
SYNTä¿S1S AND CHARACTERIZATION OF DNA OLIGOMERS CONTA]NING THE

P RO MWAG EN O 4 -ALKY LTHY MI N E

BY

GARRY WAUER BUCHKO, B.Sc., M.Sc.

A Thesis
Sub¡nitted to the Facultt of Graduate Studies

in Partial Fulfilment of the Requirentents

for the Degree of

DOCTOR OF PHILOSOPHY

Department of Chemistry
Univarsity of Manítoba

Winnipeg, Manitoba

(c) Decetnber, 1989



E*E |¡å"*"if"'o'",'
Canadiao Theses Service

Otlawa. Cãnada
KI A ON{

Eibl¡othèque nationate
du Canada

Service des thèses canadiennes

ISBN ø-315-71871-4

L'auteur a accordé une licence inévocable et
non exclus¡ve permettant à la Bibliothèque
nat¡onale du Canada de reproduire, prêter,
distribuer ou vendre des copies de sa thèse
de quelque manière et sous quelque forme
que ce soit pour mettre des exemplaires de
cette thèse à la dispos¡t¡on des personnes
intéressées.

L'auteur conserve {a propriété du droit d'auteur
qui prot{2e sa thèse. Ni la thèse nides extraits
substant¡els de celle-ci ne doivent être
imprimés ou autrement reproduits sans son
autorisation.

The author has granted an inevocable non-
exclusive ficence allowing the National Library
of Canada to reproducÆ, loan, distribute or sell
copies of his/her thes¡s by any means and in
any fom or forûìat, making this thesis avajlable
to ¡nterested persons.

The author retains ownership of the copyright
in his/her thesis. Neither the thesis nor
substant¡al extracts from ¡t may be printed or
otherwise reproduced without his/her per-
miss¡on.

Caladä



SYNTHESIS AND CHARACTE RIZATION OF DNA OLIGOMERS CONTAINING THE

PROMUTACEN O4-ALKYLTHYMINE

BY

GARRY WAT,TE R BUCHKO

A rhes¡s subnrined to thc Faculty of Graduate Studies of
the University of Manitoba in partial fulfillment of the requirenrents

of the degree of

DOCTOR OF PEILOSOPEY

. o 1990

Permission has bccn granted to thc LIBRARy OF THE UNIVER-

S¡TY OF MAN¡TOBA to lend or sell copies of rhis rhe sjs. ro

thc NATIONAL LIBRARY OF CANADA tO rNiCrOfiIM this

thesis and to lend o¡ scll copies oi the lìlm, and UNIVERSITy

MICROFILMS to publish an absrracr of ¡his thesis.

The author ¡cscrves othcr publicar¡on rjghts, and ncither thc

thesis no¡ extcnsiyc cxtracts from it may be pnnleC o¡ other.

wise reproduccd without lhe autho¡'s written permission.

t--



ABSTRACT



O4-Alþlthymine, fT, ís a promuta¿en. To better understand the biological

consequences of the O4-alþlatíon of DNA, the following oligomers were synthesized using

a modiJied phosphotriester approach: 1) dëfpT) with r equal to methyl (m), ethyl (e),

propyl (p), buryI (b), ßopropyl (i), and isobutyl (ib); 2) d(/TpX) with r equal to e and i

and X equal to adenine (A), guaníne (G), cytosine (C) and thymine (T); 3) d(XptáT) with

r equal to e or i and X equal to A and T; 4) d(fplTpT) wíth r equal to m, e, and i; 5)

il(Ape'TpA) and il(ApTpA); 6) d(eaTpApeaTpA), il(eaTpApTpA), and d(TpApeaTpA).

These molecules were identified and characterized by tH and I3C Nuclear Magnetic

Resonance (NMR), Fast Atom Bombardment tnnss spectrometry FAB-MS), and circular

dichroísm (CD).

The IM - H]' ions as well as so¡ne t2M - Hl' aggrcgates are easily detected by FAB-

MS operatìng ín the negatíve ion mode, illustrating the usefulness of the techníque for the

structural analysis of DNA oligomers containing a fT base. The CD spectra of the

alþlated oligomers díffered from their non-alþlated counterparts, with the most prominent

difference being a reduction in the magnítude of the negative CD band. In thetH NMR

spectra,, the a,-methylene protons of the O4-ethyl, -propyl, -buryl, and -isoburyl groups, and

the methyl protons of the O4-isopropyl group are maçnetically nonequívalent at most

temperatures, in contrast to the corresponding ntcleosiàes, /ilT, Furîhermore, the

chemical shift dffirence of these d-methylene protons (AE) usually increased with

decreasíng te,nperature and this has been related to intra,nolecular base stacking, Vicinal

proton coupling constants of the deoxyríbose sugars reveal a shíft towards the 3'-endo

confortnatíon of a radl unít relative to a dT unit, The 3'-endo population of the radl sugar

generally increased with decreasìng temperature, the magnitude of the increase depending

on the sequence. Variable tempera.ture profiles of base protons suggest that O4-alþlation

does not disrupt base stackíng in terms of the formation of right handedll-anti stacks.
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spectra obtained at 4oc in NMR buffer. The data were procesied iithà sine-belt'funclion
in both domains followed by Ðmmetizatíon to produce a final SI2 x 512 W matix. ,..79.
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Spectra obtained at 450C in NMR buffer. The data were procesied with ã sine-be 
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in both domains followed by symmetization to produce a final 512 x 512 W matrix. ...85.

Fisure 3.23: 300 MHz RELAY 2D NMR of il(eaTpAfTpA) híghlighting the pA sugar.
spectra obtaìned at 45"c ín NMR buffer. The data were processed with a iine-bill funciion
in both domains followed by symmet zation to produce afinal 512 x 512 W m¿trix. ...86.
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Figule 3.26: 75.5 MHzItC proton decoupled spectrum of d(TpìlTpT) (27"C). The signal
at 3I ppm is due to fefi-butanol. C7 = s.-carbon of the O4-ßopropyt group, C8 = m¿thyl
carbons of the O4-isopropyl group, * = dT base carbons. INSET: Methyl carbons of the
O4-isopropyl group of il(íaTpT) (27"C). ...91.

Figure 4.1: CD comparisons. dT and eadT at 23"C. ...120.
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Figure 4.3: CD comparísons. A) il(TpeaT) at l0 and 65"C. B) depff) at I0 and
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Eigue_4.8: CD .comparisons, A) d(TpeaTpT) at l0 and 72"C. B) d(TpiaTpT) at I0 and
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Figure 4.9: CD Comparisons. A) d(ApeaTpA), d(eaTpA), and d(Ape.T) at j7"C. B)
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Fígure 4.10: CD comparisons. A) d(ApeaTpA) and d(ApTpA) at IUC. B) d(ApTpA) at
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Fisure 5.1: Conventions and deJinitíons pertaining to the conformational analysís of
nucleic acids. A) DeJinition of bonds; the phosphodiester backbone (u. to (), thà sugar
ring (t:" to ttr), and ^¡. B) Newman projections about þ, y, and e. C) The wo idealí2ed
sugar confonners, 2'-endo (S) and 3'-endo (N). A reproduced from van de Ven and
Hilbers (1988), B from Buchko (1986), and C from Altona (i'982). .-..137.

Figu.re 5.2: Plot of the J(HI'-H2') and J(H3'-H4') coupling constanß for a variety of
single-stranded, double-stranded, círcular, platinated, and base-deleted oligonucteotidàs àt
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Figyrg 5.3: Temperature ffict on the 300 MHz tH NMR band of the H* and, H, a-
methylene resonances of the O4-ethyl function of d(erTpT). The value in Hz ß- the
difference in the chemícal shifts of these resonances (Lõ) at the temperature indicated,
...144.

Figure 5.4: Conformational states about the O4-C" bond wíth the O4-aIþl group in the
syn-periplanar position, N3 is projected towards the víewer, such that the flaiking groups
of the O4-alþl function are actually close to being above or below it. A) Orleitation
present in the eadT crystal wìth both a-methylene protons of the 04- ethyl staddling the
base. B and C) Two other eclipsed conÍormations whích are probably tesi favourabli than
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Figure 5.5: Temperature effect on the 300 MHz tH NMR band of the H^ and H" a-
methylene resonances of the O4-propyl function of il(paTpT). The value in Hz is the
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...147.
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Figare. 5.7: Temperature effect on the 300 MHz IH NMR band of the H^ and H, ø_
me-thylene resonances of the o4-isoburyl function of d(ibaTpT). The value 

^¡, n, lì tn"
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Figu,r? 5J?;. Temperature (C") profites of the chemical shifts (õ) of the T (n), m.T (m),
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Me5 profiles for the monomers itT (n), maiff (m), eaitT (e) and iailT Gj. .".JSS.'

Fieur: 5,13_,: 
--Tlmperature 

(C,) profítes of the chemícal shifts (õ) of the adeníne (A) andg::!!1i!! (G) H_-8 and the cytosine_(C) and thymine (T) H6 base protons of the pî unit of
d(Npx) with N equal to T (n), maT (m), eaT (à), and fT (i). ...159.

Fígure_5.14: . Temperature (C) profites of the chemical shifts (õ) of the H2' sugar proto*
of the Np unit of d(NpPY) with PY equal to cytosine re ai'¿ thin¡ne (T). Bolà letíers: N
= eaT, hollow letters: N = T. Also incruded âre tne ni' proJîres for ihe' monomers ¡M¡ dr
and eadT. ...162.

Figare.S'|î: Temperature (c"). proliles of the chemical sh¡fts (õ) of the H2' sugar protors
ol the,Np unit of il(NpPU) with PIr equal to guanine (G) and adenine (A¡. aåId ieuers:
N = eaT, hollow letters: N = T. ...16i,

Figare -5-.16: Temperature (c").profiles of the chemical shifts (õ) of the H2" sugar prototls
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Figure 5.17: Temperature (C) profiles of 21' ín Hz for the Np unít of the il(NpX) dimers
with X equal to ad,enìne (A), guanine (G), cytosine (C), and thymine (T). Bold leuers: N
= eaT, hollow letters: N = T. AIso included are the >l' profiles for the monomers (M) ilT
and eailT. The vertical axis at the right provides the VoS (2'-endo) conformation of the
sugar ríng calculated accordíng to equation I. ,,,170,

Figure 5.18: Temperature (C") proJiles of 2I' in Hz for the fTp unit of the ilQaTpX)
dimers with X equal to adeníne (A), guanine (G), cytosine (C), and thymìne (T). Also
included are the >I' profiles for the monom¿r (M) fdT. The vertical axis at the right
provides the %aS (2'-endo) conformation of the sugar ring calculated according to equation
1....171.

Figure 5.19: Temperature (C) profiles of the chemical shifts (õ) of the O4-ethyl a-
methylene protons of d(eaTpX) with X equal to adenine (A), guanine (G), cytosine (C), and
thymine (T). AIso included are the u-methylene proton profiles of the O4-ethyl group of the
htonomer (M) eadT. ,.,178,

Fìgure 5,20: Temperature (C") profiles of the chemícal shifts (õ) of the O4-ethyl methyl
protons of il(eaTpX) with X equal to adenine (A), guanine (G), cytosíne (C), and thymine
(T). Aßo included are the methyl proton profîIes of the O4-ethyl group of the monomer
(M) eailT. Note thet the plot at the top is an etpansion of the profiles ploned in the
standard scale on the bottom. ...18L

Figure 5.21: Temperature (C") profiles of the chemical shìfts (õ) of the methyl protons of
the O4-isopropyl groups of iI(i1TpX) the X equal to adenine (A), guanine (G), cytosine (C),
and thymine (T). Also included are the methtl proton profiles of the O4-isopropyl group of
the monomer (M) fdT. ...182.

Fígure 5,22: Temperature (C") profiles of the chemical shifts (õ) of the eaT and iaT MeS
base protons of il(eaTpX) (top) and d(fTpx) (bottom) with X equal to adenine (A), guanine
(G), cytosine (C), and thymíne (T). Also íncluded are the MeS profiles of the monomers
(M) eadT and fdT. ...184.

Fígure 5.23: Temperature (C) profiles of the chemical shíÍts (õ) of the eaTp HI' sugar
protons of il(eaTpX) with X equal to adeníne (A), guanine (G), cytosine (C), and thymine
(T). Also íncluded is the HL' profile of the ntonomer (M) eailT. ...185.
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(T). Also included is the HL' profile of the monom¿r (M) fdT. ...186.

Figure 5.25: TOP) Temperature (C) proJiles of the chemical shífts (õ) of the methíne
proton of the O4-isopropyl groups of d(iaTpx) with X equal to adenine (A), guanine (G),
cytosine (C), and thymine (T). Also included is the methine proton profíle of the 04-
isopropyl group of the monomer (M) fdf. BOTTOM) Temperature (C) profiles of the
chemical shírts (õ) of the methine proton of the O4-ìsopropyl groups of il(iaTpT), d(Tpff),
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!!gste-5¿Z: Temperature (C) profiles of the chemical shifts (õ) of the Np (I) and pN (2)
H2" sugar proøns of d(NpA) and d(ApN). Botd numbersj N = à,7, ho[low numbirs: N
= T. ...192.
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with X eqwl to adeníne (A) and thymine (T). Bold letters: N = eaT, hollow leiters: N =T. Also included are the zl' profiles for the monomers (M) e'ilr and itr. The vertical
axis at the right provides the %os (2'-endo) confornation of the sugar ring calculated
according to equation L ...193,
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CHARACTERIZATIOÌV OF

DIVA OLIGOMERS
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ALKYLTHYMIDIÌ{E



CHAPTER I
INTRODUCTION. DNA Alþlation



Alþlatíng agents are known to pray a rore ín matagenesis and. carcinogenesis (singer

and Grunberger, 1983; SaÍhill et al., l98S). These compounds can modify all orygens and

nìîrogens in DNA except the nitrogen invorved in the grycosìdic bond and the oxygens

involved ín the phosphodiester bonds (Lindahr et ar., tggg). such compounds are widery

found in the environment from both natura! and unnaturar sources (Bartsch and Montesano,

1984). some ate even generated in the digestive system (singer and Grunberger, I9g3).

Among the most potent are N-nitroso compounds rike N-ntethyr-N-nitrosourea,

N-ethyl-N-nitrosourea, N-methyl-N' -nitro-N-nitrosoguanidine, and N-ethyr-N' -nitro-N-

nitrosoguanidine (Singer, t 975 ).

One ad.duct of DNA alþtation is O4-alþlthymine (/T) (Figure t.I). This residuc in

DNA leads þ mutations, specifically A:T--->G:C transitions (preston et al., 19g6), and is

recognized by DNA repaìr enzymes. To explain, and perhaps predict, thc biological

consequences of o4-arþration of thytnine on DNA, it is usefur to sutd.y the efÍects ttnt trlis

residue has on DNA structure' short origodeoxynucreotides have been used as moders for
conrormational investigations of DNA (patet, et ar., I9g2; Kearns, Ì9g4). Nucrear magnetic

resonance (NMR) and circurar dichroism (cD) spectroscopy can then be used. to probe the

confortnation and dynanics of DNA at the individuar base revel (cantor et ar., 1970; Kondo

et al', 1970; cheng and sarma, 1977). It is this approach thnt was used. to exprore trte

structural effects of o4'arþratíon of thymine on DNA (chapters 3 and 4) after deveroping

a synthetíc strategy to make the morecures (chapter 2). However, beþre describíng these

results a short review of DNA alþlation will be useful.

In DNA, in vivo and tn vivo, the majority of trrc totar arkyration fonnd. after exposnre

to a N-nitroso agent is on the phosphates (Sun and Singer, :l975; Singcr and

Fraenkel-conrat, I97s)' Thß finding is not surprising since the prrcspharc backbonc is trrc

most exposed surface of the DNA doubte herix. Furrhermore, the arþr phosprto*iesters arc

the most persistent rype of DNA alþlation (Brcnt e¡. al., lggg) with a half life of ovÜ a



month (Den Engelese et ar., 1986). Enzymatic studíes with synthetic DNA oligomers

containÌng alþIated phosphates show gene transcr¡ption to be affected n vitro (Miher et

al" 1982). However, NMR and cD studies with synthetíc DNA origomers containing a singre

site of phosphate alþlation suggest that phosphate alkylation does not disrupt tlrc in¡astrand.

watson-crick hydrogen bonds of the double herix but does slightly perturb trte herù backbonc

(Pramaník and Kan, 1987: Kan et al., lgg.; Lawrence et al., I9g7). In conclusion, alþl
phosphotriesters appear to hinder enzymes thaî bind to the surÍace of DNA but probabty are

not promutagenic as no miscoding has yet been demonstrated (Jcnsen, t9g6).

The first, and nost prominent, nucreoside adduct isorated after ,eatment with N-nitroso

and other alkylating agents wts N7 -methyrguanine (m?G). This resid*e was originary

believed to be an important carcinogenic adduct. However, rarer studies indicated. that

ethylating agents produced the satne carcinogenic effecx in ani¡nars as ntethyrating agettts

with the isolation of ress N7-ethyrguanine (singer, 1975). mzG was evenunüy srtown not to

Iead to miscoding (Abbou and safthirt, 1979). Instead it is now berieved trtat the high

mutagenic and carcinogenic activit! of the N-nitroso compounds is due to their abirity to

alþlate oxygens on DNA bases (Loveless, .969; Singer, 1976).

The fírst orygen atkyrated base isorated was o,-methytguanine (nfG) (Friedmanctar.,

1965)' o'-Alkylation of dG d.eprotonates the NI position, destroying a hydrogen donating

site in a normal lvatson-Crick G:C base pair. Furthermore, an alkyt group at the O6

position of G may stericaüy hinder the formation of other potentiat hydrogen bondr as

suggested by X-ray crystauographic sn¿dies with monomers which indicate that the o6-arþr
group is in the syn-períplanar position (Figure 1.1) (parthasarathy and Fridey, t9g6;

Yamagata et al., 1988). In vitro studies suggest that fG acts as an A, base pairing

preferably with r (or u) (Abbou and saflhil!, 1979; Gerchman and Ludltun. 1973). This

contrasts with sorution state opticar merting studies with serf-comprementary d.odecaners

involving m6G opposite to A' c, G or T. The lowest mehing temperatr¿re (T) was notcd for
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the sequence with an m6G:T base pair and the highest for the sequence with a nfG:c base

pair (Gaffney et al., Ì984), ín tine wíth later NMR studies of these sequences (patct et ar.,

1986), recent molecular orbital calculations (yamagata, et al,, Iggg) and other optical melting

studìes (Gaffney and Jones, I9B9). This suggests that factors other thnn base-pair

stabilization energies are involved in replication (Loeb and Kunkel, l9g2; partløsarathy and.

Fridey, 1986; Loeb et aL, 1986).

Eventually O4-nethylthymidine (madT) was d.etected n vivo (Lawley et al., 1973)

followed by o2-alþluridine, o4-alqruridine (Kusmíerek and singer, 1976), o2-arkyrdeory-

cytidine (fdC), and O2-alþlthymidine (/dT) (Singer, 1976). The major rcason for rlrc
delays in isolating the o'arþrpyrimidines is the rab ity of the atkyr group, in acid and in

base (Singer et al., 1978; Allore et al., l9g3). Of the O_alkylated deorypyrimidines, ldC is
the most unstable (singer et ar., I97g) because not onry is the arkyr group rab e but the

glycosidic bond is prone to creavage. In fact the ratter event, depyrimidination, may be rhe

maior reason for the mutageníc properties of ldC as abasic sites lead to d.eletion mutations

(Singer, 1976).

Alþlation at the 02 positíon of thymidìne resurts in the deprotonation of NI and the

introduction of a bullE group on the base (Figure l.l). The only X_ray crystallographic

study on such a molecule, O2-isopropylthymidine (ì¿dl, shows that the alkyl group is in a

syn-pcriplanar positíon in relation to N3 (Birnbaum et ar., rggg) where it might interfere

with base pairing. The grycosidic bond of fdr ís not as susceptibre to creavage as the same

bond in fdc, allowing the synthesis of rdTTps and their íncorporation by DNA porymerase

I into the alternating polymer poly td(A-T)l (singer et ar., t9g9). This incorporation shows

that DNA Polytnerase I can bind and utilize ldrrps and suggests that stabre r2T:A base

pairs can forn. Further experiments with these poly [d(A_T)] sequcnces, containing

signíficant amount of fdrs in prace of dr, have shown higher revers of dGTp incorporatiott

during replication by DNA Porymerase I. This implies that fT:G base pairs are forming



(Singer et al., 1989).

The remaíning o-arþrated deorypyrimidine possibre ís o4-arþrthymidine, the addtrct

which is the subject of thís thesis. Atkyration at the 04 position rerøves a proton invorved

in hydrogen bonding at N3 (Figure i.I). crysta! structures of o4-tnethytthymidine (Brennan

et al" 1986) and o4-ethytthymidine (e.dr) (Bírnbaum et ar., Igg6) revear a nwnber of
important features. First, the arkyr group is in the syn-peripranar position in both morecures

rehere it could interfere with hydrogen bonding. second, 04-atþration produces ,,cytosine-

Iike" conjugation of the ring. However, the erectron densitv at o2 is rower than in cytosine,

possibly decreasing its abitiry þ act as a hydrogen bond. acceptor. Last, trrc deoxyrirtose

moìery adopts unusual puckers for nucleosídes, ,,11 for nf dl and tTrfor eadf.

Numerous studies have been conducted to dctenníne the biological consequences of
the presence of o4-atkylthytnines in DNA. Highrights of trrcse srudies are: I ) DNA

Polytnerase I will substitute 04-methyt drrp, o4-ethyt drrp, and o4-isopropyr drrp for
ùITP during the replication of the alternating polytner poly [d(A_T)] (Sin1er et al., l9g6).

Furthermore, the rate of synthesis decreases as the size of the arkyt group ittcreases (methyr

> ethyl > isopropyl), and the amount of fdtrp incorporated. is greater than rdTTp (singer

et al.' 1989); 2) dø-r) polyrners, with a nutnber of f drs substituted for dr, were s,own
to misincorporate a higher percentage of dGTp when repricated. st¿ch an event wourd lead

to an A:T--->G:c ,anshion upon the next clcre of reprication as rustrated in Figure 1.2.

However, the strongest evidence for the prontutagenic potentiat of o4-arkyrated thymine

comes from site-directed nntagenesis experiments conducted by preston et ar. (19g6). A

single rnadr residt¿e was introd,uced. into a specific site of a bacteriophage gene. The phagc

were then transfected into E. coli spheroplasts deftcient in methylthytnine_DN|

methyltransferase (ada'), an enzyme that repairs O4_alkylated DNA, where they yielded a
I,'fold íncrease in mutant phage progeny in cornparison to ada, E. cori ceüs. Twenty

mutant ploques were then individualty isolated and the DNA in the region of the ma dr adduct
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sequenced, All of these mutant phage contaìned an A:T --->G:c transit¡on at the síte of the

origínal introduction of the madT,

DNA oligomers containing an o4-methyrthymídine have been synthesised. (Li et ar.,

1987) to study the effect of arkylation on base pairing and on trrc doubre rrcrical

confonnation. Four self-cotnplementary dodecamers containíng a G:7, G:ntaT, A:C, ad
A:maT base paír at identicar positíons were prepared, for this sutdy (Karnik eL ar., I9gga,

b)' Two-dimensional (2'D) nucrear overhauser enhanccment spec,a (NoESy) of thc

exchangeable and nonexchangeable proton resonances were used to chTracterize the

olìgomers' The data suggested that G:T formed a wobbre base pair with nvo hydrogen

bonds (Figure Ì.3A) whose protons resonate at .,0.57 and I I.9g pptn (10.C). Comparativcty,

the only ínino proton present in G:maT, G(HI), resonates at g.67 ppm. The upfietd position

of this lone signal suggests that G(HI) is not invorved in hydrogen bondittg and. hence, trrc

only hydrogen bond possibrc is be¡çeen the H2 amíno position of G and trrc 02 carbony! of

moT as illustrated in Figurc 1.38. Nucrear overhauser enhancement (NoE) experimcnts

suggest that the alkyl group is in the syn-peripranar position, as in crystauine mndr (Brennan

et al" 1986), where it wourd prohibit the G imino proto fronx participating in hydrogcn

bondíng. The weakness of this base pairing red Karnik et ar., I9gga, to sru,gest that the

enhanced lipophilicity of nfT may be a more ímportant factor in mad| s promtûagenic naturc

than its base pairing potentiar because the enzymes invorved in DNA reprication pray a rarge

role in maintaining its fidetiry and the active site containing the DNA tempr(üe is in a

hydrophobíc cleft. Therefore the típophiticiry of the base paír nny be ntore important than

the energy of base pairing in detennining the type of base pair formed (Loeb and Kttnker,

1982; Loeb et al., j,986). Arternativery, the enzyme bindìng creft appears to snngry fit co,ect
base paìrs (Petruska et al., I?SB) hence, when an unusual base is present in DNA, ttrc

preferred base pair produced during tn vrvo and in vitro reprication may be tr.te onc whicrt

most closely resembles a watson-crick arignment (Eritja et ar., i9g6; Fazakerrey et ar., IggT;



Fígtle 1..3: . A) G:T wobble base Uî: ^B^)^ 
G:¡lT base pair, C) A:C wobble base pair,

and D) A:maT base paír (Kalnik er al., I98Ba, Igggb).
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Gaffney and Jones, 1989; Kalnik et a1., 1989a, b).

In contrast, rhe two other self-complementary dodecamers, one with an A:C and the

other with an A:nfT base pair, both behave identically to each other over temperalure.

That is, identical NMR experiments, as conducted for the G:T and G:maT sequences, produced

similar spectra for the A:C and A:nlT complexes, Theìr data correlated with other sn¿dies

(Patel et al., 1984; Hunter et al., 1986) that suggest an A:C wobbte of the type illustated

in Figure 1.3C. All the NMR data tyere recorded at pH 5.5 to 6.0 and there is evidence to

suggest îhat A(NI) is protonated and a second hydrogen bond to the pyrimidine O2 carbonyt

exists (not sltown in Figure l.3C). AtnaT appears to base pair similarly, as illustrated in

Figure 1.3D, with the alkyl group located in tlæ syn-períplanar position. A stable A:maT

base pair would explain why the presence of m'dT does not always lead to a transition

mutation because ¡nost of the time replicating enzymes place an A opposite the maT. The

fonnation of these A:maT base pairs retards strand elongation during replicatíon (preston et

al., 1986; Singer et al., 1989). Stable A:maT base pairs míght also aid in explaíning data

with poly td(A-T)l double helixes containing ldl lesions which show no dístortions in their

helical structure as measured by W methods (Singer et al., 1986).

This thesis describes the s¡nthesis of DNA oligomers contaíning an O4-altqhhymidine

with the goal of better understanding the effects of O4-atþlation on DNA structure. An

emphasis has been placed on the construction of oligomers containing an O4-ethyt- and 04-

isopropyhhyrnidine, since these adducts may be more mutagenic (Singer et al., 1986;

Richardson et al., 1987). AII nnlecules were purified by high performance tiquid

chronatography (HPLC) and identífìed by NMR and fast atom bombardment mass specto-

metry (FAB-MS). NMR, and to a. Iesser extent CD, was then used to probe the conformation

of these molecules in solutíon. series of dffirent sequences were slnthesised to study the

effect of various factors. For example, alkyl group size was examined in the sets d(/Tpf)

and d(TplTpT). Sequence effects were compared in the sex d(/TpT) ond d(Tp/T), il(eaTpA)

-10-



and d(ApeaT), and d(e,TpApeaTpA), d(eaTpApTpA), and d(TpApeaTpA). Neighbouring base

efficts were probed in the sets y'TpX (with X = A, G, C, and T, r = ethJt and ísopropyl),

and d(ApeaTpA) and d(Tpe'TpT). AII these alkytated DNA fragments were also compared

to their non-allqlated counterparts. conformationar diferences nny be important beca,se

sequence specific features of DNA structure may pray a rore in gene regulation (Rich et ar.,

1984). Furthermore, such sequence specific changes may be vitar for the recognition of
damaged DNA segments by repair enzymes (Topal et al., 19g6).



CHAPTER 2

EXPERIMENTAL. Synthesis, Purification,
S ample P reparation, and F ast-Atom
Bombardment Mass Spectrometry of DNA
O ligomers C ontaining 04 -AllÇylthymine



2,1 INTRODUCTION:

Oligonucleotide synthesis h¿s been extensively reviewed (Zhdanov and Zhenodarova,

1975; Reese, 1978; Crockett, 1983) and the technology now exists to fully automate the

operation (Caruthers, 1985). The major requirenænt is the protection of the most nucleophilic

sites: the base amino groups (G, C, and A), the hydrory functions on the sugar (3' and 5')

and phosphate group. By coupling selectívely protected nucleotidyl and nucleosidyl fragntents,

protected oligonucleotides of defined sequence can be obtained. Removal of all the protecting

groups (deblocking or deprotecting) yields DNA.

Because of the vulnerabílity of the O4-aIþl group to both acidic and basic conditions

(Singer et al., 1978; Allore et al., 1983), a synthetic strategy favourable to th¿ survival of

the O4-alþl group had to be developed. During the course of our work, Lí et al. (1987)

reported the first sJnthesis of a DNA oligomer containing an O4-metþlthymidíne in quantities

sufficient for NMR studies. More recently Borowy-Borowski and Chambers (/989) have

reported the synthesis of olígomers containing other alþl groups at the 04 position of

thymine. However, the procedures we developed dffir from those of these two groups in

many aspects, in terms of protecting groups, condensing reagents, and deprotection condi-

tions-

In general, for an oligomer larger than two nucleotides, we make use of

4,4' -dimethorytriryI to protect the 5' -hydroryl group, aceryl þ protect the amino and 3,-

hydroryl groups, and 2-chlorophenyl to protect the phosphate. The atkyt group is intoduced

at the 04 position of thymíne via a C4 linked 1,2,4+ríazole moiety (Divakar and Reese, l9B2)

which can easily be displaced by sodium alkoxide (NaOR) before condensation. After

coupling it was possible to exchange alþl groups through disptace¡nent with a dffirent

sodium alkoxide during deprotection. Couplings were performed using triisopropylrulþnyt

chloride (TPSCI) and tetrazole as condensing reagents, with synthesis occuruíng one

nucleotidyl unit at a time storting with the 3'-nucleotide of the oligomer. Deprotection



ínvolved treatment with 1) ZnBrr, 2) oximate, and 3) NaOR. Crude puriftcation by

descending paper chromatography was folrowed by more thorough puríficatíon wíth reverse

phase HPLC. A detaíled description of al! the synthetic procedures follows.



2.2 TECHNIOUES:

2.2.1 Drv column Flash chromatosranhv (DCFCT: For a rypical I0 mmol synthesis, a

150 mL cylindrical sinter of medium porosity was packed with sitica gel (Terochem, Flastt

chromatography Type). unlikz standard flash chromatography, in DCFC suction instead, of

pre$ure is used to pass solvent through the get (Harwood, I9g5). The nú,teria! to be

purified was first evenly placed on the column usíng the minimal a¡nount of solvent. A

gradient of MeoH in Mecl was often used to elute the products, with tlc employed to monitor

their passage off the column. The only other solvents regularly used. were 1007o ethyl acetare

(EtOAc) or I007o ether.

2.2.2 Thín Laver Chromatographv (tlc): Whatman polyester_backed sitica gel plates (250

¡tm layer) were cut into 6.3 ctn long strips of various widths and stored under Drieritc

(anhydrous CaSOr) prior to use. Spotted plates were developed in s*ew_capped jars g cm

high and 5 cm in diameter.

2.2'3 Paper clùomatosraphv: whatman #l sheers (46 x 57 cm) cut in hatf arong the rong

axis were used for descendíng paper chromatography. These sheets were forded. at one end

at 2 and 6 cm (to allow placement in the chromatography chamber) with a horizontal line

drawn at the l0 cn point. The product, dissorved in the minimar amount of sorvent (Hro

plus a drop of MeOH or EIOH), was steaked. across the l0 cm mark using open end

capillary tubes (0.8 - 1.10 x 100 mm, Kimax-S1). The organíc phase of a 5:4:l

(HrO:n-butanol:EIOH, v:v:v) mixture was used. to elute the materíal (solvent B,).

Approximately 20 hours were necessary for the solvent front to reach the end of the paper.

Once complete, the papers were removed, from the tank, aír dried in a fLrmehood, and

examined under w light. The uv absorbing areas were marked, c,t out, and eluted wírh

Hro. The uv specta of these samples were then recorded on a unicam sp g00B ultraviolet

spectrophotometer to identify promising fractions. These were lyophilized and prepared. for
either IH NMR or HPLC. Note that HpLC purification was dramaticarty faciritated by prior
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p ap er c hro,Ìurto graphy.

2,2.4 Hieh Performance Liouíd Chromatoer:anhv (H|LC\: It was nece$ary to purifu a

olígomers by HPLC beþre any detaited NMR, cD, or mass spectal anarysis courd be

conducted. A Perkin-Elmer system containing a sigma 15 chromatography Data station, a

LC Terminal, a LC-85 spectrophotometric Detector, and. a Series 4 Liquid chromarograph

was used. Both analytical (25 x 0.46 cm, CSC) and semi_preparative (25 x j.0 cm, CSC

and Phenornenex) reverse phase (5 pm Hypersil-oDS) columns were employed. with a
pre'column (5 ¡tn Hypersil-oDS, 4.5 x 0.46 cm, csc). H\LC grade MeoH (Físher) firtered

through 0.20 ¡tm nylon filters (whatman) was the organic solvent. The aqueous phase was

a 0.1 M a¡n¡¡ønium acetate (HPLj grade, Fisher) buffer adjusted. to pH = 6.0 with acctic

acid. This buffer was passed though a 0.45 ¡trn ceüulose nitrate firter (whannn) prior to

use' AII material injected on to the column fírst passed though a 0.4s lttn syrìnge firter
(Spartan-3).

The standard gradíent employed during the first purification attenpt on a

semi'preparative column is listed in Figure 2.1. when an analytícal column was used the

same gradient was employed except for a 50vo reduction in the ftow rates. Tablc 2.1 lists

the retention times of some oligotners separated in this manner. lf the retention timcs

between the peaks of interest and the impurities were ress than r.5 minutes, then the gradient

would be modifíed appropriatery to meet thís criterion. A sarnpre chronatogram is

reproduced in Figure 2.2 which illustrates the sensítivity of this tool for separating the

oligomers il(eaTpApTpA) and d(TpApeaTpA). These iro tetramers have identical base

compositíons but dffirent base sequences yet have retention times that differ by 2 mintües

when the standard gradient is used; a time sufficient for isolation.

2.2,5 NMR samole Preøararíons: After HpLC purificatíon the solvents were removed by

rotary evaporat¡on and lyophilized three times from Hro (approximately Ì mL volumes) to

remove the ammonium acetate. The samples were then lyophitized twice from 99.gTo D,O
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TIME Flow Rate ToAqueous ToMeOH
eq. 1.0 100 00
1.0 2.0 100 00

90.0 2.0 10 90
4.0 2.O 10 90
10.0 2.0 100 00
2.0 1.0 100 00

-TME = minutes
-flow nte = m[./minute.
-all gradients a¡e linea¡.

ligure 2.1: Standard gradient used for the hplc purifìcarton of the DNA fragments after
deprotection. Organic phase: MeOH. Aqueous phase: 0.1 M ammoníum acàtate ¡piI =
6.0).

-r7 -



4l 52

cù

+'"ì
uf, í-
tf) .-+l

Figure 2.2: Hplc chromatogram obtained in the purification of d(eaTpApeaTpÁ.) using the
standard gradient, The bold numbers above the pàaks are reteition timei in minutes: (35)
d( A pT pA), ( 4 I ) d( T pA p e' T pA), ( 4 3 ) d( ea T pA pr pÐ, 6 2 ) it( ea T pA pea T pA ).



Table 2,1. HPLC retention times of some DNÄ oligomers
using the standard gradient.a

M olecule
dT.
5'dTMP.
d(m4rp¡
dG4rpÐ
d(i4TpT3'Ac)
d(tpi4Ð
d(TpTpT).
d(Tpm4Tpr)
d(Tpe4Tp¡
d(rpialpT)
dGpi4TpT3'Ac)
d(m4Tpc)
d(e4TpC)
d(iarpc)
d(TpA).
¿(e4rpe)
d(i4TpA)
d(tpApe4rpA)
d(e4TpAptpA;
dle4tpepe4tpe¡

retention time
28

43

58

64
56
35
40
46

58

65

4l
48

56

30

50
57

41,

43
52

aStandard gradient (See Figure 2.1) with retention times in minutes.



(approimately 0s mL vorumes, Aldrich). For tH NMR, 0s mL of NMR buffer was used to

dissolve the sample beþre transfer to a witmad szg pp (s mm od) NMR tube. Thís buffer

consísted of 0.1 M NaCl, 0.0j M soditutt pltosphate (NarHpOo. THrO) and. 0.001M

etlrylenediaminetetraacetic acid (EDTA) adjusted to pH 7.0 with HCt (Hare et ar.; 19g6,

Buchko, 1986). Prior to sample preparation a small volume of the NMR buffer was

measured out and lyoph ized nuice front gg.g70 Dro. The precipitates were trten

resuspended ín an oríginar vorume of 99.9vo Dro (Ardrich) and, added to tr.te DNA sampre.

A trace of tert-butanol was incruded as an internar reference (,231 pptn rerative to sodiunt

4,4-ditnetlryI4-silapentan- I -sulfonate (DSS), (Kan, et al., 1974, Bell et al., IggI). Whcn

conducting t'c NMR the tH NMR sampre wourd be lyophitized ínside trrc NMR u¿be,

redissolved ín 0.4 mL of 99.9Vo DrO and I0 ¡tL of d.ry dioxane added as an íttternal

reference (67'86 pptn relatîve to tetramethyrsirane). For a detaíred descríption of trrc
conditíons of the NMR experiments please see the Appendíx.

, : Negative ion FAB-MS

spectra were obtaíned for many of the precursors and deprotected oligomers on a vG 70708-

HF spectromerer (glyceror matrix, 8-ke v xenon atoms). Most of the major ions have been

assigned and are reported after the synthesís descriptions as mrz(rerative íntensiry, [ionic

speciesl')- The relative intensities are normalized to the most intense peak in the spectrum.

2.2.7 Círcalar Diclroísm (CDI: CD specta were obtaíned on a Jasco J_500A

spectropolarimeter using a cell equípped for ten{)erature control with a water bath. Thís

cell had a 0.5 cm path tength and herd 600 ¡tL. solutíon concentrations were in the 10. ruÍ

range as determined by w absorption methods (Eorer, 1975) using a 100 ¡tL ariquot from
the CD cell.

2'2'8 concentrdtion Detemínation: The quantity of product used for the cD and NMR

experiments was not s,fficient for dírect weighing and therefore ít was necessary to use the

Beer-Lambert law to obtain concentations:
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A =æl
where A = absorbance, e = molar extinction coefficíent (Llmole cm), c = concentration

(moleslL), and I = path length (cm). This equation is widely used to d.etermine the

concentration of nucleic acids in solution (young and Krugh, 1975; Klevit et al,, i9g6:

Kalnik et al', 1988a). The dfficulry with this approach is obtaining accurate values for e.

However, it ís not a problem wíth the monomers because enough sampre can usuaTy be

obtained to accurately determine the concentation and. hence, e. singer et al. (,9g3) have

reported an etu d 281 nm of 6,700 (Llmote cm) for mailT and 6,g00 for iadT. The

absorbance ratios (260:281) calcurated in our laboratory are: 0.4g, nfdr and eadr, 0.47,

o4-propylthymidine (padr), and 0.s2, o4-isoburyrthymídine (íbadr) and i1dr. Assumíng thar

e for eadT and padT are the same as for nfdT, and e for íbatlT is the same as for iadT,

rhen to, for n.1dT, endT, and pailT ß 3200, and for íbailT and iadT it is 3,500.

For the dimers containing an O4-attqlthymid.ine, Ê,r, was estimated by adding the er*

values for the monomers, y'dT ptus dG, dA, dl, or dC, and. multipling thís figure by 0.95.

(The 0.95 is the average hypochomícity effect in going from the consrituent monomers to the

dimers as observed for the sixteen possibre combinations with dG, dA, dr and dc.) For

example, er* for il(fTpT) (rounded off to the nearest hundred) was estimated as follows:

Ê2óo ildT = 3,500, e* dT = 6,766,

E* it(ílrpT) = (3500 + 8,700)(0.9s) = j,r,600.

To estimate e". for oligomers greater than two ba,ses long, equations are employed

that use the ern values for the mønomers and dimers. one such equation, for origonucleotide

DpEpFpG...KpL, is:

eo"rar6-lçt = (too, * EEp"... + exo) - g¡ - g¡... - gK @orer, 1975).

For example, e* for d(ApeaTpA) was calculated. as follows:

t". il(ApeaT) = ez* d(eaTpA) = (15,400 + 3,200)(0.95) = 17,700,

e,, il(ApeaTpA) = ((17,700 + 17,700) - 3,200) = 32,200.



Usíng q. values generated ín this nanner, aliquots from the NMR tube ( generally 20

ItL) or cD cell (100 ¡tL) were diluted and the absorbance measured at 260 nm on a cary-

219 varian spectrophotometer to determine the concentrations. The accuracy of such

calculations depends on the value of e. Note that even using Borer's equat¡on to calculate

e for non'alþlated oligomers, there is still e*or due to sequence dependent hypochromicity

fficts. For our NMR solutions occurate knowledge of the concentration is not crirícal

because we only require a concentration range to determine if interstrand. aggregation might

be a problem. However, for the cD solutíons, the concentration is important in detertnining

the molar ellipticities [@]. until e for our o-alþtated oligomers are determíned by other

methods, the accuracy of our e es mat¡ons for these morecules re¡naíns unknown and

thereþre, so does the accurac! of their [@]s.



2.3 REAGENTS:

All solvents were purchased from Fisher scientific except where indicated othenuise.

2.3.1 0.3 M Oxímate: p-Nitrobenzaldoxime (Sigma) (0.166 g, t.0 mrnol) and

1,1,3,3-N,N N' ,N'-tetramethylguandinium (Aldrich) (0.11 mL,0.gg mmol) were dissolved in

I mL of dry díoxane and I mL of dry acetonitr e prior to use. one mL of this sorution

was sfficient to deprotect 30 to 60 mg of a furty protected d.imer, trimer, or tetramer.

2.3.2 0.3 M tetra-N-Butvlammoniutn fluoride (TBAFI: TBAF (Sígma) (40Vo wlw in HrO)

(20 mL' 30 mmol) was titrated to pH 7.0 with methanol (MeoH) d uted hydrofruoric acid

(Fìsher) using a pH-meter. solvents were removed, under vacuum, co-distilting with I:l
(v:v) benzene:acetonitile. The solíd was placed in a desiccator containing phosphorus

pentoide (PrOr) (Fishcr) under reduced pressure. After a minimtm of two days the solid

was resuspended in 100 mL of dry tetrahydrofuran (THF).

2,3.3 1.0 M zinc Bronùde (ZnBr): ZnBr, (sìema) (2.25 g, 1.0 mor) was dissorved in Mecr

(8.5 mL) and isopropanol (tsoOH) (LS n{-).

2'3'4 Drv Pvridìne: Between I - 12 mL of chrorosurfonic acid (Matheson, coreman, &

Bell) was slowly added to l.S L of reagent grade pyrídine, After a nuo haur reflu the

pyridine was distílled into calciurn hydride (ca4) (Fisher) and left overnight. In the m,rnin|

the solution was disti ed and stored under Linde rype 3A molec*lar sieves

(Matheson, Coleman & Bell).

2'3'5 Drv Ethanol (EroH): Magnesíurn (Maflincktodt chemicar works) (5 g,200 mmot)

and iodine (0.5 s, 2'0 mrnol) were added to 7s mt of absorute EtoH (canadían Industiar

Alcohols and chemicals Limited) and warmed. until a vigorous reaction occurred, sotnetines

assisted with carbon tetrachlorìde (cc}. The mixture was heated. untit all the magnesium

had reacted and then an additional I L of absolute ethanol was added. The solt¿tion was

refluxed for one hour and distilled.

Other alcohols required for alþlation were dried similarly.



2.3.6 Dm Trí¿thvlamíne (TEAI: IS Lof TEA was refluxed wìth CaH, (ca. S g) for over

Jive hours, distilled, and stored under Línde type 4A molecular sieves.

2,3,7 Drv MetlryIene Chloride (MeCt): 1.5 L of MeC! sat over p,O, overniglu ard. was

then decanted into another vessel and distilled into a flask containing potassium carbonate

(K"cot) (Fßher). After again standing overnight the Mecl was decanted. into a storage

vessel containing Linde rype 3A molecular sieves.

2.3.8 Drv AceÍonírrire (cH,ÇN): iJ L of cHrcN was refluxed. over caH, for three hours,

distilled, and stored under Linde type 4A molecular sieves.

2'3.9 Drv Tetralryilrofuran (THF): Approximatery 05 L of rHF was refruxed over sodi,m

metal and benzophenone- when the sorution turned. brt¿e the dcsired quantity was distíücd

for immedíate use (Perrin et al., I9B0).
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2.4 PRECURSORS:

The numbering scheme for the precursors and some of their intermediates are listed

ín Figure 2.3.

2.4.1 5'-o-tert-Butvldímethvtsílythvmid¡ne (2): synthesis foltowed ogilvie's proced,ure

(1973) with slight modifications regarding purification. Thymidine (I) (Silma) (2.42 g, I0

mmol) tert-butyldimethlysilyl chloride (Aldrich and sigma) eBDMs) (1.66 g, r I mmot),

ímidazole (sisma) (1.50 g, 22 nunot), and dimetrrylfornnmide (Atdrich) (DMF) (10 mr) were

stirred at room temperatt¿re for 2.5 hours. The reaction was monítored by trc using EtoAc

as tlrc cluent whcrc thc 5' 3' -di -o-tcrt-blq,ldimcth.tlsil.tthl,micrìne (3), a by-product, had a

greaîer R, tlnn 2 (ca.0.7 to 0.5) with unreacted I remaining near trrc baseríne. Thc

products, 2 and 3, were worked-up by precipitation in I L of distiled water foüowed by

vacuum filtration through a Buchner funnet. The whíte solìd. was scraped off the filter
paper and dissolved in the mînimar amount of Mecr and purified by DCFC using EtoAc as

the eluting solvent (657o average yíeld).

W: ?l,* = 267 nm (EIOH).

2.4.2 5'-O-tert-BatvldímetlryhìIvl_3'-acetvltlunidine (4): pyridine-dried but not purifìed 2

(3.55 S, I0 mmol), pyridine (12.5 nL), and, aceric anhydride (Fßher) (2.0 mL,20 mnn|
were stirred together overníght. The reaction was monitored by tlc using etlrcr as elutant

where molecule 4 had a higher R, than 2 but a lower one tran 3. work-up invorved

quenching the reaction with metranor (MeoH) (10 mL) and rentoving trrc sorvents by co-

distilling with toluene. Molecure 4 was generaüy used without furtrter purifîcation.

2.4.3 S'4-teft.Butvldímethvlsilvl-3,-acetvl4lL2,4_triazol-I_vlt¿hvmidine (S): Synthcsis

followed the procedure of Divakar and. Reese (19g2). Acetoni,ite dried l ,2,4+riazote (sigma)

(6'2 g' 90 mmol) was dissolved in s2 mL of acetonitríre. phosphorus orychroride (Atdrich)

(Pocu (1.8 ml, I9'2 mmor) was added. after coolíng the sorution in an ice bath and stirred

for 15 minutes. Dry TEA (12 nL,86 mmol) was then introduced over a 15 minutc pcriod.
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1) Ri=H,&=H,B=T
2) R¡=TBDMS,R"=H,B=T
3) Rr=Rr=TBDMS,B=T
4) Rr = TBDMS, R, = Ac, B = T
Ð Rr = TBDMS, R, = Ac, B = Ift
O R, = TBDMS, R, = H, B = To4'
N RT = TBDMS, R' = H, B ='Ifr8) R, = TBDMS, R' =.fi, $ = fq'
9) Rr = TBDMS, R, = H, B = To1?

10) Rl = TBDMS, R' = !1, ! ='[qt
11) R, = TBDMS, R, = fl, ! = f6
12) R,=DMT,Rr=H,B=T
13) Rr = DMT, R, = DMT, B = T
14) Rr=DMT,R,=Ac,B=T
15) Rr=DMT,R,=H,B=IG
16) R, = DMT, Rz = H, B = TO¡'
17) R¡ = DMT, R, = Ac, B = Tr'
18) Rr=H,R'=dç, l=f¿
19) Rr=H,R,=H,B=Tr"
20) R¡=H,R,={ç, l=f
21) Rr=H,R,=H,B=A
22) R,=TBDMS,R"=fl,þ={
23) Rr = TBDMS, R¿ = Ac, B = A^'
24) Rr = TBDMS, Rz = Ac, B = Aa'r'
25) Rr = H, Rr = 4s,8 = A&
26) Rr = H, Rr= Ac, B = Ae
27) R! = TBDMS, R, = H, B = AB"
28) R¡ = DMT, R, = H, B = AB"
29) Rr=H,Rr=H,B=G
30) R, = TBDMS, R. = H, B = G
31) Rr = TBDMS, R¿ = Ac, B = GÀ'
32) Rr=H,R"=[s,B=G&
33) R¡=H,R,=!{, l=Q
34) Rr=H,Rr=Ac,B=çe'

*'o'tl

=

OR,

B =T=thvmine
B = Ir' = L(L,2,+ttazol-L-yl)-rtrymine
B=T*=O4-ethylthymine
B = Tq' = O4-methvlthvmine
B = Tqt = O4-isoprópyúhymine
B = IqP = O4-propylthymine
B = Tqb = O¿l-buúlthymine
B = T*' = O4-isobutylthymine
B=A=adenine
B = 4't' - 6-N-acetyladenine
B = Ae = 6-NNdiacetyladenine
B = AB" = 6-N-benzoyladenineg=6=guanine
B = 6't' - 2-N-acetylguanine
B=C=cvtosine
B = Cl" = 4-N-acetylcytosine

Figure 2.3: Numberíng scheme for the precursors involved in the syntheses.



followed by molecule 4 (4.0 g, I0 trxnot), suspended in 3i mL of acetonitrile, over a

minimum of 30 minutes. After 10 minutes the ice was removed, and the reaction left till

morning, The product was detected by the EtOAc elution of a blue tlc band,

The work-up involved adding TEA (8.2 ml, 5.9 runo!) and water (2.2 ¡¡d-, 12 mmol)

to the reaction vessel. solvents were removed after I0 minutes, the product d.issolved in s0

mL of Mecl and an eEnl volumn of Hro saturated, with sodium carbonate, was added.

The organíc layer was removed and the aqueous layer washed with an ad.ditional 40 mL of

Mecl. The organic layers were combined and dríed for 30 minutes with sodium sulphate

(Fisher) (NarSO). The solvent was removed and the product purified, if necessary, by DCFC

trsing EtOAc as the eluent.

UV: ì,.*, = 326,251 and 278 nm (EIOH).

2.4,4 5'-Olert-Butvldimethylsìlvl-O4-ethvlthvmiitine (6): Molecule S G.S g, I0 mmol) was

dried, suspended in EtoH, and treated with 60 mmot of sodium ethoxide (0.3 M finat

concentration in EtoH) for 30 minutes at room temperature. The reaction was followed by

the disappearance of the blue tlc band. The reaction was then worked up by neutralization

wíth glacial acetic acíd usíng colorphast pH índícator sticks. The solvents were removed.

under vacuum and the material purífied by DCFC using EtoAc as the eluent (Figure 2.4)

(Buchko et al,, 1989a).

UV: 1,*, = 281 nm (E1OH).

2.4.5 5'-Oiert-Butvldintethvlsìlvl-O4-alkvlthymitlíne (7 _ It): Other O_atkyt gtoups were

introduced to the c4 position, as described for 6, using the appropriate alcohol to prepare

the alkoxide. As the chain length increased the tinte necessary for the displacentent of the

triazole group íncreased and thereþre the propylation and. burylation reactions were left

overnight. while the isoburylation and isopropylation reactions were also left overnight, it

was nec$sary to prepare these alkoxides by heating. Only the isopropylation reaction was

heated continuously (ca.4uc) to keep the isopropoxide in solution after addition of s.
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2.4.6 5'-O-4,4'-D¡methoxvtrítvlthwidîne (12): Motecule 12 was prepared by stirring I
(2.42 g, 10 mmol) and 4,4'-dimethorytrity! chloride (Sígma) (DMTCI) (3.25 S, I0 mmol) ín

pyridine (25 ml) overníght (Schaller et al., 1963). The product, 12, had a tlc R, ca. 0.7

when developed in 9:I MeCl:MeOH. The reactî,on was worked up by pouring the mixture

ìnto 600 mL of cold HrO followed by extraction with MeCt (200 and 100 mL portions).

The organic layer was dried over Na$o, before the solvent was removed by rotary evapora-

tion (co-distílling with toluene). lf 12 was to be used in a condensation it was purified by

recrystallization in approximately 150 mL of benzene.

2.4.7 5'-O-4,4'-Dí¡nethoxvtrítvl-3-acetvlthvmídíne (14): Molecule I4 was prepared. as

described for 4 except that 12 was substituted for 2. The product had a higher R, then the

starting mater¡al (ca.0.8) when developed in 9:l MeCt:MeOH.

2.4.8 5''o-4'4''Dímetlnxvtritvl-3-acetvl-411,2,4-tríazovl-I-vll-rlrynit!ìne (17): Molecule 17

was prepared as described for 5 with the substitution of 14 for 4.

2,4.9 5'-O4,4'-Dímethoxvtrìtvt-O4-ethvlthvmídìne (IS) and 5'-O4,4, -dí¡nethoxvtrítvl-O4-

ìsooropvlthvmídíne (16): Molecules Is anil 16 were prepared as described, for 6 and 7

using 17 instead of 5.

2.4.10 3'-Acetvl4ll,2,4-triazol-1-vll+tqmídine (IB): Two proced,ures were used to prepare

18 with #1 illustrated in Figure 2.4.

#I) Molecule s (4.5 s, 10 nmot) was dissolved in THF and stirred. for l0 minutes wíth

TBAF suspended in THF (16.7 ml, 10 mmot) to remove the silyl group (Corey and

venk¿teswarlu, 1972), (cautionary note: Ionger treatment leads to a gradual removal of

the c4 trìazole group). The reaction was followed on tlc plates developed in EtoAc. The

desilylated product hcd e R¡ that was about 0.1 snaller than the startíng material. Dowex-sT

(Na* form) (Aldrích) was added, stirred for 15 minutes, and then filtered off. The product

was inunediately puriJied by DCFC using EtoAc (which also served to remove the THF).

If a substantial amount of 19 was present it would be removed frorn Ig by DCFC ruing a
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gradient of MeOH in MeCl.

#2) Compound 17 (6.4 g, 10 mmol) was detirylated by the addition of 100 mL of 1.0 M

zinc bromide (ZnBr) (8.5:1.5 Mecl:isopropano! v:v) (Kierzek et al., IggI). The reaction

was followed on tlc plates developed first in ether then EtoAc. The product had a lower R,

than the starting materia!. The solvents were removed by rotary evaporation and the

products redissolved in Mecl. This was washed with the minimal amount of Hro to remove

the znBr, (which was assumed to be complete when the coror of the solution changed from

red to an off-white). The organic rayer was then dried over Narso,. The product was

concentrated by rernoving sorne of the solvent and purified by DCFC using a gradient of

MeOH in MeCI.

2.4.11 3'-Acetvlthymídíne (20): Molecule 14 (5.9 S, I0 mrøt) was teated. with L0 M

znBr, (100 mL, 100 mrrcr). The reaction was fo owed on tlc plates developed first in ether

followed by EtoAc. The band for the detirytated product had a rower R, than thc starting

material and failed to turn yellow upon heating. Molecule 20 was worked up and purified

as described for 18 in procedure #2.

2.4.12 5'-O-tert Butvldímethvßilvt-2'-deoxva¿tenosine (22): pyridine-dried 2, _deoryadenosine

(21) (Sigma) (2.52 g, 10 mmot), TBDMSCT (1.66 g, II mrnol), ímidazote (t.5 g, 22 mmot)

and DMF (10 mL) were stírred for 3 hours (Ogitvíe, /973). TIc plates, developed first in

ether and then 9:I MeCl:MeOH, revealed a single product with an R, around 0.3. The

reaction was worked up by adding approxímately 300 mL of Hro and extactíng the prod.uct

with Mecl. The organic layer was dried over Na$o, and the sorvents were rennved by

rotary evaporation (co-distilling with toluene).

2.4.13 3'-Acetvl-6-N-øcetvr-2'-iteoxvadenosíne (2s) and 3,-Acetvr-6-N,N-diacetvr-2'-

deoxvailenosíne (26): The synthesis of molecules 2s and 26 is described in Fígure 2.5.

compound 22 (3.7 s, 10 mmol) was pyridíne-dried. three times beþre suspension in 20 mL

of pyridine. Acetic anhydride (6 mL, 60 rnmo!) was added and the solution stirred for 4g
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hours. Two major tlc bands with R, values of 0.5 (23) and 0.6 (24) appeared when

developed ín ether followed by 9:t Mect:MeoH. The reaction was quenched wíth 30 mL

of MeOH and the solvents were removed by rotary evaporation.

Molecules 23 and 24 were dissolving in TBAF (0.3 M in THF, 16.7 mL, t0 mmol) ro

remove the silyl groups. After 24 hours two major tlc bands appeared with R, values lower

than the bands for the starting naterial after d.evelopment in ether foltowed by 9:l

Mecl:MeoH. Dowex-S| (Na* form) was added, stirred Íor 30 minutes, and filtered off.

The tuo products were separated by DCFC using a gradient of MeoH in Mecl. proton

NMR and FAB-MS (Figure 2.6) identified the upper trc band as 2s and the rower one as

26.

FAB-MS (-ve ion): (25): MW = 335; 334(100, tM - Hl.); 2g2(B.I , tM _ acetltl.);

176(66, [6-N-acetyladeníne - H ]').

(26): MW = 377; 376(95, IM - Hl'); 334(12, tM - acetyll.); t 76(100,[6-N-acetytadenine

- Hl').

2.4.14 5'4-tertButvldimerhvlsìIvl-2'-iteoxvsuanosine(30):2'-Deoryguanosine(cruachem)

(29) (2.67 g, 10 mmol) was pyridine-dried three times and dissolved in I0 mL of DMF

together withrBDMSCl (1.66 g, t I mmol) and imidazote (1.50 g,22 mnøl). After two honrs

the reaction was worked up as described for 2. Th¿ product had a trc R, of about 0.6 when

developed in 4:l MeCt:MeOH.

2.4.15 í'O-tertButvldimeth r,¡l,tt-3, -acet -2-N-acetvl-2-¡leoxwudnosine (31): Molecute

30 (3.82 g, l1mmol) was pyridine-dried three times, dissorved in pyridine (20 mL) and acetic

anhydride (6 mL, 60 rruno!), and refluxed overnight. The major product had a tlc R, of 0.g

(4:l Mecl:MeoH). The reaction was quenched with 30 ¡nL of MeoH and tr'te sorvenrs

removed by rotary evaporation. Note that this method was more successfur than that using

4-dimethylaminopyridine to catalyze the acerylation as it led to fewer side products and the

solution's color did not turn brown,

-JZ-
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2.4.76 3'-Acetvl-2-N-acetvl-2'-ileoxvquanosíne (32): Motecule 32 was prepared from 3I

as described for 25 and 26 usíng TBAF to rehlove the silyl group. The major product, 32,

had a tlc Rrof about 0.4 when developed in ether followed by 9:r MeCI:MeoH. The product

was purified by DCFC using a MeOH gradient in MeCt and. identifîed by NMR and

FAB.MS.

FAB-MS (-ve íon): MW = 351; 350(j00, tM - Hl.); 70t(6.4, t2M _ Hl.); 1052(0.6, t3M
- Ht').

2'4.17 5'4-tert Burtldíntethvlsílvl-6-N-benzovl-2,-deoxva¿lenosine (27): Motecule 27 was

synthesísed by Dr. Krßh Sadana fo owing Ogilvie's procedure (,973).

2.4'18 5''o'4.4'-Dimethoxvtrilvl-6-N-benzovl-2'-deoxvatrenosíne (2g): Molecule 2g was

purchased from Cruachem Inc.



2.5 COUPLINGS AND DEPROTECTIONS:

2.5.1 d(eaTpTl: The strategy for the synthesís of fully protected d(elTpT) is illustrated in

Figure 2.7. Pyridine-dried 6 (0.43 e, 1.1 mmol) was dissolved in pyrìdine and phosphory-

lated by stírring overnight with p-chlorophenyl phosphate (0.39 g, ).3 mmot) and

2,4,6-triisopropylbenzenesulþnyl chloride (Sígma) \PSCÐ (0.83 g, 2.8 mmol). The reactíon

was followed on tlc plates by the appearance of a band at or near the origin after developing

the plates in ether followed by 9:I MeCl:MeOH. Pyrid.ine-dried 20 (0.62 g,2.2 tnmol) and

1-(2-mesitylenesulþnyl)+etrazole (Sigma) (MST) (0.83 g, 3.3 mmol) were added and stirred

overnight. Four tlc bands were ehtted wíth 9:l MeCl:MeOH. Only the upper two possessed

W maxíma in the range expected for such a dimer (> 267 nm and < 2BI nm). The reaction

was worked up by cooling the mix.ture ín an ice bath and adding I mL of HrO. After 30

¡ninutes about half of the pyrìdine was removed by rotary evaporation and 40 mL of HrO was

added. Extractìon with Mecl followed with the organic layer dried. over Narso. and

decanted. Two of the four tlc bands were co-isolated by DCFC using a MeoH grad.ient in

Mecl. various deblocking procedures were attempted on these prod,ucts with the method

described in Deprotection Scheme #l (Figure 2,8) being most successful.

Molecule 35 (30 m5,0.036 trunol) was treated overnîght with oximate rea7ent (l nL,

0'3 M). The reaction was followed on tlc plates by the appearance of a band at the origin

after developing the plates in ether followed by 9:t MeCt:MeOH. The sohuion was purifi.ed

by small scale DCFC (15 mL cylindrical sinter) using ether to remove the oximate reagent

followed by MeoH to free the product. The MeoH was removed and, the prod.uct treated

overnight with TBAF dissolved in THF (0.23 mL, 0.14 mmol). Dowex-S| (Na* form) was

added and sti*ed for 15 minutes. The sotid was fikered out; the filtrate was completely

dried and then treated for I hour with 0.3 M ethanolic NaOEt (0.7 mL, 0.22 mrno!). The

materíal was resuspended in a few drops of HrO, streaked on Whatman No. I

chromatography papers, and developed in solvent B' using the descendíng paper technique.
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DEPROTECTIOI{ SCHEMES
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Figare 2.8: Deprotection schemes for the removal of all the protecting groups from fully
blocked oligomers.



w detectable bands were cut out, eluted with Hro and tyophitízed. Appropriate bands,

based on W absorption maxima, were prepared for 300 MHz tH NMR spectroscopy.

Samples with promísing spectra were further purified by HpLC and. pure d(eaTpT) was

obtained as determined by NMR and FAB-MS (Figure 2.9).

W: ì.*. = 273 nm; ì"n^ = 239 nm (HrO).

FAB-MS (-ve ion): MW = 574; 573(100, tM - Hl.); It47(3.4, t2M _ Hl.); j72t(0.05,

l3M - HI'); 125(27, [thymìne - H]'); I53(25, [O4-ethyhhymine - H].); 32t(tz, tS'dTMp

- HI'); 349(23, [3'eadrMP - H]').

2,5.2 d(TpeaT): In all the subsequent condensations, initiar phosphoryrarion was performed

using o-chlorophenyl phosphodichrorìdate instead of p-chlorophenyr phosphate becat¿se ir

was faster and just as fficíent. The deta s are descríbed below for d(TpeaT) (Fígure 2.l,0).

The ratios used are expressed as equivalents (eq) relative to the molecule first
phosphorylated.

Molecule 2 (0.19 g, 0.5 mmol, 1.0 eq) was pyridine_dried three tímes and added to

newly prepared phosphorylating agent, (o-chlorophenyl phosphodichtoridate (Aldrich) (0.09..

mL, 055 m¡rut\, LI eql¡rand 1,2,4+rìazole (0.14 g, 2.0 mmol, 4 eq) dissolved in 2_3 mL of
pyridìne). The reaction was verífied after 15 minutes by developing a trc plate in ether

followed by 9:I MeCl:MeOH. The phosphorylated molecule appeared at or near the

baseline. Molecule I8 (pyridíne-dried three times) (0.26 g, 0.7g mmo!, 1.6 eq (typíca y L2

- 1.3 eq were used)), TPSCI (0.71 g,2.34 mmol, 3 eq) and tetrazole (Atdrich) (0.49 g, 7.02

mmol,9 eq) were added. The condensation was complete in I hour as ¡nonitored on tlc

plates developed in ether followed by 9:I Mecl:MeoH where the blue tlc band of
phosphorylated 2 was observed to move from the origin. The work-up and purification was

carried out as descríbed for 35.

The deprotectìon of 36 fo owed scheme #2 in Figure 2.g. The first step invorved

treating 36 (30 mg, 0.035 nunol) with TBAF for I minute. Tlc plates developed in ether

-38-
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followed by 9:I Mecl:Meoï revealed the moventent of the blue fluorescent band of the

dimer to the baselíne; indicatíng that the phosphate protecting group had been removed.

(ogilvie et al., (1976)). Dowex-S1 (Na. form) was added and stirred for l0 minutes. The

solids were fikered out and the solvents removed by rotary evaporation. The material was

treated for I hour with 0.7 mL of ethanolic NaoEt (0.3 M) followed by neutralization with

glacial acetic acid. A pure product was obtained through descending paper chromatogrophy

followed by HPLC.

UV: A.*, = 272 nm; L^, = 240 nm (Hr1).

FAB-MS (-ve íon): MW = 574; 573(t00, tM - Hl'); tj47(2.3, t2M - Hl.); 125(154,

[thymine - H]'); 153(14, [O4-ethylthymine - H]'); 321(j,9, t3'dTMp - Hl-); 349(30,

[5'eadIMP - H]').

2.53 d(r'TpTl: Precursors 7 - II were coupled to 20 to create the fully protected d(/TpT)

dimers with r equal to methyl (m), propyt (p), ßopropy! (i), butyt (b), and isobutyt (ib).

These dincleotides were all deprotected followíng Schenæ #I in Figure 2,g.

Molecule 35, containing O4-isopropylthymine instead of 04 -ethytthymíne, was also

deblocked to yield d(maTpT) and d(eaTpT) by using NaoMe and NaoEt, respectively, instead

of sodíum isopropoide (Naolso) during deprotection. Lower yields were obtained when the

reverse was auempted, for example, the conversion of the O4-methyl analogue of 35 to

it(írpr).

2.5.4 d(fTnT):

W: ì,,*, = 272 nm, \¡, = 239 nm (HrO).

FAB-MS (-ve ion): MW = 588; 1|ZS(t.6, t2M - HD SB7(100, IM - Hl.); 545(6.0, tM -

CH(CH)'l'); 363(23, t3'iarMP - Hl'); 321(23, ts'TMp Hl'): t67(4r, to4-

isopropybhymine - Hl'); 125(65, [thymine - H]').

2.5.5 il(TofTl: d(TpffpD (133 A,@ units) was partíaþ degraded in a 1.5 mL míøo_

centrifuge tube (Fisher) by snake venom phosphodiesterase (Russel's viper venom,

-4t-



Calbiochem,249 units) suspended ìn a 0.1 M Tris (Base) buffer (pH = 8.0). After 24 hours

in a 32"c water bath the mixture was placed in boiting water for 2 mínutes, centrifuged, and

the DNA containing solvent pipetted out. HPLC revealed only wo bands, one with a

retention time identical to S'drMP and the other with a retention tìme similar to d(iaTpT).

NMR, FAB-MS and W dnta identiJied the lauer band as il(TpiaT).

W: 1r* = 270 nm, \^. = 238 nm (HrO).

FAB-MS (-ve íon): MIV = 588; 1175(4.0, t2M - Hl'); SB7(j00, tM - Hl.); S4s(jB, tM _

CH(CH),1'); 363(21 , t5'iaTMP - Hl'); 321(19, t3'iaTMp Hl'); r67(7, tO4-

ßopropylthymine - Hl'); 125(62, [thymine - H]').

2.s'6 il(TpT): NaoH (pH > 13) was used instead of NaoEt during the deprotcuion of 3s

usíng schetne #1 in Figure 2.8. The observed w maximum of d(TpT) in Hro agrees with

the value reported by Kan et al. (1973).

UV: 1,*, = 267 nm; L^^ = 234 nm (H"O).

FAB-MS (-ve ion): MW = 546; 545(100, tM - Hl-); 4jg(6.0, tM _ thyminel.) 321(32,

[3'dtMP - HI + Iî'íTMP - H]'); 125(61 , [thymine - H].).

2.s.7 iû(taTnG): Molecules 8 and 32 were coupled and then deprotected following scheme

#1 in Figure 2.8.

aV: À,* = 255, 273 nm; 
^hr^ 

= 233 nm (HzO).

2.5.8 d(etTpGl: Molecules 6 and 32 were coupled and then deprotected following scheme

#I in Figure 2.8.

UV: ?',*, = 255,273 nm; ,-\-" = 233 nm (HzO).

FAB-MS (-ve ion): lvflY = 599' 690(1.3, tM + gtycerot - Hl-); S9B(43, tM _ Hl.);

570(3.3, tM - ethyll'); 349(49, [3'e.dTMp - H]-); 346(9.r, tS'dGMp _ Hl.); r53(83, þa_
ethylthymine - Hl'); 150(38, [guaníne - H]'); I2S(33, [thymine - H].).

2.5.9 il(TpG): Fully protected i\(eaTpG) was deprotected following scheme #l ín Figure

2.8 using NaOH (pH > l3).



W: 1"* = 255 nm; )u, = 228 nm (HrO).

FAB-MS (-ve ion): MW = 571. 570(100, tM - Hl'); 346(20, t5,dGMp - Hl-); 32t(42,

[3'dTMP - H]'); 150(51 , [guanine - H]'); 125(72, [thymine - H]').

2.5.10 d(eaTpA): Precursors 15 and 25 were coupled, The resuhing dimer (g0 mg,0.074

mmol) was d.eprotected following Scheme #3 in Figure 2.8 by first removing the DMT group

with 1.0 M znBr, (2 mL,2.0 mmol). The reaction was monitored on tlc plates developed

first in ether and then in 9:1 Mec!:MeoH. The plates were then heated. The detritylated

dimer had a lower R, then the parent molecule and díd not turn yellow after heating. Thc

solvents were removed, the product was resuspended in Mect, and the solution was washed.

with Hro until the red color disappeared. The Meclwas removed by rotary evaporation and

the material treated with oximate followed by NaOEt as descríbed previously.

UV: )r* = 262 nm; Xn^ = 235 nm (H,O).

FAB-MS (-ve ion): MW = 583. 674(5.6, tM + glycerol - Hl.); SB2(],00, tM - Hl-);

554(9.7, IM - ethyll'); 349(39, t3'eadTMP - Hl'); 330(20, tS,dAMp - Hl-); IS3(58, tO4_

ethylthymine - Hl'); 134(39, [adenine - H]').

2.5.11 d(fTpAl: il(iaTpA) teas synthesised as described for d(e,TpA) except 16 was used

instead of 15 in the coupling reaction and Naolso was used instead of NaoEt during

deprotection.

W: ìu* = 263 nm; )"n^ = 236 nm (HrO).

FAB-MS (-ve ion): MW = 597; 688(3.8, tM + glycerol - Hl-); 596(t00, tM _ Hl.);

5s4(8.9, tM - isopropyll'); 363(42, t3'ildnMp - Hl'); 330(24, Is,dAMp - Hl.); 167(8r,

[O4-isopropylthymine - H]'); 134(54, [adenine - H]').

2'5.12 d(ToAl: Fully protected d(fTpA) was deprotected followíng scheme #l (Figure 2.9)

usíng NaoH (pH > l3). The observed IJV maximum in Hro agrees with the value reported

by Kan et al. (1973).

UV: À.^, = 260 nm; )uo^ = 231 nm (H,O).
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FAB-MS (-ve íon): MW = 555; 646(6.8, tM + glycerol _ HI.); SS4(j00, tM - HD;

330(22, ts'dAMP - Hl'); 321(22, t3'dTMp - Hl.); t34(19, [adenine _ H].); I2S(4g,

[thymine - H]').

2,5.13 d(Ane'T): Molecules 27 and 18 were coupled and then deprotected following Scheme
j

' #2 in Figure 2,8. The N-benzoyl group was dfficutt to remove and. therefore required

overnight treatment with NaOEt.

W: A.*, = 262 nm; L^" = 235 nm (HrO).

' FAB-MS (-ve ion): MW = 583; 674(5.5, IM + gtycerol _ H].); 582(100, tM - Hl.);

554(12, tM - ethytl-); 349(60,5,eadTMp _ Hl.); 330(t4, t3,dAMp _ Hl.); ts3(24, tO4-

ethylthymine - Hl'); 134(94, [adenine - H].).

' 2.5.14 ¡t(ApT): Fully protected il(ApeaT) was deprotecled. following scheme #2 in Fígure

2'8 using NaoH (pH > r3), The observed. w maximt¿m in Hro agrees with the varve

: reported by Kan et al. (1973).

aV: ?t* = 260 nmj ?y,¡" = 231 nm (He).
' FAB-MS (-ve ion): MW = 555; 646(¡2, IM + gtycerot - H].); SS4(t00, tM - Hl.);
:

. 330t19, [3'dAMp - H].); 321(69, t|'dTMp _ Hl.); 134(57, [adenine _ H].); r2S(52,

. [thymine - H]').

: 2'5J5 it(eaTpCt: Precursors 6 and 34 were coupled and then deprotected following Scheme

#I in Figure 2.8. (d(eaTpc) was sJnthesised by Dr. T.M. Razi with the HpLC purífication

and NMR analysis conducted by GWB).

UV: ìt *, = 274 nm; L^ = 246 nm (HrO).
:t 2'5.16 ùëTPCI: d(eaTpC) was treated with NaOIso (ca. 0.3 M) overnight. HpLC revealed
!

i a new peak with a longer retention time then the starting moteria.l (Table 2.1).
:

: UV: À.,*, = 274 nm; ?un^ = 247 nm (HrO).

' 2,5.17 d(maTpCl: it(eaTpC) was treatedwith NaOMe (ca. 0.3 M) overnight. H\LC revealed

' o ntw peak with a shorter retention time than the storting materiar (Tabre 2.1).
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W: î,r* = 274 nm; X¡, = 2aZ nm (H"O).

2.5.18 tI(TpílTpT): Molecule 37 (Figure 2.I j ) (2.9 g, 2.8 mnnt) was synthesised front I
and 20. It v)as then I) detirylated with ZnBrr, Z) worked up as described for il(eaTpA),

3) purified by DCFC using a gradient of MeOH in MeCI,4) phosphorylated. at the 5,_end

(1.7 g,2.3 mmol) and 5) coupled to 12 (1.7 g,2.2 rmot) (Fígure 2.12). The product, 38,

was isolated by DCFC using a gradient of MeoH in MecI, and deprotected following scheme

#3 in Figure 2.8.

UV: A.*, = 269 nm, L,," = 237 nm (HrO).

FAB-MS (-ve ion): MW = 892. 891(100, tM - Hl'); 849(il. tM - CH(CH),1-); 667(36,

[TpiaTp - H]'+ [piaTpT - H]'); s87(4.6, ftpiaT - Hl'+ [fTpT - H]-): 32r(Sg, t3'dTMp _

Hl' + [5'drMP - H]'): 167(14, [O4-isopropyttþmine - H]'); t25(92, [thymine - H]-).

2.5.19 d(TpeaTpT): Molecule 38 was deprotected following Scheme #3 in Figure 2.g using

NaOEt.

UV: ît* = 269 nm; ?yn^ = 237 nm (HrO).

FAB-MS (-ve íon): MW = 878; 877(SS, tM - Hl.); BSO (B4g?X--, tM - CH,CH,I.);

653(20, [TpeaTp - H] + [peaTpT - H]'); 32t(44, t3,drMp - Hl- + tS'drMp _ Hl.); s73ß.A.

[TpeaT - H]'+ [eaTpT - H]'); IS3(IS, [O4-ethylthymine - H].); 125(100, [thymine _ H].).

2.5.20 il(TpnfTpT): Molecule 38 was deprotected foltowing scheme #3 in Figure 2.g using

NaOMe.

UV: )"* = 269 nm; )u^^ = 236 nm (HrO).

FAB-MS (-ve ion): MW = 864; 863(82, tM - Hl-); 849(9.9, tM - CH,l.); 639(3r.

[TpmaTp - Hl + tmaTpTp - H]'); 559(4.4, ftpmaT - H]- + [maTpT - H].); 321(Sg, t3'dTMp

- Hl'+ [5'dTMP - H]'); 139(23, [O4-methytthymine - H]'); 125(100, [thymine - H]-).

2.5.21 d(TpToT): Molecule 38 was deprotected following Scheme ti3 in Figure 2.g using

NaOH (pH > I3).

UV: À"* = 266 nn, f*" = ßa nm (H,O).
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FAB-MS (-ve ion): MW = 851; 822(29, tM + Na - Hl);850(53, tM _ Hl.); 625(zz,

tpTpT - HI+ [TpTp - H]'); 321(57, ts'drMp - Hl + t3'dTMp - Hl-); I2S(t00, [thymine

- Hl').

2.5.22 d(ApeaTpA): Ft ly protected il(eaTpA) was (i) detrirytated. with ZnBrr, (ii) purified

by DCFC using a gradient of MeOH in MeCl (iii) phosphorytated at the 5,_end (0.42 g, 0.5

mmol), and (iv) coupled to 28 (0.41 g,0.65 runol). The product, fully protected d(Ape,TpA),

was isolated by DCFC with a gradient of MeoH in Mecl and deblocked following scheme

#3 in Figure 2.8.

UV: ìr* = 261 nm; )'^, = 243 nm (HrO).

FAB-MS (-ve ion): MW = 896; B9S(23, tM - Hl.); 867(2.9, tM _ CH,CH,I.); 662(18,

(þpdrp - Hl'+ [peaTpAI); 330(50, t3'dAMp - Hl'+ tS,dAMp - Hl-); 153(29, (o4-

ethylthymine - Hl'); 134(100, [adenine - H]-).

2.5,23 d(ApToA): Fully protected tl(ApeaTpA) was d.eprotected following scheme #3 in

Figure 2.8 using NaOH (pH > t 3).

W: )r* = 259 nm; \^^ = 230 nm (H,O).

FAB-MS (-ve ion): MW = 868; 867(54, tM - Hl ); 634(43, tApTp _ Hl + [pTpA].);

330(79, [3'/AMP - HI + t5'dAMp - Hl.); t34(100, [adenine _ H].); j2S(71 , [thyrníne _

Hl).

2.5.24 il(eaTpApe'TpA): Fully protected d(Ape'TpA) was (i) de*ityrated witrt ZnBrr, (ii)

purified by DCFC usitrg a gradient of MeoH in Mec!, (iii) phosphorylated at the s'-end

(1.4 g' 0.8 mmol), and (iv) condensed with ts (0.6 g, I .0 mmor). The product, fnly protected.

il(eaTpApeaTpA), was isolated by DCFC using a MeoH gradient in Mecl and deprotected.

following Scheme #3 ín Figure 2.8.

UV: 7t* = 262.5 nm; ?r*^ = 235 nm (HrO).

FAB-MS (-ve ion): MW = I22B; I3lg(1.3, [M + gtycerol - H].); 1227(14, tM - Hl.);

994(5.9, [eaTpApeaTp - H]'); 662(23, [eaTpAp - H].+ [peaTpA - H].); 349(31, l3,deaTMp
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-Hl'); 330(35, [5'd.AMP - H]'); 153(100, [O4-ethytthymine - H]'); i3a6S, [adenine - H]-

).

2.5.25 il(eaTpApTpA): Duríng the synthesís and deprotection of il(eaTpApe,TpA) sotne 04

dealkylation of thyrnine occurred at the third base from the 5'-end (or ls contaíminated witll

a substantial atnount of 12 was used in the synthesis). A quantity sufficient for NMR was

obtaíned by HPLC (Table 2.1 and Figure 2.2).

UV: ),,* = 261 nm; Ln^ = 234 nm (H,O).

FAB-MS (-ve ion): MW = 1200; II99(L3, tM - Hl-); 662(17, [eaTpAp _ H].); 634(3.0,

[pTpA - H]'); 349(8.9, t3'dearMP - Hl'); 330(4t, ts'dAMp - Hl-); ts3(32, tO4-

ethyhhytnine - Hl'); 134(100, [adeníne - H]'); I2S(20, [thymine - H].).

2.5.26 i|(TpAneaTpA): During the synthesis and deprotection of d(eaTpApeaTpA) so¡ne o4

dealkylation of tlrymine occurred at the s'-base (or IS contaiminatcd with a substantial

amount of 12 was used in the synthesis). A quantity sfficient for NMR was obtained by

HPLC (Table 2.1 and Figure 2.2).

UV: À,-, = 261 nn; )'^^ = 234 nm (H,O).
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CHAPTER 3

NMR. IH and'3C Spectral Assignments



3,1, INTRODUCTION:

TIrc tH NMR specta of DNA oligomers contain a sct of resonanccs for eaclt

rutcleotid),l unít. In turn, each nucleotidyl unit has tuo dist¡nct groups of proton

resonances: 1) the deoryribose sugar whích contaíns seven protons that form a scalar

coupled group; and 2) the base. The phosphate group that connects nucleosides also

insulatcs the spíns of different sugar rcsidues frotn lonnnuclear couplings. Witlt tlrc

pyrinúdine bases, tlte coupling benveen the H5 and H6 of cytosine and the Me5 and H6 oJ

thymine can be used to identifl tltese resonanc*. Witl't tlrc purine bases, the base protons

cannot be dìstinquislred by couplings as both guanine and adeníne luve an isolated H8,

with adcninc havíng an additional ísolated H2. Hence, tfuough a number of NMR

experi,nents, briefly described below, it is possible to group the sugar resonances belonging

10 the same residue and to Broup the pyrimidine resbnances bclonging to tlrc sante base.

Once these groupings are established, tlle sugar and base resonanccs can then be linked to

the proper nucleotide.

One connøn techníque used to ídentify coupled protons is tlte homonuclear double

resonance (decoupling) experiment (Harris, 1983). The pulse sequence ís illustrated in

Figure 3.lA using homo-decoupling (HD). Tlrc proton to be decoupled ís irradiated only

during the dwell time, the períod of digitízation during which the receíver is off. The HD

power is varied benyeen 20-50 L (míllwan range) depending on the knowledge of the

location of tlte resonance being decoupled and tlze che¡nical shifts of neighbouring

resononces. The effect on. the spectrum is tlrc re¡noval of the irradiated signal(s) and a

simplífication of the resonance pattern of nuclei to which the irradiated ¡trotott is coupled,.

The identification of coupled protons ûlt¿y be facilitated by subtracting tlrc free induction

decay (FID) of the fully coupled spectrurn from the FID of the decoupled spectrum, a

procedure called difference decoupling (Sanders and Mersh, 1982). Such experínrcnts are

wídely used to identify the DNA'H resonances which are coupled (Cheng and Sarnn,
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Figure 3.1: A) .Pulse sequence for a homonuclear decoupling experiment. B) putse
sequ¿nce for a nuclear Overhauser enhancement exper¡ment (NOE).



1977; Lee and. Tinoco, 1980; Cheng et al., 1982; Rinkel et a1-', 1986); some examples are

given in Figure 3.9 and 3.12.

Another technique used to ídentily coupled spins is 2D correlated spectroscopy

(COSY) (Aue ef a1., 1976). The general pulse sequence is 9U - t, - 45" wlrcre t, is

incremented after every ID experiment, The 45" pulse is called the mixing pulse which

transfers tÌagnetization benveen coupled spins. A series of I-D FIDs are obtained and are

Fourier transformed (F2, horizontal). After the F2 Fourier transformations the data is

again Fourier transfonned perpendicular to F2 (F|, vertical). The result is a spectrum as

a function of two frequencíes, Fl and F2, or chemical shift versus chenical shift.

Magnetization transfers bewcen spin states of the same nuclei result in peal<s tltat fall on

the diagonal (FI = F2). Magnetization transfers beween spin states of wo dffirent, but

coupled, nuclei result ín cross peaks at off-diagonal coordinates (õ^, õ) and (õ0, õ^).

Consequently the DNA sugar õs can be folloved via|HJH couplings from Hl' to H2' and

H2", from H2'1H2" to H3' , from H3' to H4' , and from H4' to H5' and H5" (Feigon et al.,

1983; Kan et al., 1987; Kalnik et al., 1988a; Flynn et a1., 1988). Examples of COSY

spectra are reproduced in Fìgures 3.2,3.3, and 3.16 - 3.18.

One problem with the COSY experìment is thnt the H3' , H4' , H5' , and H5"

deoryribose suga,r resonances fall wìthin a narrow chemical shìft range. Consequently,

these latter cross peal<s are near the díagonal and are poorly resolved, with assignments

becoming more dfficult as the olìgomer length íncreases. Itt such situations the

identífication of coupled resonances may bc assisted with relay coherence transfer

spectroscopy (RELAY) (Bolton, 1982; Bolton and Bodenhausen, 1982; Eich et al., 1982).

The RELAY experiment is essentially a double COSY with a reþcussing pulse

inserted ín the middle:

9U-r-9U-1-18e-1-9U
COSY#] REFOCUS COSY#2
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For e three proton Ðstem, A, B, and C with A coupled to B, B coupled to C, but C not

coupled to A, magnetization from A is transferred to B (COSY#I) and then through to C

(COSY#2). Coherence is generated befieeen fieo protons, A and C, not directly coupled to

eaclr other but coupled to a common proton B. The fîxed delays, t, depend on J (t = Il4J)

and thereþre an average value for DNA sugars is usually used (J*",.r, = 5.5 Hz). The

RELAY technique lus been used to analyze short DNA and RNA nwlecules (Hughes et a1,,

1985; Buchko, 1986). Because ìrugnetization Írom H3' can be transferred througlt H4' to

H5' and H5" and through H2' and H2" to Hl', a "slíce" of the RELAY 2D Epectrum at a

H3' resonance will contain the lD spectrum of that H3' sugar (Figure 3.10). While the

RELAY experíment is useful to identíÍ), coupled spins in small oligomers it becomes less

eÍicient as the extent of resonance ovcrlap increases with sequence length. one sohttion is

longer, fíve and sìx bond, Ûansþrs of proton magnet¡zation (total corrclatíon spectoscopy

(TOCSY) (Braunschweìler and Ernst, 1983; Flynn et al., 1988)).

After the sugar resonances are grouped to indivídual residues via decoupting, COSy

and RELAY experiments, it is often necessary to ass¡gn these resonances to the proper

nucleotidyl unit. one method of associating the sugar and base proton fesonances with a

nucleotíde is the NoE experíment (Noggle and schinner, I97I) wttich can make through

space nuclear connections. The NOE pulse sequence ìs illustrated in Figure 3.i,8, The

scquence is simílar to a decoupling experiment except that the resonance of interest is

irradiated (homo-gated decoupling (HG)) prior to tlrc 9u pulse. The HG irradiation alters

the spin state populations of this proton so that zero and double quantum transitions

befiveen nearby nuclei, less than 0.4 nm away, are favourable. Such transitions may

enhance or dccrease the rcsonance intensity of nuclei wíthin tlrc 0.4 nm parameter of the

irradiated spin witl't the size and sign of the NoE depending on the magnetogyric ratios, the

correlati,on time (1), and the internucleotide distance (r). In stacked right-handed B DNA,

HI' is approxirnately 0.35 nm away from the p¡,rintidine H6 or tlrc purÌne Hg of irs
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attached base. The interproton distance ìs v)íthin the range where an NOE may be

generated directly although cross relaxation through H2' and H2" is more likely (Feigon et

al., 1983; Wemmer and Reid, 1985). Hence, NOEs may be used to link sugar resonances

to a nucleotidyl unit as illustrated in Figures 3.11 and 3.19.

Through the use of these decoupling, NOE, COSY, and RELAY experíments it was

possible to assign most of theIH resonances of our oligomers. A description of the results

of these assignment experiments follows, broken down into four parts: DIMERS,

d(T p lT pT ), d( A pT pA ) / d( Ap ea T pA), a nd T E'r R AM ER S.
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3.2 DIMERS:

3.2,1 General: Assignment of the dimer proton resorutnces was not dfficult for a number

of reasons.

First, in every olígomer, H5'1H5" and H3' may be recognized and assígned to the 5,-

and 3'-sugar, respectively, by the absence of vicinal coupling to phosphorus. Starting from

either of these assignments, the resonances belonging to the S,- or 3'-residue may be

identified by decoupling, cosY, andtor RELAy experiments. By elimination the remaining

rßonances belong to the other sugar.

Second, base proton assignments were usually definite since most of the dimers stud.ied.

contained wo dffirent bases. Furthermore, alþlatíon at the 04 position of thyntine alters

its electronic confîguration (Birnbaum et al., 1986; Brennan et al., tgg6) which results in a

downfield shift of the H6 and MeS resonances (Hruska and Btonski, i9g2, Birnbaum er al..

1988). Thereþre, o4-alþlatíon of one of the thymine bases of tr(TpT) creates a heterodimer

and it is easy to dffirentia,te befieeen alþtated and non-allqlated thymine base protons.

Further assistance is provided from the 0.1 to 0.2 Hz snnller ,Jru.ru of the raT base ìn

comparison to the T base (Birnbaum et al., 1988). The base protons of the only homodimer,

d(TpT), were assigned following trends reportedfirst by lvood et al. (jgz4) and later Rycyna

and Alderfer ( 1985).

last' all the non-alþlated deoryribose dimers have previously been sn¿died, with their

proton õs and Js reported in the literature (cheng and sarma, 1977). Thereþre it was

possible to compare our proton assignments of the non-atþtated dímers to literature values.

In all our oligomers the H5' and H5" protons were assigned according to the

literature (Remin and Shugar, 1972; Lee et al., 1976) with H5" upfield. The H2' and H2',

protoß were assigned on the basis of the expected near equaliry of 3Jr-" with I!-n (Wood

et al.' 1974). when these latter couplings were unavailable, then H2' and H2" assignments

were based on tJ,,., being larger than 3Jr-r. 
¡Davies and Danyluk, I9Z4).
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To íllustrate these m¿thods the approach used to assìgn the resonances of d(ApdT)

will be described in detail.

3.2.2 il(Aøe.Tl: The assignment of the base protons of il(ApeaT) was not dfficuh because

of characteristic features of the resonances of the two dffirent bases. There were three

sets of resonances in the aromntic region (> 7.0 ppm). Two of these downfield resonances

were singlets and, must thereþre be the H2 and H8 protons of the Ap unit. The nØst

downJìeld of these two resonance was assigned to H8 on the basis of similar assignments

for il(ApT) and d{ApC) (Cheng and Sarna, Ì977). The remaining aromntic signal was, by

elimination, the H6 resonance of peaT. This H6 is centered at 7.72 pptn (6uc) which ís

0.21 ppm downJield of the corresponding resonance in d(ApT), Also note that !16¡,, in

d(ApeaT) is smaller (1.1 Hz) than that for the conesponding r*onance ín d(ApT) (L3 Hz).

The latter nvo observations are consistent with the effect of o4-ethylatìon on dr (Birnbaurn

et al., 1988). The pe'T MeS was then ídentified by a COSy cross peak from H6. This MeS

is a large doublet (1.74 ppm, 6uc), slightty downfietd of the anarogous resonance in

d(ApT) (1.71 ppm, 60') and with a slightty smaller al,,ouu than in d(ApT). The latter wo

observations are agaìn consístent with the effect of o4-ethylation on dr (Bírnbaum et al.,

1988).

The sugar protons of il(ApeaT) were assígned wíth the hetp of a COSy experiment.

starting from the ísolated H5' and H5" protons of rhe s'-termìnal sugar it was possible to

"walk through" îhe Ap sugar resonanc* as indícated in Figure 3.2: H5'tH5" teft to H4',

H4' left to H3', H3' right to H2'tH2',, and H2'tH2,' teft to HI'. Beginning with any of the

renaining sugar protons, Íor example the other Hi', the resorutnces of the perT ,ugo, ,rrrc

similarly assigned (Figure 3.3).

The only resonanc* left to identify were the methyl and methyrene protons of the

O4-ethyl group which were exposed by a COSy cross peak.

After the assignments were made coupling constants and chemical shífts were estimated



Ap-3,

Fígure 3.2: 300 MHz COSY4í 2D NMR of d(ApeaT) highlighting the Ap sugar. Spectra
obtained at 27C in DrO. The data were processed wíth a sine-bell squared function ín
both domains followed by symmetrization to produce a Jinal 256 x 256 W matrix.



ApeaT

Figure 3.3: 300 MHz COSY4í 2D NMR of il(Ape.T) highlighting the peaT sugar. Specta
obtaíned at 27'C in DrO. The data were processed with a sine-bell squared function in
both domains followed by symmetrizatíon to produce a final 256 x 256 W matrix.
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from the resorunce patterns. These values were then refined by com{)uter simulations of the

spectrum using NUMARIT (Quirt and Martin, Ì971). simulation of the spectrum is evid,ence

for correct assignments. such simulations for the individual sugars of il(ApeaT) are compared.

to the actual specrum of d(ApeaT) in Figure 3.4.

The other dinucleotide proton resonances were assigned in a similar mnnner. The

only addítional NMR technique used was difference decoupling which involved irradiatíng

H3' to find H4' in instances when H4' formed an ABC system with HS,\HS". The õs and

Is for all the dímers, as refined by NUMARIT, are presented. in Tabtes 3.2 to 3.j5.
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3.3 d(TpfTpTl:

Normal d(TpTplf) has been analyzed by Cheng et al. (1978) and Rycyna et

al, (1988). Attempts to computer simulate our spectra under our slightly dffirent conditions

of ioníc strength and temperature vtere not fully successful. As a resuh the Es and Js

presented ín Table 3.16 for il(TpTpT) are from Rycyna et al. (1988). However, the variable

temperature data for il(TpTpT), used in some variable temperature plots in Chapter 5, were

obtained at the Universíty of Manitoba.

Three 04-alþlated trimers were slnthesised: ¿l(TpnlTpT), ¿l(TpelTpT), and

d(TpfTpD. The tH NMR spectra of these trimeß were similar at all temperanres and.

thereþre, once the resonances of one molecule were assígned, d(TpeaTpT), it was possible

to assign the resonances of the other wo.

At the trinucleotide level the overlap of resonances, particularly among H4', H5' and

H5", was severe enough to rearrant the use of a RELAY experíment, The Tp and pT sugar

resonances were assigned Jirst bt rccognízìng the absence of vicinal phosphorus coupling to

H5'lHS' and H3', respectívely, and "walking through" the sugar ríngs (Figure 3.5 and 3.7).

By elimination the remaining sugar proton tesonances were due to the peaTp unit (Figure

3.6). Note that four bond transfers of magnetization through an intermediate was

occasionally weak but nonetheless present in all instances permissable. In addition to the

four bond transfers, some single or back transfers were also present (COSY peaks) as

illustrated in the expansion reproduced in Figure 3.8. For the Tp unit highlighted, the

weakest cross peak ís bed',teen H3' and H4', a COSY transfer. Such weak magnetization

transfers are acceptable because the cycling sequence ìs set up to m¿ximize RELAy and not

COSY signals (Hughes et al., 1985). However, the presence of both RELAY and COSy uoss

pealø allows one to "look down" an H3' resonance and assign all the sugar protons. For

example, "looking down" the Tp H3', one sees H2', H2', H5", HS', H4' then HI' (top to

bouom). lt is thereþre possible to take a "slice" of the 2D RELAY spectrum and produce
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a lD spectrum of all the protons of that H3' sugar, as íllustated in Figure 3.10 for the 5.0 -

3.6 ppm region of all three sugars of d(TpdTpT). Note thot the resorution of thís RELAY

experiment was 1.0 Hzlpoínt which explains the broadness of the lines and illustrating the

necessiry of conducting some ID dffirence decoupling experiments when resonances were too

close to each other. For example, dilference decoupling experiments were necessary to assign

the H4' protons of rp and pT by individua y decouplíng both H3' protons. The latter

experiment revealed the Tp H4' to be downfield of the pT H4' (Fígure 3.9).

Difference decoupling was also wed to assign the Tp and peaTp H2, resonances

because they were almost coincident. By decoupting Hl' at vario,s temperatures and closely

examining the 500 MHz specta (second. order effects of the gemínal H2' and H2"

resonances) it was possible to assign the downfield set of signals to peaTp at low

lemperature; above 6UC they crossed over.

Due to resonance overlap it was also dfficult to assign the H5' and HS,, protons to

the peaTp and pT sugars. Expansion of the RELAy plot (Figure 3.g) enabred the assignmcnt,

in the overlap region, of the pT H5" to the more upfietd sígnats and the peaTp HS' to the

more downJield signals. From here ít was possible to assign the resonances of the

accompanying H5' and H5" protons.

After assigning the sugar protons only the base protons renained. The peaTp H6

resonance was assígned first b, its downrteld position relative to the H6 resonances of the

non-allqlated bases in the trimer. The peaTp Me5 was then ídentified by a cosy cross

peak from the downfíeld peaTp H6. These latter assígnments were confirmed by the

observation that their tJro.u,, vrere also smaller than for the orher non-alþlated H6 and MeS

protons in the trimer, as observed in the monomers (Birnbaum et al., lggg). A difference

NOE experiment, which involved irradiating the upfield Tp HI', produced an NOE of the

most upfield H6 (Figure 3.11). The Tp MeS was assigned to the middle of the three Me5

r6onanc$ by decoupling the NOE assigned Tp H6 (Figure 3.12, top). By the process of



TpeaTpT

Figure 3.8: 300 MHz RELAY 2D NMR expansíon ß.6 - 5.0 oom) of il(TneaTnT).
spectra obtaìned at 32'c in NMR btser. Data þrocessed' with a sinê-beli rírrctioÃ ¡n 'øòín

domaíns followed by symttætrization iò produce ã final I x I K m¿trk.

-67-



1

E
ig

ug
-3

L:
 3

00
 M

H
z 

df
fir

en
ce

 d
ec

ou
pl

in
g 

ex
pe

rim
en

ts
 (

27
C

) 
us

ed
 to

 a
ss

ig
n 

th
e 

H
4'

 r
es

on
an

ce
s 

of
 th

e 
pT

 a
nd

T
p 

su
ga

rs
 o

f 
iI(

T
pe

'T
pT

) 
by

 ir
ra

di
at

io
n 

of
 t

he
 r

es
þe

ct
iv

e 
3'

 p
ro

to
n 

(s
ol

id
 a

rr
ow

i).

T
pe

aT
pT

pp
m



**
r*

l4
',¡

.^
1i

lfi
\

T
pe

oT
pT

F
íg

ur
e 

3.
10

: 
ID

 "s
lic

es
" 

th
ro

ug
h 

th
e 

H
3'

 r
es

on
an

ce
s 

of
 t

he
 2

D
 R

E
LA

Y
 N

M
R

 o
f 

¿
I(

T
pe

'T
pT

) 
(3

2'
C

).



F
ig

ur
¿

 3
.1

1:
 R

es
ul

t 
of

 t
he

 3
00

 M
H

z 
di

fe
re

nc
e 

N
O

E
 -e

xp
er

tm
en

t 
us

lf 
to

 ç
1i

gn
 t

h9
-f

p 
f!-

¡e
1o

-lt
an

ce
^o

f 
d(

T
pd

T
pT

)

ñI
lo

¿
nt

¡o
n 

of
 t

he
 r

às
pe

ct
iv

e-
nl

;. 
i;í

ro
-"

t"
rs

: 
D

] 
2 

4.
0 

se
c,

 D
2 

=
 5

.0
 i

ec
, 

S
I 

=
 3

2K
, 

¡¡
5 

=
 2

08
' D

P
 =

 4
5L

.

É
es

ol
ut

io
n 

en
hã

nc
em

en
t'(

G
M

):
 L

B
 =

 0
.0

, 
G

B
 =

 0
.1

 (
to

p 
sp

ec
tr

w
n)

.

T
pe

aT
pT



I.95 t-90 I.85
PPM

Figure 3.12: Results of the 300 MHz decouplìng experiments (27,C) used to assign the
Me5 protons of d(TpeaTpT) by irradÍation of the respective H6 proton. The decoupting
effect ís highlighted by the solid arrow. Peak at 1.90 ppm = NH<OAc.
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elìmination the remainìng H6 and MeS protons belonged to the pT unit, whòse posítìon on

the sam¿ base was confirmed by decoupling the H6 (Figure 3.12, bottom).

After assigníng the resonances of d(TpeaTpT), the resonance assignment of the other

two ßomers, d(Tpm'TpT) and il(TplTpT), was not dfficult because the only d.ifference

between these molecules was the alþt group, which did not produce drastic changes in the

spectra as indicated by the similaritíes in the computer simulated õ and J data presented. in

Tables 3.17 to 3,19 at 20 and 7ac. Dfurence decoupling experiments were only necessary

to identifu the posítion of the Tp and pT H4' in d(Tpm'TpT) and il(TpfTpT) via irradiation

of the appropriate H3'. Assignment of the depTpT) resonances for variable temperatur¿

stu.díes were based on the d(TplTpT) assign,nents, together with a cosy experiment on

d(I:pTpf) and the d(TpTpT) data published by Rycyna et al. (tggî).



3.4 d(ApTpA)ld(ApeaTpA) :

The d(ApTpA) 'H resonances were assigned Jirst from COS( and RELAy data. To

illwtrate the proton assignments for d(ApTpA), the RELAY spectra are reprod,uced in Figures

3.13 to 3.15 highlighting each nucleotidyl sugar. The Ap and pA sugar resonances were

assigned by recognízing the absence of vicinal phosphorus couplíng to HS'\HS' and H3,,

respectively, and "walkíng through" the sugar rings (Figure 3.13 and 3.IS). By elimínation

the remaining sugar proton rnorc¿nces were due to the pTp unit (Figure 3.14). In these

RELAY spectra some four bond. coherence transfers were too weak to be detected. For

instance, rhe H2" to H4' cross peaks in pTp and pA are absent whíle others are barely

detectable. However, coherence transfer from H3' to Hs'lHs" is present Íor all three sugars

and this is the most useful four bond magnetization transfer. This four bond information,

with assistance from the cosY data, made assignmcnt of alt the sugar resonances possible.

The base protons werc assígned next, There was only one pair of resonances in the

appropriate locations with a characteristic coupling of L3 Hz (6uc) and a cosy cross

peak; the pTp H6 (7.39 ppm) and Me5 (1.72 ppm). To assign the Hg and H2 resonances

of the Ap and pA units it was necessary to follow tends in dimers and similar tetamers

and to conduct an NoE experiment. Generally, the adenine H8 ís downfield of the adenine

H2 in deoryribose dimers (Kan er al., (1973), cheng and sarma, 1977), which leads to the

assignment of the tuo nnst upfíeld signals at B.I4 and Lt3 ppm (6cc) to H2. unambiguous

assignment of H2 to Ap or pA was not possible, but, the most upfield H2 was assígned to

the Ap unit based on trends in d(ApT), d(TpA) (Cheng and Sanna, Ì977), d((TpApTpA), and

d(ApTpApT) (Mellema et al., 1984). However, distinguishing befiueen the H2 resonances of

Ap and pA is not critical sínce they rarely differ by more than 0.009 ppm over the

temperature range studied (10 - 6UC).

The H8 resonances were assigned on the basis of an observabre NoE beween the Ap

HI' to the second most downfield resonance at 8.19 ppm (27.C). The most downfietd

-7 3-



A
pT

pA

F
ìg

ur
e 

3-
13

: 
30

0 
M

H
z 

R
E

LA
Y

 2
D

 N
M

R
 o

f 
il(

A
pT

pA
) 

hi
gh

líg
ht

in
g 

th
e 

A
p 

su
ga

r.
 S

pe
ct

ra
 o

bm
ín

ed
 a

t 
4S

"C
 in

 N
M

R
a3

tr
eJ

._
 - 

ln
e 

_þ
tg

 w
er

e 
pr

oc
es

se
d 

w
íth

 a
 s

ín
e-

be
!! 

fu
nc

tio
i í

n-
 b

ot
ll 

do
m

a;
is

 ¡
ãt

to
w

ei
 o

y 
sy

m
m

et
íz

at
io

n 
to

 p
ro

du
ce

 a
fin

al
 5

12
 x

 5
12

 W
 m

at
ix

.



A
pT

pA

F
ig

ur
e 

3.
14

: 
30

0 
M

H
z 

R
E

LA
Y

 2
D

 N
M

R
 o

f 
d@

pf
pg

 h
ig

hl
ig

ht
in

g 
th

e 
pT

p 
su

ga
r.

 S
pe

ct
ra

 o
bt

aí
ne

d.
 a

t 
45

'C
 i

n 
N

M
R

bu
ffe

r.
 T

he
 d

at
a 

w
er

e 
pr

oc
es

se
d 

w
ìth

 a
 s

in
e-

be
ll 

fu
nc

tio
n 

ín
 b

ot
h 

do
m

ai
ns

 fo
llo

w
ed

 b
y 

sr
m

m
et

líz
at

io
n 

to
 p

ro
du

ce
 a

ftn
al

 5
12

 x
 5

12
 W

 m
at

rix



A
pT

pA

F
ie

ur
e 

3.
15

: 
30

0 
M

H
z 

R
E

IA
Y

 2
D

 N
M

R
 o

f 
il(

A
p:

rp
g 

hi
gh

lig
ht

ìn
g 

th
e 

A
p 

su
ga

r.
 S

pe
ct

ra
 o

bt
ai

ne
d.

 a
t 

4S
.C

 in
 N

M
R

b1
ttr

1r
.-

-!
he

 -4
1t

g 
w

er
e 

pr
oc

es
se

d.
 w

ìth
 a

 s
ín

e-
be

ll 
fu

nc
tìo

i 
ín

" 
bo

tlí
 d

om
¿

in
t 
¡iu

on
rl 

iy
 iy

m
m

et
riz

at
io

n 
to

 p
ro

d.
uc

e 
a

fin
al

 5
12

 x
 5

12
 W

 m
at

rix
.



r6onance, at 8.31 ppm (27"), therefore belonged to pA. These H8 assignments are consistent

with variable temperature chemical shift trends for d(TpApTpA) and d(ApTpApT) tetramers

(Mellena et a1., 1984) which show that the pA H8 is relatively unaffected by temperature

while the Ap H8 moves downfield as the temperature is lowered.

In thìs manner enough of the resonances were assigned to obtain computer simulated

õ and J values for most of the d(ApTpA) protons at I0 and 6uc. The exceptions were the

pA H5' lHS" protons at I uc, where rhe overlap of other resonances prev¿nted the acquisition

of their õs and their Js to phosphorus. The data for d(ApTpA) is presented. in Table 3.20.

After assigníng the d(ApTpA) resononces, a cosy experiment was sufficient for sugar

proton assignments in d(ApeaTpA) (Figures 3.16 to 3.tB). The base protons were assigned

by following trends in the dimers, d(Ape,T) and d(eaTpA), and by an NOE beween the Ap

HI' and the second most downfield H8 resonance (Figure 3.19). The overlap of most of the

H5', H5" and H4' resonances prevented acquisition of all the õs and Js for pe,Tp and pA

at Iüc and for pA at 6uc. The avaitable computer simulated data for d(ApeaTpA) is

tabulated in Table 3.21 .
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3.5 TETRAMERS:

The RELAY spectra used to assign the sugar protons of it(eaTpApeaTpA) are

reproduced in Figures 3.20 to 3.23 with the magnetization transfer pathways highlighted for

each sugar. coherence tansfer from HI', to H3', was observed but some cross peaks are

absent for H2' andlor H2" to H4'. However, the H4', H5,, HS,, overlap was too extensive

to obtain much coupling informatìon. The 5'-terminal sugar waE recognízed, by the absence

of vicinal phosphorw coupling to the H5'tH5" protons, The pe'Tp sugar was then identifíed

on the basis of similar H2'1H2" resonance patterns ín comparison to the eaTp unit of

d(elTpApelTpA) and the pe'Tp unit of d(ApeaTpA). Furthermore, the peaTp HI' õ was

positioned upfield, near the eaTp H|' õ, as expected from the strong ring current influences

of adenosine 3' to these pyrimidines in a ríght-handed stack (see chapter 5). upon assigning

the thymidine sugars, the dA sugars were distinguished by the absence of phosphorus coupling

to the 3'-terminal H3' ,

In the two mono-alkylated tetramers, d(eaTpApTpA) and it(TpApe,TpA), the only sugar

protons studied were the H|'s. These HI' õs were assigned by comparing the spectra of

tl(eaTpApT) and d(TpApe'TpA) to it(e,TpApe.TpA) at various temperatures. Fot the dA

nucleotides there were only minor dffirences auríbutable to the substitution of a neighbouring

eaT base for a T base. For instance, the i!(TpApeaTpA) and d(eaTpApeaTpA) Ili, ôs assigned

to pA are identìcal at 10C (6.3Ì7 ppm) while the pAp HI' 6s dffir slightly (6.1g0 and 6./g7

ppm' respectively). similar arguments were used to assign the downfield Hl' resonance in

¿l( elT pAp:îpA) to pA.

In contrast, the pyrimidine HI's were too close together ín both mono-atkylated

tetramers to allow assignment using similar arguments. Instead the Hl' with a smaller

couplíng constant sum (tJ,,., + tJr.r. = 21') was assígned to the O4-alþlated nucleotide, a

feature noted in the monomers (Birnbaum et a1., I9B8), dimers and trimers (chapter 5).

For emmple, in d(TpApeaTpA), one 2l' ß 1.4 Hz smaller at IUC and was therefore assigned
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to th¿ Tp unit. In il(eaTpapTpA) the eaTp and pTp HI' resonances overlapped and were

broad at low temperature therefore similar arguments could only be used at high temperature

to dßtínguish between the two protons (a 0.8 Hz Ll' dffirence at 7UC).

The eaT H6 of il(TpApeaTpA) and d(eaTpApTpA) was identífied on the basis of its

downJield shíft, in comparison to the T H6, due to o4-ethytation (Birnbaum et al., Iggg).

These dT H6s also had a characteristically 0.1 Hz snaller tJu,uu in comparison to T. The

H6 resonances of il(eaTpApe.TpA) were then assigned by comparing their õs wirh those for
the singularly O4-ethylated tetramers as displayed ín Figure 3.24 (22.C).

After assigning the H6s, the MeSs of it(e.TpApeaTpA) were identifíed by *oss peaks

ín the RELAY experiment. In the other two tetrumers rhe Me5 belonging to the o4-alþtated

base was assigned to the resonance with the smaller al,,o.u,r.

The assignment of the adeníne protons in the tetram¿rs was more dfficurt. As with

tl(Ape'T), dØpD, d(TpA), d(eaTpA), it(ApeaTpA) and d(ApTpA), the downfield. signals were

assigned to H8, the upJield ones to H2. In it(ApeaTpA) the most upfierd Hg resonance was

assigned wìth an NoE from the Ap HI' and it was observed. that this Hg moved more with

temperature in comparìson ø the pA HB. In nornar d(TpApTpA) Menema et ar. (19g4) arso

reported little temperature dependence of the pA Hg resonance. on the basis of these

obsemations, the tetramer H8 that varied least with temperuture was assigned to the pA

unit.

Arguments símilar to those usedfor the ass¡gnment of the H2 resonances of d(ApTpA)

and d(ApeaTpA) lead to the assignment of the downfìeld resonance in the three tetramers to

pA. Furthermore, two pyrimídine bases surround,ing an adenine (pAp) should produce a

greater upfteld shift of H2 in comparison to one neighbouring pyrimidine base next to an

adenine (pA).
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H-6

eaTpApTpA

eaTpApeaTpA

TpApeoTpA

lllll
7.7 7.6 7.5 7.4 7.3'

ppm

Fíøure 3.24: 300 MHz NMR specta of the upfíetd region containíng the H6 proøns of
7(ë r p ¿, pt p¿,1, d( dT pA pea TpA) dnd iI(Tp Ap ea T pA) (27' C ).



3.6 CARBON.T3:

Proton decoupled natural abundance trc es.5 MHz) NMR spectra were obtained, for
dT, fdT, d(t<TpT), il(Tp'T), d(TpT), d(rpTpT), and d(TptaTpT) at 27C (Buchko et at., 1989b)

using the POWGATEAU pulse program described. in the Appendix. Except for depfTpT),

the oligomer concentratíons were ress than 9 mM and therefore r3c spectral acquísition

required overnight data collection. In the absence of an access to more spectrometer time,

higher spectrometer fields, or ntore olìgomer, the ttc studies were limited to these latter

molecules.

The base carbons of the o4-ísopropyrated marecures were assigned by the downfîerd

shift of their c2, c4 and c6, and the upfierd shift of theír c5, as observed in the radr

monon'rs relative to ilr (Birnbaum et aL, Iggg), The sugar carbons were assigned. on the

basis of: i) trends ín thettc- !p coupling constants for nucreotíd,es and DNA oligonucreotides

(Rycyna and Alderfer, 1985; Rycyna et al., Iggg) and ü) selective tH contínuous wave

decoupling experiments to assign the Me5, CI', and C3' resonances of d(TpfTpT). The õs

and Js for these molecules are presented in Tables 3,24 and 3.25.



4lEaryi _-325: ,. 755 MHz ttc, p.lo!!. decoupled spectra of the endocyclic base carbons ofd(TpT), tI(TpfT), and d(fTpD' eTC).



t....,....r....,....t....,....t....,....t...,,....t....,....t....,....t....,.._.
Bo 70 60 bo 40 30 ão

170 160 1s0 åÉg 130 120 110

Fìglue 3.26: 75.5 MHz ttC proton decoupled spectum oÍ d(TplTpD e7"C). The sipnat
at 31 ppm is due to tefi-butanol. C7 = a-carbon o¡ tne ôl-tsòpropyi sroup, Cg = mätiyl
carb.ons of the O4-isopropyl group, * = e1T base carbons. t|Sbfi'Uáthyi carbons o¡ tñe
O4-isopropyl group of d(iaTpT) (27.C).
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Tabte 3.2. lH chemical shifts (ppm) of d(e4TpT) and d(Tpe4T)a

d(e4TpT) ¿(rpe4T)

pe4TTppTe4Tp

ô æoe z00e

1', 6.104 6.189

2' 2.409 2.329

2" 2.631 2.627

3' 4.688 4.744

4'. 4.t9t 4.200

5' 3.887 3.858

5 " 3.806 3.784

6 7.927 7.822

Me5 1.939 1.951

-cFz(^) 4.342 4.403

-cH}lB) 4.370 4.403

'cH¡ r.37s 1.368

200e 700e 2009 u00g æ"e ua"g
6.270 6.2s9 6.127 6.157 6.293 6.285

2336b 2339 2.346 2.3t8 2.323 2.304

233sb 2362 2.519 2.513 2.443 2.466

4.552 4.533 4.733 4.755 4.569 4.538

4.098 4.118 4.144 4.t40 4.150 4.t54

4.t48 4.120 3.811 3.806 4.174 4.148

4.063 4.064 3.760 3.748 4.079 4.077

7.667 7.622 7.662 7.580 7.902 7.861

1.800 1.&52 1.861 1.869 1.948 t.96s

4.3t4 4.367

4.347 4.386

1.351 t.349
aData acquired at 300.1 MH4 0.1 M NaCt, Conc: a(e4TpT) (7.0,nM), d(Tpe4T) (1.2 mM).
bEslimated since ô2'-ô2".



Table 3.3. Coupling constants (Hz) of d(e4TpT) and d(Tpe4T;a

d(e4TpT) ¿(Tpe4r)

pe4TTppTe4Tp

J

L',2'

l',2"

z',2"

2',3'

2"3'.

3'4',

4'5'

4',5"

5'5 "

56

78c

¡sd
3',Pe

5'P

5"P

200e z00g æog

s.9 6.5 6.51

s.e 6.4 6.s--l

-13.9 -14.2 -14.0b

6.1 6.'1 5.9 -l

I6.1 4.3 5.9 J

5.3 4.2 4.5

2.9 3.4 2.5

4.t 4.8 3.0

-12.8 -12.6 -11.5

1.2 t.2 1.3

7.1 7.1

-10.6

6.4 6.7

zQ"e æog 700e æoe zs"g
6.9 6.9 6.7 6.5 6.6

6.7 6.2 6.6 6.5 6.6

-t4.2 -14.t -I4.2 -14.t -t4.1

6.7 6.6 6.6 6.7 6.7

4.2 3.9 3.8 4.8 4.3

3.7 3.8 3.7 4.5 4.4

2.9 3.3 3.5 2.5 2.8

4.2 4.5 5.0 3.3 4.5

-11.7 -12.7 -12.6 -1t.7 -11.9

1.3 1.3 1.3 1.1 1.2

7.1 7.1

10.6

6.6 6.s

4.5 4.8

4.1 4.5

3.9 4.7

3.6 s.0
aData acquired at 300.1 MHz, 0.1 M NaCl, Conc: d(e4TpT) (7.0 rIM), d(Tpe4T) (1.2 rnM).
bWnen ô(2') - õ(2\,21212" is arbitary and only the sum of the cormected couplings (l) is si8nificanr.
cJ7-g is between the methylene and methyl protons of the O4-ethyl group

dJ¡-g is the geminal coupling consta¡t of the meúylene prorons of rhe O4-ethyl group.

eA4I4'-p of 2.O to 2,5 Hz was observed in some of the spectra.
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Table 3.14 lH Chemic¿l shifts (ppm) of d(Ape4T) and d(ApT)a

d(Ape4T) d(ApT)

pTApAp pe4T

J loog é00e rcoe

1', 6.301 6.342 6.153

2' 2.824b 2.789 2.242

3', 4.837 4.891 4.527

4'. 4.292 4.291 4.106

5' 3.889 3.841 4.253

5" 3.831 3.790 4.099

6 or (2) 8.053 8.i59 7.656

M5 o¡ (8) 8.267 8.243 1.614

{H2(A) 4.214

-cH2@) 4.214

€H¡ 1,.321

600e _100e é00e

6.39t 6.144 6.202

2.817 2.260b 2305b

2.782 2.260b 23ßb

4.896 4.552 4.544

4.309 4.062 4.103

3.856 4.219 4.t78

3.802 4.087 4.092

8.t94 7.445 7.505

8.266 1,.594 1.713

é00e l00e
6.228 6.347

2.268 2.8i0

2.418 2.832

4.s36 4.840

4.150 4.310

4.207 3.889

4.105 3.831

7.718 8.106

t.745 8.284

4.247

4.272

1.299

aData for d(ApT) acquired at 500.1 MHz, d(Ape4T) at 300.1 MHz, borh in 0.1 M NaCl, Conc: d(Ape4T)
(2.6 mM), d(ApT) (7.2 rùa).

bEstimated since ô(2') - ô(2").



Table 3.15. Coupling constants (Hz) of d(ApeaT) and d(ApT)a

d(Ape4T) d(ApT)

pTApAp pe4T

J l00e 600e

l'2' 6.4't 7.4
Il'2" 6.41 6.0

2',2" -14.0b -14.0

2'3' 5.4r 6.2
I2"3'. 5.4J 3.4

3'4', 3.8 3.6

4',s'. 2.8 3.4

4'5" 3.7 4.r

5'5 " -t2.9 -t2.7

56

78c

¡3d

3'P s.8 5.8

4'P

5'P

5"P

rcoe é009 $oe
5.7 6.6 6.7

6.7 6.6 6.1

-i4.0 -14.0 -13.8

7.3 6.9 5.9

5.6 4,7 4.s

5.4 4.6 3.5

2.4 2.6 2.8

3.1 3.9 3.7

-11.7 -11.8 -12.9

1.2 1.1

7.t 7.1

-10.6

5.2

2.8 2.2

3.6 4.3

3.1 4.4

600e l00e é00e

7.4 6.'71 6.9-ttt6.0 6.7J 6.9 J

-14.0 -14.2b -14.lb

6.1 5.9r 5.5 rtl
3.4 5.9.1 s.s J

3.4 4.9 4.9

3.2 2.0 2.9

4.3 2.9 3.8

-r2.7 -11.5 -11.6

1.3 1.3

)t

4.4

4.3

d (Ape4T )

6.1

2.6

3.9

2.8
aData for cl(ApT) acqui¡ed at 500.1 MHz, d(¡l,pe4T) ar 300.1 MHz, both in 0.1 M NaCl, Conc:

(2.6 r'M), d(ÄpT) (7.2 nM).
bWhen ô(2') - õ(2"),2f2,-2,, is arbitrary and only the sum of rhe connected couplings () is significant.
cJ7-g is between the methylene aJtd methyl protons of the O4-erhyl group.

dJ¡-g is the geminal coupling constant of the merhylene p¡otons of the O4-ethyl group.
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Table 3.22. lH chemical shifts (ppm) of O(e4Tpape4tpA¡a

pAe4Tp pAp pe4Tp

ô 300e 7009

1' s.988 6.0s4

2' 1.790 1.914

2" 2.3s1 2.437

3' 4.609 4.632

4',bb
5' 3.7t3 3.719

5 " 3.670 3.662

6(2) 7.s72 7.598

Me5(8) 1.871 1.889

-cH2(A) 4.262 4.340

-cH2G) 4.305 4.360

-cHg 1.357 1.357

300e 70"e

6.209 6.274

2.775 2.767

2.732 2.720

4.976 4.977

4.381 b

bb
bb

7.996 8.074

8.32t 8302

30oe 70oe

6.030 6.1 16

1.857 1.991

2.363 2.414

b 4.759

bb
bb
bb

7.493 7.590

1.682 t.747

4.t48 4.2L6

4.160 4.237

1.318 1.298

550e Zgog

6.365 6.378

2.708 2.715

2.549 2.555

4.696 4.689

bb
bb
bb

8.060 8.131

8.308 8.312

aData 
acquired at 500.1 MHz, 0.1 M NaCI, Conc: (3.7 rnM).

bDu" to 
"xt"*iu" overlap these values a¡e unavailable,
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Table 3.23. Coupling constants (Hz) of d(e4TpApe4TpA¡a

pAp pe4tp

J æog Z0oc 30oe ZAog æog 70og 55oe ?0og

1'2', 7.7 7.3 8.0 6.9 7.6 7.7 6.6 6.5

r'2" 6.0 6.1 s.7 6.7 6.0 6.0 6.6 6.6

2'2" -t4.r -14.0 -14.7 -t4.2 -14.1 -14.2 -t3.9 -14.0

2',3' 6.s 6.7 5.9 6.7 6.5 6.6 6.5 6.s

2"3' 3.3 3.3 2.8 4.2 3.1 3.3 4.t 4.r

3'4' 3.3 3.4 2.8 3.7 c 3.3 4.0 4.0

4'5' 3.5b 3.5b 2.5 2.9 c c c c

4'5" 4.6b 4.8b 3.0 4.2 c c c c

5'5" -12.6b -D.6b -11.5 -11.7 c c c c

56 1.2 1.1 1.1 t.2

78c 7 .1 7.1 7.t 7.t

63d -10.6 -10.6 -10.6 -10.6

3'P 6.s 6.6 5.5 5.9 6.7

5'P

5"P
aData 

acquired at 500.1 MHz, 0.1 M NaCl, Conc: (3.? mM).
bDue to extensive overlap these values a¡e unavailable o¡ a¡e only lst order estimates.

cJ7-g is between rhe methylene and methyl protons of the O4-ethyl group

dJ¡-g is the geminal coupling coDsta¡t of fte methylene p¡otons of the O4-ethyl group

eobtained ar 55oc.

pAe$'rp

2.8 2.7e

2.8 2.7e cccc
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Table 3.24. 13C chemical shifts (ppm) and coupling constants (Hz) of

d(i4TpT), d(Tpi4T), d(TpT) and i4dT atzToc^

d(iaTpT) d(TpiaT) d(Tpr)b

ô i4dT

c2 rr4
c4 4.43

c5 -3.5'1

c6 2.63

Me5 -0.18

c 1' 1.35

cz' 1.02

c3' -0.14

c4' 0.30

c5' -0.10

-cH(7) 73.10

-CH3(A)C 22.15

-CH3@¡c 22.15

3J(c2'P)

2J(ca'P)

3J(c4'P)

z¡(cs'p)

i4Tp pT

5.75 0.10

4.56 -0.11

-3.78 -0.16

2.54 -0.09

-0.18 -0.01

1.26 0.05

0.93 0.16

-0.92 -0.19

o.02 -0.01

-0.43 -0.11

73.17

22.137

22.r79

22.244

22.208

2.7

5.7

7 -3 9.0

5.5

Tp piaT Tp pT

-0.23 6.16 152.84 152.67

-0.05 4.69 167.55 167.38

-0.16 -3.64 112.69 112.72

-0.o2 2.83 138.64 138.s1

-0.01 -0.13 72.89 12.86

0.09 1.38 86.39 86.01

0.04 0.96 38.81 39.89

0.06 -0.28 76.18 7 r.54

0.05 0.27 86.86 86.19

0.00 -0.22 62.t7 66.01

73.r8

22.tO7

22.t60
22.t99
22.203

3.1

5.3

7.r 8.7

5.7

2.7

5.4

7.4 9.1

5.2

aDara acquired at 75.5 MHz,0.1 M NâCl, Conc: d(t4TpT) (4.8 mM), d(Tpt4T) (8.3 tr'M), d(TpT) (1.S

mM). ô in pprn $¡ere mersu¡ed ¡elâtive to TMS using inreñål dioxane (dioxane = 67.86 ppml ôC2 through

6C5' for d(l4TpT) and d(Tpt4T) are given relarive to rhe conesponding ô in d(TpT), wirh positive

numbcrs indicating a deshielding relative to d(TpT). The values for l4dT a¡e similarly p¡escnted ¡elarive ro

the dT
bIhe base carbon assignments for d(TpT) may be interchanged,
olhe lust entry is at 27oC, úe s€.¡lld at 70oC.

-115-



Table 3.25. 13C chemical shifts (ppm) and coupling constants (Hz) of

dCIpi4TpT) and d(IpTpT) at27oC^

pTE

CZ

C4

C5

C6

d(TpiaTpT) d(TpTpT)b

rj3 pr rp prp

f52.69 ts2.6z
167.30 167.43

112.74 112.87

138.42 136.52

12.87 12.87

86.05 86.12

38.81 40.00

76.39 7r.72
85.36 86.41

ul.?o ul.lo

3.0

5.3

8.2

8.2 9.0

5.8 5.6
aData acquired ar 75.5 MHz, 0.1 M NaCl, Conc: d(Tpi4TpT) (50.0 nM), d(TpTpT) (3.0 mM). ôs in ppm

werc measu¡ed relarive to TMS using intemal dioxane (dioxane = 6?,86 ppm). ôC2 úuough ôC5'for
d(Tpl4TpT) are given relarivc to the conesponding ô in d(TpTpT), wirh posirive numbcrs indicaring a
deshielding relarive ro d(TpTpT).

blhe ba. carbon assignmenrs for d(TpTpT) may be interchanged. The coupling constanrs for d(TpTpT)
a¡c taken from Rycyna er at. (1988).

Tp

-0.06

-.014

-0.21

-0.06

-0.07

0.07

-0.03

-0.2r

0.0s

-0.01

2.5

5.5

7.0

152.80

t6'7.53

112.7 t
138.64

12.94

86.38

38.92

76.64

86.93

62.26

3.1

5.0

7.4

s.95 -0.10

4;74 -0.t2
-3.67 -0.25

2.67 -0.01

-0.13 0.06

r.37 0.06

t.Iz 0.06

-0.27 0.01

0.08 -0.07

-0.39 -0.13

73.22

22.t5
22.17

3.0

5.6

7.O

8.6 8.8

5.6 s.4

Me5

c1'
c2'
c3'
c4'
c5'
-cH(7)

-cH3(A)
-cH3(B).

3J(c2'P)

2J(ca'P)

3J(c4'P3)

3J(c4'P5')

2J(cs'P)
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CHAPTER 4

CIRCULAR DICHROISM



A cD spec,um represents the dffirence ìn absorption of left and ríght cìrcurarly

polarized líght' Nucleic acid bases dispray no cD spectrum because they contain a prane

of symmetry and therefore are not opticaüy active. The ín*oduction of a sugar to the base

removes the symmetry in the morecure and resuhs in measurabre optícar activity (cantor et

al" 1970). In oligomers, base-base interactions produce significant changes in the magnitud.e

and shape of the CD spectra relative to the sum of the constituent mononucleosides. These

changes in the CD spectra are both sequence and temperature dependenî, Consequently, CD

spectra, can provide information regarding the DNA conformation (Bush and Brahms, Ig73;

Tinoco et al., 1980).

variable temperature cD spec,a for our orígomers were obtained as described in

chapter 2 at concentrations less than 3.6 x ITa M, where intermorecular associarion is

mìninal (Jaskuna', et ar., 1968). The absence of any intermorecurar association at such

low concentratìons is supported by the rack of changes in the cD spectra of the monomers,

dr and dilr, between I0 and 80"c. Recalr that the e varues for some of the origomers

were estimated' as described in chapter 2, because of the lack of time to experimentaly

obtain these values. The accuracy of these e esümates are unknown and consequently, so

is the accuracy of the cD sorution concentratíons of some of the origomers. unfortunatery,

the concentration is important in determining the magnituáe of the [@], Thereþre, when

comparing the shape of the cD spectra of these morecures, the best indícators of spectrar

dffirences are the position of the maximum and minimum of the rong and short ),, bands

and the [@] ratios (l[@] maximuml [Ø] minimuny'). The effect of temperature on the CD

spectra can also be emmined, with an increase in the magnitude of tØl with decreasing

temperarure associated with an increase in the population of stacked states (Brahms et al.,

1967). However, if the cD spectrum of the fulty stacked state is unknown, it is impossibre

to correlate temperature dependent [@] magnitude changes with a specific amount of base_

stacking. At lUC none of the populations of our oligomers are Ì0080 stacked.
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while the cD spectra of dr and eadr show no temperature dependence, these spectra

dffir in a number of ways (Figure 4.1) which nay be usefu! to identifl ldT monomers.

First, the position of the maximum of the long \ positive cD band is red shifted 4 nrn in

eadT (280 nm) relative ø tlT (Table 4.1). Second, the cross over point (zero [@]) for eadT

ís blue shifted relatìve to ilr (2sB nm). l¿st, the short L negative cD band observed in ilr
(minimum at 240 nm) is absent in e.ilT.

Figures 4.2 and 4,3 contain various comparisons of the CD spectra of d(eaTpT),

dëTpD' d(TpeaT), dQprl, and it(TpT). our cD spectra for d(TpT) is similar to that

obtained by cantor et al. (1970) in terms of maxima and minima band positions and [@]

ratios (Table 4'l). Notabte features of the cD spectra of these five origomers are: I) a

the spectra possess a positive band at rong ?r, with the positíon of the maximum not varying

much between molecules, at 280 + 3 nm (Tabre 4.1); 2) the negative band at short xfor
d(TpT) (minimum at 253 nm) is lost, or greatry reduced, in the d(/TpT) and d(Tp/T) spec*a

(Figure 4'2A). Thís is reflected in the [@] ratios which are greater than 7.7 for these 04-

alþlated dimers while the [@] ratío for d(TpT) ís 1.3; 3) the CD spectra of d(ilTpT) and

il(eaTpT) (Figures 4.2C) and d(TpeaT) and iI(TpfT) (Figure 4.2D) are similar at IûC,

especially with regards to the magnítude of the positive long ?v band, imprying that the size

of the alþl group is not affecting the conþrmation of these dimers; 4) the magnítudes of

the positive and negative bands íncreases with decreasing tempetature in all five molecules,

although the degree of change ís smaüer for d(TpfT) (Figures 4.3A and B) than for d(/TpT)

(Figures 4'3c and D). Note that while these observatíons suggest that the bases are stacking

as the temperature is lowered, it does not mean that d(/TpT) is stacking to a greater degree

than d(Tpt¿T) because cD specta of these molecules ín a l00vo stacked state are not

available.

Figures 4.4 and 4.5 contain comparisons of the CD spectra of d(eaTpA), il(ApeaT),

tl(TpA) and d(ApT). our cD spectra for d(TpA) and ¡t(ApT) agree with the spec,a obtained
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220 240 260 280

I (nm)

Figure 4.1: CD comparisons. dl and eailT at 23,C.



Table 4.1. Low temperature CD data for the spectra in Figures 4.1 - 4.104,

MOLECIILE
dT
dT (literature)

e4dr
d(TpT)
d(TpT) (literature)
d(e4TpT)
d(i4TpT)
a(Tpe4T)
dGpi4T)
d(Tpc)
d(Ipcp) (literature)
d(e4Tpc)
d(TpA)
dCIpAp) (literature)
d(e4TpA)
d(ApT)
d(ApT) (literature)
¿(ape4r)
d(TpC) (literature)
d(e4Tpc)
d(TpTpT)
d@TpTpT) (litera$re)
a(Tpe4TpT)
d(Tpi4TpT)
d(ApTpA)
d(Ape4TpA)

Maximum Cross Over Minimum
},(nm) t@l x 10'4 À(nm) t (nm) tol x 1O-4n6 0.38 258 240 _0.42274 0.38 240 _0.38
280 0.49 233n9 0.87 265 2s3 _0.68
n9 0.'12 zso _0.62
283 r.62 258 235 _0.21

283 1.74 257
2&0 0.49 257 250 _0.08
278 0.85 244 246 _0.01285 0.41 276 2s9 -r.26285 0.35 260 _0.73
279 1.16 2s9 247 -0.53273 1.07 263 252 _1.45270 0.85 250 _t.07
281 0.80 264 257 _0.21273 1.36 264 253 _1.30273 1..62 252 _r.43
282 0.61 270 258 _033279 0.8s n9 _0.32
282 0.7t 223277 1.10 264 254 _0.8?278 0.99 249 _0.77
280 0.93 256 245 _0.2s
279 0.68 252 240 _0.1327t 1.01 261 250 _r.54
283 0.53 269 257 _0.43

aData ¡ecorded in NMR buffer (0.1 M Nacl, 0.01 M sodium phosphate, 0.001M EDTA).
[@] a¡e in units of degM-1c--1. Lit".ature values a¡e from C antor et al. (lg:l)).
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by Cantor et al. (1970) for ìI(ApT) and d(TpAp) ín terms of maxina and minima band

positions and [@] ratìos, Notable features of these cD spectra are: I) the position of the

maximum of the long L band of d(eaTpA) and il(ApeaT) are red shifted g _ 9 nm in

comparison to d(TpA) and d(ApT); 2) the magnitude of the short,)u band of il(eaTpA) is

reduced relative to that for d(TpA) (Figure 4.4A). This is reflected in an increase in the

[@] ratio for d(eaTpA) (3.8) relative to il(TpÁ.) (0.2). The nøgnitude of the short ?t band

for d(ApeaT) is also reduced relative to that for il(ApT) (Figure 4.5A). However, the [@]

ratio for d(ApdT) (0.8) decreases relative to d(ApT) (I.I). The rauer pair of origomers is

the only emmple where the [@] ratio decreases upon the o4-arþtation of a T and impties

that the magnitude of the long L band is reduced, to a greater extent th¿n that of tl.te short

?'" band; 3) the magnitudes of tlrc positive and negative bands both increase in aü four

dimers as the temperature is lowered, The temperature d.ependence of the CD spectra. of

il(ApeaT) (Fígure 4'5c) is greater than that of d(eaTpl) (Figure 4.4c), in contrast to the

order in d(TpeaT) (Figure 4.3A) and tr(eaTpT) (Figure 4.3c). on the othcr h¿nd, the

temperature dependence of the cD spectra of d(TpA) and il(ApT) are si¡nilar (Fígure 4.48

and 458).

Figure 4.6 contains comparisons of the CD specra of d(Tñ) and d(eaTpG). Our

cD spectra for d(TpG) agree with the specta obtained by cantor et ar. (/970) for d(TpGp)

with the maximum of the tong ?v band at identical positions in both molecures and. the

position of the mini¡ru¿m of the short )" band díffering by I nm. However, the [@] ratios

differ,0.3 for d(TpG) and 0.5 for depGp), but this may be due to the 3, -phosphorylation

of d(rpc)' Notable features of these specta are: I) the position of the maximurn of the

positíve band at long ìv for d(e,Tp0) is blue shifted 6 nm relative to il(TpG) ; 2) the

position of the minimum of the negatìve band at short ?t for d(eaTpG) (247 nm) is reduced

ín intensity and ís blue shifted 13 nm relative to d(TpG). The reduction in the magnitude

of the negative band is reflected in an inuease in the [@] ratio for il(eaTpG) (2.1) relative
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þ ¡lQpG) (0.3); 3) the magnítudes of the positive and. negative bands íncrease ín both

dímers as the temperature is lowered. The cD spectra for d(TpG) (Figure 4.68) show a

larger temperature dependence than those for il(eaTñ) (Figure 4.6C).

The CD spectra for i|(elTpC) at I0 and 6gC are simìlar (Figure 4.9C). There is a

positive band at long )" (maximum at 282 nm) whích is red shifted 3 nm relative to the

value obtained by cantor et al. (1g70) for d(Tpc). cantor et al. (1g70) also observed. a

negative band at short ìv (minimum at 239 nm), a reature that is absent in iÍ(eaTpc). Thc

magnítude of the long ì" band increases as the temperature is lowered.

Fígures 4.7 to 4,10 contain various comparisons of the CD spectra of the *imers,

d(TpeaTpT), dQpfTpT), dQpTpl, d(ApeaTpA), and it(ApTpA). The CD spectrum for
d(pTpTpT) has been obtained by cantor et al. (j1970) and the maximum and minimum band

positions, at 278 and 249 nm, respectívely, are similar to the values we obtained for
d(rpTpT) without a 5' -phosphate. Notabre features of these trimer specta are: I ) they

all contain a positive band at long L that is red shifted: I - 2 nm for d(TprrTpT) relative

to tl(TpTpT) ' and 12 nm for d(Ape'TpA) rerative to it(ApTpA); 2) the negative band. at

short ì,, for d(TpTpT) is reduced in magnitude and ís blue shifted relative to d(Tp/TpT).

The reduction in the negative band's magnitude is reflected in larger [@] ratios for the

d(TprrTpT) trimers rclq,tive to d(TpTpT). In d(ApeaTpA) the magnitude of the negative band

is reduced and is red shifted 7 nm relative to d(ApTpA). The reductìon in the negative band

nøgnítude is also reflected ín a larger [@] ratìo for ir(apeaTpA) (1.2) retative to d(ApTpA)

(0.7); 3) the magnitudes of the positive and negative bands increase in all the trímerc as

the temperature is lowered. The temperature dependence of the cD spectra for ¡r(TpTpr)

(Figure 4.8D), il(Tpe'TpT) (Fígure 4.8A), and d(TpiaTpT) (Figure 4.gB) are si¡n ar, with a

small decreose in the order listed. on the other hand, the cD spectra for d(ApTpA) (Figure

4.108) have a larger temperature dependence than those for d(ApeaTpA) (Figure 4.10C); 4)

the cD spectra of il(Tpe.TpT) and il(TpfTpT) (Figure 4.gc) are not as similar as those of

-r28-
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d(trTpT) (Figure 4.2C) and d(TpfT) (Fìgure 4.2D), especially with respect to the mûgnìtude

of the positíve band. The dffirence could be a reflection of slightly different conformations

of the two trimers maniÍested by dffirent O4-alþl groups; 5) the CD specta of d(Tp:lpT)

and d(TpT) (Figure 4.7A) are similar ín shape and, consequently, [@] ratíos, as are the CD

spectra of il(ApTpA), d(TpA), and d(ApT) (Figure 4.98), suggesting the gtobal structure of

both sets of molecules are comparable. Alternatively, the shape and, more importantly, rhe

[Ø] ratios, of the CD spectra of d(Tpe.TpT), it(e,TpT), and iI(TpeaT) (Figure 4.78),

d(TpfTpT), d(íaTpT), and d(TpfT) (Fìgure 4.7C), and it(ApeaTpA), d(eaTpA), and d(ApeaT)

(Figure 4.9A) dffir to a greater extent, suggesting that the global stucture of these sets of

nnlecules are not as comparable.

In summary, the major points to be nade about the oligomer CD data are: l) a

positive cD band at long ì,. is present in all the molecules, such a band has been observed

for other DNA oligomers which have been studied by dffirent methods, such as NMR, Raman

spectroscopy, and fibre X-ray díffractrometry, The latter methods show that these DNA

oligomers, with a positive long ì,, cD band, are forming right-handed stacl<s (Tunis-schneider

and Maestre, 1970; Ivanov et al., 1973; Johnson et al., tgBI ; Nishimura et al., 1986: Fairall

et al.' 1989) on the other hand, left-handed z-DNA is characterized by a negative long ),

band (Pohl and Jovin, 1972; Behe and Felsenfeld, 19BI). Hence, the CD spectra of our

oligomers, with and without an o4-alþhhymine, suggest that these nnlecules also are

adopting right-handed stacks in solution; 2) the negative short ), CD band for the non-

alþlated oligomers is absent or reduced in analogous oligomers with an o4-alþIthymine.

Thís obsenation is correlated wíth an increase in the [@] ratios for the o4-alkylated

oligomers relative to the non-alþlated molecules, ercept for il(ApeaT) relative to il(ApT).

In comparing A-DNA to B-DNA, a smaller negative band at short ì" has been associated, with

the former helix (Tunis-Schneider, 1970; Ivanov et aJ., 1973; FairaII et al., 1989), reflecting

different base stacking geometies in both rypes of DNA. Note that A-DNA is characterized.
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by sugars ìn th¿ 3'-endo confornøtion as opposed to B-DNA, whose sugars are pred.omínately

ín the 2'-endo conformation (chapter 5), The dffirent sugar conformations in the nvo forms

of DNA alter the geometry of the herix and. consequently, alter the base-stacking geometries

(saenger, 1984). Perhaps the reduction in the negative band at short 7v is a reflection of

more A-DNA character ín the o4-alþlated olìgmers in comparison to the analogous non-

alþlated oligomers, especially in terms of increases in the 3'-endo sugar populations which

are obseryed in the NMR data (Chapter 5); 3) an increase in [@] with decreasing

temperature is usually associated with an increase in base-stacked states (Brahms et al.,

1967; Bush and Brahms, 1973). Au of the origomers containing an o4-arþrthymidine had

cD spectra whose magniurde íncreased wíth decreasing temperature, suggesting that the

amount of base-stacking was increasing in these molecules as temperature was being lowered.;

4) the cD spectra for the o4-atþIated and non-a!þrated origomcrs dffir and sorne of the

different features noted may be used to identify DNA containing fitr. IJnfortunately, there

appears to be no apparent co*elation berween the position of the o4-alþlthymidine ìn the

olígomer and the X shifts of the positìve and negative bands.
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CHAPTER 5

DISCUSSION



5.1 INTRODACTION:

From the J and 6 varues of the IH andtrc NMR resonances taburated ín Tabres 3.1 -

3.25 it is possible to obtain conformational information on the solutìon structure of DNA.

This is possible because the vicinar coupring co^tant (tJ) depends on the torsion angte (@)

about the bond to which the coupled spins are attached (Davies, I97g; van de ven and.

Hílbers, 1988) and the E depends on the magnetic environment of the nucreus (Giessner-

Prettre and, Pullman, l98B)- There are a number of ways to use the J and õ data to obtain

conformati,onal information and the methods chosen are described below.

5.1.1 NOMENCLATI]RE:

Before the data may be discussed it is necessary to defíne aü the conventions and,

deJinitions pertaining to the coþrmationar anarysis of nucreic acids. IITpAC guiderines

(IUPAC-IUB' 1970) will be adhered to ¡n the text that fo ows. The torsion angles, @, aron6

the backbone are designated s, B, T, ô, e, and I starting with the p_OS, bond (Figure S.IA).

The sugar endocyclic torsion angres are designated Do to i)t commencing with the o4'-cI,
bond and moving cloclovise. The sign of @ fo\ows the Kryne-prerog convention ( 1960) with

the eclipsed form equar to zero an¿ positive varues obtaíned by moving the rear bond.

cloclavise with respect to the front bond. shorthand designations for the staggered

conformations are g* (@ - 6t), t (O - lg0) and g- (@ - 300) (Figure 5.IB). The gtycosyl

c|'-N bond is called y. when the six member ring of purines or the 02 of pyrimidines is

over the sugar, then 7 is said to be in the syn posítion; a lgT rotatíon brings the base into

the anti positíon.

5.1.2 FURANOSE CONFORMATION:

The sugar torsion angles, 1)o to 1)1, are not free to a$ume any value between 0 and,

36t because the ring ís crosed. These fíve mutuaTy rerated angres can therefore be

described by a two parameter equntion via pseuàorotationar anarysis, The two parameters

are called P, the phase angle, and t^, the amplitude of pucker. An analysis of the X_ray
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data of nnny nucleosi,des and nucleotides shows that two ranges of the ',conþrmational

wheel" are predominantly occupied (Ahona and sundaralíngam, 1972). These ranges (ve

called the 2'-endo (s) and 3'-endo (N) conformations; an emmple of each is given in Figure

5.1C.

Values for P and t^ can be obtained in solutíon from the five sugar coupling

constants, tJr-, to tJrr, by computer prograìns s,ch as 4SELIROT (Altona, t9g2). The ps

and lns calculated via PSEIIR}T have been related. to the sums of variow vicinal proton

coupling constants (Rinkel and Altona, 1987). For instance, the fraction of sugars in the s

conformation (JS) nay be estimnted from the sum of rJ,,., ant3J,,.r. (ZI') using the following

equation:

¡3=(21'_9.8ys.9 (r)

Experimentally, it is often easier to use EI' since it is simply the separation between the

outer peaks of the HI' muhipret. Furthernøre, it is often dfficurt to accuratery obtain the

five coupling constants needed to obtain p and t^ values. For these neo reosons equation

I was used to estimate the sugar conformation of our oligonærs.

Perturbatio¡ts in the sugar conþrmation based, on the zl' data were checked by other

methods. For emmple, Hruska (1973) obseryed. a correlatíon be )een iJj,1,3Jr,.r,, and the

sugar pucker in monomers. Perturbations that increase the popuration of the N sugar

conformation manifest an increase ín 3Jr. and a decrease in tJ,,-r. on the other hand, the

inverse effect is obsemed with perturbations that increase the popuration of the s sugar

conformation, 3J,n decreases and 3J,,-, increases. This 3Jr4 and tJ,,., correlation with the

sugar pucker extends into oligonucleotides, as lustrated, in Figure s.2 (van de ven and

Hilbers' 1988), where the three drawn lines represent "aüowed" combinations of tJ".n and
tJr-t as the pseudorotation cycle is traversed for varìous rn varues. Note that the

experimental points scatter in between pure s and N puckers, as expected, if índividual J

values represent a weighted average of two J varues. consequentry, we used changes in
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EI' to monítor tempetature dependent perturbations ín the proportion of s conformatíons.

Trends ín 3J"n and 3J,,-, were then noted to verify ZI' observations.

5.1,3 THE SUGAR-PHOSPHATE BACKBONE :

There are six torsion angles arong the sugar-phosphate backbone (Figure 5.IA). The

conÍormation about the c4'-c3' bond, õ, is intìmatety related to the sugar pucker. NorH-
tH, tH-ttc, or t3c-I3c vicinal couprings exists about a and Ç so as to obtain any inþrmation

regardíng their oríentation. This leaves three sugar-phosphate backbone bonds for which

confornational information may be obtained from the NMR data in Tables 3.1 - 3.2s.

5.1.3.1 The c4'45' (vl Bonil: x-ray crystallographic sndíes of nucleosides and, nucleotides

show that three staggered conformations about y exist, two gauche (y* and .¡-) and one

trons (y') (sundaralingam, 1973) (Figure 5.rB). In sorution, the proportion (fl of these three

states can be estimated from tJr,-, and, rJr,-r. using the following equations:

f'l' = 0.1228(3Jt,.,) - 0.0027CJ1'.5) - 0.2952 Qr)

fy' = -0.0334('J,,.") + 0.1094(3J,.-,.) - 0.062 (In)

fY. = -0.0894('J,..,) - 0.1068CJ,,-s) + 1.3533 (IV) (Rinket and Attona, 1984).

5.1.3.2 The C5'45' (Bl Bond: ln crystals, without exreption, all 5' _phosphorylated

nucleotídes are in the tans (þ') conformation (Akona, l9g2). In solution, the proportíon of

þ' can be esrinated from the sum (z) of the vicinar proton-phosphorus couprings, tJ"., and.

3Jr., using the fotlowing equation:

Íþ' = (23.9 - IIIB.9 (V) (Attona, 1982).

s.1.3.3 The c3'-o3' (el Bond: x-ray *ystaüographic studies of 3'-nucreotides suggest

that the e* conformation is "forbidden" (sundaralingam, j1969), presumably due to sterìc

repulsion of the phosphate group and the sugar moiety (yokoyama et al., lggl). Solution

studies are hampered by the presence of only one vícinal proton coupling corstant bet veen

H3' and P3. Because the orienta,tion of the phosphorus is approximately symmetrical with

tespect to H3' in the e and é conþrmations, tJr,., provides líttle informatìon about these
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populations, However, if t3c spectra are acquired, the e rotumer populations can be better

estimated from tJ...p, and tJo..o, usíng the foltowíng equations:

IÊ' = tJ"r,."r19,2 (vr)

fË' = ('Jn,.n - L0I9.2 (VII) (Alderfer and Tf O, 1977).

5.1.4 THE CI'-N (.t) BOND:

x-ray crystallographíc studies of nucleotides and nucleosides generaüy locate

pyrimídines in the wr.i orientation and purines in either the anti or syn form (Davies, l97g).

No tH homonuclear vicinal coupling constants exist so as to provide information about y in

solution. However, it is possible to acquire information from tHJrc coupling consranß ii
enough sample is present to acquire the rtC spectum (which is usually not the case).

Thereþre, it ís only possible to make inferences about the orientation of the base from

chemícal shift trends (Kan et al., 1973) or NOEs (van de Ven and HíIbers, Iggg).

5.1.5 VARIABLE TEMPERATURE PROFILES:

In solution a two state mechanism, involving stacked and unstacked states, is generally

sufrícient to explain the behaviour of single strand.ed DNA helices (powe et al., 1973;

olsthoorn et aJ., 1980; Reich and rinoco, I9B0), Decreasing the temperature increases the

fraction of molecules in the base-stacked state. such transitions into a stacked state, whíle

accompanied with torsion angle changes that can be observed with Js, are also often

accompanied wìth changes in the magnetìc environm¿nt of the nuclei. These magnetic

envi,ronment changes are reflected in changes in the õs. Hence, by plotting E versus

temperature base-stacking information is obtained. such plots for the base and some sugar

protons have been obtained for most of my oligomers.

5,7.5.1 susør varíable Temoerature prof es: The õs of the sugar protons depend on: r )

the x confonrntion; 2) the orientatíon of neíghbouring bases; 3) the conþrmation of the

sugar; 4) the position of the endocyctic sugar orygen; and S) the position of the

phosphate group. These five influences may shield or deshield the sugar protons and hence,
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it h often dfficuh to íntetpret their profiIes. However, when large temperature dependent

changes ín any of these resonances are observed, it is at least possibre to say that the

conformation ß changing and perhaps assume that a particurar shierding or deshierding

influence is responsible. The rargest temperature dependent changes in sugar õs were

observed for H1', H2', and H2" and hence, these are the onry sugar protons whose

resonances were plotted as a function of temperature,

5.1.5.2 Base varíabk remperarure prolíres: The Hg of purines and the H6 of pyrímidines

are near the deoryribose ring orygen and the phosphate gfoup when stacked. in a right

handed helix with the bases in the anti conþrmation, As a result any ring cu*ent shielding

of these protons due to base-stacking nav be countered with deshíetding dLte to díamagnetic

anisotropic effects of the ring orygen and the phosphate group which make ínterpretations

of the H8 and H6 profìles dfficutt. on trrc other hand, in a sim ar right-handedty-anti

orienmtion, the dr MeS, dc HS, and dA H2 chemicar shifts are primaríry infruenced. by the

ring currenls of stacked bases, and hence, these prototß are the best monitors of base-base

interactions (Ize and rinoco, j,980). with lT the o4-arþt group protons are even further

removed. from the sugar-phosphate backbone relatíve to Mes and therefore, these õs should

be influenced predominately by interactions with other bases as well. since the o4-arþr

protons are in a different locatìon than the Me5 they also monitor a slightty dffirent ,'space',.

5.1.6 DISCUSSION STRATEGY: Because of the large number of origorners, the díscussíon

is broken up into five parts: d(/TpT), d(NpX), d(XpN),TRIMERS, andTETRAMERS. Each

part is further subdivided into sections: the sugar conformation, the sugar-phosphate

backbone, the base protons, and sum,rury.



5.2 d(fTnT):

5,2.1 THE O4-ALKYL GROUP:

A set of d(/TpT) dimers was synthesised wìth r equal to methyl (m), ethyl (e), propyl

(p), butyl (b), isoburyl (ib) and isopropyl (i) to study the effect of O4-alþl group size on

the conform¿tion of these motecules. since the o4-alþt group is the feature unique to all

these dímers, and all the new oligomers, it is this moiety which wi!! be discussed first.

5.2.1.1 ¿{mlTpTl: The O4-methyl protons oÍ d(m1TpT) appear as a singlet in the NMR

spectrum' as in madr. The o4-methyt aE (high temperature õ - low temperature 6 from

the data ín Tables 3.1 - 3.25) is snwll, < 0.03 ppm, and. ís sim ar to the o4-rnethyt ÃE of

nfdT (Fígure 5.8). Consequently, the pT base is not significantly influencing the O4_methyl

profile of d(maTpT).

5.2.1.2 d(e'TpTl: Due to the presence of the chiral centres ¡n the sugar, the a-methylene

protons of the o4'ethyl group of d(eaTpT) are díastereotopic and. can be labe ed pro-R (H)

and pro-S (Hr) (Figure 5.3). At the nucleosid¿ level, the O4_ethyl group of eadT dßplays an

A"xt pattern in the tH NMR spectrum (methylene quartet, methyl triplet), which indìcates that

the sugar is too distant to induce any obsenabre dffirential shietding of H* and H r.

However, in il(eaTpT) these protons are not equally shíetded, as is evident in the tenperature

dependent ABX. pattern of the o4-ethy! group (Figure 5.J). At 70"c a quartet pauern is

observed for the a-methylene protons of the O4-ethyl group of il(e,TpT). Lowering the

temperature to 60"c produces an ABX, pattern for these a-methylene protons, and at |tc
a Lõ (downfíeld õ(B) - upfield õ(A)) of 9.4 Hz is obsened be )een these protons.

since a aõ ís not observed for the a-methyrene protons of e1¿rr, its presence in

¿I(e.TpT) would seem to be a maniftstation of intramolecurar base-stacking. This effect may

be explaíned in terms of a right handed base-stack with the bases in the anti position and

the N3-c4-o4-c" torsion angle near zero (syn-periptanar) as in crystalline eailr (Birnbaum

et al.' 1986), There are three low-energy rotational isomers of the o4-ethy! group about the
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CH:

/\"n,
I
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HRo

30 Hz

5.9 Hz

Fig(re. 5.3: Temperatur,e effect on the 300 MHz 'H NMR band of the H* and H" a-
methtlene reso*tnces of the o4-ethyl function of d(eaTpT). The' value ü n, ¡t" *"
dffirence in the chemìcal shífts of these ,esonancei ¡Lõ1 aî th" temp"roture indicated.
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O4-C" bond, as illus¡ated ín Figures 5.4A to C. Conformer A, with the a-methylene protons

straddlíng the base, is the conformation in the eadT crystal (Birnbaum et al., 19g6) and

probably ís the preþrred conþrmation in solutìon because conformers B and, C place the

methyl group too near the ring N3 where unfavourable van der waals interactions might

occur. If conformer A ís the domínant state in solution, then as base-stacking occurs H" will

be subjected to a greater shielding effect from the neighbouring base than Hr. If this is true,

then the upJield proton (A) plotted in Figure 5,8 can be assigned to the pro-R proton.

Further evidence for the preference of conformation A in the base-stacked. state is the

variable temperature profíles of the methyl protons of the o4-ethyt group which show a weak

temperature dependence that ìs similar to the monomzr (Figure 5.20). The latter observation

suggests that the neighbouring base has little effect on the methJl of the o4-ethyl group as

stacking occurs becawe it is projected away from the stack.

5.2,1.3 d(lTpTl, d(baToTl, anil il(ìb'TpT): The a-mcthylene protons of the O4-allql groups

of these dimers display NMR spectra similar to d(eaTpT). In il(paTpT) and it(baTpT) both a-

methylene protons display an ABX, pattern with a Ãõ of 13,2 and IB,I Hz, respectively, at

I1"C (Figures 5.5 and 5.6). In i|(ibaTpT) the u-methylene rcsonances of the O4-isobutyt

group dßplay an ABX pattern with a 20.0 Hz Ãõ at IUC (Figure s.7). In all three dimers,

Lõ decreases as the temperature is rais¿d. Presumably, Lõ and its temperature dependence

for the a-methylene rnonances of the O4-propyl, -buryl, and -isobuty! group of these il(lTpT)

dimers are due to the same reason gìven for the o4-ethyl group of it(eaTpT) - base-stacking.

Figure 5.8 is a variable temperature plot containing the a-methylene resonances for

the O4-ethyl, -propyl, -butyl, and -isoburyl group of d(/TpT). Note that the Lõ of the a-

methylene protons of dffirent o4-alþl groups are rarely the same at id.entical temperatures.

Additional data presented in Figure 5.1I and in Tables 3.2, 3.4, and 3.6 concerning the Me5

protons of the pT base suggest that the amount of base-stackíng in all the it(lTpT) dimers

are similar. Hence, the dffirent a-methylene Lõs must be due to something else other than
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P.,
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,,5'/ cH ^ B
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.5'/ co/ fs'-3'"--rrrs}-r"

cHs

Fígure 5.4: Conformntional states a.bout the O4-C, bond with the O4-alþt group ín the
syn-periplanar position. N3 is projected towards th¿ viewer, such that the flaiking groups
of the o4'alkyl function are actually close to being above or below it. A¡ orleÁtation
present-in the 

-eailr 
crystal with both a-næthylene protons of the 04- ethyl straddlíng the

base. B and c) Two other eclipsed conformations which arè probably lesi favourabte- than
4.due to the bulþ methyl group of the O4-ethyl functíon crowding the base. D and E)
The nvo ryo1t likely conformations of the O4-isopropyl group based upon the crystal
structure of PdT with the pro-S methyl in D, and the pro-R metiyt ín E, oriànted atmasi ge
relayìve to the plane of the base. F) Third possible eclipsed conformation whích is
probably least favourable because both bulþ methyl groups crowd the base.
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poTpT

Figyre. 5.5: Temperature effect on the 300 MHz IH NMR band of the H^ and H, a-
methylene resournces of the O4-propyl function of d(fTpT). The value In Hz ii the
diÍference ìn the chemical shifts of these resonances (Ãõ) at the temperature índicated.
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FÍgure 5.6: Temperature effect on the 300 MHz tH NMR band of the H" and H. a-
me-thylene resonances of the o4-butyl function of il(baTpT). The'value ¡, ni ¡i" ,n"
difference in the chemical shífts of these resonancei ¡Lõ1 ai the temperaare inàicated.'- 
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Fígyrg 5.7: Temperetute effect on the 300 MHz,H NMR band of the H^ and H, a-
methllene reso*nces of the o4-isobutyl function of d(íbaTpT). The vatue ^¡n n" is' *"
dffirence ín the chemical shìfts of these resonances itõj at ine't"mp"rotur" ¡nü"àiid.-- 
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different amounts of base-stacking. If the u-methyrene pro!íres of each o-arþt group ís

overlaíd at positions where the Lõs are equal, for emmple d(eaTpT) at IUC and d(paTpT)

around 30"c, the plots are observed to overrap. Furthermore, at identical temperature, L6

is bígger for the larger O4-alþt group: isobuty! > buryl > propyl > ethyl. Because the

Mes pT data suggest that the degree of base-stacking is sim ar in the d(r¿TpT) dìmers, the

u-methylene Ãõ dffirences at ident¡cal temperatures is likely due to an increase in the

population of conformer A (Figure 5.4). one possible explanation for an íncrease in the

population of conformation A may be larger van der waals clashes between N3 and the

bigger o4-alþl group in states B and c which nak¿ these lauer conformations less

favourable.

Note that except for the a-methyrene protons of these o4-artqr groups, the remaíníng

reson^nces of the o4'alþr groups behave like the monomers, even though some of these

protons are also diastereotopic (Tabres 3,2, 3,4, and 3.6). Thcse obsemation support

conformation A as the domínant rotamer in a right-handed!7-anti stack because in this

orientatíon the rest of the o4-atþt group is projected ountards from the stacked bases, rike

the methyl of the o4-ethy! group of d(eaTpT), where they are not rikely to feer ring current

effects.

5'2'I'4 iI(fToT): Due to the presence of chiral centres in the sugar, the methyr groups of

the o4'ìsopropyl function of d(fTpT) are arso diastercotopic and can be rabeüed pro-R and

pro-S (Figure 5.4). On the nucleoside level, iadT, these O4-isopropyl methyl groups appear

as a doublet in thetH NMR spectrum, and thus we can concrude that the sugar ís too distant

from the O4-isopropy! Sroup to cause dffirential shielding, in line with the observation that

such shielding falls off rapidly with the distance between chíral and prochira! centres

(Jennings, 1975). on the other hand, ín d(iaTpT), the methyt resonances of the o4-isopropy!

group appear as wo doublets separated by I5.l Hz at I2.C (Figure 5.9) (Buchko et al.,

1989b)' Furthermore, the Ãõ of these methyr groups decreases as the temperature is raised.
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since a L6 is not observed for the methyl reso,uces of the o4-isopropyl function of

fdr, íts presence in d(fTpT) suggests that it is a manifestation of base-stacking, as proposed

for the a-methylene resonances of iI(eaTpT). However, the explanation for the Lõ observation

in the o4-isopropyl NMR spectrum of d(lTpT) is more complicated. than for the ø-methylene

Ãõ of the o4-ethyl resonances of it(eaTpT). Figure s.Ì0 contain variable temperature profíles

of the methy! resowrnces of the o4-isopropyl group of d(fTpT). Note that one o4-isopropyl

methyl resonance moves slightly upfield as the temperature is lowered (A), similar to the fdr
,nonotner, while the other methyl tesonance (B) moves downfíetd. Based on the crystal

structltre of O2-isopropyhhymidine (Birnbaum et al., lggg) two different O4_ßopropyl

orientatiotts about the base should dominate in solution, one state has the pro-s methyl

flanking the base towards its 3'-hydroxyt group (Fìgure 5.4D), and the other has the pro-R

methyl flanking the base towards its s'-hydroryI group (Figure s.4E). A third conformation,

wíth both o4-isopropyl methyls straddling the base, is untikely, because ít is more

unfavourable for two ttæthyl groups to be in this posìtìon than one. In fact, to partia y

remove the methyl-N3 contact in conformations 5,4D and 5.48, the methine proton is brought

in 3u towards the base in the i'.dr crystal relative to either of the ø-methylene protons in

the eaifr crystal, placing the methyl group nearest the base almost 90" above (Fígure 5.4D)

or below (Figure 5.48) it.

unfortunately, it is not possible to deduce from chemical shifts trends alone which

o4-isopropyl confornøtion, D or E (Figure 5.4), is preferred in solution. The uncertainry

is due to not knowing which orientation is responsible for the deshietding and shíelding

influences on the methyl groups. For example, in conformer D rhe pro-s methyt may be in

a deshielding zone of the plane of the adjacent base while in conþrmzr E this pro-s methyt

nay be in a deshielding zone of íts own base. The methine proton, unfortunatery, does not

offer any assistance. The methine resorutnce moves upfierd with decreasing temperature

(Figure 5.25) but it is not possible to directly cornpare this movement to the a-methylene



iaTpT

35Hz ]l]\]l]|-t

7-7 Hz

H

I

C

,Z l " cH3(R)

CH3 (s)

15.L Hz

Eigte-SL: Temperature effect on the 300 MHz tH NMR band of the CH, (øro_$ and
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resonances because the i'zdf and eadr crystal sttuctures suggest the o4-isopropyl methíne

proton is closer to N3 then the o4-ethyl a-methylene protons and it ís not known what effect

this has on the respective chemical shifts. Therefore, in the absence of NoEs, which were

attempted (without detection), it ¡s not possible to rule out conrormer D or E in Figure 5.4

as being the less favourable orientation of the o4-isopropyr group in a base-stacked state.

5.2.1.5 Summørv: Except for il(m.TpT), a temperature dependent Ã6 was obsened for the

a-methylene resoru¿nces of the o4-atþI group of aU the d(fTpT) dimers and for the methyr

resonances of the o4-isopropyr functìon of d(lTpT). These Ãõs may be explaíned in terms

of a dffirential shielding of these protons d,ue to base-stacking. such a phenomenon is an

additional method of monítoring stucturar changes in origonucreotid.es containing an o-

allqlated thymidine (Buchko et ar., j'987) and may be especialry useful ín larger doubre

helical structures. However, in longer oligomers the a-methylene resonanc* of O-atþl

groups might be lost amidst the H4', Hs', and H5" murtiprets. consequentry, the best o-

alþl resonances to use for the study of conformational changes in rarger olìgomers may be

those of the methyl protons of the O4 -ßopropyt group because: 1 ) they are found in an

upfield region with few interþring rcsouuces; and 2) their larger intensities make them

stond. out ìn the spectrum.

5.2.3 THE BASE õs:

5,2.3.1 The Mes Profíles: Filure 5.II ß a varìabre temperature prot comparing the effect

of rfTp, eaTp, fTp, and Tp on the Me5 resonances of the pT unit. Att the lTp moieties

shíft the pT Me5 profite upfierd rerative to that with rp. Two possibre expranations for this

shift are: 1) the larger ring current fficts of a thymine locked in its enor tautomeric form
(Geissner'Prettre and Pullmam, ISBB); and 2) more base-stacking in the o-alþlated dimers.

The Me5 
^õ' 

is 0.02 ppm for the pT unit of il(TpT) and between 0.04 and 0.05 ppm for the

pT unit of all the il(lTpT) dimers, a smau difference that may be due to the two reasons

given directly above and dffirent base-base overlap in d(/TpT) retative to il(TpT).
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Figure 5.12 is a variable tenperature plot contaíníng the mfip, eaTp, iaTp, and Tp

MeS profiles of d(NpT). (NorE: N indicates a T or fT base, X índicates an A, G, c, or

T base). The Np MeS Lõ"s are small (< 0.02 ppm) for the four molecules ploned ín Figure

5.12 plus those for the paTp, baTp, and ibaTp units of d(NpT) Iisted in Table 3.6. Note that

the fTp profiles are very similar to those of the monomerc which suggest little, íf any, ring

current influences from the pT base. The o4-metþr profire of d(maTpT) arso suggests the

pll base does not influence the õs of the Np base because its profíre ß armost identícar to

that of the monomer m.iÍI (Figure 5.8, Section 5.2.2.1).

5.2.3.2 The H6 Profiles: The pT H6 variable temperature profiles of four d(NpT) dimers

are pr^ented in Figure 5.13 where they are all observed, to overrap and to move downfierd

with decreasing temperature to the same extent as the monomer, dT (Buchko et aL, Igggo).

On the other hand, the H6 Ã6, of the Np units of d(NpT) are all benyeen -0.07 to _0.11

ppm and these profiles are upfierd of that for the Tp H6 oÍ d(TpT). The lauer observation

ìs likely a result of the different electronic conjugation of eaT rerative to T (Birnbaum et ar.,

1988). The downJietd shift of art the H6 resonances with decreasing temperature, in both

the Np and pT units, indicate that factors other than the ring current effects of the

neighbouríng base must be dominant, comparabre temperature effects have been noted

earlier in pyrimidine dimers but were not easiry exprained (rrood er ar., I9z4; Lee et ar.,

1976). The temperature dependence of the H6 resoru¿nces of the monomers indicate that

simple solvent effects are relativery important. Indeed, evidence has been presented that

such effects can mask the upfierd effecx of ring currents even for stacked. puríne bases

(Hruska et al., 1968). Hence, these H6 profiles cannot be interpreted with any degree of

certainty and at best we can just make note of the obsenations.

5'2'3.3 summa¡v: There are differences between the base proton variabre temperuture

profiles of il(TpT) and the il(lTpT) d.imers. However, nany of the differences that do exist

may be explained by: 1) the different electronic conjugation of eaT relative to T; 2) the
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larger ring current effects of lT relartve rc T; 3) an increase ín base-stacking in th¿ O-

alþlated molecules; or to 4) dffirent base-base overlap geometries in the d(TpT) dinurs

relative to d(TpT). Because pyrimidines themselves are weakry invorved ìn base-stackíng

(Topal and warshav¿, 1976, Giessner-preure and puhm¿n, Iggg) it is tikzly that the first two

explanations given above account for nøst of the differences. However, it can be concluded

that the d(/TpT) di¡¡ærs and d(TpT) are sim ar in terms of the formation of ríght-handedry

anti s¡ac,t¡.

5,2.4 THE SUGAR CONFORMATIONS:

While ít appears as if the gross base-base geometries of the d(/TpT) and il(TpT)

dimers are símilar, an analysis of the d(NpT) sugar coupring constctnts revear a difference

ìn the conformatìon of the r.Tp sugar with a snaller, parallet, change ín the pT fragment.

5,2.4.1 The No Sugars: The sugar pucker of the Tp unit of depT) does not vary much

with temperature as is evident by the zI' temperature prof e of thß unít in Fígure s.17. In

contrast, the s conformation of the fTp sugars of the d(NpT) dimers is approxímately rTvo

smaller at 70"c (Table 5.1). As the temperature is rowered to 20"c the s conformation of
the raTp sugars decreases up to 207ø (Tabte 5.1) and at IUC there is approximatery a 30vo

difference in the conformations of the Tp and eaTp sugars (Figure 5.17). This shift towards

N pucker is eaTp is unusuar since s is favoured in smafi 2' -deoryribonucreotides in aqueous

solution (Cheng et al., 19ZB; Rinkel and Attona, I9g7).

The shift towards larger N popurations of the rTp sugar with decreasing temperature

is supported by trends in tJ,,., and tJrn. As mentioned,, these couplings are related to the

sugar conformation and move in opposite directíons dependíng on the SrN popuration shift

of the sugar pucker. Wíth the Tp unit of d(TpT),'J,.." increases 0.4 Hz in goìng from 70

to 20"C while 3Jr,. remains constant at 3.5 Hz (Table 3,5), ín tine with the absence of major

changes ín íts 21' temperature profire (Figure s.I7). However, using the eaTp unit of

il(e.TpT) as an example,3J,,., decreases 0.6 Hz and rJ,n increases l.I Hz over the same
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tempeÌature range (Table 3.3), consistent with the redu¡tìon observed in the s conþrmation

(Figure 5.17)' These trends ín the tJr., and,3Jrn of eaTp are arso observed ín the other

lTp units of the d(/TpT) dimers.

The 3-endo shift of the raTp sugar of the d(/TpT) dimers may rationarize differences

between the H2' and H2" LEs of the raTp and, Tp sugars. In the d(/T:pT) dìmers, the raTp

H2' Lõ"s are between -0.0s - -0.08 ppm and their H2" L&s are ress than 0.01 ppm wh e

in il(TpT), the Tp H2' and. H2" Aõ.s are both < 0.02 ppm (Tables 3.2,3.4, and 3.6). The

largest dffirence between the H2' and H2" Að,s of the Tp and raTp units of the d(NpT)

dimers is for H2' which suggests an altered, environment of this proton as temperature is

Iowered. It is dfficuh to interpret sugar õs (Section S,LS.I). However, space_filling

nølecular models suggest that the 3'-endo confornatíon wourd prace the roTp H2' nearer

the pT o4' and o5' where it courd read to deshielding. whatever the reason for the H2'

and H2" Aõ's, note that the small L}"s of the Tp H2' and H2" of d(TpT) is co¡tsistent with

the lack of nøjor changes it its S sugar population whíIe the larger H2' LE"s of the raTp

units of the d(/TpT) dimers correlate with the larger conformationar changes observed in

these sugars.

Dffirences between the Ii1' Áô"s of the r'Tp e.07 _ 0.09 ppm) (Tables 3.2, 3.4, and

3'6) and rp (0.01 ppm) (Tabte 3.4) units of d(NpT) are perhaps rerated to the 3'-endo shifts

obsened in the raTp sugars with decreasing temperature,

5.2.3.2 The øT Susørs: The pT sugar conformatìon in d(TpT) d.oes not change with

temperature, renøining at approximately 64Vo S, white the S conþrmation of rhe pT sugar

of the d(TpT) dimers, whích are ídentícal to that of d(TpT) at 7tC, decrease by 5 _ l0To

over the same temperature range (Table 5.1). Due to the overlap of the pT H2, and. H2,,

resonances at either 70 or 2UC it is not possible to use rJ,,r, to corroborate these sugar

pucker changes observed from ZI's. However, the pT 3J,n of d(TpT) is observed, to d.ecrease

slightly from 70 to 20"c (0.2 Hz) (Tabte 3.4) whire the pT r,.n increases by at reast 0.6 Hz
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in all the dQtTpD dimers (Tables 3.2,3.4, and 3.6), in line wìth the sugar pucker changes

suggested by the 2I' profiles. In th¿ same Tables it may be noted that the pT HI' , H2,, and

H2" L6's for the d(NpT) dimers are small, < 0.03 ppm upfîetd or downfield. Hence, any

dffirences between dimers with N equal to fT relatíve to dimers with N equat to T are

slight and therefore, do not offer any clear insights into changes of the pT sugar

conformation with temperature.

5.2.5 THE SUGAR.PHOSPHATE BACKBONE:

Inspection of the d(NpT) y populations (Table S.l) revea! y * to be the most hi7hly

populated state, followed by y' wíth a residual proportion of y -. The population of y ,

íncrcases at the expense of the other states upon lowering the temperature, as expected, in

s¡nall DNA olígomers with an increase in base-stackíng (Attona, l9B2), The pT units

contain the largest percentage of ,l * states (> 807o at 2UC) while the Tp and raTp

fragments are between 56 and 667o. The smaller y* populatíons observed, at the 5'-

terminus of these dimers is a feature common to DNA oligomers and ís associated with

more freedon of movement at this end of the molecule (Me ema et al., jg84). There ís a

small difference ín the increases of y * with the lowerìng of temperature bet',veen the Tp

and raTp units of the il(NpT) dimers. That is, the y + state of the Tp unit of d(TpT)

increases 4vo upon lowering the temperature while the r + state of the raTp units of the

d(TpT) dimers increases between 7 and l2%o. White the population of the y * rotamer

íncreases with an increase in the base stacked population, Hruska (1973) also observed a

correlation between ^¡ 
* and the 3'-endo conformation in a wide variety of monomers. That

ís, the 3'-endo conþrmation appeared to favour.the ^l * rotamer and hence, in these dimers,

the larger increases ín the y * state for the raTp units relative to the Tp unit of the d(NpT)

dhners may be a reflection of the increase in the N conformation.

The þ' populations of the d(NpT) increase between S and j4Vo upon lowering the

tentperature which also suggests some base-stacking is occurring (Altona, t9B2). Note tlnt
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Moleculc VoS

Table 5.L Furanose conformâtions ând exocycl¡c bonds rotamer

distributions for d(r4TpT)a

vo"l* voþt qoÈt/qoe'V"'fvo^['

Tp ó4(61)
pT 64(64')

1l (12)
-2(1)

33(36)
22(34)

s6(s2)
80(64)

80/r8
8 r (76)

e4Tp 34(53)
pT 54(e\

5(11)
0(5)

29(3s)
r8(30)

66(54)
81(65) 87(7 s)

p4Tp 39(53)
pT 58(63)

6(r 3)
z(5\

30(3s)
19(32\

64(s3)
79(62) riiá -.---,.

b4Tp 37(53)
pT 58(63)

6( 12)

- 1(6)
3l(36)
ls(30)

63(s2)
8s(64) 8s(7'1)

ib4Tp
pT

M(s3)
58(64) t:111,

3l(35)
M?

i4T p
pT

46(s3)
58(e)

7(t2)
0(4)

30(36)
l8(31)

62(s2)
81(64) iliilr :!:i

aToS catcutatcd according (o cquation I, 70Ì ac¡ording to cquations Ir, Itr, and Iv, qop according to equation v, and qoe

accord¡ng to cquadons vI and \¡II. coupling consEst uscd in rhese equarions wcre rakcn fro¡n Tables 3,3, 3.5, 3.7, and
3.24. Thc first number is at 20oC, ths number in brackcrs is at 7æC.
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at lov) temperature the þ' populations are simìlar fot the ¿l(NpT) dimers, beween BI - g7To,

ímplying that O4-aklyatíon ís not alteríng the þ rotamer populations.

Carbon spectra were acquired at 27.C for d(fTpT) and it(TpT) and hence, it is

possible to acquire inþrmation on e for these dimers. IJsing equation vI and vII é for

the iaTp unit of d(fTpT) is calculated to be 797o and € is calculated to be 187o, while the

e' and e' populations of the Tp unit of d(TpT) are determined to be 807o and lBVo,

respectively. The similar e values for the iaTp and Tp units of d(NpT) suggests no major

alteratíon in the C3'-O3' torsion angle due to the presence of the O4-ßopropyl group.

Since the CD and NMR data previously discussed appear to ìndicate that the d(/TpT)

molecules behave similarly in solution, the E obsenatíons for d(íaTpT) may extend. to the

other 04 -alþlated dimers.

5.2.6 SAMMARY:

The major effect of O4-alþlation on the conformation of the d(f pD dímers, ìn

comparison to d(TpT), is a shift towards the 3'-endo sugar pucker ín the roTp fragment. A

similar, but smaller, 3'-endo shift is also obs¿rved in the pT unít upon lowering the

tempercÌture. The NMR data, like the cD data, suggest that some base-stacking is ocaïring

as temperature is lowered. However, because of the different chemical shift anisotropy fficts
of r'T relative to T and the possibility of slightly dffirent base-base geometries betu¡een the

bases of the d(fTpT) and il(TpT) dimers, it is not possible to deduce whether o-alkylation

results in more or less base-stacking over the same temperature range. one explanation for

the change in the sugar conformation of the raTp unit towards more 3'-endo upon lowering

the temperature is that it may be necessary to allow for the most favourable base-stacking

interactions to occur with a pT un¡t. Note that the'l and þ populations do not vary much

due to O4-alþlation, and tlrc e populations are identical, which suggest little change in the

phosphodiester backbone due to the presence of raTp in the place of Tp in the il(NpT) dimers.

The size of the O4-alþl group produce liule change in the proton variable temperature
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profiles, Lús, and conformer populations of the il(trTpT) dinærs. Therefore, in these

molecules at least, one can concrude that the size of the o4-arþt group has rittre effect on

the molecular conformation. perhaps the most Ìtoteworthy feature of the o-arþrated

molecules is the magnetic non-equivarence of the a-mzthylene resonances of the o4-ethyr, -

propyl' -buryl, and -isobutyr function of the d(rpfl d,im¿rs and the methyr resonances of the

o4-ßopropyl function of d(fTpT) which appear to be usefur probes of conformatìonal changes

in these molecules with temperature (Buchko et al., I9g7).



5.3 d(NnX):

A set of dinærs with r equal to ßopropyl and ethyl, and with X equal to T, G, C, or

A was synthesised to study the S'-nucreotidyr base effect on raT. The onry exception was

d(TpC) where the Js and õs were obtaíned, frorn Cheng and Sarma (1977).

5,3.1 THE SUGAR CONFORMATIONS:

5'3.1.1 The Np susars: The increase ín the 3'-endo conformation of the raTp sugars with

decreasíng temperature in the d(fTpT) dímers is arso observed in the ir(fTpx) morecures.

However, the extent of the r.Tp 3'-endo shíft depends on the px unit (Buchko et ar., t9g9c)

as is evident in Figure 5.r7 where the z|'s for the Np fragments of the ¿t(Npx) d.imers are

plotted as a functíon of temperature. At ar! temperatures, for identicar px fragments, LI, is

smaller for a e'Tp sugar than for a Tp sugar, and consequently, the 2,-endo population of
the e'Tp sugars are smaler than those of the Tp sugars. Note that the zI, prof es of the

fTp unit of the iI(fTpX) dimers fo,ow a símilar, auenuated., pauern (Fígure 5.Ig) relative

to the 2l' profiles of the dTp unit of the iI(eaTpX) dimers. To facilitate the discussion it

will be useful to break it into two parts: purines (pU) and pyrimìdínes (py).

5'3'1'1'A The No sagars of the it(Nnpy) Dimers: The d(eaTpT) dìmer has arready been

discussed and it can be seen in Figures s.I7 and 5.Ig that there is a símirar, smaler,

increase in the 3''endo conformation of the raTp sugar wíth d.ecreasing temperature in the

d(fñ) dimers. This 3'-endo shift is supported. by trends in the rJ"., and'Jr." of the Np

unit of the d(NpC) dimers. For the Tp sugar of d(TpC), a ITVo increase in the S

conformation is reported by Cheng and Sarm¿ (1977) with a 1,7 Hz íncrease in 3Jr-, and

0'6 Hz decrease in 3Jrt as the temperature is rowered (g0 to 20"c). on the other hand,

for the raTp unit of the tt(NpC) dimers, tJr-, decreases as much as 0.6 Hz and,3Jr,. íncreases

as much as 0.4 Hz over a sma\er temperature range (Tabre 3.9). The rerative behaviour of
tJr., and tJrn wìth decreasing temperature is in opposite directions depending on wether N

is eaT or T and this is in line with the opposite behaviour of the conrormatíons of the enTp
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dim.ers with X eqyql to adeníne (A), guaníne (G), cytisine (q, ånd tnynine trl. ¿tio
included are the 1,1' profiles for the monomer (M) i4dr. Thà vertícal'axis 
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and Tp sugars oÍ th¿ tI(NpC) dímers with decreasing tem{)erature.

The 3''endo shifts of the fTp sugars of the d(/Tpc) dimers mat rationalize the

te,nperature dependence of the r'Tp H2' and H2". In d(TpC), the Tp H2, and H2,, both

move 0.03 ppm upJîeld with decreasing temperature (cheng and sarma, 1977) while in the

d(fú) dimers the lTp H2' moves downfield beween 0.05 _ 0.06 ppm and the H2,, moves

upJield less than 0.01 ppm (Table 3.8). The largest dffirence between Lõ.s is for H2,.

The reason for the differences in the H2' Ã|,s of the lTp and rp units are not crear because

of the many influences on sugar õs (section s,t.s.I). However, similar differences obseryed

between the lTp and Tp units of the il(lTpT) dimers were interpreted. in tenns of an

increase in the 3'-endo conformation of the y'Tp sugars with d.ecreasing temperature tha.t

placed the lTp H2' nearer the pT o4' and 05' (section s.2.4.1). perhaps the same thing

is happening in the d(/TpC) dimers.

The dffirence in the raTp and Tp HI' Ãõ"s of the d(NpC) dímers may be related to

the dffirent prefemed conformation of the lTp and Tp sugars. The Hl, Ãõ. for the Tp

unit of tI(TpC) ìs zero (Cheng and Sarma, 1977) but between 0.06 and 0.04 ppm for the

lTp unìts of the d(fTpC) dímers.

5'3'I'I'B The Np suears of the d(NnpIn Dimers: The 3'-endo popuration shift of the

fTp sugar relative to that of rp, when x is a pyrimidine, is accompanied by a decrease in

the s conformation of the /Tp sugar with decreasing temperature. on the other hand, when

x is a purine, the s conformation of the rTp sugar is st r reduced rerative to that of rp.

However, with decreasing temperature, the s popuration íncreases for both the fTp and rp
sugars, with a smaller increase in the o-arþtated nucreotide (Figures 5.17 and s.rg). The

smaller increases in the 2'-endo conformation, with decreasíng temperature, of the r.Tp

sugars relative to the Tp sugars when X ís a purine are supported, by rJ,,-, and 3J,n trends

(Tables 3.11 and 3.13). For emmple, the Tp 'Jr-, in*eases 0.9 Hz in il(TpG) and only 0.3

to 0.6 Hz for the rfip unit of the d(/TpG) dimers. Meanwhite, the Tp 3Jr,. decreases 0.g
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Hz in il(TpG) and only 0.3 to 0.4 Hz in th¿ lTp unit of the ¡I(/TpG) dimers. A similar

trend ín 3J,,., and, 3Jrn is noted for the it(NpA) molecules.

The Np H2' and H2" profiles of the il(NpG) dimers (Figures S.l5 and 5.i,6) may be

related to the increase in the 2'-endo conformation with decreasing temperalure that is

attenuated in the y'Tp sugars relative to the Tp sugar. The Np H2' Lõ"s are between 0.23

and 0.34 ppm and the H2" Lõ,s are between 0.0g and 0.14 ppm with the values for d(TpG)

at the high end of both ranges (Table 3.r0). The targe upfierd movement obsened in both

the H2' and H2" resonances of the Np sugar of rhe it(NpG) dimers suggest large ring current

influences from the px unit and this is wuaüy associated with an increase in base-stacking.

Perhaps the larger H2' and H2" Lõ's of the Tp unít rerative to the fTp units of the d(Npc)

dimers are related to the lnrger temperarure dependent increase ín the s conþrmation of the

Tp sugar of d(TpG) relative to those of the lTp sugars of the d(lTpG) dimers.

An analysis of the Np H2' and H2,, profites of d(NpA) find these Lõ.s ín narrower

ranges than those for the ir(NpG) dimers. The Np H2' Lús for the d(NpA) dimers are

between 0.32 and 0.37 ppm and those for H2" are between 0.14 and 0.16 ppm (Tabre 3..,2)

with the Lõ"s for the Tp unit of d(TpA) in the míddre of these ranges. wh e the largest

H2' and H2" Ãõ's are not obsemed for the Tp sugar, as u)ith the d(NpG) dimers, these

Lvs are all large and thereþre, strongry suggest that the bases are stacking as temperature

ß lowered,

The fTp and Tp HI' Ãð"s of the d(Nppu) dimers do not vary much, moving upfield

between 0.04 to 0.06 ppm wíth pG and 0.09 to 0.12 ppm with pA. The larger Hl, Lõ"s

with pA are presumably due to the larger ríng current fficts of A relatÌve to G.

considerìng that the 2'-endo popuration of the Np sugar is increasing with decreasing

temperature in the ìr(NpPU) dimers, símilar È11' Áô's for the alþrated and non-arkyrated

Np units might be expected. In contrast the Np HI' Ãõ"s for the arþrated and non-arþrated

Np units of the il(NpPY) dimers dffir by a larger degree, in line wíth the larger sugar
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pucket dífferences between Tp and lTp units.

5.3,1.3 The nT Suears: In the d(fpQ dímers it was observed that the pT sugar shifted

slightly towards 3' -endo with deqeasing temperature. A similar shift in the pc unit of

d(/Tñ) is very weak if it exists at all. However, one dimer, d(maTpC), does show a 7Vo

increase in the N conformntion with decreasing temperature (Table 5.2).

In the d(NpPU) dimers the 2'-endo population of the pptJ sugar is smaller than that

of the Np sugar. For the d(NpX) dimers, the pX sugar confornation varies less than 2Vo

with decreasing temperature, except for d(eaTpG), which shows a 77o increase in the N

conformation with decreasing temperature (Table 5.2).

5.3.2 THE SUGAR.PHOSPHATE BACKBONE:

5.3.2'1 il(ToPYl: The ^¡ and þ rotamer populations suggest that the conformatíon of the

sugar'phosphate backbone of th¿ d(/Tpc) dínurs is similar to that of d(Tpc) (Table 5.2).

The y * state is always the most heavily populated at all temperatures folowed by y',
which is typical of small DNA oligomers (Altona, l9g2). The y* population at low

temperature for the raTp fragment (57 - 607ø) of the ¿t(Npc) dimers are larger relative to

the Tp fragment (527o) of d(Tpc) as was noticed in the raTp and rp units of the ir(NpT)

dimers. This dffirence could be due to the same reason gíven for the it(NpT) dimers: an

íncrease in the 3'-endo conformation with decreasing temperature that favours an increase

in y* (Hruska, 1973). with regards to the pc fragment, no differences ìn the ^y populations

due to o4-alkylation are evident, with'¡ * between 73 - 78vo at low temperature in all the

d(Npc) dimers. Note that'y * is more populated in the pc unit than in the Np unit as ís

rypical of small DNA olìgomers (Mellema et al., 1984).

The þ' populations of the d(NpC) dinters are shnílar to those for the il(NpT) dimers

and at low ternperature are all benueen 79 - 87Vo,

Except for the Tp y, of d(TpC), the y * and p' populations of all the uníts of the

d(NpC) dimers increase with decreasing temperature which suggests that a larger population
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l\'Iolecule

Table 5,2. Furanose conformations ând exocyclic bonds rotamer
distributions for d(r4TpX)a

VoS %f V"{ Voy* voþt Eoet/roe-

l r(12)
-2(l) 8l (76) 1'1:

33(36) s6(52)
n(y\ 80(64)

'rp ó4(61)
p T e64)

2e(35) 66(f)
18(30) 81(6Ð

y(s3) s(rr)
p r s4(e) 0(s)

e4Tp

8?(7Ð

62(s2)
8 r (64) ;0;

7(t2)
0(4)p't

i4't'p 46(53)
58(64)

30(36)
l8(3r)

'79118

3't(31\ 52(52)
2sQ'Ì) 75(6\

69(59)
p c 59(61)

i:;
ìnçrt

l0(r0)
-l(o

57(51)
?8(64) ;0ô

39(50 r2(r3) 30(35)
p c 49(s6) 3(4) 19(31)

nr{T p

4e(58) 903) 3r(35) 60(51)
p C 53(50 3(I) 22ß2) ?5(61)

e4 t'p
80(74)

32Q6) s7(53)
24Q3) 73(6)

47 (54)
p C s3(5O 79(74\

i4't p l l(u)
3(O

26(36) 58(50)
14(20) 84(6?)

'Ip 76Qr)
p A 6l(59) 94(83)

r5(r3)
2(13)

s9(5Ð
84(68) ;rd)

66(63) 9(13) 32(3t
p A s8(s8) 2(4) t4(28)

e4'l'p

33(3Ð 58(st)
18(20) 80(67)

¡4T p
pÂ

9(r2)
2(r3)

72(66)
58(5O

2r(r4)
4(16)

26(3O
rs(23) *t*l

s3(49)
80(61)

'l'p 80(73)
pG 63(61)

56(5r)
75(63)

66(64) 9(t2)
p G 56(63) 8(O

e4'rp 3s(37)
l7(31) :?ó

i4't p

DC
r2(t2)
u(i) .i;)68(63)

6l (61)
30(38) 57(50)
20(3Ð 69(57)

aq.S calcul¡tcd accord¡n8 !o cquation l, %.Í åccording ro cquations II,III. a¡d IV, %p acaording ro cquation V, ånd qoE

according to cquåt¡ons VI and VIL Coupling constanrs uscd in rhcs€ equations wcrc tâken from Tablcs 3.3, 3.5, 3.9,
3.I0, 3.13, a¡d 3.24. The first number is åt 20oC. rhe numb€r in brackcrs is ¡r 7OoC, exccpr for d(ln4Tpc), d(t4Tpc), ¡nd
d(Np¡r) whcrc úe firs¡ number is ar looc ånd d(m4Tpc) a¡d d(l4Tpc) whcrc úc number in brackcrs is ¡r 60oC.
¡,opulations for dffpc) cålculatcd witì rhc Js from Chcng and SaÍnå (1977) at 20 and SOoC



of ordered structures (base-stacked) eìst at low tentperoture (Altona, I9B2). Furthermore,

there appears to be no major differences in the y and þ populations of these dimers at high

and low temperature which suggest no major distortíons in the sugar-phosphate backbone of

the d(/TpC) dhners relatìve to d(TpC).

5.3.2.2 d(ToPU): The ^¡ and þ populations of the d(TppU) dimers also do not vary much

from their non-alþlated analogues (Table 5.2). At low temperature the yt populations of

the Np fragments are between 53 - 59Vo The pPIJ units have a higher populatíon of.y t

states than the Np fragments, due to more confornøtional freedom at the 5'-end (Mellema

et al., 1984), with a narrower range for pA (80 - 847o) than for pG (69 - BIVo).

Of the six d(NpPU) dimers sadied, phosphorus couplíng to the CS' protons are only

available for three of these ditners at low tenperature. Hence, it ís not possible to make

any conclusions as to the fficts of O4-alþlation on the þ' populations of these it(NppIt)

dimers.

In summary, fron y * data, there appears to be no major distortions in the sugar-

phosphate backbone oÍ the il(tlTpPU) dimers relative to the corresponding il(TpPU) dimers.

5.3.3 THE BASE AND HI' õS:

5.3.3.1 The No MeS ProÍîIes: The base protons associated with att the it(NpX) dimers

are the Mess of the Np fragments, ploued as a function of temperature in Figure 5.12. tn

all instances tlrc raTp Me5 profiles are downfield of the analogous Tp MeS profites, foltowing

the pattern in the y'dT and ilT nucleosides. Furthermore, the Np MeS Aes of the il(NpX)

di¡ners are all < 0.03 ppm which suggest that the ring currents of the base of the pX unit,

regardless of whether it is a pyrimidíne or purine, is not significantly influencing the Np õs.

5.3.3.2 The A(H21, C(HS) and T(MeS) Profiles: The temperature profiles of the A(H2),

C(H5) and T(MeS) base resonances of the pX moiery of the d(NpX) dimers (Figure S.tI)

show that a fT moves these profiles upfield relatíve to a T, due to the greater ring current

effects associated with raT or perhaps more base-stacking associoted with raT, The pC H5
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Lú of the d(/Tñ) dimers (0.05 - 0.07 ppm) ís greater than that of the pC unit of d(TpC)

(0.02 ppm (cheng and sarma, 1977)), fottowing the trend. observed. in the pT units of rhe

d(NpT) dimers (rtp: 0.04 - 0.05 ppm, Tp: 0.02 ppm). However, for d(NpA), the pA H2

Ã8 with Tp and i'Tp are identícal,0.I1 ppm, while that with eaTp ìs 0.14 ppm, suggestíng

that base-stackíng is occurring in aII three dimers but perhaps the base-base overlap is a

líttle dffirent between the o4-ethyrated and o4-isopropylated molecures. The larger Lõ.

values for the A(H2), c(HS) and r(Mes) resonances of the base of the px units rerative to

the Lõ"s of the Me5s of the Np units are in line with a ríght handed stack with the bases in

the anti conformation because ín this orientation the Np Mes is not over the base of the px

unit while the A(H2), C(HS) and T(MeS) protons of pX are over the base of the Np unit

where they can feel its ring current influences.

5'3.3.3 The o4-Ethvl Grouo: Additionar support for a right handedt\¿-anti, stack ís in the

profiles of the o4-alþl resonanc* which sene as a supplementary monitor of base-base

ínteractions (Buchko et ar., 1987), Fìgure s.Ì9 is a variabre temperature prot of the a-

methylene resonances of the o4-ethy! group of the il(etTpx) dímers. These resonanc* move

upfield and their separation íncrease as the temperature is lowered, The a-methylene LE

depends on the pX unit, with the largest dffirence at IUC for pG, fottowed by pT, pA, then

pc. This Lõ progression does not coincide with the size of the px ring current influences,

A > G > C > T (Giessner-Prettre and, pullman, tggg), probably because Ãõ also depends

on rhe amount of base-stacking and the orìentatíon of the stacked bases. Note that the

posítion of the more upfield a-methytene profíre of each d(e'Tpx) dímer does more crosery

agree with the ring cu*ent influencei of the x base, as illustrated on the bottom of Figure

5.19, with A > G > T > C. In an attempt to explain these tends ìn the a_methylene

resonances of the o4-ethyl group of the il(eaTpx) dinærs it will be convenient to separate

these molecules into two groups, with x equa! to pur¡nes and pyrimidines, sínce py-pu and

PY-PY stacking interactions dffir (Haasnoot and Altona, 1979; Saenger, l9g4).
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s.3.3,3.A The o4-Ethvl Group of the ¡r(elTppy) D¡meß: If ít is assumed that py-py

dimers stack with a similar base-base overlap, then the data suggests that for the d(eaTppy)

molecules' there is more base-stackíng with py eqtul to T than to c for the following

reasons' First, the a-methylene Lõ of the o4-ethyt group of the it(eaTppy) dimers at 20.c

is slightly larger with PY equal to T (0.028 ppm) than wìth py equal to C (0.015 ppm). If
LE is due primarily to the conformatíon with the a-methylene protons straddling the base

(Figure 5.4A) and if PY-PY bases overrap simíIarry, then an equal population of stacked

states for the n+o d(eaTpPY) dimers shourd resurt ín a larger L6 for d(eaTpc), which is not

obsemed, suggesting that a greater popuration of stacked states exísts d(eaTpT). second, the

LE of the O4-methyt resonance of il(m.TpT) is 0.025 ppm, in il(nfTpC) it ii 0.020 ppm, a

small difference, but opposite to what would be expected if c stacked with raT to an equal

or greater extent than with r. Last, the eaTp Me5 and Hl' profiles of il(eaTpT) are upJield

relative to those of il(eaTpc) (Figure 5.22 and 5.23), even though the ring current fficn of

C are larger than those of T.

5,3.3'3.8 The o4-EtIwl Gtoup of the ilktTppul D¡meß: The behaviour of the u-methylene

resonanc^ 0f the o4-ethyl group of the il(eaTppLl) dimers is more dfficult to interpret

because the low temperature Lõ is larger with pu equal to G (0.051 ppm) than with pu

equal to A (0.023 ppm). If it is assumed that both py-pIl stacks are similar and the major

or¡entation of the o4-ethyl group upon base-stacking is the one with the a-methylene protons

straddlíng the base (Figure 5.4A), then one is lead to conclud,e on the basis of the dffirent

Ãõs alone that there is more base-stacking in d(e'Tñ) than in il(eaTpA). However, the

smaller Lõ observed in d(e'TpA) appears to be due to the upfield shíft of the downfield ø-

methylene profile (B) relative to the downfield (B) a-methytene profile in il(eaTpG) (Figure

5.19). This upfîeld movement of the B ø-methylene proJite of d(e'TpA) courd be due to many

things: l) local differences in the ring current effects of A relative to G; 2) dffirenr

base-base overlap geometries between d(e'Tpc) and d(eaTpA); 3) dffirent populations of
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the O4-ethyl group in conÍormatíons B and C (Fígure 5.4) beween d(eaTpG) and il(eaTpA);

and 4) dffirent contributions of conformations B and C (Figure 5.4) to the observed a-

methylene profiles between ¡l(e1Tpc) and il(eaTpA). While the explanation for the dffirent

a-methylene Lõs between il(eaTpG) and il(e]TpA) is not obyìow, especíally in the absence

of infornøtion that would define the favoured ethyl group orientation about the base in

solution (e9., NOEs), the upfield shifts do support the formation of a right handed!^7-anti stack

upon loweríng the temperature because the Ã6"s of the a-methylene resonances are larger

(0.05 - 0.08 ppm) than the LEs of the neighbouring MeS of the eaTp units (< 0.03 ppm).

In fact, the latter obsenatíon also supports the postulated syn-periplanar orientation of the

O4-alþl group about the base because in thìs position the s.-methylene protons are more over

the base of the pX unit than they would be ín the anti-periplanar position, where they would

be in a magnetic environment more similar to that of Mes.

5.3.3,3.C The Methvl Resonance of the O4-Ethvl Group: Figure 5.20 ís a variable

temperature plol of rhe methyl resonance of the O4-ethyl funct¡on of the il(eaTpX) molecules.

These methyl resononces move downfield less than 0.01 ppm v)ith decreasing temperature and

their profile posirions are practically identícal. The relative insensitiviry of these methy! õs

to temperaturc suggests that base-stacking is not having an effect, consistent with a right

handedly-anti stack with the O4-ethyl group orìentated as depicted in Figure 5.4A. In such

an oientation the methyl of the O4-ethyl group is distant from any ring current influences

of the base of the pX unit.

5.3.3.4 The O4-Isopropvl Group: Figure 5.21 is a variable temperature plot of the methll

rnonances of the O4-isopropyl group of the d(i1TpX) dimers. In all four molecules the

methyl groups of the ßopropyl function are mr¿gnetically non-equ¡valent in the tH NMR

spectra. Theír Aõs are observed to increase with decreasing temperature with the effect

greater when X is a purine instead of a pyrimídine. Note that the upfield O4-ßopropyl

methyl resonance of the dimers follows the profíle of the methyl r*onances of the O4-
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isopropyr group of the ntononter, fdr, moving upfierd marginary with decreasìng temperature.
on the other hand, ,he downfteld o4-ísopropyt methyl resonance of the dimers moves ín the
opposite direction with decreasing temperuture ferative to the methyr resonances of the 04-
ísopropyr group of fdr and to a greatef degree. Thß magnetic non-equivarence may be
attríbuted to base-stackíng interactions, as discussed for iftlTpT) (Section 5.2.2.4).

The size of the O4_isopropyl Lõ depends on theX base, A > G > T > C. This order
more closely follows the order of d.ecreasing ring current influences, A > G > C > T
(Gíessner-prettre and purman, tggg) th,n the Ã6s of the o,-methylene resonances of the
d(e'TpX) set of molecules (G > A > T > C). Note that the observed. order of increasing
o4'isopropyt Lõs for various x bases forows the rcrative pos¡tions of the raTp HÌ, and MeS
temperature proJiles (Figures 5.22 _ 5.24). Hence, C is inducíng smaller shifts in the
resonances of the base and HI' protons of the iaTp unit than T, as observed ín the d(eaTppy)
dimers and presumably, for the same reason, less base-stacking with C (Section s.3,3.3A).

The methine resondnces of the O4_isopropyt group of the d(fTpx) dìmers are ploued
as a functíon of temperature in Figure 5.25. AIt the m¿thine proJíres are upfierd relatíve to
that of fdr' Furthermore' the methine resoÌtances move upJierd with decreasing temperature.
Both observations suggest that base-stacking is occurring as the temperature is rowered.
5'3'3'5 The H6 and Hg profrtes: The H6 and, Hg resonances of the px fragments of the
d(Npx) dimers are plotted as a function of temperature in Figure s.13. These resonances
all move downfietd with decreasing temperature,

5'3'3'5'A The opy H6 profrtes: In the ir(NpT) dimers there was no difference in the ppy
H6 proJires with N equal to lT or 'i, as these prof,es fe, on top of each other. The d(Tpc)
H6 variabre temperature prof,e is not ava,abre for comparison, but the pC H6 profìres of
all the d(Tpc) dimers are coincídent. Note that the px H6 ags are rarger with py equar
to T ('0'04 ' -0'05 ppm) than with c (-0.0r - -0.02 ppm) which nay be due to more base-
stacking in the tr(NpT) dimers rerative to the ir(Npc) dimers as previousry suggested, atthough
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other factors ttay be ínvolved as discussed in Section 5,23.2.

5.3.3.5.8 The nPIl H8 profrl¿s: The ppIJ Hg profites of the d(NppU) molecules vary a

little, in con*ast to the pPY H6 prof es which were arl identicar. The pG Hg prof es of

the d(/TpG) dímers are upfietd rerative to that of d(TpG), perhaps due to the larger ring

current efrects of fT relative to T or more base-stacking ín the arþrated dimers, However,

the pA H8 profile of d(fTpA) is identical to that oÍ il(TpA), with the pA Hg proJile of

d(e'TpA) upfield to both of these. The pA Hg observations in the d(NpA) d,ímers are

corroborated in the pA H2 Lõ"s and variabre temperature profîles. The pA H2 LE"s are

identical with fTp and Tp (0.11 ppm) whíle with dTp it is larger (0.14 ppm). Furthermore,

the pA H2 profíle position with iaTp is in between the profíres with eaTp and rp, rayíng croser

to that wi¡h Tp (Fígure 5.1l.). u nfortunately, the Hg proJiles, like the H6 profites, are often

dfficult to interpret because of the number of infruences on their õs (Lee and rinoco, I9g0).

whatever the reason(s) for the observed differences in Hg and H2 profites of the ir(lTpA)

dimers, the fact they do not exist ín the ir(lTpG) dimers point to a sequence dependent

conformational effect contingent on the O4-atþt substituent.

5.3.4 SUMMARY:

5.3.4.1 il(NpPY): The najor conformationar effect of o4-arþtation is an ín*ease in the

3'-end'o population of the lTp sugar rerative to that of the Tp sugar. Furthermore, the 3,-

endo population of the lTp sugars increases with decreasing temperature white the

conformation of the Tp sugar remains fixed. A sma increase in the 3'-endo conformation

of the pT sugar is also observed with decreasíng temperature. However, the effect with pc

is not as distinct as with pT.

Except for the sugar conformations, o4-atkyration does not appear to significantry

alter the conformation of the d(/Tppy) dimers rerative to the analogous tr(Tppy) dimers.

First, there are no major distortíons in the sugar-phosphate backbone as monìtored by the

y and þ populations. second, an o4-atþt group does not appear to effect the base-stacking
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geometry of the il(rlTppy) dimers; right handedrT-antt stacks stíu appear to form.
Furthermore, the síze of the o4-atþI group has virtualry no qffect on the conþrmatìon of the

il(lTpPY) dìmers.

s'3'4'2 il(TøPUl: For the d(fTppu) dímers it appears as if raT hns a smaüer effect on

the conformation of these morecures than in th¿ d(fTppy) set. However, the rargest ffict
ß still in the sugar conformations. There is a decrease in the s conþrmation of the lTp
sugars relative to Tp. However, with decreasing temperature the s population of both the

fTp and rp sugars increase, with the lTp s conformation not íncreasing by an as rarge an

amount. There are smaller changes in the conformation of the ppu sugars relatìve to the

pPY sugars due to o4-alþIation, with onry the pG unit of it(eaTpG) showing a substantiar

increase in the N conformation wìth decreasíng temperature.

Agaìn, except for the snaü dffirences ín the sugar puckers, o4-arþration does not

seem to drastícally alter the conformation of the d(Tppu) dimers relative to the analogous

d(TpPQ dimer, as sumnørized for the it(Nppy) d.imers. However, the base proton variable

temperoture profiles of the d(fTpa) and d(eaTpA) dimers dffir somewhat, unrike those for
the dëfñ) and d(eaTpG) dimers, whích suggest that the size of the O4_atþt group ís subþ

altering the conformation of these molecules in a sequence dependent manner.

5,3.4.3 d(fToxl: Perhaps the most notøvorthy feature of these arþtated morecures is the

magnetic non'equivalence of the a-mcthytene resonances of the o4-ethyr group and the

methyl resonances of the o4-isopropyl group. These resonanc$ are sensitive to temperature

and the x base and hence, serve as monitors of conformationar changes in these morecures

(Buchko et aJ., 1987).
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5.4 d(XpNl:

The dimers ¿l(TpelT), d(TpfT), and il(Ape.T) were synthesised to compare sequence

dependent co nformational effects of O4 -alþlatio n.

5.4.1 SUGAR CONFORMATIONS:

s.4.1.1 d(Tp/T):

5'4.1.1.A The ølT susars: The sugar conformations of the pT and praT sugars are only

weakly affected bJ temperature (Table 5.3, Figure 5.2g). Thìs is reftected in the temperature

dependent trends of the 3Jr.rs and tJr.s, which change less than 0.2 Hz with decreasing

temp¿rature (Tables 3.3 and 3,5). At 2uc the 2'-endo conformatíon of the praT sugars is

about l07o smaller than that of the pT sugar, whích is a rittle rarger than the diÍference

observed in the dr and eaT ,Ìlonomers (Figure 5.2g). The I07o difference in sugar

conformations at 2tc between the praT and pT units is weakly reflected ín the pN tJ".rs 
and.

sJrns which are, respectively, 0.3 Hz snnller and 0.5 - 0.6 Hz larger for the pr,T sugars

relative to the pT sugar.

5'4.1.1.8 The To sugars: The Tp sugars essentiafiy do not change conformatìon with

decreasíng temperature as the %os numbers ín Table 5.3 vary by less than 3go, The absence

of any temperarure dependent conÍornatìonal changes of the Tp sugar of the t!(TpN) dimers

ís reflected in: 1) tJr., and tJr,. trends which change by < 0.4 Hz with decreasing

temperature; and 2) H2' and H2" profiles for the Np units, whose LE s fat! in the na*ow

range of -0.03 to 0.01 ppm (Tables 3.2 and 3.5).

5'4.1.1.c comparisons to il(NpTr: In comparing the sugar confornations of both sen of

tl(NpT) and d(TpN) dimers, the major linding is that for the d(NpT) dimers, at 2tC, the

3'-endo conÍormation of the raTp sugars are up to 30?o larger than that of the Tp sugar

(Table 5.1). Meanwhile, the 3'-endo difference between the prtT and pT sugars of the d(TpN)

dimers at 20c is only 107o, which is similar to that observed in the nønomers dr and eatlr.

Furthermore, the il(TpT) sugar conformations are essentiaTy invariant to temperature, as are
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th¿ sugars of the il(TpN) dimers. on th¿ other hand, the 3'-endo conformation of both the

lTp and pT unìts of the il(lTpT) dimzrs appears to increase with decreasing temperature,

with the largest temperature dependent changes for the raTp uníts (Table 5.1). The

observation that a fT affects the d(TpT) and il(TpfT) sugar conformations dffirently poìnts

to sequence dependent effects of o4-alþlation. The reason for these sequence d.epend.ent

dífferences in the sugar conÍormatíon upon lowering the temperature are unclear. However,

possible explanations are: I) a larger population of stacked states in the it(y'TpT) dimers

relative to the ilQpr'T) dimers; and 2) dffirent base-stacking geometies which dictate

Iarger pucker shifts ín the d(/TpT) dimers than ín the d(Tp/T) d¡mers to best accommod,ate

stacking.

5.4.1.2 d(Ape'Tl:

5.4,1.2.A The øN Susars: In the il(ApN) dimers both pN sugars move towards larger 3'_

endo populatíons to different extents upon lowering the temperature (Table 5,3, Figure 5.2g).

Hence, ar I0"c there is approximately I57o nøre 3'-end,o character in the peaT sugar than

in the pT sugar. In il(ApeaT) the pe'T N sugar pucker shift is reflected in the temperature

dependence of rJ,,.r, which decreases 0,9 Hz, and in tJ,n, whích increases 0.g Hz (Tabte

3.14). Meanwhile, for the pT unit of il(ApT), there is a neglígible temperature depend.ence

in tJ,..r, which decreases only 0.2 Hz, and in 3Jr., which does not change at all.

variable temperature profiles of the pN H2' and H2" resonances of the d(ApN) dìmers

are plotted in Fígures 5.26 and 5.27. The pN H2, and H2', Lõ.s vary from 0.03 to 0.06 ppm

for the il(ApN) dimers (Table 3.14) which are larger than those observed for the pN units

of ihe d(TpN) molecules (-0.03 - 0.u ppm). These differences are perhaps a reflectíon of

the larger pN sugar pucker changes in the iI(ApN) set of molecules and the larger ring

current úects of an A relative to T.

5.4.1.2.8 The Ap Suears: In the it(ApN) dimers, the conþrmation of the Ap sugar ís the

same with eaT and with r. Both Ap sugar conformations show a l07o increase in the 3,-



endo conformatìon upon lower¡ng the temperature (Table 53). Th¿ increase in the 3'-endo

conformation of the Ap sugar of d(ApT) and d(ApeaT) with decreasìng temperature is

reflected in their 3J,..rs, which decreases 1.0 - 0.7 Hz.

5,4.L2.C Comøarisons to il(Np,4.l: In the d(NpA) dimers there ís a s,flaller proportion of

/Tp sugars in the S conformation relative to the Tp sugar at aII temperatures. Furthermore,

the S conformation of both Np sugars increases with decreasing temperature. In the d(ApN)

dimers, there is also a reduction in the S conformation of the pe,T sugar relative to the pT

sugar. However, the S conformation oÍ both pN sugars decreases with decreasing

temperature with a larger decrease for the pe'T sugar. With regards to the sugar

confor¡nation of the ea dl nucleotidyl neighbour, ít appears that the conþrmation oÍ the Ap

and the pA sugars are the same in the alkylated and non-alþlated dimers. Hence, the effects

of raT on the sugar conformations of the d(Ape'T) and d(/TpA) dimers appear to be

sequence dependent, but to a weaker extent than obsemed in the d(NpT) and ll(TpN) dímers.

5.4.2 THE SUGAR.PHOSPHATE BACKBONE:

5.4.2.1 d(TnN): Any differences in the y and þ populations of the il(TpN) dimers are

stnll. For the pN units, at low temperature, the.l * state is most popula,ted, at 74 - 80 Vo,

with the y' state containing the majority of the remainíng population, at 22 - 25Vo. On the

other hand, the Tp fragments are shifted more towards y' (10 - Ì|Vo) and "l' ß2 - 33Eo)

at the expense of'y . (56 - 587o) whích is rypícal at the s'-end oÍ short DNA olígomers

(Mellema et al., 1984). Meanwhìle the þ' populations between the il(TpT) and d(TpfT)

dincrs d,o not differ by mare tløn IVo at low temperature due to O4-alkylation.

Additionally, note that the f* and þ' populatíons increase ín all the d(TpN) dimers with

decreasing temperature, in line with an increase in base-stacking wíth decreasing

te,np erature (Alto na, I 9 82 ).

From the I'C specrra of d(TpiaT) and il(TpT) at 27"C it is possible to obtain estimates

of the é and t populations. Such an analysis shows that the C3'-O3' torsion angle of
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Mole cule VoS

Table 5.3, Furanose conformâtions and exocyclic bonds rotanrcr

distributions for d(Xpr4.f¡â

7"^f vo'l+?oi Voþt Toet l%e'

Tp 64(61)
pT 64(64)

l1(12)
-2(t)

33(36)
22(34)

56(s2)
80(64)

80/18

81(?6)

Tp 56(s9)

54(58)

10(12)

0(4)

32(37)

22(34)

58(s 1)

78(62) 8l(77)pe4T

Tp 63(66)

s4(s8)

11(13)

1(2)

32(34)
25(34')

s7 (s2)

7 4(63)
77/23

80(7s)pi4.r

Ap
pT

s l (61)

61(68)
71(61)
86(6e) 9l(80)

4(9) 2s(30)
-6(s) 9(26)

Ap
pe4T

51(6 r )
44(58)

4(l l)
-1C1)

25(27)

20(28)

7 l (61)

8r(70) 9r (80)

a7¿S 
calculated according to e4uatiol I,7¿yacc¡rding !o e{uations II, tII, and IV, qoP according to equation V, ar¡d 7¿e

according to cquations VI and VII. Coupl¡ng consta¡ts uscd in fhesc c4uations wcre l.akcn from Tables 3.3,3,5,3.14, and

3.24. The firsl nur¡be¡ is ar l0 (d(ApN)) or 20 (d(TpN)) oC, the numbcr in brackcts is at 60 (d(ApN)) or 70 (d(TpN))
oc.
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d(TpN) îs not akered by an fT (Table 5.3). These e obsematìons, together with the.y and

þ rotamer populatíons, suggest that O4-alþtation does not produce any large changes in the

sugar-phosphate backbone of the il(TplT) dimers relative to il(TpT).

5.4.2.2 il(ApN): The ^y * state is most populated at low temperature for the pN unit (peaT:

811o, pT: 867o) than for the Ap unit (both 717o). Again, the y* population of the ea dT

unít is smaller than tho.t of the dT unít, as observed in all our dimers and this nøy be due

to a preference for y+ in the 3'-endo sugar conformation (Hruska, 1973). Note that the Ap

conÍonner populations oÍ d(ApN) are pract¡cally idcntical across Table 5.3, reflecting liule

conformational clnnges in the Ap unit upon exchanging T for eaT. In fact, the changes that

exist for the pN unit are not major either, which, together w¡th the obsenations for the Ap

fragment, suggest that th¿ sugar-phosphate backbone of the d(ApT) and il(ApeaT) dimers

are similar. This ís also reÍIected in the þ' populations for the d(ApN) dimers wltich are

the sam¿ at low temperature.

5,4.3 THE BASÊ õS:

Parts 1 - 5 of this section will deal only with the O4-ethylated dimers, with a part

introduced at the end discussing d(TpiaT).

5.4.3.1 The MeS ProlíIes: The MeS rnonances of d(ApN), d(NpA), depT), and the 04-

alþlthymídine fragment of il(e'TpT) and d(TpeaT) are plotted as a function of temperature

in Figure 5.29. These resonances all move upfield to various degrees with decreasing

temperature. Note that the MeS profiles of e1T are downfîeld of those of T, as observed in

the eadT and ilT monomers, due to the different electronic conjugation of the wo bases.

The Np Me5 L6"s of il(eaTpT), d\peaT), and d(TpT) are small, < 0.02 ppm. These

Np MeS Lõ"s are similar to those observed ín the d(NpX) dímers, where the X base also

had little effect on the MeS temperature profiles (Figure 5.22). These observations suggest

that the Np Me5 is not over the X base of the pX unít when stacked, but projected outwards

from the stack and is not signirtcantly influenced by the ring currents of the base of the pX
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un¡t. on the other hand, the pN fragments of d(TpeaT) and d(TpT) also have small MeS

Lús, < 0.02 ppm. However, the MeS L& of the pT unit of il(eaTpT) is 0.05 ppm,

presumably due to the larger ring current effects of eT relative to T. Furthermore, the pN

MeS Ãõ"s of the il(ApN) dimers are rarge, 0.I I - 0.13 ppm, relative to those of the Np units

of all the il(Npx) dimers. The rarger MeS Ãüs of the pN uníts rerative to the Np units of

similar dimers (il(xpN) versus il(Npx)) concurs with a right handedtT-anti stack as concluded

by Kan et al. (1973) in theír NMR studies of ir(TpA) and d(ApT). In such a stack the pN

Me5 ís nøre over the plane of the base of the xp unit than the Np MeS is over the prane

of the base of the pX unít.

5.4.3,2 The a-Metl*Iene Profiles of the O4-Etl¿vI Grouo:

s.4.3.2,A il(ToeaT): The conclusions made on the basis of the Me5 profítes are corroborated

with the obsenations on the profiles of the a-methylene resonances of the o4-ethyl group.

The a-methylene resonances of the O4-ethyt group of d(eaTpT), it(TpeaT), and. eadT are

plotted as a function of temperature in Figure 5.30, The a-methylene tesonances of il(TpeaT)

are upf;eld of those of il(e'TpT) which suggests that these protons of the former dim¿r are

more over the plane of the neighbouring base than those of the latter dimer.

The a-methylene Ãõs at 2UC are almost identical for iIþaTpT) and il(Tpe.T), with

little dffirence in their ÃEs, at 0.05 - 0.06 ppm for the upfietd sígnat (A) and. 0.03 - 0.04

ppm for the downfíeld signal (B) (Tabre 3.2). It is tikety that the a-methyrene aõ for
il(TpeaT) is due to temperature dependent base-stacking, as concludedfor d(e,TpT). However,

note that this conclusion dictates that there will be a reversal of the prochíral proton that

is orientated towards the ínside of the stack. In il(eaTpT), H^ is projected closer to the plane

of the neighbouríng base (px) in the o4-ethyl confornation described in Fígure 5.4A. on

the other hand, in d(TpeaD, the base is under H, and thereþre, this u-methylene proton will

be closer to the plane of the neìghbouring base (Xp). Consequenþ, H, wi experience the

greater ring current effects and hence, the upfield r$oru¿nce, A, is assigned to H, ìn the
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d(xpeaT) dimers. Note that the a-methyrene Ãõ between it(eaTpT) and. d(TpeaT) courd be

correlated to the populatíon of the dimers in a base-stacked state if the base-base geometry

was equivalent in both sequences, which is not the case, as illwtrated in the discussion of

the Me5 resonances of the Np and pN bases. Hence, the sim ar L6 observed for the a-

methylene resonances of the O4-ethyl groups of d(e,TpT) and d(TpeaT) d.o not mean an

equivalent amount of base-stacking. Thereþre, the conclusiow to be drawn from the profi.les

in Figure 5.30 are: l) the overall upfield positíon of the u_methylene temperature prcrtks

of d(TpeaT) relative to those of d(eaTpT) suggest better overlap of the neighbouring base over

the O4-C" regíon ín the former dimer; and 2) there is an increase in base_stacking with

the lowering of rhe temperature in both dimers because the ø-methylene signars move upfierd.

5.4.3.2.8 (AoeaT): The concru¡ions drawn from the a-methyrene resonances of the o4-ethyr

group of d(eaTplI) and d(TpeaT) can be made for the same resonances of d(ApeaT) and

d(dTpA) which are plotted as a function of temperature ín Fígure s.31. The a-methyrene

resonances of ìI(Ape.T) are upfield of those of il(e.TpA) whích suggests that the O4_C"

region of e'T feels the ring current effects of the base of the Ap unit more than the base of

the pA unit, consistent a ríght handed!"¡-anti stack. Furthermore, the a-methylene profiles of

the il(xpeaT) and d(eaTpx) dimers with x equar to A are upfierd of the anarogous molecure

with X equal to T, in line with the greater ring current effects of a purine base,

Note that the a-methylene Lõ of the o4-ethyr group increases sríghtty for d(etTpA)

with decreasing temperature while for it(e.Tpa) L6 is decreasíng, from 0.03 ppm at 6uc to

an undetectable amount at luc. AIso, the Ãõ" of the a-methylene resonances of il(eaTpA)

(0.08 ppm) are larger than those of il(Ape,T) (0.03 - 0.06 ppm) (Tables 3.12 and 3.14).

The reason for these observations are uncrear but, the obvious can be stated: I) the

positive ø'methylene Lõs for both dimers indicate base-stacking is occurring as the

tenq)erature ís lowered; and 2) the dffirent a_methylene Lõ"s and. LEs for the O4_ethyl

group of the d(eaTpA) and d(ApeaT) dimers reflect different base-stacking geometries in the
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two molecules.

5'4'3'3 The Methvr prafrres of rhe o4-Ethvr Group: varìabre temperature proftres of the

methyl resonance of the O4-ethy! group of it(ApeaT), d(eaTpA), d(eaTpT), and d(TpeaT) are

included in Figure 5.32. Th¿ methyl prortk of the O4_ethyt group of d(XpeaT) is upfietd

relatíve to that of d(eaTpx) and the difference is greater when X is A rather than T. These

observations are in rine with a right handedt^f-urti stack and impty that the o4-ca regíon

of eaT is ,tlote over the base of a Xp unit than rhe base of a pX unít.

5'4.3.4 The H2 ProÍîres: The H2 aõ"s of the iI(ApN) dinærs are between 0.09 and 0.i I
ppm and are similar to those observed in the d(NpA) dimers,0.rI to 0.r4 ppm (Table 3.12

and 3.14). In both sets of dimers, slightly larger H2 Ãõ"s are observed with lT relative to

T, perhaps because of larger ring current effects or more base-stacking. Note that the H2

resonances nøve upfierd. with de*easing temperature in the d(ApN) and d(NpA) dimers

which suggests that base-stacking is occurring. The sim ar characteristics of the H2

resonances of the il(ApN) and d(NpA) dimers supports a right handedty-anti base-stacking

orientntion because space-filring molecular models indicate that H2 in both oligomers is in

a similar position relative to the neighbouring base.

5'4'3.5 The H6 and HB prorír¿s: The variable temperature profiles of the H6 resonances

of d(TpT) and the o4-ethyrthymine of d(eaTpT) and ir(TpeaT) are produced in Figure s.33.

The H6 variable temperature proÍ es of the ¿r(ApN) and it(NpA) dimers are protted in Fígure

5.34. Both Figures show that the H6 signars of the o4-atþtated base are downJietd of their

non'alþlated counterpart, consistent with trends obsened ín the monomers, eadr and dr, due

to the different electronic conjugation of the two bases (Bírnbaum et ar., tggg). Because of
the dfficulry in interpretíng H6 temperature profíres (section 5.2.3.2) the major point to note

in these two Figures is th^t in the presence of A, the H6 prof es move upfietd with

decreasing temperature, while in the presence of r, these prof es move downfierd, concurrent

with the larger ring current effects of purines.
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Th¿ H8 Aús of the il(NpA) and rI(ApN) dimers vary líttle over temperature, at _0.02 _

'0'03 ppm (Table 3.12 and 3.14). The HB temperature prof es with eaT are upfierd of those

with r, probably due to the larger ríng current effects of the former base or more base-

stacking in the O-alþlated dimers.

5.4,3.6 d(TnfTl: The o4-Isonroovl Group: The onry dimer whose base protons have not

yet been discussed are those of d(Tpi1T). comparison of the d(TpeaT) and d(TpfT) data in

Tables 3.2,3.4, and 5.3 reveal small dffirences in the õs, Js, and, rotamer populations upon

changíng the o4-ethyl group to an o4-isopropy! in d(Tp/T) which suggests that the size of

the o4-alkyl group is not artering the confontntion of these two dimers. Therefore, the onry

feature of d(TpilT) to be discussed wi be the IH NMR spectra of the O4_isopropyl group.

A comparison of the methyt resonances of the O4-isopropy! function of il(TpfT) and

d(fTpT) (Figure 5.10) show that the aõ between the prochira! methyl groups increases with

decreasíng temperature and the effect is larger ìn d(fTpT) (0.04 ppm,20"C) than in d(TpiaT)

(0.02 ppm,2tC) (BucÍtko et al., Ig\gb). Furthermore, both methyl profítes of the 04_

isopropyl group of dQpilT) are upfield of the corresponding profiles of il(iaTpT), which

suggests that the o4-c" region of the o4-isopropyr group is over the neighbouring base in

d(TpfT) more than it is in d(fTpT), as suggested for a-methyrene protons of the o4-ethyt

group of the d(eaTpX) and d(Xpe.T) dimers. For d(i'TpT), the pro_S methyl was always

nearer the pT base in a right handedly-anti herix (Figure s.4D and E), but with d(TpfT),

the Tp base wil! be below the o4-isopropytated base in Figure s.4D - s.4F and the pro-R

methyl will now always be positioned croser to the neighbouring base. Hence, for ir(TpfT),

there will be a reversal in reration to d(fTpT) of the prochirar o4-isopropyt methyr group

that is closer to the neighbouring base, as was the case for the prochirar g.-methyrene protons

of the ethyl function of d(Tpe'T) and d(eaTpT). IJ nfortunatety, it is not possible to assign the

pro's or pro-R methyls of d(TpiaT) from the chemical shift trends because of the sqme reason

given for d(i1TpT) (Section 5.1 .2.4).
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The methine resorulnces of the o4-ísopropyl functíon of d(TpfT) and d(fTpT) show

similar upfield ¡novetnents with decreasing temperature, 0.05 and 0,M ppnt, respectivery.

Note that the methine ßopropyt prof e of d(Tpre is upfierd rerative to that of d(iaTpT)

(Figure 5'25), as was the case for the o4-isopropyr methyr proJ es, and reflects dffirent

base-stacking geometries of the neighbouring base over the o4-c" region of raT which is

consistent with a right handedtç-anti stack for both dimers,

5.4.4 SUMMARY:

The major effect of O4-alþlation on the conformatíon of the d(XpN) dimers is an

increase in the 3'-endo conformation of the praT sugar rerative to the pT sugar. In contrast

to the d(Npx) dímers, the effect is greater when X is an A rather than a T. There is

essentially no effect of o4-arþratíon on the sugar conformation of the neighbouring

nucleotide in the il(xpN) dimers which dffirs with the smaü changes induced. by e,T on the

neighbouring sugar conformation in some of the ¿r(Npx) dínærs. Together, theie observatíons

suggest that the effects of o4-arþration ofr on sugar conformations are sequence dependent.

From the variable temperature profíles of the base protons it appears as if 04_

alþlated dimers still form right handedry-anti stacks. This conclusion agrees with the

estimations of the sugar-phosphate backbone rotamer popurat¡ons, which are sim ar for the

alþlated and non'alþlated dimers. The onty comparìson of the size of the o4-arþI group

on the conþrmatìon of the d(xp/T) dímers, between it(TpeaT) and ir(TpfT), indìcates that

the a!þl group does not hove any influence. Finally, as observed ìn the d(/TpX) dimers,

the a-methylene resonances of the o4-ethyt group and the methyr resonances of the 04-

isopropyl group display a temperature dependent o*gn"ic non-equívarence that appears to

be related to base-stacking.



5,5. TRIMERS:

The molecule d(TpTpT) and a set oÍ d(TplrpD ûimers were synthesised. with r equar

to methyl, ethyl, and isopropyl to: I ) compare the effect of O4-atþlation on the

conformation of il(TpTpT); and 2) to compare the effect of dffirent O4_atþt groups on

the conform¿tion of the d(TplTpT) molecules. Th¿ trimers d(ApTpA) and i!(ApeaTpA) were

made, not only to compare the effect of O4-ethylation on it(ApTpA), but with the additional

intent of comparing the pNp unit of these d(ApNpA) trimers to those of the d(TpNpT)

trimers.

5,5.1 SUGAR CONFORMATIONS:

5,5.1.1 d(ToNoT):

5'5J'I.A The oNp suears: The sugar popurations of the d(TpNpT) trimcrs are listed. in

Table 5.4 with a variable temperature prot of the z,I' of d(TpTpT) and d(TpetTpT) presented

in Figure 5.35. The greo,test dffirence beween the sugar puckers of d(TpTpT) and

d(TplTpT) ß for the pNp unit, where, at 20"C, the S conformation between the prap and. pTp

sugars dffir by over 207o. This is reflected in the magnitude of J,.., which is smaller for
praTp (6.5 - 6.6 Hz, lfC) than for pTp (B.I Hz, 3tC) whìle the magnítude of Jy. is greater

for plTp (3.3 - 4.2 Hz, ItC) than for pTp (3.0 Hz, 30.C) (Tabtes 3.16 3.19).

Furthermore, there is approximately a l7Vo shift towards 3,-endo for the praTp sugars in

moving from 70 to IUC, which contrasts to the 2,endo movement obsemed for the pTp sugar

over the same temperature range, The temperature dependent increase in the 3,-endo

conformation of the praTp sugars is reflected ín J,..rs and Jr..s. IJpon loweríng the

temperaîure' the praTp Jr., decreases 0.6 - 0.9 Hz in all tfuee arþlated trimers and the

Jyn increases 0.8 Hz when r is an ethyl or methyl (with no change when r = isopropy!).

The H2' and H2" variable temperature proJiles of the pNp sugars of d(TpTpT) and

¿l(TpetTpT) are included in Figures s.36 and 5.37, respectivery, and revear onry a smalr

temperature dependence for both c2' protons. The H2" profile of peaTp is downfìeld relative
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to the H2" proJìle of pTp, as observed in the monomers (Figure 5.16), the Np uníts of the

d(NpT) dimers (Figure 5.16), and the pN uníts of the d(TpN) dimers (Tabre 3.2 and 3.4).

on the other hand, the H2' proJites of peaTp and pTp (Figure 5.36) are armost identicar,

especially at low temperature, which con,asts to: l) the upfierd position of the H2' proJ e

of eailT relative to dT (Figure S.l4); 2) the upfield positìon of the H2' profile of the peaT

unit of d(TpeaT) relative to the pT unit of d(TpT) (Tabre 3.2 and 3.4); and 3) the largery

downfield position of the H2' profite of the e'Tp unit of d(eaTpT) rerative to that of the Tp

unit of d(TpT) (Figure 5.14). IJ nfortunately, due to the many varíables influencing the sugar

resonances (Section 5.1 ,5J) it is not possible to explain these observations.

5'5J'I'B The Tp susars: The sugar conformation of the neighbouring nucleotides of the

pfTp unit of the il(TplTpT) trimers appears influenced at the S,-end, but not rhe 3,-end,

as observed in Table 5.4 and Figure 5.35. In it(TpmaTpT) and d(TpeaTpT) the 3,_endo

sugar conformation of the Tp unit increases approimately r07o with d.ecreasíng temperature

while ín d(Tp:îp:l) the Tp sugar conformation does not change over the same temperature

range. This Tp temperature dependent 3,-endo shift in il(Tpm,TpT) and tl(TpeaTpT) is

reflected in the temperature dependence oÍ its 3Jt..z, which decreases 0.7 - 0.g Hz, and ín its
3J"n, which increases 0'3 Hz. coupring consta,nts are avairabre for d(TpTpT) only at 3uc
and thereþre, it is not possíble to look at temperature depend,ent trends in Jr., and. rJr.n.

However, the magnitude of the Tp J,,., of d(TpTpT) is larger (7.7 Hz, 30"C) than those of

d(TpmaTpT) and d(TpeaTpT) (6.6 Hz, IT"C) with a corresponding reversal in Jr.. (3.2 and

3.8 - 3.9 Hz, respectively, IOC). Note that for il(TpfTpT), the Tp J,.., and J,n values ar

low temperature are simildr to those of d(TpTpT) at 3UC, dffirìng by less than 0.2 Hz, and

hence, it appears as if the pfTp unit is having a dffirent influence on the sugar

conformatíon of its 5'-nucleotidyl neighbour than pmaTp or peaTp.

5.s.1.1-c rhe nT susars: The conformation of the pT sugar conlormation is not infruenced

by the base of a praTp unit, as observed in Figure 5.35, where the Zl' valtrcs for the pT



units of d(TpTpT) and iI(TpdTpT) never differ by more than 0.3 Hz. Furthermore, the

conformation of the pT sugar of the three alþlated timers does not vary significantly with

temperature (Table 5.4) and at ltc they are all between 6l - 66 Eos, which ís near the 6g

%os obsened in the pT unit of il(TpTpT) at 30"c. The absence of major conþrmartonal

changes ín the pT sugar of the d(TplTpT) trimers is reJlected in J,,., and. Jr.., which vary

less than 0.3 Hz upon ahering the temperature, and in the H2' and H2,, Ãõ"s, which move

upfield less than 0.03 ppm.

5.5.1.7.D comparisons to the constiruent Dímers: In comparing the temperature

dependence of the conformation of the pT sugars of depr'TpT) to the pT sugars oî d(TpT),

the dimers are affected to a grea,ter extent, showing an increase in the 3'-endo conformation

with decreasing temperature white in the trimer the pT sugar confornøtion does not change.

In contrast, when comparing the temperature dependence of the conþrmation of thc Tp

sugart of d(TplTpT) to the Tp sugars of d(Tp/T), the trímer is affected to a greater extent,

showing an increase in the 3'-endo conþrmation upon lowering the temperature while the

conformation of the Tp sugars of the dimers do not change. If any of the temperaure

dependent íncreases in the 3'-endo conformttions observed. in the d(Tpr'T) and il(TpT)

sugars are necessary to allow for the best base-stacking interactions, as previously suggested,

then in the dQprrTpT) trimer the base-base interactions are probably not identical to those

of the constítuent d¡mers since the trimer sugar conformations behave dffirently with

temperature.

5,5.1.2 d(ApNnAl: The only differences in the sugar conformations beween the d(ApNpA)

trimers are for the pNp unit, as observed in Table s.4 and in the varíable temperature zI'
plot (Figure 5.38), Both the pTp and pe'Tp sugar puckers do not vary with temperature.

At lUC the 2'-endo population of pTp is approximately I07o larger than that of peaTp. The

small changes in the pNp sugar conþrmations of it(ApNpA) over temperature are reflected

in small ten¡perature dependent variations in Jr.r, less than 0.3 Hz,
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t'vhile th¿ pNp sugar conformations do not vary with temperature, the H2' and H2,,

resonances do, which suggests that other aspects of the trimer conform¿tion are changing

with temperature. The H2" LE's of the pNp units of the it(ApNpÁ,) rimers a.re id.enticar,

0.11 ppm (Tables 3.20 and 3.21). The H2" proJ e of peaTp is downfietd rerative to the

proJíle of pTp (Figure 5.37) which is analogous to the positíons of the H2,, profiles of the

,Ìtonon¿rs ' eadr and dr (Figure s.l6), The pNp H2' aõ"s are even larger than those for
H2"' at 0.15 and 0.18 ppm (Tables 3.30 and 3.21). These targe upfierd movements v,ith

decreasing temperature of the pNp H2' and H2" resorutnces suggest that there is an increase

in base-stacking. Note that the pNp H2' ats of d(ApNpa) are sma er than the Np H2'

Lõ"s of d(NpA) (0.32 - 0.35 ppm) but targer than the pN H2' Lõ.s of it(NpA) (0.03 - 0.05

ppm) which suggest that the base-base geometry of the dimers is not the same as the trimers.

As mentioned, the conformation of the Ap and pA sugars of d(ApeaTpA) is not

influenced by eaT, as observed in Figure 5,38, where the ZI' profiles for Ap and pA vary

less than 0,2 Hz from those of d(ApTpA). There is a snall increase in the 3'_endo

conformation of the Ap sugar of the d(Á,pNpA) trimers when the temperature is lowered that

is reflected in their J,'.rs, whích decrease 1,0 -I.I Hz. on the other hand, the sugar

conformation of the pA unit of the d(ApNpA) trimers is invariant to temperature, an

obsemation reflected in their J,,-rs which remain constant. Note that the Ap sugar of the

d(ApNpA) trimers and the Ap sugar of the it(ApN) dímers show an in*ease in the 3'-endo

conformation with decreasing temperature. Additionatty, the pA sugar of the il(ApNpA)

trimers and the pA sugar of the ¿l(NpA) dimers do not change conformation with temperature.

Hence, it appears as if the temperature dependence of the conformation of the Ap and pA

sugars of the d(ApNpA) trimers more closely follows those of theír respective moieties in the

d(ApN) and d(NpA) dimers, regardless of N, than the Tp and pT sugars of d(TpNpT) fo ows

those of their respectíve moieties in the tr(TpN) and ìr(NpT) dimers, which depend on N.

This reflects sequence dependent dífferences in the effects of the o4-atþtation of thymine.
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The H2' and H2" L6"s of the Ap and pA units of il(ApNpA) are all between -0.03

and 0.030 ppm (Table 3.20 and 3.21). A comparison of the Ap and pA H2' and H2" Al s

of ¡l(ApNpA) to the corresponding values in the il(ApN) and d(NpA) dimers woutd be dfficuh

to interpret because the L6"s are srn¿Il and many factors influence them (Section 5.1.5.1).

5.5.2 THE SUGAR-PHOSPHATE BACKBONE:

5.5.2.1 d(TpNpTl: An analysis of the ^t and þ populations of the d(TplTpT) trímers

suggests that there are no major conformational changes dependent on the size of the 04-

alkyl group (Table 5.4). U nfor tunately, it is not possible to compare the rotamer populatíons

of the d(TplTpT) trimers to dQpTpT) at a high and low temperature because the data

presented for il(TpTpT) in Table 3.16 ís only at 3UC.

In all the units of the d(TplfpD timers the y * state is most heavily populated and

its population increases with decreasing temperature, an observation associated with base-

stacking (Altona, 1982). The S'-end of the d(TplTpT) trímers have the smallest y ,

populations at low temperuture, 58 - 60?o, with the praTp and pT populations larger,76 -

837o, as is typical of small DNA oligomers (Mellema et al., 1984). The y populations for

d(TpTpT), obtained at 3UC, follow the trends obseryed in the il(TplTpT) molecules.

In the th¡ee dQplTpT) timcrs, the þ' populations increase 6 - I07o with decreasíng

temperature whích is índícatíve of an increase in the population oÍ base-stacked states

(Altona, 1982). Furtlrcrmore, the þ' populations of both the praTp and pT units are ahnost

equally populatcd at lotç temperature, 83 - 867o, suggesting the size of the O4-alkyl group

is not altering the sugar-phosphate backbone. The þ' populations for d(TpTpT), obtained at

30'C, follows the trends observed in the d(TplTpT) timus.

Carbon-|3 spectra were obtained for d(TpTpT) and il(TpfTpT) at 27'C and allow

estimations of the e' and t populations. There is líttle change in d for the fieo Tp

fragments, 80Vo, d(TpTpT) and 767o, d(Tpff pD. At first glance, there appears to be a

dffirence in the e' population of the pNp fragments,897o, pTp, and 767o, piaTp. However,
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Tablc 5.4. Furanose conformâtions and exocyclic bonds rotâmer

distribut¡ons for d(Xpr4Tpx¡a

Moleculc EoS E"ll%oi Vo'l+ Topf Toet /Eoe'

80123

89/22

33 56
t9 '19 't9
24 73 78

Tp 68
pTp 75

pT 68

51(64)
pm4Tp 5 t (64)

pT 6a(61)

Tp 1 r (12)

2(3)
0(5)

28(3s)

t6(26)
20(30)

60(s3)

82(71)
79(65)

86(77)
85(7s)

Tp s3(66)
pc4Tp 54(64')

pT 6a(66)

10(12)

-3(4)

0(5)

30(34)

20(24)
l9(32)

60(s4)

83Q2) 86(76)
80(62) 8s(76)

Tp
pi4T p

66(66)

53(63)
pT 6a(6a)

l l(12)
4(4)
3(s)

31(36)

l9(28)
r9(28)

s8(52)

76(68)
78(67)

76/16

84(78) 76/22
83(73)

Ap 6l(66)
8l(78)
56(58)

6(7)
.6(l)
8(3)

2t(29)
20(28)
l7(30)

'12(63)

85(70)
7 s(67)

89(84)
---(86)

pTp
pA

Ap

PC4TP
pÄ

6r (68)

69(69)
s6(58)

4(4)

--(0)

23(29)

--(28)

73(63)
--(71) --(81)

aToS 
calculated according to equation I, Toyacaording to equations II, m, a¡d IV, %F according to equation V, and 7o€

according to e4uations VI and VII. Coupling constaflts used in t¡ese equations were lakefl from Tabiet 3.16 - 3.21 and
3.25. The h¡st number is ar looc, rhe number iri b¡-ackers is at 60 (d(ApNpA)) or ?0 (d(TpNpT)) oC. popularions for
dCfpTpT) cålculated with the Js from Rycyna er ø1. (1988) ar 30oC.
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note that the e populatìons, calculated from tJrr.r, are ídentica! for both pTp and piaTp, at

22Vo. Hence, the dffirence observed in e| may be due to uncertainties in the pTp rJ"r.o,.

since this coupling is obtained from a relatively more congested part of the ttC spectrum

(Figure 3.26). Consequently, the pTp and piaTp e populations are likely very simílar and

this suígests, together with the ''( and þ data, that there are no major distortions in the

sugar-phosphate backbone of d(TpfTpT) relative to d(TpTpT), as observed for d(TpiaT) and

d(ttTpT) relative to d(TpT).

5.5.2.2 d(AoNoAl: Js involving the C4' and C5' protons of d(ApeaTpA) were only

obtaíned at 10 and 6UC for the Ap unit and at 6UC for the peaTp t¿nit and hence, a full
comparison to d(ApTpA) is not possible. Fro¡n the data in Table 5.4 the y * popt ations

are observed to increase with decreasing te,nperarure, consistcnt with an increase in the

population of base-stacked states. For d(ApTpA), tlrc nucleotide at rc S'_end has the

smallest y + population at low temperature, 72Vo, with the pTp unit highest, gSVo, and the

pT fragment intennediate, 7s7o. In comparing the ava abre y popuration data of
il(ApeaTpA) to d(ApTpA) it is observed that the conformer popt ations for the Ap and

peaTp units do not vary by nnre than 2vo whicrt suggests that eaT is not artering trte y

populations.

Phosphorus coupling constants to the C5, protons are only available for the pTp

fragment of d(ApTpA) at low temperature. Thereþre it is not possible to cotnment on any

possible effects of o4'arþration on the þ' popuration of the d(ApNpA) tri¡ners. However,

for the pTp unit of il(ApTpA), the þ' populatìon is observed, to íncrease wíth d.ecreasing

temperaîure which suggests that bose-stacking is occurring (Altona, I9g2).

5,5.3 THE BASE AND H|' õS:

5.5.3.1 The MeS Profíles:

5.5.3.1.A d(TøNpT): The MeS variable temperaure profiles of the d(TpNpT) molect¿les

are presented in Figure 5.39 where it can be seen that the Me5 profiles of the d(TplTpT)
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trimers do not depend on the s¡ze of the o4-atþt group. Note that the Tp and pT MeS

profiles with N equal to r'T are upJield rerative to those with N equal to T, probabry

reflecting the larger ring current effects of fT relative to T. on the other h¿nd, the MeS

profiles of the pfTp fragments are downfield relative to that of pTp, with the difference

almost equivalent to that observed beween lilr and ilr, due to the ahered. electronic

configuration of T brought about by O4-alþlation (Birnbaum et at., Iggg).

The LE'for the Me\s of the dQpr'TpT) ftimers are small and therefore, suggest that

little base-stacking is occurring in these mølecules: pT (0.03 - 0.04 ppm) > praTp (0.01 -

0.03 ppm) > Tp (0.01 ppm) wíth the Lõ"s for the ísopropylated trimer at the low end of

each range (Table 3.17 - 3.19). The slíghtly targer MeS Ãõ"s for the plTp and pT units

relative to the Tp units are consistent with a right handedty-anti stack where¡he Tp Me5 of

these tr¡mers are not over any base whíIe the plTp and pT Meís are, and thereþre,

experience addìtional shielding.

5.5.3.1.8 il(ApNpAl: The pNp Me variable temperature profiles of i!(ApTpA) and

tl(Ape'TpA) are compared with those of d(TpTpT) and d(TpeaTpT) and, the monomers e.dr

and dr in Figure 5.40. The pNp MeS proJiles of the iI(ApNpA) trim¿rs move upfîeld with

decreasing temperature to a greater extent (0,10 - 0.II ppm) than those for the d(TpNpT)

trimers (0.02 - 0.03 ppm) or the monomers (< 0.0i ppm) which impties that the pNp base

of the il(ApNpA) timers is stacking in between the tv,to As and is not looped out as reported

for some PU-PY-PU ribonucleotìde trímers (Lee and rinoco, I9g0). The stacked or¡entation

of the pNp unit within the d(ApNpA) trimers is supported by the a-mcthylene prof es of the

o4-ethyl group of d(ApeaTpA), to be discussed shòrtry, which are upJìerd of those for eairr

and the d(ApeaT) and il(eaTpA) dimers (Figure 5.31). Note that the separation of the pTp

and peaTp Me5 profiles of the d(TpNpT) trimers in Figure s.40 ß similar to that of the

mononers, eailr and ilr, presumably because of the dffirent electronic ríng conjugation of

eaT and T (Birnbaum et al., 1988). However, the separation between pTp and peaTp MeS
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profiles of the il(ApNpA) trímerc are unlike those of the monomers (dilr and dr) and the

d(TpNpT) trimers, with the MeS profile of peaTp almost ',catching', the profile of pTp at IAC.

This observation in the pNp MeS profiles of the il(ApNpA) trimers most likely results frotn

a different amount of base-stacking in d(ApeaTpA) relative to d(ApTpA) or stightly dffirent

base-stacking geometries in the two trímers.

5.5.3.2 The O4-AIkvl Groun.

5.5.3.2.A d(TpmaTøT): Figure 5.8 contains the varíable temperature profítes of the 04-

methyl group of nf ilT, d(maTpT), and il(TpmaTpT). Unlike the other O4-alþt groups, there

should be no preference for any of the rhree possible staggered conformations about o4-c".

Sínce a síngle r^oÌunce ís obsemed for the O4-methyl group of nf ilT, it(maTpT), and

d(TpmaTpT) at al! temperatures, interchange beween the three staggered conÍormations must

also be rapid on the NMR time scale. Because the o4-methyt profiles of nfilr, il(maTpT),

and d(TpmaTpT) are almost coíncident and their Lõ's are identical, the average effect of the

neighbouring base(s) is vem weak. However, these very weak ring current effects do show

up ín the o-methylene profiles of the O4-ethyt, -propyt, -buryl, and -isoburyI groups and the

methyl profiles of the o4-isopropyt group, which suggests that these latter resonances are

híghly sensitive monitors of base-stacking (Buchko, et al., IggT).

s.5.3.2.8 d(TneaToT) anil d(AoeaTpA): The a-methylene resonances of the o4-etþl group

of d(TpeaTpT) are plotted as a function of temperature in Figure 5.41. In conparison to

the same resorumces in d(eaTpT) and d(TpeaT) (Figure 5.30) the d(Tpe.TpT) a-methylene

profiles more closely resemble those of il(TpeaT). Furthermore, the ø-methylene aõ ìs

smaller for the tìmer at luc (0.023 ppm) than for eíther of the tl(eaTpT) and il(TpeaT)

dimers (0.028 and 0.033 ppm, respectively, 2tC).

The ø-methylene profiles of il(ApeaTpA), il(ApeaT), and il(eaTpA) are compared in

Figure 5.31 where the profiles of il(Ape¡TpA) are clearty upfietd of those of d(ApeaT) and

ìl(eaTpA). Note that at high temperature, the a-methylene LE for it(ApeaTpA) is 0.015 ppm,
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at jec il goes to zero and it remaíß there until 10"c, where ít íncreases to 0.021 ppm,

with the upfield r^o*tnce at high temperature apparenþ becoming the downfield resonance

at |uc. The magnetic equivalence of the ø-methylene protors beween 20 to suc mean that

the sum of the influences on the o4-c" regíon of eaT are equal for both of these protons

over thís temperature range, If two príncípal states exist for the trimers, fully stacked and

unstacked, then the observed a-methylene Lõ at ltc is likely due to an increase in the

population of stacked states and magnetically non-equivalent environments of the a-methylene

protons in the stacked state for othe¡wise an íncrease in Lõ shoutd not be observed at low

temperature.

The ø-methylene profiles of the d(xpeaTpx) tímers are not the sum of the a-methylene

profiles of the il(xpeaT) and d(eaTpx) dimers and there are at least two possible explanations

for this. First, the chemical shíft non-equivalence of the a-methylene r*onances of d(eaTpx)

and d(xpe.T) v)ere attr¡buted to these protons straddling its base (Fígure 5.4A) and feeling

dffirent ríng current effects from the neighbouring base. The straddling orientation does not

mean that these a-methylene protons are an equal distance away from the plane of íts own

base, at a 6u angle. Perhaps the adjacent nucreotide ìnduces a skew in the straddre which

twists one proton closer to its own base while the other is sent further away. IÍ there is such

a skcwing by the neighbouring base, the effects on eaT will depend on the location of the

neighbouring base (5' or 3') and the rype of base (A, G, C, or T). Such a skewing would

make ít more dfficult to compare the proJiles of the a-methylene resonanc* of the d(eaTpX)

and d(xpe'T) malecules and conversely, to compare the profíIes of these dimers to the

il(xpeaTpx) trímers, because a dffirent skew wourd prace protons in dffirent magnetic

envìronm¿nts where they would feel different rìng current effects. second, the addìtion of px

to the 3''end of d(xpeaT) or a xp to the s'-end of tl(eaTpx) wi probably alter the base-

stackíng geometry of the oríginal dimer and hence, comparìson of the trimers to the dimers

will be hampered.
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The varìable temperaturc profites of the methyl group of the O4-ethyl function of

il(Tpe.TpT) and d(ApeaTpA) are compared to those of their respective d(eaTpX) and d(XpeaT)

dimers and the eadl ,Ìtononer ín Figure 5,32. In these cases, relative to eadr, the profíles

of the methyl group of the o4-ethyt function of both trimers are close to the sum of the

profiles of their respective il(eaTpx) and d(xpeaT) dimers. However, except for the

monomers, these profiles aII move downfield with decreasing temperature which suggests this

group is projected away from the adjacent base(s) in the stacked state.

5.5.3,3.C d(ToíaTpTl: The methyl r*orutnces of the O4-ßopropyl group of il(TpiaTpT) are

plotted as a functíon of temperature ín Figure 5.r0. There ís no detectabre magnetíc non-

equivalence of the methyl resonances of the O4-isopropyl function of d(TpfTpT); they are

like those of filr. In the ìl(i'TpT) and it(TpiaT) dimers the meth)I Lõ of the o4-ísopropyt

group was postulated to arise from a preference of thz O4_isopropyl group to adopt

conformatíon D or E in Fígure 5.4 when in a stacked. state. However, in the ir(TpfTpT)

trimer, there nay not be a strong preference for the O4-isopropyl group to adopt eìther of

conformations D or E and hence, the observed O4-isopropyt methyl profîtes of il(TpfTpT)

are the average of these wo possibte o4-ìsopropyl conformations, whose net eîect on the

o4-ßopropyl methyl 6s is nearlv identical, It is nearlv identical because the trc spectrum

at 27"c reveals a small magnetic non-equivalence bet teen the methyl carbons of the 04-

ßopropyl group (0.02 ppn) (Figure 3.26) and hence, there probabty is a magnetic non_

equívalence between the protons of these methyl groups that is hidden wìthin the tH NMR

línewidths.

The methine reEonance of the O4-ßopropyl function moves upfield almost 0.05 ppm

wíth decreasíng temperature (Table 3.l.9) whích suggests that some base-stacking ís occurríng

in il(TpfTpT)- Furthermore, the merhine isopropyl proJile of d(TpfTpT) is upfíeld of those

of the ¡l(fTp:t) and d(TpíaT) dimers (Figure 5.25) which ís in líne with ø stacked state

involving all three bases of d(TpiaTpT).

-zz6-



II-2 and H-8 ApNpA

:- $=$=---F:--€=* 3 
-g

pA

Ap

H-2

20 30 40 50 60

TEMPERATURE

!!!ure.5,_!?:- Temperature {!) r19fit.es of the chemicat sh¡fts (õ) of the Ap (I) and pA (3)
H2 and H8 base protons of d(AiNiA). Botd numbers: y'= 

"¿r, 
iotø* Åu^i"ii,- íl ='i.

8.20

Ê- 8.15

CL



5.5.3.4 The H2 anil H8 Profires: Th¿ H2 and Hg variabre temperature profires of the

d(ApNpA) olìgomers are presented ín Figure 5.42. The upfield movement with decreasing

temperature of all the H2 resonances (0.09 - 0,11 ppm) indicate that the adenines are

involved in base-stackíng. The H2 profiles of the trimers are upfield of those of both dimers,

tl(ApN) and il(NpA) (Table 3.12 and 3.].4), which may be due to different base-stacking

geometries in the trimer, more base-stacking in the timers, or some next nearest neighbour

ring current effects. On the other hand, none of the Hg resonances of d(ApNpA) are

signifícantly altered by temperature, as observed in the d(ApN) and il(NpA) dimers. Note

that most of the H8 and H2 prof es of d(Ape'TpA) are upfierd of the co*espondíng profiles

of dØprpÐ probably because of the larger ring cwrents effects of e.T relative to T. The

only exception are the H8 profiles of the pA unit which are both identicat.

5.5.3.5 The Hl' anil H6 Prafites: Figures 5.43 and s.44 contain the variabre temperature

profiles of all the H[' and H6 resonances, respectivery, of the iI(TpNpT) trirners. The

methylated and ethylated d(TplTpT) trimer HI' and H6 profiles are all pracricalty identícal

wíth small differences in some of the analogous ßopropyrated trimer prof es. perhaps the

small dffirences in the il(TpïTpT) HI' and H6 profiles relative to those of the d(TpeaTpT)

and il(TpmaTpT) trimers are related to the sugar conformational dffirences noted between

these molecules (Section 5.1 J .1).

The il(TpNpT) trimer Hl' resonances vary only stightty wíth temperature and those

that vary least are for the pT unit, possibly because in a right handedr"l-anti stack these

HI's do not h¿ve a base over them.

The il(TpNpT) ,imer H6 resonances aI move downfierd with de*easing ierrp"rotrre

with the largest Lõos for the Tp units of the il(Tpy'TpT) molecules. The behaviour of the

pT H6 profíIes of these trimers are almost identical to those of the pT unit of the il(NpT)

dimers (Figure 5 .13). AIso, the behaviour of the Tp H6 proJiles of these trìmers are identical

to those of the Tp unit of the d(TpN) dímers (Tables 3.2 and 3.4). These observations might
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be expected because neither the d(TpN) and d(NpT) dimers, nor these trimzrs, stack

sígniftcantly with decreasing temperature. Note that the H6 profiIe of the pTp unit is upfierd

of those of the plTp units to an exlent seen in the y'dr and dr monorners, presumabry d.ue

to the ahered electonic conjugatíon of et relative to T.

The H6 variable temperature profiles for the pNp unit of il(TpTpT), tl(TpeaTpT),

d(ApTpA), and il(ApeaTpA) are compared in Figure 5.45. The pNp H6 resonances of

d(TpNpT) move downfield with decreasing temperature while those of d(ApNpA) move

upfield. A likcly cause for these observations are the larger ring current fficts of nvo As

relative to two Ts and more base-stackíng in the d(ApNpA) trimers.

The variable temperature profites of the HI' resonances of d(ApNpA) are presented,

in Figure 5,46. The pA and Ap Hl' resonances of the nuo timers move upfield almost

equally with decreasíng temperature, between 0,04 - 0.06 ppm, white the pNp HI' resonances

nøve upJield approimately 0.09 ppm (Tables 3.20 and 3.21). The largest HI' Lõ. for the

pNp unit would be expected in a right handedlr-anti stack since this HI' ís over the base of

the pA unit. The símilar sizes of the Ap and pA HI' Læ are more dfficutt to rationalíze.

This is because in a right handedty-anti stack the HI' ÃE is expected to be smaller for the

pA unit, with no base on its 3'-side, than for the Ap unit, with a base on its 3'-side.

However, HI' õs are typica y dfficult to interpret because of the greater number of

influences on them (sectìon 5.1.5.1). Note that changing the pNp base from T to etT ahers

the positions of the Ap Hl' profites, nøving the etT ínfluenced projìre approimatery 0.06

ppm upJield relative to the T influenced profíle, presumably due to the greater shielding

influences of eaT relative to T. conversely, the larger shielding influences of eaT relative to

T is only weaUy apparent at low temperature for the pA HI' profîtes, which suggests that

the ríng currents of the pNp base is having a small influence on the pA HI' profìles, as k
expected in a right handedly-anti stack because the neighbouring base is not over the pA HI'.

5.5.4 SUMMARY:
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The 'H NMR data suggests that the ¿l(ApNpA) and d(TpNpT) trimers stack with

decreasing temperature, with considerable more stacking ìn the former set of trimers. The

pyrimidine of the pNp un¡t is not looped out as confirmed. by the proton profiles of the o-

alþl groups. The major conformational change due to o4-arþtation appears to be in the

sugar pucker of the allqlated nucleotíd¿, where larger 3'endo populations are obsened,

relative to the non'alþlated nucleotide. The N populations of the plTp sugars increase

with decreasing temperature for the it(TplTpT) trinærs white ít remains constant in

d(ApeaTpA). Furthermore, the sugar conþrnøtions of the nucleotidyl neighbours of eadT

are influenced slightly in d(TplTpT) but not in ir(ApeaTpA). Together these last ¡uo

observations suggests some sequence dependent o4-atþtation effects. otherwise, it seems

as if raT does not alter the conformation of the il(TplTpT) and d(ApeaTpA) trimers relative

to their non'alþlated analogues to anj great extent wìth the possible exceptíon of more

base-stacking ín d(ApeaTpA) rerative to d(ApTpA). with respect to the fficts of the size of

the o4-alþl group on the conformation of the ir(TplTpT) trimers, there appears to be no

dffirence beween the methylated and ethylated mnlecules with minor dffirences ín the

isopropylated trimer,
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5.6 TETRAMERS:

The tetramers d(elTpApelTpA), d(e4TpApTpA), and d(TpApeaTpA) were synthesised

and compared to each other and the non-alþlated tetramer d(TpApTpA), the latter of which

has been characterìzed by Mellema et aI. (1984). spectra were obtained at 500 MHz for
il(eaTpApeaTpA) at 30,55, and 7UC. Unfortunately, even at 500 MHz, the computer

simulation of the d(eaTpapeaTpA) spectra was dfficutt d,ue to the degree of resonance

overlap, as exemplified by the number of btank spots in Tables 3.22 and 3.23. Hence,

without access to largü amounts oÍ s00 MHz spectrometer time, only the base and Hl'
protons of our three teîramers were studied,

5,6.1 SUGAR CONFORMATIONS:

5.6.1-I TIrc oA anil oao suears: The sugar conformations of the three tetramers can onry

be compared to each other via El' variable temperature profiles because of the tack of

computer simulated J data. Fígure 5.47 contains suchLl' profiles of the pA and pAp sugars

of the three terramers where ít is observed that the pADI's are generally smaller than those

of the pAp unít which indicates a smaller 2,-endo population for the pA sugars. The

apprcx¡ntate qos population of the pA sugar of the tetrameß at low temperature is 55vo,

which ís near the values obsemed for the pA unit of tl(ApNpA) (56%) and d(NpA) (557o).

on the other hand, at |trc, the %os population of the pAp sugar of the tetramers is

approximately 707o. using the åI's from Mellema et al. (19g4) and equation I a value of

78Eo s (8c) is obtained for the pAp sugar of d(TpApTpA) which is quite close to the values

observed for our tetramers, especially since the solvent condítions are different and our

tetramers conta¡n at least one eaT.

5.6.1.2 The Nn and pNp Susars:

5.6.1.2,A il(eaTpApeaTnA) and il(TpApeaTpA): Figure 5.4g contains the variable temperature

LI' profiles for these Np and pNp sugars. The Tp sugar of il(TpApeaTpA) is maving towards

2'-endo with decreasing temperature (! B|qo at I7"C) while the etp sugar of
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d(e'TpApeaTpA) is movíng towards 3'-endo (! øOEo S at ltc). A small 3'-endo shift with

decreasing temperature is also obsened for the peaTp sugars of d(eaTpApeaTpA) and

il(TpApeaTpA) where the %os populations are approximately 607o at low temperature, which

are lower than the 697o S population reported for the peaTp sugar of d(ApeaTpA) (Tabte

5.4) and may reflect more base-stacking in the larger oligomers. Note that the presence of

eldl at the S'-end, as opposed to dl, does not appear to influence the conþrmation of the

thírd pdTp sugar. while these are the only sequences where the effect of e'dr on the next

nearest sugar conformation can be studied, it appears that the conformation of the third

sugar is not affected that far away from the site of alþlation.

5,6.1.2.8 d(eaTpApTnA): Reliable 21' for the eaTp and pTp sugars of d(eaTpApTpA) were

only obtained at 60 and 70"c and thereþre, a detailed discussion of their conformations is

not possible. However, on the bas¡s of trends observed for the DI,s of d(eaTpApeaTpA),

d(TpApeaTpA), and il(ApTpA), the few tt' values for d(eaTpApTpL) appear to adhere to a

pattern. The loS population of the pllp sugar of il(eaTpApTpA) is approxímately the same

as that of the pTp sugar of d(ApTpA), at 787o (7UC). On rhe other hand, the dTp unít of

iI(dTpApeaTpA) and il(eaTpApTpA) have nearly identical EI's at 70.c whìch indícates that

both sugar conformations are about 60vo s at this temperature which are smaller than the

approximately 70Vo S population observed for the Tp sugar of il(TpApeaTpA).

5.6.2 THE BASE Á,ND Hl'õs:

In discussing the base proton profiles of the it(ApNpA) trimers it was concluded

(section 5.5.4) that the conformation of both oligomers were sìmilar, independent of whether

N was eaT or T, with the N base stacked in between the two As. Any differences in the base

proton profiles could usually be attributed to the larger ring current fficx of eaT relative

to T or to increases in the amount of base-stacking due to o4-alþlation. No one in the

literature, to our knowledge, has analyzed d(ApTpA). However, Mellema et al. (19g4) have

studíed d(TpApTpA). Not only do their proton profiles suggest that their tetamer ís
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predomínately stacked at lote temperature but, they have obtained NoE data that is best

explained with the pTp base stacked in befieeen the wo As. If the e,drs in our tetramers

are not drastically affecting the base-stacking geometries, as observed for the d(ApNpA)

trímers, sìmilar conclwions made by Mellema et al. (1984) regarding d(TpApTpA) may be

extended into our tetanlers if analogous base proton profiles of d(TpApTpA) and of our

tetramers behave similarly, Then by comparing the NpA end of our tetramers to the NpA

end of d(ApNpA), ìt may indirectly be shown that the timers are in a single helical stacked

state with the pyrimidine inserted in between the As.

5.6.2.1 The MeS Profíles: Figure s.4g contains the variable temperature prof es of the

MeS resonances of our tetramers and. eailr. At the Np end, the Mes resonances of alt the

tetramers move only slightly upJield wíth dccreasing tentperature, less than 0.03 ppm,

consìstent with a right handedtT-anti stack that projects this Mes away from the plane of

the adjacent base, as observed for the Me5 Np Ã6's of the d(Npx) dimers. The Mes profiles

of the eaTp units are downfield of those of the Tp unit, presumably due to the different

electronic conjugation of e.T relative to T, on the other hand, the Me5 LEs of the tetamer

pNp uníts (0.08 - 0.10 ppm) are larger than those of the Np units (< 0.03 ppm), whìch

suggests the N base of the pNp unit is feeling greater ring cu*ent effects from the adjacent

.4s. Note thot the pNp Me5 Lõ"s of the il(ApNpA) trimers (0.10 - 0.t I ppm) and the

d(NpApNpA) tetramer, (0.08 -0.10 ppm ) are similar and suggest comparable environments

of the pNp units ín both sets of molecules.

5.6.2'2 The o4-Ethvl Group: variable temperature proJiles of the o,-methylene resonances

of the o4-ethyl group of the tetramers are presented in Figure 5s0 where it ìs observed

that a second dT within the oligomer has no influence on the other a-methylene resonanc*;

the eaTp a-methylene profìtes of d(eaTpApeaTpA) and d(eaTpApTpA) are coincident, as are

the peaTp profîles of d(e'TpApeaTpA) and d(TpApeaTpA). Both e,Tp a-methylene Ãõs

increase with decreasing temperature while those of peaTp d.ecrease and approach zero at
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10"c. The behaviour of the tetramer eaTp a-methylene proJites is analogous to that observed,

for the eaTp unit of d(eaTpA) except that the tetram¿r Lõs are larger and their overall profile

positions are upfield, perhaps because of more base-stacking in the tetramers than in the

dimer or some next nearest neighbour ring current effects.

Figure 5.51 compares the a-methylene temperature profiles of the peaTp units of

iI(ApeaTpA) and d(eaTpApeaTpA) where the resonances of the tetramer are upfield of those

of the trimzr. However, the dffirence is slight and there are a number of possible

explanations, such as the next nearest neighbour ring current fficts, slightly different base-

stacking geometries in the tetramer and rrimer, or more base-stacking ín the tetam¿r.

Recall that the MeS profiles of the pNp units of the tetramers are downfíeld of those of the

pNp units of the il(ApNpA) trimers, opposite to the observations in the nearby a-methylene

protons, which suggests that dffirent base-stacking geometies is the best explanation for
the dffirences in the a-methylene resoruJnces of the peaTp unit of the tetramcrs relarive to

the peaTp unit of the d(Ape.TpA) tr¡mer, However, the MeS protons of the pNp unít of the

tetramerc could conceivably be ín the same orientation ín both the tetramers and the trìmers

but, not orientated properly relatìve to the a-methylene protons to feel the nex! nearest

neighbour ring current influences or the effects of more base-stacking. Hence, instead of

trying to interpret these small differences, which could be due to many things, the similarities

should be noted because they indicate the a-methylene protons of the o4-ethyt group are in

essentially the same rype of environment.

The varíable temperature proJiles of the methyl resonance of the O4_ethyl group of

the peaTp units of the tetramers and the il(ApeaTpA) trimer are plotted ìri Figure 5.52. The

methyl profiles of the o4-ethyl group of the pdTp units of the tetromers are identical and

slightly upJield of that of the il(ApeaTpA) trímcr, as obsemed for their o,-methylene profiles

and probably for the same reasons. These observations, in both the a-methylene and methyl

profiles of the o4-ethyl group of the tetramers and the il(apeaTpA) trimer, suggests that the
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pelTp un¡t is in a similar environment in these molecules.

5.6.2.3 The H8 ønd H2 ProfrIes: Varíable temperature profîIes of the Hg and H2

resonances of the three tetramers are plotted ín Figure 5.53. The pA H2 profiles of

il(eaTpApeaTpA) and d(TpApeaTpA) are identical and slightty upfi.eld of the pA H2 proJile

of il(eaTpApTpA) as obsemed for the H2 profiles of the pA unit of the d(NpA) dimers (Figure

5.lI ) and the il(ApNpA) tímers (Figure 5.42). These small dffirences in the pA H2 profiles

may be attributed to the weaker ring current effects of r relative to eaT. The variable

temperature profiles of the H2 resonances of the pA unit of d(eaTpA), it(ApdTpA), and

d(eaTpApeaTpa) are plotted ìn Figure 5.54, Note that the profiles of the trimer and. tetamer

overlap which suggests that the peaTpA unit in both molecules is or¡entated similarly.

The H2 pAp profiles of the tetamers are dissimilar in terms of relative positíons.

However, these resonances all move upf;eld an equal amount with decreasíng temperature

and this suggests that base-stackìng is taking place. The il(e,TpApeaTpA) pAp H2 profile is

the most upfietd of the three tetrctmers, presunably due to the greater ring current influences

of two e+Ts relative to one. when the pAp unit has only one eaT neighbour, slightly greater

ring current effects are feh when it ís on the 3'-side of pAp than on the s'-side which

suggests that in the stacked state the Np base is not as dírectly over the pAp H2 as is the

pNp base. However, the differences beween the pAp H2 profiles of it(TpApeaTpA) and

il(eaTpApTpA) are small, Iike the dffirences obseryed in the H2 profiles of d(NpA) and

d(ApN).

The H8 temperature profiles of the pA base of the three tetramers are unaffected by

the nature of the neighbouring pNp base, as these profiles overtap (Figure 5.53). The

behaviour of the pA H8 profile of the tetramers is identical to that of the d(ApNpA) trimers,

as illustrated for il(eaTpApeaTpA) and d(ApeaTpA) in Figure 5.54. This is further support

for the bases of the pNpA unit of the d(ApNpA) trimers and the tetrameß being similarly

orientated.
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The H8 pAp temperature profiles of the tetramers are also all essentially the same

(Figure 5.53). The pAp H8 profile of d(eaTpApeoTpA) is tlrc most upfield, probably due to

the greater ring cuftent effects of nvo eoTs relative to.the one ín the other tuvo tetramers.

5.6.2.4 The H6 ProJíles: The Np and pNp H6 resonances are plotted as a flmction of

tempcrature Íor the three tetamers in Fígure 5.55. The H6 profiles of eoT are downfield of

thDse of T, as observed ín the monomers, dT and eoT, due to the diferent electronic

conjugation of tlrcse bases. The H6 profiles of the pNp uníts move upfield in the letranters

with decreasíng te,nperature, as tlßy do in il(ApNpA), wltich suggests that tlze pNp unit is

stacking in beween the nuo As. On the other hand, the H6 resonances of tlæ Np uníts of

the tetramers move upfíeld only slightly with decreasíng teÌnperature, coltnter to tlß

downfield ,novement obsened in the Tp units of all the il(NpX) dímers (Figure 5.13) and

dQpNpD trimers (Figure 5.44). Because of the dfficulties often encountered in

interpreting H6 temperature profîles (Section 5.2.3.2) we can only note these differences

since they may be due to a number of factors (more base-stacking, next nearest neighbour

effects, changes in 7,, and so on).

5,6.2.5 The Hl' ProÍítes: The H|' õs are plotted as a function of tetnperature for all

three tetramers in Figure 5.56. All the resonances move upJield witlt decreasíng

temperature to various degrees which generally indicates that base-stacking is taking place.

The pA Hl' profiles of the tetramcrs are downfield of the other tetra,ner H|' profiles

which ís consìstent with a right handedlT-anti stack because in such a stack the pA H1' wíll

not be over the plane of any base. This is corroborated by the observatíon that there are

no differences in the pA HI' profiles when e'T is exch.anged for T in the pNp unit next to

pA. These observations in the pA Hl' profiles of the tetanters +vere also observed in the

pA HI' profiles of the il(ApNpA) trimers (Figure 5.46) whiclt again suggest that the pNpA

unit is behaving similarly in both the tetramers and tlrc d(ApNpA) tritners.

The HI' profites of the Np and pNp uníts of tlte tetramers are upfield of those of pAp
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and pA, presuntably due to the larger ring current ìnfluences that the Np and pNp HL's

experience in a right handedly-anu stack with an A on theìr 3'-side. Note that the peaTp

H|' profile of d(eaTpApeaTpA) and it(TpApe'TpA) are nearly coincident while thû for the

pTp unit of il(eaTpApTpA) is nnre upfield. A similar, but snaller, effect is observed for the

eaTp HL' profiles of il(eaTpApeaTpA) and d(eaTpApTpA), which are downfietd of the Tp H|'

profile of d(TpApeaTpA). The effect appears to be related. to the presence of eaT, as it was

also observed for the pNp units of the il(ApNpA) trimers, with the peaTp H|' profile

downfield of the pTp profile (Figure 5.46). Such an effect is not evident in the HI' profites

ol the ¡lT and e4¿lT monomers, which suggests that the downfield position of the HI' profiles

of eadT units relative to dT units is related to polymzrization. However, because of tlrc

number of influences on the sugar õs (Section 5.1.5.1) due to polymerization we can only

make note of these observations v)hile not being able to explain their occurrence,

The H|' profíIes of rhe pAp units of the tetramers behave as expected in a right

handedl^¿-anu stack, with the profile ínfluenced prinaríly by the base on its 3'-side (pNp).

When the pNp base is eaT, as in il(eaTpApeaTpA) and il(TpApeaTpA), the pAp HI' profiIes

are nearly ídentical. When the pNp base is T, as in d(e'TpApTpA), the pAp HI' proJile is

downfield of the pAp H|' proJiles of il(eaTpApe'TpA) and d(TpApeaTpA), presumably due

to lhe weaker ring current effecn of T relative to eaT.

5.6.2.6 Duplex Formation: Mellema ea al. (1984) have suggested that a small amount of

duplex formation might be taking place in d(TpApTpA) at æC on the basis of concentarion

studies of internal base proton resonances of the (pApTp) section. Concentrati,on studies

were not carried out on our tetramers, However, at |CC, the spectra for d(e.TpApTpA)

and il(TpApeaTpA) were generally broader than the spectrum for tl(eaTpApeaTpA). Such

obsemations suggest that perhaps some duplex fornations may be occurríng ín ¡t(dTpApTpA)

and d(TpApeaTpA) but, when both Ts are alþlated as in il(eaTpApeaTpA), there is even less

tendency to duplex and hence, the latter spectrum was sharper, These observations suggest
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that O4-alþlation ofT hampers the lormation of duplexes.

5.6.3 SUMMARY:

The IH NMR data suggests that the three tetramers form right handedl"¡-anti single

helices whose population increases with decreasing temperature. There ís líttle dffirence

in the base and HI' variable temperature proton proJiles of these tetramers that cannot be

explained by the different ng curuent fficts of eaT relative to T and hence, O4-alþIation

does not appear to be altering the base-stacked conformation. Base and Hl' profiles of our

tetramers that can be compared to those observed for d(TpApilpA) by Metlema et al. (1984)

are simílar. Mellena et al. (1984) interpreted their variable temperature data as we have,

in terms of the formation of right handedly-anti single helices whose population íncreases

wìth decreasing temperature. Their conclusions were also supported by NOE dnta, Note that

the N base of the pNp unit oÍ our tetramers and d(TpApTpA) appears to be stacked in

between the two A. Because the base and Hl' profiles of the pNpA unit of our tetamers are

similar to those of the pNpA unit d(TpApTpA) and the pNpA unit of the it(ApNpA) trimers,

it seems logical to conclude that the pNp base is also stacked in beween the wo As in the

d(ApNpA) trimers. There are some changes in the sugar conformation of the ead| units

relative to dT units in the tetramers, with ea df showing less of a preference for the z'-endo

conformation. However, thìs effect on sugar conformation does not appear to extend into the

neighbouring nucleotides, counter to oberseryations in some of our dimers and the il(TpNpT)

trimers. It is again suggested that the eadT sugar might have to adopt a 3'-endo

conÍormation to allow for the most favourable base-stacking interactions to take place and,

depending on the sequence, the neighbouring nucleotide sugars are símíIarly effected to a

smo,ller extent.
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5.7 CONCLUSIONS:

The NMR data of a large number of O4-alþlated molecules have just been discussed.

A few patterns are evident and it would be convenient to briefly list them.

The first, and perhaps the most sígnífícant feature of these molecules, is the non-

equivalence of the a-næthylene protons of the O4-ethyl, -propyl, -buryI, and -isobutyl groups

and the methyl protons of the O4-isopropyl group in the NMR spectra. In ïØst sequences

the chemical shift dffirence of these resonances, Lõ, íncreases wìth decreasing

temperature. This feature can be related to ¡ntramolecular base stackíng and may be an

especially rueful nnnitor of base stacking, and double helical formation, in longer

olígomers (Buchko et a1., 1987).

Second, relative to the non-allqlated oligomers, O4-alþlation did rct change the

conformation along the sugar phosphate backbone, The þ, y, and ¿ rotamer populations

were essentially identicle for alþIated and non-alþIated sequences as monìtored by t3C-

3'P and tH-3tP couplìng constanß.

Third, O4-allqlation did not prevent base-stacking from occurring in these olígomers

with the degree of base-stacking símílar to the non-allqlated analogues. The ring current

ffic* of an O4-allqthymine oppear greater than that oÍ thymine, as the variable

temperature proJiles of the protons of neighbouring bases were usually shifted upfield. This

larger ring current effect of raT makes it dfficult to asless any changes in the base-base

geometries due to alþlation. However, a right handedly-ñtti stack is suggested for both

the alþlated and non-alþlated sequences.

Fourth, the nøjor difference between alþlated and non-alþlated oligomers is an

increase in the 3'-endo population of the radT sugar relative to dT. In some O-alþlated

olígomers there is an increase in the 3'-endo population of the rad| unit with decreasing

temperature, with the magnitude dependent on the sequence. Furthermore, in a few

sequences there is an increase in the 3'-endo population of the neighbouring nucleotidyl
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sugar(E), with such changes only seen with neìghbouring pyrimidines. Perhaps these

sequence dependent shifts ín sugar conformatíon are necessary to allow the most favourable

base-stacking interactions to take place with a /7.

Fifth, changing the size of the O4-alþl group did not produce any major changes in

the confornations of any of the O-alþlated oligomers, However, in sonæ sequences there

are indications of some small dffirences, most not¡c¿ably beween the ethylated and

isopropylated d(TplTpT) and d(/TpA) molecules. This suggests that the size of the 04-

allql group may have dffirent conformational effec* th¿t depend on the sequence.

In conclusion, O4-alþlation does not disrupt base-stacking (ít may even enhance ít).

These observations are in line with those noticed by Kalnik et al. (1988a; 1988b) in self-

complementary dodecamers containing a nlT:G and nfT:A base pair (see Introduction). In

both sequences the allqlated base ís observed to stack withìn the double helix even though

there is no evidence for base pairing, with at most one hydrogen bond theoretícally possible

between the two bases, Hence, in the dodecamers, stacking interactíons are involved in

holding the O-alþlated base within the double helix and our data indicates that base

stackíng is not disrupted due to O4-alþlatíon, The major change observed in our single

stranded allcylated oligomers ìs in the sugar coþrmation of the O-alþIated nucleoside

which nay be significant bíologically in terms of protein-DNA interactíons involving repaír

and regulatory proteins (Barton, 1988).

-254-



APPEIVDIX



FILE: FRESI1T .IIU

! PEESFIT. RLIR
iHOT.{O-IIUi:LEFIR FEE:iffTUEÊTIEH (SOLVENT SUPFRESSIOIl}

1 ZE i ZERO IIE¡IORY
a ¡1 HG 53 ;tlFFLY C:tí trEC. FrT FREl.l. Il3¡ FOtrrER 53! trURINri Irl
:+ EO=e IrO ¡ GFITE lrEf,. OFF trURIl{6 rlG.
4 EHIT ¡ E}{IT IdITH TIEI]. OFF

i RIr= r:l

i Ir1 TYP I CtìLL'T' 1-X T I tlES T 1

i -'.:Í T'iF . Ê Lr-::: r:rl

PW=4.0 uset

SW=3000 Hz

SI=16K zero filled to 32K

røpt=0.183

D1=1.0-2.0 se¿

S3=3540L

The FIDs were processed with a l¡renE to Gaussian linesha¡e transformation function (GM) prior to z€ro

frlling (normally LB=-2.0, GB=0.2. When diffe¡ent the GB was always -(0.l)(LB)).

-256-



FILE! FUUGFTE .FU

i FTIdGHTE. RUR
i FOhIER GFITEI' HET. -I{UCLEËE I::PI¡ IIEIOUFLINE
i TO IIIIIIHI¡E TIiELETTEII] HEFTIHIi

T ¿E ; ZERD HET4ORY
Ê n1 cPtr s1 i EE trEc. tdITH FntdER st rruRIÌiG Irl
3 tIã Sê ì SI'J I TLTH TO FOI ER SE
4 GO=ë i Ftñ. tÌrl TH lrEri. PUtdER Sä

= TIE 51 ¡ LEffïE I'EI::. FIT FOI{EE 51 FOR I{OE
È. EHIT

; 51 TË. LI.5 I FTT OR I1S I1EEIIEI' FTR I{EE GENERFITIOI1
¡ SE SET I1S HEETIEI' FOF: LìOOII TIEIOUPL I 116

¡ T'1 TYF. 1-5 TIIIES I1[I. II¡: TIESIEEN TO 14INII.lI¡E FVEEËEE FO(ilER
¡ tr-c TYF. 5- 1 rr t'lr:Erl TO Fillotrt FOt EF: St I TCH I l'.{E
i RIt= l.¡

; nPTIlluf'l EFFICIEIITIY: Flrl=9u IIEEr Ir1+ÉGl=1. ä5+T1

i P9 IIEF I NES 9 N NEE. TIEC . PULSE FOR POI.JER SE (SEE CF¡CHECK, FIU)
iSä = t:ft. 1 Ll ÊNIr P9= r::H. 1û'r USEC FIRE TïFICffL (1Lll,lll].

Dl=3.0-5.0 sec

s1=18 H, 53=16 H

P\Y=5,0 usec

SW=9800 IIz

SI=32K zero f¡lted to 64 K

H"/pt=0.151

The FIDs were processed with a l-orentz o Gaussian lineshape transformation funcrion (GM) prior to zero-

filling (maximum: LB=-1.0, GB=0.1).

-257 -



FILE: RCT

1¿E
Ê ttl HG
3 Fl FH1
4 Ir r:r

= Fl FHË
É. tfe
7 F3 FH3
.:. trr:
3 F1 FH::
lu L;O=E FH4 I'0
11 tF:::1
1E IF r:1
13 It1=1
1+ EiìIT

FH 1 =Ft r_r

FHe=fftl Êil tfe tlã Rr:' Frl l1e Fe B1 Rl n3 ft3 ttl Ë1 R:{ Fr3
PHf=Ërl n-c F¡l Fe fiû tìã H'J Rë Ftl H3 Fl H3 t11 F:{ ril É3
FH4=F:1 Rl R1 R1 El R1 Rl R1 R3 R:{ R3 R:{ R3 R3 R3 R3

5l2x 512l. Fl=256 ze¡o filted o 512, F2=1K

lK x lK: F1=512 ze¡o fitted ro lK F2=2K
NE=256 FIDS, SW9zæItz
Pl=90o=122 uscc, P2= 1800=20.4 "çec
DS=¿ NS=32-64 scåos

Dl=1.0 sec, D2=0.0458 sec

The datâ were processed with a sine bell ransformation in both dimensions followed by symmetrization.

-258-



----- FILE: COSY . FU

COSY. fiUR
HOT,IOI.IUCLEFR SHIFT_CORRELF{TEN ê_¡ IITfR <JEEIIER)r,r.F.FUE! E.ERRTHDLTTi, F:.Fi.ERNST, ¡-CHefi-piìiì- €.4s êêã9 (19?€.)K. t{FGFyRHri ET ÉL! -r. rlrìGr{. RES. 40r rer <i.ss0) 

- -

Dl - 9rl - Ir (r - I i:r OR 45 - FIIr
SYIIIIETRIC IfffTRIX IIITH SHIFTS FHN COLTPLINGS II.I Fl! FAOFF-IIIÊGONÉL FEÊKS CORRELÊTE SPINS t¡Hiõri-iHÊäC. NSLIRLFR coUFLIIIE .I.

l¿E
É Ir1
:: F1 PHl
4 nr:l
5 Fë FHE
Ë. GO=e FH3
7 lalR .:1
È IF ::1
I Itl=1
1Û EXIT

; REL|¡äÊT I OÌj
i Y ¡:I T¡EG E¡:CI TIiT I oN FULSE
iETOLI-ITiOtJ OF SHIFTS I]Nn coUFLIIIGS
i III;.:IIILì PULSE! 9f¡ OR 45 rIEG
i ÉCtlll I FiE FI¡
iSTOF:E FItI
i I f1'jF:EI.lEI.iT FILE I.{UIIFER
! IIiCREi'IENT nrl HNfr LOOP FOR NEXT EXPER-

FHl=fiú É0 Íl r:r firl Fl Rl lM ; PHRSE pRoGRfihS CFT.íCEL RXIÉLÊe rie Êe Êe F:¿ ff= RG F3 i pERKS <ScÀiì'd r_?): sELECT rJ_TyFE
pHe=Fû Ée Rl R3 R, Fe ri fq ;ã[Êi"',ÍìEÊ!",$å'-l ì!ãiT'ìio'É*n...Rl fis F? ficr R? Ê0 rì3 R1 ¡ sereraCïi-Èeol¡ Fl <scffNs 9_16).
FH:{=R'J RCr Re Ra Rl Rl R_? F:3

¡ PROGRRII REGUESTS FILEIIFIIÍ E ((|ITH . SER EXTENSIOT.I;uE DEFIIJES I{UHEER OF FIns = TDl
It{! = <'e, OR lê <COT1PLETE pHfiSE CYCLE)!t's = e oR 4
i RI¡=Ptrl=(¡
¡nl = 1-5+Tl
¡ Pl = 9û t¡ÉG
rPU = 9O I'EG FoR IIRX. SEI{SITIVITY; = 45 ¡}EG FoR I.II¡IIIIRL aIffGENffL <GT]o! FÛR TIGHT fiE SYSTEI.IS); FnD ,TTLTED, coRREL. ees<s <sreni-oÈ couetr¡rcs¡.¡I,O = 3E-6 INITIRL nELRY¡IN=0-s/Stjl=e+trtt
iNDo = 1
; I ¿E = 1, Sr{l=StJ/e

tcHoosç sut FNI¡ SI so THÉT uà¿p¡ = cH. ?-6 Hz
r TYPICFLLY USE TD = SI, NO ZERO-FTCIiNA i¡r.'ÈA¡ tiE = SI/4, ZERO-FILL lñ ei ' '-
; I'TRTRIX cfiN EE symrlETRrzED ÉEour ¡rccrinal

5l2x 512:. Ft=256 ze¡o filled ro SI?.F>LK
NE=256 FIDS, S$t=2200 IIz
Pl=90o=f02 tsec, P2=45o=5.1 usec

D1=1.0-2.0 sec,

DS=2, NS=3244 sc¿¡s
The datâ 

"vere 
processed witl a sine bell transformation in both dimensions followed by symmetrÞation
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IIOEI' I FF. ÊUR
NOE IIIFFERENCE SPECTROSCOPY
USING DNE FREG. LIST TO TIEFIIjE fi SERIES OF IRRRBIÊTIOI{ POINTS(DI{-RËSEHRI{CE) tluI' ONE COIjTROL (OFF-RESEII|1NCE}
THE II{DI\¡II¡UffL FIES ÊRE STORED.
FOR LOI{G-TERI4 ff\IERFGIIIG THE ROUTIIIE CVCLES THROUEH THE
FREß. LIST ÊNE FIIS SEVERfiL TIIIES.
FLSO CÉI.I EE LISETI FER FSEUDO-IIjIOR.

----_ FILE: NOË.DIFFr . FU

15 EXIT

,,TIEFINE FITt
;FREFFRE Ê SET OF ZERÙEI FILES OIJ IIISK

i IjE=NUHEER OF CYCLES THROUGH LIST

lZE
e tdR r;1

3 IF ::1
4 L0 To 3 TIIIES C rC= t,lo. OF FInS TO FE ST0F:EI¡

FL ¡:¿ /T'EFIIjE FRE6!. LIST
; FIEFTI iN T'ESIRET FREG. LIST5 RF I'I. f.II]1 i RESET FILE EXTEIISIOI.I TO . OO1¡ EEGIIi CYÈLE

É. RE !:1 ;REÊTI CURREIIT FITI FILE
I N3 OE S:I iSET NEC. FÊEG!. t]ê FRDH CURREI.IT FL LIST!: T'1 TID i RELIIX. TII.IE IdITH IIEC. LìfiTED BFF9 IIE HG i IRRRTI. TIIIE <Cfi. T1) USIIJG FEI(|ER 53lù Go=S tro ;FCGUIRE ¡ffTff t iTH ¡EÈ. OFFr LOOP To 611 (fR !}1 iSTERE CURRENT ÊCCUI.IULRTETI FITI
1ê IF r:1 i I¡ICRE¡IEHT FMXTENSION
13 LE TO 6 TIIIES C ¡LOOP TO 6 FOR EßCH FREG. II.I FL LIST14 Il1=5 iLoop FOR fiNoTHER CyCLE

í FRnGRfft'l REGUESTS FILENffME :¡1 FOR FIIÌST r:Z FOR FREG. LIST.iÊ FREG. LIST I{UST EE NEFINET' IdHICH CONTFúINS OIJE OE
;EIITRY FOR EffCH I'ESIRED IRRR¡. POINT PLUS OIiE OFF-RES. CONTRT]LiVFLUE FOR Oê (.'HICH SHT]ULD BE IdITHIN THE S((t REGITTN (E.G. ffT t]NE
;EIIGE OF THE SPECTRUÌI) - THE NUIIEER OF FREQ. IN THE LIST IIUST EEiI¡EFINEI] EY Fli ENTRY IN R'VC. LISTT TIHICH ÊLSO DEFINES THE
i NLIIIEER OF FIDS TT] EE STOREB.

;NS IEFIIJES THE NB. OF TRRNSIENTS PER CYCLE FOR ERCH OE I/FLUE
ifiND SHBULÚ FE ff HULTIPLE OF A.

' 
NE TIEFINES THE NO. OF CYCLES TO BE T,IREE THRT¡LIGH CT]I,IPLETE LISi.

;TOTFL TRffNSIENTS PER FID = NE+NS.
;USE Z-4 EUMI'IY SCffNS FOR STEffDY-STRTE!
¡ RD=('
¡D3 = 0.r SEC TU SET ge
iDl+Ê8 = e-4+Tl FOR TRUNCRTED l.lOE ffPPLICRTIONS t{rHER€ NE SECONDFRY¡ OR STEÊI]Y-STFTE EFFECTS (SPIN-I}IFFUSIEN) ÊRÊ IIESIRED.
iDe = CÊ. T1 FoR SHaLL H0LECULES <EXTREHE NRRR0UING LIH¡T); = s0-e00 tlsEc FER LÊRGE TIoLECULES (CRESS-RELftNÊTIEN).

;S3 DEFII{ES DEC. POIJER TYPICÊLLY 35-55L BEPENI}INC fiÌ.{ REAUIREIì
; IRRffÚ. BFNBLIII}TH.

Performed under simila¡ conditions as described for PRESATAU.

Dl=1.0 sec, D3=3.0 se¡ or Dl=4.0 sec, D3=5.0 sec

An exponential lineshape uznsformation @M) was performed prior to zero filling (LBSI .0, GB{.O).
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