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1. WPROWADZENIE

Biomolekulama spektroskopia NMR jest jedyng metodg eksperymentalng
pozwalajgcg na ustalenie wspotrzednych atomowych makroczasteczek w roztworze. Ma to
szczegOlnie duze znaczenie dla rozwigzywania realnych zagadnien biochemicznych np.
préb powiazania struktury czasteczek z ich funkcjg w komorce. Zaletg ustalania struktur
DNA i RNA metodami NMR jest mozliwo$¢ rejestrowania funkcjonalnie istotnych zmian

konformacyjnych czasteczki, opis ich dynamiki oraz analiza proceséw wigzania liganddw.

Rozwdj w dziedzinie spektroskopii NMR kwasdw nukleinowych, ktory dokonat sie
w ostatnim dziesiecioleciu, zawdzieczamy nie tylko konstrukcji coraz to
nowoczesniejszych spektrometrow wyposazonych w magnesy o czestotliwosciach dla
protonéw siegajacych 900 MHz. Nieustannie pojawiajg sie nowe techniki pomagajgce
pokona¢ niedoskonato$ci metod stosowanych dotychczas w analizie strukturalnej
biomolekut (1-4). Struktury NMR kwasow nukleinowych sg otrzymywane z coraz wigkszg
precyzjg i doktadnosScig. W tej mierze ustalenia strukturalne dotyczace kwaséw
nukleinowych i biatek metodami biomolekulamego NMR moga konkurowaé z
najnowszymi osiggnieciami metod krystalograficznych. Ogromny postep w spektroskopii
NMR byt rowniez mozliwy dzieki opracowaniu metod enzymatycznej syntezy DNA i
RNA (5-7) pozwalajagcych na otrzymywanie czasteczek catkowicie znakowanych
izotopami "*C i "N, oraz postepowi w dziedzinie syntezy chemicznej sekwencyjnie

specyficznego znakowania fragmentéw RNA (8).

Mam nadzieje, ze uzyskane przeze mnie wyniki dyskutowane w komentarzu do
rozprawy habilitacyjnej zatytutowanej "Wplyw czynnikdw strukturalnych oraz srodowiska
na specyficzno$¢ nieklasycznych oddziatywan zasada-zasada w obragbie struktur DNA i

RNA. Badania NMR" majg swoj udziat w zwiekszeniu wiedzy w tej mierze.
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W komentarzu koncentruje sie na dyskusji aspektoéw strukturalnych nieklasycznych
oddziatywan zasada-zasada zarowno w kontekscie tworzenia wigzan wodorowych jak i
oddziatywan warstwowych. Wskazany powyzej stan metod syntezy chemicznej i
enzymatycznej fragmentdw DNA i RNA oraz rozwoj spektroskopii NMR umozliwit mi
whnikniecie w nature nieklasycznych oddziatywan na poziomie atomowym w roztworze.

Aby unikng¢ niescistosci dotyczacych nomenklatury chce dodaé, ze wyrazeniem
»hieklasyczne oddziatywania” objetam te, ktdre prowadzg do powstania par zasad innych
niz kanoniczne, postulowanych przez Watsona i Cricka. W moim komentarzu unikam
stwierdzen typu ,niedopasowane” czy ,niesparowane” zasady, jako odpowiednika
angielskich wyrazen mismatch i mispair. Jak bowiem wskaze, tzw. niedopasowane zasady
sg czesto lokowane (dopasowywane?) w obrebie struktur DNA czy RNA w taki sposob,

aby indukowane nimi zaburzenie byto jak najmniejsze.






Moje obserwacje poczynione metodami biomolekulamego NMR dotyczg zaréwno
nieklasycznych oddziatywan obejmujacych kanoniczne zasady np. G-U w czasteczkach
RNA, jak i tych obejmujacych modyfikowane nukleozydy w tRNA, czy tez produkty
mutagenezy chemicznej DNA.

Réznorodnos¢ form strukturalnych obserwowana dla funkcjonalnie waznych
domen DNA i RNA w roztworze jest wypadkowg wptywu oddziatywan
wewnatrzczasteczkowych oraz warunkéw Srodowiska. We wszystkich przypadkach
obserwowatam ustalanie sie swoistego stanu réwnowagi, ktéry byt rezultatem wplywéw
zaburzen, jakie nieklasyczne pary zasad wywierajg na globalng strukture czteczki DNA
czy RNA, oraz odpowiedzig catej czasteczki na obecno$¢ centmm modyfikacji.






2. STAN ROWNOWAGI TAUTOMERYCZNEJNA-METOKSYCYTOZYNY W
DUPLEKSIE DNA ZALEZY OD TYPUZASADY PURYNOWEJ WNICI
KOMPLEMENTARNEJ ORAZ TEMPERATURY.

Niekanoniczne pary zasad mogg powstawac in vivo w strukturze dwuniciowego
DNA najczeSciej w wyniku btedéw w procesie replikacji lub w trakcie rekombinacji
pomiedzy homologicznymi, ale nieidentycznymi sekwencjami DNA. W procesie replikacji
nieuchronnie pojawiajg sie btedy, najczeSeiej mutacje punktowe: tranzycja i transwersja.
limym typem mutacji jest delecja lub inserejajednej lub wiecej par zasad.

Oprécz btedow, w ktdrych uczestniczg tylko zasady kanoniczne, mutacje moga byé
wywotane takze przez chemiczne modyfikacje zasad DNA. Doprowadza to w
konsekwencji do zmiany struktury elektronowej nukleozasady, a tym samym w sposob
zasadniczy zmienia schemat kanonicznego formowania par A-T i C-G. Posrdd wielu
mutagendw chemicznych czestym i istotnym czyrmikiem prowadzacym do modyfikacji
zasad jest atak rodnikdéw hydroksylowych (9), tworzacych sie w roztworach wodnych pod
wptywem promieniowania jonizujgcego.

Powstajace bledy mogg zostaC naprawione dzieki niezwyktej, dodatkowej
aktywnosci polimeraz DNA, ktéra polega na sprawdzaniu poprawnosci wbudowywania
nukleotydéw podczas replikacji (10). Btedy, ktére wymknety sie pierwszemu procesowi
naprawy przez polimeraze DNA, poddawane sg nastepnie dziataniu systeméow
naprawczych in vivo (10-12). Ta podwojna linia obrony sprawia, ze po skorezonej akcji
wszystkich systemdw naprawczych pozostaje tylko jeden btad na 10"-10"par zasad w
nowo zsyntetyzowanej nici DNA. Postreplikacyjny, enzymatyczny system naprawczy
rozpoznaje i naprawia nie tylko nieklasyczne pary zasad. Naprawie podlegajg rowniez
chemicznie modyfikowane pary zasad. Niepowodzenie podczas ich naprawy prowadzi do
przekazania komoérkom potomnym mutacji potencjalnie skutkujacych nowotworzeniem
lub chorobg genetyczng. Z tych wzgledéw zrozumienie na poziomie strukturalnym
mechanizmu rozpoznania i naprawy struktur DNA zawierajgcych niekanoniczne pary
zasad wymaga nadal szczeg6towych badan.

Datowane sprzed okresu 1985-1990 badania za pomocg spektroskopii NMR
dotyczace wihasciwosci chemicznie modyfikowanych zasad w obrebie struktur DNA, byty

niezwykle utrudnione. Zrodiem tego byly ograniczenia w syntezie chemicznej i



IWJi.fv



oczyszczaniu miligramowych ilosci modyfikowanych oligodeoksynukleotydéw, oraz w
metodyce NMR. Zdecydowana wiekszo$¢ modyfikacji przyczynia sie do destabilizacji
czasteczki DNA. Obecno$¢ mutacji punktowej o rozbudowanej strukturze moze
doprowadzi¢ do obnizenia tzw. temperatury topnienia (Tm) oligonukleotydu nawet o 20°C
(13). Obecnos¢ dwaoch lub wiecej destabilizujagcych modyfikacji w krétkich wzajemnie
komplementarnych oligodeoksynukleotydach prowadzi zazwyczaj do ukladdéw o malej
stabilnosci termicznej, co uniemozliwia interpretacje wptywu modyfikacji metodami
spektroskopii NMR (14). Z tych wzgledow w swoich badaniach stosowatam jedynie
dupleksy DNA tworzgce sie w wyniku asocjacji dwoch nici, z ktérych zadna nie posiada
wiasciwosci wzajemnej komplementacji. Badania iloSciowe za pomocg metod NMR moga
by¢ wykonane tylko w przypadku, gdy obserwowane w widmach linie rezonansowe nie sg
wynikiem procesu wymiany pomiedzy strukturg jedno- i dwuniciowa. Dla krotkich
oligomeréw wykazujacych tendencje do tworzenia niekanonicznych par, dobranie
warunkéw pomiarowych tak, aby istniata tylko struktura dupleksu, moze okazaC sie
niemozliwe wobec potencjalnie niekorzystnego wptywu czyrmikéw takich jak pH,
temperatura, sekwencja zasad czy tez obecnos$¢ réznych jondw w roztworze. Niesnvykle
istotne jest wiec poznanie wptywu tych parametrow na badany ukiad, w celu dobrania

optymalnych warunkow eksperymentalnych.

Hydroksyloamina oraz jej analog metoksyamina, sga znanymi mutagenami, ktore in

vivo generujg tranzycje z C-G do T-A (15). Wynika to z odmiennego parowania zasad w
kolejnym cyklu replikacji, nastepujacym po zmodyfikowaniu zasady. W efekcie dziatania
metoksyaminy na deoksycytydyne lub eksponowane reszty cytozynowe DNA dochodzi do
zastgpienia jednego z atomow wodoru grupy egzoaminowej grupg metoksylowg. W
odréznieniu  od deoksycytydyny, ktorej zdecydowanie uprzywilejowang forma
tautomeryczngjest forma aminowa, N"-metoksycytydyna (mo*C) wystepuje w roztworze
gtownie jako  tautomer iminowy z grupg

metoksylowg zorientowemg syn w stosunku do

atomu azotu N-3 zasady (16-18) (patrz

rysunek). ROznica energetyczna pomiedzy

formg iminowg a aminowg dla monomeru mo*C

jest jednak bardzo niska (17,19).






Badania strukturalne nukleotyddw, ktoérych celem byto wyjasnienie mechanizmu
mutacji wywotanych dziataniem metoksyaminy, zapoczatkowano w grupie Shugara na
poczatku lat 80-tych (20,21). Duzg czesto$¢ wystepowania tranzycji z C-G do T-A
przypisywano od samego poczatku niejednoznacznym wiasciwosciom mo”*C w aspekcie
parowania z A i G. Wykonane znacznie pdzniej pomiary stabilnosci dupleksow
zawierajagcych mo™*C (14,22) wykazaty, ze N'*-metoksycytydyna moze tworzy¢ stabilne
pary zasad zardwno z deoksyadenozynagjak i deoksyguanozyna.

W poczatkowej fazie moich badan ukazata sie praca z laboratorium Brown’a (23),
w ktérej do badan NMR uzyto oligodeoksynukleotydy o charakterze wzajemnie
komplementarnym, zawierajace modyfikacje mo*C, a wiec obarczone powyzej opisang
utomnoscia. Badania te dla wzajemnie komplementarnego oktameru nie daty
jednoznacznych wynikéw. Obecno$¢ dwoch modyfikowanych par zasad w strukturze
dupleksu przyczynita sie do jego destabilizacji. Temperatura topnienia obnizyta sie o okoto
20“C w stosunku do analogicznego dupleksu zawierajgcego kanoniczne pary zasad A-T i
wynosita 33°C. Ztozono$¢ widm NMR zarejestrowanych dla dupleksu posiadajacego pary
mo"*C-A wynikata zardwno z poszerzenia wielu sygnatéw rezonansowych jak i pojawienia
sie dodatkowych. Autorzy ttumaczyli to istnieniem skomplikowanej réwnowagi pomiedzy
wieloma formami. Postulowali oni, mimo braku bezposrednich dowodéw
eksperymentalnych, wolny w skali czasu NMR proces wymiany pomiedzy strukturami
zawierajgcymi pary zasad mo™*C-A w geometrii Watsona-Cricka i kilkoma typami par
wobble. Oprocz réznych form tautomerycznych mo*C autorzy sugerowali dodatkowo, ze
dla par typu wobble w rownowadze znajdowaly sie takze geometryczne izomery (syn-anti)
reszt mo”C. Podobne wyniki otrzymano dla analogicznego dupleksu, ale z parami mo*C-G
(24). Rowniez i w tym przypadku obserwowano wiele r6znych form pozostajacych ze soba

w réwnowadze.

Tendencja N”-metoksycytozyny do tworzenia par z adening i guaning stanowita dla
mnie niezwyklg okazje do eksperymentalnego udowodnienia zaleznosci wplywu
czynnikdw wewnatrzstrukturalnych na stan rownowagi amino-iminowej mo”C oraz na
tworzenie sie w roztworze okres$lonego typu pary zasad w dupleksach DNA. Prowadzone
przeze mnie badania NMR w laboratorium dr G.V. Fazakerley’ego (CEA, CEN Saclay,
Francja) obejmowaty dwa dupleksy DNA o zasadniczo tej samej sekwencji. W centralnej

pozycji naprzeciwko pojedynczej reszty mo™C umieszczono adenine lub guanine (I).
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5d( CI A2 G3 mo*C G5 G6 CI )-3
3’-d( G14 T13 Ci12 Ali CIO C9 G8 )-5  dupleks mo"C-A

5-d( CI A2 G3 mo*C G5 G6 Cl )-3
3-d( G14 T13 C12 Gil CIO C9 G8 )-5

dupleks mo”*C-G

W przeciwienstwie do oméwionych powyzej wynikdw, rezultaty otrzymane przeze
mnie dla dupleksu zawierajacego nieklasyczng pare mo™C-A (I), pokazaty istnienie w
roztworze tylko jednej formy tautomerycmej mo™C. Na podstawie analizy widm NOESY
stwierdzitam, ze badany dupleks posiadat regularng forme B-DNA. Centralna para zasad
miata geometrie typu Watsona-Cricka, w ktorej reszta mo~'C wystepowata jako tautomer
iminowy. Wymogiem strukturalnym dla utworzenia takiej pary pomiedzy mo™C a resztg
adeniny jest nie tylko obecno$¢ iminowej formy tautomerycznej mo™C, ale réwniez
orientacja anti grupy metoksylowej. Zmiana preferowanej, obserwowanej na poziomie
monomeru oraz pojedynczej nici, orientacji grupy metoksylowej z syn do anti w parze
mo*C-A jest czynnikiem spowalniajgcym proces wymiany pomiedzy strukturg dupleksu a
forma jednoniciowa. Proces ten jest wolny w skali czasu NMR, co zaobserwowatam
rejestrujgc przebieg krzywych topnienia dla dupleksu mo’C-A (I1). W temperaturze 37®C
pojawiaty sie nowe sygnaty od struktury jednoniciowej. W temperaturze 47°C populacja

obu form, dupleksu i pojedynczej nici, byta réwna.

para A-mo*C w geometrii Watsona-Cricka,
grupa metoksylowg anti

HC

O .
V4 o mn< —
n-<
para G-mo"C w geometrii wobble para G-mo"C w geometrii Watsona-Cricka,

grupa metoksylowa syn grupa metoksylowa anti






Badania NMR dupleksu z nieklasyczng para zasad mo*C-G daty zaskakujace
rezultaty W roztworze zaobserwowatam istnienie dwoch réznych form, bedacych w
rownowadze. Na podstawie analizy widm NMR ustalitam, ze w tworzeniu tych
dwuniciowych struktur udziat biorg oba tautomery reszty moV'C. Gdy mo”C jest w formie
aminowej, to powstajgca para zasad mo*C-G ma geometrie typu Watsona-Cricka,
natomiast forma iminowa N"-metoksycytozyny wymusza strukture parowania zasad typu
wobble. Ustalajaca sie rownowaga pomiedzy tymi formami zalezy od temperatury. W
wyzszych temperaturach dominujacg formg mo”*C jest forma iminowa, natomiast w
nizszych temperaturach przewaza jej tautomer aminowy. Sygnaly pochodzace od
aminowej formy dupleksu mo*C-G byty widoczne w widmie do temperatury okoto 40“C.

Wykorzystujac metody spektroskopii NMR przeprowadzitam badania kinetyczne
tych przejs¢ (I1). Badan tych nie mogtam prowadzi¢ w duzym zakresie temperatur, gdyz z
jednej strony przeszkodg byt zbyt wolny proces wymiany w nizszych temperaturach, z
drugiej strony ograniczona bytam temperaturg topnienia dupleksu. Otrzymane w
temperaturze 30“C dane wskazujg na model dwustanowy ze statg szybkosci wymiany
pomiedzy formami wynoszaca okoto jednej sekundy.

W tym miejscu warto podkre$li¢, ze w sytuacji, gdy krétkie oligonukleotydy
zawierajg tylko pary =zasad typu Watsona-Cricka, wymiana pomiedzy strukturg
pojedynczej nici i podwdjng helisgjest szybka w skali czasu NMR. Proces wymiany ulega
spowolnieniu w przypadku dtuzszych oligonukleotydéw. Dla pewnych ukfadéw z
niekanonicznymi lub posiadajgcymi modyfikacje parami zasad, proces wymiany moze by¢
wolniejszy nawet o kilka rzedéw wielkosci. Na og6t szybko$¢ tej wymiany jest
zdeterminowana poprzez uprzywilejowang konformacje pojedynczej nici. Nalezy
pamieta¢, ze nawet w przypadku krdtkich, jednoniciowych oligonykleotydow mozemy
mie¢ do czynienia ze znacznym ustrukturalizowaniem oligomeru, ktory na og6t przyjmuje
posta¢ prawoskretnej helisy.

Analizujgc krzywe topnienia dupleksu mo*C-G bytam w stanie opisaC tworzenie
formy iminowej i aminowej (Il). Dla formy iminowej obserwowatam typowe krzywe
sigmoidalne. W odrdznieniu od mo*C-A, tworzenie sie dupleksu z iminowa formg pary
mo*C-G nie wymaga zmiany orientacji grupy metoksylowej zsyn do anti i dlatego w tym
przypadku wymiana pomiedzy formajednoniciowg a dupleksem jest szybka w skali czasu
NMR.






Przeciwnie, dla zawigzania aminowej formy pary mo*C-G nieodzowne sg az dwie
zmiany w strukturze mo*C - reorientacja grupy metoksylowej z syn do anti oraz
tautomeryzacja z formy imino do amino. Zmiany te przyczyniajg sie do spowolnienia
procesu wymiany chemicznej pomiedzy strukturg jedno- a dwuniciowg. Zjawisko to
zaobserwowatam jako poszerzenie sie sygnatow w widmach NMR w temperaturach
bliskich 40°C.

Wyniki badan w roztworze czesto odnosimy do tych otrzymanych w krysztale. Te
ostatnie zazwyczaj traktuje sie jako nadrzedne, dlatego chciatabym ustosunkowaé sie do
rezultatow otrzymanych w krysztale dla badanych przeze mnie modyfikacji. W 1990 roku
opublikowano (18) strukture wzajemnie komplementarnego dupleksu d(CGCGmo”CG)z2.
W krysztale pary mo*C-G posiadaty geometrie typu wobble. Reszty mo*C wystepowaty w
formie iminowej, a grupa metoksylowsa byta zorientowana syn w stosunku do atomu azotu
N-3 zasady. Nalezy podkresli¢, ze dupleks ten wykrystalizowat w formie Z-DNA, trudno
wiec stwierdzi¢, jak dalece tworzenie lewoskretnej struktury dupleksu wptyneto na
przestrzenng modyfikacje pary mo’C-G. Badania krysztatu wzajemnie komplementarnego
dodekameru w formie B-DNA zawierajgcego pare mo*C-A, a nie pare moVC-G jak
powyzej, zostaty opublikowane dopiero w 1999 roku (25). W strukturze tej mo™C
wystepuje jako tautomer iminowy z grupa metoksylowa zorientowang anti i tworzy z
resztg adeniny pare o geometrii Watsona-Cricka. Uwazam, ze w przypadku interesujgcych
mnie oddziatywan, wybdr obiektéw do badan w krysztale (wzajemnie komplementarne
dupleksy DNA niosgce dwie modyfikowane pary zasad), nie byt optymalny.

W moich badaniach zdotatam wykazac (I,11), ze w roztworze poziom réwnowagi
tautomerycznej pomiedzy formg iminowg a aminowg N"-metoksycytozyny w dupleksach
B-DNA jest zalezny zaréwno od rodzaju zasady purynowej w nici komplementarnej jak i
od temperatury. Mamy wiec do czynienia ze swoistym zjawiskiem indukcji takiej formy
mo*C, ktéra w sposob najpetniejszy umozliwia stabilizacje oddziatywania zasada-zasada.
W przypadku tworzacej sie pary mo”C-A o geometrii Watsona-Cricka jest to forma
aminowa, ktdra wymusza orientacje anti grupy metoksylowej. W przypadku pary zasad
mo™*C-G, w roztworze istniejg w rownowadze dwie rozne formy, w tworzeniu ktérych
udziat biorg oba tautomery reszty N"™-metoksycytozyny. Gdy mo*C jest w formie

aminowej, to powstajaca para zasad mo™C-G ma geometrie typu Watsona-Cricka z grupg






metoksylowg zorientowng anti, natomiast forma iminowa N™*-metoksycytozyny wymusza
geometrie parowania zasad typu wobble, dla ktérej mozliwe jest zachowanie
uprzywilejowanej konformacji syn grupy metoksylowe;j.

Przedstawione wyniki strukturalne wskazujgce na to, ze mo”C moze tworzyc
stabilne, niekanoniczne pary zasad zaréwno z adeningjak i guaning, ttumaczg obserwacje

genetyczne o tendencji reszt mo*C do indukowania tranzycji.
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3. NIEKLASYCZNA PARA G-U W OBREBIE WYBRZUSZENIA STRUKTURY
30-meru RNA O SEKWENCJI IRE mRNA DLA FERYTYNY
JEST CENTRUM KOMPLEKSOWANIA JONOW MAGNEZU.

Sposrod wszystkich klas biopolimeréw, czasteczki RNA najtrudniej poddajg sie
analizie NMR. W widmach 'H NMR oligorybonukleotydow sygnaty protonow H2', H3',
H4', H5' i H5" skupiajg sie w bardzo waskim zakresie (ca. 1.5 ppm). Prowadzi to do
silnego nakfadania sie linii rezonansowych, znacznie wiekszego niz w przypadku widm
DNA czy biatek. Petna analiza widm NMR fragmentéw RNA o masie czasteczkowej
rzedu IOkD (~30 reszt nukleotydowych) jest niemozliwa bez zastosowania znakowania
izotopowego ‘“C/**N. Zrddtem szczegdlnych trudnosci w badaniach strukturalnych RNA
sg ich funkcjonalnie istotne regiony jednoniciowe wykazujgce znaczng dynamike
strukturalng. Ustalenie struktury takiego fragmentu RNA jest niezwykle trudne, a czesto
wrecz niewykonalne. Duzg niedogodno$¢ w analizie strukturalnej fragmentow RNA
stanowi rowniez ich szczeg6lna podatno$¢ na degradacje wywotywang przez

wszechobecne nukleazy czy tez hydrolize promowangjonami metali.

Chociaz opisane w tym rozdziale badania miaty poczatkowo na celu uzupetnienie i
poszerzenie informacji zgromadzonych wcze$niej (26,27) w laboratorium dr. E. Theil
(NCSU, Raleigh, USA) o strukturze fragmentu RNA o sekwencji IRE, to w rezultacie
doprowadzity mnie do interesujgcych ustalen dotyczacych nieklasycznych oddziatywan w
obrebie tej czasteczki. Badana przeze mnie czasteczka IRE o dtugosci 30 reszt
nukleotydowych posiadata sekwencje naturalnie wystepujagca w mRNA dla podjednostki H
ferytyny z Rana catesbeiana (gatunek zaby potnocnoamerykanskiej). Elementy
strukturalne typu IRE (ang. Iron Responsive Element) sg rodzing wysoce zachowawczych,
niekodujgcych sekwencji mRNA regulujgcych synteze ferrytyny i receptora transferyny.
Wystepujg one w regionie 5'UTR wszystkich ferytynowych mRNA i w regionie 3'UTR
wszystkich mRNA dla receptoréw transferyny. Dwa biatka znane jako IRPI i IRP2 (ang.
Iron Regulatory Proteins) wigzg sie z duzym powinowactwem do IRE. Gdy eukariotyczna
komorka jest pozbawiona zelaza, biatko IRPI niezasocjowane z jonami Fe wigze sie z
duzym powinowactwem do IRE i catkowicie inhibuje synteze ferytyny. Kiedy w
cytoplaZzmie wzrasta stezenie Fe , biatko IRPI wigzac jony zelaza oddysocjowuje od IRE

aktywujac proces translacji.
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Element IRE mRNA dia ferytyny ma tendencje do tworzenia struktury
drugorzedowej typu spinki do wtoséw z wybrzuszeniem. Wszystkie znane sekwencje IRE
zawierajg wysoce zachowawczg 6-nukleotydowg petle apikalng o sekwencji 5'-
CAGUGX-3', gdzie X moze by¢ zaréwno A, C i U, lecz nigdy G. Jak wczes$niej pokazano
metodami NMR (27,28), pomiedzy pierwszg i pigtg zasadg wewnatrz apikalnej petli IRE
tworzy sie para C-G; tym samym rozmiar petli ulega zmniejszeniu.

Moim zadaniem byto ustalenie struktury przestrzennej badanej czagsteczki RNA, a
w szczegolnoSci poznanie oddziatywan pomiedzy zasadami w regionie wybrzuszenia
(wewnetrznej petli), ktérego wystepowanie sugerowaty obliczenia wykonane za pomoca
programéw GCG-9.0 (Wisconsin) czy MFOLD (29).

Wybrzuszenia (ang. bulge, internal

A) B.) loops) stanowig wazng klase funkcjonalnych

G U A © miejsc w strukturach RNA. Przyktadem

12‘\0 UGi, l4C G czasteczek RNA, ktdre posiadajg niezbedne
A ﬁ Y dla zachowania ich biologicznej funkcji
@ 8 § wybrzuszenia sg np. elementy TAR i RRE
v A .

{GC o5 ,(:VH' A2 wirusa HIV (30,31), petla E rybosomalnego

GL{U % SEE 81 55 RNA (32) czy petla a-sarcyny
ﬁ § u ﬁ rybosomalnego 23S RNA (33).
u A u A
iG CX 16 cl

Struktury drugorzedowe IRE mRNA dla ferytyny:
A.) obliczona, B.) otrzymana na podstawie danych NMR

W chwili podjecia moich badan w 1996 roku ztozonos¢ 30-meru IRE wyznaczata
granice stosowalnosci biomolekulamego NMR na polu badain RNA. Dysponowatam
zarOwno preparatami w petni znakowanymi izotopami "*C i *N (ang. uniform labeling) i
nieznakowanymi otrzymanymi metodg in vitro z zastosowaniem polimerazy T7 RNA.
Badania rozpoczetam od zweryfikowania oddziatywan zasada-zasada w obrebie catej
czasteczki IRE. Na podstawie analizy widm NMR stwierdzitam, ze poza wskazanymi na
rysunku (B.) regionami helikalnych trzondéw, w strukturze IRE wystepujg jeszcze trzy
dodatkowe pary zasad (lIIl). Potwierdzitam, ze jedng z nich byla para C14-G18
stabilizujgca strukture petli apikalnej. Analiza widm NOESY oraz wartosci przesuniec
chemicznych atomow azotu otrzymane z widm 'H-"N HSQC wykonanych dla czasteczki

catkowicie znakowanej izotopami wskazywaly, ze nastepng z dodatkowych par
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zasad jest rowniez para G-C o geometrii Watsona-Cricka. Chociaz w widmie NOESY nie
zaobserwowatam  sygnatbw  korelacyjnych  odpowiedzialnych za oddziatywania
warstwowe, to jedyng dodatkowg parg G-C w strukturze IRE mogta by¢ para G7-C25 w
wewnetrznej petli.

Przesuniecia chemiczne atomow "N dwdch innych sygnatow widocznych w
widmie 'H-"N HSQC (140.47 ppm dla G-NI i 155.30 ppm dla U-N3) sugerowaty, ze
trzecig z powstajacych par zasad jest para U-G. Brakowato jednak bezposredniego dowodu
z widma NOESY gdyz nie pojawity sie charakterystyczne dla par typu wobble U-G
sygnaty korelacyjne pomiedzy dwoma protonami iminowymi (po jednym z U i G).
Oczekiwane sygnaty korelacyjne o silnej intensywno$ci zaobserwowatam dopiero po
obnizeniu pH roztworu z 6.8 do 5.1. Miatam w tym przypadku do czynienia z
interesujgcym przyktadem wptywu warunkéw Srodowiska na oddziatywanie zasada-
zasada. Obnizenie pH roztworu spowodowato poszerzenie niektérych sygnatow
rezonansowych oraz dodatkowo pojawienie sie nowych. W oparciu o wnikliwg analize
widm NMR, sygnaty te przypisatam strukturze, w ktérej zamiast pary U6-G26 zawigzuje
sie para U5-G26. Okazalo sie, ze rozkfad statystyczny konformeréw RNA pozostajacych
ze sobg w rownowadze zalezny jest od pH. W wyzszym pH dominuje struktura z parg U6-
G26. Protony iminowe biorgce udziat w tworzeniu pary U-G ulegajg bardzo znacznej
wymianie z wodg. Szybkos¢ tej wymiany rowniez zaleznajest od pH.

W tym miejscu chciatabym doda¢, Zze otrzymana przeze mnie struktura
drugorzedowa czasteczki IRE rdzni sie od tej sugerowanej przez obliczenia. Dopiero
najnowsza wersja programu MFOLD 3.1 (34,35) wykazuje tworzenie si¢ pary G7-C25. W
obliczonej strukturze proponowane jest jednak zawigzywanie sie pary U5-G26, zamiast
U6-G26. Pomimo udoskonalenia parametréw termodynamicznych tego programu, nadal
nie jest przewidywane tworzenie wewnatrz apikalnej petli pary C14-G18, ktorej istnienie
zostato potwierdzone metodami NMR (27,28,111).

Informacje otrzymane drogg analizy widm wykonanych zaréwno dla czasteczki
catkowicie znakowanej izotopami jak i dla czasteczki o naturalnej zawartosci
izotopdéw postuzyty mi do zbudowania modelu elementu IRE za pomocg programu
MCSYM {Macromolecular Conformation by SYMbolic computation) (36,37). MC-SYM
jest algorytmem obliczeniowym dedykowanym dla modelowania trojwymiarowych
struktur RNA [np. tRNA (38) czy aptamerédw RNA (39)]. Wykorzystuje on istniejaca
eksperymentalng baze danych wszystkich konformacji reszt nukleotydowych

13
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(krystalografia, NMR) w pofaczeniu z otrzymanymi dla badanej czasteczki wiezami z
eksperymentow NMR. W obliczeniach zdecydowatam sie uzy¢ wiezy strukturalne
uzyskane dla pH 6.8, a wiec warunkow bardziej zblizonych do naturalnych.

Trzon modelu czasteczki IRE stanowig dwie helisy typu A-RNA rozdzielone
dynamicznym regionem wewnetrznego wybrzuszenia. Zawigtjace sie w wewnetrznej
petli dwie pary zasad U6-G26 i G7-C25 przyczyniaja sie do czeSciowego
ustrukturalizowania tego regionu. Podczas gdy reszta U5 w wiekszosci wygenerowanych
przez mnie struktur jest schowana do wnetrza helisy, zachowawcza reszta C8 wystaje na
zewnatrz i dynamika sprawia, ze jej pozycja jest stabo zdefiniowana. Podobnie jak w
innych pracach (27,28,40), najmniej informacji uzyskatam odnosnie konformacji apikalnej
petli spinki IRE. Poza parg zasad C14-G18 pozostate reszty cukrowe w petli miaty znaczny
procent konformacji C-2'-endo.

W tym miejscu chciatabym zaznaczyé, ze w czasie gdy publikacja o strukturze
badanego przeze mnie fragmentu IRE (111) byta zaakceptowana do druku, ukazato sie
doniesienie z laboratorium Pardi’ego (40) dotyczace badain NMR struktury czasteczki IRE
0 innej sekwencji. Badany przez te grupe 29-nukleotydowy fragment RNA posiadat
zmodyfikowang, dla poprawienia wydajnosci transkrypcji, sekwencje elementu IRE
znajdujacego sie w mRNA tancucha H ludzkiej ferytyny. Struktura drugorzedowa tego
fragmentu to trzon o dhtugosci 11 par zasad z mononukleotydowym wybrzuszeniem
(zachowawcza reszta cytozyny) wystepujagcym w odlegtosci pieciu par zasad od
terminalnej petli szeScionukleotydowej.

Chciatabym podkresli¢, ze otrzymany przez mnie model czasteczki IRE (I11) jest
zblizony do struktury NMR opublikowanej przez Pardi’ego (40). W obu przypadkach
mamy do czynienia z dobrze zdefiniowanymi krétkimi fragmentami helikalnymi, jednakze
wzajemna orientacja osi gtdwnych tych helis nie jest Scisle ustalona. W strukturze
proponowanej przez Pardi’ego pary zasad w gornym trzonie sg stabiej zdefiniowane,
szczegOlnie w poblizu wybrzuszenia i w s”iedztwie petli apikalnej.

Pary G-U sg najczesciej spotykanym typem niekanonicznych oddziatywan zasada-
zasada w RNA. Miejsca wystepowania par G-U nie sg przypadkowo rozmieszczone w
sekwencji RNA, lecz wystepujg na ogdt w funkcjonalnie waznych regionach, m.in.
wybrzuszeniach (41). Rozpoczynajac moje badania nie podejrzewatam, ze zalezne od pH

formowanie drugorzedowej struktury IRE, a szczeg6lnie tworzenie dynamicznej pary G-U
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w regionie wybrzuszenia, jest zwigzane takze z procesem specyficznego kompleksowania
jonéw magnezu w tym regionie.

Aby czgsteczka RNA, ktora jest polianionem, mogta utworzy¢ funkcjonalng
biologicznie strukture trzeciorzedowa niezbedna jest obecno$¢ kationdw. Wszystkie znane,
silnie pofatdowane, czasteczki RNA zawigzujg struktury drugorzedowe przy braku jonow
metalu, natomiast nie wiemy czy w sposob optymalny; niewiele tez tworzy sie elementow
ich struktury trzeciorzedowej. Podczas gdy wiekszo$¢ kationdw jest zdelokalizowana lub
kompensuje reszty fosforanowe, niektore z nich zajmujg specyficzne miejsca w strukturze
RNA (ang. magnesium pockets) ksztahowane przez odpowiednie zwiniecie sie fancucha
oligorybonukleotydowego. Jak wykazujg badania krystalograficzne (42-44), specyficzne
wigzanie hydratowanych jonéw metalu, gtéwnie magnezu, do RNA moze nastepowac albo
bezposrednio (ang. inner sphere complexes) albo poprzez ich sfere hydratacyjng (ang.
outer sphere complexes). Oddziatywania jondw magnezu, w ktére zaangazowane s3
zasady, nastepujg na ogot poprzez sfere hydratacyjng jonow Mg™. W oddziatywaniach
tego typu najczesciej biorg udziat atomy azotu N7 puryn oraz atomy tlenu grup
karbonylowych (45,46).

Niestety, metody NMR stosowane do okreslania struktur RNA w roztworze nie
dostarczajg doktadnych informacji o miejscu wigzania jonéw Mg, Zmiany obserwowane
w widmie NMR czgsteczek RNA pod wpltywem Mg trudno rozdzieli¢ pomiedzy te
spowodowane bezposrednim oddziatywaniem z jonami od tych, ktére sg wynikiem zmian
w strukturze przestrzennej badanej czasteczki. Ponadto obecnos¢ jondw metalu moze by¢
czynnikiem przyczyniajgcym sie do degradacji badanego obiektu. Z tych wzgledoéw bardzo
rzadko przeprowadza sie eksperymenty NMR miareczkowania magnezem, gdyz potrzeba
dla nich miligramowych iloSci RNA.

Z uwagi na porownywalng wielko$¢ promieni jonowych oraz geometryczne

podobienstwo pomiedzy hydratowanymi jonami magnezu, Mg(H20)**, a jonem
heksaaminakobaltu(l11), Co(NHz3)’*, zaproponowano jego zastosowanie jako sondy dla

zlokalizowania miejsc specyficznego wigzania jondw magnezu do czasteczek RNA
(47,48). Uzycie do badan w roztworze jonu CofNHa)* zamiast Mg(H20)™ ma te

przewage, ze mozliwe jest obserwowanie miedzyczasteczkowego efektu NOE pomiedzy
protonami pochodzacymi z RNA a protonami jonu kompleksowego, a tym samym

precyzyjne umiejscowienie tego jonu w strukturze kwasu nukleinowego.
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Metode te zastosowatam dla elementu IRE (Il1). Zaobserwowatam wzrost temperatury
topnienia Tm 30-meru IRE RNA w obecno$ci Co(NH3)™ o 4“C w przypadku stechiometrii
1:1. Gdy stechiometria RNA:jon metalu zwiekszyta sie¢ do 1:2 i 1:3, wzrosta rowniez
stabilnos¢ RNA odpowiednio o 8°C i I0"C. Rowniez zmiany zachodzace w widmie 'H
NMR pod wptywem dodawanego Co(NH3)* wskazywaty, ze rézne regiony czasteczki
IRE odmiermie reagujg na obecno$¢ tego czynnika. Dodatek Co(NH3)* spowodowat
najwieksze zmiany przesunie¢ chemicznych protondéw znajdujacych sie w obrebie
wybrzuszenia.

W celu sprawdzenia czy zaproponowany przeze mnie model czasteczki zawiera

kieszen wigzania jonu metalu i koresponduje z rezultatami miareczkowania Co(NH3) I*,

przeprowadzitam symulacje komputerowg opartg o protok6t DOCKING (analiza
potencjatu elektrostatycznego i oddziatywan Van der Waalsa ) zmierzajgca do znalezienia
potencjalnych miejsc wigzania Co(NH3)™* w wygenerowanym przez mnie modelu
czasteczki (111). We wszystkich otrzymanych z symulacji kompleksach [IRE/Co(NH3)’*,
jon metalu wi”e sie w duzej bruzdzie w regionie wewnetrznej petli (patrz rysunki), gdzie
obecnos$¢ elektroujemnych atoméw zasad przyczynia sie do specyficznego wi*zania jonu
metalu, a pole elektrostatyczne regionu helikalnego zaburzone jest przez obecno$c¢

niekanonicznych oddziatywan.

W generowanych strukturach kompleksu RNA:jon metalu, jony kompleksowe
Co(NH3)" zaangazowane sa w sie¢
wigzan wodorowych. Struktury
komplekséw grupujg sie w dwbch
klasach. = W  pierwszej  wigzania
wodorowe wystepuja ~ pomiedzy
Co(NH3)™* a resztami G27, G26, U5,
U6 i C25; w drugiej (patrz rysunek)
dodatkowo wystepuje witanie

wodorowe do G7.
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Powyzej przedstawione wyniki pozwolity mi na sformutowanie hipotezy, ze w
strukturze IRE mRNA dla ferytyny obecno$¢ nieklasycznej pary U6-G26 (pH 6.8) w
wewnetrznej petli przyczynia sie do powstania polarnej kieszeni specyficznie wigzacej

Co(NH3)r-

Struktura kompleksu IRE/ Co(NHs)™. Z lewej - widok na duzg bruzde, z prawej - na malg
bruzde. JonCo(NHs™ zaznaczony kolorem Jasnoniebieskim.

Chcac potwierdzi¢ eksperymentalnie, ze kieszen specyficznie wigzaca Co(NH3)"*
jest rdwniez miejscem wigzania jondw magnezu $ledzitam zmiany zachodzace w widmie
'H NMR w zaleznosci od stezenia MgCL (1V). Miatam duzo szczescia — nie zauwazytam
degradacji RNA w tych warunkach. Najwieksze zmiany przesunie¢ chemicznych w
widmach 'H NMR zaobserwowatam dla reszty guanozyny G26 w obrebie pary U6-G26.
Przesunieciu ulegaty takze potozenia sygnatdw pozostatych reszt petli wewnetrznej: U6
(potwierdza to oddziatywanie jonu magnezu z parg U6-G26), G27 i G7. W odrdznieniu od
wynikéw otrzymanych z eksperymentow z heksaaminakobaltem(lll), zarejestrowatam
takze stosunkowo duze zmiany wywotane obecno$cigjonéw Mg dla protonu reszty G18
oraz dla reszt UIO i U21 z gornego trzonu. Wraz ze wzrostem stezenia jonow Mg
zmieniata sie réwniez szeroko$¢ potdwkowa niektorych linii rezonansowych. Szczegdélnie
charakterystyczne bylo wyostrzenie sie sygnatow pochodzacych od protondéw iminowych

zaangazowanych w tworzenie par zasad wewnatrz obu petli, terminalnej (G18) i

iy






wewnetrznej (G7). Obserwowane zmiany szerokosci linii sugeruja, ze obecnos¢ jonow
Mg'y' przyczynia sie¢ do wzrostu stabilnosci regionow petlowych w strukturze IRE.
lloSciowe zmiany obserwowane w widmie NMR w obecnosci jonédw Mg potwierd:jaja,
ze region wewnetrznej petli jest rowniez miejscem wigzania Mg\,

Uzyskane wyniki strukturalne (111,1V) staty sie bodZcem i daty podstawy do
szerszych badann NMR dotyczacych oddziatywania RNA z jonami Mg . Korzystajgc z
opracowanej ostatnio w naszej Pracowni chemicznej metody znakowania izotopami "*C
wybranych reszt nukleotydowych drogg totalnej syntezy chemicznej RNA (8) rozwijamy
badania dotyczace specyficznych oddziatywan Mg“* z 29-merem RNA o sekwencji

elementu TAR HIV-1.
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4, WPLYWrt-(N-TREONYLOKARBONYLO)ADENOZYNY (“A) NA
ODDZIALYWANIA ZASADA-ZASADA WSTRUKTURZE 17-MERU RNA,
ANALOGU RAMIENIA ANTYKODONOWEGO tRNA"y,

Transferowe kwasy rybonukleinowe nalezg do najbardziej ztozonych i
egzotycznych struktur RNA. Gtownym wyrdznikiem pomiedzy tRNA a innymi klasami
czasteczek RNA jest duza liczba i réznorodno$¢ modyfikowanych nukleozydéw obecnych
w tRNA. Z poznanych do tej chwili okoto 100 réznych modyfikacji, wszystkie sa
wprowadzane posttranskrypcyjnie. Dotychczasowa wiedza dotyczaca budowy tRNA
opiera sie 0 stosunkowo wczesnie poznane struktury krysztatow m.in. tENA**® z drozdzy
(1974) (49,50). Ztozonos¢ i wielkosS¢ czasteczek tRNA (okoto 80 reszt nukleotydowych)
uniemozliwia analize ich struktury metodami NMR. Z tych wzgledéw badaniami NMR
objeto okre$lone domeny architektury tRNA, najczesciej ramiona tej czasteczki, ktdre
klasyfikowane sgjako spinki RNA.

Jedyng drogg dostepu do modyfikowanych i hipermodyfikowanych fragmentow
tRNA jest ich totalna synteza chemiczna. W 1978 roku opracowano w naszym
laboratorium po raz pierwszy synteze petli antykodonowej inicjatorowego tRNA o
sekwencji CCCAU(t"A)A, zawierajgcej hipermodyfikowany nukleozyd N”-(N-
treonylokarbonylo)adenozyne (t"A) (51). W owym czasie synteza 17-meru o sekwencji
petnego ramienia antykodonowego okazata sie¢ niemozliwa. Synteze 17-meréw
zawierajgcych te modyfikacje o sekwencjach tRNAf®* CAGGGCUCAU(I"A)ACCCUG i
tRNAM*N UCAGACU(MnmM5s2U)UU(t"A)A(4")CUGA opracowano dopiero w ubiegtym
roku w dwéch laboratoriach (52,53).

Ciagle rosngce zagrozenie epidemig AIDS spotegowato zainteresowanie strukturg
tRNAM*A - Oprocz typowej dla wszystkich czasteczek tRNA funkcji w procesie syntezy
biatka, ludzki tRNAM®" jest rowniez starterem (ang. primer) dla odwrotnej transkryptazy
HIV 1 odgrywa Kkluczowg role w cyklu zyciowym retrowirusa HIV-1. Dwie
posttranskrypcyjne modyfikacje wyrdzniajg tRNAM®" ludzki i z Escherichia coli. W
ludzkim tRNAMY*N w pozycji 34 znajduje sie 5-acetonylo-2-tiourydyna (mecm”shU) a w
pozycji 37, przylegtej do antykodonu od konca 3' jest zawsze obecna 2-metylotio-N”-(N-
treonylokarbonylo)adenozyna (ms“"A). W tRNAM® z Escherichia coli wystepujg kolejno
w tym miejscu 5-metylominometylo-2-tiourydyna (mnm”s*U) oraz t"A. Zar6bwno

oddziatywania pomiedzy petlg antykodonu czasteczki tRNAM®" i bogatg w reszty adeniny
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petla HIV-1 RNA, jak i oddziatywania kompleksu tRNAM*ANHIV-1 z odwrotng
transkryptazgzalezg silnie od modyfikacji (54).

Znajac nasze zainteresowanie rolg hipermodyfikacji t"A w tRNA, prof P.F.Agris
(NCSU, Raleigh, USA) zwrdcit sie do mnie z prosbg o pilng pomoc w rozwigzaniu
struktury w roztworze 17-meru RNA, analogu ramienia antykodonowego tRNAM*A z
E.coli. Przedmiotem moich badan mialy by¢é dwie czasteczki: zawierajgca
hipermodyfikowany nukleozyd t"A w pozycji 37 (ASL"*-t"A) oraz niemodyfikowana
czasteczka ASLM*N-A,

S27 ca3

AZO ua,
G330 c40

—3." U330

c32 A38

u33 R37

U3sUU3s
R37=N -(N-treonylokarbonylo)adenozyna

Sekwencja ramienia antykodonowego ASL""*"-PA

17-nukleotydowy analog ramienia antykodonowego czasteczki tRNAM*A
odpowiadajgcy sekwencji ASL (ang. - Anticodon Stern Loop) postuzyt mi ponadto jako
model do zbadania wptywu modyfikacji zasad, w tym przypadku adeniny, na strukture i
oddziatywania zasada-zasada w regionie petlowym spinek RNA (V). Z badan
biochemicznych wiadomo, ze zaréwno czasteczka tUNA*"@" jak i 17-nukleotydowy
fragment ASLM*M-A pozbawione modyfikacji nie wigzag sie do odpowiednio
zaprogramowanego rybosomu (55). Dla przywro6cenia zdolnosci wiazania wystarczajgca
jest juz obecno$¢ jednej z modyfikacji, mnm 5 U lub t A, jednak ich powinowactwo jest
mniejsze niz w przypadku obu modyfikacji lub natywnego tRNAM*A (56). Powyzsze
obserwacje wskazywaty, ze obecno$¢ lub brak modyfikowanych nukleotydow w tej

czasteczce moze prowadzi¢ do duzych zmian konformacyjnych w obrebie petli.

Analiza konformacyjna petli w strukturach spinkowych, ASLM*M-A i ASLM®@-
i"A37, zawierajacych duzg liczbe niesparowanych nukleotydow okazata sie niezwykle

ztozona. Przed przystgpieniem do badan struktur spinkowych RNA metodami NMR nalezy
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koniecznie upewnic sie, ze dany oligomer rzeczywiscie przyjmuje zadang strukture, a nie
wystepuje w roztworze w postaci wzajemnie komplementarnego dupleksu. Rozrdznienie
pomiedzy tymi formami na podstawie standardowych widm NMR jest niezwykle trudne
lub wrecz niemozliwe. Dlatego w swoich badaniach wykorzystatam gradientowg technike
NMR pomiaru translacyjnego wspotczynnika dyfuzji (57). Otrzymane wartosci
porownatam ze znanymi (i pomierzonymi) wartosciami wspdtczynnikow dla innych
sekwencji fragmentéw kwasow nukleinowych o réznej diugosci (58,59). Wielkg zaletg
tego typu podejscia jest fakt, ze pomiaru dokonuje sie bezpo$rednio na probce uzywanej do
badan NMR. WartoSci pomierzonych przez mnie wspotczynnikéw dyfuzji dla
niemodyfikowanej czasteczki ASLM*-A i dla ASLMAt*A sg zgodne z danymi
literaturowymi dla czasteczek o takim ciezarze czasteczkowym (58) i sg skorelowane
liniowo ze standardami dla heksameru, dodekameru i 28-meru RNA.

Problemy w okresleniu cech strukturalnych ASLM*A-A | ASLfA*N-tNA3T w
roztworze spowodowane sg obecnos$cig licznych konformacji lub znaczacej dynamiki.
Czasteczka ASL*"®"-t"A37 posiada typowa dla antykodonu petle sktadajgca sie z siedmiu
nukleotydoéw. W centralnej czeSci petli znajdujg sie cztery urydyny, ktére w widmach
NMR majg bardzo zblizone warto$ci przesunie¢ chemicznych. Podobienstwo przesimie¢
chemicznych reszt urydynowych, ktére sg niezwykle istotne dla struktury badanych petli
antykodonu bardzo komplikowato analize widm NMR.

Bardzo waznym etapem w badaniach polianionowych czasteczek RNA metodami
NMR jest znalezienie takich warunkéw pomiarowych, w ktorych labilno$¢ konformacyjna
badanej czasteczki jest silnie ograniczona co sprawia, ze sygnaly rezonansowe sg ostre |
dobrze rozdzielone. Dobrane przez mnie warunki dla ASLM®"-A i ASLM*A-tPA to: 10mM
bufor kakodylanowy, pH 56 oraz 0.1mM EDTA. Pordéwnanie widm jedno- i
dwuwymiarowych dla ASL"™*-A | ASLM®@M-t"A wskazywato na duze zamiany strukturalne
w obrebie petli antykodonowej indukowane modyfikacjgt"A.

Jak juz wczesniej pokazano dla niemodyfikowanego analogu petli antykodonu
ASL"ys3-A (60), adenozyna w pozycji 38 (A38) ulega protonacji przy pH 5 i tworzy sie
zamykajaca petle para A"38-C32. Zarowno w spinkach DNA jak i RNA pary typu A"-C
wystepuja dosy¢ czesto i na og6t sasiadujg z regionem helikalnym. Szybka wymiana
dodatkowego protonu nieklasycznej pary A*-C z wodajest typowa i z tego powodu widma
'H NMR nie sg zazwyczaj uzyteczne dla stwierdzenia ich obecnosci w badanej strukturze

RNA. Wykorzystatam dlatego zalezno$¢ przesuniecia chemicznego atomu wegla C2
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adenozyny od pH jako metode detekcji jej formy protonowanej (61,62,). Wykonane przeze
nmie dla trzech réznych warto$ciach pH (5.2, 6.0 i 7.2) widma HSQC pokazaty, ze
wprowadzenie modyfikacji t*A37 nie wptywa na zmiane protonacji adenozyny A38 w
stosunku do analogicznej reszty adeniny w czasteczce niemodyfikowanej ASLM*A, W pH
5.6 adenozyna A38 jest protonowana w pozycji NI dla obu czasteczek, ASLM®"-A |
ASLLys3-t6A.

We wczesniejszych badaniach czasteczki ASLM*M-A pozbawionej modyfikacji (60),
oprdécz zawigzywania sie pary A”-C, postulowano takze obecno$¢ dodatkowej, stabej pary
U33-A37 wewnatrz petli. W dobranych przeze mnie warunkach roztworu, poréwnujgc
widma *H NMR dla ASLM*M-A | ASL**MA| fatwo byto zauwazyC, ze sygnat pochodzacy
od protonu iminowego reszty U33 w widmie czasteczki niemodyfikowanej znika w
obecnosci t"A37. Tym samym obecnos¢ modyfikacji w pozycji 37 zapobiega
zawigzywaniu pary U33- t"A37.

Zastosowanie roznych homo- i heterojgdrowych technik NMR szczeg6towo
opisanych w pracy (V) (NOESY, TOCSY, DQF-COSY, HSQC, 'H-"P-HETCOR, hetero-
TOCSY-NOESY) pozwolito mi na przypisanie wiekszosci sygnatdbw 'H i ~P. Analiza
iloSciowa widm NOESY wykonanych dla ASLM®"-t"A37 umozliwita zgromadzenie 220
eksperymentalnych wiezow odlegtosciowych, a 46 wiezéw katowych zostato otrzymanych
z widm DQF-COSY. Wiezy te zostaty nastepnie wykorzystane do obliczenia struktury
czasteczki metodami dynamiki molekularnej (protokét DG - Distance Geometry, SA-

Simulated Annealing, pole sitowe AMBER - pakiet oprogramowania MSI).

C433

Struktura A37 otrzymana na podstawie badan NMR. Reszta t*A37 zaznaczona na
pomarariczowo. A) - natozenie 10 struktur o najmniejszej energii, B) - struktura usredniona.
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Konformacja petli ASLM*A-tMNA37 rOzni sie znacznie od opublikowanej wczesniej w
laboratorium  Davisa (60) niemodyfikowanej  petli  czasteczki ~ ASLM*M-A,
Hipermodyfikowana zasada t"A37 przyjmuje forme ptaskg w regioiue N’,N”-
dwupodstawionego wigzania ureidowego poprzez utworzenie wewnatrzczteczkowego
wigzania wodorowego pomiedzy Na-H reszty treoninowej z atomem azotu NI pierscienia
purynowego. Przyczynia sie to do dodatkowego wzmocnienia oddziatywan warstwowych
rozciggajacych sie w kierunku 3' czasteczki. We wszystkich strukturach reszty t*"A37 i
A38" oddziatujg warstwowo, a reszta adenozyny A38”" znajduje sie pod resztg urydyny
U39 z trzonu.

W pozycji 34 (pozycja wobble) naturalnego tRNAM*A z E. coli znajduje sie
modyfikowana reszta nukleotydowa mnm”s*U. W analizowanej przez mnie czasteczce
ASL*M*NANAZT reszta niemodyfikowanej urydyny U34 w pozycji wobble antykodonu jest
znacznie przemieszczona w strukturze petli w stosunku do analogicznej pozycji w
czasteczce ASLM*N-A. Jednakze przestrzenna blisko$C reszty U34 w stosunku do reszt
A38" i t"A37 w ASL*"*N-t"A37 oznacza, ze W tego typu czasteczce tylko dwie reszty
urydyny U35 i U36, a wiec pozycja druga i trzecia antykodonu, bytyby dostepne dla
tworzenia specyficznych oddziatywan z kodonem.

Porownanie struktury czasteczek modyfikowanej  ASLM*M-t"A37 (V)
niemodyfikowanej ASLMVA-A (V,60) pokazuje, ze wprowadzenie reszty t"A zmienia
geometrie pary C32-A38". Aby pomiescic reszte treonylowg, urydyna U34 jest odsunieta
od t"A37, z kolei reszta C32 jest przemieszczona aby pomiesci¢ U34. W efekcie tych
zmian zasady w parze C32 - A38" nie lezg w ptaszczyznie. Otrzymane dla usrednionej
struktury katy wig” wodorowych A38-N1-H1—C32-02 (143°) i A38-N6-H6.1-C32-
N3 (155°) zmieniajg sie w stosunku do analogicznych katéw w czgsteczce ASLM*M-A
Srednio o 17°. Nalezy doda¢, ze geometria pary C32-A38”" otrzymana zostata dla
struktury, dla ktérej w obliczeniach nie natozono zadnych wiezéw na wigzie wodorowe
dla reszty A38.

Analiza struktur czasteczki niemodyfikowanej i ASLM*M-t"A37 wskazuje na to, ze
obecnos$¢ t"A37 zapobiega tworzeniu zwartej struktury petli obserwowanej w przypadku
czagsteczki ASLM@N-A.

Zadne z moich danych spektralnych (CH , ~P NMR) dla czasteczki ASLAM*A-tAA37,
ani koncowa struktura nie wykazaty tworzenia sie typowego dla natywnej struktury tRNA

motywu U-turn. U-turn jest odpowiedzialny za gwattowng zmiane kierunku (~180°)
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szkieletu fosforodiestrowego tRNA w miejscu sasiadujgcym ze strony 5 z trzema
nukleotydarni antykodonu. Oddziatywania warstwowe rozciggajg sie wéwczas od strony 3’
trzonu ramienia antykodonowego do miejsca, gdzie ostry zwrot zmienia Kierunek tancucha
oligorybonukleotydowego. Reszty fosforanowe w miejscu 33p34 majg wowczas
charakterystyczne potozenie w widmie P NMR. W widmie wykonanym w wodzie nie
zaobserwowatam Zzadnego sygnatu, ktory Swiadczytby o istnieniu, istotnego dla
identyfikacji motywu U-turn, wigzania wodorowego pomiedzy iminowym protonem N3H
urydyny U33 a grupg fosforanowg reszty U36. Z uwagi na silne nakfadanie sie sygnatow
rezonansowych nie mogtam potwierdzi¢ takze braku lub obecnosci innego
charakterystycznego dla tego motywu sygnatu korelacyjnego w widmie NOESY pomiedzy
protonem anomerycznym HI' reszty U33 a protonem H6 reszty U35. Jednak brak
typowego, silnie odstanianego sygnatu od atomu fosforu U33pU34 w widmie P NMR
dowodzit absencji kluczowego dla struktury U-turn ostrego zwrotu kierunku szkieletu
fosforodiestrowego. Wyniki te Swiadczg posrednio o waznej roli modyfikowanych
nukleozyddéw w pozycji wobble i ttumacza fakt strukturalnego niedopasowania reszty U34

(patrz powyzej) do petnego zaangazowania w oddziatywanie antykodon-kodon.

Rozwdj wydarzen pokazat, ze poSpiech prof. Agrisa w badaniach nad strukturg
ASLMY®3-t"A37byt usprawiedliwiony. Trzy tygodnie przed ukazaniem sie naszej pracy (V),
zostata opublikowana, takze w Biochemistry, struktura NMR ramienia antykodonowego
tRNAM*N 7 E.coli zawierajacego wszystkie modyfikacje (mnm~shU, t"A, 'F) (63). W tym
samym czasie opublikowano réwniez wyniki analizy krystalograficznej (rozdzielczo$¢ 3A)
struktury natywnego tRNAM* z watroby wotu i krolika (64). W obu, w pekni
modyfikowanych strukturach, zaobserwowano motyw U-turn. Czasteczki tRNAM*
posiadajg nietypowy tryplet antykodonu UUU. W strukturze NMR czasteczki ASL
zawierajacej nukleozyd mnm”s*U w pozycji 34 i t"A w pozycji 37 zaobserwowano, ze
motyw U-turn wptywa na usztywnienie konformacji modyfikowanej urydyny w pozycji
wobble (U34). Przyczynia sie to do stabilizacji stabych oddziatywan warstwowych
pomiedzy resztami U35 i U36. Modyfikacje nukleozydow powodujgce usztywnienie
konformacji petli sa szczegdlnie istotne dla funkcjonowania tRNA™M* poniewaz
oddziatywania kodon - antykodon sg mediowane poprzez trzy relatywnie stabe
oddziatywania par zasad zawierajgcych urydyne. W strukturze krystatograficznej natywnej
czasteczki tRNAM®" grupa tionowa modyfikowanej urydyny U34 znajduje sie dokfadnie
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nad aromatycznym pierscieniem reszty U35, co jak wiadomo z badan w krysztale (65) jest

czynnikiem wzmacniajgcym oddziatywania warstwowe.

Poréwnanie wynikow badan otrzymanych przeze mnie z wynikami pozostatych
grup badawczych wskazuje, ze: (/) reszta hipermodyfikowanego nukleozydu t"A aktywnie
moduluje oddziatywania zasada-zasada zaréwno o charakterze wigzan wodorowych jak i
oddziatywan warstwowych, oraz (/) hipermodyfikacja A—»t"A (ASLM*—»ASLM*A-tNA), a
wiec obecnos$¢ jednej tylko modyfikacji t"A37 nie jest wystarczajagca dla uzyskania
funkcjonalnie waznej struktury petli antykodonu. Dla stabilizacji oddziatywan wewnatrz
petli niezbedna jest réwniez modyfikacja urydyny w pozycji 34: mcm”s"U lub mnnis™U.
Bogata w reszty uracylowe sekwencja prowadzi réwniez prawdopodobnie do
wystepowania tylko stabych oddziatywan warstwowych (65) w obrebie petli czasteczki
ASLAY*N-t“A37.

Warto dodac, reszta treonylowa wydaje sie by¢ naturalnym centrum
kompleksowania jonéw metali. Mimo, ze wyniki z naszego laboratorium sugerujg
mozliwo$¢ stabilizacji czasteczki t A jonami Mg (66), to wykazanie wagi tego odkrycia
na poziomie ASLM*-t"A byto dotgd niemozliwe. Tym samym struktura krystaliczna
tRNA"™" (67,68) pozostaje jedynym przyktadem udowodnionego centrum chelatowania

jonu Mg™ w rejonie petli antykodonowej.
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5. UWAGI KONCOWE

Mimo ogromnego postepu w analizie strukturalnej kwasdéw nukleinowych w
krysztale i w roztworze, nasza znajomos$¢ tych struktur jest nadal fragmentaryczna.
Odzwierciedleniem tych trudnosci moze by¢ liczba struktur NMR kwasow nukleinowych
zdeponowanych w bazie danych PDB (69). Obecnie znajduje sie tam zaledwie okoto 100
struktur RNA i 200 DNA otrzymanych za pomocg spektroskopii NMR, na ogdélng liczbe
ponad 14000 wszystkich zdeponowanych struktur biatek, peptydéw, kwaséw
nukleinowych i komplekséw kwas nukleinowy-biatko.

Pracownia Chemii Strukturalnej Kwasow Nukleinowych IChB PAN, w ktorej
pracuje, wedlug mojej wiedzy jest jedyng w Polsce, ktora rozwija badania funkcjonalnie
waznych domen RNA metodami NMR. Jak dotychczas udziat naszej Pracowni w liczbie
zdeponowanych w bazie PDB struktur kwaséw nukleinowych, jest skromny (70).
Przyczyna tego lezala w braku bezposredniego dostepu do bardzo kosztownych
przyrzaddw, jakimi sg odpowiednio wyposazone i przystosowane do badan strukturalnych
biomolekut spektrometry NMR. Aspekt ten jest szczegdlnie istotny w przypadku badan
fatwo degradujacych sie preparatow RNA. Z tych wzgledow wszystkie pomiary
fragmentow RNA wykonatam za granicg na spektrometrach o czestotliwosciach dla
protonéw 500-600 MHz. Obecnie sytuacja ta ulega znacznej poprawie, gdyz przybyto w
Polsce, rowniez w Poznaniu, wysokorozdzielczych spektrometréw NMR.

Nalezy w tym miejscu podkresli¢, ze o ile oSrodek poznanski nie dysponowat
odpowiednimi przyrzadami NMR, to od kilku lat miatam dostep do mocy obliczeniowych i
specjalistycznego oprogramowania (pakiety Biosym/MSI, SYBYL) w afiliowanym przy
IChB PAN Poznanskim Centrum Superkomputerowo-Sieciowym. Pozwolito mi to na

kontynuacje w kraju, realizowanych za granicg projektow badawczych (111,1V,V).
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We have examined the base-pairing properties of N-methoxycytosine (mo*C), a mutagenic
base analog, in DNA by nuclear magnetic resonance spectroscopy. Unlike standard bases,
the tautomeric equilibrium of mo~"C could be strongly influenced by base-pair formation.
Paired with A, mo*C is found predominantly in the imino configuration in Watson-Crick
geometry. However, when paired with G, two structurally distinct configurations are
observed in equilibrium with one another. In one configuration, mo*C is in the amino form
paired with G in Watson-Crick geometry. In the second species, mo*C is in the imino
configuration paired with G in a wobble geometry. This is the first demonstration of base-

pair induced tautomeric shifts in DNA and supports the hypothesis that rare tautomeric
forms may be involved in mutagenesis.

Keywords: mutagenesis; n.m.r.; DNA; tautomerism; oligonucleotide

three-dimensional  structure of DNA
Jroposed by Watson & Crick (1953) provided a
nolecular explanation for the transfer of genetic
nformation in biological systems. In the same
)aper, it was suggested how errors in information
transfer via spontaneous genetic mutations could
bceur. It was proposed that base-mispairing would
ksult if a base was present in its less likely tauto-
meric form, one in which a proton is transferred
from one site to another on the base. Rare tautomer
brms are ubiquitously present, but in very low
concentration. The experimental approach to search

t .Authors to whom all correspondence should be
addressed,

X)22-2836 93 0.00006-05 $08 00 0

for these forms has been to construct oligonucleo-
tide duplexes containing mispairs and to determine
whether these mispairs exist in the predicted rare
tautomeric configurations. To date, experimental
studies on such systems by either X-ray crystallo-
graphy or nuclear magnetic resonance (n.m.r.J)
have identified both wobble (Hare et al., 1986;
Quignard et al., 1987; Sowers et al., 1988. 1989:
Carbonnaux et al., 1990) and ionized (Patel et al.,
198-1; Sowers et al., 1986, 1988, 1989; Wang et al.,

t .Abbreviations used: n.m.r.. nuclear magnetic
resonance; mo*C. N*-methoxycytosine; p.p.m.. parts per
million; XOESY, 2-dimensional NOE spectroscopy;
NOE. nuclear Overhauser effect.
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i91) base-pairs, however, evidence for rare
atomers has not been presented in any of these
idies. Here, we present data which show that a
mfigurational equilibrium via tautomerization can
cur within a base-pair and that tautomeric equili-
ium can be strongly influenced by base-pair
emation.
The experimental challenge to identify rare tauto-
tric forms derives from the fact that, in most
ses, one tautomeric form is highly preferred. The
re forms only exist at the level of | in 10" to 10®
r the standard bases (Topal & Fresco, 1976;
sco et al., 1980). The presence of tautomeric
ms at this level may be biologically significant
t their low concentration and short lifetime put
m outside the detection limit of most physical
thods. In some cases, however, it is known that
e modifications can significantly affect the tauto-
ric equilibrium for an isolated base. Substitution
one hydrogen atom of a cytosine amino group by
electron withdrawing substituent such as amino,
droxy or methoxy groups can induce formation of
e imino form with tautomeric equilibrium
nstants orders of magnitude lower than those for
e standard DXA bases (Brown et al., 1968;
>engler & Singer. 1981; Kierdaszuk et al., 1983;
land et al.. 1987; Stone et al.. 1991). One of these,
-methoxycytosine (mo”~C), is the product of the
iaction of metho.xyamine, a known mutagen, with
rtosine. It has been shown that mo*C pairs pre-
)minantly like thymine in DXA transcription
iperiments (Spengler & Singer. 1981).
A recent n.m.r. study (Stone et al.. 1991) has
lown that mo*C, when paired with A, is found
the imino conformation with Watson-Crick
ornetry. consistent with previous biochemical
lulies. Due to the low tautomerization energy, it
id been expected that mo™"C would pair with G in
le amino conformation. However, an X-ray study
1 a Z-form duplex containing an nio*C G pair
und only the imino form with the G in wobble
ornetry (van Meervelt et al.. 1990).
We have continued to study this system as it is
at which is most likely to exhibit base-pair
ijiduced tautomeric shifts. Our studies were carried
t in solution so that there are no constraints from
e crystal lattice. The two duplexes studied are
own in Figure ! and these oligonucleotides were
pared by standard phosphoramidite methods as

A2 Go mo*C Gs Ge Cr
Duplex mo"C'A

Ti3 Ci2 Al Cio Cg Ge

A2  Go mo"C Gs Ge Cr
Duplex mo"C*G
Ti3 Ci2 Gil Cio (g Ge
| Figure 1. Scqueni'es of the 2 duplexes studied. The
i.ni.r, .samples were prepared by annealing equimolar
(mount.s of the appropriate pairs of strand.s in
Jki m\I-Xa('l, 10 m.M-sodium phosphate buffer (pH 7-0)
lis.solved in OO”bHjO 10"0‘H,0 at SOT' followed by
pow cooling. Spectra were recorded at 6*8) MHz on a
8ruker A.MX 600 spectrometer.

@

Figiwe 2. Spectra of the 2 duplexes at 1°C showing the
region of the Watson-Crick base-pair imino protons and
also the amino or imino proton of mo*C. (a) duplex
mo*C-A and (b) mo*C-G. The imino proton of the mo*C
base-paired with A is observed at 12-05 p.p.m.

described previously (Anand et al., 1987). The low
field *H spectra, corresponding to exchangeable
protons of each duplex are shown in Figure 2(a) and
(b). respectively. Resonance assignments were made
by standard methods (Hare et al., 1983; Frechet et
a'l.. 1983; Feigon et al., 1983; Fazakerley et al., 1984;
Scheek et al., 1984). For the mo*C-A duplex, only
the imino configuration of mo*C is observed with
the imino proton resonating at 12-05 parts per
million (p.p.m.) (Fig. 2(a)). This chemical shift indi-
cates that the mo~C-A base-pair has Watson-Crick
geometry. The broad hump observed at approxi-
mately 11 p.p.m. probably arises from a slight
excess of one strand but it can not be excluded that
this corresponds to the amino proton of the other
tautomer of mo*C, the two conformations being in
slow exchange on the n.m.r. time-scale. Although
we have observed some differences in this system
with those reported recently (Stone et al., 1991), our
conclusions are essentially the same.

The spectrum of the mo*C'-G duplex is visibly
more complicated with variable peak integrals, indi-
cating the presence of more than one species
(Fig. 2(b)). Peak assignment has been carried out by
two-dimensional nuclear Overhauser effect spectro-
scopy (XOESY). The two high field resonances, at
10-00 and 10-76 p.p.m., show strong interactions
between each other (Fig. 3) indicating close spatial
proximity. How-ever, close intrabase-pair contacts
would be expected in both the imino and amino
conformations (Fig. 4(a) and (b), respectively). The
two configurations can be distinguished because in
the imino form, the Gil amino group is not hydro-
gen-bonded, as in wobble base-pairs, and is free to
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Figure 3. Three regions of the XOESY spectrum of moV-G. The assignment of the imino and mo”"C amino or imino
protons is shown on the horizontal a.xis. Where separate resonances are observed for the 2 species these are labeled as
follows: i, for where the mo™*C base is in the imino form and a. where this ba.se is in the amino form. The lower part shows
connectivities between the imino protons, and also the amino proton of mo"C. The middle section shows interactions
between these protons and the aromatic and C hydrogen-bonded (WC) and non-hydrogen bonded protons (nWC). The
upper part of the Figure shows interactions with the mo*C methyl resonance which has a different chemical shift for the
2 forms. Chemical shift regions for different types of protons are indicated on the right hand side of the Figure.
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Figure 4. (a) The structure of the mo*C'-G base-pair in
wobble geometry with the mo”C base in the imino form,
and (b) in Watson-Crick geometry with the mo*C base in
the amino form.

rotate, giving rise to a single resonance for the
amino group at 5-8 to 6 0 p.p.m. (Carbonnaux et al.,
1990). On the other hand, for the amino form of
mo'*C. the amino group of GIlI will be hydrogen-
bonded to the keto group of mo“C. For G C base-
pairs, it has been shown (Fazakerley et al., 1984)
that at low temperature rotation of the amino group
and interchange of the amino protons is in the
intermediate exchange rate on the proton n.m.r.
time-scale and these protons are generally not
observable. This enables us to distinguish the two
forms for mo“C. In Figure 3 the resonances at 1000
and 10‘T6 p.p.m. show nuclear Overhauser effects
(XOEs) with a resonance at .5-90 p.p.m.. which is
assigned to the amino group of GIl in the imino
form of the mo~C'-G base-pair. Further, the XOK
from the resonance at 10-76 p.p.m. to the amino
group of GII is much stronger than that from the

resonance at 10-00 p.p.m. and thus the former can
be assigned to the GII imino proton. This relative
assignment is confirmed in the upper part of
Figure 3. The resonance at 10-00 p.p.m. shows a
strong XOE with the mo*C(CHs) group of this
species whereas the resonance at 10-76 p.p.m. shows
no XOE. This also indicates that the mo~"C methyl
group spends at least part of its time cis to X-3 in
the imino tautomer. In the lower part of Figure 3 w-¢
also observe a strong cross peak between resonances
at 11-25 and 12 80 p.p.m. (although there is partial
overlap with an interbase-pair XOE) and these are
assigned to the amino proton of mo~C and the imino
proton of G1! in the amino tautomer. Again the two
can be distinguished by the interaction with the
mo~C(CHs). The resonance at 11-25 p.p.m. shows
the strongest interaction and can be assigned to the
amino proton of mo~C. All of these protons exhibit
normal interactions with the imino protons of the
G-C pairs on either side. At 20°C, we observe
exchange cross peaks for the H-5 and H-6 protons of
mo'~C in the amino and imino configurations (Fig. 4)
in XOESY spectra (not shown). The ratio of the
amino and imino configurations changes with
temperature.

The data demonstrate that different tautomeric
forms and base-pair configurations can exist simul-
taneously within a DXA base-pair and that tauto-
meric equilibrium can be strongly influenced by the
paired base in the opposing DXA strand, consistent
with the original proposal of W'atson and Crick. For
standard bases, the difference in the stability of the
tautomers is so large that the rare tautomers are not
observable. As the energy of ionization is lower than
that of tautomerization at physiological pH, ionized
base-pairs may preclude observation of the rare
tautomeric forms in most cases (Sow-ers et al., 1986.
1987).

The consensus of physical studies to date leads
to the conclusion that most aberrant base-pairs are
likely to exist as composites of multiple structures
in solution. These structures include both ionized
and unfavored tautomeric forms of the bases in
either Watson-Crick or wobble configurations. The
relative contribution of each component structure
will be influenced by temperature, solvent pH and
by the base sequence. The data presented here show-
that mechanisms involving rare tautomers should
tiot be discounted in biological svstems.

This work was supported in part by the National
Institutes of Health (grants G.M41336 and CA33.572).
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Iproton NMR study of oligonucleotides containing A**-methoxycytosine
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We report the solution structure of two heptanucleotides each containing a central /V*-methoxy-
cytosine, in one case paired with adenine on the opposite strand and the other with guanine. For the N*-
methoxycytosine 1 adenine pair, only the imino form of the /V*-methoxycytosine residue is observed and
base pairing is in Watson-Crick geometry. However, rotation of the methoxy group about the N-OCHj
bond is not constrained to a particul*ar orientation although it must be anti to the N3 of /V-methoxy-
cytosine. The slow exchange on a proton NMR time scale between the single strand and double strand
forms is attributed to the strong preference of the cis conformation of the (XTHj group in the single
strand, which inhibits base pair formation. For the A/*-methoxycytosine that is base paired with guanine,
we observe an amino form in Watson-Crick geometry in slow exchange with a base paired imino form
in wobble geometry. The amino form is predominant at low temperature whereas the imino form predomi-
nates above 313 K. We have measured the exchange rate between the two forms at 303 K and observed
a value of approximately 1 s™*. The relative ratio of amino and imino forms of A/*-methoxycytosine is
influenced by both the base that is in front and the temperature. Our results explain the preferential
replacement of dTTP by iV*-methoxycytosine in primer elongation.

Keywords: DNA; mutagenesis; tautomerism; NMR.

The reaction of methoxyamine with nucleic acids results in
Version of cytosine bases to A/*-methoxycytosine (mo”C).
fstitution of one hydrogen atom of the cytosine amino group
an electron-withdrawing methoxy group can induce forma-
1 of the imino tautomer form with tautomeric equilibrium
Btant orders of magnitude lower than those for the standard
[A bases.
Studies of the stability of oligonucleotide duplexes contain-
mo"C [1,2] revealed that mo“C, which is ambivalent in its
Irogen bonding potential, forms stable base pairs with both
mine and guanine. It was predicted that mo™C would base pair
h G in the amino form and with A in the imino form. An
IR study [3] proposed that mo"C when paired with A exists
a rapid equilibrium between Watson-Crick and wobble con-
mations.
An X-ray crystal structure [4] of an oligonucleotide contain-
a mo'C+ G base pair, found that the base pair adopts a
bble conformation with the mo*C base in the imino form. The
gonucleotide was observed to be a Z DNA form. Recent
4R studies [5, 6] proposed wobble and Watson-Crick struc-
s in equilibrium. In one of these studies [6]. a further equilib-
m between syn and anti conformations of the methoxy group

Correspondence to G. V. Fazakerley. Commissariat a I’Energie
Bnique, Service de Biochimie et de Genetique Moleculaire. DBCM.
Saclay. F-91191 Gif-sur-Yvette Cedex. France

Fax: -t-33 1 69 08 47 12.

Abbreviations. ROESY. rotating-frame Overhauser spectroscopy;
; one dimensional; 2D. two dimensional; 2QF. double quantum fil-
kl correlated spectroscopy; mo*C. /V*-methoxyc\ tosine.

of mo*C + G in the imino form was invoked to explain the com-
plexity of the NMR spectra.

We recently reported [5] preliminary NMR studies on two
heptamer duplexes with mo”C incorporated into the central posi-
tion with G or A on the opposite strand. On the basis of NMR
spectra of exchangeable protons, we have suggested that when
paired with A. mo*C is in the imino configuration and in
Watson-Crick geometry. However, for the mo*C + G duplex two
structurally distinct configurations were observed in equilibrium
with each another. The analysis of exchangeable proton spectra
showed that both imino and amino configurations of mo~C base
pair with G. When mo“C is in the amino form, it pairs with G
in Watson-Crick geometry. In the second species, mo"C was
found in the imino configuration paired with G in wobble geom-
etry.

In this paper, we present further NMR data that confirm and
extend our previous structural assignments on mo*C base pairs
in DNA. Based upon interactions between nonexchangeable pro-
tons, we have determined the influence of mo*C substitution on
local and global helix structure. Further, examination of proton
exchange kinetics allows us to determine the relative rate of
exchange of the mo*C between different base-pairing environ-
ments.

MATERIALS AND METHODS

IV~-Methoxycytosine was incorporated into the oligonucleo-
tides as previously described [5].
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Duplex annealing was monitored by one dimensional (ID)
>IMR experiments. The appropriate pairs of oligonucleotides
vere heated to 353 K followed by slow cooling to form the
‘ollowing duplexes: 5'-d(Cl-A2-G3-mo'*C-G5-G6-C7) and 3'-
i(G14-T13-C12-XII-C10-C9-G8), where (1) XII = All or (2)
X1l = GII. The strand concentrations of the duplexes were

mM dissolved in 10 mM sodium phosphate, 150 mM NacCl,
d 0.2 mM EDTA.

NMR spectra were recorded on either AMX500 or AMX600

I3DrL6ker spectrometers in either 99.99% D-O or 90% H20/10%

NOESY spectra were recorded in the phase-sensitive mode
7] with mixing times of 50 ms and 4(X) ms for mo~C+ A and
30 ms and 400 ms for mo*C + G. The NOESY spectra in H.O
were recorded with 150 ms or 200 ms mixing times. The time
domain data sets consisted of 1024 points in the t, dimension
ind 256 or 512 increments in the r, dimension. After zero filling,
the data were multiplied by a slightly shifted sine bell function
in both dimensions except for the short mixing time experi-
ments. For these, the data were multiplied by a nil shifted sine
bell before Fourier transformation.

For spectra recorded in H;0, the observation pulse was re-

laced by a jump and return sequence [8] and the pulse maxi-
mum was placed at 15 ppm. TOCSY spectra [9] were recorded
in the phase-sensitive mode with 25 ms and 70 ms mixing times.

Pure absorption 2QF-COSY (double quantum filtered corre-
ated spectroscopy) spectra [10—12] were obtained with a time-
[>roportional phase incrementation scheme. 4 K data points in
he -. dimension and 256 free induction decays were collected.

For the ROESY (rotating-frame Overhauser enhancement

pectroscopy) spectra [13—14], a 200-ms spin lock was applied
during the mixing period.

The chemical exchange study between the forms mo*Ca+ G
(mo*C base in the amino form) and mo*Ci + G (mo"C base in the
imino form) was carried out at 303 K using a DANTE-Z se-
quence for selective resonance inversion [15].

The pulse sequence was,

©,-T, -e_-1r), - x,-nl2- Acq+.

where 9 = 2.79 ms, r, = 100 ps, r- = variable delay, n = 300.
and with a 5-s delay between each pulse train to ensure return
to equilibrium. Each experiment involved 22 values of the vari-
able delay ranging from 30 ms to 2.2 s.

We use the letters A and B to describe the forms mo’'Ca and
mo*Ci, respectively. The magnetizations, .WJ, Af|, MI and Mi
when the site A is selectively inverted as a function of T. are
given by [16]:

"N

M
Mt — Mi(x) =

LGk +  +d)e-" Nk -k + J) e}
~ )
and
M” - W2(r) = 2 (e---¢€-)=2 (N -e'-)
~ n @)
in which.
kMi =
A-= - N(AY +kg) £ N d
and

k'\ = k™ -r /?n.

k~ is the rate of exchange of A towards B. and /?,a is the spin
lattice relaxation rate of A in the absence of e.xchange.

Further information was obtained from analysing the magne-
tization curves [Eqgn (3) and Eqgn (4)].

Mi(x) = Mi(x) + MI(x) ©)]
Mi(x)=Mi(x)-MI(x). 4

From Eqgns (1 -4), the initial slopes at the origin for the magne-
tization of site A, site B, their sum and their difference can be
deduced [Egn (5)]:

p-'(O) = - 2k',,Mi

pR(0) =2k~ MI = 2k Mi

p*(0) =212, AIVfi

p-(Q) = -2{k',, + kKIMI. (5)

RESULTS

Duplex mo'C + A. Assignment of the exchangeable proton reso-
nances. The assignment of the exchangeable proton resonances
was obtained from the analysis of a NOESY spectrum recorded
with a mixing time of 150 ms at 274 K and 'pH 5.9. The
spectrum was recorded at lower pH than those in DjO (see be-
low) to slow down the exchange with the bulk solvent. We mon-
itored the non-exchangeable proton shifts as a function of pH,
and observed no changes in the pH range 5—8 from which we
can conclude that there is no conformational change in this pH
range.

Three regions are shown in Fig. 1. The lower part shows
imino-imino interactions. Starting from the only A - T base pair
imino proton, we can follow the interbase imino connectivity
through to the G5 imino proton. Although the resonances of the
terminal G residues are strongly attenuated by exchange with
solvent, the cross-peak corresponding to the interaction between
the T13 and G14 imino protons is still visible. The remaining
non-attenuated imino proton is assigned to G6, for which a weak
cross-peak is observed with the CIO hydrogen bonded amino
proton in the middle part of Fig. 1. This region corresponds to
imino/amino/H2/H5 interactions and confirms the chain of con-
nectivities observed for imino/imino interactions. Pairs of C and
A amino cross-peaks are connected by solid lines.

The resonance at 12.01 ppm corresponds to an exchangeable
proton of the mo”C1 A base pair. This proton shows strong
cross-peaks with the amino protons of Al 1. Observation of sepa-
rate resonances for the amino protons of All strongly indicates
that this group is involved in hydrogen bonding. When non-
hydrogen bonded, an adenosine amino group rotates rapidly and
gives rise to a single resonance. For A+ T base pairs, the reso-
nance of the hydrogen bonded proton is typically found in the
range 7.7-8.1 ppm. For the mo'C base pair it is found at
8.49 ppm. This implies that hydrogen bonding is with a nitrogen
acceptor. If the acceptor was an oxygen, as in Fig. 2a, we would
expect a significant upfield shift relative to that observed for
A + T base pairs. The resonance at 12.01 ppm also shows a very
strong cross-peak with a non-exchangeable proton at 7.84 ppm,
which must be the All H2. The intensity is typical for that of
imino-H2 intrabase pair interactions of A+ T pairs. This ex-
cludes the possibility of an amino form of mo”C in base pairing.
Fig. 2b, for which the proton would be too far from All H2 to
give such a cross-peak. Together with the observations for the
All amino resonances, only one model. Fig. 2c, in which the
mo*C + A base pair adopts Watson-Crick geometry with the
mo™C base in the imino form, fits all the data. This indicates
that the N4 methoxy group has to be anti relative to the N3
nitrogen because only the anti isomer of mo~C is able to panici-
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1. Three regions of the NOESY spectrum of the mo™*C * A duplex
0% H,0/10% DjO recorded at pH 5.9 and 274 K with mixing
150 ms. The assignment of the imino protons is shown on the
iomal axis. Lower part shows imino/amino interactions. The middle
>n shows interactions between imino and amino, CH5, AH2 pro-
Pairs of C and A amino proton resonances are connected by solid
for the intra-base interactions. The upper pan shows interactions
the mo*C methyl resonance.

in hydrogen bonding with A by two hydrogen bonds as
cated from the data.
The upper part of Fig. 1 shows interactions with the mo*C
hyl gropp (assignment, see below). The methyl group shows
Es (nuclear Overhauser effects) to the imino protons of the
icent base pairs and to its own imino N3 proton resonance,
imination of the cross-section through the mo*C(C)CHj) reso-
ce shows also strong NOEs to the amino protons of Al and
BTiino protons of both C1O and CI2. The above results sug-
that the methoxy group does not occupy a fixed position
may be orientated in either the 5' or the 3" direction.
Assignment of the non-exchangable proton resonances. As-
ment of the non-exchangeable proton resonances was ob-
;d from analysis of the NOESY spectra recorded with
ms and 50 ms mixing times and the TOCSY spectra in D,0.
The region corresponding to interactions between the base
H8/H2 protons and the HI'/H5 protons of the 400-ms
ESY spectrum recorded at 298 K is shown in Fig. 3. Six
ng cross-peaks (marked X) correspond to interactions be-
n H5-H6 protons of cytidine residues. Starting from the 5'-
linal cytidine at 7.65 ppm, the sequential connectivities can
bllowed without ambiguity up to C7. Similary on the other
nd. the connectivities can be followed from G8 to G14.
Analysis of the region of interactions between the base H8/
protons and H2'/H2"/CH, protons (data not shown) confirms
ssignment of the base protons shown in Fig. 3. The NOESY
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Fig. 2. Possible base pairing forms for mo*C 1A and mo'C1G.

_AII 22 otﬁ% Wsﬁl IQT_ c12 113 mo"C

Chemical shift (ppm)

Fig. 3. Part of the 400-ms NOESY spectrum of the mo*C + A duplex
recorded at 298 K. pH 7. The cross-peaks marked with an X correspond
to CH6-CH5 interactions. Interbase cross-peaks labelled A—E are de-
scribed in the text.

experiment with a short mixing time allows an unambiguous
discrimination between H2' and H2" protons, as the H2"-H1'
NOE is always larger than that for H2'-H1'.

The A2 H2 and AIll H2 resonances each exhibit a weak
cross-peak with their own HI'. The NOEs of the H2 resonances
with their adjacent G3 HI" and CI2 HI" resonances overlap re-
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ble 1. Chemical shifts of non-exchangeable protons at 298 K and of exchangeable protons at 274 K for the mo'C 1 A duplex. The chemical

ft of the tnethoxy methyl group of mo'C is 3.18 ppm.

lidue Chemical shift for
H5/H6 H5/H2 CH3 HI' H2'
ppm
7.65 5.92 5.64 1.88
8.26 7.84 6.06 2.78
7.72 - 5.77 2.51
6.82 5.49 5.94 1.97
7.86 5.48 2.65
7.79 - 6.01 2.54
7.38 5.27 6.14 2.20
7.94 5.96 2.64
7.48 5.33 6.07 2.12
0 7.57 5.63 5.33 2.20
1 8.28 7.83 6.33 2.76
2 7.35 5.43 5.79 1.91
3 7.30 1.65 5.86 1.96
4 7.92 - 6.15 2.63

ting in a strong cross-peak at 7.83 ppm. Cross-peaks corre-
anding to interbase interactions H8/H6-H5 are labelled A—E.
e assignment of the H3' and H4' resonances was obtained by
t analysis of the TOCSY spectra. The observed chemical shifts
I'given in Table 1.

In Fig. 3. all inter- and intraresidue interactions expected for
Jit handed B DNA are observed. The cross-section of the
art mixing time NOESY spectrum taken through the methoxy
tthyl shows interactions with G3 H8, moXT H5, and CIO H5
atons. All of them are weak and of similar intensity. From the
ectrum in H-O, we know that the N4 methoxy group is anti
th respect to N3 and that the methyl group can point either
wards the 3'- or 5'-direction.

The presence of the methoxy group apparently introduces
me changes in the local geometry of the helix. We have
Bcked. by model building, that in a normal B-helix the dis-
ice between the methyl group and the CIO H5 proton would

too long to observe any NOE effect. The only explanation
r this interaction is that the mo™"C + A base pair is displaced
wards the major groove and the helical twist increases for the
ip G3+C12-mo~"C All. This arrangement of the base pairs
o result in the interactions observed in the NOESY spectra.

To determine if the above distortion influences the sugar
nformations, we have examined the relative intensity of the
traresidue cross-peaks between the base H6/H8 protons and
t H2' versus H3' protons. This ratio gives a good indication
the sugar pucker [17] and we have found that for all non-
minal residues, within experimental error, it corresponds to a
edominately c2'-endo conformation. Additionally, these re-
ks were confirmed by analysis of the 2QF-COSY spectrum
ata not shown), for which the sum of the and JHI'-
I coupling constants is greater than 14.6 Hz for all non-termi-
1 residues.

The only significant deviation observed in the 50-ms mixing
me NOESY spectrum from that of a norma] B DNA structure
[the ratio of the cross-peak volumes corresponding to interresi-
K interactions between the G5 H8 and mo~C H2', H2" protons,
tis ratio is typically about 10 with short mixing times, except
r the above interaction where the ratio is observed to be 1.5.
is can be accounted for by an unusually small helical twist
tween the base pairs G5 CIO and mo™C + .All of 15—20 de-
les to accommodate the methoxy group better.

H2" H3' H4' NH NH2
2.35 4.68 4.02 - 8.28/7.04
2.93 5.03 4.39 - 8.08/6.58
251 4.95 4.39 12.71 -

241 4.92 4.25 12.01 -

2.65 4.98 431 13.09 8.07/5.40
2.72 4.97 441 13.18 -

2.20 4.50 4.02 - 8.26/6.52
2.75 4.82 4.25 13.01 -

2.47 4.83 4.25 - 8.35/6.56
2.39 4.86 4.12 - 8.78/7.15
2.98 5.06 4.46 - 8.49/6.19
2.40 4.76 4.34 - 8.39/6.99
2.34 4.85 411 14.22 -

2.38 4.68 4.17 12.92 -

Duplex mo'C ¢+ G. On the basis of NOESY spectra in 90% HjO/
10% DjO, we have previously shown [5] that mo”C when paired
with G exists in an equilibrium between imino and amino con-
figurations. The amino and imino tautomers of the mo*C base
pair with G in Watson-Crick and wobble geometry are shown in
Fig. 2d and e, respectively.

Complete assignment of the exchangeable protons based on
their connectivities to other exchangeable and non-exchangeable
protons has been carried out and the observed chemical shifts
are given in Table 2.

N*-substituted cytidines generally have a preferred confor-
mation for the substituent group syn relative to N3 [18—21]. In
this conformation of the base, the amino form of mo*C could
only form one hydrogen bond with guanine, between the G N1
imino proton and the mo™C C2 carbonyl. However, the imino
form of the base can form two hydrogen bonds in which the
bases are in wobble geometry. Fig. 2e, and this is what we ob-
serve. In this wobble geometry, no constraints are imposed on
the methoxy group. We observe a strong NOE between the
methyl group and the N3 imino proton of mo~C at 10.00 ppm
confirming that the methoxy group remains syn (Fig. 4A). In the
anti form, this NOE would not be expected. Additionally, we
observe NOEs between the methyl group and the CIO amino
protons. By spin diffusion, weak NOEs are also observed to the
Gl and G5 imino protons.

For mo~C in the amino form, the methoxy group has to rotate
anti to N3 for stable hydrogen bonding to occur. Three hydrogen
bonds can be formed between the bases that are in Watson-Crick
geometry (Fig. 2d). We observe NOEs from the mo~C methyl
group to both amino protons of CIO and also to the G3 H8
proton (Fig. 4B), which suggests that there is rotational freedom
about the N-OCHj bond and that the methyl group can be close
to either the G3 + C12 or G5+ CIO base pairs.

Assignment of the non-exchangeable protons. NOESY spectra
for the duplex mo"C + G were recorded at 283. 288, 293. and
303 K. Only for the spectra recorded at 283 K and 288 K could
we follow the sequential H6/H8-H1' proton pathway without
ambiguity. At these temperatures, all of the HT and H6/H8 reso-
nances could be identified.

Fig. 5 shows a region of the NOESY spectrum recorded at
283 K. For clarity, the sequential H8/H6-HT assignments for the
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4. The cross-section of the 200-ras NOESY spectrum recorded
10% HjO/109{ DjO at pH 6.2 and 274 K. Rows are taken through
Nihoxy methyl of the (A) imino and (B) amino forms of mo'C + G.
}xes HB and NH correspond to the hydrogen bonded and non-hy-
en bonded amino protons of CIO, respectively.

no form, moX!a+*G and the imino form, mo'Ci+G are
wn separately. On the basis of the TOCSY spectrum, we can
gn the cross-peaks marked X to the intranucleotide CH5-
S interactions.
The most convenient starting point for the sequential assign-
it is from the resonance at 6.64 ppm, which can be assigned
noXi H6 on the basis of its chemical shift. Without any
Mguity we can follow the connectivities in the 5' direction to
(Fig. 5A). In the other direction, the connectivities are not
mbiguous due to poor spectral resolution. This is resolved
Bn analysis of the region corresponding to the interactions
H8-H2'/H2" (data not shown).
At this temperature, the amino form is more populated than
imino form. This helps us to discriminate between these two
ns as we expect the cross-peaks from the imino form to be
ower intensity. With this in mind, the connectivities on the
:r strand can be followed from G14i up to G1 li. The ambigu-
irising from the overlapping G1 li H8 and G5i H8 resonances
. be resolved referring again to the H8/H6-H2'/H2" region
(tst sequential pathway can be traced out as is shown in

For the amino form, we start with the terminal 5'-Cla and
low the sequential connectivities up to G3a (Fig. 5B). From
fother end of the strand, we can follow the chain up to mo'Ca.
¢ ambiguity in tracing the G3a-mo*Ca-G5a chain arises from
joverlapping of the interbase mo'Ca H5-G3a H8 cross-peak

m the G3a H8-G3a HT cross-peak. Both the intra- and inter-
Jleotide mo“Ca H6-HT NOEs also overlap. Fig. 6 shows the
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Fig. 5. Part of the 400-ms NOESY spectrum of mo4C ¢« G duplex re-
corded at 283 K. The region corresponds to interactions between base
protons and HT/H5 protons. Sequential assignment for the imino and
amino form of mo*C 1 G duplex are traced separately in A and B. respec-
tively. Cross-peaks marked with an X correspond to CH6-CH5 interac-
tions.

region corresponding to HT/H5-H2'/H2" interactions. This en-
ables precise assignment of the chemical shifts of the HT reso-
nances where overlap occurs. The resonances at 5.76, 5.74, and
5.71 ppm correspond to C4a HT, G3a HT, and C4a H5, respec-
tively. After assignment of these protons, we can trace the
pattern of sequential NOEs for this strand as shown in Fig. 5B.

For the other strand, the connectivities can be followed, with
the aid of other regions of the spectrum, without interruption,
although the intraresidue CIO HI' peak is coincident with the
H5-H6 cross-peak and the H6 protons of C9 and CIO are coinci-
dent. We do not expect large chemical shift differences for the
H5 protons of the C residues between the two forms. We can
thus assign the CH5-CH6 cross-peak next to that of C9i to that
of C9a and the other at 7.46 ppm to that of ClOa.

Four cross-peaks are observed with a resonance at 7.77 ppm
(Fig. 5), which correspond to interactions of A2a H2 with the
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ig. 6. Part of the 400-ms NOESY spectrum of the mo'C ¢ G duple.x.
he egion corresponds to HT/H5-H2'/H2' interactions. Interactions due
spin diffusion are linked by broken lines. For clarity.'only the interac-
jns described in the text are indicated.

T protons of G3a. G14a, T13a, and its own HT. We cannot
sign the A2i H2 on the basis of the NOESY spectrum. It was
und at 7.87 ppm in the NOESY spectrum in H,0.

To determine the stacking, we have examined the aromatic
igion of the NOESY spectrum and we have not found any sig-
ficant perturbation in either duplex.

In Fig. 5. four interbase cross-peaks corresponding to H8/

H5 interactions, which are typical for right-handed B-DNA,

observed (peaks A—D). Three of these interbase cross-peaks
ise from the central base pairs: C4a-G3a, C4i-G3i, and C12a-
11a, peaks A—C, respectively. The other corresponds to
9a,i-G8, peak D.

The H2" and H2" resonances were assigned from analysis of
e NOESY spectrum recorded with a 30-ms mixing time. We
ere not able to assign all the H4' resonances because of strong
gnal overlap.

Detailed analysis of 2QF-COSY spectra of the mo~C G
liplex was impossible because of strong overlap of resonance,
ome of signals from the imino form were also too low in inten-
ty to give precise values of spin-spin coupling constants. How-
iter, we could measure the sum of JHT-H2' and JHT-H2" for
K mo™C residues in both forms. This was found to be greater
lan 14.6 Hz in both cases, which indicates a predominantly C2'
tdo conformation. The ratio of the aromatic proton to H2'/H3'
OE also gives a measure of the C2' to C3" endo conformations,
(ith the exception of the C7 residue, the NOE with the H2'
roton was found to be very much larger than with the H3' pro-
in, which confirms the presence of predominantly C2' endo
Jgar conformations.

We have measured the intemucleotide NOEs in the 30-ms
OESY spectrum and we observe that these are all in agreement
ith a globally B form DNA in which the mo™*C + G bases are
Itrahelical and base paired.

Table 2 summarizes the observed chemical
fco'Ci 1 G and mo”Ca+ G duplexes.

The cross-section of the 30-ms mixing time NOESY
>ectrum taken through the methyl group of mo"Ci+ G shows
fily an interaction with the H5 proton of CIOi. This interaction
possible only when the methoxy group adopts the syn confor-

shifts for

mation relative to N3. The cross-section through the methyl
group of mo™Ca reveals NOEs to the C4a H5 and the G3a H8
protons. This is in agreement with the previous data, in which it
was found that when mo"C pairs with G in the amino form, the
methoxy group is anti.

Additional cross-peaks were observed in the aromatic-aro-
matic and HT/H5-HT/H5 regions of NOESY spectra recorded
above 293 K. We have recorded ROESY spectra to determine
whether they arise from cross-relaxation or from chemical ex-
change. All these new cross-peaks are in phase with the diagonal
and must therefore arise from chemical exchange between the
two forms. Below 293 K, we do not observe cross-peaks from
exchange between the mo”Ci+ G and mo~Ca + G duplexes as the
exchange is too slow.

The "H-NMR spectra of the mo~C + A and mo”C + G duplexes
as a function of temperature. To determine the melting temper-
ature of the mo™*C + A and mo'*C 1 G duplexes, we have recorded
IH-NMR spectra in D.O as a function of temperature. For the
mo”C + A duplex, we were not able to follow the chemical shift
changes of many of the proton resonances between 308 K and
328 K due to excessive line broadening. At temperatures above
308 K, many new resonances appeared, which indicates slow
exchange between the helix and coil forms.

The mo~C H6 proton resonance is well separated from the
other base protons resonances. At 310 K, a new signal at
6.68 ppm appears (Fig. 7a), and was attributed to the mo*C H6
coil resonance. To characterize the helix-coil transition, we have
measured the ratio of integrals between helix and coil reso-
nances for mo~"C(H6) proton. We find that at 320 K these two
species are equally populated. The profile for the methoxy pro-
tons is shown in Fig. 7.

Two representative profiles of the chemical shift changes
versus temperature for the mo"C+G duplex are shown in
Fig. 7c, d. All resonances of the imino form of mo'C + G show
typical sigmoidal profiles, which correspond to the double
strand-single strand transition. The apparent T,, was defined as
the mid-point of the sigmoidal melting curves and was 312 K.
We can observe resonances of the amino form in Fig. 7c, d up
to about 313 K, where they are of low intensity and also broad.
At higher temperatures, the imino, amino, and coil forms are in
rapid exchange.

We tried to measure the relative populations of the imino
and amino forms by integrating the mo™C amino and mo'C
imino protons. Above 308 K, both resonances were too broad to
determine this ratio. At 318 K, we have observed only the sig-
nals from the imino form. Because of extensive overlapping of
all of non-echangeable protons, we could not determine this ratio
in D.O.

Kinetics. As the H6 resonance of the mo"C base in the
mo”Ci + G duplex is well resolved, a totally selective inversion
of the peak was possible. This experiment was performed at
303 K. Fig. 8 shows the change in intensity of the resonance
inverted and that of the same proton in the duplex mo'Ca1 G as
a function of time. From measurement of the initial slopes in
Fig. 8 and using Eqns (5), estimates of the following parameters
were obtained:

T* = 3.3 s-".feA = t.| =2.2s", and

From the.se data, we have fitted the experimental data in Fig. 8
which gives the following expressions for Eqns (6),

IVEI(r) = 105 e-""** 4. 85 e-"*"
Af|(r) = 50(e-"""" - &™), ©)

+ kr=45s-"
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tle 2. Chemical shifts of non-exchangeable protons at 283 K and of exchangeable protons at 274 K for mo*C 1 G duplex. The chemical

Us for the methoxy methyl group of mo'C are 3.39 ppm and 3.47 ppm for the amino and imino form, respectively. The non-assigned resonances
»marked*).

lidue Chemical shift for
H8/H6 H5/H2 CH3 HT H2' H2Y H3' H4' NH NH2
ppm
a 7.61 5.86 552 1.87 2.30 4.66 4.02 - 8.18/7.00
v 8.24 7.77 6.01 2.76 2.90 5.02 437 - 8.00/6.51
I 8.23 7.77 5.97 2.76 2.89 5.02 437 - 7.88/7.62
7.70 - 5.74 2,50 2.60 4.97 4.39 12.85 -
l 7.69 - 5.83 2.48 255 4.94 9 12.62 -
«Ca 7.47 571 576 183 237 478 4.18 11.25 -
«Ci 6.64 531 5.46 172 1.98 477 3.99 10.00 -
| 7.85 - 555 2.70 2.70 4.95 4.40 1311 -
i 7.86 - 551 2.74 274 4.97 9 13.40 -
7.71 - 5.96 2.49 2.71 4.96 9 13.11 -
f 7.78 - 5.04 253 2,69 4.99 4.40 1311 -
| 7.20 4.95 6.06 222 2.22 4.48 3.96 - 8.18/6.42
7.90 - 591 262 2.73 481 4.28 12.95 -
| 7.46 5.24 6.07 215 251 4.86 4.24 - 8.29/6.40
i 7.74 5.25 6.03 2.09 243 4.83 9 - 8.29/6.40
% 7.46 5.58 5.58 2.10 241 4.86 4.40 - 8.56/6.97
9 7.54 5J9 5.47 2.28 2.39 4.86 9 _ 8.58/6.82
la 7.95 - 5.94 2.67 2.67 450 9 12.80 -
li 7.88 - 6.06 258 2.79 4.9 . 10.76
Za 7.45 5.41 5.95 2.00 2.46 477 420 - 8.29/6.75
2 7.42 5.48 5.87 1.90 2.40 477 9 - 8.27/6.95
% 7.35 1.66 5.81 1.98 2.34 4.85 413 14.19 -
3i 7.35 1.69 5.81 1.98 2.34 4.85 413 14.22 -
4 7.91 _ 6.13 2.64 237 469 418 12.95 _
i Temp (K)
i {

g. 7. Melting curves analysis. Melting curves for (a) the mo~CIHG@) proton and (b) the OCH” resonance of the mo"C1 A duplex, (O) for the
bble strand form and (e) for the single strand form. Similarly, (c) for the T13 (CH3) and (d) the OCHj resonance in the mo'C 1 G duplex where
nts marked (/) correspond to the imino form which at temperatures above 313 K is in fast exchange with the single strand species and points
irked (CJ0). which correspond to the amino form.
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Time (s)

Time (s)

8. Inversion and magnetization transfer for the mo'C(H6) pro-

. (A) After selective inversion of mo'Ci(H6) 1 G as a function of time.
) Resulting magnetization of the proton in the mo'Ca+ G duplex. The
htical scale is in relative units.

pth the numerical values obtained from Eqns (6), we can calcu-
. using Eqns (1-3), the following kinetic parameters:

k; = 3.48s-./tB = 3.92 s-", and k,, = 1.11 s*".

reverse experiment, selective inversion of the H6 resonance
|[mo*Ca + G, is not possible due to resonance overlap. However,
have observed that the two species have the same population
I this temperature within +£10%, which gives k* *= kr. We
Ire not able to study the exchange over a wide range of tem-
ratures. At low temperature, the exchange is too slow and
higher temperature the system is too close to the T,, of the
jlex.

. 5CUSSION

] Correct formation of base pairs during DNA replication is
sential for maintaining the genetic code of all organisms and
E occasional formation of base mispairs underlies the genera-
m of both transition and transversion mutations. The ability of
B normal bases to form unpreferred tautomeric configurations
Esents an opportunity to create incorrect base pairs during
<A replication, as originally proposed by Watson and Crick,
lemical modifications of DNA bases that increase the propor-
in of the incorrect tautomeric form would then be expected to
crease the frequency of both base mispair formation and ge-
nic mutations.

Although the rare tautomer model for the generation of base
(bstitution mutations has assumed enormous historical impor-
nce, supporting experimental evidence has been disturbingly
Kent. Within this context, base pairs containing cytosine resi-
Ks modified with electron-withdrawing substituents, which in-

cludes methoxycytosine reported here, assume considerable sig-
nificance. Methoxy- and hydroxylamine are known mutagens
generating predominantly transition mutations in vivo. Reaction
of these nucleophiles with DNA bases generates the correspond-
ing cytosine derivatives. Of particular interest is that such substi-
tutions are known to increase the proportion of the incorrect
tautomeric form of the monomers in solution by several orders
of magnitude. Because of the reduced energy for tautomerization
in methoxycytosine, mispairs containing this modified base pre-
sent an unusual opportunity to experimentally verify an essen-
tial, and as yet incomplete link, connecting unpreferred tautomer
formation and mutagenesis. Preliminary data with this system
from our laboratory and another laboratory support formation
of base-pair-dependent tautomerization in DN\ in solution. The
present study confirms and extends previous dau.

In contrast to cytosine, which prefers the amino tautomeric
configuration by several orders of magnitude, methoxycytosine
is found predominantly in the imino configuration in solution,
although the energy difference between imino and amino forms
is thought to be very low. When in the imino tautomeric form,
mo"*C would be expected to pair with adenine. To date, both an
X-ray crystallographic and two NMR studies have confirmed
that mo™*C is indeed in a predominant imino configuration paired
with adenine in Watson-Crick geometry in a duplex oligonucleo-
tide. The current study confirms and extends these observations,
and examination of the dynamic interchange of several possible
structures provides new information on the phenomena of base
mispair formation and mutagenesis.

In addition to the requirement for the imino tautomeric form,
formation of a base pair with adenine in Watson-Crick geometry
also requires rotation of the methoxy group from a syn orienta-
tion relative to the N3 position, as observed for the monomer in
solution, to an anti orientation. In this study, we have examined
the mo'*C 1 adenine base pair in the central position of a seven-
base-pair duplex. Our data indicate the formation of a Watson-
Crick base pair in which the mo™C is in the imino configuration
and the methoxy group is anti relative to N3. All of the NOESY
data show that the duplex adopts a regular B-form with only one
interaction, that between the G5 H8 and the mo™*C H2'/H2" pro-
tons being unusual. This may be due to a changed helical twist
to accommodate the methoxy group better.

A previous report [3] suggested that this structure may be in
rapid equilibrium with several other candidate non-Watson-
Crick structures involving both syn-anti rotation of the methoxy
group and/or imino/amino tautomerization. By contrast, our data
strongly indicate that the Watson-Crick strucnire predominates
and that such rapid equilibria for this base pair do not occur. We
do not observe additional resonances nor line broadening that
would indicate exchange between two or more conformations.
All our data, in particular the magnitude of the NOEs recorded
with short mixing times, are consistent with the presence of a
unique Watson-Crick base pair conformation.

We do, however, observe strong NOEs from the methoxy
group to protons on both adjacent base pairs. .Although the syn-
anti rotation of the methoxy group is constrained in this base
pair, the C4-N-0-methyl torsion angle is not. As the methyl
group could swing in either the 3' or the 5' direction, NOEs to
both adjacent bases would be expected.

Previously, we have studied other systems in which the
exocyclic substituents could interfere with formation of Watson-
Crick base pairs such as N~-methylcytosine [21] and AT-methyl-
adenine [22. 23]. As with mo'C, the preferred position of the
methyl substituent is syn to the hydrogen bonding face for the
monomer in solution. To form Watson-Crick pairs, rotation must
occur from the syn to anti orientation, and such rotation is appar-
ently rate limiting. In such cases, one observes slow exchange.
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le NMR time scale, between duplex and coil forms. The
[ing curves for the mo"C + adenine duplex (Fig. 7), are in ac-
with such slow exchange and further increase the contrast-
iterpretation between our data and that published previously
le dynamics of the mo"'C 1 adenine base pair,
le observation of a rate-limiting step for formation of a
n-Crick base pair between mo"C and adenine, which is
table to the syn-anti rotation of the N-methoxy group,
explains why mo‘C deoxynucleotides substitute for dTIT
1ig DNA synthesis but with considerably reduced efficiency,
ugh both mo™*C and T are predominantly in the imino
eric form, mo®dCTTP replaces dTTP with 2-3 orders of
iitude less efficiency.
contrast to a single, preferred configuration for the
adenine base pair, the mo'C + guanine base pair is present
least two configurations, which represent two distinct tauto-
forms. In one configuration, the amino tautomeric form
‘C is paired with guanine in Watson-Crick geometry
as in the other configuration, the imino tautomeric form is
|d with guanine in wobble geometry. The ratio of the amino/
ip forms is observed to be temperature dependent. At low
lerature, the amino form predominates whereas at higher
eratures the imino form predominates,
it intermediate temperatures, the two forms are in slow ex-
[e with one another. Separate sets of resonances are ob-
d for each configuration, including the H5. H6, and methyl
Exchangeable protons of mo'C as well as the exchangeable
j/imino proton of mo~C and the imino proton of the paired
ne residue. Distinct sets of NOEs are observed with the
| methyl protons and the adjacent bases when in either the
(vobble) or anti (Watson-Crick) orientations. In a previous
[6], the methoxy protons were not assigned and there-
le position of the methoxy group could not be expcrimen-
stablished. The syn orientation (Fig. 2e) reported here
same as that determined previously by X-ray crystallog-
4].
[eipected for species that are in slow exchange with one
r, the syn (wobble) and anti (Watson-Crick) forms display
ent melting curves as shown in Fig. 7. A typical sigmoidal
I is observed for the mo'Ci+G duplex. In contrast to
I+ A, the mo*Ci + G pair is not in slow exchange with the
orm as no syn-anti rotation is required for formation of the
i+ G wobble pair. Formation of the mo'Ca G pair does,
Ver, require syn-anti rotation and thus the duplex and coil
( are observed in slow exchange. To form the mo'Ca* G
pair, two distinct conformational shifts must occur, specifi-
syn-anti rotation of the methoxy group and imino/amino
tnerization. It is as yet unknown if one step must occur
e the other or which of the two steps is rate limiting.
have measured the kinetics of exchange between the
Dims at 303 K. Our data fit a two-state model well with
s. In contrast, a previous report [6] invoked the pres-
of at least three species in slow exchange to explain their
We note that their system was comprised of an autocom-
entary eight-residue duplex in which the duplex contains
nispairs. Our 2D (two dimensional) NTriR experiments with
[-residue duplexes containine a sinale, central mispair, were
tied at temperatures well below the 7", of our duplex and
I the contribution from the single strand species is negligi-
mortunately, in our system for the mo'C + G base pair, we
ve two distinct species that are clearly defined and in slow
rge. Data reported previously were obtained at the T, of
uplex.
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The data reported here strongly support previous suggestions
that the ability of mo'C residues to induce transition mutations
results from its ability to form base pairs with both adenine and
guanine. To our knowledge, mo™C is the only case where two
distinct tautomeric forms of a base (Fig. 2c and d) have been
observed in DNA in Watson-Crick geometry in which the tauto-
meric form was determined by the opposing base in the helix.

Although preferentially in the imino tautomeric form,
mo"dCTP is only a poor replacement for dTTP, which can be
attributed to the requirement for the methoxy group to rotate
from the syn to anti conformation prior to formation of a Wat-
son-Crick base pair. Substitution of mo~dCTP for dCTP occurs
with even lower efficiency [24). In addition to rotation of the
methoxy group from the syn to anti conformation, mo*C must
also undergo a second unpreferred equilibrium shift from the
imino to the amino tautomeric form.

Suppon from the National Institutes of Health grants GM41336 and
CA33572 is gratefully acknowledged.
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abstract. The ferritin IRE, a highly conserved (96—99% in vertebrates) mRNA translation regulatory
element in animal mRNA, was studied by molecular modeling (using MC-SYM and DOCKING) and by
NMR spectroscopy. Cobalt(I11) hexammine was used to model hydrated Mg"+. IRE isoforms in other
MRNAs regulate mRNA translation or stability; all IREs bind IRPs (iron regulatory proteins). A G'C
base pair, conserved in ferritin IREs, spans an internal loop/bulge in the middle ofan A-helix and, combined
with a dynamic G-U base pair, formed a pocket suitable for Co(l11) hexammine binding. On the basis of
the effects of Co(l111) hexammine on the '"H NMR spectrum and results of automatic docking into the IRE
model, the IRE bound Co(lll) hexammine at the pocket in the major groove; Mg"+ may bind to the IRE
at the same site on the basis of an analogy to Co(lll) hexammine and on the Mg™+ inhibition of Cu-
(phen,- cleavage at the site. Distortion of the IRE helix by the internal loop/bulge near a conserved
unpaired C required for IRP binding and adjacent to an IRP cross-linking site suggests a role for the

pocket in ferritin IRE/IRP interactions.

RNA sequences in the noncoding region of mMRNAs can
regulate mRNA function. The predicted secondary structure
is a hairpin distorted by a bulge, bulge loop, or internal loop.
Specificity of the three-dimensional structure of RNA
regulatory elements is recognized by proteins as in the Tat/
TAR and Rev/RRE interactions of the HIV virus {1—3).
Bulge loops and internal loops in RNA induce bends or
distortions in helixes, creating specific three-dimensional
structures and, often, metal binding sites (4). Little is known
about the three-dimensional structure of natural regulatory
elements in eukaryotic mRNASs.

The IRE (iron responsive element) family of isoelements
is a particularly well characterized control element in normal
animal mRNAs encoding proteins of iron metabolism. IRES
are hairpins of 9 or 10 base pairs, interrupted by a bulge
loop of 1 —4 nucleotides with a conserved C residue and with
a terminal hexaloop, CAGUGX (reviewed most recently in
refs 5—8). The metal complex Cu(phen,> binds at the
internal bulge/loop (9, 10). All IREs recognize a family of
RNA binding proteins, the IRPs (iron regulatory proteins);
some IRES recognize other proteins as well, such as initiation
factors {11, 12, 14). Single-copy IRES in the 5'-untranslated
regions of mMRNASs regulate ribosome binding, while pen-
tuple-copy IREs in the 3'-untranslated regions are part of a
rapid turnover element regulating mRNA stability; each type
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of IRE is highly conserved (96—99%) which contrasts with
the lower sequence conservation (35—45%) between transla-
tion and rapid turnover IREs (5).

The ferritin IRE is the best characterized IRE in terms of
structure and function. Assurance ofthe biological relevance
of IRE studies with synthetic RNA, used here and in other
types of experiments, has been uniquely provided by earlier
investigations using natural ferritin mMRNA [poly(A") RNA]'
to study IRE structure, the IRP binding site and IRE function
in regulating protein synthesis {9—11, 14—16); ferritin poly-
(A™") RNA showed function and/or chemical and enzymatic
reactivity similar to those ofthe synthetic RNAs. The ferritin
IRE is the most efficient of the translational regulatory IREs
{13), possibly because of a conserved internal loop/bulge
involving UGC/C rather than the bulge C of other IREs.

Previous NMR studies have focused on the role of the
ferritin IRE terminal hexaloop {17, 18). In this study, a
model of the complete IRE 30-mer is developed, assisted
by NMR data from "*N- and 'C-labeled RNA and cobalt-
(11) hexammine/RNA complexes; the model is consistent
with previous chemical and enzymatic studies. Co(lll)
hexammine significantly shifted proton NMR resonances of
G7 and G27 in the internal loop/bulge region and docked in
a pocket caused by distortion of the major groove in the
middle of the IRE. The same region is also hypersensitive
to cleavage by hydroxyl radical {16) and displays Mg-

' PolylA”*") RNA from a natural cell rich in ferritin mRNA [the
embryonic red cell in which ~10% of the mRNA is ferritin mRNA
(/)] was used with immunoprecipitation to examine control of ferritin
synthesis (11, 14, 1S) or with specific primers to examine IRE structure
in the RNA after reaction with structure probes or IRP binding {9, 16).

80006-2960(97)01981-8 CCC: $15.00 © 1998 American Chemical Society
Published on Web 01/23/1998
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Figure 1 Secondary structure of the ferritin IRE. (A) The
secondary structure predicted by m-fold (University of Wisconsin
GCG-9.0); note the absence ofthe G'C base pairs across the hairpin
loop and internal loop”ulge. (B) The secondary structure based
on NMR spectroscopy (Figure 2). The asterisk indicates the
dynamic, pH-sensitive G'U base pair (see Figure 2C).

sensitive changes in cleavage by Cu(phen,= (9), indicating
solvent accessibility and suggesting that hydrated Mg"*' binds
at the site. In the IRE model, G7AJ6 in the internal loop/
bulge and G18/U19 which cross-link to the IRP (21) are 22
A apart, in contrast to only 18 A in an IRE model without
the interhelical pocket, which may relate to correct position-
ing in the IRP binding site.

MATERIALS AND METHODS

RNA Synthesis. The 30-mer representing the frog ferritin
IRE (Figure 1) was synthesized using the double-stranded
T7 polymerase site and the complement of the 30-mer as a
template, as previously described (77); vertebrate ferritin
IREs are highly conserved (5—8) (96—99%), but the frog
ferritin IRE is the only one which has been studied in natural
[poly(A™)] mRNA as well as in synthetic MRNAs and RNA
oligomers. The use of full-length double-stranded template
increased the yield ~1.5—2-fold; reaction volumes were 24—
90 mL. Cloned T7 polymerase was isolated as described
by Studier et al. (22). RNA was purified by electrophoresis
in urea/acrylamide gels as before (17), electroreluted, and
concentrated by alcohol precipitation. To study the effect
of pH on the detection of the G'U base pair (Figure 2C),
commercially prepared (Cybersyn) RNA was used, but was
purified by gel electrophoresis and dialyzed extensively
against water before use.

RNA enriched in "C and "N was prepared using 'iC/'"*N
nucleotide triphosphates (NTPs) as described for the synthesis
of RNA with natural abundance levels of the isotopes (19,
20). The 'C- and "*N-enriched NTPs were prepared using
crude rRNA from MethylophUus methyltrophus provided by
the NIH Research Resource for Heavy Atoms at Los Alamos
National Laboratory. The crude rRNA was digested with
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DNAse, extracted with phenol and chloroform/isoamyl
alcohol (24:1), and precipitated with alcohol followed by
digestion to nucleotides with nuclease Pl (23) and conversion
to NTPs using nucleoside monophosphate kinase, guanylate
kinase, pyruvate kinase, myokinase, phosphoenolpyruvate,
and ATP as described by Nikonowicz et al. (24). After
concentration, lyophilization, and alcohol precipitation, the
crude NTPs were dissolved in cold 1 M triethylamine/borate
buffer (TEAS) at pH 9.5 and desalted on an Affigel 601
(Biorad) column equilibrated in 1 M TEAB buffer at 5 °C
(25) ; the NTPs were eluted with cold distilled water acidified
to pH 4—5 with CO., lyophilized, dissolved in water, filtered
through a washed Centricon 10 filter, and stored at pH 8.1
and —20 °c until use.

NMR Spectroscopy. RNA (0.5—1.0 mM in 10 mM
sodium phosphate buffer and 0.1 mM EDTA at pH 6.8) was
heated at 85 °C and slowly cooled in the NMR tube. Spectra
were acquired on a Broker DRX 500 MHz spectrometer.
Spectra in H.O were obtained either by the Watergate method
(26) or by presaturation of the HDD signal for 2 s prior to
applying an observation pulse or by using the jump—return
water suppression and excitation maximum set to the imino
resonances (27). Data for the two-dimensional (2D) NOESY
experiment in 10% D20/90% H-O were acquired at 12 °C
using Watergate-water suppression [a 3-9—19 pulse se-
quence with the gradients for water suppression with
excitation maximum set to the imino resonances (26)]. The
spectrum was 2048 x 256 complex data points with a sweep
width of 12 000 Hz, a mixing time of 250 ms, a recycle delay
of 1.7 s, and 256 scans per slice. Spectra were processed
with FELIX 95.0 software (Biosym/Molecular Simulations,
Inc.) using an exponential weighing function or shifted sine-
bell function to resolve overlapped imino protons.

NOESY, DQF-COSY, and TOCSY experiments were
recorded in 99.996% D.O on a 500 MHz GE Omega
spectrometer or a Broker 500 MHz spectrometer. Data sets
with 2048 complex points in /: and 512 complex points in
ti were acquired with 5000 Hz sweep widths in both
dimensions and 128 scans per slice. NOESY spectra were
acquired with mixing times of 120, 200, and 400 ms and a
recycle delay of2 s at 12 and 20 °C. The TOCSY spectrum
was recorded with a 75 ms MLEV spin lock pulse and a
recycle delay of 15 s. The DQF-COSY spectra were
recorded with WALTZ decoupling of ~'P during acquisition
and a recycle delay of 1.6 s. The diagonal and cross-peaks
of DQF-COSY spectra were phased with antiphase absorp-
tion line shape in both directions. All spiectra were processed
with combinations of exponential and sine-skewed functions
and zero-filled to 2K x 2K data points using XWINNMR
Bruker or Felix 95.0 software.

Spectra with Co(l11) hexammine and with varyious pHs
were acquired on a Bruker DRX 500 MHz system. Imino
proton spectra were obtained by the Watergate method (26).
Typically, 2048 scans were collected. 'H spectra in 10%
D20/90% H.O were collected at 12 °C in 16K point data
sets consisting of 1024 scans each.

Spectra of double-labeled RNA were obtained on a Varian
Unity Plus 600 MHz NMR spectrometer at the University
of Chicago, Biological Sciences Division NMR Facility, used
in consultation with Dr. Klaas Hallenga. The 2D ("H—"N)
HSQC experiments were carried out using gradients during
the INEPT and reverse INEPT magnetization transfer delays
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Figure 2. NMR data for the ferritin IRE: 2D ("H—""N) HSQC spectra of (A) the imino region, (B) the amino region for 2D NOESY in
90% Hz0/10% D-0, (C) imino-imino region for three different values of pH showing enhanced detection of the G-U base pair at lower
pH, and (D) the imino to aromatic and amino region. RNA (0.5-1 mM) was measured at 12 °C in 10 mM sodium phosphate and 0.1 mM

EDTA at pH s.s.

to defocus and refocus the solvent magnetization as described
by Mori et al. (28). Experiments were optimized separately
for imino (G NIH and U N3H) and amino nitrogens (C, G,
and A). Data sets with 5760 complex points in /: and 360
complex points in t\ were acquired. In the 2D (*H—""C)
correlation experiment, constant time '*C HMQC was used
to enhance the resolution of the carbon dimension by
refocusing the *Jc-c coupling with flip-back pulses for water
elimination (29).

RNA samples with the native ferritin IRE sequence,
containing the conserved sequence around the internal loop/
bulge (Figure 1), formed opalescent gels during annealing
at concentrations of >1 mM which irreversibly broadened
the lines in the NMR spectrum even after diluting the sample,
melting, and reannealing. Samples at concentrations below
I mM used here and in previous studies (77) were clear under
a variety of conditions and showed no evidence of intermo-
lecular aggregation. Such properties, to date, have limited
the types of multidimensional NMR experiments possible
with the native ferritin IRE sequence.

Structure Modeling and Refinement. At the outset, the
secondary structure of the RNA sequence was predicted using
mfold version 9.0 from the University of Wisconsin GCG
(Figure 1A). The program MC-SYM (macromolecular

conformation by symbolic generation) (30) was used to
generate a family of model RNA/IRE structures. Preliminary
structures were generated using a nucleotide conformational
database constructed from all available nucleic acid structures
determined by X-ray crystallography and NMR spectroscopy.
The INSIGHT 1l program (version 95.0 from Biosym/
Molecular Simulations Inc.) was then used to visualize and
refine the coordinates generated by MC-SYM. Initial
structures from MC-SYM were refined using energy mini-
mization with a Discover 95.0 module. Structures were
examined for violations with a limited number of NMR
constraints and bad contacts. The script for the model is
available upon request.

Docking. The Co(I1l) hexammine ion was built within
INSIGHT 1l using the Builder module and the published
crystal structure (31). An RNA/Co(I11) hexammine complex
was constructed using the Docking module of the Biosym/
MSI software package. Automatic docking ofa ligand into
the IRE molecule was performed employing an energy-driven
Affinity method using the FIXEDDOCKING command.
FIXEDDOCKING uses nonbond methods in DISCOVER
and does not include solvation terms. The extensible
systematic forcefield (ESFF) was used in all DISCOVER 3
calculations. In a DOCKING search, the maximum number
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of structures was set to 10. Usually, less than 400 conjugate
gradient minimization steps were needed to find the energy
minimum for each acceptable structure. Hydrogen bonds
were located with HBOND in MEASURE in the Viewer
module of INSIGHT II.

RESULTS

Exchangeable Proton Spectra ofthe Ferritin IRE. In the
IRE, the imino (10—15 ppm) and amino (6—9 ppm) regions
ofthe 'H NMR spectra recorded in H-O provided information
on hydrogen bonding between base pairs and mismatches.
Most of the data were recorded at pH 6.8 in 10 mM sodium
phosphate buffer at 12 °C after a survey of the imino proton
spectra at different temperatures, pH values (6.8—3.2), and
NaCl concentrations (0—150 mM) in order to find optimal
conditions for making exchangeable proton assignments.
Both 2D NOESY and 2D ("H—'""N) correlated experiments
were used to assign imino protons. Complete connectivities
for the stem imino protons were obtained. Amino protons
involved in base pairing were assigned from imino—amino
correlations and "H—""N HSQC spectrum optimized for the
amino region.

The assignment of exchangeable proton resonances in the
ferritin IRE was facilitated by 2D heteronuclear experiments
on "*N- and '~C-labeled molecules. Resonance assignment
began by identifying the directly bonded imino protons and
nitrogens using the imino proton optimized 2D ("H—'"N)
HSQC spectrum shown in Figure 2. All but one uridine "N
signal resonated in the region typical for A-U base pairs
which was further confirmed by strong NOE interactions
from uridine imino to adenosine H2 protons in the 2D
NOESY spectrum.

Amino proton resonances for the IRE were assigned next
using the amino proton optimized 2D (‘H—""N) HSQC and
2D NOESY spectra. In a G'C base pair, strong intra-base
pair NOEs generally arise between the G imino protons and
the C amino protons. Figure 2B shows a plot of the region
containing the cross-peaks for the cytidine amino groups.
Separate resonances were observed for the two protons in
all but one cytidine amino group. A broad cross-peak was
observed for guanosine amino proton resonances in a separate
region of this spectrum, due to chemical exchange-induced
line broadening caused by the rotation of the amino group
around the C—N bond (79). Adenine amino groups were
not well resolved in the ("H—"*N) HSQC spectrum because
of an intermediate exchange regime.

Five cytidine amino groups showed characteristic bonded/
nonbonded amino proton patterns indicative of involvement
in Watson—Crick hydrogen bonds (Figure 2B,D). Three are
in the upper and lower stems of the IRE (Figure 1). The
only other two G*C base pairs possible from the secondary
structure (Figure IA) are across the hairpin hexaloop
(G18'Cl4) and across the bulge loop region (G7-C25) below
unpaired C8 and above U5/U6. The residue with the imino
proton at 12.86 ppm had a correlation to C amino protons at
7.89 and 6.71 ppm, while the imino proton at 12.69 ppm
showed NOEs to amino protons at 8.11 and 6.63 ppm,
consistent with the restricted rotation of a C residue in a
G'C base pair (32), and thus are assigned to Watson—Crick
G'C base pairs. One of the imino resonances, 12.69 ppm,
is assigned to a G'C pair across the hairpin hexaloop
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(G18'C14) by comparison of the NMR spectra of the wild
type IRE sequence and a base substitution, G18A (77). Note
that the assignment ofthe imino proton of G18 in the hairpin
loop ofthe IRE 30-mer differs from that of 16-mer fragment
ofthe IRE (18) in terms of chemical shift values as well as
in terms of stability, judged by the broadness of the imino
signal; the difference is likely due to the influence of the
internal loop/bulge and the lower stem on the IRE structure.
That the structure of one region of the IRE can be sensitive
to structure in other parts of the IRE is illustrated by the
marked changes observed throughout the IRE in the G18A
substitution (77) and by changing the concentration of
magnesium [Mg"*] (9). Finally, then, the fifth G'C base
pair in the ferritin IRE, with an imino resonance at 12.86
ppm, is G7 paired with C25 in the internal loop/bulge region
(Figure IB). The two G'C base pairs, G7'C25 and C14'G18,
each of which spans an IRE loop were not predicted by the
mfold program (Figure 1A).

G26, U5, and U6 are in the internal loop/bulge region of
the IRE (Figure 1). Imino proton resonances at 10.37 and
11.87 ppm could not be unambiguously assigned to either
G26 or U5 or U6 from the proton spectrum alone. However,
in the ’C- and ”’N-enriched sample, the U and G imino
nitrogens have distinctive chemical shifts and are readily
identified by the nitrogen chemical shift. A G'U base pair
can be identified by the "N chemical shifts (140.47 ppm
for G and 155.3 ppm for U) in Figure 2A; note that the signal
at 155.3 ppm has a very low intensity and could be observed
only at the low contour plot level. The presence ofthe G'U
base pair deduced from the "N chemical shifts is supported
by the observation of a cross-peak characteristic of a G'U
base pair in a 2D NOESY spectrum recorded in H.O/D-0
at 12 °C, varying the value ofthe pH (Figure 2C). The G'U
cross-peak intensity was very sensitive to pH (Figure 2C),
becoming stronger as the pH decreased from 6.8 to 5.1. Two
cross-peaks characteristic of G'U base pairs were observed
in the 2D NOESY spectrum (Figure 2C), indicating the
occurrence of two conformers, one with a G26'U5 pair and
one with a G26'U6 pair. The distribution of conformers
varied with pH (Figure 2C) with the G26'U6 pair predomi-
nating at higher values of pH. The properties of the G'U
base pair shown in Figure 2 suggest that the IRE in the region
of the bulge/loop region of the G'U base pair is dynamic, a
conclusion supported by enhanced solvent exchange (77)
susceptibility to radical cleavage [Fe-EDTA/hydrogen per-
oxide and Cu(phen)./dioxygen] (9, 16).

Model ofthe Ferritin IRE. MC-SYM version 1.3 was used
to generate a folded starting structure ofthe ferritin IRE using
the A type helix for the stem nucleotides G1-C4, G27—
C30, U9—A13, and U20—A24, an assumption supported by
the NMR data shown in Figure 2. Watson—Crick base-
paired helical nucleotides were assigned a single conforma-
tion, that of a nucleotide in an idealized A-helix. Multiple
conformations were allowed for the internal loop/bulge
region and hexaloop nucleotides. Satisfactory distance
constraints for modeling the A-helical part of the IRE were
obtained from 2D NOESY experiments in H-O (Figure 2D)
and D-O. Sugar puckers were based on data from DQF/
COSY experiments in D-0.

The loop regions of the IRE had fewer constraints. On
the basis of the NMR data, C14'G18 and G7'C25 were
defined as Watson—Crick base pairs; MC-SYM sampled 10
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different conformations of Watson—Crick base pairs. To
facilitate study of the internal loop/bulge, a hexaloop
structure, CAGUGU, was generated with a script that, in
addition to the C14-G18 pairs, forced G16 to stack over Al5,
in analogy to the hexaloop described for the IRE 16-mer
subdomain (upper stem/hairpin hexaloop) studied by Liang
and Hall (18). In the internal loop/bulge, C8, G7, U6, U5,
and C25, a Watson—Crick base pair was included for
G7'C25 in the script, on the basis of the NMR. G26’U6
was included as a base pair in the script, on the basis of the
NMR data in Figure 2. Because the position of C8 could
not be fixed by NMR constraints, different terms permitting
a large degree of sampling were first used for this nucleotide.
Structures with C8 bulged out and stacked into a helix were
generated and than tested. Residue C8 is thought to be
critical for recognition by the IRP since it cannot be mutated
without severe loss of activity (5—7). Elimination of the
bulge U6 also diminished IRP recognition (Y. Ke and E. C.
Theil, unpublished observations).

The script was constructed in two stages in order to reduce
the number of solutions generated by the MC-SYM script
when using a large degree of sampling. First, only a 16-
mer including the hexaloop (but excluding the internal loop/
bulge and lower stem) was generated. Because ofthe limited
input data, only a small number of nucleotide conformations
were sampled to decrease the number of allowed solutions.
Eight different hexaloop structures were generated which
differed mainly in the position of U19; this position is not
conserved in IREs. Cytidine was used in the 16-mer model
(18) and bulged out, as does U19 in all the hexaloop models
generated in this study. U17 was also looped out. The
positions selected for Al15, G16, and U17 are unlikely to
affect greatly any other part of the IRE because the AGU
sequence and position 19 are sites in the IRE hexaloop that
project into the solution on the basis of the accessibility to
both large and small structure probes in solution in both
ferritin and transferrin receptor IREs (9, 10, 16, 38, 42).

Next, nucleotides in the hexaloop were fixed and the
internal loop was modeled. The input file consisted of
explicit base pairing and stacking terms for generating an A
type helix (supported by the NMR data) for the stem
nucleotides. For the other residues, information on stacking,
non-Watson—Crick base pairs, and other conformational
features served to restrict the conformational assignments
to those nucleotides in the database that possess the same
confonnational features. In those cases where no confor-
mational information was available, different sample con-
formations from the database were tested, which were
compatible with known geometries of RNA structures
determined by X-ray crystallography and NMR spectroscopy.
The MC-SYM structures were converted into pdb format
and subjected to 100 cycles of energy minimization with
steepest descent and 100 cycles of minimization with
conjugate gradients.

The MC-SYM script with the hexaloop fixed as described,
generated 47 structures which varied in the internal loop/
bulge region. The structures were grouped into five families
consisting of 25, 8, 4, 5, and 5 structures. Superposition,
after energy minimization, was performed for five structures
representing each of the MC-SYM families (Figure 3A) and
for 15 structures from the largest MC-SYM family (Figure
3B). Only the nucleotides from U3 to U20 and from A23
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Figure 3: View of the internal loop/bulge region of the IRE
structure. Superposition was carried out with nucleotides U3-U20
and U23—U28, which bracket the internal bulge/loop region. The
view is into the minor groove: (A) five structures, one each
representing the five MC-SYM families; and (B) 15 of the 25
structures in the largest MC-SYM family,

to A28, which bracket the internal loop/bulge, were used to
create the best fit. All the conformations within one family
are very similar, being mainly variants of position C8 and
sugar—phosphate backbone conformers of G26 (Figure 3B)
that likely reflect the dynamic features of the G26 and the
U6’G26 base pair observed in NMR spectra (Figure 2) and
the fact that U5 readily stacks in the models (Figure 3).
The model (Figure 4) shows the distortion of the helix
imposed by the structure of the internal loop/bulge region,
C8, G7, U6, and U5 and C25, G26, G27, and G7-C25. The
distance between the G18 and G7 is 22 A in the ferritin IRE
model, and the major groove appears to be widened at the
junction of the upper and lower helixes. In contrast, in an
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Figure 4. IRE models, obtained using MC-SYM, assisted by
constraints obtained from NMR spectra of the IRE (Figure 2). G7
and G18, which form G-C base pairs across loops (see Figure 2),
are shown in white and are at sites cross-linked to IRP-1 (27). Cs,
required for IRP binding, is shown in orange. U5 is stacked into
the helix, while Cs appears to rotate freely (see Figure 3). The
internal loop/bulge region, which is conserved in all frrritin IREs,
changed the distance between the two IRP-1 contact sites from 18
to 22 A, which may relate to IRP binding (42, 43): (left) the ferritin
IRE and (right) a ferritin IRE model without the internal loop/bulge
(Cs and U5 deleted).

IRE/coHexammine
temp 12*C

Figure 5: Effect of Co(lll) hexammine on the 'H NMR spectrum
of the ferritin IRE. RNA (0.5 mM) was measured at 12 °C in 10
mM sodium phosphate and 0.1 mM EDTA at pH e.s. Co(lll)
hexammine, present during melting and annealing, increased the
Tm 4, s, or 10 °C for 1:1,2:1, and 3:1 Co:RNA, respectively: (top)
3:1 Co:RNA, (middle) 1:1 Co:RNA, and (bottom) 0:1 Co:RNA.

A-helix with the same sequence but without the bulges
(deletion of C8 and U5), the distance between G18 into G7
isonly 18 A (Figure 4), and the major groove is narrow and
undistorted. G18 and G7 are protein (IRP) contact sites,
where intersite distances may be important for binding.
Co(lll) Hexammine Effects on the IRE. To0 gain more
insight about the loop regions of the IRE and to further test
the model, one-dimensional NMR spectroscopy was used
to monitor the Co(l1l) hexammine effects on the IRE. Co-
(111) hexammine can provide information about Mg*' sites
in RNA (33). Figure 5 shows the results of IRE titration
with Co(I11) hexammine up to a 1:3 ratio; the concentration
of Co(I11) hexammine was 0.5—15 mM. One set of imino
protons of IRE and amino protons of Co(lll) hexammine
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(3.65 ppm) observed during the titration experiment indicted
that Co(ll1) hexammine was in fast exchange on the NMR
time scale. Addition of Co(lll) hexammine to the IRE had
the largest observable effects on the chemical shift of two
imino resonances; G7 and G27 in the internal loop/bulge
region. G27/G26 is also a major site for binding and
cleavage by Cu(phen,= (9, 10). Such an observation suggests
that the metal ion bound specifically in the pocket formed
by bases located in the internal loop/bulge region (Figure 4)
near the dynamic G*U base pair. The Tm of the IRE with
Co(l11) hexammine was increased 4, 8, and 10 °C for 1:1,
2:1, and 3:1 metal:RNA, respectively (Y. Ke and E. C. Theil,
unpublished results).

In the ferritin IRE, N7 and 06 atoms of guanine and the
carbonyl 04 group of uracil residues are potential acceptor
sites for hydrogen bonding with Co(I11) hexammine ion. To
determine how the proposed model structure of the ferritin
IRE fit the NMR results of Co(l11) hexammine titration, the
intermolecular association between IRE and Co(ll1) hexam-
mine was examined. A model of the RNA/metal ligand
complex was built by automatic docking of a flexible ligand
into the model structure of RNA. The representative
structure (Figure 4) ofthe IRE was fixed in its conformation
during the automatic docking process. Such an approach is
consistent with recent NMR studies on the structure of the
P5b stem from a group | intron ribozyme which bound the
Co(I1) hexammine ion and where the structures of RNA
with and without Co(l11) hexammine bound were found to
be identical within the precision of the NMR data (33).
Superposition of 10 structures of the Co(Ill) hexammine
complex generated by the DOCKING program using an
Affinity option is presented in Figure 6.

The metal ion binds to the dynamic internal loop/bulge
region which forms a suitable binding pocket for Co(Ill)
hexammine and contains four nucleotides conserved in all
ferritin IREs. All structures of the generated RNA/metal
complexes can be grouped into two classes. In one class, a
family of hydrogen bonds, located using the HBOND option
in Insightll, are found in a complicated interaction with G27,
G26, U5, U6, and C25; in the second class, additional
hydrogen bonds are found to G7. Positioning C8, in or
outside the bulge loop, had no effect on the model. All the
hydrogen bonds in the complexes are to base nitrogen and
oxygen; no interactions with the backbone were observed
in the model. The Co(lll) hexammineilRE ratio (1:1)
increases the Tmby 4 °C (Y. Ke and E. C. Theil, unpublished
observations). The effect of Co(lll) hexammine on Tm,
combined with the effect of Co(111) hexammine on the NMR
spectrum and the model, suggests that the Co(l11) hexammine
interaction at the dynamic G-U base pair selects and stabilizes
one of the conformations around G26 that are possible in
the model (Figure 3).

DISCUSSION

A model of the natural IRE in ferritin mRNA, generated
by a combination of molecular modeling (MC-SYM) and
NMR studies (Figures 2 and 3), is a stack of two A-helixes
of 5 base pairs each, distorted by an internal loop/bulge
region with a terminal hairpin loop. Earlier NMR studies
of the IRE (77, 18) considered only the terminal hexaloop
and obtained evidence for the G-C base pair (77, 18) also
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Figure 6: Structure of the IRE/Co(lll) hexammine complex. Docking was used to examine the interaction of Co(lll) hexammine (blue)
with the IRE. Note the specific interactions with G7, G27, G26, U5, Us, and C25 (yellow) in the pocket of the internal loop/bulge region.
'H resonances of G7 and G27 on the outer edge of the pocket were the most affected by Co(l11) hexammine binding, based on the NMR
spectra (Figure 5). G18 in the terminal hexaloop is shown in orange: (A, left structure in left panel) view into the major groove and (right,
structure in left panel) view into the minor groove and (B) view from the bottom (5'- and 3'-termini).

observed here (Figure 2). Solution studies of the ferritin
IRE using RNAses, dimethyl sulfate, transition metals
complexes that are nucleases, and SELEX of variants of the
hairpin loop with an IRP-1 ligand (9, 10, 16, 34—38) are all
consistent with the model. Both the internal loop/bulge and
the hairpin loop are spanned by a G*C base pair (G7-C25
and C14-G18, respectively) (Figure IB). The G-C base pairs
observed in the NMR spectra (Figure 2) are between bases
conserved in all ferritin IREs, but were not predicted (Figure
I1A); the G-C pair in the terminal hexaloop had also been
indicated in earlier chemical and mutagenesis studies (9, 10,
16—18, 34—38), but before this study there was no experi-
mental evidence for the G-C pair in the internal loop/bulge.
On the basis ofthe imino resonances (12.69 and 12.86 ppm),
the relatively high accessibility to D-O, and relatively low
temperature stability (17), the two G-C base pairs are in
similar environments. Moreover, each base pair is adjacent
to a dynamic region of the IRE (U6, U5, C8, or U19) and
protein contact sites (21), suggesting that a combination of
structural specificity and flexibility is important for the RNA/
protein interaction.

Residue C8, which does not participate in a Watson—Crick
base pair and is conserved in all IREs (5, 6, 8), could not be
fixed by NMR constraints. Free rotation of the amino group
of cytosine residues is limited only to the unpaired form of
the base and is represented by the single cytidine amino
group in the 2D ("H—"N) NMR data (Figure 2B). Tlius,
the flexibility of C8, and consequent free rotation of the
amino group, may be related to a requirement of water-
mediated protein complexation (32).

Co(Ill) hexammine binds to the ferritin IRE where the
major groove is distorted by the internal loop/bulge of the
ferritin IRE, based on the effect on the 1D NMR spectrum
(Figure 5). Modeling the Co(l11) hexammine/RNA interac-
tion (Figure 6) provided a more detailed view ofthe internal
loop/bulge region and the Co(lll) hexammine site than is
possible from the NMR data alone. The interaction of the

IRE with Co(l11) hexammine appears to be analogous to the
binding of Co(I11) hexammine in the major groove of the
P5b stem ofthe group ! intron of Tetrahymena (33). In the
ferritin IRE, the Co(lll) hexammine site is located in the
major groove in a pocket formed by a G-U base pair and
adjacent G and U residues; in the model, hydrogen bonds
between Co(lIl) hexammine and U5, U6, G7, G26, and G27
are predicted. Cu(phen,- appears to bind in or near the Co-
(111) hexammine site of the ferritin IRE on the basis of
cleavage of G7, G26, and G27 in both natural ferritin mRNA
[poly(A™)] and in vitro transcripts (9, 35, 36). Cu(phen,-
recognizes distortions in RNA helixes associated with bulge
loops (39, 40).

Hydrated Mg™*" and Co(l11) hexammine can bind at similar
sites in RNA, often involving G residues, as illustrated by
the group | intron of Tetrahymena (33, 41). By analogy,
the Co(l11) hexammine site in the internal loop/bulge of the
ferritin IRE could also be a Mg binding site. The fact
that Mg+ decreased the accessibility of Cu(phen,- to G26
and G27 in the internal loop/bulge region (9) suggests
competition between Mg and Cu(phen,- for the same IRE
site and strengthens the idea that the internal loop/bulge
region of the ferritin IRE is a Mg""™" binding site. Since the
IRE forms a fairly specific structure without Mg™*" or Co-
(111) hexammine (Figures 2 and 4) at low salt concentrations,
finding conditions where the effect of metal or salt on IRE
function can be studied independently of effects on protein
is difficult, except by mutation (38; reviewed in refs 5—8).
The relatively stable structure of the IRE without metal,
except for the internal loop/bulge, suggests that the metal
will be involved in fine-tuning interactions in an initial RNA/
protein complex, especially in the region ofthe internal loop/
bulge, or may facilitate protein dissociation.

Hydrogen bonds between Co(l11) hexammine and the IRE
molecule involving five of the six NHM"' groups and U5, U6,
G26, and G27 are possible. Such a hydrogen bond network
could stabilize the dynamic features of base pairing exempli-
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fled in Figure 2 and could account for the increase in the Tm
when Co(lll) hexammine binds (Y. Ke and E. C. Theil,
unpublished observations). The interhelical region of IREs
appears to be different in other IREs, based on the predicted
structure which has only the C8 bulge. However, the IRES
in erythroid aminolevulinate and m-aconitase mRNAs have
additional bulged residues near the C bulge which may
produce that same dynamic behavior ofthe interhelical region
observed with the ferritin IRE (Figure 2C). The transferrin
receptor IRES, which have a bulge C and no other predicted
bulge regions, nevertheless have a broad melting transition,
multiple cleavage sites [Cu(phen).] (Ke and E. C. Theil,
unpublished observations), and multiple Pb"*" hydrolysis sites
(42) in the IRE interhelical region, which also is the behavior
of an RNA with conformational heterogeneity in the inter-
helical region. Taken together, the NMR data, the IRE
model, and the IRE chemical reactivity suggest that a fairly
commodious or dynamic metal binding pocket in the middle
of the IRE helix is important for optimal ligand/protein
interactions.

NOTE ADDED IN PROOF

A paper describing the structure ofa consensus B(bulge)-
IRE appeared recently (43). Many ofthe features are shared
except in the region of the IL/B (internal loop/bulge);
regulation by the IL/B-IREs in vivo is more efficient than
that by B-IREs.

REFERENCES

Peterson, R. D., Bartel, D. P., Szostak, J. W., Horvath, S. J.,

and Feigon, J. (1994) Biochemistry 33, 5357-5366.

2. Puglisi, J. D., Chen, L., Blanchard, S., and Frankel, A. D.
(1995) Science 270, 1200-1203.

3. Brodsky, A. S., and Williamson, J. R. (1997) J. Mol. Biol.
267, 624-639.

4. Luebke, K. J., and Tinoco, I., Jr. (1996) Biochemistry 35,
11677-11684.

5. Roault, T. A, and Klausner, R. D. (1996)/ Biol. Inorg. Chem.
1, 494-499.

s. Hentze, M. W., and Kuhn, L. C. (1996) Proc. Natl. Acad. Sci.
US.A. 93. 8175-8182.

7. Goessling, L. S., Rup, D., and Thach, R. E. (1996) Prog.
Nucleic Acids Res. Mol. Biol. 55, 121 —134.

s. Theil, E. C. (1997) in Metal lons in Biological Systems (Sigel,
H., and Sigel, A., Eds.) (in press).

9. Wang, Y.-H., Sczekan, S. R., and Theil, E. C. (1990) Nucleic
Acids Res. 18, 4463 —4468.

10. Wang, Y.-H., Lin, P.-N., Sczekan, S. R., McKenzie, A. R,
and Theil, E. C. (1991) Biol. Met. 4, 56-61.

11. Shull, G. E., and Theil, E. C. (1982) /. Biol. Chem. 257,
14187-14191.

12. Dix, D. J., Lin, P.-N., Kimata, Y., and Theil, E. C. (1992)
Biochemistry 31, 2818—2822.

13. Bhasker, C. R., Burgiel, G., Neupert, B., Emery-Goodman,

A., Kuhn, L. C,, and May, B. K. (1993) J. Biol. Chem. 268,

12699-12705.

—

14.
15.
16.

17.
18.
19.
20.
21.
22.
23.
24.

25.
26.
21.
28.
29.
30.

3L
32.

33.
34.

35.
36.
371.
38.
39.

40.
41.

42.

43.

Gdaniec et al.

Shull, G. E., and Theil, E. C. (1983) /. Biol. Chem. 258, 7921 -
7923.

Dickey, L. F., Wang, Y.-H., Shull, G. E., Wortman, 1. A., lll,
and Theil, E. C. (1988)/. Biol. Chem. 263, 3071-3074.
Harrell, C. M., McKenzie, A. R., Patino, M. M., Walden, W.
E., and Theil, E. C. (1991) Proc. Natl. Acad. Sci. U.S.A. 88,
4166-4170.

Sierzputowska-Gracz, H., McKenzie, A. R., and Theil, E. C.
(1995) Nucleic Acids Res. 23, 146—153.

Liang, L. G., and Hall, K. B. (1996) Biochemistry 35, 13586—
13596.

Varani, G., Aboul-ela, F., and Allain, H.-T. (1996) Prog. Nucl.
Magn. Reson. Spectrosc. 29, 51 —127.

Pardi, A. (1995) Methods Enzymol. 261, 350—386.
Basilion, P. J., Rouault, T. A., Massinople, M. C., Klausner,
R. D., and Burgess, H. W. (1994) Proc. Nall. Acad. Sci. U.S.A.
91, 574-578.

Studier, F. W., Rosenberg, A. H., Dunn, J. J., and DuBendary,
J. W. (1990) Methods Enzymol. 185, 60—88.

Hayne, S. L., and Whitesides, G. M. (1990) Appl. Blochem.
Biotechnol. 23, 205—222.

Nikonowicz, E. P., Sirr, A., Legault, P., Jackson, F. M., Baer,
L. M., and Pardi, A. (1992) Nucleic Acids Res. 20, 4507—
4513.

Batay, R. T., Foruda, M., Kujawinski, E., Puglisi, J. D., and
Williams, J. (1992) Nucleic Acids Res. 20, 4515—4523.
Piotto, M., Saudek, V., and Sklenar, V. (1992)/. Biomol. NMR
2, 661-665.

Sklenar, V., and Bax, A. (1987) /. Magn. Reson. 74, 469—
479.

Mori, S., Abeygunawardana, C., Johnson, M. O., and van Zijl,
P. C. M. (1995) /. Magn. Reson., Ser. B 108, 94-98.
Hallenga, K., and Lippens, G. (1995)/. Biomol. NMR 5, 59—
66.

Major, F., Turcotte, M., Gautheret, D., Lapalme, G., Fillion,
E., and Cedergren, R. (1991) Science 253, 1255-1260.
Clegg, W. (1985) Acta Crystallogr. C 41, \ 164—1166.
Williams, L. D., Williams, N. G., and Shaw, B. R. (1990) /.
Am. Chem. Soc. 112, 829—832.

Kieft, J. J., and Tinoco, 1, Jr. (1997) Structure 5, 713-721.
Bettany, A. J. E., Eisenstein, R. S., and Munro, H. M. (1992)
/. Biol. Chem. 267, 16531-16537.

Dix, D. J., Lin, P.-N., McKenzie, A. R., Walden, W. E., and
Theil, E. C. (1993)/. Mol. Biol. 231, 230-240.

Henderson, B. R., Menotti, E., Bonnard, C., and Kuhn, L. C.
(1994)/. Biol. Chem. 269, 17481-17489.

Butt, J., Kim, H.-Y., Basilion, J. P., Cohen, S., lwai, K.,
Philpott, C. C., Altschul, S., Klausner, R. D., and Rouault, T.
A. (1996) Proc. Natl. Acad. Sci. U.S.A. 93, 4345-4349.
Thorp, H. H., McKenzie, R. A., Lin, P.-N., Walden, W. E.,
and Theil, E. C. (1996) Inorg. Chem. 35, 2773-2779.
Sigman, D. S. (1990) Biochemistry 29, 9097—9105.
Hermann, T. H., and Heumaim, H. (1995) RNA I, 1009—1017.
Cate, J. H., Gooding, A. R., Powell, E., Zhou, K., Golden, B.
L., Kuindrot, C. E., Cech, T. R., and Doudna, J. A. (1996)
Science 273, 1678-1686.

Schlegel, J., Gegout, V., Schlager, B., Hentze, M. W., Westhof,
E., Ehresmann, C., Ehresmann, B., and Romby, P. (1997) RNA
3, 1159-1172.

Addess, K. J., Basilion, J. P., Klausner, R. D., Rouault, T. A.,
and Pardi, A. (1997)/. Mol. Biol. 274, 72-83.B19719814

B19719814












Biochemistry 2000, 39, 6235—6242 6235
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abstract. lron-responsive elements (IREs), a natural group of mRNA-specific sequences, bind iron
regulatory proteins (IRPs) differentially and fold into hairpins [with a hexaloop (HL) CAGUGX] with
helical distortions: an internal loop/bulge (IL/B) (UGC/C) or C-bulge. C-bulge iso-IREs bind IRP2 more
poorly, as oligomers (n = 28—30), and have a weaker signal response in vivo. Two trans-loop CjC base
pairs occur in the ferritin IRE (IL/B and HL) but only one in C-bulge iso-IREs (HL); metal ions and
protons perturb the I1L/B [Gdaniec et al. (1998) Biochemistry 37, 1505—1512]. IRE function (translation)
and physical properties (Tm and accessibility to nucleases) are now compared for IL/B and C-bulge IRES
and for HL mutants. Conversion ofthe IL/B into a C-bulge by a single deletion in the IL/B or by substituting
the HL CG base pair with UA both derepressed ferritin synthesis 4-fold in rabbit reticulocyte lysates
(IRPI - IRP2), confirming differences in IRP2 binding observed for the oligomers. Since the engineered
C-bulge IRE was more helical near the IL/B [Cu(phen,- resistant] and more stable (Tm increased) and the
HL mutant was less helical near the IL/B (ribonuclease TI sensitive) and less stable (Tm decreased), both
CG trans-loop base pairs contribute to maximum IRP2 binding and translational regulation. The ‘H NMR
spectrum of the Mg—IRE complex revealed, in contrast to the localized IL/B effects of Co(l11) hexaammine
observed previously, perturbation ofthe IL/B plus HL and interloop helix. The lower stability and greater
helix distortion in the ferritin IL/B-IRE compared to the C-bulge iso-IREs create a combinatorial set of

RNA/protein interactions that control protein synthesis rates with a range of signal sensitivities.

Awareness of mRNA regulation as a mechanism for
controlling gene expression is increasing. The iso-IRE (iron
responsive element)" family of mRNA regulatory elements
recognized by the cognate proteins, iron regulatory proteins
(IRPs), is one of the most extensively characterized mRNA
regulatory targets. However, knowledge about mRNA regu-
lation is in its infancy compared to understanding of DNA
regulation such as hormone response elements recognized
by hormone nuclear receptors (/). The ancient nature of the
proteins encoded in IRE-containing, animal mRNAs (e.g.,
aconitase, ferritin), the homology of the IRPs to aconitases,
and the recent detection of functional IREs and IRPs in
bacteria (2) as well as animals suggest that the IRE/IRP
interaction is also ancient, possibly representing regulation
in an RNA world.
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the CHORI Foundation.
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' Abbreviations: IRE, iron-responsive element; IRP, iron regulatory
protein; IL/B, internal loop/bulge; HL, iron-responsive element hairpin
hexaloop (Hairpin Loop); RRL, rabbit reticulocyte lysate; TfR, trans-
ferrin receptor; WGE, wheat germ extract; WT, wild type.

The common structural features of iso-IREs are a hairpin
hexaloop (CAGUGX) with a trans-loop GC base pair and a
helical stem (3—5). The GC base pair in the hexaloop has a
large effect on the stabilization of the overall IRE stmcture
(3, 6). A disordered C residue occurs in all IREs (4, 5). In
many iso-1REs, the disordered C is a bulge in the helix of
the IRE stem (4). In another type of iso-IRE, the disordered
C residue is part of a set of four conserved residues [UGC-
(16 nucleotides)-C] that form an internal loop/bulge (IL/B)
with a trans-loop GC base pair (5). IRE sequences are
mRNA-specific. IRE sequence differences in a single organ-
ism range from 36% to 85%, but for a particular mRNA,
the IRE has high sequence conservation among animals,
especially among vertebrates (>95%) (7).

Common structural features of iso-IRPs include protein
kinase sites (S, 9) and sequence homology to aconitases (10),
although no three-dimensional IRP structures are determined
at this time. IRPI binds Fe and sulfur with the acquisition
of aconitase activity as cytosolic aconitase (10).

IRE-containing mRNAs have quantitatively different
responses in vivo to an environmental signal such as iron
(11, 12), allowing a range of response sensitivities to the
same signal. Recently, in vitro studies of the IRE/IRP
interaction, using short RNA sequences (28—30 nucleotides)
from several different IRE-containing mRNAs and both
recombinant and natural IRPI and IRP2, showed different
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IRP2 binding among iso-IREs: the RNA/protein complexes
and unbound RNA were separated by electrophoresis in
native, sieving gels (13). The iso-IRE/IRP binding differences
coincided with the range of different responses to iron in
Vivo (11—13). The differences in IRP2 binding to iso-IRES
also correlated with differences between the IL/B and
C-bulge and were abrogated by deletion of a conserved U
residue from the internal loop/bulge to create a C-bulge (13).

To begin to connect the data on IRP binding for the short
RNA sequence in vitro with the observed range of iron
responsiveness in vivo, we now show that IRE-dependent
regulation of protein synthesis in vitro reproduced the
differences previously observed for iso-IRE binding to IRPI
and IRP2. In addition, decreases in translational repression
and 1RP2 binding were associated with either more or less
distortion in the helix and more or less stability of the IRE
structure, on the basis of Cu(phen,- or TI probing and Tm
measurements. Finally, NMR spectroscopy again emphasized
the local sensitivity of the IL/B to metal ions observed
previously (5) but also, since the hexaloop and interloop helix
residues were perturbed, revealed the more global effects of
Mg.

MATERIALS AND METHODS

Mutagenesis. IRE mutants in full-length transcripts, used
to study IRE function in regulation of protein synthesis, were
generated on the pBFH-IDV plasmid, which had been
constructed by insertion of wild-type bullfrog H-subunit
cDNA into pTZ19U vector (74, 15), by double-stranded, site-
directed mutagenesis. The mutagenesis was done with a
Chameleon double-stranded, site-directed mutagenesis kit
(Stratagene) and followed the protocol provided by the
manufacturer. The selection primer (5-CTG TGA CTG GTG
ACG CGT CAA CCA AGT C-3') was designed to change
the restriction endonuclease 5cai recognition site to the Miul
site for enrichment and selection of IRE mutants. There is
only one 5cal site in the vector of pBFH-IDV plasmid. The
mutagenic primers were designed to produce IRE mutants.
The sequences used are 5'-CAC TGT AGC AGA ACT CTA
CTA AGA G-3' (AU6 mutant), 5'-GGG TTC CGT TCA
AAT ACT ATT GAA GCA AGA ACT CTA C-3' (C14U/
G18A mutant), and GGG TTC CGT TCA AAC ACT ATT
GAA GCA AGA ACT CTA C (G18A mutant). The IRE
mutants were confirmed by DNA sequencing with a T7
Sequenase version 2.0 DNA sequencing Kit (U.S. Biochemi-
cal Corp.).

RNA Preparation. Capped full-length RNA transcripts
were transcribed from pBFH-IDV and the derived mutant
(pBFH-AUS, PBFH-C14U/G18A, and pBFH-G18A) gener-
ated by mutagenesis. The plasmids were digested with Sail
restriction endonuclease, 24 nucleotides downstream from
the DNA sequence encoding the ferritin mRNA poly(A)-I-
tail. The linearized plasmids were purified by extraction with
phenol, phenol/chloroform, and chloroform, precipitated with
ammonium acetate and ethanol, and then used as templates
for transcription. Transcription reactions were performed as
described previously (14—16) except for the omission of
radioactive nucleotide in the reactions. The transcription
products were purified through RNeasy columns (Qiagen)
and eluted in H.O. The purified transcript was quantitated
by reading the absorbance at 260 nm at various dilutions
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and stored at —80 °C. Homogeneity of the transcripts was
analyzed on | M urea/1.5% agarose gels.

RNAs (29—30-mer) used for thermal denaturation and
enzymatic and chemical structure probing were transcribed
from chemically synthesized DNA templates with T7 RNA
polymerase (6, 17), followed by gel purification and ethanol
precipitation, and then resuspended in H-O and stored at —80
°C until use. RNA labeling was performed as described
previously (18, 19), with purification through NENsorb
columns (DuPont). The RNAs used for thermal denaturation
were further purified by dialysis against H-O.

For NMR analysis, the ferritin IRE 30-mer was synthesized
and gel-purified by the CyberSyn Company in Lenni, PA.
Samples for the analysis were prepared by dissolving
approximately 1.1 mg of the purified RNA in 0.2 mL of
90% H20/10% D.O phosphate buffer (10 mM sodium
phosphate, pH 6.8, and 0.1 mM EDTA) to give ~0.5 mM
RNA. The samples were heated at 80 °C for 5 min and
cooled slowly prior to each experiment. Mg™* was added
after annealing. Aliquots of the stock solution of 0.3 mM
MgCl. were individually added to the RNA sample to
produce different ratios of the divalent ions to RNA. At the
strand concentration used »90% of the RNA was mono-
meric, on the basis of melting profiles and diffusion NMR
analysis.

Protein Synthesis in Vitro. Nuclease-treated rabbit reticu-
locyte lysates (RRL) and wheat germ extracts (WGE) from
Promega were used for protein synthesis as previously
described (14, 15, 20, 21). Ferritin synthesis with [V’S]-
methionine labeling in RRL was carried out at 30 °C for 17
min and in WGE at 25 °C for 40 min. The final concentration
of full-length transcripts directing ferritin synthesis is 1.5
nM in RRL and 3.0 nM in WGE. Ferritin synthesis rates
were linearly dependent on the incubation time and RNA
concentration on the basis of preliminary experiments with
different incubation times and RNA concentrations. After
termination of the labeling translation reactions with an equal
volume of 10 mM cold methionine, the labeled, synthesized
ferritin was resolved by SDS—polyacrylamide gel electro-
phoresis and analyzed with a Phosphorlmager and Im-
ageQuant software (Molecular Dynamics).

Enzymatic and Chemical Structure Probing. Cleavage of
RNA with Tl and Cu(phen,= complexes followed the
previous description (18, 19) with modifications. 5-"P-
Labeled RNAs were melted at 85 °C for 5 min and then
slowly annealed in a metal block at room temperature before
incubation with RNase Tl or Cu(phen,- under native
conditions. Cleavage by the transition metal complex was
initiated with 3-mercaptopropionic acid at 25 °C and
terminated with 2,9-dimethyl-1,10-phenanthroline after 5
min. Digestion with Tl under denaturing conditions and
alkaline hydrolysis of RNA for gel calibration have been
previously described (18). The cleavage products were
resolved by electrophoresis in a denaturing gel (18) and
analyzed with a Phosphorlmager and ImageQuant software
(Molecular Dynamics).

Thermal Denaturation. Wild-type or mutant IRE (~1.5
pM in 10 mM phosphate buffer, pH 6.8, with or without
100 mM NaCl) were heated and annealed, as described under
Enzymatic and Chemical Stmcture Probing, prior to thermal
denaturation analysis. RNA thermal denaturation over the
range of 5—95 °C used | ¢cm path length, reduced-volume.
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quartz cells (800 pL). The thermal denaturation profiles,
absorbance at 260 nm as a function of temperature, were
acquired on a Cary 100 spectrophotometer system with
accessories for thermal melting. The rate of temperature
increase was 1 °C/min. Melting temperature (Tm) and free
energy (AGs-) were determined with hypochromicity meth-
ods (Cary Win Bio package application software).

NMR Spectroscopy. NMR spectra were obtained on a
Bruker AVAVCE 500 MHz spectrometer (1990) with an
Oxford narrow-bore magnet (1989), SGI INDY Host Work-
station, XWINNMR software. Spectra in 10%/90% D-O/
H-O were acquired with a triple-gradient probe and WA-
TERGATE pulse sequence for water suppression (22).
Spectra acquired at 4 or 12 °C showed no detectable
difference. Spectra were processed with XWINNMR soft-
ware and Felix software (MSI), using exponential weighting
function or shifted sine-bell function to resolve overlapped
imino protons.

RESULTS

Effects ofMutations in the Internal Loop/Bulge or Hairpin
Loop on Translation Repression. To determine ifthe internal
loop/bulge (IL/B) and C-bulge IREs’ effect on translational
regulation of protein synthesis was the same as on IRP2
binding in vitro (13), ferritin synthesis directed by 5'-capped,
3'-polyadenylated, full-length ferritin mMRNA was compared
for RNA with wild type (IL/B) IRE or AU6 (C-bulge) IRE
sequences (Figure 1). Previous studies had shown that the
engineered C-bulge ferritin IRE, AUB, displays the same type
of 1RP2 binding as natural C-bulge IREs (erythroid ami-
nolevulinate synthase, mitochondrial aconitase, and trans-
ferrin receptor IRES) and contrasts with the wild-type (WT)
ferritin IRE containing an IL/B in protein binding assays (13).
The ferritin AU6 IRE sequence thus is a useful model for
comparisons of C—bulge and IL/B IREs, since other varia-
tions in sequence among natural IREs with a C-bulge will
not be a factor. Included for comparison are data with full-
length transcripts of ferritin mRNA containing the IRE
hairpin loop (HL) mutations G18A or C14U/G18A (Figure
LA) that had previously been studied with a human growth
hormone (hGH) reporter in transfected cells (23). Ferritin
synthesis directed by the G18A-IRE ferritin full-length
transcript, which had also previously been shown to be
completely derepressed in rabbit reticulocyte lysates (RRL)
(24), made a useful control for IRE-independent experimental
variations.

Translation conditions were selected so that the rates of
ferritin synthesis were linearly dependent on incubation time
and mRNA concentration. RRL was selected because it had
previously been shown to regulate ferritin mRNA with trans
factors (14, 21, 25—27), now known to be IRPI and IRP2
(13). In addition, ferritin synthesis in wheat germ extracts
was measured to assess possible general effects of the
mutations on protein synthesis, since wheat germ extracts
have no ferritin mRNA-specific regulation (no IRPS) (21,
25, 28).

The results showed that all mutations in the IRE region
studied increased ferritin synthesis in RRL, suggesting IRE-
dependent derepression of translation (Figure 1B). However,
deletion of U6 in the IL/B region or C14U/G18A double
mutations in the HL increased ferritin synthesis by 4-fold
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Table 1. IRE-Dependent Translation Repression and IRP Binding
to the IRE

ferritin rgjression  binding to the IRE in ferritin mRNA

mMRNA in RRL" IRP1* IRP2"
wT 3 =3 100 100
AUb +3 87 £5 <5
C14U/G18A 64+6 89 +4 <5
G18A 0 <l <1

“ Ferritin synthesis in RRL was analyzed by electrophoresis (Figure
IB) and quantitated by use of a Phosphorlmager and ImageQuant
software. The data ate average of three experiments with two
independent preparations of RNA in vitro transcripts. Repression = (I
— ferritin synthesis/GI8A transcript-directed ferritin synthesis) x 100.
* Data from ref !3. * Repression for GI8A ferritin mRNA was set to
be zero, as neither IRPI nor IRP2 binds the IRE in the mRNA, and
was used to calculate repression for other tested ferritin mRNAs.

while G18/A IRE mutation in the HL caused a 13-fold
increase in translation. In wheat germ extract, which has no
IRE recognition proteins (25, 28), all the transcripts tested
were identical in directing ferritin synthesis (Figure 1C),
showing that the differences in ferritin synthesis in RRL were
dependent on IRP-regulated protein synthesis.

To facilitate quantitative comparisons of the effects of IRE
structure on ferritin mRNA function, the data were normal-
ized to those obtained with mRNA containing the G18A IRE,
since neither IRPI nor IRP2 is bound by the G18A IRE (13,
29—31) and ferritin synthesis is fully derepressed in RRL
(24). The AUG transcript was only repressed by 66% =+ 3%,
whereas the repression for the WT transcript was 94% +
3% (Table 1). Repression of the C14U/G18A IRE transcript
in RRL (64% + 6%) was comparable to the AU6 IRE
transcript (Table 1) and confirms the results obtained with
the same mutation and a hGH reporter transfected into
cultured cells (23).

Effects ofInternal Loop/Bulge and Hairpin Loop Muta-
tions on Thermal Stability. The helix distortion, C-bulge, or
internal loop/bulge (IL/B) in the iso-IREs influences both
IRP2 recognition (13) and translation repression (Figure |
and Table 1). The main structural difference between these
two types of IREs is the number of nucleotides involved in
the distortion at the midpoint of the helix (Figure 2). To
explore the structural variation in the helix distortion and to
examine the relationship of the helix distortion to IRE
function, the thermal stability was analyzed for a series of
IREs.

Conversion of the IL/B to a C-bulge by deletion of U6
increased the  and thermal stability (Table 2) as predicted
from the change in secondary stmctures (Figure 2). Substitu-
tion of the hairpin loop (HL) CG base pair by UA (Figure
3) decreased Tm and thermal stability but had less effect than
disruption of the base pair with a single mutation in the HL
(G18A IRE) (Table 2), emphasizing the importance of the
base pair in the HL to IRE stability. All these mutants,
whether destabilizing or stabilizing IRE structures, decreased
IRP2 binding (13) and translational regulation (Figure 1),
suggesting that the RNA structure of the ferritin IRE is
precisely balanced in an energy state associated with
optimum protein recognition.

Effects of Internal Loop/Bulge and Hairpin Loop Muta-
tions on Access to Nucleases: Cu(pheny= and RNase TI.
Cu(phen)-, a small reagent, was used to probe the structure
of iso-IREs that displayed different binding of IRP2.
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A
WT ferritin in vitro transcript:
S-UTR 3-UTR
| 24 .. . .
Cap - -gUUCUUGCUUCAACAGL/CUUUGAACGGAAC" Ferritin coding region AAAAAAAAAA
IRE sequence (30nts)

AUG ferritin in vitro transcript:
S-UTR 3-UTR
Cap - -ouucU.GOJUCAACAGUCUUUGAACGGAAC " Ferritin- coding region AAAAAAAAAA

G18A ferritin in vitro transcript:
5-UTR 3-UTR

Cap- - GUUCUUGCUUCAACAGYAUUUGAACGOAAC Ferritin coding region AAAAAAAAAA

C14U/G18A ferritin in vitro transcript:

S-UTR 3-UTR
Cap - - GUUCUUGCUUCAAIJAGYAUUUGAACGGAAC Ferritin coding region - AAAAAAAAAA
B
Transcript: WT AU6 Cl4U GI18A
G18A
Synthesized ferritin
120
100
1 »
Vi’ 60
5 «
| 2
04—
WT AU6 Cl4U  GI18A
GI8A
IRPI binding: + + + -
IRP2 binding: + - - -
Transcript: - WT AU6 Cl4U GI18A
GI8A

Synthesized ferritin

Figure 1. Effects of the IRE helix distortion (IL/B or C-bulge) on ferritin synthesis. Capped, polyadenylated full-length transcripts with
the IL/B, C-bulge, and HL mutant IRE, schematically presented in panel A, were translated in rabbit reticulocyte lysates (B) or in wheat
erm extracts (C) with [’ E)methlqnme. Ferritin synthesis was analyzed by electrophoresis in an SDS—poIk/acry amide gel and with a
hosphorlmager (Molecular Dynamics). The gel picture shown (B, C) i$ representative of three experiments with two independent preparations
of the RNA transcripts. The wild-type and mutant ferritin IRE sequences are shown in panel A. Italic ty})_e indicates conserved residues in
iso-IREs; boldface type indicates ferritin IRE-specific residues; underlined residues are mutant residues/sites in the 5 untranslated region.
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Ferritin TR

(29mer) (29mer)

Ferritin WT Ferritin AU6 TR
G u G U e U
A G
A G A G
c v c v c u
A-U 20 AU
- G-C
Ay AU A-U
cc Cc-G G-U
10 u-a U-A
- G-C
U-A U-A GC
C c c
Q s G-c UA
~ A uU-G A-U
c-G U-A
cG U-A A
U-A U-A AU
U-A G-c cc
/ G-C 30

Figure 2. Effects of the IRE helix distortion (IL/B or C-bulge) on reactivity with Cu(phen,= complexes. 5'-’*P Labeled wild-type and
mutant IREs (sequences and secondary structures on the right of the figure) were heated and slowly annealed as described under Materials
and Methods. The annealed RNAs were incubated with or without Cu(phen)-, followed by initiation ofthe cleavage with 3-mercaptopropionic
acid at 25 °C and termination of the cleavage with 2,9-dimethyl-I,10-phenanthroline after 5 min. The cleavage products were resolved by
electrophoresis and analyzed with a Phosphorlmager and ImageQuant software (Molecular Dynamics). The experiment was repeated for
3—4 times with two independently prepared RNAs for each IRE. WT, wild type; AUS, ferritin IRE with a single U deletion in the IL/B;
TfR, transferrin receptor; A.H. calibration, alkaline hydrolysis of WT ferritin or TfR IRE; T calibration, RNase TI cleavage of denatured
WT or TfR IRE; control, without Cu(phen)z; Cu(phen), cleavage with Cu(phen)=. The arrow shows the site at which Cu(phen,- cleavage
was changed by engineered or natural mutations. The cleavage sites are also shown in the secondary structures (A ); a significant cleavage
site has > IOx the intensity on average compared to insignificant cleavage sites. Note that the Cu(phen,= reactivity was not significantly
changed in the IRE with the CI14U/GI8A hairpin loop mutation (for clarity these data are not shown).

Table 2: Effects of Loop Mutations on Structures in Other Loops in the Ferritin IRE, Thermal Stability, and IRP2 Binding

IRE sequence- IRP2 binding" Reactivity- T,,“CC) AGs?" (kcal/mol)
117B(G26/G27) HL(GI8)
Cu(phenz RNase Tl RNaseTl
WT |- 47007 -22+0.2
HLC14U/G18A + + na' 444+ 10 -1.620.1
HLG18A + + na' 425+09 —11 =01
IL/B AU6 52.3+0.8 -3.8+0.1
IIVB AUS, AG7/ nd* nd* nd*

- HL,; hairpin loop (CAGUGX; residues 14-18); IL/B; internal loop/bulge (UGCIC; residues e, 7, 8/25). Note that the chemical shifts of imino
proton resonances of loop residues Us, G7, G26 and G27, and G18 are all affected by Mg. RNase TI reactivity toward the G residues in the HL
is changed by IL/B mutation and reactivity toward the IL/B by HL mutation, emphasizing the stmctural interdependence of different parts of the
ferritin IRE. Both types of changes eliminate IRP2 binding (13). * Data from (13). * See Materials and Methods and Figures 2 and 3. Wild-type
or mutant IRE (~1.S ~M; for sequences and secondary structures, see Figures 2 and 3) in | mL of 10 mM phosphate bufter, pH e.s, was thermally
denatured between 5 and 95 °C. The denaturation profile, absorbance at 260 nm as a function of temperature, was acquired on a Cary 100
spectrophotometer system. T,, and AGs- were determined from the profiles with hypochromicity methods (Cary Win Bio package application
software). The data are the average of 3—4 experiments with two independently prepared RNA samples for each IRE; the error is presented as the
standard deviation. Thermal denaturation of the RNAs in the phosphate buffer with 100 mM NaCl was also performed. For one experiment, the Tm
(acsr) for WT, AUs, C14U/G18A, and G18A IREs are 55.0 °C (-4.6 kcal/mol), 60.8 “C (-6.1 kcal/mol), 52.5 °C (-3.8 kcal/mol), and 50.5 'C
(-2.6 kcal/Mol), respectively. 'Not applicable, because the potential substrate, G, is replaced by A./Data taken from ref 24. *Not determined.

Reactivity of a ferritin IRE with a single deletion in the
internal loop/bulge (IL/B) (ferritin AU6 IRE) and the natural
C-bulge IRE (transferrin receptor IRE) was compared to that
of the wild-type (WT) ferritin IRE. The Cu(phen,= complex
isasmall (~13 A and 460 Da), structure-specific, sequence-
independent probe that cleaves distortions in RNA helices
(32—34) including the ferritin IRE (18, 19, 35).

The results showed that Cu(phen,- cleaved the IRE 30-
mer at G26 adjacent to the IL/B (Figure 2), as previously
observed with natural mRNA or full-length ferritin in vitro

transcript (18, 19, 35). In contrast, no Cu(phen,- cleavage
was observed for either the engineered (AU6) or the natural
(TfR) C-bulge IRE (Figure 2). Cleavage of the IRE was
unaffected by the C14U/G18A Hairpin Loop (HL) mutation
(data not shown in Figure 2 for clarity).

Thermal denaturation studies of WT and mutant ferritin
IREs (Table 2) indicate that the GC base pair in the HL
increases the overall stability by 50%. Given the diminished
effect of mutating the G of the GC base pair in the HL on
the stability of an IRE 16-mer (15%) (i), an effect of the
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Figure 3. Effects of the hairpin loop mutations on RNase Tl cleavage at the IRE helix distortion. 5'->’P-labeled wild-type and mutant
IREs (sequences and secondary structures on the right of the figure) were heated and slowly annealed as described under Materials and
Methods. RNase TI cleavage of the annealed RNAs was accomplished by incubation of the RNAs with RNase TI at 25 °C for 7 min. The
cleavage products were resolved by electrophoresis and analyzed with a Phosphorlmager and ImageQuant software (Molecular Dynamics).
The experiment was repeated 3—4 times with two independently prepared RNAs for each IRE. WT, wild type; Tl calibration, RNase TI
cleavage of denatured WT IRE; control, incubation without RNase TI; Tl cleavage, incubation with RNase TI. Arrow shows the site in
the IL” at which RNase TI cleavage was changed by mutation in the hairpin loop. The cleavage sites, shown in the secondary structures
(™), have > 10x the intensity on average compared to insignificant cleavage sites. Note that the RNase TI reactivity was unchanged in the

AUs IRE (for clarity these data are not shown).

HL mutation on the IL/B or helix structure is suggested.
However, the small probe Cu(phen,> (~13 A and 460 Da)
did not detect structural changes in the HL mutant IRE.

RNase Tl is a larger probe (~30 A and1l 000 Da) in
contrast to the Cu(phen,> complex (32). Neither G26 nor
G27 adjacent to the IL/B is cleaved by RNase Tl in the
ferritin WT IRE (Figure 3) at room temperature (18, 19, 35),
although G26 and G27 are cleaved by the smaller Cu(phen;-
probe in the IRE 30-mer (Figure 2) and ferritin mRNA (18,
19). [Note that at high temperatures (45—50 °C), the G
residues (G7 and G18) in the GC trans-loop base pairs are
cleaved by RNase T, revealing differential thermal stability
compared to other regions of the helix (18, 19, 36).] The
data in Figure 3 show that mutations in the HL at residues
14 and 18, which decreased 1RP2 binding (5), translation
repression (Figure 1), and (Table 2), also changed
structure around the IL/B, even though the sites of the
mutations are more than 22 A away from the IL/B (5). The
mutations increased the sensitivity of G26 and G27 to RNase
TI.

Effect of on the 'H NMR spectrum of the Iron-
Responsive Element. Previous NMR data and molecular
modeling of Co(lll) hexaammine binding to ferritin IRE
indicated that the internal loop/bulge (IL/B) is a Co(lll)
hexaammine binding site (5). In addition, the IL/B is very
sensitive to mutation and pH (Figures 2 and 3) (5, 24). Since
Mg™*" is a physiological regulator of RNA structure and since
both Co(lll) hexaammine and Mg hexahydrate can bind at
similar sites in other RNAs (37, 38), the possibility that Mg

binds in the IL/B was explored with one-dimensional NMR
spectroscopy.

The 'H NMR spectrum of the ferritin IRE with or without
Mgh* is shown in Figure 4A. Quantitation of Mg-induced
change of chemical shifts of IRE imino proton resonances
is shown in Figure 4B. Mg+ produced a significant change
of the chemical shifts of imino proton resonance for G26,
G27, U5, U6, and G7 (Figure 4), which are all located in
the IL/B, as did Co(lll) hexaammine. However, Mg also
induced significant chemical shifts for residues UIO and U21,
in the helix between the IL/B and the hairpin loop (HL),
and for G18, part of the base pair across the HL (Figure 4).
The same sites for which Mg shifted the proton resonances
were affected by Mg when Cu(phen,- cleavage was used to
probe the structure of the IRE in natural poly(A)-F ferritin
mRNA (18, 35). The results could reflect charge effects of
Mg bound to the RNA complex or could indicate a structural
change in the RNA.

DISCUSSION

A range of responses to cytoplasmic signals, such as iron,
is possible among the mRNAs that contain IRES (11, 12,
39) despite the similarity ofthe iso-IRE secondary structure.
All iso-IREs have the hairpin hexaloop (HL) with the
conserved sequence CAGUGX and the helix distortion with
a disordered C residue (4, 5, 7, 40—42). The range of
physiological responses to iron among the mRNA with iso-
IREs coincides with differences in binding of IRP2 (73). Two
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G26

( on chemical shifts of IRE imino resonances. The 'H NMR spectrum of the ferritin IRE (0.5 mM RNA) was
collected at 12 °C in 10 mM sodium phosphate and 0.1 mM EDTA, pH 6.8, with or without Mg

(A) "H NMR spectra. Arrows show

chemical shifts of imino proton resonances significantly upshifted by Mg (see panel B). The chemical shifts are for the residues in the IL/B,
the HL, or the stem between them; no significant chan?e of the chemical shifts for the residues in the lower stem was observed. (B)
Quantitative comparison of Mg-induced shift of chemical shifts of imino proton resonances.

types of helix distortions known in the iso-IREs are a C-bulge
(4) and an internal loop/bulge (IL/B) that contains the C
residue. In the ferritin IRE, the IL/B forms a pocket that
appears to bind Co(111) hexaammine and has a pH-dependent
conformation (5). Coincidentally, the ferritin mRNA, which
contains the IL/B iso-IRE, has the greatest range of iron
regulation of any ofthe IRE-containing mRNAs both in vitro
and in vivo (//, 12, 43—47). Even in an IL/B mRNA
constructed from a ferritin IRE plus a human growth
hormone (hGH) sequence, the ferritin IRE is more efficiently
regulated than the transferrin receptor IRE (C-bulge) in the
comparable hGH construct (48). In addition to the IL/B or
C-bulge, the stem sequences among IREs in different
mRNAs can diverge as much as 65% (7). Recently, differ-
ences in IRE/IRP interaction in vitro (13) were shown to
coincide with the wide range of iron responses by IRE-
containing mRNAs previously observed in vivo (11).

A connection between the different iron responses of IRE-
containing mRNAs in rat liver (11) and the differential
binding of IRP-1 and IRP-2 to short iso-IREs (29 and 30
nucleotides) in vitro (13) is shown by the correlation between
translational repression in vitro of full-length, poly(A)-I-
mRNAs, IRE/IRP binding, the iron-induced rates of protein
synthesis in vivo, and the presence ofan IL/B or C-bulge in
the IRE (Figure 1) (11—13, 43—48). IRP2 binding to the
IRE is sensitive to the natural or engineered variation in the
helix distortion (13) or to the engineered variation in the
hairpin loop (29—31).

Chemical and enzymatic probing of IREs connects IRE
structure with function measured as IRP2 binding and
translation regulation (Table 2). Whether mutations were
made in the HL or the IL/B, all mutations tested that
displayed diminished IRP2 binding or translation repression
also altered IL/B sensitivity to nuclease attack. For example,
RNase TI showed that the HL mutations made changes
reflected in localized helix distortions near the IL/B 22 A
away (Figure 3 and Table 2), while the small probe
Cu(phen,- detected localized effects of mutation in the I1L/B
itself (Figure 2 and Table 2). P NMR spectra of wild-type

(WT) and HL mutant (G18A) IREs from previous NMR
analysis (6) also indicated global perturbations in the helix
backbone. Effects ofthe IL/B mutation on the HL were less
dramatic than the effect of HL mutations on the IL/B and
could not be detected with RNase T for the single deletion
(Table 2). However, in a double IL/B deletion mutant (AU6
-FAGT), both RNase Tl (Table 2) and [Ru(tpy)(bpy)] (24)
showed increased access to the HL. Clearly, the mutation in
either loop region of the ferritin IRE influences the other
loop and emphasizes interdependence of structural features
throughout the ferritin IRE. [Preliminary data, (Ke and Theil,
unpublished results) show that the thermal denaturation of
the ferritin IRE is much more cooperative than that of any
of the other IRES.]

Both IRE loops, the HL and IL/B, contribute to the
specificity of IRP2 binding and translation repression (Figure
1 and Table 1), but the effects on the properties of the helix
distortion around the conserved C residues differ. For
example, disruption of the CG base pair or replacement of
it with UA in the HL decreased the base stacking in the IRE
(decreased T~ (Table 2) and increased the helix distortion
around the IL/B (increased sensitivity to RNase TI) (Figure
3). On the other hand, deletion of U6 in the IL/B increased
base stacking in the IRE (increased T~) (Table 2) and
decreased the helix distortion at the IL/B [resistance to Cu-
(phen,- cleavage] (Figure 2). Thus, the CG trans-loop base
pair in the HL appears to decrease distortions in the IRE,
whereas the CG trans-loop base pair in the IL/B is associated
with increased distortion in the helix near the conserved C
residue. How the effects of Mg on IL/B, HL, and helix
residues, detected by NMR spectroscopy (Figure 3) and Cu-
(phen,- cleavage (18), relate to IRE function has not yet been
determined, but they may contribute to Kinetics of protein
binding. The negative impact of either destabilizing the IRE
(HL mutations) or stabilizing the IRE (IL/B mutations) on
IRP2 binding and translation repression (Figure 1 and Table
2) indicates that the native ferritin IRE structure (HL + IL/
B) has the optimum stability and site accessibility for 1RP2
binding and translation regulation. 1so-IRE RNA isoform
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variation, illustrated by the distinctive properties of the
ferritin IRE, provides a natural set of mRNA-specific
regulatory sequences. The combinatorial RNA/protein in-
teractions possible with iso-IREs and iso-IRPs yield a range
of mRNA responses to a single environmental signal.
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Functional Anticodon Architecture of Human tRNAM®” Includes Disruption
of Intraloop Hydrogen Bonding by the Naturally Occurring Amino Acid
Modification, t"A"
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abstract. The structure of the human tRNA*>'®" anticodon stem and loop domain (ASL"®") provides
evidence of the physicochemical contributions of Als-threonylcarbamoyladenosine (t"Aa?) to tRNAMy*”
functions. The t*As.-modified anticodon stem and loop domain of tRNA™>"*uuu (ASL>*uuu- t"As?) with
a UUU anticodon is bound by the appropriately programmed ribosomes, but the unmodified ASLMuuu
is not [Yarian, C., Marszalek, M., Sochacka, E., Malkiewicz, A., Guenther, R., Miskiewicz, A., and Agris,
P. F., Biochemistry 39, 13390-13395]. The structure, determined to an average rmsd of 157 =+
0.33 A (relative to the mean structure) by NMR spectroscopy and restrained molecular dynamics, is the
first reported of an RNA in which a naturally occurring hypermodified nucleoside was introduced by
automated chemical synthesis. The ASL"y*uuu-t*Aay loop is significantly different than that of the
unmodified ASLMy* uuu, although the five canonical base pairs of both ASLAuuu stems are in the standard
A-form ofhelical RNA. t*As-, 3'-adjacent to the anticodon, adopts the form ofa tricyclic nucleoside with
an intraresidue H-bond and enhances base stacking on the 3'-side of the anticodon loop. Critically important
to ribosome binding, incorporation of the modification negates formation of an intraloop Uss*As, base
pair that is observed in the unmodified ASL y**uuu. The anticodon wobble position U34 nucleobase in
ASLA>™AyYU-t*As, is significantly displaced from its position in the unmodified ASL and directed away
from the codon-binding face of the loop resulting in only two anticodon bases for codon binding. This
conformation is one explanation for ASL™-i"uuu tendency to prematurely terminate translation and -2
frame shift. At the pH 5.6 conditions of our structure determination, Ass is protonated and positively
charged in ASL">"uuu-t*As-, and the unmodified ASL-y*uuu- The ionized carboxylic acid moiety of t*As,
possibly neutralizes the positive charge of A*'ss. The protonated A-ss can base pair with C32, but t®As,
may weaken the interaction through steric interference. From these results, we conclude that ribosome
binding cannot simply be an induced fit of the anticodon stem and loop, otherwise the unmodified
ASLA>"*Muu would bind as well as ASL™>™uuu-t*As-. t*As- and other position 37 modifications produce
the open, structured loop required for ribosomal binding.

Lysine tRNAs with UUU anticodons have a conventional
role in ribosome-mediated protein synthesis. In addition,
tRNA'-y'uuu species facilitate . ffameshifts for correct
translation ofthe E. coli DNA polymerase y subunit (/) and
retroviral polymerases (2). Also, tRNA~*uuu often misreads
asparagine codons (3, 4) and peptidyl-tRNA”* prematurely
terminates translation more often than other tRNAs (5). In
addition, reverse transcription of the HIV-1 genomic RNA
is primed by the human tRNA”-z*uu- Formation of the viral
replication initiation complex is enhanced in vitro by the
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(MCB9631103 to P.F.A.), the Department of Health and Human
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presence of the tRNA’s modified nucleosides (e, 7) and
strand transfer is facilitated by the anticodon’s modified
nucleosides (5). We hypothesized that anticodon domain
modified nucleosides impart the unique chemical and
structural properties required to explain the standard (9), as
well as the unconventional, roles of tRNA'-z*uuu in protein
synthesis and as primer for HIV replication (10).

Two posttranscriptional modifications in the anticodon
loop distinguish tRNA'-z'uuu from other tRNA"y® species and
from other tRNAs, in general. In human tRNA”-z'*uuy,
position 34 is modified to 5-methoxycarbonylmethyl-2-
thiouridine (mem’s™Uss)" and As; is modified to 2-meth-
ylthio-Ve-threonylcarbamoyladenosine (ms*t*As-). There is
only one lysine tRNA in E. coli, tRNAz"mju. and its
anticodon stem and loop sequence closely resembles that of
human tRNA->@"u. In E. coli tRNA-z'uuu. Uss and As- are
modified to 5-methylaminomethyl-2-thiouridine (mnm”~s"U)
and t*A, respectively. Posttranscriptional modifications of

10.1021/hi0013039 CCC: $19.00 © 2000 American Chemical Society
Published on Web 10/10/2000
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t*A Inhibits tRNA'-)*" Anticodon Loop Base Pair
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Figure 1. (A) Sequence and secondary structure of the tRNA">*uuu
anticodon stem/loop (ASL'-t"*uuu) with the t*Ajj modification. The
molecule used for structure determination had the terminal base
pair Urr'Atj replaced with Gz-"Cas. (B) The structure oft*'As- with
the carboxylic acid of threonine dissociated (pH 5.6).

the tRNAMy'uuu anticodon loop, but not those of the
anticodon stem, are important for aminoacyl-tRNA syn-
thetase recognition and aminoacylation of cognate tRNA (11)
and for ribosomal binding (12,13). Recently, we determined
that the individual modifications of the tRNA">™yuu anticodon
loop, $"Uss, mnm’Uj. (of mnm’s™Us.) and t*As,, restored
AAA-programmed ribosomal binding to the otherwise
unmodified and nonfunctional human tRNA”/*uuu anticodon
stem and loop domain (13,14, preceding paper in this issue).

Here we report the structure of the human tRNA™~uuu
anticodon stem and loop with the amino acid modification,
t*As; (ASLAT*Muuu-t*A37), which is critical to its ribosome
binding function (14). Structures of the unmodified ASL/ 0"
and the stem modified ASL"-7"*uuu-'f'39 have been reported
(18), but neither bind the ribosome (14). We compare the
structure of the functional ASL">™Auuu-t*As, to that of the
nonfunctional, unmodified ASL*'7*uuu- The hypermodified
nucleoside has a pronounced effect on the anticodon loop
conformation as determined from NMR-derived distance and
torsion angle restraints using restrained molecular dynamics.
The structure explains the role of t*A in achieving an
anticodon architecture required for ribosome binding, as well
as the unique properties displayed by tRNA"m;u species.

EXPERIMENTAL PROCEDURES

Materials: Sample Preparation. The heptadecamer oli-
goribonucleotides corresponding to the unmodified and N(>-
threonylcarbamoyladenosine (t*As-)-modified sequence ofthe
human tRNAM/uuu anticodon stem and loop domain,
ASLAMMyuu (Figure 1) were chemically synthesized using
standard phosphoramidite chemistry on an Applied Biosys-
tems 394 DNA/RNA Synthesizer (16). The 5' to 3' terminal
base pair was changed from the native sequence 'P--*Aas to
G->-'C.s for the increased yield and increased stability
necessary for NMR analysis. The 5'-trityl-2'-dimethyltert-

" Abbreviations: ASL, anticodon stem and loop domain; t*A, N6-
threonylcarbamoyladenosine; mecmVU, 5-methoxycarbonylmethyl-2-
thiouridine; tp, pseudouridine; NMR, nuclear magnetic resonance;
HPLC, high-performance liquid chromatography; DEAE, diethylami-
noethyl; EDTA, ethylenediaminetetraacetic acid; NOE, nuclear Over-
hauser effect; NOESY, nuclear Overhauser effect spectroscopy; TOC-
SY, total correlation spectroscopy; HETCOR, heteronuclear correlation;
HSQC, heteronuclear single quantum coherence; DQ, double quantum;
DQF—COSY, double quantum filtered correlation spectroscopy; rmsd,
root-mean-square deviation.
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butylsilyl-3'-'5N3-uridine phosphoramidite was synthesized
as previously described (17) and the protected 5'-trityl-2'-
dimethyltertbutylsilyl-3'-phosphoramidite of t*A was pre-
pared in our laboratories (unpublished). All other nucleoside
phosphoramidites were obtained from Glen Research (Ster-
ling, VA). The oligomer was HPLC-purified as previously
described (17) using a Nucleogen 60-7 DEAE (250 x 10
mm) column, and its nucleoside composition determined
(18). Sample desalting was accomplished with Waters
Corporation Sep-pak columns. The sample was prepared for
NMR spectroscopy by extensive dialysis with buffer (10 mM
cacodylate buffer, pH 5.6, 0.1 mM EDTA, 6% D20/94%
H-0) using Amicon Centricon 3 concentrators. For experi-
ments in D-0O, the sample solution was evaporated down with
N- and exchanged with D-O three times before resuspending
the sample in 99.96% D-O. The samples used for structural
analysis had a final RNA concentration of 1.2 mM.

Methods: (i) ASL Thermodynamic Parameters. ASL t*'uuu
samples were dissolved to a concentration of 2 pM in either
a phosphate or cacodylate buffer (10 mM sodium phosphate
or 10 mM sodium cacodylate, 100 mM NaCl, 0.1 mM
EDTA, with the pH adjusted with HCI). Thermal denatur-
ations, performed in triplicate, were monitored by UV
absorbance (260 nm) using a Cary 3 spectrophotometer as
previously described (19). Data points were averaged over
20 s and collected three times a minute. Denaturations and
renaturations were conducted over a temperature range of
5-90 °c and at three pH values (7.2, 6.0, and 5.0) with a
ramp rate of ! °C/min. Data from denaturations and
renaturations were treated similarly. No hysteresis was
observed. Thermodynamic parameters were calculated with
a van't Hoff analysis of the data as described by Serra and
Turner (20) using Origin software (Microcal). Substitution
of the U.-'A.s terminal base pair with a G:-‘C.s added
stability to the molecule. A pH between 5.0 and 6.0 was
deemed to be optimal for stability and pH 5.6 was chosen
for NMR studies.

(ii) Unimolecular Property of Samples. To demonstrate
that the RNA was a monomer at the NMR concentrations
of this study, we measured the translational diffusion
coefficient of the unmodified and t*As--modified ASLS, and
compared them to that of other RNA sequences of various
lengths. This was accomplished with the pulsed field-gradient
spin-echo technique (21, 22), performed on the NMR
sample itself, thereby obviating any complications or am-
biguities of interpretation that may arise from approaches
other than that by NMR methods (23). As would be expected
for a monomer of this size, the translational diffusion
coefficient of the heptadecamer was bracketed by those
measured for a hexamer and a dodecamer, and by that of a
28-mer. Our results are in good agreement with published
values of the translational diffusion coefficients of nucleic
acids of similar sizes (23, 24).

(Hi) NMR Spectroscopy. All NMR spectra were collected
on a Broker DRX500 spectrometer and processed using either
XWINNMR (Broker Inc., Rheinstetten, Germany) or FELIX
(Biosym/MSI, San Diego, CA). The residual water peak in
D-0O samples was suppressed using low power presaturation
whereas exchangeable proton resonances for samples in 94%
H20/6% D.O were collected at 1 °C with WATERGATE
(25) solvent suppression. Eight one-dimensional spectra as
a function of temperature between 4 and 31 °C and three
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HSQC spectra at three pH values were obtained to aid signal
assignments and assess protonation of Asg. NOESY spectra
(2(5, 27) used for analysis of the exchangeable protons were
acquired with a mixing time of 150 ms. Spectra were
acquired with sweep widths of 12019 Hz in both dimensions,
4096 points in t-, and a minimum of 512 points in /| with
64 scans per increment.

Nonexchangeable protons were assigned using an assort-
ment of two-dimensional spectra acquired at 10, 16, and 25
°C. NOESY spectra of the sample in D-O had mixing times
in the range of 50 to 400 ms. At least 256 points were
collected in t], with 64 scans per increment. For these and
the following homonuclear experiments, the spectral width
was 6000 Hz in both dimensions, and 1024 points were
collected in t-. TOCSY (28) or clean TOCSY (29) experi-
ments using the MLEV17 mixing sequence were performed
at 16 °C with a mixing time of 60 ms. DQF—COSY (30)
and double quantum (DQ) (31, 32) experiments were
obtained at 16 °C. The two-dimensional heteronuclear spectra
that were collected included a "H—""P HETCOR (33) and a
hetero-TOCSY—NOESY (34). These spectra were all ac-
quired at 16 °C. Natural abundance '"H-"*C HSQC experi-
ments (33—37) were performed at both 16 and 25 °C. For
samples with site-spwecific ”’N labels, "H-""N HSQC spectra
were obtained in H-0 at | °C.

Distance restraints were derived from a series of phase
sensitive NOESY spectra acquired with a 5000 Hz spectral
width in both dimensions, 2048 points in t. and 512 points
with 64 scans per block in h. Spectra were collected at 16
°C with mixing times of 50, 100, 140, 200, and 400 ms and
processed (XWINNMR) with 60° phase-shifted sine bell
apodization functions. The baseline in both dimensions was
treated in FELIX using the FLATT algorithm (38). To
provide suitable digital resolution for cross-peak integration,
the spectra were zero-filled to 2048 by 1024 points.

(i>J Structure Determination. Distance restraints between
nonexchangeable protons were obtained from the NOESY
mixing time study. The NOE buildup curves were calculated
by integrating the cross-peaks using FELIX and normalized
by setting pyrimidine H5—H6 cross-peaks to a distance of
2.44 A. Upper and lower bounds were set to the 20% above
or below the calculated distance using flat-bottomed qua-
dratic potentials. Cross-peaks with more than 35% overlap
were classified strong (1.8—4 A), medium (1.8—5 A), or
weak (1.8—6 A) with large bounds to account for ambiguity
of the peaks volume measurement. Threonine methyl protons
of t"A were handled as pseudo atoms and adjusted accord-
ingly (39). The distance restraints involving exchangeable
resonances were obtained from a single NOESY spectrum
of the sample in 94% H20/6% D-O. The cross-peaks were
qualitatively classified as strong (1.8-3.5 A), medium (1.8—
4.5 A), or weak (1.8—55 A).

Dihedral angle restraints were placed on the d backbone
(C5'-C4'-C3'-03") to characterize the sugar puckers based
on the Vhito' from the DQF—COSY spectrum. Observable
HI'-H2' cross-peaks with coupling constants less than 3 Hz
were constrained to the C3’-endo conformation (<5 = 85 +
30°) while those with coupling constants greater than 7 Hz
were constrained to the C2'-endo conformation (d = 160 +
30°). Sugars with intermediate coupling constants were left
unrestrained. The a and e torsion angles were loosely
constrained to exclude the trans conformation for those
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Table 1: Therm(xiynamic Parameters" for ASL*-1" Constructs

AGa7 AH A5

ASL construct pH (°C) (kcal/mol)* (kcal/mol) (cal/mol K)
ASL"y"uuu unmodified 7.2" 57.5 -3.4 -55.4 -168
6.0 61.6 -4.2 -57.8 -172
50 56.3 -3.5 -60.6 -184
ASL-I"UUU-t“A37 7.2" 54.7 -2.7 -49.5 -151
6.0 60.2 -35 -50.6 -151
5.0 584 -3.1 -48.0 -143

“ Error in determinations: T,,,, +0.9 °C; AGs7, +0.4; A//, £3.0; A5,
+7. * AGs? determined at 37 °C. " Also cited in the preceding paper in
this issue (14).

residues whose ~'P chemical shifts fell within the narrow
range commonly seen for regular A-form structures (40,41).
Last to better define the hydrogen-bonding pattern, distance
restraints were added to the five base pairs in the stem and
through-space dihedral restraints (£10°) were added to
maintain planar bases.

Structure calculations were preformed using Insightll
(MSI) and protocols of Varani and others (40, 42). To
achieve the global fold of the molecule, 50 initial distance
geometry structures were generated from a matrix of random
trial distances derived from covalent bonds, distance, dihedral
angle, and chiral restraints. The resulting structures were
regularized as part of the distance geometry protocol by
simulated annealing using the default settings in Insightll.
For the refinement phase, the AMBER force field (43) was
used with the standard nucleoside parameters except for the
modified nucleoside and adenosine protonated at the
1 position (A""sg). The state of t*A at pH 5.6 with the
carboxylic acid dissociated (44—46) was used to determine
its partial charges, which were calculated from scaled
MOPAC charges (47, 48). Its atom types were derived by
merging the existing AMBER atom types for adenine with
that of threonine (43). The set of 50 distance geometry
structures was heated to 2000 K for 5 ps with a 0.5 fs time
step. During this equilibration step, the dihedral and chiral
restraints (Aidineni = 50 kcal mol”" rad*" ~inn = 25 kcal
mor* rad””) were scaled from 10% to their full value while
the distance restraints remained at 50 kcal mol”™" A*" Next,
the structures were cooled from 2000 to 100 K over 25 ps
with a time step of 0.5 fs during which all restraints were
maintained at their full values. Longer simulation times did
not improve the convergence of the lowest energy structures.

RESULTS

Thermodynamic Parameters. The anticodon stem and loop
domain of human tRNA">"*yuu, ASL">™uuu (Figure 1), was
chemically synthesized with and without the threonine-
modified adenosine A6-threonylcarbamoyl-adenosine, t*As-.
At pH 7.2, the unmodified ASL"-y"*uuu had a significantly
higher melting temperature (Tm = 57.5 °C) and enhanced
overall stability (AG = —3.4 kcal/mol) than the ASL'-"uuu-
t*As7 (T,, = 54.7 °C and AG = -2.7 kcal/mol) (Table 1).
Interestingly, the introduction of t*As; made a significant
contribution to AS, though the  ofthe RNA had decreased.
The two RNAs exhibited greater stability at pH 6 than at
pH 7.2 or pH 5.0 (Table I and ref 14). The increased stability
and NMR-derived solution structures of the unmodified and
Ws.-containing heptadecamers at low pH had already been
reported and attributed to a Cs2’A.ss base pair (15). At the
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Figure 2; Comparison of exchangeable proton spectra of ASL'-"*uuu-t‘As- with that of the unmodified ASL'->"uuu- (A) One-dimensional
'H spectra in H.0 of ASL">""uuu-t*As- (i) and unmodified ASL'-"~'uuu (ii). Iminos involved in base pairing in the stem are shown with
dashed lines. (B) Overlay of the two-dimensional H.O NOESY spectra of the imino region with ASL'->™"uu-t*As7 shown in black and the

unmodified ASL-"’uuu shown in red.

lower pH 5.0, protonation of Cs destabilizes the RNAs. Thus,
we determined the ASL'->""uuu-t*As, structure at pH 5.6 by
NMR spectroscopy and restrained molecular dynamics.
Assignment of Exchangeable Resonances. The one-
dimensional and NOESY spectra of the unmodified and
modified ASLs in H-O revealed that the ASL*->" uuu-t"As-
was stable and had a single predominant conformation
(Figure 2). Sequential imino—imino connectivities for the
stem were observed, indicating that the RNA adopted a
folded structure. As is often the case, however, due to fraying,
these sequential connectivities did not extend to the terminal
base pair, o=-*04s. The broad signal of the base-paired G-
was visible in both the one-dimensional and NOESY spectra
(Figure 2). In addition to the imino resonances of the stem,
t*As- HI 1, corresponding to the amide NH of threonine, had
cross-peaks to the amino acid’s Ha and H/3 and the purine’s
H2 (Figure 2B). This is the pattern one would expect with
a side-chain coplanar to the parent base (49, 50) and results
in the modified nucleoside adopting the form of a tricyclic
base. When the NOESY spectrum of the imino to amino
region of the ASL">'®’uuu-t*As- was compared to that of the
unmodified sequence, a very similar pattern of resonance
cross-peaks (except that contributed by t*A) was observed
with very little change in the chemical shifts. Likewise,
comparison of other parts of the spectrum showed small
changes in the chemical shifts of the resonances assigned to
the stem, but considerably larger differences to the loop
resonances. Cross-peaks observed in the imino to imino, and
imino to amino, aromatic, and HI" regions of the spectra
were those expected of right-handed, helical nucleic acids
(35, 51). This implies that the t*As; modification did little
to perturb the stem of the hairpin, but significantly affected
the conformation of the loop region. At pH 5.6, the N1 of
Ass is protonated in the unmodified ASL™>""m;u (15). Though
this imino proton may be involved in a hydrogen bond with
Cs2 and thereby increase stability as was observed in thermal

denaturation studies at pH « compared to 7.2, it was not
directly observable by NMR. However, a pH dependent
change in the chemical shift of the AsgH=, indicative of the
protonation of the base (15), was observed in HSQC ('H-
'AC) spectra of both the unmodified ASL">™uu and
ASL">"Muuu-t*As>. Thus, introduction of t*As- did not affect
protonation of Ass.

While most signals of the spectra could be assigned using
standard protocols, site-specific substitutions of **N-labeled
nucleosides of the unmodified ASL"y”umj were used to
confirm or to identify the imino proton resonances of the
uridine-rich loop. We were able to unambiguously identify
the imino protons of loop residues U34, U35 and U36 (Figure
2A). Comparison of the one-dimensional spectra ofthe t*As--
modified and unmodified hairpin indicated a major rear-
rangement ofthe loop uridines with the introduction of t*As-.
In the one- and two-dimensional spectra of the unmodified
ASLA-JMuuu, a base-paired imino resonance at 13.55 ppm was
assigned to U33. This was the only imino proton unaccounted
for by standard and ‘*N-labeling procedures. Its position in
the spectrum was that of a canonical U*A base pair that we
assigned to Uss*As; in the unmodified ASL. However, the
signal was not observed in spectra of ASL">@"uuu-t*As.
Instead, a fourth free-imino signal from a uridine was
observed between 10.9 and 11.4 ppm. This is the expected
result from modification of the exocyclic amine of A37
because t*As- would be unable to form a canonical base pair
with U33. Thus, the introduction oft‘As- negated an intraloop
Uss*As, base pair that was observable in the unmodified
ASLAM™~yuu. Loss of the intraloop base pair was probably
responsible for the lower T,, of ASL"-J*Muu-t‘As,, relative
to that of the unmodified ASL-""*uuu (Table 1).

Assignment ofNonexchangeable Resonances. Assignment
of the nonexchangeable resonances relied on a variety of
homo- and heteronuclear experiments. Initial assignment of
the aromatic H5—Hs protons relied on assigned nonex-






13400 Biochemistry, Vol. 39, No. 44, 2000

fA8rH2 A‘38H2

Stuart et al.

A29H2

78
D1(ppm)

rigure 3. NOESY spectrum of ASL'->*uuu-t*As- in D-O at 25 °C showing connectivity between the aromatic protons and the HI" of the
ribose. The 5' side of the loop is shown in red and the 3' side of the loop 1S in green. Vertical dashed lines indicate each of the aromatic
resonances, Hs, He, or H2. One of the important intraloop cross-peaks, A""38H2/U34H1" is marked with an asterisk.

changeable resonances and both DQF—COSY and TOCSY
experiments. Differentiation of cytidine from the uracil
aromatic protons was aided by natural abundance 'H-*C
HSQC spectra. Cross-peaks from HSQC spectra were used
to identify HI' protons and distinguished adenosine H2 from
purine H8 and pyrimidine H6 resonances. Both adenosines
in the stem (A29 and A31) had NOE cross-peaks from H2 to
the HI' proton oftheir 3' neighbor and A29 also had an inter-
strand cross-peak to the HI' of the 5'-adjacent base pair.
Compari.son to NOESY spectra ofthe sample in H20 enabled
us to assign the adenosine H2 resonances. Sequential
aromatic-HI' connectivities of the NOESY spectrum (in
D20) could be traced for most of the molecule (Figure 3).
As in the stem, A38 and t*A37 stacked as indicated by NOEs
to the HI' of their 3" neighbor. Several unique cross-peaks
were also observed. There was a cross-peak from the t*A37-
H2 to the methyl of the side chain (Hy) and an unexpected
NOE from A38H2 across the loop to both HI' and H2' of
C32. Sequential aromatic-HI' connectivities could be traced
from the 5' terminus of the stem to the first residue of the
loop, C32 (Figure 3). At that point there was a break in the
sequential connectivity that included the invariant U33.
Though NOEs were observed between U35 and U36, sequen-
tial aromatic to HI' connectivities began again at t*A37 and
continued to the 3'-terminal C43 (Figure 3). In the longer
mixing time NOESY spectrum (400 ms), sequential con-
nectivities between the nucleobase aromatics (H6, H8) were
observed. These connectivities were apparent on the 5' side
of the stem from G27 to A3l and on the 3" side of the loop
from t*A37 up to the 3' terminus, with one exception. The
chemical shift of C40H6 was too close to its neighbors to be
resolved reliably from the diagonal. Similar to the lack of
aromatic to HI' connectivities, no sequential aromatic-to-
aromatic resonances were observed from residue A31 through
t*A37.

Identification of three uridine nucleoside spin systems of
the anticodon (Uss, Uss, Uss) was hindered by overlap in the
spectra and a lack of resolvable intraresidue aromatic to
ribose NOEs. Several long distance NOEs from already
identified nucleosides in the loop to anticodon uridines were
chosen for distance geometry analysis to determine the most
likely uridine spin system assignment. A set of distance
geometry calculations was performed with all assigned
distance restraints and one interresidue restraint from an
assigned resonance to an unassigned uracil. Then 60 struc-
tures were generated with three distance restraint sets (e.g.,
from AssH- to either Us.HI', UssHI', or UssHIY). After
steepest decent minimization, the sets of structures were
evaluated based on their total energy and magnitude of
restraint violations. Assignment of an NOE to a particular
anticodon uridine spin system was accomplished by elimi-
nating those possibilities that yielded highly distorted
geometries or high-energy structures.

Both DQF—COSY and TOCSY experiments were used
to assign HI" and H2' resolvable cross-pieaks. HI'—H2" cross-
peaks in the DQF—COSY spectrum were observed for loop
residues, Uss to t*As7, and for Cas. The most intense HI'/
H2' cross-peaks were residues Uss to Uss. A short mixing
time (50 ms) NOESY spectrum also aided in determining
H2' resonances. The H3" of the riboses were assigned using
the above spectra and the 'H-"'P HETCOR spectrum. The
same experiments were used to determine more than half of
the H4" and H5'/5" protons.

NOE and Dihedral Angle Restraints. A total of 272
distance and dihedral angle restraints were used in the
structure calculations (Table 2). Of the 220 NOE-derived
restraints, there were 117 intranucleotide and 103 intemucle-
otide distance restraints. Thirteen restraints were derived from
exchangeable proton spectra and were added to mimic the
hydrogen-bonding pattern of the stem and to limit fraying
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Table 2: Structure Determination Statistics

total NOE distance restraints 220
intranucleotide NOES 117
intemucleotide NOEs 90
hydrogen-bonded stem base pairs 13

dihedral angle restraints 52
refinement statistics 1o lowest-energy stmctures)

NOE violations (>0.1 A) o

dihedral angle violations (>10°) o

avg pair wise rmsd (all heavy atoms) (A)

all residues 2.30 +0.67
stem residues (27—31,39—43) 0.76 £ 0.20
loop residues (32—38) 3.07 £ 1.07

27 '43

Figure 4. lllustration of a portion of the distance restraints used
to determine the structure of ASL">"uuu-t*As7. Restraints derived
from exchangeable resonances are depicted in blue while long-
range = or more residues apart) restraints calculated from
nonexchangeable NOE buildup curves are shown in green. Se-
quential distance restraints between bases are only shown for the
loop residues (Csi*Asg) and are in red.

of the terminal bases (Table 2). In addition, a total of S2
dihedral angle restraints were used for structural calculations.
From the DQF—COSY and P spectra, 46 dihedral angle
restraints defining the backbone and sugar pucker were
incorporated. The torsion angles between U33 and U34 were
left unrestrained to not bias the possibility of a tRNA™
anticodon-like U-tum, though none was observed in the Mp-
spectra of either the unmodified or t*A37-containing ASLSs.
In addition, five through space dihedral angle restraints were
placed between the bases of the stem to maintain their
planarity (£10°) and an additional restraint was needed on
the side chain oft*A37 to keep it planar. The glycosidic angles
X were left unrestrained since the intranucleotide HI'/H6 or
HI'/H8 NOE is capable of defining their syn/anti conforma-
tion. However, the long-range restraints, some of which are
illustrated in Figure 4, were more informative and certainly
more important in determining the global fold of the
molecule. In particular, the distance restraints between the
5' side of the stem and C32 with A38 and the threonine of
t*A37 with A38 and U39 of the 3'-side of the stem were critical
in defining the stem to loop angle ofthe ASL. The 6 torsion
angles for 14 residues were constrained based on the analysis
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of a high-resolution DQF—COSY spectrum. Residues Uss,
Uss, and Uss had HI'—H2" coupling constants greater than
7 Hz and therefore were constrained to the C2'-endo range.
In contrast, the stem residues had narrow HI'—H2' (<2 Hz)
cross-peaks, and were constrained to the C3'-endo range.
Where the H3'—H4" cross-peaks could be easily identified,
a large coupling constant was observed. Residues with
intermediate coupling constants, Uss, t*Asz, and A™'ss, Were
left unconstrained. On the basis of the ~'P chemical shifts
of all residues, their corresponding a and ” torsion angles
were loosely constrained to exclude the trans conformation,
with the exceptions of Uss and Us., which were left
unrestrained.

Structural Determination Features. A superposition of the
10 lowest energy structures ofthe ASL™>""uinj-t*As- resulted
in an average pairwise rmsd of 2.30 & 0.67 A for all heavy
atoms ofthe molecule (Figure 5A). The five base paired stem
of ASL'>"Mumj-t*As; adopted the form of A-RNA, and all
stem nucleosides of the 1o lowest energy structures were
C3'-endo. Only Uss, Uss, and Uss of the loop were found to
be strongly C2'-endo. Sixteen glycosidic angles were found
to be anti, though no torsion angle restraints were used.
Relative to the mean structure, the average rmsd was 1.57
+ 0.33 A. The stem was much better defined than the loop.
The heavy atom average pairwise rmsd of the stem was 0.76
+ 020 A, while that of the loop was 3.07 + 1.07 A. Relative
to the mean structure, the average rmsd was 0.52 + 0.14 A
and 2.13 £ 0.52 A for the stem and loop, respectively. The
better rmsd relative to the average structure reflects that there
were two somewhat different families of low energy
structures. One family had Uss stacked below Cs. while the
second group of structures had Uss placed adjacent to Usa.
Similarly in determination of the structure of another seven-
membered loop, that of the yeast tRNA™*"* T'PC loop, we
found two almost equally populated families of structures
with m*Us. (Tss) either within the loop or displayed
outwardly (42). The H8/H1' NOE between Cs. and Uss in
ASL*-I"Numj-t*As- is weaker than an H8/H1" intemucleotide
NOE for A-form RNA. With Uss being the terminal base in
the stacking on the 5' side of the stem, weak base stacking
could best account for the weaker NOE. For structure
comparisons, we used a minimized average of the structures
with Cs. and Uss stacked (Figure 5B).

RNA hairpins have an angle between the plane ofthe loop
and the axis of the stem that can only be defined by structural
restraints between the loop and stem. A number of NOE
cross-peaks are derived from Cs. on the 5'-side of the loop
and t*As; and Ass on the 3'-side of the loop with the adjacent
As—U39 stem base pair. Restraints from these NOES
structure the loop locally at the junction with the stem (Figure
5C) in an angle of 133°, comparable to the 113° of the yeast
tRNA™ X-ray crystallographic structure (52). In addition,
RNA loops can be flexible and unstructured, particularly in
the middle of the loop and when the loop is as large as that
of the anticodon domain. The ASL"->'®";uu-t*As; has a seven-
membered loop typical of anticodon domains, but with four
uridines in the middle of the sequence. Significant chemical
shift similarities of these four tandem uridines (U33, U34, U35,
and Uss) made structure determination particularly challeng-
ing. However, '*N-labeling and reiterative modeling allowed
us to distinguish the uridines spin systems. A total of 69
NOE-derived distance and 16 backbone torsion angle
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Figure ). NMR derived structure of ASL'->"t*As. The 5'-side of the stem is shown in green and 3'-side shown in cyan; t*As- is higihlighted
[

in orange. (A) The superposition of 10 lowest energy structures of ASL*-> uuu-t*As-. (

) Minimized average structure of the family where

Uss Stacks with cs.. (C) A close up view of the nucleosides at the base of the stem and the loop of AsLA>"Auuu-t*As; With Us Shown in
red for clarity. Hydrogen atoms are displayed with green lines indicating interresidue NOEs.

restraints defined the loop structure and some of the distance
restraints are shown in Figure 5C. NOEs limited the positions
of the anticodon nucleosides. NOEs from Us. to A-ss and
t*As- restrained Us. to a position in the loop (Figure 5C).
Us. in the unmodified ASL™tjji"j structure also is located
in the loop and away from the other anticodon uridines (15),
though its position is different from that in the t*As;-modified
ASLM>'®Us)U (Figure ). In contrast, Gms. in the purine-rich
anticodon of the X-ray crystallographic structure of yeast
tRNA™"" is stacked with the subsequent anticodon bases (52).
Also in contrast to yeast tRNA™, the lack of any far shifted
resonances in the phosphorus spectrum suggests that there
is no U-tum found in ASL'->"“uuu-t*A in solution. The
signature cross-peak ofa U-tum, the n to n + 2 intemucle-
otide HI' to Hs resonance, was not observed due to overlap
in the NOESY spectra. Although we did not eliminate the
possibility ofa U-tum in the dihedral restraints, no structures
with U-tums were generated. In fact, Us. could not have
NOEs with A-ss and t*As- and remain at the bottom of the
anticodon loop as in yeast tRNA™*,

DISCUSSION

Incorporation of t*As; into the otherwise unmodified and
nonfunctional ASL~mnj restored ribosome-mediated, poly-A
binding (14, preceding paper in this issue). Because the
physicochemical contributions of t*As, impart function to
the ASL, it was important to determine the ASLA>*Auuu-t*As;
stmcture and define the differences in conformation between
it and the unmodified ASL. The stmctures of the unmodified
ASL>*Nulnj and ASLAMMuuu with Wse in the stem and
immediately adjacent to the loop (15) are pertinent to the
description of the ASLA>™Mj;uu-t*As; stmcture. The presence
of pseudouridine demonstrably stabilized the conformation
(14,15). However, we have found that both the unmodified
and Wse-containing ASL7)"Auuu are nonfunctional, i.e., the
ASL constmcts will not bind poly-A programmed ribosomes
(14, preceding paper in this issue).

The addition of t"As, to the 3'-side ofthe loop and adjacent
to the anticodon of ASL"mju altered the stmcture of the
molecule in a way that allowed it to bind the ribosome (14,

C32

Figure_ 6. Superposition of the ASL->*Muut‘As; (blue) and
unmodified ASL*->™"uuu-(Uz7*A4s) (green) (15). Phosphate atoms
were used to superimpose the structures. The ribose and phosphate
backbone alo_rzjg with Uss and Uss are not displayed to improve
clarlt¥. (A) Side view showing Us. displacement by the threonyl
modification of t*As-. (B) Top view showing that the new position
of Us. displaces Cs..

preceding paper in this issue). Examination of the exchange-
able NOESY spectra shows that t*As, does not change the
conformation of the stem. Thus, t*A’s physicochemical
contribution to a rearrangement of the loop results in the
ASL’s AAA codon binding activity. In the unmodified ASL,
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there is a potential Watson—Crick base pair between Uss
and As-. An upfield, exchangeable, imino proton resonance,
assigned to this base pair in the unmodified ASL s umj, was
not evident in spectra of the t*As--modified ASL'->'®"uuu-
Thus, the threonyl modification on t*As; negates the pos-
sibility ofthis intraloop base pair resulting in an overall lower
melting temperature (Table 1). An overall lowering of the
melting temperature was observed when t*As; was incorpo-
rated into the anticodon stem and loop of the isoaccepting
tRNA*“"cuu species differing in sequence only by a Cs.
and an inversion of the stem’s C.s'Gs base pair (14,
preceding paper in this issue). We had predicted these results
when we hypothesized that one function of position 37
modifications was to inhibit canonical intraloop base pairs
in order to maintain an open anticodon loop (9).

The seven-membered anticodon loop could be envisioned
as a point of structural dynamics in the tRNA molecule, and
a region in which stacking interactions would not be found.
However, hydrogen bonding between t*As; HI L and N1 of
the threonyl side chain of t*As» completes an additional planar
ring on adenosine and consequently makes it similar to the
guanosine-derived, tricyclic base wybutosine-37 of yeast
tRNA™". The tricyclic nature of t*A possibly enhances the
base stacking ability of the nucleoside. In the solution
structure of the ASL'->"*t;uu, t*As- and A-ss are coplanar and
stacked but because the threonyl side chain must be accom-
modated in the loop, the two bases are offset by an angle of
40.1°. Stacking interactions are very important in stabilizing
RNA structures. Calculations of the entropie thermodynamic
parameter (AS) for the t*As,-modified and unmodified
ASL"""iaai (Table 1), and for the anticodon stem and loop
of the isoaccepting tRNA'>*"cuu species (14, preceding
paper in this issue), indicate a considerable contribution by
t*As-. In all structures of all calculations, t*As- is stacked on
Ass, which is in turn stacked on the adjacent Uss in the stem.
Thus, modification at position 37 structures the 3'-side of
the loop with stacking to Ass and the adjacent stem.

t*As- displaces Us. relative to its position in the unmodified
ASL. However, Us. in proximity to A-ss and t*As-, this
leaves only two residues, Us) and Uss available for hydrogen
bonding to a message on the ribosome (Figure 5). With only
two of three anticodon bases available for codon pairing,
this unconventional anticodon structure is a reasonable
explanation for the bacterial and mammalian tRNA*'>"*suu
tendency to frame shift, prematurely terminate translation
and mis-read Asn codons (10). We postulated that the
modified nucleoside distortion of the anticodon loop was a
possible structural determinant for the preferential selection
of tRNA™>"*Asyu as primer of HIV-1 reverse transcriptase in
ViVO (10). Uss and Use, though not well defined in the
stmcture for lack of NOE restraints to other nucleosides, were
displayed outward from the .o lowest energy stmctures
(Figure 5A). NOEs between the ribose of Uss and the He of
Uss helped define their positions relative to each other. Their
placement is consistent with that found in the X-ray
crystallographic stmcture of lysyl-tRNA synthetase with
cognate tRNA"* wherein a phenylalanine intercalates be-
tween Uss and Uss (53).

At the pH 5.6, A-ss is protonated and charged in the
unmodified ASL">'®uuu (15). Incorporation oft*As; does not
alter the protonation of A*'ss. However, the negative charge
contributed by the dissociated carboxylic acid of threonine
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would neutralize the positive charge of A™ss. While the HI
proton of A~ is not directly observable, protonation of the
N1 of the nucleobase is evident from the chemical shift
change in H2 (15,54). An even clearer indicator ofadenosine
protonation is the upfield shift of the C2 resonance (54). As
Ass became protonated with the lowering of the pH, its C2
resonance shifted upfield (see Supporting Information).
Formation of an intraloop base pair between Cs. and A"ss
and adjacent to the stem, could be responsible for stabilizing
the RNA at low pH (Table 1) (15). Introduction of t*As,
altered the Cs-*A-ss base-pairing geometry found in the
unmodified ASL-"*uuu (15). The threonyl group occupies
the same space as Us. of the unmodified ASL>*.uu (Figure
s). To adapt to the t*A modification, U.. is displaced away
from t*As, and Cs. is moved to accommodate Us. (Figure
s). Displacement of Us. by t*As; distorts the €.2*A.ss base
pair by shifting Cs. out of alignment with A*ss. The through
space hydrogen bonding angles, Ass—NI—HI to Cs.-O-
and Ass—Ne—H6.1 to Cso—N3 are 163° and 168°, respec-
tively, for the unmodified ASL™>"uuu- When t*As- is added,
the hydrogen bonding angles decrease to 143° and 155°, an
average of a 17° difference from the unmodified stmcture
and 31° from being linear. It should be noted that this
geometry of stmcture arises from an analysis of the average
stmcture, and that no hydrogen-bonding constraints involving
Ass Were introduced in the calculations. When Cs2*A-ss Was
constrained to be hydrogen-bonded and repeated with the
same restrain set, no new violations arose during the distance
geometry phase of the modeling and after refinement there
was little difference in energy distribution among the
stmctures (data not shown).

Most significant to biological function, t*As, eliminates
the canonical intraloop 1)ss*A37 hydrogen bond, displaces U34
and facilitates 3'-stacking of the loop. Because t*As- negates
base pair formation in the ASL>*"uu loop no additional
rearrangement of the bases need occur to accommodate the
modifications of U34, mecm’s™Uss, and the ms”-derivative of
t“As- (Figures 5 and ). From these results and those of the
preceding paper in this issue (14), we conclude that an open,
stmetured loop is required for ribosomal binding. Ribosome
binding cannot simply be an induced fit of the ASL,
otherwise the unmodified ASL"->""ui;u would bind as well as
the unmodified ASL'>*""cuu (14, preceding paper in this
issue). This not being the case, anticodon stem and loop
domains are distinctive for unambiguous recognition of the
tRNA by cognate aminoacyl-tRNA synthetase and for
recognition of individual codons on the ribosome, yet share
a similar architecture for ribosome binding. Modified nucleo-
side chemistry and stmcture impart just such a duality to
ASLAMAMyu and probably function similarly for other tRNAS.
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SUPPORTING INFORMATION AVAILABLE

Graph summarizing the translational diffusion experiments
in D0 at 25 °c, high-resolution DQF—COSY and HSQC
spectra of ASL>"’-t*As-, and a superposition of three HSQC
spectra highlighting the pH dependent shift of A3gC2.
Coordinates ofthe 10 lowest energy structures and an average
structure have been deposited in the Protein Data Bank with
accession number Ifeq. This material is available free of
charge via the Internet at http://pubs.acs.org.
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