat prowadzgacy do miejsca wigzania. Te hipoteze
zweryfikowano przez zastosowanie technik modelowania molekularnego do
dwoch komplekséw analogdéw purynowych 2,6-diamino-azapuryny - cielece PNP
(kod pdb: 1LVU) i 8-azaguaniny - cielece PNP (kod pdb: 2AI1). Wyniki uzyskane w
pofaczeniu z metodami chemii kwantowej, dokowania i dynamiki molekularnej
wykazaty jakosciowg trafno$¢ naszej hipotezy. Energie swobodne wigzania
uktadow biatko-ligand pokazaty, ze najbardziej prawdopodobne mody wigzania
eksponujg azot N(8) w przypadku kompleksu z 2,6-diamino-8-azapuryng i azot N9
dla kompleksu z 8-azaguaning w kierunku kanatu wigzacego, a takze wykluczaja
ekspozycje N9 dla 2,6-diamino-8-azapuryny i N7 dla 8-azaguaniny, co jest
czesciowo zgodne z danymi eksperymentalnymi. Innym waznym wynikiem
uzyskanym w tym badaniu jest znacznie wieksza populacja protonowanej formy
kluczowej reszty Glu-201 (ze wzgledu na jej obecnos¢ w kieszeni wigzacej), w
poréwnaniu ze standardowag protonacjg niezwigzanego kwasu glutaminowego w
roztworze. Wynik ten w potgczeniu z populacjami postaci tautomerycznych obu
badanych uktadéw silnie sugeruje, ze 2,6-diamino-8-azaguanina i 8-azaguanina
sg rozpoznawane przez biatka odpowiednio ze zdeprotonowang i protonowang
resztg Glu-201. Poréwnanie wyznaczonych moddéw wigzania badanych ligandow
z inhibitorami obecnymi w strukturach krystalicznych sugeruje, ze modyfikacja
inhibitora (S)-PMPDAP, w ktérym faricuch 2- (fosfonometoksy) propylowy jest
przytgczony w pozycji 8 zamiast w pozycji 9, moze zwiekszy¢ jego powinowactwo
wigzania sie do biatka PNP.
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IV. Streszczenie w jezyku angielskim

Tautomeric equilibrium of the 2,6-diamino-8-azapurine, 8-aza-iso-guanine and 8-
azaguanine amino forms was determined by DFT calculations at
B3LYP/6311+G(d,p) and BHandHLYP/cc-pVTZ level of theory. The most populated
tautomer of 2,6-diamino-8-azapurine is protonated at position N(9), which is
consistent with the results available from experimental data. The tautomer with
the lowest free energy of 8-aza-iso-guanine is protonated at positions N(3) and
N(8). In case of the biologically important N(9)-H tautomer, the probability of
protonation at the N(3) position is higher than at N(1). This result, also observed
for iso-guanine, shows the inverse probability of protonation at positions N(3)
and N(1) compared to guanine, and thus the effect of the isocytosine->Thymine
mutation, observed for the alternative genetic code, can also occur if iso-guanine
is replaced by 8-aza-iso-guanine. The clearly dominant tautomer of 8-aza-guanine
is the form protonated at the positions N(1) and N(9), which is consistent with
the results obtained for guanine. Therefore, guanine can be successfully replaced
by 8-aza-guanine, because it does not affect a Watson-Crick interface. The
calculated energies of the excited states for 8-aza-iso-guanine and 2,6-diamino-
8-azapurine are in good agreement with available experimental data and indicate
the most likely tautomers as those responsible for absorption.

The tautomeric picture of 9-methyl-8-aza-iso-guanine was also examined by
hybrid quantum chemistry (BHandHLYP /cc-pVTZ) and additionally by composite
methods (G3, G4). The most dominant tautomers are amino-oxo forms that are
protonated at positions N(1) and N(3). This order of dominance is consistent with
the results of tautomerism obtained for 8-aza-iso-guanine, but the methylation
of the molecule under investigation causes a significant increase in the
population of amino-enol forms protonated at position O(2). Analysis of the
electrostatic properties of 9-methyl-8-aza-iso-guanine shows that the dominant
tautomers have uniform distribution of charge, but the vast majority of high-
energy forms protonated on the triazole ring are zwitterions.

Purine nucleoside phosphorylase (PNP) is an enzyme, that catalyzes reversible
conversion process (ribosylation and phosphorolysis) between nucleobases
(purines) and  their nucleosides.  Experimental  studies showed
that calf PNP ribosylates purine analogs in specific positions — 2,6-diamino-8-
azapurine in positions 7 or 8 and 8-azaguanine in position 9 of the triazole ring.
The reason of this phenomena can be a result of different exposition of purine
substrates to the channel leading to the binding site. This hypothesis was verified
by application of molecular modelling techniques to two complexes of purine
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analogs 2,6-diamino-azapurine — calf PNP and 8-azaguanine — calf PNP (pdb-
code: 1LVU and 2Al1, respectively). The results obtained with combination of
quantum  chemistry,  docking  and molecular ~ dynamics methods
showed qualitative validity of our hypothesis. Binding free energies of protein-
ligand systems showed that most probable binding poses expose N8 nitrogen
for 2,6-diamino-8-azapurine and N9 nitrogen for 8-azaguanine into the binding
channel and ruled out exposition of N9 for 2,6-diamino-8-azapurine and N7 for 8-
azaguanine, partially in agreement with the experimental data. The other
important result obtained in this study is a significantly higher population of
protonated form of crucial residue Glu-201 present in the binding pocket,
compared to the standard protonation of free glutamic acid in solution. This
result combined with populations of tautomeric forms of both investigated
systems strongly suggests that 2,6-diamino-8-azaguanine and 8-azaguanine is
recognized by proteins with deprotonated and protonated Glu-201 residue,
respectively. Comparison of computed binding poses of the investigated ligands
to the inhibitors present in crystal structures suggests that modification of (S)-
PMPDAP inhibitor, in which 2-(phosphonomethoxy) propyl chain is attached at
position 8 instead of position 9, might increase its binding affinity.
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Tautomeric equilibria of amino forms of 2,6-diamino-8-azapurine and 8-aza-iso-Guanine is revealed
by DFT computations. The most populated tautomer of 2,6-diamino-8-azapurine, in agreement with
available experimental data, is protonated at position N(9). The lowest free energy tautomer of 8-aza-
iso-Guanine is protonated at positions N(3) and N(8). For biologically more important tautomer N(9)-H,

probability of N(3) protonation is higher than N(1). This result, observed also for iso-Guanine, shows
reversed probability of protonation at positions N(3) and N(1), compared to Guanine and decreased
specificity of pairing of 8-aza-iso-Guanine with iso-Cytosine should be expected. Computed electronic
excitation energies well match available experimental data.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The tautomeric equilibrium of nucleobases is one of key factors
responsible for correct base-base recognition in nucleic acids [1]
and its disturbance has a large impact on biological processes as
it can lead to genome mutations [2]. The tautomerization process
of purines and nucleobases has been extensively studied by both
theoretical and experimental methods [3-11]. Development of the
expanded genetic code raised natural question about tautomeric
equilibrium of its new letters - iso-Guanine and iso-Cytosine [12].

Recently synthesized derivative of iso-Guanine (isoGua) called
aza-iso-Guanine (z8isoGua) was recognized as a promising fluo-
rescent probe [13], which can be used for studies of important
biological processes. The replacement of C8 carbon of isoGua does
notdirectly influence both Watson-Crick and Hoogsteen interfaces,
although it can possibly change tautomeric equilibrium of the new
compound compared to unmodified isoGua.

In this letter results of quantum chemistry methods applied to
various tautomeric forms of z8isoGua are presented. The picture
of tautomeric equilibrium of this fluorescent probe is revealed.
The results are compared to those obtained for natural Guanine
and isoGua. The method applied to z8isoGua was also tested on

* Corresponding author at: Department of Physics and Biophysics, Faculty of Food
Science, University of Warmia and Mazury, ul. Oczapowskiego 4, 10-719 Olsztyn,
Poland.

E-mail address: maciej.maciejczyk@uwm.edu.pl (M. Maciejczyk).

http://dx.doi.org/10.1016/j.cplett.2015.03.029
0009-2614/© 2015 Elsevier B.V. All rights reserved.

2,6-diamino-8-azapurine (DaaPur) molecule. The reliability of our
methodology was checked by computation of electronic excitation
energies and their comparison with available experimental data
[13-15].

2. Methods

Quantum chemistry methods have been successfully applied to
the description of tautomerization phenomena in small molecules
[16-18]. It was shown previously [16,19-23], that density func-
tional theory (DFT) with B3LYP functional and 6-311+G (d,p) basis
set [24-27] is sufficient for correct description of tautomerization
phenomena and results generated by DFT method are close to
those obtained with the higher level methods like MP2, MP4 and
CCSD. Although chemical compounds studied in publications above
do not include keto-enol tautomerism, characteristic for z8isoGua
molecule. Therefore, only preliminary calculations in both the gas
phase and water (PCM method [28,29]) were performed at the
DFT/B3LYP method and 6-311+G (d,p) basis set level of theory
with GAMESS package [30,31]. These calculations served as the
preliminary sieve and structures of the lowest energy tautomers
were also optimized with higher level DFT-BHandHLYP method
[32] combined with cc-pVTZ basis set [33], the method/basis-set
combination, which was successfully applied to benzoderivatives
of nucleic acid bases [34]. Geometries of the selected tautomers
were optimized in neutral form and ground state and the vibra-
tional analysis of each tautomer was carried out. The latter step
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served two purposes. First, vibrational analysis proved that all
structures reached energy minima in the optimization process. Sec-
ond, the output of vibrational analysis contains information about
thermochemistry of the investigated system. The optimization of
water-solvated systems was speed up by using final structures from
the optimization in vacuum as initial structures for optimization in
solvent.

The following thermodynamic parameters were obtained from
thermochemistry calculations: energy (E - including electronic
energy and zero point energy), enthalpy (H=E+kgT), entropy (S)
and Gibbs free energy (G=H—TS). The tautomerization prefer-
ence was determined by calculation of the relative thermodynamic
parameters (AE, AH, AG, TAS) with respect to the lowest-energy
tautomer. The relative free energy AG depends on electronic
energy, zero point energy, thermal corrections to energy and
entropy. The solvation free energy A AG was calculated according
to the equation:

AAG= AGwa[er = Acgas (1)

where AGwater and AGgs are relative free energies of selected
tautomer in water and gas phase, respectively. Furthermore, tau-
tomeric equilibrium constants (pK= AG/2.303RT) and percentage
contents of individual tautomer (x=K/(1+K)) were computed.

The validity of our theoretical prediction was checked by
comparison of the energies of electronic excitation with avail-
able positions of absorption peaks. For this purpose first three
singlet electronic excited states (vertical states) were com-
puted using time-dependent DFT [35] and BHandHLYP/cc-pVTZ
functional/basis-set methodology. All excited-state calculations
were performed for ground-state-optimized geometries. The com-
puted excitation energies were scaled by factors specific for each
tautomer in the same manner as described by Shukla et al. [36-38].
Scaling factors were set to match excitation energies of the experi-
mentally determined and computed first singlet exited states (S1).
Then agreement between scaled excitation energies of third singlet
excited state (S3) and experimentally determined one was checked.

Various tautomers of DaaPur and z8isoGua molecules consid-
ered in this publication are shown in Figures 1 and 2, respectively.
In both cases only tautomers with amino groups were considered.
It was shown that tautomers with amino groups are dominant for
both adenine [16] and isoGua [17], so imino tautomers are pre-
sumably less important for DaaPur and z8isoGua molecules, also.
Nevertheless, calculations of imino and charged tautomers are in
progress in our laboratory.
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Table 1

Relative thermodynamic parameters (kcal/mol) for DaaPur tautomers in the gas
phase. For the assignment of symbols see Figure 1. The relative energies shown in
parenthesis were computed with BHandHLYP/pVTZ level of theory.

Tautomer  AE AH AG TAS

D1 28.26 28.26 28.49 -0.24

D3 15.13 15.13 15.40 —-0.55

D7 10.02 10.02 10.47 -0.45

D8 3.86(5.13) 3.86(5.13) 404(5.16)  —0.18(-0.18)

Positive values are related to less preferred tautomers than reference D9 tautomer.
Thermochemistry was calculated at 298.15K.

3. Results and discussion
3.1. DaaPur tautomeric system

The neutral amino form of DaaPur molecule is the simpler
of two investigated tautomeric systems, as it has only one tau-
tomeric proton, which can occupy one of five available positions as
showninFigure 1. The relative thermodynamic parameters such as:
energy (AE), enthalpy (AH), free energy (AG), parameter related
to entropy (TAS) and free energy of solvation (AAG) of DaaPur
molecule in gas phase and in water are collected in Tables 1 and 2,
respectively.

Gas phase. The D9 tautomer is the most stable one and its free
energy is around 4 kcal/mol lower than D8 - the second lowest
energy tautomer. The population of various tautomers, shown in
Table S1, seems to be closely related to the distance between tau-
tomeric proton and two amino groups of DaaPur molecule. This
observations are supported especially by a very large AG value
obtained for D1 tautomer, in which proton is located between
two amino groups of DaaPur molecule. Higher-level calculations
performed for two lowest energy tautomers (D8 and D9) do not
change their positions as D9 tautomer is still clearly dominant (see
Table 1) and the energy gap between two lowest-energy tautomers
increased by 1 kcal/mol.

Solvent effect. Immersion of DaaPur molecule in water signif-
icantly decreases the free energy difference between lowest (D9)
and highest (D1) free energy tautomers, which dropped from 28.49
to 11.84 kcal/mol. D3 and D7 tautomers remain in the middle of the
energy scale, although, because of a very strong solvation effect of
D3 (AAG=-10.33 kcal/mol), they exchanged positions. It should
be stressed here that, in agreement with the experimental data[14],
D9 remains the lowest energy tautomer in water. As in the case of
vacuum calculations, application of the higher-level method left
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Fig. 1. DaaPur tautomeric structure. In contrast to z8isoGua, only one tautomeric proton is located on the entire structure.
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Fig. 2. z8isoGua tautomeric forms. First and last row present keto structures, while the second and third row show cis and trans enol structures, respectively.

the order of tautomers unchanged, and only increased the energy
gap between two lowest-energy tautomers by 1 kcal/mol.

It was shown for many small molecules, that tautomeric con-
versions are isoentropic [16,19-23,39]. This observation can also
be confirmed for DaaPur molecule in both gas phase and water,
as all entropic terms TAS are smaller than 0.6 kcal/mol. Another
specificity of the investigated system is, that all values of relative
thermodynamic corrections to the energy, enthalpy and free energy
are less than 1.0 kcal/mol for both vacuum and water (see Tables
S1and S2 in Supplementary Information), meaning that tautomeric
conversions are rather weakly coupled to the temperature.

3.2. z8isoGua tautomeric system

The neutral amino form of z8isoGua molecule is the more com-
plicated of two investigated tautomeric systems. Its two tautomeric

Table 2

protons can exist in 11 possible forms as shown in Figure 2. The rel-
ative thermodynamic parameters such as: energy (AE), enthalpy
(AH), free energy (AG), parameter related to entropy (TAS) and
free energy of solvation (AAG) of z8isoGua in gas phase and in
water are collected in Tables 3 and 4, respectively.

Gas phase. The lowest energy tautomers, obtained with higher-
level methodology, are A29c and A29t, closely followed by A38. Free
energy differences between these forms are less than 1 kcal/mol. As
the initial lower-level computations (B3LYP/6-311+G(d,p)) showed
reversed order of tautomers, this result confirms necessity of
application of the higher-level methods for keto-enol tautomeric
systems. The A29c/t amino-enol tautomers are more stable than
A39 and A19 amino-oxo forms as it was also predicted for isoGua
[17]. The A29c tautomer is slightly more preferred than A29t,
although the difference is marginal and equals only 0.05 kcal/mol
(see Table 3). This result closely matches the free energy

Relative thermodynamic parameters and free energies of solvation (kcal/mol) for DaaPur tautomers in water. For the assignment of symbols see Figure 1. The free energy of
solvation (A AG) was computed according to Eq. (1). The relative energies shown in parenthesis were computed with BHandHLYP/pVTZ level of theory.

Tautomer AE AH AG TAS AAG

D1 11.30 11.30 11.84 0.55 -16.65

D3 4.91 491 5.07 0.16 -10.33

D7 6.09 6.09 6.66 0.57 -3.81

D8 2.59(3.63) 2.59(3.63) 2.82(3.86) 0.14(-0.23) -1.22(-1.30)

Positive values are related to less preferred (relative thermodynamic parameters) or worse solvated (free energy of solvation) tautomers than reference D9 form. Thermo-

chemistry was calculated at 298.15K.
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Table 3

The relative thermodynamic parameters (kcal/mol) for z8isoGua tautomers in the gas phase. For the assignment of symbols see Figure 2. The relative energies shown in

parenthesis were computed with BHandHLYP/pVTZ level of theory.

Tautomer AE AH AG TAS

A17 21.58 21.58 2149 0.09

A19 5.70 (6.06) 5.70 (6.06) 532(6.01) 0.38 (0.06)
A27c 10.87 10.87 11.39 —-0.52

A27t 9.55 9.55 10.09 —0.54

A28¢ 464 (4.24) 4,65 (4.24) 5.13 (4.59) —0.48 (—0.36)
A28t 3.60 (3.12) 3.60(3.12) 4.16(3.53) 0.00 (—0.42)
A29c 0.57 (-1.09) 0.57 (-1.09) 1.02 (-0.77) —-0.46 (-0.32)
A29t 0.58 (-1.13) 0.58 (~1.13) 1.16(~0.72) ~0.58 (~0.41)
A37 7.82 7.82 793 -0.11

A39 3.63(3.42) 3.63(3.42) 3.67 (3.46) 0.04 (-0.04)

All values are relative to the A38 tautomer. Positive values mean that the A38 tautomer is favored. Thermochemistry was calculated at 298.15K.

difference obtained for analogous tautomers of isoGua [17],
for which amino-enol cis form is favored over trans form by
0.2 kcal/mol. An interesting observation is that amino-enol cis form
is preferred for N(9)-H triazole ring protonation. For N(7)-H and
N(8)-H protonations (A27(c,t) and A28(c,t) tautomers) the amino-
enol trans form is preferred by roughly 1 kcal/mol. This effect is
probably caused by electrostatic repulsion between the proton
located on triazole ring and the proton of the enol group. The prox-
imity of the N(9)-H proton and the enol group in A29 tautomers
causes slight shift of the balance of cis-trans enol tautomers towards
the former one.

The position of a proton in triazole ring naturally divides
z8isoGua tautomeric system into three subgroups. Biologically the
most important subgroup is the one with N(9)-H protonation,
which can serve as a model of a base bound to the sugar ring in
anucleic acid chain. This important subgroup of tautomers is dom-
inated by amino-enol forms as it was previously determined also
for isoGua, from both quantum chemical computations [17] and
experimental studies [40,41].

The populations of other tautomers in the gas phase is marginal
as their AG is more than 4 kcal/mol with respect to A29c¢/t. Tau-
tomers protonated at 7th position (A17, A27, A37) are especially
disfavored.

Similarly to DaaPur molecule the tautomeric interconversions
of z8isoGua in gas phase are isoentropic (TAS<0.5 kcal/mol) and
weakly coupled to the temperature (thermodynamics corrections
<1.0 kcal/mol, see Table S3).

Solvent effect. The A38 tautomer becomes the most stable one in
water solution, although the water environment is more favorable
for most tautomers except A28(c,t) and A29(c,t) (see last column of
Table 4). Especially solvation of A29 tautomers, which have lower
energies than A38 in the gas phase, is unfavorable as it increases
their free energies by around 5 kcal/mol compared to the solvation
of the A38 tautomer. This effect combined with favorable solvation
of A39 (AAG=-1.30kcal/mol) and A19 (AAG=-3.29 kcal/mol)

Table 4

makes these two tautomers second and third most populated in
water solution, respectively (see Table S4). The population of A39
seems to be higher than A19 as the free energy difference between
them is 0.6 kcal/mol. This is an important result, because, N(9)-H
tautomers can be treated as models of the part of the nucleotide ina
nucleic acid chain. Higher population of A39 tautomer means that
A19 tautomer, which can form Watson-Crick interface with iso-
Cytnucleotide, must “compete” with N(3)-H tautomer. Considering
that A29c tautomer can form three Watson-Crick hydrogen-bonds
with Thymine leads to the conclusion that z8isoGua-isoCyt base-
pair can be possibly very mutation-prone as it was observed for
isoGua-isoCyt base-pair [ 12,42 ]. The energetic proximity of amino-
oxo form tautomers protonated at positions N(1) and N(3) and
methyl-blocked at position N(9) was also observed by Orozco et al.
for isoGua molecule [17]. We checked that methylation of A39 and
A19 tautomers of z8isoGua at the position N(9) does not signif-
icantly change their relative balance as the free energy difference
between them increased only slightly to 0.4 kcal/mol for the lower-
level theory computations.

The free energy differences between the lowest (A29c in gas
phase and A38 in water) and the second lowest (A38 in gas
phase and A39 in water) energy tautomeric forms increased
by around 3kcal/mol, compared to the gas phase calculations,
but the difference between lowest and highest energy tautomer
(A17) decreased from 22.26 kcal/mol to 10.96 kcal/mol. Although
the free energy of solvation of A17 tautomer is very favorable
(AAG=-10.53 kcal/mol) its population remains very low. In the
case of the N(9)-H tautomers the order of keto and enol forms
is reversed compared to gas phase, as it was observed for isoGua
molecule [17,40,41]. Free energy differences between cis and trans
forms of enol tautomers are less than 0.31 kcal/mol, so the differ-
ence significantly decreased compared to the gas phase. Moreover,
the order of A28 tautomers was reversed. This observation leads
to the conclusion that cis-trans balance of amino-enol tautomers is
correlated with the proximity of the proton located on triazole ring.

The relative thermodynamic parameters and free energies of solvation (kcal/mol) for z8isoGua tautomers in water. For the assignment of symbols see Figure 2. The free
energy of solvation (A AG) was computed according to Eq. (1). The relative energies shown in parenthesis were computed with BHandHLYP/pVTZ level of theory.

Tautomer AE AH AG TAS AAG

A17 10.25 10.25 10.96 -0.70 —-10.53

A19 2.10(2.17) 2.10(2.17) 297 (2.72) ~0.87 (-0.55) —2.35(-3.29)
A27c 9.58 9.58 10.36 -0.78 -1.03

A27t 9.35 9.35 10.05 -0.70 —0.04

A28c 7.28 728 8.42 -1.14 329

A28t 7.45 7.44 8.65 -1.20 4.49

A29c 4.96 (3.66) 4.96 (3.66) 6.01 (4.39) —-1.05(-0.73) 4.99 (5.16)
A29t 5.20(3.83) 5.20(3.83) 6.30 (4.53) -1.10(-0.71) 5.14(5.25)
A37 5.11(5.51) 5.11(5.51) 5.89(5.95) ~0.78 (~0.44) -2.04

A39 2.36(1.87) 2.36(1.87) 3.01(2.15) —0.65 (—0.28) ~0.66 (—1.30)

The reference is the A38 tautomer. Positive values mean that the A38 is more preferred (relative thermodynamic parameters) or better solvated (free energy of solvation).

Thermochemistry was calculated at 298.15 K.
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Table 5
The vertical excitation energies (eV) for the first three singlet excited states (S1, S2, S3), of all examined tautomers of z8isoGua and DaaPur in water.
Tautomer Vertical states Experiment
S1 S2 53 S1 S2 S3
A17 4.295 (4.413)[0.187] 5.334(5.482) [0.003] 6.289 (6.464) [0.001]
A27¢ 5.062 (4.413)[0.234] 5.564 (4.851) [0.004] 5.976 (5.210) [0.009]
A27t 5.078 (4.413)[0.234] 5.674 (4.930) [0.003] 5.943 (5.163) [0.009]
A37 5.060 (4.413) [0.223] 5.871(5.120) [0.008] 6.037 (5.265) [0.253]
A28¢ 5.094 (4.413)[0.263] 5.702 (4.941)[0.000] 6.044 (5.237) [0.082]
A28t 5.104 (4.413)[0.261] 5.684 (5.068) [0.000] 6.037(5.218) [0.091]
A38 5.303 (4.413)[0.271] 5.935 (4.939) [0.003] 5.962 (4.961)[0.265] 4.413° 4.960°
A19 4.940 (4.413) [0.223] 5.635 (5.034) [0.008] 6.065 (5.418) [0.222]
A29¢ 5.526 (4.413)[0.338] 5.774 (4.611)[0.007] 6.087 (4.861) [0.008]
A29t 5.530 (4.413)[0.335] 5.788 (4.619) [0.008] 6.087 (4.857) [0.007]
A39 5.564 (4.413)[0.313] 6.019 (4.774) [0.013] 6.225 (4.937) [0.093]
D1 4.935 (4.429) [0.185] 5.296 (4.754) [0.006] 5.676 (5.095) [0.031]
D3 5.334 (4.429) [0.324] 5.649 (4.692) [0.009] 5.854 (4.862) [0.073]
D7 4.820(4.429) [0.188] 5.360(5.175)[0.001] 5.888(5.412)[0.011]
D8 4.872 (4.429) [0.230] 5.611(5.101) [0.000] 5.899 (5.363)[0.111]
D9 5.304 (4.429) [0.318] 5.801 (4.842)[0.006] 5.978 (4.990) [0.036] 4.429" 4.960"

The optimized ground state energies are the reference values. The scaled energy values and oscillator strengths are given in parenthesis and brackets, respectively.

2 Experimental absorption peaks of z8isoGua, see Ref. [13] (S1) and Ref. [15] (S3).
b Experimental absorption peaks of DaaPur, see Ref. [14].

The smaller distance between enol group and triazole ring proton
favors cis tautomer, especially in the gas phase. The strength of this
effect is reduced by the presence of the polar solvent (water).

Analysis of triazole ring subgroups (as defined for gas phase
calculations) revealed that the lowest free energy in each group
are A37, A38 and A39 (very closely followed by A19), respectively.
Therefore, the pyrimidine ring of free z8isoGua molecule is most
probably in N(3)-H tautomeric form, but z8isoGua molecule bound
to sugar ring should exist in an equilibrium of N(1)-H and N(3)-H
tautomers, most probably shifted towards the latter tautomer. The
comparison of computed excitation energies with absorption spec-
tra, also strongly suggests N(3)-H protonation of the pyrimidine
ring (see Section 3.3).

Similarly as in the gas phase the tautomeric conversions in water
are isoentropic (all TAS values are lower than 1.20 kcal/mol), but
maximum entropy correction slightly increased. In the case of rel-
ative thermodynamic corrections (see Table S4), the difference in
free energy also increased and reached 2.2 kcal/mol, which means
that correlation between temperature and tautomeric conversions
in water is stronger than in the gas phase.

The picture of tautomeric equilibrium presented in this publica-
tion is a complement to the information about z8isoGua obtained
from the fluorescence emission studies [13]. The only conclusion
obtained from fluorescence experiment, which is solely related to
the ground state, is a minority of N(8)-H tautomer with respect to
other triazole ring tautomers N(7)-H and N(9)-H. This conclusion
cannot be confirmed by quantum mechanical computations, as the
energetic order of tautomers in water (A38< A39< A19< A29<
A37< A28< A27 < A17) favors N(8)-H forms over N(9)-H forms by
2 kcal/mol, although it should be stressed that conclusions drawn
from experimental data were semi-quantitative. Further compu-
tations and analysis is necessary to figure out the reason of this
discrepancy.

3.3. Excited states

The first three singlet excitation energies of each tautomeric
form, in water and corresponding oscillation strengths, for both
z8isoGua and DaaPur, are presented in Table 5. Almost all calculated
excitation energies are higher than those determined experimen-
tally, therefore it is only possible to compare the qualitative trends
between computed and experimentally observed transition ener-
gies. Excitation energies of each tautomer were scaled as described

in Section 2. The scaling factors range from 0.973 to 1.261. For
both DaaPur and z8isoGua molecules the computed and scaled
excitation energies in water solution were compared to available
experimental data. The excitation energies of investigated com-
pounds in the gas phase are shown in Table S5 in Supplementary
Information. These energies were not scaled, because absorption
spectra are not available for the gas phase.

For DaaPur molecule immersed in water the energy correspond-
ing to the third absorption peak clearly matches scaled excitation
energy (S3) of the most populated D9 tatutomeric form [14]. For
z8isoGua molecule the value of scaled energy of third singlet excita-
tion (S3) which best matches available absorption spectra [13,15],
corresponds to A38 tautomer, although the excitation energy of
A39 tautomer is also close to the experimental value. This result is
consistent with results of ground-state computations as tautomer
responsible for absorption spectra is the most abundant one in
aqueous solution. Therefore it can be concluded that agreement
of positions of maxima of absorption spectra and scaled excitation
energies is satisfactory. Moreover, comparison of computed excita-
tion energies and experimental data also strongly suggests N(3)-H
protonation of pyrimidine ring.

4. Conclusions

In this publication tautomeric equilibria of amino forms of Daa-
Pur and z8isoGua molecules, both in the gas phase and in water, are
investigated by quantum chemistry methods. The tautomeric equi-
librium was revealed by the ground-state DFT computations and
excitation energies were determined by the application of TDDFT
method. The latter results were compared with available experi-
mental data.

The energetic order of DaaPur tautomers in the gas phase (D9 <
D8< D7< D3< D1)is only slightly changed by the presence of sol-
vent (D9< D8< D3< D7< D1). The probability of protonation of
DaaPur molecule seems to be correlated with distances between
the tautomeric proton and two amino groups. The most stable tau-
tomer, both in water and in the gas phase, is protonated at the
position N(9). This result, in agreement with experimental data
[14], supports the reliability of results obtained with the same
methodology for z8isoGua molecule.

The order of neutral amino tautomers of z8isoGua in the gas
phase is A29 < A38< A39< A28< A19< A37< A27< Al7.Reorder-
ing of tautomers caused by the presence of water (A38< A39<
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A19< A29< A37< A28 < A27 < A17)is mainly an effect of relatively
poor solvation of amino-enol tautomers, for which energies signif-
icantly increased. Amino-enol A29 is the most stable tautomer in
the gas phase, whilst amino-oxo A38 is the most stable tautomer in
water. The free energy difference between biologically most impor-
tant tautomers A19 and A39 is small and the balance seems to be
slightly shifted towards A39 tautomer. This result shows similar
behavior of the Watson-Crick interface to the one observed for
isoGua [17]. Combined DFT-Poisson-Boltzmann study showed dif-
ferent tautomeric picture of Guanine [43], for which the A19 form is
more stable than A39, although the difference is only 1.0 kcal/mol.
Nevertheless this difference might be crucial for explanation of
the higher specificity of Gua-Cyt compared to isoGua-isoCyt base-
pair. The same order of N(9)-H tautomers was also determined by
the combination of MP2 method and COSMO solvation model of
Guanine [44], although the difference between N(1)-H and N(3)-
H tautomers was as big as 9kcal/mol. As the energetic order of
A19-A39 tautomers is reversed for both isoGua and z8isoGua (com-
pared to Gua) the effect of isoCyt — T mutations observed for the
expanded genetic code [42] can also be expected for the expanded
genetic code in which isoGua is replaced by the fluorescent probe
- z8isoGua.

The scaled energies of excitation show good agreement with
available experimental data. For z8isoGua the tautomer for which
the absorption spectrum best matches scaled excitation energies is
A38 - the most abundant tautomer in water. This result, combined
with population analysis in the ground state, strongly suggests
N(3)-H protonation of pyrimidine ring - an improtant conclusion,
which cannot be directly drawn from available experimental data.
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Tautomeric equilibrium of 9-methyl-8-aza-iso-Guanine is examined by quantum chemistry hybrid
(BHandHLYP/cc-pVTZ) and composite (G3,G4) methods. The most predominant tautomers are the
amino-oxo forms protonated at positions N(1) and N(3). This order of domination is consistent with tau-
tomeric populations computed for 8-aza-iso-Guanine, but methylation of the investigated molecule
causes significant increase of populations of amino-enol forms protonated at position O(2). The analysis
of electrostatic properties of 9-methyl-8-aza-iso-Guanine shows that dominant tautomers have uniform
charge distribution, but the vast majority of poorly-populated forms protonated at triazole ring are
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1. Introduction

The Watson-Crick interface is crucial for canonical base-pairing
in nucleic acids. It was shown that tautomeric conversions of
nucleobases may change protonation of Watson-Crick interface
and consequently cause modification of recognition mechanism
and provoke genomic mutations [1]. Many theoretical and experi-
mental studies regarding tautomeric equilibria of nucleobases and
alike compounds confirm importance of this phenomenon [2-10].

Development of the expanded genetic code [11] raised the
question about tautomeric equilibrium of its new letters — isoGua
and isoCyt. The problem was particularly important, because the
experimental data showed possibility of isoCyt -> Thy mutations
[12]. The tautomeric equilibrium of methylated isoGua was
revealed by quantum chemistry methods [13]. The methyl group
was placed at the position 9 of isoGua in order to mimic its pres-
ence in a polynucleotide chain. On the other hand it was shown
that derivative of isoGua, in which carbon at position 8 was
replaced by nitrogen, is a promising fluorescence probe [14,15].
The tautomeric equilibrium of 8-aza-iso-Gua (z8isoGua) was
recently investigated in our laboratory [16].

* Corresponding author at: Department of Physics and Biophysics, University of
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In this paper tautomeric equilibrium of 9-methyl! derivative of
z8isoGua (9m-z8isoGua) is examined by quantum chemistry
methods. The methyl group mimics deoxyribose ring, therefore
the investigated system emulates z8isoGua molecule inserted in
a polynucleotide chain. 9m-z8isoGua has 12 more possible tau-
tomers compared to methylated isoGua, which is caused by more
extensive protonation of triazole ring than in the case of the latter
compound and this in turn may affect the electronic properties of
9m-z8isoGua. Therefore, Hirshfeld charge distribution analysis was
also performed. Computations were carried out at the same level of
the quantum theory as those applied to z8isoGua [16] and com-
pared to the results obtained with composite Gaussian-3 [17]
and Gaussian-4 [18] methods.

2. Methods

Ab initio methods were applied to examine tautomeric nature of
nucleobases and its analogs [13,19,20]. The geometry optimization,
vibrational analysis and thermochemistry calculations were per-
formed by using GAMESS package with application of DFT-
BHandHLYP method [21] and cc-pVTZ basis set [22]. It was
recently suggested [16] that BHandHLYP/cc-pVTZ level of theory
should be sufficient for a proper study of z8isoGua tautomeric
equilibrium. Nevertheless validity of this methodology was
checked by comparison of all results to those obtained with
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high-level composite Gaussian-3 (G3) method [17], which is a good
compromise between a speed of computations and an accuracy of
the results. Free energies of low energy tautomers were also com-
puted with Gaussian-4 (G4) method [18]. In order to reveal elec-
tronic properties of investigated system, calculations of Hirshfeld
partial charges [23] were performed with Gaussian 03 package.
Hirshfeld partial charges were previously computed also for
methyl! derivatives of guanine [24], which binds to the transcrip-
tion initiation protein [25]. All possible tautomeric forms of 9m-
z8isoGua were optimized in the gas phase and vibrational analysis
was performed. All tautomers computed with BHandHLYP/cc-pVTZ
method reached stationary point and therefore thermochemistry
calculations were performed. Procedure was repeated in water
solution emulated by PCM method [26,27]. The final structures
obtained from optimization in vacuum were used as the initial
conformations for optimization in water.

The total electric dipole moment and Hirshfeld partial charges
were used to examine electronic charge distribution of all tau-
tomers. The special emphasis was put on detection of zwitterionic
forms, which were defined in the following manner. For each tau-
tomer partial charges of triazole and pyrimidine rings were
summed up (Q; and Q, respectively). C(4) and C(5) carbons were
excluded from the summation (for the atom numbering see tau-
tomer AO1 in Fig. 1). If the absolute value of both Q; and Q;
reaches at least 0.3 a.u. then the tautomer is defined as zwitterion.
Note that neutrality of investigated systems practically guarantees
opposite charges of both rings for zwitterionic molecules. The
same analysis was performed for Mulliken and Lowdin partial
charges and no significant qualitative differences were observed,
in particular exactly the same tautomers were predicted as
zwitterions.

Gibbs free energy (G = H — TS), energy (E - including electronic
energy and zero point energy), enthalpy (H) and entropy (S), deter-
mined from thermochemistry computations, were used for compu-
tations of population distribution. Computed parameters also show
dependence of tautomeric system on temperature and entropy.
The relative Gibbs free energies (AG) of each tautomer with respect
to AO1 tautomer were computed. Later they were used to deter-
mine the percentage contents of individual tautomers
(xi = ﬁH—ZACAG . 100%). AG includes following terms: electronic
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energy, zero point energy and thermal corrections to energy and
entropy. Other relative thermodynamic parameters were also
determined (AE,AH,TAS). The solvation effect of tautomers was
examined by calculation of solvation free energy AAG in a follow-
ing way:

AAG = AGwmer - AGgas (1)

where AGyqer and AGg are relative free energies of a given tau-
tomer in water and vacuum, respectively.

Figs. 1-3 depict all 34 possible tautomeric forms of 9m-
z8isoGua. Tautomers are divided into families according to their
donor-acceptor pattern of the Watson-Crick interface. The biologi-
cally most important tautomeric forms, which can form three
hydrogen bonds with either IsoCyt (left column) or Thy (right col-
umn), are shown in Fig. 1. Other possible tautomeric forms are
depicted in Figs. 2 and 3.

3. Results and discussion
3.1. Comparison of quantum chemistry methods
Relative Gibbs free energies for all tautomers in the gas phase

and in water were computed with hybrid BHandHLYP/cc-pVTZ
and composite Gaussian-3 methods (see Tables 1 and 2). The
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Fig. 1. Biologically important tautomers which can form Watson-Crick hydrogen
bonds with either IsoCytosine (left) or Thymine (right). The arrows indicate that
molecule is either donor or acceptor of a proton in a hydrogen bond. The atom
numbering is shown on AO1 tautomer.

results appear to be highly correlated as can be seen in Fig. 4,
although free energy differences obtained with G3 method are
smaller. Very good correlation between results obtained with
vastly different quantum chemistry methods strongly supports
validity of the tautomeric order predicted by BHandHLYP/cc-
pVTZ method and the results obtained with this method were used
in the further analysis. It should also be noticed that free energy
differences of four lowest-energy tautomers (AO1, AO3, AEc(t)) in
water obtained with BHandHLYP/cc-pVTZ method almost perfectly
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match those obtained for isoGua with top-level QM methods -
MP4/aug-cc-pVTZ and CCSD(T)/aug-cc-pVTZ (see Table 3 of Ref.
[13]). Free energy differences computed with G4 method for low-
energy tautomers do not significantly differ from those obtained
with G3 (see Tables 1 and 2).

3.2. 9m-z8isoGua tautomerism

Replacement of carbon at position 8 by nitrogen in isoGua
severely increases the number of possible tautomers, because in
z8isoGua (or 9m-z8isoGua) position 8 can be either protonated
or deprotonated. In isoGua C(8) is protonated for all possible tau-
tomers [13]. The relative Gibbs free energies (AG) as well as rela-
tive energies (AE), enthalpies (AH) and entropic contributions
(TAS) obtained from thermochemistry computations in vacuum
and in water solution are presented in Tables 1 and 2, respectively.

Gas phase. The data collected in Table 1 show that amino-enol
forms, AEc and AEt, are the most favored tautomers. The difference
between cis and trans form is less than 1 kcal/mol in favor of the
first one. This fact may be caused by the electrostatic repulsive
interaction decaying with the distance between the (02)-H and
the methyl group, although it should be stressed that the differ-
ence is small, most probably below the uncertainty of BHandHLYP
method. The domination of amino-enol tautomers in vacuum was
also shown in theoretical and experimental findings of isoGua
[13,28,29] and computational studies of z8isoGua [ 16]. This coinci-

dence supports our suggestion that application of BHandHLYP/cc-
pVTZ level of theory should be an appropriate approach.

Populations of other tautomeric forms are negligible. The free
energies of other tautomers (including biologically important
forms - AO1, AO3 and ItO13) are at least 4 kcal/mol larger than
the free energy of AEc. It should be noticed that in three subgroups
(amino-oxo, imino-oxo, imino-enol), practically all forms proto-
nated at position N(7) and N(8) are the most discriminated in a
given subgroup. Similarly as in the case of cis/trans explanation,
the reason is a relatively short distance between proton located
at positions 7 or 9 and the methyl group.

The tautomeric interconversions have isoentropic character,
similarly as it was the case for z8isoGua and similar molecules
[16,19,30-35]. Results presented in Table 1 show that clear major-
ity of TAS values are lower than 1 kcal/mol. However, roughly
thirty percent of the values of thermodynamic correction to
AE,AH, AG (especially for the last one) is larger than 1 kcal/mol.
This means, that tautomeric interconversion process for 9m-
z8isoGua is softly temperature-dependent.

Solvent effect. Immersion of 9m-z8isoGua in an aqueous solu-
tion substantially reorganized energetic order of tautomers pre-
vailed in the gas phase. Free energies of solvation obtained with
both methods are collected in Table 3. As in the case of isoGua
and z8isoGua [13,16], the most favored tautomers are amino-oxo
forms protonated at position 1 and 3 (AO1 and AO3) with a small
advantage of the first one (0.27 kcal/mol). The electric dipole
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Fig. 3. As Fig. 2, but with different donor-acceptor pattern.

moment p of AO1 is larger than AO3 (p=7.79 D and 5.82 D), there-
fore the latter one is worse solvated in a polar solution
(AAG = 2.84 kcal/mol). The order of these tautomers is reversed
compared to the gas phase results and the absolute difference is
significantly decreased (from |AG| = 2.57 kcal/mol in gas phase to
0.27 kcal/mol in water), therefore the populations of these two
forms are similar (see Table S2 of SI). It was previously observed
that analogical amino-oxo tautomers of isoGua are able to form
Watson-Crick interface with isoCyt [11,12]. Therefore, exactly as
it was the case for isoGua and z8isoGua energetic vicinity of AO1
and AO3 tautomers causes the effect of their competition for the
favor of isoCyt.

Amino-enol forms AEt(c), despite the worst solvation
(AAG=6.91 kcal/mol and 8.02 kcal/mol; p=0.90 D and 2.85D,
respectively), are still substantially present in water solution
(AG=0.90 kcal/mol in AEt and 1.14 kcal/mol in AEc). Especially,

significant presence of AEc tautomer is very notable as it can form
three hydrogen bonds via Watson-Crick interface with Thymine
[13]. Most of the imino-oxo tautomers are better solvated than
AO1 tautomer, however they are still energetically discriminated.
It is hard to find explanation of the relatively good solvation of
imino-enol tautomers, although all forms protonated at position
N(1) are more difficult to solvate compared to AO1 tautomer. As
expected, with the exception of four forms (IcEc7, IcEt7, IcEcS8,
1t018), protonation at triazole ring, which causes significant charge
separation between the rings, impacts favorably the solvation pro-
cess. Nevertheless imino-enol tautomers remain very unstable. The
influence of solvent causes reduction of the energetic gap between
the most favored and most unstable tautomer (about 20 kcal/mol).

Isoentropic character of tautomeric conversions is confirmed by
computation of relative entropies (most TAS < 1 kcal/mol) and it is
similar to the observations obtained from the gas phase computa-
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Table 1

The relative thermodynamic parameters (kcal/mol) computed with BHandHLYP/cc-
pVTZ method for 9m-z8isoGua tautomers in the gas phase. The reliability of the
method was checked by the comparison of computed Gibbs free energies with results
obtained with Gaussian-3 and Gaussian-4 methods (last two columns). For the
assignment of symbols see Figs. 1-3.

Tautomer BHandHLYP Gaussian-3 Gaussian-4
AE,AH TAS AG AG AG

AEc -7.08 -0.19 —6.88 -7.74 -8.24
AEt -7.59 —1.58 -6.01 -7.74 -7.51
AO3 —-2.69 -0.12 -2.57 -2.84 -2.48
AO07 31.18 -1.44 32.62 27.38

AO8 29.07 -0.17 29.24 28.00

1Eclc 18.34 0.58 17.76 15.49

1Eclt 11.29 —0.47 11.76 9.49

1Etlc 10.40 -0.39 10.79 8.70

1Etlt 3.72 -1.96 5.67 2.98 325
3Eclc 20.52 —-0.32 20.84 18.16

3Eclt 2043 -0.30 20.73 18.19

3Etlc 29.86 -0.27 30.13 26.89

3Etit 30.54 0.23 30.77 27.14

IcEc7 24.66 -2.13 26.80 21.81

IcEt7 26.97 —0.54 27.51 22.44

ItEc7 3341 -2.07 35.49 29.50

ItEt7 36.50 -0.51 37.01 31.72

IcEc8 34.51 -0.74 35.25 33.65

IcEt8 36.36 -0.71 37.07 35.18

ItEc8 37.19 -0.72 37.92 35.83

ItEt8 39.87 —-0.64 40.52 38.11

1c013 4.18 —-0.39 4.58 3.96 4.03

1t013 -0.78 -0.43 -0.34 -0.89 -0.61

1c017 18.86 -1.87 20.73 16.99

1t017 2343 —-0.59 24.02 20.40

1c018 25.10 —0.68 2578 25.21

1t018 23.08 -0.64 23.72 23.01

1c037 38.21 -0.27 38.49 3431

1t037 50.17 -0.06 50.23 45.14

1c038 50.48 —0.44 50.92 -

1t038 55.48 —0.38 55.86 53.12

1c078 85.06 -0.43 85.48 80.93

1t078 99.32 0.04 99.28 93.64

All values are relative to the AO1 tautomer. Positive values mean that the AO1
tautomer is favored. Thermochemistry was calculated at 298.15 K. G3 computations
of 1c038 tautomer could not converge.

tions. Whereas, inclusion of water increased coupling between the
investigated system and the temperature, since amount of relative
thermal corrections, which exceed 1 kcal/mol, increased from
roughly thirty to nearly fifty percent.

Partial charge distribution. The electric dipole moments (p) and
sum charges (Qp, Q) for each ring of the individual tautomer are
given in Table 4. The electric dipole moment of the most populated
tautomers both in the gas phase (AEc(t)) and in water (AO1, AO3)
do not exceed 8 D. Furthermore, partial charge distribution of these
most favored molecules is similar, namely Q, and Q; values oscil-
lates around zero. In contrary to above observation, tautomers pro-
tonated at positions N(7) or N(8) mostly exhibit a high value of
electric dipole moment (from 7.03D in IcEc7 to 23.74D in
1t078). Moreover, rings of only these specific forms are subject of
unequal charge distribution (from —1.07 a.u. on the pyrimidine
ring of 1t078 to 0.76 a.u. on the triazole ring of IcO78). Interest-
ingly, a negative charge is accumulated on the pyrimidine ring
and positive charge on triazole ring.

The investigated tautomeric system includes several tautomers
which can be defined as zwitterions. These molecules, namely AO7,
IcEc(t)7, Ic(t)017, Ic(t)037, Ic(t)038 and Ic(t)078, are marked with
italic type in Table 4. The zwitterionic character of these molecules
can be deduced from simple assignment of covalent bond order
and this observation was also confirmed by the partial charge dis-
tribution analysis. It should be stressed here that it is not possible
to assign bond orders in such a way that these molecules are not
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Table 2

The relative thermodynamic parameters (kcal/mol) computed with BHandHLYP/cc-
pVTZ method for 9m-z8isoGua tautomers in water. The reliability of the method was
checked by the comparison of computed Gibbs free energies with results obtained
with Gaussian-3 and Gaussian-4 methods (last two columns).

Tautomer BHandHLYP Gaussian-3 Gaussian-4

AE,AH TAS AG AG AG

AEc 0.22 -0.92 1.14 0.11 0.06

AEt 0.84 —0.05 0.90 0.19 0.20

AO3 -0.12 -0.34 0.27 0.04 -0.17

AO7 21.67 -0.06 21.73 20.03
AO8 24.46 -1.09 25.55 2251
1Eclc 18.62 -0.32 18.94 16.38
1Eclt 15.15 -1.23 16.38 1431
1Etlc 13.79 —0.48 14.27 12.64
1Etlt 11.75 -0.38 12.14 10.80
3Eclc 21.83 -0.41 2225 19.61
3Eclt 2242 -0.33 22.74 19.74
3Etlc 28.05 -1.05 29.10 23.02
3Etlt 28.65 -1.11 29.76 23.46
IcEc7 29.34 -0.89 30.24 26.90
IcEt7 29.21 ~1.50 30.71 27.17
ItEc7 32.90 —0.47 3337 29.20
ItEt7 33.35 —0.85 34.20 29.64
IcEc8 35.07 -0.30 35.37 33.10
IcEt8 35.66 -0.13 35.78 33.53
ItEc8 36.15 -0.24 36.39 34,01
ItEt8 36.72 -0.16 36.88 34.52

1c013 6.17 -0.80 6.97 571 5.26

1t013 4.25 -0.79 5.04 4.00 3.66
1c017 19.14 -0.20 19.33 18.67
1t017 20.38 0.01 2037 20.13
IcO18 23.90 -0.56 24.46 2401
1t018 2336 —0.66 24.02 2291
1c037 31.50 -0.83 3233 28.55
1t037 35.57 -0.75 36.32 31.64
1c038 37.30 -0.54 38.44 3477
1t038 39.43 —0.55 39.98 36.05
1c078 72.94 -0.23 7317 69.44
1t078 7723 -0.54 77.77 74.27

The reference is the AO1 tautomer. Positive values mean that the AO1 is more
preferred (relative AG). Thermochemistry was calculated at 298.15 K.
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Fig. 4. Correlation between relative Gibbs free energies (AG) obtained with
BHandHLYP/cc-pVTZ and Gaussian-3 methods. The correlation coefficient is 0.9976.

zwitterions. All zwitterions concluded from bond order analysis
have also zwitterionic charge distribution confirmed by Hirshfeld
partial charge analysis. Nevertheless there are several tautomers,
namely A0S, Ic(t)Ec(t)8 and Ic(t)018, for which zwitterionic char-
acter can only be concluded from the analysis of partial charges.
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Table 3
The relative free energies of solvation (AAG) computed with BHandHLYP/cc-pVTZ,
Gaussian-3 and Gaussian-4 methods (kcal/mol).

Tautomer BHandHLYP Gaussian-3 Gaussian-4
AEc 8.02 7.85 8.30
AEt 6.91 7.94 7.70
AO3 2.84 2.88 223
AO07 -10.89 -7.35
AO8 -3.68 ~5.49
1Eclc 1.18 0.89
1Eclt 4.63 4.81
1Etlc 3.48 3.94
1Etlt 6.46 7.83

3Eclc 1.41 145
3Eclt 2.02 1.56
3Etlc -1.03 -3.87
3Etlt -1.01 —3.68
IcEc7 3.44 5.09
IcEt7 3.20 473
ItEc7 -2.11 -0.30
ItEt7 —2.81 —2.07
IcEc8 0.12 -0.55
IcEt8 -1.29 ~1.65
ItEc8 -1.53 -1.82
ItEt8 —3.64 —-3.58
1c013 240 1.75 1.23
1t013 538 4.89 4.27
1c017 —1.40 1.69
1t017 -3.65 -0.28
Ic018 -1.32 -1.20
1t018 0.30 -0.11
1c037 —6.16 -5.76
1t037 -13.92 —13.50
1c038 —~12.48 -
1t038 ~15.89 -17.07
1c078 -12.31 -11.49
1t078 -12.32 -19.37

The reference is the AO1 tautomer.

These tautomers can be sketched either in zwitterionic or nonzwit-
terionic forms as can be seen in Fig. 5 for AO8 tautomer. The only
way to pick up the correct form is partial charge analysis of the
electronic charge distribution obtained from QM computations.

4. Conclusions

In this work tautomeric equilibrium of 9-methyl derivative of
z8isoGua was investigated by hybrid BHandHLYP/cc-pVTZ and
composite Gaussian-3 and Gaussian-4 quantum chemistry meth-
ods and results were compared to those obtained for methyl-
blocked isoGua [13] and nonmethylated z8isoGua molecule [16].
Relative free energies obtained with BHandHLYP and G3 are
strongly correlated and results obtained with G4 method do not
significantly differ from those obtained with G3. Strong correlation
between results obtained with hybrid BHandHLYP/cc-pVTZ and
composite G3 methods supports validity of the determined tau-
tomeric order. Based on comparison of our results with top-level
QM data from Ref. [13] obtained for isoGua we suggest that free
energies obtained with BHandHLYP/cc-pVTZ method are quantita-
tively more reliable, although both methods predict roughly the
same order of tautomers. Therefore we suggest that computation-
ally less demanding G3 method is well suited for prediction of tau-
tomeric order and preliminary selection of low-energy tautomers,
but more expensive BHandHLYP/cc-pVTZ method should be used
for quantitative analysis.

Similarly as it was the case for m9-isoGua and z8isoGua amino-
oxo forms AO1 and AO3 dominate, but surprisingly methylation of
z8isoGua significantly increase populations of amino-enol forms
AEc(t). This effect is not caused by solvation, but rather by changes
in the electronic structure of the molecule. These new highly-

Table 4

The electric dipole moments p (D) and Hirshfeld partial charges Q, and Q located on
pyrimidine and triazol ring, respectively. For definition of Q, and Q; see Section 2.
Zwitterions which can be deduced from simple assignment of covalent bond order are
marked italic type and zwitterions which can be deduced only from partial charge
distribution are marked bold type.

Tautomer P Qp Qr
AEc 2.85 0.002 ~0.090
AEt 0.90 -0.003 —0.089
AO1 7.79 0.002 —0.091
AO3 5.82 —-0.068 —0.048
A07 16.94 -0.621 0.490
AO8 17.06 —-0.581 0.436

1Eclc 9.12 0.016 -0.100
1Eclt 5.94 0.004 -0.091
1Etlc 9.73 0.012 —-0.099
1Etlt 7.54 0.003 —0.091
3Eclc 1241 -0.038 -0.069
3Eclt 11.72 ~0.053 ~0.060
3Etlc 15.10 -0.040 -0.068
3Etlt 14.94 —0.054 —0.058
IcEc7 7.03 -0.633 0.489
IcEt7 10.05 -0.636 0.490
ItEc7 10.42 -0.642 0.497
IEt7 13.16 —-0.643 0.498
IcEc8 10.84 —-0.603 0.449
IcEt8 14.29 -0.607 0.452
ItEc8 13.63 -0.612 0.457
ItEt8 16.84 -0.616 0.459
1c013 7T -0.053 —0.057
1t013 7.45 —0.066 —-0.047
Ic017 9.35 —0.626 0.485
Ito17 12.89 -0.637 0.495
1c018 10.69 -0.594 0.440
1t018 14.21 -0.604 0.449
1c037 15.44 —-0.729 0.544
1t037 18.87 —0.740 0.552
1c038 19.63 -0.720 0.523
1t038 2263 -0.731 0.532
Ic078 23.74 —-1.049 0.750
1to78 20.24 —1.066 0.763

H., H

Fig. 5. Nonzwitterionic (left) and zwitterionic (right) forms of AO8 tautomer.
Quantum chemistry methods show that the latter form is the correct one.

populated tautomers, as well as dominant AO1 and AO3 forms
were also observed for methylated isoGua [13]. As the AEc tau-
tomer has hydrogen-bond donor-acceptor pattern, which may
result in a formation of three hydrogen bonds with Thymine, its
significant presence may lead isoCyt->Thy genomic mutation,
similarly as it was the case for isoGua [12]. Imino forms of methy-
lated z8isoGua are discriminated as it was also observed for m9-
isoGua and z8isoGua.

The partial charges located on the pyrimidine (Qp) and triazole
(Qr) ring in combination with results of dipole moments (p) clearly
show, that tautomers with protonated triazole ring are zwitterion
species. Moreover for several tautomers it is not possible to recog-
nize zwitterionic forms from simple bond-order considerations.
Their zwitterionic character can only be confirmed by partial
charge analysis of QM-determined charge distribution.
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ABSTRACT: Protein nucleoside phosphorylase (PNP) is an enzyme that
catalyzes a reversible conversion process (ribosylation and phosphorolysis)
between nucleobases (purines) and their nucleosides. Experimental studies
showed that calf PNP ribosylates purine analogues in specific positions: 2,6-
diamino-8-azapurine in position 7 or 8 and 8-azaguanine in position 9 of the
triazole ring. The reason for this phenomenon can be a result of different

two complexes of purine analogues 2,6-diamino-azapurine, calf PNP (pdb-code:
1LVU), and 8-azaguanine, calf PNP (pdb-code: 2A11). The results obtained with a
combination of quantum chemistry, docking, and molecular dynamics methods
showed qualitative validity of our hypothesis. Binding free energies of protein—

calfPNP

ligand systems showed that most probable binding poses expose N8 nitrogen for 2,6-diamino-8-azapurine and N9 nitrogen for 8-
azaguanine into the binding channel and ruled out the exposition of N9 for 2,6-diamino-8-azapurine and N7 for 8-azaguanine,
partially in agreement with the experimental data. The other important result obtained in this study is a significantly higher
population of the protonated form of crucial residue Glu-201 present in the binding pocket, compared to the standard protonation of
free glutamic acid in solution. This result combined with populations of tautomeric forms of both investigated systems strongly
suggests that 2,6-diamino-8-azapurine and 8-azaguanine are recognized by proteins with deprotonated and protonated Glu-201
residues, respectively. A comparison of computed binding poses of the investigated ligands to the inhibitors present in crystal
structures suggests that the modification of the (S)-PMPDAP inhibitor, in which a 2-(phosphonomethoxy)propyl chain is attached
at position 8 instead of position 9, might increase its binding affinity.

1. INTRODUCTION

Protein nucleoside phosphorylase (PNP) is an enzyme that
catalyzes reversible conversion process (ribosylation and
phosphorolysis) between nucleobases (purines) and their
nucleosides. PNP plays an important role in nucleotide
metabolism because it participates in a salvage metabolic
pathway of nucleotide synthesis, which utilizes nucleobases
and nucleosides available in the cell. This is an alternative
pathway to a more common, but energetically more expensive,
de novo synthesis process. Such biochemical properties
enable PNP to be utilized in pharmacological, medical, and
practical processes. One of the negative consequences of the
activity of the enzyme is phosphorolysis of nucleoside drugs,
which can be attenuated by the application of suitable
inhibitors.” On the other hand, phosphorylases may contribute
to the activation of prodrugs that can be either nucleosides or
nucleobases.” Some of the PNP enzymes can be used in cancer
gene therapy, in which cytotoxic nucleic acids are released as a
result of nontoxic nucleoside phosphorolysis.* It was shown
that the deficiency or lack of PNP activity leads to dysfunction
of T-cells and causes decreased cell immunity. PNP can also be
used as an immunosuppressive drug for transplant rejection,
drug for cancers causing overproduction of T-cells, and drug
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for autoimmune diseases such as gout, rheumatoid arthritis,
psoriasis, and multiple sclerosis.”™” On the other hand, the
enzymatic activity of PNP can be utilized for the synthesis of
specific nucleosides, which stands as an alternative method for
chemical synthesis."™""

A very interesting and important group of PNP substrates
are purine analogues in which the carbon atom located at
position 8 is replaced by nitrogen. 8-Azapurines contrary to
canonical purines display measurable fluorescence emission
and can be used for the investigation of kinetics of the binding
process.'” Fluorescence of 8-azaguanine is also pH-dependent
and therefore can be used to probe the ionization states of
nucleobases in structured RNAs.'* Recent experimental studies
on 8-azapurines show that PNP can catalyze ribosylation in
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various positions of the triazole ring, not necessary in canonical
position 9."*

The reason for that diversity may emerge from differences in
binding poses assumed by two investigated ligands. They may
expose different nitrogens (7, 8, or 9) of a triazole ring to the
channel leading to the binding site, which may cause
ribosylation of ligands in these exposed positions. The
complexity of this process is magnified by the presence of
various tautomeric forms of ligands, as well as equilibrium of
protonation states of amino acid residues present in the
binding site. In this publication, various molecular modeling
techniques are applied in an effort to answer the question: why
are two investigated purine analogues ribosylated in different
positions? The results are discussed in the context of available
experimental data.

2. METHODS

In this publication, the binding of two analogues of purines,
2,6-diamino-8-azapurine (DaaPur) and 8-azaguanine (aza-
Gua), to calf PNP protein is investigated. The methodology
applied to the investigated system can be divided into three
steps:

1. Determination of tautomeric equilibrium of the
investigated ligands and protonation states of titrable
residues of the protein.

[

. Docking of selected lowest-energy tautomers to crystal
structures of proteins, which were set up in the most
probable protonation state.

3. Application of a more sophisticated methodology

(molecular mechanics Poisson—Boltzmann surface area

(MM-PBSA) combined with normal mode analysis

(NMA))">'® to the selected binding poses obtained in

the second step.

The methodology of each of these steps is described below.

2.1. Selection of Tautomeric Forms of Ligands.
Tautomeric equilibrium of the DaaPur molecule was
determined in our recent publication.'” Here, the same
methodology was applied to the second investigated guanine
analogue, azaGua. The density functional theory BHandHLYP
hybrid method'® combined with a triple-zeta valence cc-pVTZ
basis set was applied.'” It was shown that the BHandHLYP/cc-
pVTZ level of theory is suitable for the study of guanine
derivatives such as 8-aza-iso-guanine'’ and its methylated
form,”" and its efficiency is comparable to the composite
Gaussian-3 method.”' The geometries of selected tautomeric
forms of azaGua were optimized in the gas phase followed by
optimization in water solution approximated by the IEF-PCM
model.”>** The vibrational analysis showed that all inves-
tigated tautomers reached a stationary point, and therefore
thermochemistry calculations were performed. Finally, energy
+ zero point correction (E + ZPE), enthalpy (H = E + kT),
entropy (S), and Gibbs free energy (G = H — TS) were
determined. All quantum chemistry calculations were
performed with Gaussian09 software.

The binding process was investigated only for tautomers
with AG < 5 kcal/mol (related to the lowest-energy tautomer)
in water solution (see Table 1). It was assumed that
populations of tautomers with higher Gibbs free energy can
be neglected.

2.2. Protonation States and Preparation of Proteins.
Two crystal structures of calf PNP proteins were selected for
further processing (PDB codes: 2AIl1 and 1LVU).***
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Table 1. Gibbs Free Energies and Populations of Various
Tautomeric Forms of the DaaPur'” and azaGua Molecules
in Water Solution”

DaaPur azaGua

AG population AG population
tautomer  (kcal/mol) (%) tautomer  (kcal/mol) (%)
D1 13.7 0.0 A17 44 0.1
D3 6.6 0.0 Al8 29 08
D7 7.7 0.0 Al19 0.0 9.1
D8 39 0.2 A37 7.7 0.0
D9 0.0 99.8 A38 6.7 0.0
A39 8.7 0.0
A67¢c 12.8 0.0
A67t 162 0.0
A68c 123 0.0
A68t 14.0 0.0
A69c 79 0.0
A69t 93 0.0

o ic forms with gies lower than the cutoff energy of §

keal/mol (with respect to the lowest-energy tautomer) are marked
with bold face. Only these tautomers were considered in further
investigations.

Coordinates of heavy atoms of both structures were down-
loaded from the RCSB protein data bank. The 2AI1 and 1LVU
structures were selected because of the structural and
geometrical similarities of the ligands present in their binding
sites to the azaGua and DaaPur molecules, respectively. The
ILVU structure contains coordinates of two trimers in the
asymmetric unit, and the monomer D was selected because the
number of missing residues was the lowest in this unit. The
2AI1 molecule is represented in the form of a monomer
(asymmetric unit), with several missing residues as well.
Missing coordinates (residues: 1,253—256,285—289 for ILVU
and residues: 1,2,60—65,283—289 for 2AI1) in both structures
were determined by the agplication of comparative modeling
using Modeller software.”* ™% In this method, geometries of
known sequences are reconstructed by the satisfaction of
spatial restraints and optimization of the energy. For both
molecules, missing fragments are either loop regions or short
fragments of N- and C-termini; therefore, a dedicated Modeller
tool for loop modeling and refinement was applied.
Reconstructed monomers of the ILVU and 2AI1 molecules
are shown in Figure 1. pK, values of titratable residues were
determined in experimental conditions'* of pH (6.6) using H+
+ Web Server to determine their most probable protonation
states. 0

Additionally, protonation states of all titrable residues were
determined with 2.4 us long constant pH molecular dynamics
simulation of the apo form of protein in explicit solvent. The
1LVU protein structure without a ligand was solvated in
truncated octahedron filled with TIP3P water”* molecules. The
initial protonation states were set to the standard values, and
the structure was optimized with 1000 steepest descent steps
followed by 4000 conjugate gradient steps. Harmonic restraints
on backbone heavy atoms were applied. Then, the system was
heated from 50 to 300 K during a 400 ps long NVT simulation,
which was followed by a 4 ns long NPT equilibration. The
simulation was run at pH = 6.6 with a 2 fs time step, and the
titration of residues was performed every 100 steps. Each
titration step was followed by 100 steps of water relaxation
dynamics. The salt concentration for the titration process was

https://dx.doi.org/10.1021/acs.jcim.9b00985
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Figure 1. Tertiary crystal structures of calf PNP monomers, 1ILVU (left) and 2AI1 (right). Secondary structures are marked with magenta (a-
helices), dark blue (3, helices), yellow (f-sheets), and blue (turns). Fragments of proteins reconstructed with MODELLER tools are shown with a
red ribbon. Glu-201, Asn-243, Thr-242, and Phe-200 binding site residues are visualized and zoomed on the bottom panels. y, dihedral of Phe-200
in the 2AI1 structure (bottom right panel) differs by 90° compared to the same dihedral in the 1LVU structure (bottom left panel) and also 7,
dihedral of Asn-243 differs by 180°. Modified version of the 2AIl binding site, in which the y, dihedral angle is changed by 180° was also
considered. This configuration of Asn-243 was found in the 2AI3 crystal structure.

set to 0.1 M. The cutoff for electrostatic interactions was set to
8 A, and long-range electrostatics was treated with the particle-
mesh Ewald summation method.”* The system was coupled to
the heat and pressure reservoirs with the Langevin method
with collision frequency set to 5.0 ps™'. The protonation state
of titrable residues was collected every 1000 steps. All
simulations were performed with the AMBER16 molecular
dynamics simulation package. * The uncertainties of pK,’s
were estimated by dividing the whole simulation into five 0.48
ps long intervals and calculating the errors from Student’s -
distribution with a standard confidence level of 68%.

2.3. Docking. AutoDock Tools were used for the
preparation of proteins and ligands for docking, i.e., definition
of binding sites and positions and dimensions of the docking
box. Binding poses and respective scoring functions of
investigated complexes were determined with the AutoDock
Vina molecular docking program.’® All ligands and proteins
were protonated before launching the docking procedure. The
ligands were placed in the cuboid box of dimensions of 14 A X
12 A X 12 A created in the binding pocket of the receptor.
Based on 2AIl1 and 1LVU crystal structures, boxes included
four residues crucial for the binding process: Phe-200, Glu-201,
Thr-242, and Asn-243. For each complex (three tautomers of
azaGua combined with 2AIl1 with two possible y, rotamers
Asn-243 (see Section 3.4) and two tautomeric forms of
DaaPur in complex with 1LVU with protonated and
deprotonated Glu-201), 10 binding poses were generated;
therefore, a total of 60 binding poses for azaGua-2AIl and 40
poses for DaaPur-1LVU complexes were generated.

2.4. Application of MM-PBSA/NMA Methods to the
Selected Binding Poses. The difference between the lowest
and the highest scoring functions obtained for different binding
poses does not exceed 1.2 kcal/mol (see Tables 2 and 3), and
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Table 2. Scoring Functions of DaaPur Docked to 1LVU
Receptor""'

pose Dsd D8 D9d D9
1 =59 -6.3 -5.8 —6.3
2 —5.8 -6.3 —5.8 —6.2
3 =5.7 —6.1 =57 -6.0
4 =57 -6.0 -5.6 —6.0
5 -5.6 -5.8 =55 =59
6 -5.6 =5.7 =52 =5.7
7 =53 =S7 =52 =57
8 -52 -5 =51 =57
9 =52 -52 =5.1 =57

“Binding poses (modes) qualified for the application of the MM-
PBSA/NMA procedure are marked in bold. All MD-qualified modes
have lowest scoring function except mode 3 for tautomer D9. “For
symbols of tautomers, see Figure 3. Symbol d marks systems with
deprotonated Glu-201 binding site residue.

therefore a more sophisticated MM-PBSA/NMA method'*'®
must be applied for the estimation of free energies of binding
for selected binding poses obtained from the docking
procedure. The most relevant criteria to sieve out appropriate
binding poses were scoring function, number of established
hydrogen bonds, proton clashes, and exposition of chemical
groups, or atoms into the binding channel. The last criterion
eliminates these binding poses, which expose the amino or
keto group into the binding channel, which, by definition,
prevents ribosylation. The MM-PBSA/NMA procedure is
based on trajectories obtained from molecular dynamics
simulations of protein—ligand complexes.

In the first step, molecular mechanics parameters of ligands
in all considered tautomeric forms were determined. Bonding
and Lennard-Jones parameters of ligands were obtained from

https://dx.doi.org/10.1021/acs.jcim.9b00985
1. Chem. Inf. Model. 2020, 60, 15951606
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Table 3. Scoring Function of azaGua Docked to 2AI1
Protein™”

pose Al17 Al7m Al8 Al8m A19 Al9m
1 -6.8 —6.8 -6.7 —6.6 —6.6 -7.0
2 -6.5 —6.6 —6.4 —6.6 -6.3 —6.4
3 —6.4 —6.1 —6.1 —6.5 —6.2 —6.2
4 —6.1 —6.1 —6.1 —6.4 —6.2 -6.2
5 6.1 —6.1 -6.0 -6.3 —6.1 —6.1
6 —6.1 —6.1 -6.0 —6.0 -6.0 —6.1
7 -6.0 —6.1 =59 -6.0 =59 -6.0
8 =59 —6.0 -5.8 -5.8 -5.8 =59
9 -58 -6.0 -5.7 =57 =57 -5.8

“Binding poses (modes) qualified for the MM-PBSA/NMA
procedure are marked in bold. In contrast to 1LVU-DaaPur, roughly
half of the selected modes are the most favored in respect to the
scoring function results. “For description of symbols of tautomers, see
Figure 2 in the main text. Symbol m means that Asn-243 was
reoriented in the binding site.

the general Amber force field (GAFF2),”” and partial charges
were determined by the application of the RESP procedure®
to the electrostatic potentials generated around energy-
optimized structures using quantum chemistry methods
(HF/6-31G* level of theory in Gaussian09). The Ante-
chamber tool”” from the AMBERI6 package was used for
parametrization of ligands. Topology and coordinate files of
ligands and complexes were prepared using the Leap
program.”’ Partial charges of all ligands used in molecular
dynamics simulations (D8, D9, Al7, Al8, and Al9) are
collected in Table SI of the Supplementary Information.

For parametrization of proteins, the ff14SB force field was
applied.*" The protonation states of all titratable residues were
adjusted according to results obtained from H++ Web Server.
Each complex was solvated in a truncated octahedron box filled
with TIP3P water molecules.”” The minimum distance from
the surfaces of the box to the atoms of the complex was set to
12.5 A. The following equilibration procedure was applied.
Energies of complexes were minimized with 2000 steps of
steepest descent followed by 3000 steps of conjugate gradient
methods and then heated from 100 to 300 K with harmonic
restraints (force constant 100 kcal/(mol A?)) applied to all
protein and ligand atoms. The equilibration procedure was
divided into five 1 ns long steps performed in the NPT
ensemble with a 0.5 fs time step. The first two steps were
performed with all solute atoms restrained using harmonic
restraints with force constants of 100 and 10 kcal/(mol A?).
The remaining three steps were performed with harmonic
restraints of decreasing strength: 10, 1, and 0.1 kcal/(mol A%)
applied to the backbone heavy atoms, selected binding site
residues (Phe-200, Glu-201, Thr-242, and Asn-243), and the
ligand. These residues were indicated either in crystal
structures or by the docking procedure as the crucial for
coordination of ligands in the binding pocket of protein (see
the bottom panels of Figure 1). The final production run was
performed with a 2 fs time step in the NPT ensemble with
temperature—pressure baths coupled with the Langevin
algorithm with a target temperature of 300 K and a pressure
of 1 atm. Long-range electrostatics was treated with the
particle-mesh Ewald summation algorithm.** For all selected
binding poses, 10 independent (with different initial velocities)
1 ns long production runs were carried out and the binding
enthalpy AAH,;; was determined using the MM-PBSA
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method as implemented in the AMBER program suite."”
The MM-PBSA procedure was applied to 100 frames obtained
from molecular dynamics (MD) trajectories with relative
dielectric constants equal to 1 and 80 for interior and exterior,
respectively, and an ionic strength of 0.1 mM. A protein—
ligand entropy change upon binding AS values was calculated
with the NMA method for each production run of selected
binding poses using coordinates of the whole protein—ligand
system. Twenty-five snapshots of each MD trajectory were
used with 1000 minimization steps and the same ionic strength
as for the MM-PBSA method. The last two thermodynamic
parameters AH,;,4 and AS contribute to the binding Gibbs
free energy: AGy,q = AHyq — TAS.

3. RESULTS AND DISCUSSION

3.1. Tautomeric Forms of Ligands. Gibbs free energies
of various tautomers of DaaPur, both in the gas phase and in
water solution, were determined in our previous publication.'”
In this study, only the results obtained in water were utilized,
and they are presented in Table 1. The dominant tautomer has
proton at position 9, and the second lowest-energy tautomer is
protonated at position 8 with AG = 4 kcal/mol. In this
publication, we set the energy cutoff for tautomeric forms to §
kcal/mol, assuming that populations of molecules with higher
free energy are negligible in water solution. Therefore, the
docking procedure was applied only to D9 and D8 tautomeric
forms of the DaaPur molecule.

The neutral amino form of azaGua contains two tautomeric
protons; therefore, 12 tautomeric combinations are possible, as
shown in Figure 2. Tautomeric picture is clarified by the
following thermodynamic parameters: energy (AE), enthalpy
(AH), free energy (AG), entropy component (TAS), and free
energy of solvation (AAG). All thermodynamic parameters
computed for azaGua in the gas phase and in water solution
are shown in Tables S2 and S3 of SI, respectively. For the
purpose of this study, the most important thermodynamic
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https://dx.doi.org/10.1021/acs.jcim.9b00985
J. Chem. Inf. Model. 2020, 60, 1595~1606



Journal of Chemical Information and Modeling

pubs.acs.org/jcim

parameters are relative Gibbs free energies (AG) determined
in water solution. These parameters for investigated tautomers
and their respective populations are shown in Table 1.

3.1.1. Gas Phase. The relative Gibbs free energy of all keto
tautomers protonated at position 1 (A19, A18, and A17) and
two enol forms (A69c and A69t) is lower than 3 kcal/mol, and
one can assume that their populations are significant (see
Table S2). The most stable tautomer is A19 with small free
energy favor (AG = 0.9 kcal/mol) over A18—the next most
preferred form, closely followed by the enol-cis A69c form (0.5
keal/mol). This tautomeric order is reversed in comparison to
Guanine,**** for which A17 is the most stable form, followed
by Al9 tautomer, although the free-energy difference is less
than 0.5 kcal/mol. On the other hand, tautomers A39 and
A67t are strongly disfavored, and the free energy difference
between these two forms and A19 exceeds 14 kcal/mol. This
phenomenon can be explained by the short distance between
the proton located on the triazole ring and amino (A39) or
enol (A67t) proton, which causes strong electrostatic
repulsion. This effect also explains the tautomer balance shift
toward the cis form observed for enol tautomers. Also, the
negative correlation of the distance between protons of the
triazole ring and the hydroxyl group and relative Gibbs free
energy of the molecule can be observed for enol tautomers.

3.1.2. Aqueous Solution. Immersion of azaGua in water
significantly destabilizes enol tautomeric forms (AG higher
than 7 kcal/mol), which are abundant in the gas phase, but
N(1)-H tautomers remain still preferred. The A19 form
clearly prevails, followed by Al18 and Al7; however, free-
energy differences between the last two forms and dominator
increased by roughly 2 kcal/mol. Biologically, the most
important position is N(9), which is the most probable place
of ribosylation. Quantum calculations of Guanine tautomer-
ism**** also revealed the highest stability of A19 tautomer and
its undeniable domination among N(9)—H tautomers, but the
second most favored Guanine tautomer N(1,7)—H is
significantly more populated (AG < 1.0 kcal/mol) than the
corresponding azaGua tautomer (AG = 4.4 kcal/mol).

The relative solvation effect is favorable only for N(3)—H
forms (AAG < —1 kcal/mol). Despite the most favorable
solvation free energy (AAG = —9.5 kcal/mol), the very
unstable tautomer A39 in the gas phase does not become
significantly populated in water solution (AG = 8.7 kcal/mol).
Water environment similarly affects the stability of most enol
tautomers (except A67t), which is evidenced by the relatively
low difference of AAG (<2 kcal/mol). As in the gas phase,
electrostatic repulsion determines cis—trans enol stability in
favor of the latter one. Our results significantly differ from
those obtained in the previous quantum chemical study of this
molecule, in which energies were computed at the MP2/6-
311++G(d,p) level using HF/6-31G(d) optimized struc-
tures.”® In that study, tautomers were preliminarily sieved
out using the semiempirical AM1 method, leaving only three
tautomers A17, A19, and enol A69 for higher-level calculations.
Our calculations show that A18 should also be considered, as it
is the second most populated tautomer both in the gas phase
(AG = 0.9 kcal/mol) and in water solution (AG = 2.9 kcal/
mol). The previous study also shows that populations of A17
and A19 tautomers in the gas phase and in water solution are
practically equal (AG 0.22 and —0.18 kcal/mol,
respectively). This result cannot be confirmed by our
calculations, which show a significant relative stabilization of
Al19 tautomer both in the gas phase (AG = 2.8 kcal/mol) and
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in water solution (AG = 4.4 kcal/mol), but the relative stability
of the A69 enol tautomers in the gas phase is practically equal
in both studies (AG = 1.4 kcal/mol). Our results also show
that enol tautomers are much less stable in water solution (AG
= 8.5 kcal/mol) compared to the previous study (AG = 0.58
keal/mol). Following our assumption of 5 kcal/mol cutoff for
the Gibbs free energy of tautomeric systems in water, only
three tautomers—A19, A18, and Al7—were docked to the
target protein.

3.2. Protonation States of Titrable Residues. pK, of the
only titrable residue of the binding site (Glu-201) and pK,’s of
all remaining titrable residues of apo-1LVU protein, obtained
with H++ Web Server, are shown in Table S4 of SI. The most
important conclusion from theoretical titration is that pK, of
Glu-201 deviates significantly from experimentally determined
pK, of glutamic acid guest residue in a model alanine host
pentapeptide in water solution (~4.25).*° This effect is a
consequence of electrostatic interactions with surrounding
charges of the protein. The pK, of Glu-201 calculated with H+
+ is 5.8, which is close to the experimental pH, and therefore
both protonated and deprotonated (charged) forms of this
residue must be considered in both docking and MM-PBSA
simulation steps.

To confirm this important observation, constant pH explicit
solvent molecular dynamics simulation of 1LVU protein in the
apo form was performed. The calculated pK,’s (Table S4) are
in qualitative agreement with the results obtained with H++ in
a sense that they point to the same most probable ionization
states for all residues except His-64, which should be
deprotonated with pK, = 5.78 (H++ ~ 7.1). It is not clear
what is the most probable ionization state for His-175 for
which pH-offset is equal to zero (H++) and 0.1 + 0.3
(constant pH MD), but as the distance of this residue from
binding site is approximately 24 A, it was assumed that its
influence on the binding affinity is small and the deprotonated
form of this residue was picked for MM-PBSA MD
simulations. However, the most important result obtained
from constant pH simulation is that pK, of Glu-201 equal to
5.85 # 0.11 almost exactly matches the one obtained with H++
Web Server (5.8), which means that the population of the
protonated form at pH = 6.6 is about 10% and it cannot be
neglected. Therefore, the most probable protonation states of
all titrable residues obtained from H++ were assumed (see
Table S4) with the exception of a very important Glu-201
residue, which was considered both in its protonated and
deprotonated forms. It should be stressed here that constant
pH simulations show that there are four His (64, 86, 230, and
257) and three more Glu (52, 89, and 109) residues with
populations of protonated forms exceeding 10%, but their
distance from the binding site is at least 8 A and therefore their
influence on the binding affinity of ligands was neglected in the
first approximation.

Another interesting conclusion that can be drawn from a
comparison of H++ and constant pH MD data is that pK,’s
obtained with the former method lead to significantly higher
populations of negatively charged residues (pK = 3.0 and

3 Asp
PK, ¢, = 3.6) than pK,’s obtained from constant pH MD
(pK, ap =43 and pK, , = 52). The same effect is also
observed for titrable positively charged residue with
PK, 1y = 108 (H++) and pkK, 1y = 86 (constant pH

MD). The effect is most probably due to the conformational

https://dx.doi.org/10.1021/acs.jcim.9b00985
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averaging of constant pH MD simulation, which is absent in
“single point” H++ computations.

3.3. Binding of DaaPur to Calf PNP. Two most
populated tautomeric forms of DaaPur, namely, D8 and D9
(see Figure 3), based on quantum calculations,'” were selected

Hor Hez
H21 )\)I Ns Hg 1, )\

Figure 3. DaaPur most populated tautomeric structures. In contrast
to azaGua, only one tautomeric proton is located on the entire
structure.

H

N

I‘N

to examine their binding affinity to calf PNP enzyme (pdb-
code: 1LVU). The results of 1LVU titration in experimental
pH showed that Glu-201 can exist in either the protonated or
deprotonated form, and therefore both selected DaaPur
tautomers were docked to the binding pocket with either the
protonated or deprotonated Glu-201 residue. Therefore, there
are four possible ligand—receptor systems, as can be seen in
Table 2. Eleven out of 60 binding poses were qualified for
further molecular dynamics simulations, and their scoring
functions are shown with a bold face type in Table 2.

Most of binding systems are represented by three binding
poses; the only exception is the deprotonated 1LVU-D9
system for which only two representatives were qualified. For
systems with D8 and D9 tautomers, three and two binding
poses with lowest scoring functions were qualified for MM-
PBSA. Additionally, the fourth binding pose for the D9
ligand—receptor system was qualified. The results of docking
computations clearly showed various possible orientations of
the ligand in the binding pocket, which leads to different
expositions of the triazole ring into the binding channel, as can
be seen in Figure 3 and Figures S1 and S2 (SI). Results of
docking also showed that the exposed position of the ligand
can be either protonated or deprotonated.

The results of the application of the MM-PBSA/NMA
method to the selected binding poses of the 1LVU-DaaPur
ligand—receptor system are collected in Table 4. The results of

binding free energy clearly show strong favor of binding poses
with the protonated Glu-201 residue (AAGy,q =2.5 keal/mol -
difference between the lowest deprotonated—D8dM3 - and
the highest protonated—D8M2 — Glu-201 modes). All
binding poses with protonated Glu-201 have lower free
energies than those with deprotonated residue, as can be
seen in Table 4. This important result shows that the DaaPur
molecule must bind to the protein with the protonated Glu-
201 residue. The most favored binding poses are D8M1 and
D9M2 with the identical hydrogen-bond interaction pattern, as
shown in Figure 4, and similar binding free energy with
AAGyj,g = 0.3 keal/mol. Both binding poses are stabilized by
the following hydrogen bonds between Glu-201 and DaaPur:
0?2=N6, O°'=N1, and Asn—243 and DaaPur: O’'~N2 and
N—N3. Figure 4 shows the solvent-accessible surface area of
the binding pocket with ligands for D8M1 and DIM2 binding
poses. It can be clearly seen that for both ligands, position N8
is the one that is most exposed to the binding channel and
therefore it is the most probable place of ribosylation. This
result is partially convergent with experimental data, which
show a balance between N8 and N7 ribosylated forms.'*
Although the next three lowest free-energy binding poses
expose either N9 or N3 nitrogens, the sixth binding pose,
which exposes N7 nitrogen, cannot be completely ruled out. A
relatively low position of this binding pose in free-energy
ranking is caused by the highest entropy drop among all
investigated binding poses. Consideration of only the enthalpic
part of free energy obtained from MM-PBSA, as suggested by
others,"” places N7-exposing binding pose in the fourth
position, just 0.1 kcal/mol behind the third one DIMI (see
Table 4).

The next two thermodynamically most stable binding poses
of D8 (D8M3 and D8M2 shown in Figure S1) and D9 (D9M1
and D9M4 shown in Figure S2) have significantly higher
AAGy;,g (9.8 kcal/mol at least). D8M2 and D9MI1 pairs
expose N9 nitrogen. D8M3 and D9M4 binding poses expose
N3 nitrogen of pyrimidine ring. These binding poses, despite
their energetical disfavor, also decrease the cavity for the
ribosylation process caused by the presence of an amino group.

3.4. Binding of azaGua to Calf PNP. The application of a
S kcal/mol free-energy cutoff for azaGua tautomers in water
leaves only three forms protonated at position 1 and positions

Table 4. Enthalpy (MM-PBSA), Entropic Contribution (T = 300 K, NMA), and Gibbs Free Energy (kcal/mol) of the Binding
Process in the DaaPur—Calf PNP (1LVU) System Obtained with the MM-PBSA/NMA Method“"”

binding pose AHyg -TAS
1 D8M1 —-114 + 1.6 179 + 1.0
2 DIM2 -105+ 1.5 17.5 £ 08
3 D9M1 =75+ 17 17.3 + 0.8
4 D8M3 =51+17 167 £ 1.3
S DIM4 -54+ 15 16.9 + 0.8
6 D8M2 =74+ 09 192 £ 15
% D8dM3 -1.6 £+ 18 16.0 + 0.9
8 D8dM2 -15+ 16 162+ 12
9 D9dM2 02 + 1.8 150 £ 14
10 D9dM1 —0.6 + 2.0 16.0 + 0.7
11 D8dM1 1.0 + 1.6 183 + 1.0

“AH,g —TAS, and AGy,g are averages of 10 independent runs.

binding pose are shown in the sixth and seventh columns, respectively. The
free-energy binding poses are shown in Figure 4; other binding poses are shown in Figure s1 (D8 tautomer) and Figure S2 (D9 tautomer). Binding

poses with D9 tautomer are marked with a bold face type.
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AGying AAH,4 AAGyq exposed nitrogen
6.6+ 19 0 0 8
69+ 17 09 03 8
98+ 19 39 32 9
115 £ 2.1 6.3 49 3
115 £ 1.7 6.0 49 3
119 + 1.7 4.0 53 7
144 + 2.0 9.8 7.8 y i
147 £ 2.0 9.9 8.1 8
152 +23 11.6 8.6 7
154 + 2.1 10.8 8.8 8
193 + 1.9 124 12.7 3

PThe relative enthalpy and Glbbs free energy with respect to the lowest-energy

ber of d is shown in the last column. Two lowest

https://dx.doi.org/10.1021/acs.jcim.9b00985
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Figure 4. Interaction map and binding site for two DaaPur most favored binding poses. Glu-201 and Asn-243 are both donor and acceptor of
hydrogen bonds, and Phe-200 is engaged in stacking contact. Binding cavity is visualized by the solvent-accessible surface area. Letter code: D8M1
means the first binding mode (scoring function order) of ILVU—-D8 complex.

Figure S. Visualization of the protein—ligand interaction and binding cavity for the most preferred binding poses of azaGua. Glu-201, Asn-243, and
Thr-242 are involved in hydrogens bonds, while Phe-200 is responsible for stacking interactions. The binding site is shown as the solvent-accessible
surface area. Letter code: A19mM4 means the fourth binding mode (M4) of the 1LVU—A19 complex with Asn-243 modified (m).

7-9. As for the ILVU—DaaPur system, residues Phe-200, Glu-
201, and Asn-243 are crucial for the binding process of azaGua
to 2AIl, although docking results also revealed that Thr-242
residue can form hydrogen bonds with ligands. Titration
results for 2AIl, performed with H++, showed identical
protonation balance of Glu-201 as for 1LVU. However,
docking to the protein with protonated Glu-201 does not
seem to be necessary due to a possible sterical clash of the
proton located at position 1 on selected azaGua ligands and
the proton of Glu-201. Nevertheless, docking of azaGua to
2AIl protein with protonated Glu-201 was performed, but
none of the resulting structures were qualified for the
application of the MM-PBSA/NMA method. This result
leads to an important conclusion that binding of most
abundant azaGua tautomers requires PNP protein with the
deprotonated Glu-201 residue.
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There are three similar crystal structures of calf PNP protein
in the RCSB database with different multisubstrate inhib-
itors—2AIl (guanosine-2’,3'-O-ethylidenephosphonate inhib-
itor), 2AI2 (9-deazainosine-2’,3'-O-ethylidenephosphonate
inhibitor), and 2AI3 (guanosine-2’,3’-O-methylidenephospho-
nate inhibitor).”* The purine parts of multisubstrate analogue
in 2AI1 and 2AI3 are guanines, and therefore both structures
can be used for docking of the azaGua molecule. The side
chain of one of the ligand-coordinating residues Asn-243 has a
different conformation in the 2AI3 structure compared to that
of 2AI1. Their y, dihedral angles differ by 180°, and therefore
both possible rotamers were considered in the docking
procedure. Systems with an alternative rotamer of Asn-243
are marked with the letter m, e.g.,, A1I9mM1 describes binding
mode 1 (M1) with the azaGua molecule protonated at
positions 1 and 9 (A19) and modified Asn-243 rotamer from
the 2AI3 crystal structure (m), as shown in Figure S. The

https://dx.doi.org/10.1021/acs.jcim.9b00985
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Table 5. Enthalpy (MM-PBSA), Entropic Contribution (T = 300 K, NMA), and Gibbs Free Enerq (kcal/mol) of the Binding
Process in the azaGua—Calf PNP (2AI1) System Obtained with the MM-PBSA/NMA Method™

binding pose AHyq ~-TAS
1 Al17M1 —14.6 + 2.0 18.6 + 1.3
2 Al9mM4 =105 + 14 16.6 + 1.4
3 A19mM1 -93+ 14 172 + 1.0
4 Al18mMé6 -84 + 14 175 £ 1.5
5 AIOM1 =76 + 1.6 17.1 £ 0.8
6 A18MS —6.6 + 29 162 + 14
7; A18mM7 -82 + 26 180 £ LS
8 Al18M4 =724+ 10 177 £ 1.4
9 Al8mM4 —-6.1 £ 12 175 £ 1.9
10 Al7mM2 —48 + 1.7 16.6 + 2.0
11 AI9M2 -43.+:39 162 + 1.1
12 Al18mM1 -59 +26 180 + 08
13 A17M2 -59 +25 181 £+ 1.3
14 Al17mM1 25+ 59 166 +£23
15 Al18mM3 37 +3.1 164 £ 12

AGyag AAHy4 AAGyng exposed nitrogen
40 +24 0 0 9
6.1 +20 4.1 21 8
77+ 17 53 3.7 9
91+21 6.2 S.1 9
95+ 18 7.0 5.5 9
97 £32 8.0 57 3
98 + 3.0 6.4 5.8 8
105 + 1.7 74 6.5 9
114 +22 8.5 74 8
11.8 £ 26 9.8 78 7
12.0 + 4.1 103 8.0 7
121 £27 8.7 8.1 9
122 +28 8.7 82 3
19.1 £ 63 17.1 15.1 7

200 £33 183 16 7

“AHy,y —TAS, and AGy,y parameters are averages of 10 independent runs. “The relative enthalpy and Gibbs free energy with respect to the
lowest-energy binding pose are shown in the sixth and seventh columns, respectively. The number of exposed nitrogens is shown in the last column.
Three lowest free-energy binding poses are shown in Figure S. Other binding poses are shown in Figure S3 (A17 tautomer), Figure S4 (A18
tautomer with modified rotamer of Asn-243 residue), and Figure S5 (A18 tautomer with unmodified Asn-243). Binding poses with A17, A18, and

A19 are marked with normal, bold face, and italic type, respectively.

results of docking of azaGua showed 15 reasonable binding
poses (see Table 3, Figure S, and Figures S3—S6) with a
predominant amount of A18m binding poses. Interestingly, for
a system with unmodified Asn-243 and A18 tautomers, only
the fourth and fifth lowest scoring function poses were selected
for the MM-PBSA/NMA procedure. In contrast to DaaPur,
only a half of binding systems (2A11—A17, A17m, A19) are
represented by only the two lowest scoring function modes.
Nevertheless, the lowest scoring function binding poses were
qualified for MD simulations for all but one investigated
system (Al8). Docking results showed the possibility of
exposition of all triazole ring nitrogens into the binding
channel, regardless of their protonation state (see Figures S
and S3—S6).

All results of the application of the MM-PBSA/NMA
method to the qualified binding poses for the 2AIl—azaGua
system are shown in Table S. The lowest binding free energy
belongs to the A17M1 binding pose (AGy,g = 4.0 keal/mol;
see Figure 5 and Table S) that exhibits position 9 of the
triazole ring into the binding channel, confirming the results of
the experiment,'* in which the ability of azaGua to form
canonical N9 ribosides is concluded. The contribution of the
binding enthalpy AH{, 4 singles out A17M1 with more than 4
keal/mol predominance over modified A19mM4 (Table 5).
The next most stable mode, A19mM4, is clearly behind the
leader (AGy, about 2 kcal/mol higher than A17M1),
although the entropy term favors the latter one by roughly 2
kcal/mol. A19mM4 exposes position 8, which suggests that
noncanonical alternative ribosylation is also possible. Thermo-
dynamic calculations reveal one more possibly populated
azaGua mode, A19mM1 (AGy,q = 7.7 kcal/mol). For this
mode, position 9 of the triazole ring is exposed (see Figure 5).
On the other hand, modes exposing position 7 are very
unlikely due to a high value of AG,4 (11.8 kcal/mol at least),
and it also does converge with experimental data, which
excludes the possibility of ribosylation at position 7."*

3.5. Free Energies of Families of Binding Poses. Gibbs
free energies of binding for both ligands are positive because
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the positive entropic term exceeds the negative enthalpic term.
This result is counterintuitive, especially for the azaGua ligand
for which the experimentally determined dissociation constant
ks = 90 uM™ converts to the free energy of binding AGyy, »
—5.5 kcal/mol (dissociation constant for DaaPur is not
available). This mismatch is caused by a relatively large
positive nonpolar solvation energy term generated by the
model in which it is a sum of dispersion and cavity formation
terms."” The alternative, older model of nonpolar interactions,
based on the solvent-accessible surface area (SASA),*"
generates (on average) more than 10 kcal/mol lower nonpolar
energy terms. Although the latter model of nonpolar
interactions provides results that are closer to the absolute
value of binding free energy for azaGua, we decided to use the
former one because it was shown that it leads to better
agreement with the experimental data of relative free energies
for protein—ligand systems’' and significantly improves
correlation between the cavity free energy and SASA (or
molecular volume enclosed by SASA) for cyclic organic
molecules.”” In this publication, we are interested in the
relative binding free energies of various binding poses, and
therefore the former, “modern” model of nonpolar interactions
seems to be more suitable for that purpose.

To answer the question of what is the most probable place
of exposition of investigated ligands, binding poses were
divided into families with respect to their binding site
exposition nitrogen. There are four “exposition” families for
each ligand with the following exposed nitrogens: N3, N7, N8,
and N9. The members of each exposition family are shown in
Table 4 (DaaPur) and Table § (azaGua). It can be shown that
the Gibbs free energy of each family can be determined from
the following equation

AG

AG
—kyT In| Y . f, exp(——"]
w o\ kT )

where f}, is the population of the ith ionization state of protein,
f1, is the population of the jth tautomeric state of a ligand, AG;

https://dx.doi.org/10.1021/acs.jcim.9b00985
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is the binding free energy of ligand L; to the protein P, kg is the
Boltzmann constant, and T 298 K is the absolute
temperature. Equation 1 includes corrections of free energies,
which comes from populations of ionization states of proteins
and populations of tautomeric states of ligands. In the first
approximation, only varying protonation of residues of the
binding site was considered. Therefore, two possible ionization
states of the protein with protonated (fp = 0.1) and
deprotonated (fp = 0.9) Glu-201 residues were applied to
eq 1. Populations of tautomeric states used in eq 1 for DaaPur
and azaGua ligands are shown in Table 1. The application of
eq 1 to the above-mentioned populations of ligands and
proteins together with the binding free energies of various
binding poses obtained from Table 4 (DaaPur) and Table 5
(azaGua) leads to Gibbs free energies of each exposition family
shown in Table 6.

Table 6. Ligand and Protein Population-Corrected Gibbs
Free Energy and Enthalpy Differences (kcal/mol) of Four
Exposition families of Two Investigated Ligands”

DaaPur azaGua
exposed nitrogen AAH AAG AAH AAG
N3 5.10 4.60 6.82 647
N7 6.79 6.96 6.27 590
N8 0.00 0.00 0.07 0.00
N9 3.01 290 0.00 1.34

“Gibbs free energies and enthalpies were computed according to eq 1.
The differences were calculated with respect to the lowest free-energy
(enthalpy) family.

The population-corrected analysis shows that the most
probable exposition site of the DaaPur molecule is N8, but the
probability of exposition of N7 is low. This result is in partial
agreement with the experimental data, which predicts
ribosylation at positions N8 and N7. The Gibbs free energy
obtained with the same analysis for azaGua predicts the highest
stability of N8-exposed binding poses, but experimentally
predicted exposition of N9 is only 1.3 kcal/mol away from N8,
certainly well within an error of the MM-PBSA method.
Moreover, the enthalpic term suggests that the exposition of
nitrogen N9 is the most probable one. Therefore, our data
cannot unambiguously select the most probable place of
exposition of the azaGua ligand, which can be either N8 or N9
nitrogen.

3.6. Comparison of Computed Binding Poses to the
Crystal Structures. Both 2AIl (2AI3) and 1LVU crystal
structures were solved with multisubstrate analogues bound in
their active site, guanosine-2’,3’-O-ethylidenephosphonate
(guanosine-2’,3"-O-methylidenephosphonate) and 2,6-diami-
no-(8)-9-[2-(phosphonomethoxy)propyl]purine, respectively.
The purine part of multisubstrate analogues bound to crystal
structures is similar to purine analogues considered in this
publication; therefore, our analysis should also include a
comparison of binding poses of ligands present in crystal
structures to those determined by our procedure.

The lowest free-energy binding pose of azaGua bound to
PNP protein is very similar to the binding pose of the purine
part of the multisubstrate analogue in the 2AIl crystal
structure,” as can be seen in Figure 6a. This is an expected
result because the experimentally determined place of
ribosylation of azaGua'* is the same as the place of attachment
of the sugar—phosphate moiety (2',3'-O-ethylidenephospho-

Figure 6. Comparison of the selected binding poses of DaaPur and azaGua with binding poses of original ligands bound to the crystal structures.
(a) A17M1, the lowest free-energy binding pose of azaGua, (b) A19mM4, the lowest free-energy binding pose with the modified rotamer of Asn-
243, (c) D8M, the lowest free-energy binding pose of DaaPur, (d) D9MI, the third lowest free-energy binding pose of DaaPur. Carbon atoms of

multisubstrate analogues and ligands idered in this publi
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ion are shown in dark green and light green colors, respectively.

https://dx.doi.org/10.1021/acs.jcim.9b00985
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nate) in the crystal structures (position 9). This result also
suggests that exposition of N9 should rather emerge as a
winner from population-corrected exposition family analysis
performed in the previous section.

A comparison of the binding poses of DaaPur and respective
multisubstrate analogue 2,6-diamino-(S)-9-[2-
(phosphonomethoxy)propyl]-purine ((S)-PMPDAP) present
in the binding pocket of the 1LVU structure seems to be much
more interesting. Two lowest free-energy binding poses of
DaaPur differ significantly from binding poses of the base part
of (§)-PMPDAP present in the binding pocket of the 1LVU
crystal structure,” as can be seen in Figure 6¢c. The
multisubstrate ligand of 1LVU is “ribosylated” at position 9,
and interactions of the 2-(phosphonomethoxy)propyl tail
might force the ligand to assume a binding pose in which
position number 9 is “exposed”. The orientation of the ligand
in the binding pocket of the crystal structure is similar to the
third lowest free-energy binding pose, D9M1, which expose N9
nitrogen to the binding channel, as can be seen in Figure 6d.
Assuming that substitution of carbon by nitrogen at position 8
does not significantly alter the coordination of the ligand, one
can conclude that the coordination of the base fragment of
((S)-PMPDAP) is different from the coordination of 2,6-
diaminopurine. The most probable binding poses obtained
from our calculations (D8M1 and D9MI1) prefer the
exposition of N8 nitrogen, and therefore the binding of the
multisubstrate analogue with the 2-(phosphonomethoxy)-
propyl tail attached to 2,6-diaminopurine at position 8
(namely, 2,6-diamino-(S)-8-[2-(phosphonomethoxy)propyl]-
purine) might be stronger than the binding of the original
ligand.

A similar conclusion can also be drawn for the guanosine-
2/,3’-0-methylidenephosphonate ligand bound to calf PNP.
This ligand binds to the active site of PNP with a modified
Asn-243 rotamer, as can be seen in the 2AI3 crystal structure.
Figure 6b shows the ligand from the 2AI3 crystal structure
overlapped with the lowest free-energy binding pose of azaGua.
The difference between the two binding poses is clearly visible.
Exposition of nitrogen N8 (rather than N9) also suggests that
guanine with 2’,3'-O-methylidenephosphonate moiety at-
tached at position 8 might have higher binding affinity than
the original multisubstrate analogue.

Another important consequence of this study is related to
tautomeric equilibrium of ligand and protonation states of the
crucial Glu-201 residue. It was suggested that 2,6-diamino-
purine must be protonated at position 1 to make favorable
hydrogen-bond contacts with the Glu-201 residue.”® Our
previous study'’ shows that protonation of position 1 of the
DaaPur molecule in water is very improbable (AG ~ 12 kcal/
mol with respect to the lowest free-energy D9 tautomer). This
result combined with the results of computational titration of
Glu-201 shows that DaaPur tautomer deprotonated at position
1 makes a hydrogen bond with the protonated Glu-201
residue.

4. CONCLUSIONS

The goal of this publication was the explanation of
experimentally observed ribosylation of two purine analogues:
2,6-diamino-8-azapurine (noncanonical) and 8-azaguanine
(canonical) by calf PNP protein. We postulated the hypothesis
that the place of ribosylation depends on exposition of the
triazole ring of ligands to the channel leading to the binding
site, where a@-D-ribose-1-phosphate can approach its target.
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Consequently, the place of ribosylation depends on the most
probable binding pose assumed by the ligand in the binding
pocket, i.e., the binding pose with the lowest Gibbs free energy
of binding. The hypothesis was verified by the application of a
combination of quantum chemistry, docking, and molecular
dynamics protocols (MM-PBSA and NMA methods), which
pointed out the lowest free-energy binding poses for both
investigated ligands.

Before the application of the docking procedure, the most
probable tautomeric states of ligands were determined.
Tautomeric equilibrium of the DaaPur molecule was
determined in our previous publication.'” It was shown that
the population of tautomeric forms protonated at position 1 is
very low for this molecule with AG & 12 kcal/mol. The results
of the application of the same methodology to the azaGua
molecule showed that all three most populated tautomeric
forms in water solution are protonated at position 1 and differ
in protonation of the triazole ring, which can be protonated at
all three available positions: 9 (lowest free energy), 8 (AG =
2.9 kcal/mol), and 7 (AG = 44 kcal/mol higher). Only
significantly populated tautomers (AG < S kcal/mol) were
picked for the docking procedure, i.e., D8 and D9 tautomers of
DaaPur and A19, A18, and A19 tautomers of azaGua.

Two most probable binding poses of the DaaPur molecule
inside the calf PNP binding pocket expose N8 nitrogen,
partially in agreement with the experimental data, which shows
a 1:1 ratio of products ribosylated at positions N7 and N8."*
Although the first binding pose, which exposes N7 nitrogen, is
only the sixth lowest free-energy pose, its presence in vitro
cannot be completely ruled out. The low position of this
binding pose in the ranking is caused by its highest entropy
drop among all investigated binding poses. If we consider only
enthalpic contribution, as was suggested by some authors for
the single trajectory MM-PBSA method,"” this binding pose is
the fourth lowest only 0.1 kcal/mol behind the third-placed
one. For the other investigated ligand, 8-azaguanine, the most
probable binding pose exposes N9 nitrogen, in agreement with
experimental data.'* Although the second binding pose
exposes N8 nitrogen, the next three binding poses again
expose the nitrogen pointed out by the experimental data
(N9). Analysis of Gibbs free energies and enthalpies of
exposition families points to the exposition of N8 for DaaPur
and either N8 or N9 for azaGua.

The other important result of this study is related to the
protonation of crucial amino acid residue present in the
binding pocket, Glu-201. Both theoretical titration with H++
Web Server and constant pH simulation of apo form of protein
in explicit solvent showed that pK, of its side chain is
significantly higher than the one determined experimentally for
model systems,’® and therefore the population of protonated
forms is not negligible and must be considered in the docking
procedure.

For a long time, 6-oxo-substituted purines had been
considered as a necessity for the specificity of trimeric PNP,’
but it was later shown that the 6-amino purine analogue can
also bind to the active site of this protein.”® Analysis of
populations of tautomers of the azaGua and DaaPur molecules,
combined with theoretical titration of protein and docking/
MM-PBSA/NMA analysis, shows that target proteins for 6-
oxo- and 6-amino-substituted purine analogues are not
identical. Our results suggest that the azaGua molecule (6-
oxo substituent) binds to the protein with deprotonated Glu-
201 residue, but DaaPur (6-amino substituent) binds to the

https://dx.doi.org/10.1021/acs.jcim.9b00985
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protein with the protonated Glu-201, which according to our
theoretical titration data should also be significantly populated
in water solution.
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