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AsSTRACT

A seríes of nucleic acid model compounds, m6du, 3r-ur6durrÎp, 5,-
*6duMp, 3',5t-m6duDp, d(rpm6u) , d(:n6upt) and d(m6upm6u), were

synthesized and compared to a similar series of dT d.erivatíves to
i-nvestigate the effect of the syn conformatíon of the N-grycosyl bond

on the overall conformation of pyrimidine nucreosíd.es, nucreotid.es,

and nucleotidyl fragments of dinucleoside monophosphates in solution.
ProËon chemical shifts (6) and coupling constants r¿ere determined at
360 lúrz for 3t,sf-drDp and 3'r5'-m6duDp at Ëwo pH values and compared

with respect t.o the conformational informaËion they contained. rn
additi-on, the proton chemical shifts and coupling constants (also at
360 MHz) were determÍned for the dinucreoside monophosphates, d(TpT),

¿(fpm6U), d(m6UpT), and d(rn6Upm6U), and compared wirh Ëhe reporËed

chemical shifts and coupling constants for the dr and m6du nucleotides

available ín the literature. The carbon chemical shifts at 22.63 I,fHz

and carbon-phosphorus eoupling constants for the entíre series of dT

and m6du nucleosídes, nucreoËides, nucreoside diphosphates, and

dinucleoside monophosphates (including the mixecl d.inucleosíde mono-

phosphates of dr and m6du) are report,ed and discussed in light of Èhe

conformational informatÍon avaílable from the 1H N}IR data. Also, Ëhe

proton-carbon vicinal couplÍng constants between the anomeríc pro¿on,

H1r and c, and cu of the pyrimidine ring of Ëhe nucreosides and

nucleotÍdes are reported.. An atËempË was made to use the observed
3-l1ur',-c2) and 3J(H1I-C6) Ín Ëhe m6du series to make a quantitative

estfmate of the syn and anti conformer populations in dT.
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ABSTRACT (Continued)

The effect of pH and t,emperature changes on the proton and Ì 3c

NMR was examined. The d.aËa provfde informatíon about the conformation

of the 2r-deoxyfuranose ring and the orientation of nucleotlde unfts

about the exocyclic CO,-C5' C5r-05,, and C3r-03, bonds for the

molecules llsted above. IË was found thaË the syn base, fn general-,

has shifted the normal 2r-endo-3t-endo equilibrium normall_y found ín

anËi pyrlrnidine deoxyribose derlvatÍves. rn additfon, destabil_iza-

Èion of Ëhe g* (C4,-C5,) conformer and, to a lesser ext,ent, the

a (cs,-05,) conformer which are assumed by the uniËs in helical
DNA is apparent. FÍnally, stabilLzaxLon of rhe a (Cl,-03,) con_

former, parEicularly at the 3rr5t-díphosphate level in basic solutÍon

ín which the phosphates are doubly ionized is indícated.

l-leís study also provÍdes inforrnation abouË correlatíons betrøeen

the 
*sugar 

pucker and Ëhe C4,-C5, and C3,-Or, conformations and

the conformational requirements for, and consequences of, uv-índuced

photodimer formation in Ëhe d(Tpf) fragment,.
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INTRODÜCTION
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Nuclear magaetic reson¿mce spectroscopy (NI4R) has been established

as a defínitive method for the study of the confo:mation and dyna'qi cs

of molecuLes in sol-ution. NMR was first used for orgaoic structure

deter¡n:inatíon and for physícal- studÍes of the nature of molecular

enviro¡neots aod futeractíons. As confÍdence in the technígue grew,

researchers in the fieLd began to íuvestigate the conplícated

problens of bíochenical processes with the aid of NMR spectroscopy.

These applications have gros¡D. in nr¡mber over the past Ëwenty-five

years and have made substa¡rtíal- contributíons to the understanding of

life processes. Receot, reviews have sumatízed Ëhe role of nagneËic

reson¿rnce in the study of peptidesl, proteíns and .o"yr."2'3, lipid"
'¿L (

and membranes-, carbohydrates and polysaccharídes', and of nucl-eosides,

nucleotÍdes, acd nucleic ".id"6'7.
Ttre use of NMR specËroscopy for the conforrnational analysis of

nucLeÍc acíds and theír compon.ents ín solution has been particularJ-y

extensÍve, as caû be seen in the reviews of Davíes6 
"rrd 

K""rro"7.

Early proton NMR studíes of nucleosíde conformaÈÍon !üere reported by

C. D. JardetzkyS-lo. These investigations were hampered by the l-or¿

resolvíng power of the available nagnetic fÍel-ds (B : 1.4T or 60 MIIz

for 1E), and were confíned to díscussions of sugaï ríng pucker based

on spín coupliags measured from the spLittings of isolated reson¿mces.

A símilar study of thynidíne by Leuieuxll showed that some proton-

proton coupLiags could be detenuÍned for the deo:ryribose ríng at

these fields. For the most patt, the early work on nucleosídes Táras

confined to the ínterpretat,ion of the dependence of base ring proËon

: ì.:.::''.
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shj-fËs and resolvable proton-proton couplings Ín Èerns of the conforma-

tÍona1 changes Índuced by perturbat,ions from the medium (i.e., pH,

concenLration, temperaËure, sol-vent composition, eËc .')L2-L8. These

perËurbations were discussed primaril-y with respecË Ëo changes in base

stacking and inËernal hydrogen bonds

The conformational analysis of nucleosides and nucleotides by

ltt mm r¿as aided by the devel-opmenË of hígh resoluËÍ-on, high field

spectrometers operating at 100 MItz and above for protonsl9-25.

Hruska, SmiLh, and, co-wotk.r"19-22 combined hígh resolution specËra

w-ith comput,er calculated and simul-ated spectra to extract all the

chemical shifts and coupling consËants from the tighËl-y coupled síx-

spín system of t,he sugar rÍ.ng of uridíne and cr- and fl-pseudourj.díne.

These studies were Ëhe first to demonstrate Ëhe application of hígh

resolution NMR specËra t,o the complete conformat,íonal analysis of Ëhe

rÍbofuranose ring and Lhe backbone of nucLeosides and, 1aËer,

. 23-25
nucJ.eoEades

InsÈrumental advances further expanded the range of cornmercially

available spect,rometers. Today, facilÍties are available Ëo record

rouËÍnely 360 MEz and 400 MlIz proËon spectra, while members of the

Departuent of ChemísËry at the Carnegie-Mel1on InstiËute in PÍttsburgh

have built a specËromet,er operating at 600 MI{z - ten Ëimes the fíeld

strength used in the orígínal work on nucleosides in Ëhe early 1960rs.

The early work on nucleosides and nucleotídes has already been

extended Ëo many d.inucleoside phosph"t."26-36, a dínucl-eotide36,

trj.nucleoside diphosphaËes37-39, and. to polynucleotid."37'40.



Danyluk and. co-work"r"34 '35'4L'42 h^u" shor,rn that synthesis of an

olj.gonucleotide ín which one or more residues are selectÍvely

deuterated allows Ëhe proton analysís of the monomer components ín

an oligomer. Recently, AJ-Ëona and co-work"t"28'38 h".r" shown Ëhat

high fiel-d spectra (360 MIlz) , combined sr:ith extensive homonuclear and

heteroauclear (i.e., 31P) decoupl-ing experimenËs and aided by compuËer

símulation of the observed spectrum, yields an unambÍguous assígnment

of resonances up to the Ërimer level. trIith the development of the

600 MHz machine, thís 1ínit night be extended to the Ëetramer or

pentamer level, buË Ëhe compleËe proton analysis of larger oligo-

nucl-eoËídes is resLricËed by the extensive peak overlap accompanying

Èhe increased number of resonances.

Aside from the use of the conventional proton chemical shift and

coupling consËanË analysis, there has been an increase in Ehe use of

oËher spectral parameËers for structure deËemÍnatíon. ApplÍcatíons

of the proton spÍn-lattice relaxatÍon time, r143-45, and nuclear

overhauser effect (NoE)44'45 rneasuïements have atËempted to ansr,rer

questÍons concerníng the dynamics of nucleosides in additíon to

supplementing the inforroation on their conformation obLained from

other methods. These studÍes have focused primarily on the N-g1ycosyl

bond conformation and on Ëhe dynauícs of the ribofuranose ring, but

a recent applicatioo46 h"" demonstrated the utiliËy of Ëhese methods

in determíning exocyclic or backbone conformatíons.

The use of other nuclei in the nagnetic resonance sËudies of

nucleíc acids has grown in recenL years. I,{iËh the introduction of
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pulsed Fouríer t,ransfo:m Ëechníques, carbon-l3 NMR has been employed

in the conformational analysÍs of Ëhese molecules. Although not as

extensÍvely used as proton NÞfR, r3c studies have the advantage of a

wider chemical shÍft dispersion of the resonances. rn addiËion, thé

1or¿ naËural abundance, combíned wi.th proËon noise decoupling,

yields a spectrum Ín which each distinct, carbon gives rise to onLy

one Line, in the case of nucleosides. Early studíes by Jones eË

aL.47-50 on nucl-eosides and. Do:man and. Roberts5l on nucleoËídes

hínted at, Ëhe utilíËy of I 3c shifts in. conformaËional work although

no effects due Ëo base sËackíng, as detecËed from proton work, could

be obserwed. ReporËs published by Lemeiux and co-worker"S2 
"odtrc

Davies" have described the uËÍliËy of proton-carbon couplings for
conforraËj-ona1 studies. The ríbose carbons were found Ëo give ríse

Ëo broad resonances from unresolved long-range couplÍngs. only the

large one-bond coupling v¡as measurable. The base carbons, however,

are betËer resolved, and the t,hree-bond Ig-13g coupling from the

anomerÍc proton into the base ring carbons could be used to determÍne

the conformetíon abouË Ëhe N-glycosyl bond. For nucl_eotídes and

larger oligomers, the carbon-phosphorus spín-spin couplings can be

measured directly under conditions of proton noise decouplíng and

ser¡/e as another confo:maEíonal prob.54-56. carbon-l-3 relaxatÍon
. 57_59measurements can

acids in solution and

a molecule.

be used to sËudy the overall motÍon of nucleic

can detect the presence of inËernal moËion Ín



5

Nucl-ei, such as phosphorus and niËrogen-15, have not been used

as extensivery as protons or carbon-13. 31p NIß.34,35,60,61 h"" b""r,

uti1j.zedprinari1-yasanai.dinProtonana1.ysis,whi1et'he1ow

sensitÍviËy and natural- abund.ance of rSN has linited the widespread 'r'

use of Ëhis nucl- 
"u"62-64 

.

The major emphasÍs of Ëhe afore-mentioned studies has been p]aced ,..,

.':.'
on conventional- nucleic acid derivaËÍves, i.e., the naturally occurrÍ.ng

''''purine and pyrinidine nucleosidyl- units. In these molecules, the l,',:,..

orienËation about the N-glycosyl bond is believed to be predomÍnantly

anti (for the pyriuridine base) or in equil-ibríum between the syn and.

anticonformations(asísthecaseforthepurínebase).Todate,

there have been few studies which investigate the effecÈ of the syn l

conformat,ion on the overall conformation of nucleic acíd derivatives. 
ì

This thesis presents a systemaËíc comparison between two

pyrimidine nucleosides - thyrúdíne and 6-methyldeoxyuridíne. The

former molecule is believed to exist predominanËly in the antí con_ 
r.,,,,formatÍon while the latter is expected. Ëo exisË predorninanËly in the 'l '.t'

syn conformation. ProËon and carbon-l3 hígh-resolutÍon nuclear 'r,.

magnetic resonance data will- be used Ëo determine quantitative con-

formational properties for a selected seríes of nucleosides, nucl-eo-

tides, nucleoside diphosphat,es, and dinucleoside monophosphates 
l.',..,.;

containing the 5-nethyluracil and. 6-meËhyluracil bases. Íhe ínforma- 
¡::'r.

Ëion, in turn, will be compared in order to deterrnine the conformation-

al preferences for model nucleic acid compounds which contain a 
I

pyrÍmidineringinËhesynorant'iconformaËionabouÈtheN_g1ycosy1
t...,:.



bond. The data will also be examined Ëo see r+hat effect phosphoryra-

tion or incorporation into a dinucleoslde monophosphate has on the

N-glycosyl bond.

The results presenËed should further our knowl_edge of nucleic

acid strucLure and function.
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CHAPTER II

E)PERIMENTAL CONSIDERATIONS
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The purpose of the conformational analysis of a molecule is to

deteruine the position of ari aËom or group of aËoms relative to the

other members of the molecule. In this thesis, an attempt will be

made to dete:-rine Ëhe confo:maËÍon of a related group of nucleosiaes,

nucl-eot,ides, and dinucleoside phosphates in soluËion. In thís

chapter, the state of the arË of the conformatj.onal analysÍs of

nucleic acid derivatíves is revíerred. The more coumon techniques

âre discussed, divided according to the magnet,ic nucleus used, and

furËher subdivÍded accordíng Ëo whaÈ portion of Ëhe molecule ttre

infomat,ion probes

j.hl
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A. NOMENCLATURE

]-. CI{B{ICAL NO},TENCLATURE

the nomeaclature and symbols used in this chapËer and throughout

Ëhe rest of this work follow from the IUPAC-IUB recompendatiorr"65.

For example, ËhynidÍ.ne ís hereaft,er referred to as 2t -deoxyth¡rnÍdine

and symbo Lized as d.T while Èhe 6-nethyl analogue will be cal-led

6=nethyl-2t-deoxyuridine and symboLízed as r6dU. Figure 2.1 illustrates

the st,rucËure of these two nucleosides al-ong with the accepted

numbering scheme. Nucleotídes will be designated as 3r-dTMp, 5r-dTMp

and 3!15r-dTDP for the 3r- and 5t-monophosphates and 3'r5t-diphosphate

derivaËj.ves of 2r-deoxythynídine, respectivel-y; Simí1ar1y, the

nucleotídes of 6-nethyl-2r-deoxyuridine wilL be synbolÍzed as 3t-m6d¡ïP,

5'-m6dII¡4P and 3 t ,5 r-m6duDp.

the desígnatj.on of dÍnucleoside phosphates follows along símiLar

Iines. For example, the molecule 2r-deoxyt,hynidy1-(3t-51)-2t -

deoxythynidine wÍ11- be writËen as d(TpT) while 2'-deoxythymidyl--

(3'-5t )-6-nethyL-2'-deoxyurÍdine r¡í11 be abbrevíated as d(Tpn6U).

AlL dinucleoside phosphates studied are 3r,5r-linlced.

2. CONFORMATIONAI NOMENCI.ATURE

The conforrnatíonal nomenclature follows that reconrmended at the

5th Jerusalen Sympo"im66 and used in Daviest revíew6. îígure 2.2

shows a dinucl-eoside phosphaËe fragment where all the major bonds

have been desígnated by theír sËandard labels. The nucleotide
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FIGT'RE 2.1 coutains the structural formuLas for

a) dT and bÌ n6dU wlth the numberlng

scheme used for the pyrfmidLne and

deo:ryrfbose rl.ngs.
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FIGURE 2.2 shows the structural formula for d(TpT).

SuperÍmposed on the figure are the labeIs

for the bonds díscussed in Ëhis thesís.
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fragment can be convenieotJ-y dissected ÍnËo Ëhree segmeats for
confo:matiooal, dlscussions. These are the N-gJ.ycosyl bond

confomat,ions, the sugar conformatioa or ring pucker of Ëhe

deoxyríbose ring, and the backboae confor:mation.

ra the discussions that fo11ow, the pyrinidÍne rrng is
assumed to be pJ-enar, as shorrm by X-ray 

"t,rdf."67r68. The

N-glycosyl bond confomat,lon ís then defined by a rotatÍonaL aagle

about e¡l of the deoxyribose ring and N, of the pyrínidine ring.
(The defioÍtion of these and other conformational angles ¡¿ill be

presented in the nexË sectÍon.)

There are trùo uethods used to descri.be the conformatlon of the .-

deoxyribose rfng currentJ-y in use. one uses the tweaty envelope (E)

and t¡¡'ist (T) conformations ¡¡hích were developed lnt,o a cycre of
pseudorotatÍon by .EälIt and. co-work"t"201. The other uses the pseudo-

rot,ational concepË developed by Altoaa and sundaralingaJT ia whÍch

each poiat on the pseudorotational cycle is d.effned by two parâpeters:

P aad rr. P ls the phase angle of pseudorotatíon, and t, is the

degree of pucker. The two methods are similar, but Ëhe method of
Ilall- et al' does not ínclude a parâmeter describÍng the anpJ_itude

of pucker (Í.e., rr). ro this thesis, the pseudorotatÍonar- analysís

of Altona aad sundararingam w'Íl-l be used, supplemented. by the

envelope a¡rd twist nótatÍon..to aÍd Ín vísualízing the various

coafo:mations.

FÍna1ly, the backbone conformatíonal angJ-es are discussed,

according to the classÍcal staggered rotamers for the backbone bonds

11

:.'-: 1
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û), 0, ü, út, 0t, ot. The nonenclature used by MfR spectroscopists to

dífferentiaËe these rotamer" (B+, tr g_, eËc.) r¿il1 be employed6.

The torsion angl-e (or dihedral angLe) about the bond B-C in a

fragment composed of the atoms A-B-C-D is defined as the angle of

rotatÍon of the far bond C-D relative to t,he near bond A-B from the

eelipsed posítion of the bonds A-B and C-D. The eclípsed position

of the bonds A-B and c-D defínes the 0o torsion angle. The angle

of rotaËíon ís defined as posit,ive for a clockwíse rotation of the

C-D bond from Ëhe A-B bond when vj.ewed along B-C.

t2
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B. PROTON NMR APPROACH TO NUCLEIC ACID CONFORMATION

1. N-GLYCOSYI BOND CONFORT{ATION

The N-glycosyl bond of a nucleosíde is represented by the Ner¿man

projectÍon in Figure 2.3. The conformation is defined by the

rotational- angle of the pyrinidine rÍng reLative t,o the ribofuranose

ríng about the bond between Crr and N, and ís symbolized by X. The

zero point is defined as the eclípsed oríentation of the Crt-O4t

and Nr-C, bonds with the positive direction defined as an anticlock-

wÍse rotation of the pyrinidine ring.

Pyrinidine nucl-eosides and nucleotides are found to exisË in

Ëwo broad conformational rangesr sYn (X = 90o t 9Oo) and anti (¡ =

ZlOo ! 9Oo). The 1-arge majoríËy of pyrímidine derivatíves studied,

boËh in the solid "rta"67'68 "od 
in solutiorr6g'73, pt.f.r the anti

confomatÍon or exist as an equílibrÍum mixture (ín soluËion) of the

trro confot "t"74'75, A bulky substítuent aË CU of the pyrimidíne

ring favors the syn positionTz'73'76 .

In general, there are three meËhods for deternining Ëhe N-gl-ycosyl

bond confomation using proton NMR. They are chemical shift, coupling

constant, and relaxation studies.

a. CHEMICA], SIIIFTS

The first use of chemical shifts for the

bonds moniLored the effect of phosphorylation

positíon on Èhe proton chemícal shifts of rhe

The 5 t -mononucleotÍdes lüere comPared r¿ith the

study of the N-g1yeosy1

at the 5r-ríbose
,-._ -L2,L6pyramadr-ne rang

nucleosídes and the

13
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FIGURI 23 Ls a Newman projection depícËing Ëhe

rotation abouu the N-glycosyl bond. the

direcËÍon of rotations shown in Ehe figure

is posiËíve.
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2r- and 3t-monooucLeotides for a complete set of ribo- and deo:ryribo-

nucleoËÍdes. The data indícated that the pyrlnídine derivatíves

studied exist pri.nariJ-y ia the aatí conformat ioo77 .

Other studies monÍtored the effecË of the 2-keto group on the

ctrenícaL shífts of the ríbose proroo"72. rn these studiesT2 , a

seríes of 5- aod 6-substltuted pyrÍnidtae nucleosídes were compared

with the parent nucleosÍdes. The resuLts show that wtril_e there Ís

LíËtle change in the ríbose cheoical shÍfts upon S-substitutloo, 6-

substitution results io substantfal shífts ín H2r (t{.50 ppm downfleld),

II3r C'Ð.1-5 ppn), ind 84, (-0.15 ppn upfÍeJ-d) as a resulr of rhe 
, ,.

shieLding anÍsotropy of the keto group. rheoreticaL calculatÍons
'

support Ëhe .lîrection and reLative nagnítudes of these shifts78. ,.,

b. SPIN-SPIN COTJPLING CONSIAI{TS :

conrornäñ,o"ä-îaioäation ihan rhat based on ehemÍcal shifr

measurements. The protou couplÍog constants used in N-glycosyl bond

confor:matioo arie the four- and fíve-bond couplings bet¡seen the anomeric

proron Hrr and IIa or E, (í.e., 4Jlnl-r-86) and 5.¡(tttt-u5)79'80).

VaríatÍons of 4J(ttLr-H6) ar¡¿ s¡(gtt-Es) wirh eli.èo.sll-dlèr rorslon

angle x have been celculated by Gíessner-prettre and puLLnan using

fínÍte perturbatioo merhods at eíËher the cNDo8l or rNDo82 L..r.l of

approximation. These studÍes show that S¡(til.t-Hst) is extremeJ-y

sensitive to thi.s rotation, and the results are Ín qualitative

agreement ¡¡Íth the observed couplíng assr:ming an antÍ confo:matioa

for urídine a¡rd some of its derivaÈíves. For the syn confo:mation,

!
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the caLculated val_ues predict a smalL coupliag (5J(E1r-85) = 0 .L ]Ëlz).

The calculatÍoos also indlcaËe that, +J(E1t-iI6) varies wÍth x, but the

computed values are smalL, especially for the antí coaformaËíon.

c. REIÆß1IION MEA,SURBfENTS

Recently, applicatíons of proton rr83-8s and. auclear overhauser

enhancemenË (NoE) 44t74'75 r""",rrements have been applíed to the

problem of glyeosidíc confo:mation. The NOE is the fractÍonal

Íncrease in intensiËy of the resona¡rce of a nucleug, í, when another

nucl-eus, j, Ín the vicinÍtyrís irradÍated with a secoad r.f. fieLd,

Í.e.,

-r1;- LQ),=

atea of i when J is sarurated -': . :,, , , = ,., , equÍLfbrÍum area of í
equfl.ibrium area of I

*":jr*lanti_tie-1 ú: a measure of rhe dfpolar-:couplíng berween --':.r-

magnetic auelei at both the Íntra- and iater¡aolecular level. They are

seasitíve Èo ühe dista¡rce between the coupled. nuclei a¡rd to the over-

all- and Ínternal motíons of the ro1"c,r1.44. rt is diffÍcult to

disentangle the dífferent ínteractions that contribute to Ëhe

obsen¡ed proton T1,rs and NOErs. For example, what proportíon of arr

obse:rred 11 aríses from the dípoJ-ar interaction of a gíven nucleus;

by what amounÈ do mechaaisos other tha¡r the dlpolar mechanisn contri-
bute to a given relaxatíon time; or what effect do other degrees of

freedom have on these quantíties? For the rigÍd molecule zt r3t-o-

isopropyli.dene-315 r-cycloguanosine, the Ëheory for the quantítaËive

ínterpretatÍon of multispin NoE measurements has yíelded reIÍable
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estimates of the various ioterprotoa distan 
"""44 

.

In studies of pyrinidÍue derívaÈives, for an anti conformation,

sígoificant NOE measurements ¡uould be e:çected for H, when Er,

Err, aad IIrr are lrradiated, whíle a sya confor:matioo would result in

an eaha¡rcemeat of IIu upon írradÍatfng Hrr. Experímentally, aLl four

enhancements were observed, providÍng strong evídence that both sya

and a¡rti forms exist ín equilibtlr^7â'71. A rater NoE study on ß-

pseudouriúÍne ín D2o by smith and, co-work.r"83 concluded Ëhat ít was

not possÍ.ble to interpret,NOE resùlËs by ass-u-lng a tlro-state model

¡vhere only the more domin¿Ðt, syn and anti confo:mers provÍ.de the

doninant relaxatíon mechanísm. .

T¡* mefislurements'have haó Liotted applicability in the study of
84N-glycosyL boad conforpation. raitial proton reLaxatíon studíes-'

ladicated thaË the ratio of proton Tr.]" for purÍae.derivatives

rrÍEB),rlfur,l 
"i,ooi¿ 

u" ""o"irive ro ,rr" ¡*îår'ä}ËoËaríon (i.e.,
(Tl)B/(T1)1r >--L--for syn and (Tr)g/(T1)1r < t, for anri). The

reasoning behind thÍs assumption Ís that 1n Ëhe syn confor:matíon,

IIt is relaxed by only IIrr whiJ.e Err is relaxed by H2t and H3r fn

addÍtion to II, resulting in a shorter T¡ for llrr. rn the anti coa-

fo:mationr H, would be relaxed by aJ-J- Ëhe ríbose protons except

I 
' 

8,, resuJ-ting, thereforer ín a shorter reLa:ration time for E^ than: i I -' -- -8 -..*"
H1,. These studies were in qualitatlve agreement wíth other

avaÍLable d"t"84.

Another method measures the effect on Ëhe T1 of a gíven proton

when a neighboring proton is replaced by deuterium. The deuterium

-:.i l
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substitutioo effect on rel-axation tine (DESERT nethod)85, combined

r,rlËh the overall ËumbLlng correlatÍon time r from 13C stuðÍes, yields
c

the reciprocal sixth-power average interprotoo dista¡rce betlreen the

substítuted a¡rd observed protons aad can be interpreted Ín te:cms of

mol-ecuLar coafo:matÍon.' The method was Ëested on the rigíd 2t 3t -O-

isopropyl-idene-3 15 
t -cycLoguanosíne ¡clth encouraging results.

Extensioû to f,lexible purine nucLeosides aad nucleotfdes showed that

they exist as an equÍlíbrium rnixture of syn and a¡rtÍ forms.

The above data Índícate that pyrírridine nucleosídes a¡rd

nucleotldes substÍtuted at other tha¡r the 2- or 6-positíons exist

Predorn{oantLy in the anti coofomation. ^Llthough thÍs conformatíon

Ís favored, NOE. auè,reJ-axatÍon studfes, suggest that the molecule is

equiJ-ibratÍog betweeû the sya and antí fo¡ms74'75'83. Ttre dontnance

of the a4!Í'.coafomer is increased bi:2-ubstltutÍoc whiLe 6-substitu-

' tion shífts the douinaace to Ëhe syn confor-mèi

2. SUGAR RTNG CONFORMATION

Proton NlfR spectroscopy provídes the most, detaíled ínfo:maËioa

about the ribofuranose ring eonformation íu solutÍon. Ihe strength

of the method lies in the dependence of the three-bond spin eoupl-íng

constant,, 3.r(u-u), on the dÍhedral ang1s86'87. Thls angular

dependence, often calLed the Karplus equatiorrg6'87, "* be expressed

AS

-tr- 3.r(it-tt) = A cos t u"r" - B cos r",* * a
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This relationshíp has been investfgated both e:çerímentalJ-y and

ËheoreticaLLy. The vícloal- eoupl-íng has been found to depend on bond

J.ea.gth, bond a.gles, and the eLectronegativity and orieotatÍon of

substi-tuents in additíon to the dependence on dÍhedral angles. For

thÍs reasoo, the coeffici.ents A, B, and C are nomally evaluaËed

euplrÍcelly for a gíven series of related nodeL compounds (e.9.,

3 t É t -o-eyclic nucleotÍd.es88'89 or 2t ,oz-anhydroarabinonucleosides¡ 
88 t 90.

Other methods adapË theoretical- vaLues of A, B, and C Ëo flt the

obsen¡ed values ía a series of conpounds.

In principal, thÍs relatloaship could be applíed to the ríbose

ring to deter:nine the cllhedral angl-es for the boads. Crr-C2r,

crr-c3.r, and Crr-C4r. It fs curresÍly-accepted67'9L that the

furanose riag does not exist in'a unique rigid form in solutioo but

1s ín dlm¡ml c equÍlibrir.¡m between at leasr -lg_",=,9ilf"renr 
puckered

fo:ms separated by a smal1 barrier to íoterconversíon (n 12 to 20 k^I

role-l¡ 58 '92. rf the íaterconversion rat,e is rapfd. enough, the..

obsen¡ed couplÍngs represeat a weighted average of the coupJ.íng from

each contrlbuting cooformer. From the numerous X-ray structure

detètninations of nucleosides and nucleotídes67, the rÍbose and

deo:ryrÍbose rings are for¡nd to exist 1n eíther of tr¿o narror'r con-

fo:mational rsnges - one near the z:Tg(CZ, end.o - C3, exo) conformation

a¡rd the other aear the 3t2 (Cr, end.o - C2, exo) conformat,ion shown ín

Figure Z',1+à-' ,Lateri-r ,the enveJ-ope..Li..er, 2E and 3E)- coaforr¿¡ions-ÌÍe¡e

taken as the basis for the t¡vo conformational regÍons (Fígure 2-4h).

Both e:çerímenËaL58 .od Ëheoretic a193-97 attempËs have been made to
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FIGURE 2.4 conrains the Ë!¡o tr^¡-ist (a) and Ëwo envelope

(b) conformers used to denote Ëhe equilibriun

coaformatÍons in the pseudoroËat,ional

analysis of the deo:çyribose ring.
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estímate the energy barriers between t,hese fi.¡o staËes. A relaxation

study of ribonucleosÍdes in liquid deuterio-armonj.a arrived at an

average activaËion energy for pseudorot,atíon of 20 ! 2 W ro1..-1

for purÍne derj.vatives while índÍcaËing that the pyrimidines studied

must be higher since the E- rüas not dete:mínable in the temperaËure

range studied5S. TheoreËícal esËimates vary wi1dly, ranging from

-'lL6 kJ mole-r using quantum mechanícal calculations93'94 
"o 

10-12 kJ

-1 -1 95mole * for ríbose and about I kJ nole - for deoxyribos€--, using

classical potential energy calculations. A recent 
"t,rdy97 

enploying

consistent, force fÍeLd caleulations, has placed the barríer at 1.5 kl
-1mole * for both the ribose and deoxyribose rings. As can be seen, the

exact magnitude of the barrier is not known sriËh great certainËy.

The averaging procedure is sensítive to Lhe magniËude of the barriers

wiËhín Ëhe limits stated above. If the barrier is in the upper end

of the range, the currentLy used weighted average is appropriate.

If, however, Lhe lower range is the case, a more complicated sum over

states nethod must be used.

a. PSEIIDOROTAT]ONAL ANAIYSIS

A an¡mber of aËtempts have been made Ëo derive confo:matioaal

infornation about the ribose rlng from the vícinal coupling constant,s

observed ín nucleosides and nucleotídes in solution based on the

above obsen¡atíons. Work by Altona and Sundaralingam9S d.""tibes a

method for deducing the major compoaenËs in the ríbofuranose ÍnËer-

conversÍon ín solut,ion and theír relatíve proportion in a Ë!'ro-state

equilibrium. this raethod9S, d.erived from X-ray data on nucleosídes



and nucleot,ides, brings out the salient features concerning the ring

dynamies and lrill be the subject of the rest of this section.

In the Altona-Sundaralingam notaËion, N denotes the northern

hemisphere of the pseudorotational cyele (see Figure 2.5), while the

southern half is denoted by S. If the equilibrium ís exclusively a

trùo-síte bl-end between N and S states, then the following equations

can be written.

- 2,3 - 3.r(utt-H2') = Nruggo + (1 - Nx)J156o

- 2.4 - 3.¡CttL'-H2") = 
*o-rrô + (r - Nx).rrro

:4ì:.I:::r:.:Ij-.i:ii-:-J.¿\-i?i:;i;'-; ;i :";, j
1í+:t:1t ?

22

- 2.5 - 3,¡(ttzt-ll3') = *xJ43o + (1 - Nx)J-ugo

- 2.6 - 3J(82",H3') = 
**ruuo + (1 - Nx)Jrgo

- 2.7 - 3.i(ttgr-H4t) = 
Nrl-ts'o + çr - Nx).r-nuo

where 
*X Í" the mole fraction of the N confo:mer. Sínce J43o = t-39o l,llla

and Jggo = J96o = 0, inspection of the above equaËíons reveals ËhaË

(3¡(ttt'-ll2t) + 3¡(ng'-I{4r)) and 3¡(uzt-H3r) should remain coasËânt.

This ínvarÍance was observed in the Líníted data available at the

tíme, and the data acquired sÍnce then more or less confom to these

.6observatíons-. Indeed, a molecule must dispiay thís invariance in

(3;(ntt-82') + 3J(i{3t-II4')) and 3J(H2'-FI3') in order Ëo be accessible

to this method of analysis. SubstaatiaL devíations in (3¡(tttt-Ii2r) +

3.¡(tt3'-¡i4')) frorn 10.6 + ,2 Hz and 3.1(tt2r-H3') from 5.6 + .2 Hz for
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FIGURE 2.5 shorùs Ëhe pseudorotational cycle used by

A1Ëona and SundaralÍ.ngam to anaLyze the

conformer interconversion in the ríbo-

furanose ring of nucleic acíd derivaËives.
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ríbofuranose derivatives indicate that either the equilibrluo Ís ao

longer beû¡een N and s states or that other conformers are naking

sdbstantial contributions to the equilíbriun. It should be noted that

ctranges ia the constarits io the Karplus equatioa ea¡r al-so lead to

deviations in these qua.atfties.

To faciLltate the anaLysis, a plot has been pubJ.ishedí r99 whích

relates the observed (3J(E1t-82') + 3J(H3r-H4')) a¡rd 3J(82'-83')

oagoitudes to the paf,âmeËers P and rr. Another graph teLates the p and

r_ values to static estinErtes of 3J(U1t-E2t) Ín N (or S) and toD

3.¡(U3t-n4t) io N (or S). Ttrese are obrained and súbstÍtured inro

Equation 2.8 to fiad the mole fractLon of the N or s conformer.

-:,2.g - JoBs = sxs.¡ + (r - t")*,

A sfntlar method developed by Davies and Danyl,rk77b relíes on

esseotially the sane eTpressions except that NJ 
a¡rd sJ 

val-ues are

est{¡nated from models and the nagoitudes vary from procedure to

procedute. Ttre equiJ.lbriuû constant cen be detemined from the ful.l
pseudorotatiooal analysis, but an approxinate method relate" *.n

directJ.y to the observed couplfngs.

-z.g- K =þ=3J(u1r-82')'eq NX 3J(83 r -84 r )

' N¡mbers obtained, for K-- frou any of the above methods agree ¡se11.
,'1, eq

or deoxry derívatives, the siËuatÍon Ís nore couplex. In their
''"¡:¡1u'ì origínal work68, Altona aad sundaralfngam noted a wíder spread for the'.-..-',i
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ring conforners in the deoxy series than obsen¡ed for the ribose

derivatives. These rsorkers concLuded that a flatÊer poteatial

ûitrÍuun exisËs for the d,eo:<yribose sugars because thÍs broad range of

conformers could noË be accounted for by crystal packÍog forces alone.

Also, the obsen¡ed (3.1(ltt'-uet) + 3¡(Iút-H4t)) and 3.¡(u2'-II3')

nagnitudes are larger 1n the deo:<y series. This, in part, ís due to

the chaage ín electronegatlvÍty due to the reooval of the 2t-hydro:ryL

group, but other causes of -this increase are possíble. Sa:m¿ noted100

that if the confornatíonal blend was supplemenËed by contributlons

from the r*E and 1E states to the 3E aod 2E states, respectively, an

increase i¡ (3J(E1r-lI2t) + 3¡l(H3r-il4f )) would result. rnstead of

disentanglÍng the counterJ¡g effects of electronegativíty and

additi.onal conformers, Sarma chose to ataLyze the data, ignoríng

the electronegatlvity effect, assuning an equílibrÍun between states

of the type (see Figure 2.5)

lsi+.2u èns l+ I E2Ê esçs* 
¡

The s1mbolísm ínplíes a miaor equÍlibrir:m between neighboríng

states fn each of the Ëwo conformatíonal domaios whÍle retaÍning the

najor NÈ S conformatlonaL bLend. Ilnder conditions where the popula-

t,ions of the added states are nearly equal (i.e., tE = 3E aad 2E = 4E),

ooaPprecÍab1echangelri].]-occurínËhesuuofthecoupJ.ings

(3.¡(ttt'-H2') + 3J(H3!-I{4!)) or in 3J(E2f-H3t). Alrhough rhis neËhod

appears reasonable, some correction for electronegaËívity must be

nade before comparing the deoxyrÍbose data with the ribose data,

.t.' :-;i::
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especía11y K . In this ¡¡ork, the L.L Hz electronegativiLy correctioneq

deteruined by Davies6 will be subtracËed from 3¡(ttl,-II2r) and

3¡(ttZr-H3') before any comparíson ís made.

The use of the inforaation obtained from the pseudorotational-

analysis (the effecË of the base, point of phosphoryLation anð.for

dinerization on ring pucker conforr,ation) wÍl-1 be taken up ín the

Discussion.

3. SUGAR-PHOSPHATE BACKBONE CONFORMATION

The l-ast najor confo:mational unj.t need.ed to describe toËalIy

Ëhe confo:mation of a nucleoside or nucleotíde unít ís the sugar-

phosphate backbone. Figure 2.2 shows the atoms involved and the

synbols used t,o denoËe the various torsion angles abouË the bonds.

Yt ís ídentical to 13 and was i.ncl-uded above in the discussion of

the sugar pucker. Of the five remaining angLes, three (0, q/, and Q')

are accessíbLe Ëo the vicínal coupl-ing analysis. o and ot invoLve

no xûagnetic nuclei which readiLy yÍe1d coupling infomat,ion to use

as conformational probes, so informaËion concerning these angles is

inferr'ed from base stacking studies or from the temperature

dependence of 31P shifts. FÍgures 2.6,2.7, and 2.8 show the Ner¿nan

projecËions of the subsËituents attached to the c5r-c4, (,p),

C5'-o5r (0) and Cr,-03, (0') bonds, respectively. Overwhefuning

6evidence- indicates that the rf and Q angles can be dj-scussed in tems

of the (classÍcal) staggered. forrns. x-ray studiesl0l show Ëhat rf is

observed in the three distinct conformational ranges of 350-65o (,1,, ),
iÌ:,', i:rÌ'



FIGURE 2.6 contains the Lhree staggered confo:mat,ions

about the Cr r-C4, bond along li7ith their

conformational labels .
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FIGURS 2.7 contêins the three staggered conformat,ions

about the O, t -C5 , bond along wiLh their

conformatÍonal labe1s .
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FIGURE 2.8 contaÍns the three staggered conformatíons

about the Cr,-03, bond along with Ëhelr

conformatÍonal labels.
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160o-190o (r¡lt), anð,2g5o-325o Cri,-), as shorsn ín Figure 2.6. For che

þ and Qt angles, the former is observed as only one value (Ô, in

FÍgure 2.7) Ln Lhe solid state studies of 5t-nucleosídes, dinucleosíde

monophosphates, and poJ-ynucleotídes6. On the oËher hand, Öt varies

over values between Qi and öl in Figure 2.8102.

a. THE C5,-C4, BOND' v

The confo:matíonal analysís of this angle is based on the

inËerpretation of the two vícinal couplíng constanËs, 3.1(tt+t-Hst) and

3¡(it+r-H5"), in terms of a rapid interconversion between the three

rotamer states in Figure 2.6. A complete analysís of these couplings,

j-n te:ms of the three-state model , depends on Èhe correcL assignment

of the I1, r and llrrr slgnals. Both assignments have been proposed

based on experimental observatíons. The assignmenË shown in

Figure 2.6 ís thaË of RemÍn and. Shugatlo3 b"""d on a comparíson of

the chen:j.cal shífts of IIr, and IIr' in urídine, ß-pseudouridine, and

theír 3t-nucleotide"lo4. Other independent studies have confirned

this assÍgnroent for nucleosides and both 2r- and 3t-nucleotíd."105'l-06.

The assigfiment for the cornmon 5r-nucleotides and corresponding

nucleotÍde fragments has not been proven, buË consideraËions of the

spectra and confor:mational models for dínucleoside phosphates suggest

that the Remin-shugar assigriment stíl1 hold"34'35. Gíven that Èhis

assignment is correct, then each conformer populatíon about the

C5r-C4, bond can be calculated from Ëhe foll-owing expressions:

3¡(n+'-H5') = p*3J*(H4'-H5') + pr_3Jr(tt4'-H5') +

p_3J_(H4'-H5' )

30

- 2.L0 -
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s.llnat-H5r') 
= p*3.1*ctt4t-H5") + pr3Jr(H4t-1t5") +

p_ t¡_ (H4 r -H5" )

- 2.L2 - 1-p+*pr*p_

InspecËíon of FÍgure 2.6 suggests that onLy two val-ues of the

vicinaL coupling constant are needed if Ëhe effecË from Ëhe different

oríentatÍons of t,he subsËÍËuents can be ignored. Generally, thís is

done sínce iË is not known if the magnitude of the change would be

detecËable consj.dering uhe resolution of the resonances involved

Cv, > 0.7 Hz ín nucleosides and nucleotídes and v, > 1.0 IIz j-n di---4- 4
nucleoside phosphates). For this reason, conformational Ërends raËher

than absoluce populations have been emphasized. The val-ues used are

those of l{ruska and sarma107-l-0q ' '' (Jg = 'J*(H4'-H5') = 3J*(H4'-H5"¡ =

3la(tt4t-H5t) = 3J_(H4!-H5") = 1.5 Hz arrð. Ja = ,J'(H4'-H5"¡ =

3.f_(H4r-H5t) = 11.5 Hz). These numbers have been wíde1y used ín Ëhe

analysís of the CSI.--C4, bond and are able to account for the full-

range of observed 3J(It4t-H5') and 3J(H4'-H5") couplings6.

Upon rearrangÍ.ng Equatíons 2.10 to 2.12, expressions for the

populaËíons of the Ëhree roËamers are obtaj.ned as Equations 2.L3 Eo

2.L5 .

+ 3J(H4'-H5")] 
=- 2.73 - p(ü,) =

T

- z,LI -

Ft. * tr*]- p.rcn+'-äs')

13-r
33 -3J+'c

10
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3J- - 3J i.o?o

g-J- -'a¡ Lotg

where x = 3J(H4r-E5r) + 3¡(H4t-H5") and rhe vaLues of J, = LL.S Hz

aad J- = L.5 Hz have been substituted where approprÍate. Notíce thatg

the g* conformer depends only on the sum of the obsen¡ed coupLing$.. a¡rd

is lndependent of the assignmeot. ÐÍfferences of 5"Á ate consÍdered

as wlthín experimental- accuracy of the measurements (10.2 nz). rt

has been noted6 that the uncertainty of the analysÍs increases as

3¡(U4t-E5r) increases to 4 or 5 flz;

b. TEE O5r-C5r BOND,

i. VícinaL Couplíng Constants. 3i(Ii+-31F)

The deteminatÍon of the confomatioual propertÍes of the Q bond

depends upon whether the fragment under coasid,eratíon is a nucLeoside

or nucleotide. rn the foraer Íostance, the vícinal- proton-proton

eoupllngs are used., whil-e the latter circr:nstance requires the analysÍs

of proton-phosphorus couplings. Sfnce only the nucleotidyl unít wÍ11

be considered in thís work, onl-y the 1H-31P analysís wÍl1 be díscussed.

As mentíoaed earlier, the roËaner populatj.on is díscussed ín

Ëerms of a rapíd Ínterconversion betr¿een the three staggered fo::ms in

Figure 2.7. SoLid state and soLutÍon studíes have índicated a strong

preference for the 0, rotamer ín nucLeotides, dinucleoside mono-

ìi::.:. .
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phosphates, polynucleotides and in t-RNAt"101. Again the approximat,íon

is used thaL the individual gauche and t,rans couplj.ng constants,

3¡^(tt-P) and 3J-(H-P) , are independent of rhe orientar,ion ofgL
substÍtuenËs. A number of estímates have been made for the magnitude

of 3J^CH-P) and 3J-(H-P) fron studies of model compounds, and. theø- t-Þ

values suggested by Sa:ma nnd co-r¡ork.t"88 (3Jt = 22.9 Hz and 3J- =g

2.7 Hz) will be used Ín this work. Starting with identícal

expressíons (EquaÈions 2.13 to 2.15) and using 3¡-(tt-p) and 3J (H-p)t' g'
instead of the proton-proton couplÍng, the following equations can

109Þe I¡7:fl-ËEen

prrc*-rl + 3.rn(n-e)] - þrç"s'-p) + 3.l1us"-r¡]
e (0r) =

- 2.t6 -

-2.L8- p(0)=

3.rr{u-r) - s.r*iu-e)

25 - 3.1(us'-P) + 3J(H5"-P)
2T

25-tl=- 2L

-2.L7- p(O*)=: Ê
T 3J.(H-P) - ,rr(E-P)

3¡(n5"-p) - 3¡ (tt-p) 3J(H5"_p) _ 2.L

3¡(u5'-p) - tr*(H-p) 3¡(u5'-p) - z.r
3JË(H-P) - 3.r,(U-r) 27

Again, one of the populations, pr(q), is independent of Ëhe assignmenL ilj:i

of the II, r and II5,, sígnals. The såme accuracy (between *5 and *10%,

as noted in the expressions for the {l angLe) is expected for populat,íons
:

extracted from these eguatíons.

iriìì¡i:.i1ìi.t;-:ì.: i. .r-rl

t.. : :..



'.:!'.Ð::-"-1¿ri!_:: f-:---._-;-:.:._.:-_-_-f_::. j...-_:-,, !: -:.. r : ' '/l¡-:-::,1,=-S::::¿,:-::St:t-tÈ:';a:;?;..-: í!*.::.;:J",+

34

Although Ít Ís dlfficult to quatrtífy rhe dependence of 4J(E4r-p5f)

on the intervening augles, Ëhe nagnitude of 4J(II4r-p5r) does give some

iaformatioû concerning the angular rel-aËionship of rf and $. HaLL and
. L10-11 2co-worker showed Ëhat the magnítude of +.11n-t) exhibits a

maximum of *2.7 flz for the planar "T{" confo:mation and drops to zero

for other cooformatioo"l0T. sarra, Eruska, and co-wotk"t"107

have demonstrated a línear correLati.on between 4¡(tt4r-p5r) and both

E'and Er. These workers showed that 4J(II4r-p5r) Íncreased wich the

correLated Íncrease of rp* 
"oU 0t.

c. THE Ca,-O3, BOND, O'

The confom¿tional discussÍoa of the Qt bond wíl1 be restricted
to 3t-nucLeotid.es aod the corresponding nucleotÍdyl fragmeat ín
dinucLeoside monophosphates. rn príncÍple, all three of the sËaggered

confomers io Figure 2.8 are accessible Ëo Ot. rnÍtíal analysís of

this bond104 .tployed. the protoa-phosphorus vicÍnal couplÍng constant

and used the three-state model. FoJ-J.orring this approach, 1íttLe

correspondence was found between the lE NMR a¡rd I3c ulß. rork77b.

Addítional soLid stare studfeslOl aod energy calculaËions182í'183

suggested that Ëhe orr-e bond was restrÍcted Ëo the Ëwo gauche

domaías (i.e., confo:mers 0l and s] in Figure z.g) . These energy

calculatÍons i^udic4te thaË., in the óf donaÍn, sterlc i_nteractÍons between

the non-ester o:(ygens a¡rd Ëhe substÍtuents at cor-aa,d ciÌ;wour.d repress

any sigoificant population of thÍs confo:mer.

Constants. 4J(H4t-p5,
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complieations in the interpreËation of the observed proton-

phosphorus couplings based on the Ër,ro-state model- stÍl-l- exist. IH

NMR analysis predicts a sma1l magniËude for the observed vícínal
coupl-ing (J = 2.5 Hz) while values in Êhe ïange of 6.0 to g.5 Hz are

observed. Some workers have aËËempËed to deËermine conformatíonal

angles by usíng the cos2 0 Karplus dependence of 3.r(g-p). Angles of

*360 and +1230 from the eclipsed conformation are obtained from the

observed eouplings. The +L23o values are ruled out on the basis of

the energy calcul-aËions above. ThÍs leaves the *360 val-ue, or Or =

2o4o to 2760 range. These ranges can then be correlated with x-ray

analysis which shows that N(3E) sugars prefer the lower Qr range while

s(2E) sugars prefer Ëhe higher f I ïange. I^Iíth thís ínformation, the

equilÍbrium was presenËed in Ëhe forr34r35

- 2.L9 - N0åos i s0åzs

Further supporË for this Ëype of equí1-ibrium can be obËained from 1-ong-

range 4-r(uzt-p) couplíng constarits ín 3r-ribonuc1"otid""77".

Although a trÀro-sËaËe model is currently being used for Ëhe Qr

bond anaLysis, new x-ray d"t"102 suggest, ËhaË Ëhere may, in facË, be

no barrier to ínterconversion between Ëhe Ëwo gauche domaíns and that

a single broad continuum exists encompassÍng 0t = 1950 to 0t = 26g0.

rndeed, in the crystal strucËure of 3t-AMp 2l2or 0, ís 2370, just
30 fror the eclipsed conformation of the ca,-H3, and the orr-p
bonds, indicaËing that the barrier Ëo rotation abouÈ the eclÍ_psed

form ís smaIl.
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Due to the above inconsistencies, ao atteupt will be nade to
resolve rotaûer populations from the obserrzed coupLiogs. rnstead,
only a qualitative discussion of the coofo¡:natloaal prefereaces inplied
from the obser:rred couplÍogs w'l.ll be presented. ïf future evldence
1ndÍcates the applicability of a Ëv¡o-si.te model, the data reporr,ed.

can be used Ía such an analysÍs. rt seens uûüarranted at the present
tfme, in light of the data oa 3r-nucleotid,es, to aËtempt aûy

quanËítative discussioa of rotamer populations.

:"4-.!-":i-7jr-:ì2i9!ïÍ.tr?j5:¡:.j:¡:e:ËÍ.Ig,:.j:;:i{t:l'fjiå-:zjã-jf!:j¡:gìì:ì-:,aiå
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C. CARBON-l3 APPROACH TO NUCLEIC ACID CONFORI4AÎION

As menËioned in the rntroducËíon, I3c m.m. has been shown to be

an invaluable aid in the conformatíonal analysis of nucleíc acíds

a¡rd deri.vaÊíves. rn the studies reporËed. so far, 13c resulËs have

been interpreted on the basis of inforaatíon obtained from the proton

studÍes of corresponding molecules. rn general-, Ëhe infornat,Íon

obtained from the tsro met,hods is Ín agreemenË. rn some cases, the

13C resulËs offer daËa which are easier Ëo interpret Ëhan the prot,on

data (e.g., determínation of N-glycosyl bond conformation by Ëhe

vicína1 proton-carbon couplíng constants rather than proËon chemical

shifts or proton-proton NOE measuremenËs). This secËiou will dÍscuss

itrhat ínfo:maËion from the obseryed 13c spectrum can be used for Ëhe

conform.aËíonal analysis of nucleosÍdes and, nucleotides.

1. N-GLYCOSYL BOND CONFORI4ATION

0f the t!'ro paraaeËers which possess infomatÍon concerning N-

glycosyl bond confo:matÍon, (ribose carbon chemical shifts and 3J(lt-C)

coupling constanËs), the former generally yields only qualítatÍve

inforaation r¡híle the laËter, ín principle, is capable of yieldÍng

the magnitude of x to lrÍthin a given conformatíonal ïange. The

ribose carbon chemical shi.fts w-i11 be discussed briefJ_y, followed by

a discussion of Ëhe proLon-carbon vicinal couplíng constants.

a. l3c cgnutcAt sItrFTS

As for ProËons, Ëhere are differences in the chemical shifLs of

the ribose carbons fot a pyrimidine base Ín the anti or syn

¡¡.
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conformatÍon. In a comparísoa of 6-methyl-cytidíae wÍth cytidine,

upfleJ.d shlfts are observed¡,fgr the C2r and Crr carbons (4.9 aad 1.6

ppm, respectively) while downfield shifts are observed for C1r, C4r,

and Crr -(3. 4, !.8, aad Z.Z ppm)72. ThÍs tread Ís obse:r¡ed ío the

13c data of Jones et al.47'50 based on knowu infomatíoa from proton

data of the corresponding molecules. Ilowever, the only cJ.ear trend

that could be dÍscerned from the data fs the 3 ppn upfíeld shift of

CZr. The obsen¡ed shífts ln 6-nethylcytidiae are fn rhe opposite

directí.oa to the dlrectly bound protons. Thís suggests a possible

bond polarÍzatÍon, especial-ly for C1-H' Ín 6-neËhylcytidine, due

to the eLectric fíeld effect of the 2-keto group in Ëhe base located

over the ribose ring.

L VICINAJ. PROTON-CARBON COI'PLTNG,',CONSTAAITS. 3J(II-C)

Early studies by Lemt,eux and. co-work"r"52'l-15'116 denonstrated

the existence of a KarpLus-type relationship between IIlr and C, of

the pyrÍnidine ríng 1o two fixed derivatives of uridine (2r2' -anhydro-

ß-D-arabinouridÍne ar.id 2rSr-anhydrourldíoe). In these studÍes, the

obsenred coupling consËa.n't between C, and. Hrr was reLated to the

dÍhedral angles determined from X-ray studÍes52 usíng A = 6.7. Hz,

B = 1.3 Ez, and, C = 0 i.n Equation 2.2. Leníeux et a1.115 
",rgg."a.d

thaË the obsen¡ed 3J(E!t.-C2) nagnitude of 2.4 Tlz ín uridine ís

consÍstent r'rÍth the antí confo::matíon deduced from 5¡(US-titt).

Further studies by Schweizer arrd Kreíshmanll7 
"rrd 

Da.ríe"53 shoq¡ed

Ëhat a measurement of 3.f (gll-G2) < 5 Hz car¡riot differentiate beËr,reen

the syn and anti confo:mation. Io the DavÍes'rork53, natural abundance

3B
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spectra !{ere recorded for a seríes of pyrinidine nucleosÍd.es and

nucleoËides. vícinal couplings were observed from lrrr to both c,

and c, and assigned by selectíve decoupling of the Hrr and IIu

resonances (where appropríate) in the proËon specËrum. Although

the data could differentiaËe betr¿een Ëhe syn and anËí conformaËi-on,

the cos2 0 nat,ure of Ëhe Karplus relation prohibits differentíation
beLween Ëhe Ëwo syn or two anti. conformers. The above observaËíorr"53

assuned that 3.1(H1'-c6) followed r,he same relation as 3J(II1r-c2).

FurËher studies6 on nethylated bases of uracil and cytosine, however,

indicare rhar 3J(H1'-c6) > 3.r(nL'-cz) d.ue ro Ëhe elecËronegatívity

dÍfference between the 2-keto group a¡rd the 6-substituent. The

minor differences preclude an exact analysis, but it is predicted

that 3J(I{1|-C6) , 3¡(til-'-cz) for a predomínant anËi conformer while
3¡(ät'-CZ) > 3¡(ULt-C6) for a predominanr syn conforoer.

t SUGAR_PHOSPHATE BACKBONE CONFORMATTON

In additíon to the information obtained from proton-proËon and

Proton-Phosphorus vicínal eoupling constants, carbon-phosphorus vicinal
couplÍngs can be used to further quantÍfy the backbone conformers

abouË O (oS,-cs,) wiËh 3.1(c+t-p5r) and abouË þr (ca,-03,) wirh
3¡(c¿t-P3r) and 3.r(cz'-p3'). pioneeríng studies by Mantsch and

smiËh54, followed by oËher"56'1L8'119, d.emonstïate the existence of

a Karalus relationship which, when suitably paramet,eïized., can suppLy

an independent means of deËermining f and $t roËâmer populations.

AlËhough Ëhe current paraaeters have noË been refined Ehrough
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exteosive conparison with fíxed modeL conpounds, the populations

predicËed from 3J(c4t-p5t) are in agreement ¡rith those dete:¡rined

from the proton-phosphorus resul-ts. AgreemenË r¿-ith Ëhe Sr bond ís

rrorse,, buü thÍs is probably 
.due Ëo the uncertainty in the analysís,

as mentioned above

a. run,oir_:-_gi; ;BóN[t_i '_g

rn a maFner analogous Ëo that used for the protoa-phosphonrs

couplings, the observed vlcinal carbon-phosphorus coupling caa be

described as a weÍghted average between the three states shown fa

Figure 2'V'; . The-,:.Êpproþríate expression can be ¡rrítten as

- Z.2O - 3J(C4r-p5') = p*J* * prJ, + p-J_

- 2.2L -

-ttt-

= PrJt * (n* + P_)Js

= 8pr * Z(p+ + p_)

¡shere the Ja and J, values of Govil- and snith119 h".r" been used. As

seen from the above expressioo, pt and the surn (p* + p_) can be

detdroined from the observed.3J(C4t-p5r), i.e. ,

p(or) = 
3'l(c4'-P:') : 2'o- 2.23 -

Agreement bet¡¡een the 1H-31p and 13c-31p results depends upon the

system under ínvestigatÍon. A reasonabl-e agreement ís obtained for
5r-nucleotides and homo dinucleoside monophosphates, while concl-usíons
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for hetero úinucleoside moaophosphates are in conflict. More data

are aeeded to renove the dÍ.screpaocÍes.

b. THE Car-O3, BOND,' Or

As mentfoned above, ía view of the uncertaÍnty about the exact

Dature of confomational equil_ibríun, en exact analysis of the rota¡uer

populations is unJustÍfied at thi.s tlne. Ho¡¡ever, certaÍn qualítatÍve

conclusions carr be proposed on Ëhe basis of the observed 3¡(c4t-p3r)

and 3JCc2r-P3r) nagoitudes. B¡¡ernia¿!{on of FÍgure 2rg reveal-s that,
for a nure Ql conformer, 3J6c4t-p3t) = 10 Hz ana 3.fqCZr-p3r) = 2.5 Hz,

¡shi1e the magnltudes are reversed for the Qr confo::mer. Therefore,

large magaitudes for 3.l(c4t-p3r) would inply a large contriburion

from the 0l state. As pcol) decreases and p(01) increases, a con-

coni,tant decrease tn 3.1(c4r-p3t) and increase ín 3J(c2r-p3r) is
expected. rn addítion, Davies and oanyluk77 a¡rd chen a¡rd s"r-"100

have díscussed a correlatÍou beË¡veen sügar ríng pucker and Sr bond

confo¡mation (i.e., Eguatíon z.rg). This would inply a dependeuce of
3.l(c-p) on the sugar pucker. The proposed rnoder predícts that for a

predoninant N sugar conformatíon, 3.1(c4r-p3r) t 3J(c2r-p3r). For the

s 
.confomatioo, 

the above inequal-ity Ís reversed. The model also

predicts Ëhe consistency of 3J(c4r-p3f) + 3¡(c2r-p3r). The present .

data wil-1 þg sx¡mlqed for thís correlatíon.

3. DETERMINATION OF OVERAIL AITD INTERNAL MOBILITY OF NUCLEIC ACID
CONSTII]TIE}r]S

NMR reLaxatíon time measurement,s (Ttts) can be used for Ëhe

.7,120-L22dete:mination of the overall- nobility of moLecules in sol_ution)
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l3C relaxatíon tímes are part,Ícular1y sensitive to Ëhe motions of a

mo1ecu1e. SÍnce the 13C relaxaËÍon tirne for a carbon with a directJ-y

bound proton is dominated by the direct IU-l3C dipol-ar interaction

from ËhaË proEon, T1 measurements can be relaËed to the correlatíon

ËÍme for molecular tunbling Ín solutior by119

, _ 
Ny2igayzirã2t'

nV1:+'c kT

T1 r6

where N ís Lhe number of direcËLy bonded protons, yl3. and y1" are the

magneËogyric ratios for 13C and lH respectively, r is the ínternuclear

dista¡rce, and r is the correlation Ëime for overall molecul-ar'e
ËunblÍng. Thís expressÍon is a valid approximation as long as the

extreme nar::owj.ng conditÍon ís met (Í.e. r r'rt| << l- where or" Ís the

proton resonance frequency ín radíans/sec). The equatíon also

assumes that the molecular Èumblíng is isoLropie.

Correlatíon Ëímes thus calculaLed can be compared. with Ëhe

expecËed correlation t,ime of an isotropically reorientating sphere

deterqined from Ëhe Stokes-Einstein 
"qu"tiool2o.

- 2.24 -

- 2.25 -

r^rhere V, the molecular volume, i.s approxÍmated by sunrming the approp-

ríate van der trüaa1s yelrmss of the atomic constituerrtsl23.

Both of the above equaËíons invoke serious approxiuaEions, the

most, serious of which is that Ëhe molecule undergoes isotropÍc
[-rrNrvelì)

C 

--.

OF MANITOEA
%,-

-(/ennnres

reorienËation. Therefore, exacË agreement between the two
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oot expected. what is obtained is a qualÍtative estimate of the

spherícal nature of the molecule and/or an idea as Ëo t,he moleculets

departure from isotropíc reorÍentaËion.

i3c reLaxation tímes are also sensiËive to internal noËion in
Ëhe mo1ec,.r1.121. rn Êhis case, the observed T1,s are modulaËed

relaËive Éo "fixedtt carbons. The effect is no:malJ-y rnanifesËed as a

lengthening of the T1 for the carbon in question. This effect has

been quantifíed for a ËeËrahedral carbon with one aËtached hydrog"r,l2l.

Although these results ca:rnoË be used in the mol_ecules under con-

sideratlon here, a gualitaËíve estimate can be obtaÍned of the

degree of ÍnËernal f1exi.bi1íty for some of the molecules studied in
thís work.

ii':,t,'r:':.
l:.:-l:::-,.



44

D. PHOSPHORUS-3I I.T¡R APPROACE TO NT]gtEIC ACID CONFORMATION

The prÍuary use of 31p NMR ia the confo:matÍonal analysís of

nucLeotid."60'6t, diaucleosíde moaophosphates 3L,32 r34 r35 ,37 , a,.d

polyoucleotid.esT has been to aÍd io the analysis of proton-phosphorus

couplfng constants. Due to its 1-ocatÍ.on, this nucleus ís capabl_e of

supplyÍng infomatíon concerning the sugar-phosphate backbooe. The

magnetÍc nucleus is 1002 abunda¡rt, but the strong affinlty for meËal

ions (in particular, par¿uuagnetic metaL íons) ímpart,s a special

diffleulty to the observation of sna1l eouplÍng constants. In ad.ditíon,

second order effects resultíng fron tightly coupled proton spín syst,ems

(usually invol-ving H4r, Ilr, aad llr,,) preclude, ín most cases, the

direct measurement of proton-phosphorus couplíngs from the obsen¡ed

spJ-ittiogs.

1_. STIGAR-PHOSPHATE BACKBONE CONFORMATION

a. THE 05r-C5r A¡TD Car-O3r BONDS, O At{D Ol

If rigorous methods are used. Ëo remove parâmagnetÍc impuriri""60r61,

the proton coupled 31P spectra can iucrease the certainËy of the
\.

detemined 5J(H3r-P) couplings obsenzed from the protoo spectra. Due

Ëo Ëhe tÍghËly coupled nature of the proton spectrum, care must be used

Ín order to avoid errors arÍ.sÍng from Ëhe assumptíon of a first order

spectra. Exact magnitudes c¿ltÌ onJ-y be extracted by computer simuLaËíon

and an iterative analysÍs of the obserr¡ed nu1-tipl_et.

The addÍtÍoaal obse:nration of protoa coupled 31p spectra is some-

tj.mes essent,ial t,o complete the proËon anaLysÍs. rn many cases, Ëhe
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"3, 
reson¿mce of the 3r-nueleotidyl fragnent ís obscured by Lhe

residual HDo signal ín Ëhe proËon qpectrum. rn Ëhis case, 3Ip NIß. is

Ëhe easiest rüay of obtai.ning the magnitude of 3J(H3r-p3').

b. TIIE P-05r A¡TD TIIE 03r-P BONDS, o AND or

To dat,e, NMR has not been abl-e to supply any dÍrect informat,íon

concerning Ëhe o and ulr bonds. Recently, however, experimental

studiesl2 4-L26 and t,heoretical calculati onsL27'L30 h".r. indicated

tbat the 31P chemical shift is sensitíve to ¡þs o-or bond conformaËion.

Stud.ies by GorensteÍn eË 
^t.L24'L27 

h^u" proposed a chemical- shift

dependence for both the o-P-o bond angle and ¡þs ur-ot conformer

angles. Given that the O-P-O angle is relatívely índependent, of the

naËure of the nucleot,idyl unít Ínvolved, the observed, temperature

dependence of the chemical shiftsl24 was inËerpreted as reflecting the

confo:mational change of the s:-1¡r torsion angles. Hence, the

theoreËical and experimental studies agree, at leasË quali.tatívery,

wiËh a downfield shift of the 3lP resonance when going from a

predominanË ggt¡'t conformer (i.e., base st,acked fom) t,o a míxture of

the ggt and gË conformers (i.e., rand.om coí1 for.n).

1o reiËerate, Ëhese results are of a purely qualíËatíve nature ín

that no distincti.on can be made between the g* or g_ sËates. The

* This notation should not be confused wÍLh the o1d gg, EË, Ëg nota-
ËÍon used by NMR spectroscopist,s to describe the backbone bond
confor"mations. rn this contexË, and throughout Ëhe thesis, the ggt
or gt notatíon will be used to denoËe Ëhe gauche or trans confo:mers
about Ëhe o and or bond. Sínce NMR meËhods cannot differentiate
betlteen gag4r gag_r g_B* or g_g- and g*t, g-tr tg+, tg_, et,c., these
subscrípËs are dropped when discussing o and ot.

i,:r'i-::

:i::,1



46

l-sstudies do show, howevetr, that at least Ëhe qualítative fnforaation
available. More accurate theoretícal calcuLationsl3O have refíned

t'he agreement, but Èhe results stilL indicate the tenuous nature of
obtaÍníng quantftatlve infor:natioa from .experÍmentaL observations.
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ThÍs chapter is dlvlded ínËo two sections - materials a¡rd NMR

nethod. The first sectfon is primarily concerned wÍth the synthesís

and purÍ.ficatlou of the molecules used lu thÍs study. ro the second

sectlon, the actual NMR sampLe preparatioa and a descrípÈiou of how

the spectra wete recorded areoutllned.

i :r:.1.:ri'l:i ¡..:.:
lj: ::. l---:'l --:
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A. I4ATERIA].S

some of Ëhe compounds used ín this study T,rere courrnereially

available. dr, 3r-drMP, sr-drMp, and some of the d(TpT) were purchased

fron Signa Chemical Conpany (St. Louis, Missouri, U.S.A.). 3t-O-

AcetyldeoxyËhymidir. C3r-otAcdT), used for some parts of the dinucleo-

side monophosphate synthesÍs, rüas aLso purchased from sigma. All

other compounds, i.e., m6du; blocked nucleosídes of dr and *6du; mixed

dinucleoside monophosphaËes dCTpT), d(Tpn6u), d(n6upt), and d(n6upn6u) ;

and Ëhe nucleoside diphosphates d(pTp) and d(pn6üp) were synthesÍzed by

the procedures outlined below.

The origín of Ëhe comrnon reagenËs and. solvents used i.n the

fo11owÍng synËhetic procedures are not specífied. The commercial source

of specialty reagents wi11, however, be identified.

The chromaLographÍc procedures for the separatíon of Ëhe various

intemediaÈes and produeËs were perforned using MN-Kieselgel p/uv254

(Macherey Nage1 and Co., Germany, distribuLed by Brínkman Instruments,

ontarÍo, canada) for the preparative thÍn layer chromatography and

Brinlman Polygram sil G/uv254 sheers (Macherey Nagel and co.) for

moniËoring the Progress of reactíons and the analytical determinaËion

of R, vaLues. Ilhatman 3MM paper was used exclusively for Èhe

preparaËíve seParation of the d.eblocked nucleoËj-des and. dínucleosi,de

monophosphates using the solvenË syst,ens specifÍed below. The

couposiËion of all chromatographic solvenËs used ís reporÈed as

volune raËios (i.e., v/v).
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1. NIJCLEOSIDE SYNTESIS

A. DISCUSSION

Eotr131-t34 h." descrfbed two approaches to the sytrthesls of n6du.

Ttrese are illustrated in Flgure 3.1. The methods are essentía11-y the

same excepË for the condensing reagents used to fo::m the pyrfnidine

ring.

Ia both procedures, the first step is to co¡rdense Ê-arabinose

CSigEa Chenical Co.) with cyana:níde (Signa Chenical Co.) to fom the

starting 2-a¡uino-Ê-D-arabínofuro{1r r?t z4r5}oxazoline (I). At thís

poÍot, Ëhe two methods digress :nomeotarily. In the orÍginal proce-

dure131-133, ah. oxazolioe (r) was condensed wtth eÈhylteËroLate

(ethyL-2-buËynoate) (ff) (ICN Pharnaceuticals loc., Quebec, Canada)

in dry DMF rflIth catalytÍc anounts of trieËhy1a^mine. Although the

reported yields were high (tu70-8oZ)L3l'L32, diffículty was encountered

in obtaining yields greater tnat 2O1[. A variatÍon of the above

. 133procedure--- is more conveníent. The oxazoline (I) is coadensed wÍth

ethyl-ß-chlorocrotoûate (ethy1-3-chloro-2-butenoate, cis or trans)

(III) uuder identlcal conditloas. Yiel-ds of o2'2t -antydro-6-nethyl-

arabinourÍdfne (IV) by this method correspond to those reported

(60-70%), and Ëhís procedure was used for Èhe bulk of the n6du

synthesis.

For the remafnder of the synthesís, the two methods are identical.

The anhydronucleoside (IV) was reacted ¡q'Íth berzoyl- cyaníde (ICN

Pharmaceuticals, Ioc.) in dry acetonÍtrile and triethylanine to produce

the 3t 15f -dÍ-o-benzoyl- 02'2' -"ohydro-6-methylarabÍnourÍdÍne (V). ThÍs

it i.: j: t..r::::...
:i;r. .:l:
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FIGIJRX 3.1- traces the reaction sequeoce used to

synthesize t6dU. Refer to Lhe !'Tritten

text for detalls.
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product Cv), io turn, !üas Ëreated with 3M Ecl in dry DMF to afford

3 t , 5 I -dl-O-benzoyl-2 t -chLoro-2 I -deoxy-6-nethyluridÍne (Vf ¡ . Subsequenr

refJ.uxing of (VI) ¡¡irh trÍ-u-butylrfuhydride (A1fa-Venrron, Inc.,
Massachusetts, U.S.A.) and catalytic amounts of. 2r2.r-azo-bls-f,sobuÊy,ro-

nitrile (rcN PhannaceutÍcaLs, rnc.) in benzene produced the 3r rsr-di-
O-benzoyl-2f-deoxy-6-nerhyLurídj.ne (yff). Finally, overníght

hydroJ-ysis of (Vfr¡ in methanolíc-NaoMe resulted in 2r-deoxy-6-methyl-

urldine, n6¿u (Vnr).

b. PROCEDURES

onJ-y nfnor roodifÍcations were made to the reported proceduresL3l-
L34 . These are noted bel-ow.

Due to Ëhe margínal difference in reactlon yfeld of Èhe anhydro-

pyrirnldine (rv) for the cís or Ëra¡s ethyl-Ê-crotonate, no attempÈ was

nade to separate the Ëwo ísomers. rûstead, the reaction mixture was

distiLled under reduced pressure to remolre the products from the

starting materÍal.

Iastead of the recon¡mended one hour reaction tíme for the benzoyl-

ation of (rv)132, th" reaction was monÍtored until no appreciabr-e

decrìase of the starting naterlal was noted, (2.5 hours). The observed

yleJ.d was nargíually higher (tu52) rhan rhar report.dl32.

AgaÍn, aa Íncrease in the react,ion tíme (1 hour reported)L32 fo, .,',', '-.i,'
")a' ,: :ìi-:' :r llj':'

the acid hydrolysis of the anhydro línkage to 3 hours, concomítant with
a slíght decrease in reactÍon temperature, resul-ted Ín a substantiaL .'

.
increase Ín the yieJ_d of CVt) ¡ron 5g to 95%. The producr was checked

chromatographical-ly and found to be pure (no t,race of the sËarËj.ng 
'... 

,r. ., .
:_ :., 

.- 
,. :j-. : ::. ;



maËerial or by-products).

All products !üere purifíed, where necessary, usíng the reported

procedures, checked spect,roscopically using NMR, and compared with the

reported chemical shifts and spliËtings. Exact agreement, was noted in

all cases. Purifíed sampl-es hrere also checked on analytical TLC

strips in the reported sol.reoË"137'L32, and the R, val-ues were

comparable. A sample of the fÍnaL product, m6dU, hTas crysÈaLLized,, and

its structuïe r^ras deËermined and confirmed by X-ray 
"o"1y"i"135.

a. DISCUSSION

The synthesÍs of nucleotídes of dT or rGdU is straightforward, ín

that onl-y one hydroxyl funetíon need be proteeted whj.le the other is

phosphorylated. In the case of 3r r5t.-nueleosíde diphosphates, the

nucLeoside is phosphoryl-ated dírectly wíËhouL any íntervening protection

reactions. The general procedure for mononucleoËÍde synthesís is t, , .

i;' ' ',: ,',

outlined in Figure 3.2. . ;'.,.

,,1j;r,,.1','

The starting nucleoside ís first protecËed aË the 5r-hydroxyl by ,''.'',,'.'

reactÍng wÍth monomethoxytrityl chloride (Ml{TrCl) in the case of dT or

trityl chloride (TrCl) for ¡n6dU. The use of the less reactive ErÍtyl

group for m6dU was found. to be necessary since the corresponding

5t-O-MtufIrrnGdU derivaËive qras unstable and would decompose on work-up

due to unknown reasons. The purified 5r-blocked nucleoside can then

be phosphorylated wiËh ß-cyanoethylphosphate in Ëhe presence of

2,4 rí-tri-isopropylbenzenesulfonylchloride (TPS) to yield, after

52
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FIGURE 3.2 ill-ustrates Ëhe reaction sequence used to

synthesize either a 3t- or 5t-mononucleotide.
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deprotection, the 3f -nucleotide. A1-t,ernately, the 5r-blocked nucleo-

side can be further protecËed at thê 3r-hydroxyl group by reactíng with

benzoyl chloride. Removal of the acid labile trityl oï monomethoxy-

trityl group, followed by phosphorylation, as descríbed above, and

subsequent deprotection, results in the 5r-nucleoËide. This approach

ís standard and follows the procedure outlined by George et 
"1.73.

b. PROCEDURES

i. 5'-o-MonomethoxvtrityldeoxvthyuridÍne (5'-o-MtuffrdT) (IX) (B = Thv) 
136

Typícally, one equival-ent of dT was dried by co-evaporating T^riËh

three 5 rn1 portions of dry pyridine. The dT was díssolved in dry

pyridine (12 nl-/n[,f dT), and 1.1 equivalents of p-monomethoxyÈrítyl-

chLoríde were added. The míxture üras stírred overníght (ru14 hours) and

checked by TLC for starting maËería1. llhen.completed, t,he reactíon was

quenched by adding absoLute ethanol (1 rnl/mM dT) wíth ice cooling and

sLirring f or an addítional 15 rninutes. The solvenËs r^rere removed

under reduced pressure. The residue was dissol-ved in CHC13, washed

wj-th Ëhree 5 m1 portions of r,i7at,er, concentrated, and applÍed to

preparaËive silica TLC plates (20 x 20 x l- mm, 2 pLa1es/ff dT). The

plates were developed in CHCl3-ethanol (12:1). The product was scraped

from Ëhe plates (Rt 0.35 in above solvent) and eluted r¿ith CHC13-

ethanol (1:1). The product \^7as compared wÍth a knoron sample of 5r-O-

MMTTdT for puriËy. Typical yields were >9014.
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ii . 3 r:O-Benzoyl-5 t -O-MononethoxytrÈtyldeoxythynídíne (3 | -o-Bz-5 I -o-
MMIrdt) (x) (s = Thy)137

Typically, one equivalent of 5r-O-Mt{IrdT was dried as descríbed

above and dissolved in dry pyridine (5 n|m¡{ 5t-O-MtfTrdT). Next, 1.2

equívalents of benzoyl chloride were added dropwÍse wÍËh stirriog and

ice cooliog over about, I hour. tttren the reactj-on was complete, as

determined by TLC (2-4 hours), the míxture was cooled wÍth ice.

- Crushed íce was added to quench the reaction, and stírríng continued

for a¡r addftfonaL 30 ninutes. The pyridine was removed under reduced

Pressure, the resídue dlssol-ved in CHCL3 and extracted wÍth rÀrat,er. Ttre

CIIC13 J-ayer ltas cotrcentrated and freed from residual- pyridine before

applyíng to TLC plates (2 plates/nM sr-O-I0ffrdT), aad developed in

CtlCJ.3-ethaool (15:l-) . The product !üas removed and eluted !r'Íth CEC13-

ethanol C1:1). Typlcal ylelds lay between 65 ao,ð, 75%.

Íli. 3t:0-Benzovl-deoxvthvuÍdíne (3r-o-gzdt) (Xt) (g = thv)131

The product from above (X) ¡¡as dissolved in 80'Á acetíc acíd and

stirred overnight at room t,emperature or for t hour at 70o C. The

' acetÍc acfd was removed. in vacuo fol-lowed by co-distiLlatíon with

toluene. The resídue rf,as suspended in diethyJ. ether, stÍrred f.or lz

hour, fi.ltered, and suspended again. Ttre product, 3t-O-BzdT, rrras

obtained ír >95"/. puriËy. The yields r.rere tu902, with l-ess than 3%

product in the ether extract.

iv. 5'-O-TliËyl--6-MerhyL-2t-Deo:n'uridine (5f-O-Trn6dU) (IX) (B =
,6ur") 73

The procedure, react,ion conditions, and work-up of this eompound

were fdentícal to those descríbed for (IX). ReactÍon tímes were

f'.,r¡35.+:"::¡
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longer ('t18 hours) but the yiei-ds \'Íere sÍmí1ar (>90%). The sample was

compared srith the properti.es reported by George et ,L.73 ,

v. 3 I -o-Benzoyl-s '-0-Trityl-6-Methyl-2 I -DeoxyuridÍne (3 | -o-Bz-5'-o-
trn6du) (x) (g = n6ura)

The procedure, reactÍon conditions, and work-up of this compound

r¡ere identícal to those described for (X). Reaction tímes and yields

lrere comparable.

vi. 3r-0-Benzoyl-6-MethyL-2r-Deoxyurídine (3'-o-Bzn6du) (xt) (g =

m6ura)

The procedure, reaction condiËions, and trork-up of thís compound

¡uere identícal to t,hose described for (XI). Reactíon times and

yields were comparabLe.

vii. 5'-dTMP or 5t-n6du¡æ

One equivalent of the 3t-O-benzoyl derivative of dT or *6dU *as

dri.ed by three co-evaporations r/rÍËh 5 ml porLions of pyridine. Two

equivalents of p-cyanoethylphosphate (pyrÍdíníum saLt, a 0.8 n4lrnl-

solution Ín pyridine) were added and dríed an additional two tímes.

The mixture hTas dissolved ín dry pyridíne (10 nUnM nucleoside), and

4 equivalents of TPS were added. The reacËÍon was sLirred until

complete (n4 hours). The fl-ask was cooled j.n Íce, 10 g of crushed íce

were added to quench the reacËíon, and the mjxture was then sLirred an

additional % hour. The solvenËs rùere removed under reduced pressure,

and the residue was dissolved in CHC13 and exËracted wiËh 3-5 rn1

portions of water. The CHC13 r,tas removed, and the míxture hTas

dissolved Ín 50:50 concentrat,ed ammonia:pyridine and allowed Ëo stir
l.:: ':,r'.i.r-.:

for 18 hours at room temperature. The solvents hlere then removed, and :: i::rì
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the residue vras dissolved ía water C20 n1/nM nucLeoti.de) and extracted

w1th 3-10 nl portions of CHC13 to remove the non-nucJ.eotidyl maËerial.

The aqueous soLutiou. rras coacentraËed, applÍed to lùhatmann 3MM sheets

C9t'x 22nr 30 mg per sheet), developed in solvenË F (55:35:10 -
n-propanol-. - water - conc. NE3), and the appropriate portíon of the

papers ¡ras eluted with !üater $ = o.47). samples were checked by

electrophoresls (referenced againsË 3f-uldp) and by iH and 13c l{¡ß..

Yíel-ds were tu802.

viíi.3t-dÎlfP or 3r-rn6dtnp

The phosphoryJ-atíon and work-up for these co4pounds were performed

ídentfcaLly to the procedure for the Sr-nucleotídes described above.

The de-protection was performed i.n trro steps. rn the fÍrst step, the

cyaaoethanol. group !üas removed, as outlined previousl-y. The resídue

was dissolved 1n 80% acetÍc acid (20 nl/nld nucleot,íde) and stfrred

overnight for both the 5t-o-Mlfrr-3,-dTîp and Ëhe 5r-o-Tr-3r-m6'dlt¡æ.

The solvent was removed, and the residue was dissolved in water and

extracted r,¡.lËh 3-10 m1 portions of diethylether. The aqueous solutioa

was concentrated, appLfed Ëo chromatography papers, and developed in
Ir .---

solvent F (Bs =- 0¡-45). ,lfglds lrere q,B\%.

íx. 3r.5r-dTDP or 3t.5r-m6duDp

The unproteeted deoxynucleosÍdes r¡ere dríed in an analogous

nanner to the protecËed nucleosídes. The appropriate phosphorylating

reagents r¡ere added (2 equívalents g-cyanoethyl-phosphate and 3

equivaLents TPs for each hydro:ryl), and the reactíon míxture Ì7as

allowed to stir for t¡,ro days. The reaction was quenched w:ith water,

; ;)1 : :a'ii:r r ..r



the soLvenËs rtere coupi.etely rernoved, and the resÍdue was dÍssolved in

water C50 nL/nlf nucLeoside díphosphate). The solutÍoa rüas extracted

lrith 3-10 n-l portions of gEC13, the lrater rüas removed, and the resi.due

was úissol-ved in 50:50 couc. NlI3:pyridíne (L2L, v/v) and stirred for.

á4 horrt". lhe solvents were again removed. The resÍdue was dissoLved

in water, applled to chromatography papers, and developed Ín solvent

F. The product !úas eLuted. wiËh water tnfl = 0.26),and lyophi].ized.

The yíeld sras 
^,852.

3. DINUCLEOSIpE MONOPHOSPHATE SYNTEESTS

The area of oLÍgonucleotide synthesis encompasses a Large bra¡rch

of organic cheuist,ry, as can be seeo in the revielv by Anarnath aud

Btoot136. Pioneering work by Khorana and others has resuLted. in the

totaL synthesís of a geae. The advantage of applyÍng poJ.ynucleotÍdes

of a known sequence to Ëhe study of lÍfe processes is obvíous. In this

work, only the coupLing of t¡so nucleosides by a phosphat,e group was

perforned. The procedures used, however, are the same for dínucleoside

monophosphates and Larger oJ.Ígoners. rhe aforemenËÍoned r.oi"*136 í"

complete to septenber, L975, and. the faterested reader is referred to

thís ¡¡ork. In the discussion Ëhat follows, only those aspeets ¡rhich

are directJ-y relevanË t,o Ëhe preseot work w111 be covered.
lr :,:.:Ì,:.rlì.iì

â¡ DISCUSSION

The synthesi.s of dinucleosíde monophosphat,es (referred to as

dimers for the remainder of this sectfon) Ís just an exËension of the

nucleotide synthesis described above. Essent,íal-1y, an appropriatel-y

58
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blocked nucleoti.de Ís reacted with a proËected nucleoside in the

presence of a condensing agent. Ihe procedure descríbed in this

sectíon foll-ows what is known as the Ëriester approach (i.e., the

nucleotj-de possesses a proËecting group on the phosphate). In its

current form, thä neËhod has advantages such as quicker reaction

times, more efficient use of reagenËs, and ease in purification of

Ëhe protected. dimers from the reaction mÍxtu reI37'L39. The

arylsuJ-fonemi de cond.ensj-ng reagents have been shown to be far superíor

Ëo other condensing reagents used in nucleoËide synthes's1381139

(e.g", TPS has been the commonly used reagent to daËe).

lwo general approaches have been used in the condensation of

constituenË nucleosides and aucleotídes t,o resultant dimers. The

type-1- cond.ensaËion 1ínks a protecËed 5t-nucleotide to the free 3f-

hydroxyl funct,ion of a protected nucl-eoside. rn the type-2 condensa-

tion, the reverse is fol-Iowed (i.e., a 3f-nucleotide is jofned to the

free 5r-hydro:ryl functi.on of the desj.red nucleosíde). FÍgure 3.3

i11usËraËes both these schemes. The former approach is maín1y used

Ín deoxypolynucleoËide synÈhesis, whi-le the latter method Ís used for

the ribose series. In thís work, both methods were used. The naËure

of the constítuent, nucleosidyl uníts in the product dimer determined

the use of a type-l or type-2 condensation. This'was Êhe preferred

route as r6du is scarce reLatj-ve Èo dr, the former being synthesized

while Ëhe latter Tfas commerclally avaí1ab1e. As an example, the

synthesis of d(Tpn6u) will be descríbed, starting with the approprí-

ately blocked nucleosides.

59
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EIGURE 3.3 ill-ustrates the difference between a type-l

and a tYPe-2 condensation.
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Since the rn6dU uniL wíl1 fo:m the 5t-nucleotide in Ëhe pr:oducË

dÍmer, the 3 r-O-benzoy7-2t-deoxy-6-methylurÍdine (3t-o-Bã06dlt) is

phosphorylated. This is accomplished by reactíng 3'-O-Bzæ6dU with

p-chlorophenylphosphate in dry pyridine in Ëhe presence of TPS. The

reaction ís allowed to go to completion (as deËermíned by TLC). The

reacËion is then quenched, the TPS and pyridÍ.ne hydrochloride are

removed by extraetion, and the substrate is dried ín preparation for

the condensati.on. Sínce this ís a :cype-z condensation, an excess of

5r-O-Mt"ffrdT is added, dried once again, díssolved in pyridine, and the

condens ing reagent, l- {2, 4, 6-t,rímethylbenz enesulf anoyl } tetrazole

(I-Ms TeÈrazoLe), is added. After abouË two hours, Ëhe reacËj-on j.s

quenched and Ëhe reagents are removed by exËraction. The product ís

ísolated on preparatÍve TLC plates, developed in the appropriaÈe

solvents, and isolated. The base labi1e groups are first removed ín

50:50 concenËrated anrmonia:pyrÍdÍne followed by Ëhe removal of the

acid labile group. The order of deprotection has been found to be

Ímportantlí0'74L. rf the reverse sequence is used, unr,ranted síde

products of the dinucleoside monophosphate are formed, probably

involving the free 5t-hydroxymethyl- group of the 3'-nucleoËidyl

fr"gn r,t141. Purificatj.on of the deprotected dÍmer ís perforned on

papers in a suítable solvent.

For the other dímers, d(m6UpT) uses a type-l cond,ensation,

d(rn6upn6u) uses a type-2 condensaËion, and. d(TpT) uses a type-l con-

densatÍon.

:-::'
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As uoted Ín Ëhe previous sect,ion, there are s1íght dÍfferences in
reactivity beËrveen the dT and m6dU nucleosj-des towards phosphorylaËíon

and condensatíon. rn the phosphorylation sÈep, the 3r-protected ,6du

phosphorylaËes slower than Ëhe corresponding dT nucleoside, whj.le no

difference Ín phosphorylation raËes Í.s apparenË for 3r-phosphorylaËion.

AnalogousJ-y, Ëhe condensaËíon of a 5t-nucleotide proceeds 1.5 to 2

times slower for the ¡n6du unít lhan Ëhe dr uniË r.r-ith, again, no

difference noted for Ëhe 3t-nucleoËídes, except in the case of

¿ (n6upn6u) .

b. PROCEDURES

The procedures outlined in this secËion sËarÈ with the protect,ed

nucLeosides and nucleotides whích are descrÍbed above. The exacË

synthetíc stePs reporËed. are those developed from adjusËing experÍmen-

tal conditions to optj.níze the yíe1ds. Typically, the condensatíon

yield for a given dimer j.ncreased ftom ry20"Á at, a firsË at,tempË to

about 70 to 80i( at the 1asË two attempts.

The protected nucleosides used in Ëhis secËion follow from those

synthesi-zed in the previous secËion. In the condensations Ëhat fo11ow,

the appropriaËe nucleosíde is first phosphorylated using. p-chloro-

phenylphosphate instead of g-cyanoethylphosphate. The phosphorylation

reacËion is worked-up, as described above, except that the pyridine

solvent is not removed prior Ëo the extractíon of the ïeagents.

i. 1-{ 2 r 4 r 6-Trinethylbenzenesulfonyl}Tetrazore. r-Ms Tetr""o1.13B

62

1.1 equÍvalents of tríethylamine in ethylacerate (1 nl/mM

teËrazole) were added dropurise over 40 minutes to a suspensíon of



63

Eesítyl-enesulfonylchloride and l-H tetrazol.e (etdrictr CheTíeal Company,

l,IÍsconsÍn, u.s.A.) tn ethylacetate (20 nL/nl{ tet;r;azoire) with ice

coollog. The m{xture was aLLowed to st,ir an additÍonal t¡so hours.

The precÍpltated amine hydrochlorlde was fíJ.tered, aud the ethylacetate

ltas removed under reduced. pressure l¿ith no heatÍng. The crystaLltne

resÍdue was dissolved 1n CECL3 (1 nUnt't tetrazole) and washed ¡¿th

nater (2 x 0.2 a/ty. teËrazole). The cHCl3 layer was dríed by srirring
over Na2SO4 for two hours. The cllcl3 was then fiLtered a¡rd the Na2so4

washed !üíth a tj.ttle eËhylacetate. The solven.ts rüere removed,, agaÍa

with no heatÍng, and the flask was pJ-aced oa the vacuum pumF for about

5 to 10 mÍnutes. The product, l-Ms tetrazole, rüas used wíthout

further purificatíon.

Goadeosat,ion of 5r-O-MI"fTrdT $fith 3r-O-Bz-5t 1-5 r-
n6du¡æ

TypÍcally, 1 equival-enË of 3¡-o-Bzm6dulP,.¡sas phosphorylated rríth .

2 equival-ents of p-chlorophenylphosphate and worked-up as descríbed

above (except for the removal of the solvent) until- after the extrac-

tion. The resídual pyrid.Íne was removed under vacuum, and the residue

was drfed again Ëhree times with dry pyridine. The nucleoside 5r-o-

Mt"ffrdT (L.5 equÍval-ents) was added, and trso more co-evaporaËÍons wíËh

pyrÍdiae were performed. The nixture was dissoLved in pyridíne (15 nU

nl"f) and 3 equivalents of l-Ms tetrazoLe were added with stÍrring.
After L hour, the reaction was checked vía TLC and monitored. every

30 mínutes until no furËher reduction of the startÍng nucleotide was

detected. The reactíon was quenched by the addition of Íce with

i.r-:1. :':.-ll
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stirring for 30 minuËes. The mj.xËure was díssolved in CI1C13 and

washed wiËh three 20 nl portions of trÍethylani-ne.llzCO3 buffer (pII =

7.6) and two 20 ul portions of water. The mixture was concentrated,

and the producË was ísolated using preparative TLC (2 platesi.S n¡t)

in CÏICl3-ethanol (15:1) and eluted wíËh CHCl3-ethanol (1:1) (R. = 0.24).

Typical yÍelds were 70 to 85"Á

iiÍ. Condensation of 5t-O-Tr-3?-p-Chlorophenyl-3t-m6dUlup With 3t-O-BzdT

The condensation was performed as described above. One equivalenË

of 5t-O-T:m6dU was phosphorylated, condensed wÍth 1.5 equivalents of

3t-O-BzdT, worked-up, and separated on TLC plates ín CHCl3-eËhanol

(15:1) (R, = 0.24). Typical yÍe1ds r¡ere 75 to 85%.r
iv. Condensation of 3 t -O-Bz-5 t -p-Chlorophenyl-5 t -n6 dIJMp lnlith 5 I -0-

trn6du

One equivalenË of 3t-O-Bzn6dü was phosphorylated and cond,ensed wÍth

1.5 equivalenEs of 5t-O-Tm6dU. The reacËion was worked-up and the

product separated in CIIC13-ethanol (15:1) (Rf = 0.24). Typical yiel-ds

were 50 Eo 65%.

v. Condensation of 3t-O-Bz-5t-p-Chlorophenvl-5r-dTlup Wj.th 5r-O-lMIrdT

One equivalenË of 3f-O-BzdT was phosphorylated and condensed with

1.5 equivalent,s of 5?-O-MI{TrdT. The react,ion was worked-up and the

product separated in ClICl3-ethanol (15:1) (R. = 0.25). The yield was

92i¿.

vi. DeproËectÍon of Product Dinucleosj.de MonophosphaËes

The procedure for deprotection was identical for all four molecules.

The base labile groups îrere removed first ín order Ëo prevent side

':,ln 
l
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reacËion at the free 5r-hydroxyll40'L41. The acj.d labile group was

then removed.

vii. Base HydroLysis of the p-Chlorophenyl- and 3f-O-Benzyl Groups

The product,, dinucl-eoside nonophosphate, was dissolved Ín 50:50

concentrated âmmonia:pyri-dine and sË,irred at, room temperaËure unËi1

Ëhe reactj.on was conpleted (18 to 24 hours). The solvents were

removed under reduced pressure and the residue was used directly for

the acid hydrol-ysis.

viii.AcÍd HydrolysÍs of the Mtvflrityl- and Trityl Groups

The residue from the base hydrolysis T^ras dissolved in 807" acet,Íc

acid and. stirred until Ë,he reacËÍon was completed. The solvenËs were

removed., and the resj.due was dÍssolved in 10 ni- rüater. The solutj.on

was extTacËed I,iíËh three 10 nû1 portions of dÍethyl ether. The Ì,,rater

soluËion \¡¡as concentraËed, and the resulËing liquid was applíed to

chromatography paper and developed in solvent A (ZO:10:20 i.sopropanol:

concentrated ammonia:water). The four dÍmers have near identical

n̂f values in soLvent A: d(ïpT), 4 = 0.28; d(tpn6u), *å = 0.25;

¿(n6upt), *å = 0.28; d.(n6uprn6u), *å = 0.28.

4. PIIOTODIMER SYNTIIESIS

The in-vitro synÈhesi.s of Ëhe d(TpT) internal cyclobuËane Ëype

photodimer (The proposed structural fornula is shown Í.n Figure 3.4,

arrd thís molecule rv-ill hereafter be synbolized by d(t(p)T).) follows

the proced,ure ouËIíned by Liu and u"ogL4z. Theír method of performíng

a phoËosensitized reacËion of d(TpT) in the presence of acetophenone



FIGURE 3.4 conËains

Ínternal

d(rpr).

the proposed structure of the

cyclobutane type photodimer of
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rüas used due to the reduced reactÍon Líme and because it yielded the

same products in the same ratios as the previously rePorted direcË

irradiati onL43. The procedures are exactly Ëhe sane as those

-L42 ----- i -^a¡eporLed--o, except that the producËs l,lere Ísolated by paper chroma-

tographyl44 ="tn", than by TL|L4}
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B. N}fR MEIUOD

1. SAIÍPLES

Al1 sanples of nucleotides, nucleoside dÍphosphates, and dinucl-eo-

sÍde monophosphates were treated for the renoval of par"magnetic metaL

foas accordíog to the procedure of. cozzone and Jardetzky60'61.

Typically, a solutíoa of the respective molecule ín 2 nL deíonized and

distÍLled water was passed Ëhrough a cher.ex 100 dÍsposable coLumn

(Blorad Laboratoríes (Canada) Lrd., Ontarío). The solution was

adjusted to pH = 6.5 aad extracted three tÍmes ¡uith 0.12 díthíazone

CBDE Chenicals Ltd., England) ín specr'rograde CCj-a ajld once wíth pure

cc1ç. The sampLe was J-yophjJ],j.zed. and dissolved in 1.0 nL metal ion
free D2o (A1-drích chenícal- company, IrlisconsÍn, u.s.A.). rn the case

of nucleosíde diphosphates, a srnall añounË (total- concenËratÍon 2.0

nl[) of EDTA was added to provide for the addÍtional remova]- of the

effect of the parâqagrietíc impurities from Ëhe spectrun. ¿11 3ip

sPectra nere recorded with the ad.dition of ÐTA. All glassware, tefLon

vortex plugs, NlfR tubes, sample vÍals, and glass syrÍnges were soaked

for at l-easË 24 hours Ín 10 nM EDTA @ pE = 9 and rÍased with dfstilled
and trip1y delonízed water. sampJ-e concentrations aad temperaËures

!ùere as noted in the tables Ín the aext chapter. Ttre pII adjusËments

for Ëhe ti-tration data ¡¡ere made usfng dÍlute solutÍons (¡,.5 M) of
NaOD and DC1 (Merck, sharpe, and Dome, Quebec, canada). pH measurements

were made on a Beckman ExpandomaËic ModeL ss-z pII meter (Beclman

rnstrt¡menËs, Ltd., ontarío, canada) ar zso c using a Beckman combinatÍon
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staodard glass elecËrode aad callbrated with staadard buffers at pII =

4.0L, 7,0O, and. 9.18, depeadfng oa the pE r¿nge desired. probe

ËemPeratures rePorted ia the next ehapter are accurate to better than

1J-o as detemined by calibratÍng against a st¡ndard iron-constagtan

Ëhernocouple.

2. SPECTRA

a. rn u¡m. sEnctn¿

Proton sPectra ltere recorded on a NfcoLet M-360 Fouríer transform

sPectrometer(NÍco].et1echnoJ.ogyCorporation,MountaÍnVíew,
l

Califoroiar,U.S.A.) using an Oxford Instrument superconductÍng solenoid 
i
1

oPeratfng at 8.4555 T at the Purdue Bío1ogica1 Magnetic Resonance Lab i

(Purdue üníversity, Ifest Lafayette, rndíana). The proton fiequeney was

360.061 !fHz. spectral. widths were typically z40o H.z, acquired r,rÍrh 
I

quadrature detectioû ínto 32 K of data memory. The free índuction l

decay CEID) was apodÍzed by exponentlaL nul.tiplfcation usÍng a line
i'.

broadeniag equal to the digital resol-ution (ca 0.15 Hz). Frequencíes ;

were referenced to íoteraal TSp.

b. r3c u¡n spEcrRA

All carbon sPectra Ìrere recorded on a Bruker I,III-90 DS spectro-

meter at the Uníversfty of Maoftoba operatíng at. 22.628 lfrlz for 13C ,"

at a magaetic f'Íeld strength of 2.114 T. The spectrometer is inter-
faced with a Nícol-et 1180 conputer and NÍcolet 293 L pulse progïârnmer

(Nícolet rnstruneats corporation, Madison, WÍsconsin, u.s.A.) operating ,)

wÍth Ëhe MCFT-1180 software package (Nicolet Technology CorporatÍon, 
i,,,

69
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Mountain View, Californiê, U.S.A.). Spectral r¡idths were typically

3800 I1z, acqui.red with quadrature deËecËion and und,er condítj-ons of

broad-band proËon decoupling Cwhere appropríate) inËo 16 K data

points and zexo fílled xo 32 K data points. FIDts were apodized by

exponentíal rnultíplicatíon with a line broadening equal Ëo the dígítal

resoLutíon (ca 0.2 Ez). Proton coupl-ed spectra r^rere recorded using

the gated decoupled sequence in which Ëhe decoupler is gated off

during the acquisitíon and on durj-ng Ëhe pre-acquísitíot d.1"y145-L47.

Chemical shifts are reporËed relative to external Ëetramethylsilane

CTMS) by assÍgning the Ínternal dioxane peak (nt7) a shift of

67.859 ppn.

T1 measuremenËs were made usÍng Ëhe inversion recovery pulse

sequence (180o-t-90o-lr-o)r, with alternating phases of the 1800 and

90o pulses (26 psec and 13 Usec, resPectÍvely). The phase alËernaËion

is used to eliminate errors due to small- imperfections in the pul-se

wÍdth Cí.e., not exactly L80o or 90o) or pulse homogenityl46-L48. The

delay between the pu1-se cycle (AT + D) was seË to at Least five tímes

the longest T1 of the sample. Ttrs were obtained from Ëhe inversion

recovery spectra using Ëhe leasË squares analysis of Levy 
"od 

P."t149

or sass and Ziesso*l50.

c. 31P u¡m. sPEcrRA

ALJ- phosphorus spectra were recorded on the same Bruker I,üII-90DS

specËrometer described above operatíng at 36.44 þft12. Spectral widËhs

were Ëypíca11y 1000 l1z, acquired lr-ith quadrature phase detection into

70
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8 K data points and apodized as above with a line broadening of 0.5 Hz.

chemical shifts are reported relaËive to external g5z ll3poq. All
samples slere approximately 2 mt"f in EDTA.
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A. ig ti¡ß. ptre

Tables 4.1 to 4.8 contalo the chemlcal shift and spín-spín

eoupliug constants for two nucLeosi.de diphosphaËes and four dÍnucleo-

síde monophosphates. The proton NMR data for the dT nucleoside and

monoaucleotides29'77 ^ ^rrd, 
the m6du aucleoside and mononucLeotidesT3

have beeu reported Ín the literatute. The rH NMR spectrum of

dfnucl-eoside monophosphaËe d(TpT) has been xe-atalyzed because of the

tightly coupled nature of the spÍn system ín the origínal analysis.

The assÍgnnent of Ëhe varÍous resorlarlces in the spectra of the dÍ-

nucLeoside monophosphates Ís straightfonsard at 360 lfilr28'38, and the

molecul-e ¿Cm6Upt) wÍl-l- be used as an example.

Typlcal-J-y, a full spectrum is recorded of a glven molecule at

ambient Ëemperature. rn the case of the thynÍae or 6-rnethyluraclL

bases, the assignment of the shifts for II5 (of thynine), Hs (of 6-

methyluracÍL) and the nethyl groups follo¡¡s directly from the nucleo-

sides. rn the case of the rÍbose protons, nucrel from varÍous parts

of the mol-ecule.resonate in d.efÍniËe portfons of the spectrrrJ'loo.

For example, 1n pyrinidiae deoxyribose aucleotid.yl unj.ts in dinucleo-

side monophosphates, the llrr protoÊs appear betlreen 6.34 ppn and

6.05 ppn from i.nternaL TSP. The Err and H2rr protons of dT are found

Ín the narro!Í range of 2.23 ppn xo 2.6L ppn, whíLe ín n6dU the Hrr

proton is shifted downfíel-d to ry2.95 ppm and Ëhe II2rr remains in the

aforementíoned range for dT. The Hrr protoos resonate between'4.53

ppm and 4.85 ppn wíth 1Ir, peaks from the 3t-nucLeoËidyJ- unít occurring

at lower fíeld than the correspordÍng reson.ance of the Sr-nucleotÍdyJ-
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unit,. The two IIOr and four exocyclíc protons (H5, s and Hr,,ts) are

spread betr,¡een 3.73 pprn and 4.22 ppm wÍth Ëhose from the 31-nucleotide

end aË hígher fieLd (typiealLy) Ëhan the other seËs of resonances.

AnbÍguities ín the assignmenË of a gíven resonance to a given

deoxy-sug "= "án be resolved with the aid of spin decouplíng experi-

r"ot"28'38. FÍgures 4.1 and 4.2 show the Hr,, H4,, H5r r H5rr and the

H2r, H2r, regions respecËively of ¿(n6Upt) at 333 K. Figures 4.1a and

4.2a shor¡ the unperturbed spectrum, whÍ1e 4.Lb, 4.2b and. 4.7e, 4.2c

show the effect of decoupLíng Ëhe lowfíeld ilrr (from Lhe n6dUp- uníL)

and hÍghfieJ-d ltr, (from Ëhe -pdT unit), respeclively. these spectra

clearly locate the resonances coupled to the irradiaÈed nuclei (i.e.,

H2r, H2,r, and HOr) for each part of the mol-ecul-e. One of the llrr

nultÍpleËs can be j.rradiated, in turn, Ëo assign ah.."1, multÍplets

(as was done in the case of d(TpT) and d(¡n6Upn6u)). Thís procedure

aLso helps Ëo sort out the magnitudes by which ÉI1r and Hr, couple to

HZ, and II2r, ín the m6dU moieties. All proton spectra of dínucleoside

monophosphates analyzed in this work wdre assigned using thís technique.

The dÍfferentiatÍon beLween IIrr and H2,, and between IIr, and IIr,, follows

the arguuenËs presented ín the 1iËeraËure for these nuclei. Unless

othe:-rise stated, Ëhose assignments r¡í11 be used h"r"29'73'103.

Proton spectral parameËers reported in the next eighË Ëab1es were

obtaÍned by comput,er sjmulaËion of each nucleotidyl unít, separately,

usíng Ëhe program LAlufE 8 L5L'l-52. The calculated Ëransitions were Ëhen

iteraËj-ve1-y fit Ëo the observed frequencies, !'rhere possi-b1-e, using Ëhe

sáme program. The standard deviations quoted in the tables are those
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FIGITRE 4.1 illustrates Ëhe proton spin-decoupling

experiments perforned on d(rn6Upt) at 333 K.

a) Ís the unperturbed region showing the

two IIr, protons, the Ëwo HOr prot,onsr. and

the four exocyclíc IIrr protons. b) shows

the effect of irradiating the hÍghfield Hrr

resonance from -pdT. The arrorü indicates

the location of the coupled ll4r. c) shows

the effect of irradiating the lowfield Hrr

resonance from m6dUp-. The arrow indícates

the trocaLion of Ëhe eoupled H4r.
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FIGURE 4.2 is a continuation of the Proton spin-

decoupLing experimenËs performed on ¿(m6Upf)

at 333 K. a) is the unperturbed regÍon

showing the t!¡o II2r and Ëhe two llr',

resonances of d(n6UpT). b) shows the effect

of irradiatíng the highfield 11,r resonance

in Figure 4.1b frorn -pdT. The arrow j-ndj-caËes

the coupl-ed Hr, and 1Ir,, si8nals. c) shows

the effect of irradiating the lowfield II3r

resonance ín Figure 4.1c from m6dup-. The

arrows indicate the coupled Hr, and H2,,

signals.

i:: r:: ,.:ì.



0¡

i !

,,1 rü
j

ií5
r

\¡ U
t

l:,
;.i

 t

. 
.,1



76

.'. -:l

,-|'|
: ':: :i:l
.:_l: . jl

calculaüed by Ëhe program. A relíable esËi.mate of the error in the

parameters is Èhe digital_ resolution of the specËïa (ca 0.L2 Hz) ,

rn some cases, ext,ensive overlap of resonances resulted in Ëoo few

observed frequencies reLative to the number of calculated transitíons.
rn these cases, the spectrum was sÍmulated (using spECSrM on the

Nicolet L180) and the parameters qrere changed untÍ1 Ehe experimentaL

and calculated spectra agreed. Here the reported, errors are the

tmount by whích a given Parameter can be changed wÍthouË affectj.ng Ëhe

appearance of the spectrum.

The calculated sPectra, shor¿n in the ïepïesent,aËive spectra in
FÍgures 4.3 to 4.6 to fo11ow, ïrere obtained by using the fÍna1

Parameters from the iteraËíve analysis or simulation to generaÊe the

theoret,ical specËrum of the nucleotidyl unít using spECSrM. The two

halves were then added together, usÍ.ng the sofËware available on the

spectromeËer and were plotËed using the spectromet,erts digíta1 plotter.
Line widths used in the simulated spectra are typically L.0 Ëo 1.2

Hz, dependíng on Ëhe sampl_e.

,.-j.., '. '
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TABLE 4.1

PROTON CHEMICAI SHIFTS (v) AND COIPLING CONSTÆ{TS (J)

FOR 3"5'-drDP a AT 2g3 K

pH=4.5b pH = 7.30 b

v (1')
v (2')
v (2")

v(3')
v(4') d

v(5r¡ dre

v (5rr¡ d re

v(6)
v (CIis)

J (6-Crr3)

J(1f-2r)
J (1 r -2")
J (2t -2")
J(2'-3'|)
J (2"-3 t )

J (3'-4 r )

J(4'-5r) d

J(4'-5") d

J(5f-5") d'€

J (3'-P3 | )

J(4,-P5') d

J(5'-P5') d

J(5"-P5 ' ) d

RMS Errorc
Largest Error

2305.393

870.755

915 .905

L76L.8r3

L575.837

L482.32

2808.31

696.97

L.2

8.L72

6.023

-L4.L48
6 .103

2.305

2.3g2 (2.34Ð d

srd.
Dev. 

c

0.0L4

0.014

0.014

0.019

0"039

0.051_

10.1
j0.1

10.1
0.020

0.020

0.019

0 .023

0.028

0.047

0 .063

0.038

0.084

0.103

0.0726 (0.1928)

0.Lsl (0.278)

v(1')
v(2')
v(2")
v(3')

c
v(4')'

E

v(5') 'î
v(5") t

v (6)

v (cH3)

J (6-CH3)

J(L'-2'i)
J (1r -2")
J (21 -2")
J(2'i-3f )

J (2"-3 r )

J (3'-4 '! )

J (4, -5, )

J(4r-5")

2299.855

865.084

900. 879

L7L9.290

L55L.72

L443.04

2829.20

698.52

1.05

8.193

6.079

-L3.926
5 .918

2.444

2,437

2.8

8.264

1.0

4.0

srd.
Dev. 

c

0.022

0.023

0.o24

0.026

J0.s

J0.s

10.1

10.1
+0.1

0.032

0.032

0.031

0. 034

0. 035

0.052

(+0.s)

0.049
(+0. s )

(+0. s )

0.1148

0.344

2.885
f.

f.

7 .9r0
2.372

4.s70

J(5r-5") e

J(3f-P3r)
J(4'-P5'|)
J (5, -P5, )

J (5"-P5 I )
d

f
f.
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a)

FOOTNOTES FOR TASLE 4.1

b)

unless othel:g¡ise st,at,ed, ehemícal shifts and eoupling con-

stant,s are in Hz, at 360.061 IüIz, as obtained fron the

ÍteraËive analysÍs. Sample was 4 ngs 3t15'-dTDp in 1 rnl

DzO. Che¡rical shífts are downfield fron internal TSp.

pH is the meËer reading (uncorrected) for the deuËerÍr¡m

isotope effect

These parameËers are obtaÍned from the output of LAI"IE B.

Estimated accuracy i" f .L2 Hz unless oËhe:¡¡ise índicated.

Obtained from a separate analysÍs.

H5, and IIrr are assumed equival-ent. The specËrum ís

Índependent of the value of J(5'-5*') ín thÍs case.

These resonances were t.oo broad to assign at Lhís pH. The

chemical shifts are the estimated cenLeïs of the bands

while Ëhe coupling constants ú/ere derived from the line
spacings.

c)

d)

e)

f)
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0. 0r-5

0. 014

0.01_3

+0.1 -
+0.1 "
+0.1 "

0.027

0. 025

0.024

0. 035

0.032

0.026

0.0r_6

0.023

0.020
c

+0.l- r
--o,

0

o.022

0.027

0.0882

0.191

0. 019

0.016

0.017

+0.1- "
+0.1 "
+0.1 "

0. o3l-

0. 034

0. 035

0. 035

0. 063

0.037

0.026

0.030

0. 025
c

+0.5 r
--o

ò

0. 031

0. 034

0.0952

0. 238

TABLE 4.2

PROTON CIIE}fICAI. SITIFTS (v) ÆÍD COUPLING CONSTANTS (J)

FoR 3t,5?-n6duDPa AT 293 K

pE = 3.67b pH = 7.45b

79
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v(1')
v(2')
v (2")

v(3')
v(4')
v(5')
v(5")
v(s)
v (CHg)

J (5-cHg)

J(1'!-2'| )

J (1t -2" )
J (21-2")

J(2'-3')
J (2"-3 r )

J(3'i-4f)

J(4',-5r)
J(4t-5")
J (5 r -5")
J (3'-P3 | )

J(41-P5r)

J (5'-P5 ' )

J (5"-P5 r )

RMS Error c

Largest Error

2255.85L

1093. 193

891. 693

1505 .953

r_510.864

L457.88L

2060.15

865.89

0. 81

4.948

8.738

-L4.06L
8.373

5.558

6.L40

3.429

7 .504

-rr.436
7.9

=0.0

6.259

6.302

c

srd.
Dev.c

0.020

0.018

0.0r_6

v(1')
v(2')
v (2")

v(3')
v(4')
v(5')
v (5")

v(5)
v (CHs)

J (5-CI{3 )

J (1'-2 i )

J (1r -2" )
J (21 -2")
J(2'i-3'i)

J (2r'-3 | )

J(3f-4'|)
J(4t-5, )
J(4r-5")
J(5r-5")
J(3f-P3'! )
J(4'!-P5'|)

J(5r-P5')
J (5"-P5 r )

225L.098

1083 .6 48

877 .L63

1487. 183

L484.680

L426.301

2058.90

869. 38

0.83

5 .383

8.531

-]-3.79L
8.317

5.630

5.675

3.285

7 .903

-11. 5 84

9.8
!0. 0

5.760

5 .683

s rd.
Dev. 

c

0.01_8

0. 018

0.036

f.
:::
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FOOTNOTES FOR TA3LE 4.2

a) unless othensise sLated, chemical shifËs and coupling con-

sËanËs are Ín Hz, at 360.061 IfHz, as obtaÍned fron the

iterative analysÍ.s. sampie was 4urgs 3t 15t-m6dÏrDp in 1 nl
DzO. cheroical- shifts are dor^mfield fron ínternal TSp.

b) pll is the meter reading Cuncorrected) for the deuterium

ísoËope effect.

c) These parameters are obtaÍned from the output of LAI{E B.

Estimated accuracy i" t0.rz Hz unless oËhen¿ise indicaËed.

d) This resonance hTas not observed,.

e) These parameters trere not obtaj.ned from an iterative analysis

but rüere d.erived dÍrectly from the line posiËions in the

sPectrum.

f) Thís paraneter was obtained from the 31p spectrum.

g) The simulaËed spectrum ís sensiËive to this value, and, any

value of J(4t-P5 t) larger than 0 .2 Hz produced notÍceable

splittíngs v¡hich r^rere noË observed.

BO



FIGUR3 4.3 shovrs the observed and calculated t,ransi-

t,ions for the H4,, H5,, and Hr,, protons of

3'r5'-n6dUDP at 293 and pH = 7.45. The

sample is 4 mgs in 1 n1 D2O. Cheuical

shifts are in ppn downfiel-d from ínternal

TSP.
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TASLE 4.3

PROTON CHEMICA]. SHIT"IS (v) AIID COUPLING CONSTANTS (J)
A

FoR d(TpT)- AT 293 K

dTp- PART -pdT PART

v(1')
v(2')
v (2")

v(3')
v(4')
v(5')
v (5")

v(s) d

v (CHs) d

J(5-Crr3) d

J(1'-2t)
J (l t -2")
J (2t -2")
J(2'|-3'| )
J (2"-3 t )
J(3'-4')
J(4'!-5'|)
J(4r-5")
J (5 r -5")
J(3'-P)

BMs Error b

Largest Error

srd..
Dev. 

Þ

t. t-
0.025

0.025

0.019

0.023

0.038

0.038

J0.1
10.1

t0. 1
0.036

0. 036

0.03r_

0,029

0. 03r-

0. 036

0 .045

0.047

0. 045

0.043

srd..
Dev. 

D

r-t2228.206

839.468

9L5,062

L709 .57 4

L498.977

1370.803

135 3 .5 83

2759.92

672.81

1.1
6.926

6.468

-L4.096
7 .034

3.77L

3.489

3.66L
4.L94

-L2.554
6.307

v(1')
v (2')
v (2")

v(3')
v(4')
v(5')
v (5")

v (s) d

v (CIts) d

J (5-Cr13)

J(1f-2r)
J (1r -2")
J (2t -2")
J(2'-3f)
J (2"-3 r )

J(3,-4r)
J(4,-5,)
J(4r-5")
J(5r-5")
J(4 t -P)
J (51-P)

J (5"-P)

2268.550

882.315

880.3ls

L646,879

L478.490

1487.207

t46L.402

2752.40

669.55

1.1

6.870

6.870
.L2.L

5 .515

5.515

3.468

2.34L

3.7L4

-r.r_.931

L.493

4.L48

3.643

0.027

0.025

0.023

0.024

10.1

10.1
10.1

0.063

0.063

0. 196s

0.3L7

0.058

0.0s8

0.038

0.032

0.037

0.037

0. 045

0. 036

0. 03r-

0. 1151

0.27 9



FOOTNOTES FOR TA3LE 4.3

Unless othen'rise stated, chemical shifts and coupling con-

stanËs are in Hz, ax 360.061 Mliz, as obtained fron the

iterative analysís. Sample was 4 ngs d(TpT) Ín 1 ur1- D2O.

Chenical shifts are downfíeld from ÍnËernal TSp.

These parameters are obtained from the ouËput of LAI,IE B.

Estínated accuracy i" 10.L2 Hz unless othen¡ise indicaËed.

H2r ,and Hr,, of Ëhe -pdT part of the molecule are near

equivalent. The chenicaL shift dífference is arbÍtrary.

these parâmet,ers qrere noË obËaj_ned from an it,erative

analysis but, r¿ere derived directly from the líne posÍt,ions

in the spectrl:m.

The observed couplings to IIrr and ilrr are Ëhe averages of

Ëhe acËuaL couplíngs, i..., oBSJ (L,-2) = (J(1r-2r) +

J(1r.-2")) 12..

For near equivalence of IIrr and H2,r, the specËrum is

independent, of J(zt -2't)

83

a)

b)

c)

d)

I r:::.1.j - '-

rjli:...::.

e)

f)
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TABLE 4.4

PROTON CHEMICAI SI1IFTS (v). Æ{D COUPLING CONSTAI.ITS (J)

FoR d(Tpn6u) a AT 293 K

dTp- PART -pr6du pAnt

v(1')
v(2')
v (2")

v(3')
v(.4')

v (5')
v c5")

v(6) c

v(CII3) c

J(6-clt3) c

J(1r-2r)
J (L r -2")
J (2t -2")
Jc2'!-31)

J (2"-3 | )

J(3'|-4f)
J(4r-5')
J(4r-5'r)
J c5 

| -5")
J(3r-P)

RMS Error b

Largest Error

2250.507

801.94L

869.945

L7L4.L27

L487.L38

L38L.620

L354.584

2720.23

681. 70

r_. 19

6.967

6.828

-L4.L63
7.L08

3.619

4.210

2.8t5
4.563

-L2.620
7 .627

s rd..
Ðev. 

Þ

t.t^
0 .020

0.019

0.055

0.034

0.029

0.029

10.1
10.1

10.1
0 .028

0.028

0.027

0 .038

0.038

0 .066

0.043

0.044

0 .038

0.095

0 . L007

0 .193

v (1')
v (2')
v (2")

v(3')
v (4')
v (5')
v (5")

v(5) c

v (CH3) c

J (6-Cr13)

J(t_'|-2f )
J(1r-2")
J (2' -2")
J(2,-3f )

J (2"-3 r )

J(3'-4|)
J(4 | -51)
J(4r-5")
J (5 r -5")
J(4'-P) d

J(5r-P)
J (5"-P)

2228.496

106 3 .531

832.L78

L634.624

L447.986

t485.647

L433.564

2002.L0

846.04

0.74

3.673

9.200

-14.000
9.01-5

6.786

7.05L

2.560

8.329

-10 .879
.\r0

3.4L9

5.6L9

S Ëd..
Dev. Þ

t.*t
0 .012

0 .016

0.010

0.072

0.012

0 .014

10.1

10.1
+0.1

0.01_9

0.023

0.020

0.016

0 .01-B

0.015

0.021

0.013

0.021_

0.021

0.022

0.07L6

0.237
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FOOTNOTES FOR TASLE 4.4

a) Unless oËherw-ise st,ated, chemical shifts and couplJ.ng con-

stants are i.n Hz, at 360.061 ùtlz, as obtained from Ëhe

iterative analysis. SampJ-e was 4 ngs d(Tpm6U) in 1 ml D2O.

Chenical shífts are downfieLd fron internal TSP.

b) These parameters are obËained from the output of LAME B.

Estimated accuracy i" 10.L2 Hz unless othewÍse indícated.

c) llrese parameËers Írere not obtained from an iËerative analysis

buË were derÍved directly from the lÍ.ne posítions in the

spectrum.

d) The simulaËed specËr,¡tr Ís sensitive to this value, and any

value of. J(4r-P5r) larger Ëhan 0.2 Hz produced noticeabre

splittÍngs which T,rere not observed.

B5

,:l i
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TABLE 4.5

PROTON CIIEMICAI SIIIFTS (v) AND COUPLING CONSTA-I{TS (J)

Fon ¿(tpn6u) a 
^tt 333 r

dTp- PART -pn6du PAnt

srd..
Dev. 

Þ

t.t*
0.019

0.022

0.016

0.031

0.029

0.030

r0.s
J0.s

10.2
0 .032

0.029

0.029

0.029

0.027

0.032

0.057

0.057

0.038

0.035

RMS Errorb
bLargest -Eirror

v (11)

v(2')
v (2")

v(3')
v(4')
v(5')
v (5")

v(6) c

v(CII3) c

J(6-CH3) c

Jclr-2?)
J (lr -2")
J (2t -2")
J(2'|-3t)
J (2"-3 r )

J (3 ' -4')
J(4'-5')
J (4 r -5")
J (5 r -5r')
J(3r-P)

2249.262

835.334

89L.543

L72L.282

1500.091

1388.130

136L.845

2722.06

683.76

1_.0

7.LLs

6,826

-L4.236
7 .262

3.7 40

3.635

3.347

4.679

-r2.57]-
7 .O49

v(1')
v(2')
v (2")

v(3')
v(4')
v(5')
v (5")

v(5) c

v (CH3) c

J(S-CH3) c

J (1 '-3' )
J(1r-2")
J (21 -2")
J(2'-3')
J (2"-3 r )

J(3t-4r ¡ d

J(4r-5r) d

J(4'-5") d

J(5'-5") d

J(4'-P) d

J(5'-P) d

J(5"-P) d

223L.377

].053.2s2

834.766

1646.494

L455.824

L494.468

1451. 198

2026.42

852.26

<0.5

4.328

8.38s

-L4.L45
8. 718

6.209

6 .50

3.0
8.0

-10.70
ttr0

4.80

6.0

srd..
Dev. 

b

0.042

0.034

0.031

0.034

0.025

0.025

0.028

J0.s

t0.s

0.050

0 .050

0.046

0.048

0.046

!0.2
!0.2
10. 2

+0.2

!0.2
!0 -2

0.1191

0.277

.: :.:l

. . rI

i.1l

0.0998

0.3L2
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FOOTNOTES FOR TASLE 4.5

a) unless oËherrü-ise staËed, chemical shifts and coupling con-

stanËs are in Hz, at 360.061 MIIz, as obtained from the

iËerative analysís. sarople was 4 ngs d(Tprn6u) i.n 1_ m1 D2o.

Chenical shifËs are downfield from internal TSp.

b) These parameters are obtained from the output of LÆ4E g.

Estínated accuracy is *0.L2 Hz unless othe::r,trise Índicated.

c) These paramet,ers hrere not obtained from an Íterative
analysís but were derived directly from the line posiËions

Ín Ëhe specËrum.

d) The extensive overlap of H^r and II5,, from the -pn6du part

of the molecule resulted in fewer observed. ËransÍt,ions

than were calculated. The spectïum \ras símulated untíl it
reproduced the experimenËal regÍon. The quoted errors are

the amounts by which the parameters can be changed before

the sÍmulated and experimental spectrum no longer agree.
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FIGURE 4.4 shows the observed and calculated proton

spectrurD of dCTp!û6U) at 333 K and pH = 5.9.

The sample is 4 ngs d(Tpn6u) in 1- n1 D2o.

Shífts are ín pprn dovmfÍeld frorn ínÈernal-

. TSP.

' ir!

r..:.i..:':: l'i::ì
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TA3LE 4.6
PROTON CHEMICAL SIIIFTS (v) Al¡o CoUpLINc CONSTANTS

FOR d(m6upT) a AT 2g3 K

n6dup- eARt -pdT PART

sËd..
Dev. 

Þ

t. *t
0 .023

0.031

v(1')
v(2')
v (2")

v (3') c

v(4')
v(5')
v (5")

ô
v (5)

v (CH3) e

J(5-cH3) e

J(L'|-2')
J(1r-2")
J (2t -2")
J(2r-3,)
J(2"-3 ' )
Jc3'|-4')
J(4r-5')
J(4r-5")
J (5 r -5r')
J(3 ' -P)

2223.308

L064.042

877 .279

v (1')
v(2')
v (2")

v(3')
v (4')
v (5')
v (5")

v (6)

v (CtIe ) e

J (6-CH3)

J(1,-2')
J (1r -2,' )
J (2t -2")
J(2,-l')
J (2"-3 r )

J (3'-4 ' )

J(4'-5')
J(4r-5")
J (5 r -5")
J(4'!-P)

J(5 ' -P)
J (5"-P)

2280.97

869.800

869.600

t644.620

L496.349

tI+A+.5+e

L459.3L2

2773,94

686.70

1. L9

6.780

6.780

-!2.L0
5.515

5 .515

4.238

2.905

4.392

-11.520
1. 886

3.904

4.029

SËd..
Dev. 

Þ

r. ta
0. 041

0.04r.

0 .031

0.041

0.021

0.027

10.1

10.1

10.1
0.052

0.052

0.0s6

0 .056

0. 054

0.036

0.041

0.035

0.050

0.042

0,046

0.1318

0.416

7460.443

L396.249

t344.493

2053.9L

85 0. 88

0.81

5 .356

8.41.2

-L3.993
8.485

5 .633

5.52L

3.225

6 .830

-12 .108

6.82 e

0 .031

0.031

0.031

10.1

10.1

10.1
0.041

0.047

0.040

0.047

0.0s9

0.086

0.044

0.061

0 .043

+0.2

e

d'f

f

drf

t.-.

RMS Errorb
bLargesË Hrror

0.1128

0.25L
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FOOTNOTES FOR TABLE 4.6

a) Unless otherÌ.r:ise statede chemíq¿l shifts and coupling con-

stanËs are in Hz, aE 360.06L lúlz, as obtained from the

iterative analysis. Sample was 4 ngs d(n6Upt) in I m1

DzO. Chenical shj.fts are downfield from inËernal TSp.

b) These parameËers are obtained from Ëhe output of LAME g.

EsËj.nated accuracy is 10.L2 Hz unless oËherwise indicaËed.

c) This resonance riras noË observed.

d) HZ, and H2,, of the -pdT parË of the molecule are near

equivalent. Ttre chemical shift difference is arbitrary.

e) Tnese parameters were noË obËaÍned from an iLerative

analysis but, were derived dírectl-y from the line posÍtíons

Ín the spectrum.

f) For near equÍ.va1ence of Hrr and H2,,, the spectrum ís

independent of J(2t-21'). The observed couplings t,o Hrr

and lir, are Ëhe averages of the acËual couplings, i.e.,
oBs.tçt'-z¡ = (J(t'z') + J(L'-2")) /2.

g) This parameter !ùas obtained from the 31p speeËr,rm.

i,.

l" ,l

90



v(1')
v(2')
v (2t')

v(3')
v(4r)
v(5')
v (5")

v(s) d

v(cEs) d

¡(S-cEs) d

J(Lr-2r)
J(1r -2'r)
J(21 -2n)
Jc2t-3r)
J (2il-3 ' )
J(3r-4')
J(4t-5r)
J(4 r-5r')

J(5 r:5")

J(3r-P)

RMS Error
Largest Error

2218.052

1068.337

872.864

L74L.03;6

L464.110

L392.096

1348.919

2055.70

8s0.63

0.74

s.744

8.349

-L3.787
7.857

5.L32

5.322

3.544

6.478

-L2.L24
7.406

v (1')
v(2')
v(2")
v(3')
v(4')
v(5')
v(5")
v(6) d

v(cE3) d

J(6-cHg)

J(l-t-2r)
J (L t -2r)
J (2t -2")
J(2,-3r)
J (2rr-3 t ¡
J(3f-4')
J(4 '-5 ' )
J(4r-5rr)

J(5 t -5il)
J(4 '-P)
J(5 '-P)
J(5ll-P)

2270.73L

862.554
c

863.031

1638.465

L494.LsL

L482.028

L46L.L69

2760.02

688.44
d 

L.g7

6.787C¡ê
6.787

e -Lz.L
5.515crê
5.515

3.723

3.077

4.747

-LL.5L7
L.392

4.448

5.L45

srd..
Dev. 

Þ

0.014

0 .348

0.349

0.013

0.015

0.0L3

0.012

{o.1
Ð.1
+o.1

0.01_6

0.016

9L

TAßLE 4.7
PROTON CIIEùIICAL SHIFTS Cv) ÆrD COüPLING C0NSTÆ'ITS (J)

FOR d(m6ÜpT) a AT 333 K

N6dUP- PART -PdT PART

srd..
Dev.D

r.r*
0.0r_6

0.021

0.0r-6

0.0L0

0 .0L6

0.016

Ð.1_

to'1
fl.1-
0.022

0 .025

0.027

0.025

0.025

0.0L6

0.0L8

0.017

0.022

o.022

i-,:'l 
'''

0 .0849

0.271

0.015

0.015

0.022

0.020

0.018

0.019

0.03

0.025

0.023

0.0967

0.24s
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FOOTNOTES FOR TABLE 4.7

a)

b)

Unless oLhenq'ise stat,ed, chemical shifts and couplíng con-

stants are in !lz, at 360.061- l&lz, as obtaíned from the

iterative analysís. Sample was 4 rngs d(rn6UpT) in 1 rnl

DzO. Chenical shifts are downfíeld from internal TSP'

These païalneters are obtained from Lhe ouËput of LAME 8'

EsLimaËed .accuracy is 10.L2 Hz unless othe:¡alse índicated.

HZ, and Hrrr of the -pdT part of the molecule are near

equívalent. The chemical- shíft difference is arbíEËary.

These parámetets were not obtained from an iËerative

analysis but were derived directly from Ëhe 1-íne posi.Êions

fn the spectrum.

For near equívalenee of Hy and I12r,, the specËrum Ís

independent of J(2.1'21'). The observed couplings to ÏIrr

and II^r are the averages of the actual couplings, i'e',
J'

outtçt' -z) = (J(lr-z) = (J(1'2') + J(Lt-z"))/2.

c)

d)

e)
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FIGUPG 4.5 contains the observed and cal_culaËed

proron specrrum of d(n6upT) ar 333 K and

pII = 6.1. The sample is 4 ngs ¿(n6Upr)

in 1 n1 D20. Shifts are in ppn dor"rnfíe1d

from lnternal TSp
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TASLE 4.8

PROTON CHEMICAI SIIIFTS (v) 
_ AND COIIPLING COIISTÆ{TS (J)

ron d(n6upn6u) 
a ¡r 293 r

n6dup- PART -pr6du pAnt

v(1')
v(2')
v(2")
v(3') c

v (4')
v (5')
v (5")

u(5) d

v(cH3) d

J (5-CH3) d

J(1'|-2f)
J (1r -2r')
J (2t -2")
J (2'-3' )

J (2"-3 r )

J (3'-4' )

J (4'-5' )

J (4 r -5")
J (5 r -5")
J (3 '-P) e

RMS Errorb

Largest Errorb

22L6.542

1054.837

886.77L

L47L.208

L379.966

L343.537

2059.28

856.43

0.77

7 .502

6.407

-L3.9L2
6 .095

4.9L6

4.839

3.550

6.s70

-L2.L42
9.5

srd..
Dev. 

D

0.052

0.030

0 .034

0.033

0.046

0.046

10.1

10.1

10.1
0.053

0.058

0.045

0 .060

0.067

0.067

0.054

0 .053

0.061

+1.0

v(1')
v (2')
v (2")

v (3')
v(4')
v (5')
v (5")

v(5) d

v (cII3) d

J (5-cH3) d

J(1r-2r)
J(1'-2")
J (21 -2")
J(2'-3'i)
J (2"-3' )
J (3'-4' )
J(4'|-5'|)
J (4 | -5")
J(5 r-5")

J(4,-P) f'

J(5 '-P)
J (5"-P)

2230.tL0

1058.994

825.333

L676.305

L434.535

L495.280

1452.376

2033 .03

852.32

0 .78

3.960

9.084

-L3.7L3
8.879

6.s84

6.895

2.7 42

6.60s

-11.305
ru0

4.926

4.81r-

S Êd..
Dev. 

Þ

,"*
0,027

0.021

0 .017

0.021

0 .013

0 .017

10 .1

+0. L

+0.1

0.034

0 .031

0 .032

0 .031

0.027

0 .030

0 .020

0.026

0 .023

0.L632

0.4r-5

0 .025

0.037

0.1230

0.381

ì.ì,
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FOOTT.TOTES FOR TASLE 4.8

a) unless other$¡-ise staËed, chemícaL shifts and coupl-ing con-

stants are ín Hz, aE 360'061 Mllz' as obtained from the

íteratíve analysís. Sample was 4 mgs d(rn6Upn6Ü) in 1- nl D20'

Chemical shifts are downfiel-d fron internal TSP'

b) These Parameters are obtaÍned from the output of LAME 8'

Estimatedaccuracyis*0.L2]F;zunlessotherv'riseindicated.

c) This reson'ance T¡las not observed '

d) These Parameters r¡leÏe not obLained from an iteraLive

analysis but were derived dírect1-y from the line positions

in the sPectrum.

e) This parameter was obtained from the 3lP sPectrum'

f) ltre simulated specürum is sensítíve to this value' and

any value of J(4r-P5r) larger than 0'2 llz produced notice-

ab1-e splittinàs which were not observed'



FIGURE 4.6 is the observed and calculated proLon

spectrum of d(n6Upm6U) at 293 K and pII =

6.5. The sample is 4 ngs d(n6Upn6u) in

1 rnl D2O. Shifts are Ín ppm dov,mfieLd

from int,ernal TSP
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B. 13c m¡m. tAtA

Tables 4.9 to 4.21 show the l3c chemical shíft and spin coupling

daËa for the nucleosides, nucleotides, 3r r5r-nucleoside d.iphosphates

and dinucl-eosÍde monophosphates studied in thís work. The chemical

shift data (Table 4.9) and prolon-carbon coupling constant,s for the

pyrinidine carbons (Table 4.10) of the Ëwo nucleosides are presented

firsË. Chenical shift assignments for specific rÍbose carbons fo11ow

those reported in the lj-Ëeratur e47-5L. specific assignment of the cor

and Cr, carbon was based on the magnitude of the one bond proton-carbon

couplíng coristants, lJlcl-t-Hlt ) > 1¡(c4t-ïI4t ) 53. Assignment of the

base carborÌs l,ras facilitated by the splittíngs of Èhese resonances in

Èhe gated proton-coupled spectrum of the respecËive molecules (see

Figure 4.7),

The chemÍcal shÍft assignment for the ribose carbons ín the

nucleotj.des and 3t 15t-nucleoside diphosphates was facílítated by the

appearance of splittings (between 1 to 9 Hz) due Ëo the carbon-

phosphorus spín-spin eouplÍ-ng for some of the carbons. In the 5t-

nucleotides, C4, and crr appear as doublets while in Ëhe 3t-nucleotídes,

CZ.l Crn and COr are spl-it inËo doublet,s (see Figure 4.8). In the

3t,St-nucLeoside di.phosphates, the Czr, C3,, and C5r carbons are split

while COr is eiËher a triplet or a doublet of doubleËs (see Figure 4.9).

The pyrínidine carbons undergo only u:inor chemj-cal shíft perturbat,ions

upon phosphorylaLion.

For the dínucleoside monophosphates, the situaËion is slightly

nore complicated. The pairs of. Cr,, C3,, and Crr resonances can be
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l

dífferentíated by the carbon-phosphorus spín couplings (see Figures

4.10 to 4.L2). rn the case of Ëhe c4r and c1r paÍrs, Ëhe assÍgnmenË

is noË as straíghtforward. The assignments shown in the tables are

based on the observed behavior of these shÍfts upon phosphorylation

and on the dependence of the chemical shifËs of Ëhese earbons in the

nucleot,ides as a function of pII. The assÍgnmenËs are reasonable Ín

Ëhe lÍght of Ëhe above infornation. Conclusive assigr:.menËs, however,

would need either 13C enrichment of one of the carbons in each

mo1ecu1e, or deuËerium subsËiËuËíon of Ëhe directly bonded proton

for two of the carbons.

98



99

TABLE 4.9

CARBON CHEMICAI SI{IFTSA FOR ,dT ¿lIO N6dU AT 3OO K

drb dr6u b

: :: :.ì
'.,::. \

ô (cI13 )

ð(2')

ô (5')

ô (3')

ô (1')

ô (4')

ô (5)

ô (6)

ô (2)

ô (4)

L2.8L

39.84

62.5L

7r.76

86.34

87.81

L12.66

L36.75

L52.9L

]'67 .68

2L.03

37.96

63.04

72.09

86.99

87 .52

103.s9

L57 .77

L52.77

L66.79

a) Chemical shifts are j¡r ppm downfield from external
TMS by setting Ëhe chemícal shíft of the internal
dioxane equal to 67.859 ppm.

Samples were 100 mgs dissolved in I nl D2O and

contained 12 dioxane as inËernal reference.
b)
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TABLE 4.10

PROTON-CARBON COUPLING CONSTÆ{TS FOR THE TITTMINE A}TD 6-METHYLUR]\CIL

MOterrns rN Nuci,nostoes aND Nucluorrogs tt 3oo r "

dT 3 t -dTMp 5 ' -dTMp n6du 3'-m6dltMp 5'-n6dtD{p

r.r(uo-co)b L79.3 lgi-.8 Lgz.5

2.1 (r¿o-cs ) 1 .5 1.3 1. 3

2.i1cri,-cs) 6.7 6.9 5.9

3t çcrir-c4) a. r 4.0 4.0

3.l1cnr-co) 6.2 5.8 5.9

3;(no-c+) 9.8 - 9.8 10.1

3.1(no-cz) 7 .7 8. i- 8 . o

3J (H1'-c2) z.r 2.4 z.z

3.1 (nt'-c6) 3 .8 4.4 3 .6

1.¡ (ns-cs)

2¡ (ris-co)

z¡ (ns-c+)

2r qcnr-co¡

31 1cn,-cs ¡

3¡ (nt'-cz)

3.r (ut'-c6)

t75.6 L76.2 175.5

3.0 3.2 3.0

L.0 <0. 7 <0. 7

6.0 6.1 6.0

4.7 4.7 4.6

6.8 6.7 6.2

3.0 3.2 3.0

a) Sanples were 100 mgs dissolved in 1 rnl D2O and conËained lZ dioxane
as internal reference.

b) In IIz. EstÍmated accuracy *0.5 Hz.



FIGUR.E 4.7 Ls Èhe carbon-l3 specËrum of the pyrÍnidÍne

ríng carbons of a) n6dU and b) dT at 310 K.

Both samples are 100 ngs nucl-eoside

díssolved in 1 nL D20. The spectra trere

obtaíned in the gaËed-coupled node to

retai.n Ëhe threefol-d enhancemeriË of the

i3C-{ln} non.
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lA3tE 4-11-

CARBON CITEIÍICAI, SHITTS AND CARBON-PHOSPEORUS COU?LING CONSTAI.TTS

FOR 3r-drlfP AT 3oO K a

ô, " ,rn b 1,.2, 2.L 5.6 6.3 7 .3 g.4 10.L--Æ 

-
ô(cEa) LL.BZ L2.84 L2.83 L2,.82 L2.82 L2.7g 13.90

ô (2' ) 38. 85 38. 98 39 .O2 39. 15 39 .25 39 .24 39. 36

6 (.5' ) 62.3s 62.43 62 .50 62.59 62.66 62.63 62.9L

6 (3' ) 76 .L6 75 .82 75 .22 7 4 .76 7 4.32 7 4.43 7 4.s6

ô(1') 86.33 86.3s 86.3L 86.30 86.28 86.30 86.46

ô (4') 86.93 87 .02 87.1-0 87 .20 87 .28 87 .26 86.9s

ô (5 ) 112.80 Lt2.76 LLz.7 4 LLz.73 Lrz.7L LLz.7l 113 . 03-

6(6) 138.80 138.81 l-38.84 138.90 138.93 138.93 L38.00

ô c2) Lsz.94 L52.93 1s2.95 1s3.00 l-53.05 153.02 Lsg .7L

ô (4) L67 .7L L67 .69 L67 .69 , L67 .73 L67 .78 1.67 .78 L76.47

2.¡(ca'-p) d 4.g 5.1 4.8 4.g 4.6 4.s 4.s

3¡(cz'-p) 3.2 3.4 3.6 3.2 2.9 2.8 3.0

3¡(c4'-p) 6.s 6.3 6.1 5.8 5.8 5.9 5.8

Chern:icaL shÍfts are Ín ppn downfíel-d from external TMS by setting
the cheuical shift of the interûa1-{í.oxaae equal to 67-859 ppn.- .: --

Sample was,, l0O mgs dissolved in 1 nl ÐÞOr¡, prepared. äs described in
Ghapter III, and eontained L% diaxane^ as internal reference. pll

'''..''-
readÍ.ngs ar. oot -ãorrected for the d.euterir¡m isotope effect.

EstinaËed accuracy +0.01 ppn

Estimated accuracy *0.2 Hz

a)

b)

c)

d)
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FIGURE 4.8 contains ühe observed carbon-l3 specËrum

of the rÍbose carbons of 3r-dTt{p aË 300 K

and plI = 7.3. Sample is 100 mgs 3t-dT¡æ

in 1 n1 D2O prepared as descríbed in

Chapter III. Shifts are relative to

exËernal TMS by setËing Ëhe dioxane

resona:t.ce shift equal to 67.859 pprn.
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lA3tE 4.12

CARBON CTIEMICAT SHIT'TS A}ID CARBON-PHOSPEORÜS COUPLING CONSTA¡ITS

FOR 5 r-druP AT 3oO K a

ç,9', ,þn Þ' 1.5 3.4 5.9 6.s 7 .L 8.5 10.0 11.5

ô(6Hg) L2.9L tz.go Lz.gt Lz.gg L2.gg r.3.00 13.5r. 14.18

ô (2 ' ) 40 .og 40 .06 39 .g2 39 .75 39 .64 39 .60 39 .51 35 .55 
'

6(5') 66.25 66.0s 65.74 65.40 65.12 6s.03 6s.09 65.18

ô(3') 72.32 72.40 72.42 72.50 72.50 72.48 72.52 72.58

ô (1' ) 86 .39 86 .36 86 .28 86 . 16 86 .L4 86 . r.3 86 .L4 86 .L4 
,

ô (4') 86 .66 86 .81 86 .g4 87 .Og 87. r.8 87 .20 86 .95 86 .61 
;

Iô(5) LLz-9L LL2.gz LL2.g3 1r.3.ro 1r.3.0r. 113.01 r.r.3.15 LL3.3z j

ô(6) 138.63 r.38.66 138.75 L38.g7 138.98 138.98 L38.46 L37.78 
,

ô(2) Lsz-s2 L52.ss Lsz.s8 r.s3.o3 r.s3.06 1s3.r.8 L56.42 L60.73 i

6(4) L67.74 L67.75 L67.78 L67.87 r.67.88 168.03 L72.26 L77.8g i

lz.r(cs'-p) d 5.2 5.1 4.g h.7 4.6 4.7 4.8 4.7
3.r (c4'-p) 8.9 g.7 g.7 g.7 8.6 g.5 8.4 8.4 i,

a) ctrenical shÍfts are in ppn downfíeld. from exËernaL TMS by setting
the chenÍcal shj-ft of the internal dÍoxane equal to 67.g5g ppn. 

i"l b) sanple was 100 mgs dissolved in 1- nl D2o, prepared as described in i....i

chapter rrr, and contaÍned 12 dioxane as ínËe:nal reference. pE
readings are not corrected for the deuteri.um isotope effect.

c) Estinated accuracy +0.01 ppm

d) Estirûated accuracy 1e.2 Hz

ro4
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TAstE 4.13

CARBON CEEMICAL SEIFTS A}TD CARBON-PHOSPHORUS COUPLING CONSTA}¡TS

ôc pEb 1.3

ô (cEg) t2.90

FOR 3r,sr-dTDP AT 300 K a

2.6 4.9 5.9 7.L 9.0 10.1 11_.5

L2.92 L2.93 t2.95 L2.93 13.L0 14.51 L4.2L

39.24 39 .24 39.2s 39 .26 39 .2s 39 .25 39.22

66 .09 65 .99 65 .72 65 .11 65 .65 65 .73 65 .77

76.58 76.33 75.64 75.48 75.s4 7s.s8 7s.s7

86.32 86.31 86.29 86.39 86.44 86.47 86.4g

85.92 85.98 86.27 86.86 86.g7 86.65 86.51_

113.06 113.05 113.04 l_13.04 113.07 LL3.27 Lt3.26

138.63 138.68 138.86 139.r.0 139.00 138.37 L37.g8

153.0L L53.02 L53.07 153.10 L54.18 158.39 160.89

167.79 L67.80 L67.83 167.88 169.18 L74.74 r77.96

s.0 4.9 4.6 4.s 4,s 4.7 4.L
4.7 s.4 4.8 4.6 4.5 4.7 3.8
3.5 3.6 3.L 3.0 2.8 2.5 2.4
6.0 s.B s.; 6.0 6.0

8.9 8.6 
- 

e 8.5 8.6 B.B

6 (2')

ô (s')

ô (3')

ô (1')

ô(4')

ô (5)

ô (6)

ô (2)

ô (4)

39.L7

66.32

76.76

86.32

85.63

L]-3.O2

138.5s

L52.96

L67.75

2¡(csr-p3')d 5.0
2¡(cs'-p5 ?) s.o

3.¡(c2'-P3') 3.g

rJ(C4r-P3r ) 6.2

3¡(c4'-p5') g.g

a) 
:Ïï::1 

sh_ift,s are in ppn downfieLd fron exrerural TMs by seËrínsËhe-ehemicar,-shifË oF the interzral dioxane equal_-to 67.g59, pþn;..
b>'-- sanple was tr00 neÀ ãîså.l"ii-in r. n1 D2o,_.-prepared as descrÍbed in

chapter rrr, and contaíned 12 dloxane as Ínternal reference. pil
readings are noË corrected, for the deuterium i.sotope effect.
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CONÎINUATION OF FOOTNOTES FOR TASLE 4.13

c) Estj-mated accuracy *0.0L ppn

d) Estinated accuracy *0.2 Hz

e) NoË resolvable as the resonance Ís und.erneath ËhaË from cr,
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FIGIIRE 4.9 Ls a typical carbon-l3 specËrum of the

ribose carbons of 3r,sr-dTDP at 300 K and

pII = 1.2. Sanpl-e ís 100 mgs 3?,Sr-dTDP Ín

1 nl D2O prepared as descríbed in Chapter

III. Shífts are relati.ve Ëo exËernal TMP

as descríbed for Figure 4.8. The inserË

shows the CO, and Crr carbons from

3t,5'-*6duop.
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TAsrE 4.14

WON CIIEMTCA]" SHIFTS A¡ID CARBON-PHOSP}TORUS COUPL4{G CONSTÆ.TTS

Fon 3'-n6dt¡¡lp a er 3oo t<

ôc pHb 2.5 4.s s.7 6.4 7.8 g.4 10.1 1L.6
6 (cHs) zl-ro zL.Lo z]-.r3 zL.r3 2L.t4 zL.o6 zo.go 20.73

6(2') 37.L7 37.18 37.24 37.34 37.42 37.4s 37.4s 37.s6 
l

ô(s') 62-83 62.88 62.95 63.06 63.16 63.2L 63.30 63.38 
iô(3'i ) 75.56 75.54 7s.32 75.00 74.72 74.85 7s.ro 7s.38

ô(4'i) 86.56 86.62 86,68 86.7g 86.82 86.88 86.88 86.86
ô (1') 86.99 87 .02 87 .06 87 .L2 87.18 87 .L7 87 .L2 87 .06
ô(5)].03.551o3.531o3.541o3.531o3.531.03.70Lo4.L21.04.33

ô(2)' Ls2.Bt 152.83 L5z.B4 Lsz.g6 Lsz.gg L54.67 L57.7r 16L.38 ',

ô(6) $7.83 Ls7.84 Ls7.87 L57.g2 757.g4 Js7.48 156.6s Ls5.66 i

I ô(4) L66 -97 L67 .oo L67 .oL l.67 .oz L67 .r5 :.69.zg L73.Lo L77 .68
- .1 

Lvt.Lr Le>.¿a Ll'.Lv LI|.6E

:3'-p) d 4.8 4.6 4.6 4.4 4.4 4.L 4.4 4.6'l ((

, 'J(C2'|-p) 2.7 3.0 2.8 2.8 2.5 3.0 2.7 2.5 r

, t ñ\ 
' 

L'J

, 'J(c4f -p) 7 .7 7 .B 7.3 7 .t 6.1 6.4 6.4 6.3 i

a) chenical shifts are in ppn downfield fron external Tlfs by serËing
the chenicar- shift of the internar dÍoxane equal to 67.959 ppn. 

t
i:ib) sanple was 100 mgs dissolved Ín 1 nL D2o, prepared as described ín

chapter rrr, and contained L"/. díoxane as internal reference. pH
readings are not corrected for Ëhe deuteriu Ísotope effecË. 

:

c) Estimated accuracy *0.0L ppn

d) Estinared accuracy +0.2 Hz 
ä1

i
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TA3LE 4.].5

CARBON CEE¡fiCAt SHIFTS Æ.ID CARBON-PHOÞPHORUS COUPLING CONSTAI.TTS

FOR 5'-m6du¡,P AT 3oO K a

ô c' oII b L.3,r

ô (cEg) zL.Lo

ô (2') 37 .9L

ô (s') 66 .9s

ô (3') 7L.98

6(4') 85.86

6(1') B6.9L

ô (s) 1o3.ss

ô (2) Ls2.69

6 (6) Ls7 .77

6 (4) t66 .94

2.1çcs'-r¡ d 
5 .3

3.r (c4'-p) 7 .g

2.L

2L.LL

37.82

66.39

72.0t

86.00

86 .81

LO3.57

L52.72

L57.76

L66.9s

5.L

8.0

4.4

2L.LI

37.8L

66 .30

72.02

86 .03

86 .8L

103.60

L52.73

15 7 .80

L66.93

5,2

7.9

5.4

2]-.07

37.76

66.19

72.06

86 .10

86.78

103.58

L52.73

L57 .78

L66.94

4.8

8.0

7.L

2T.L2

37.70

65.34

72.L8

86.37

86.60

L03.62

1"52.78

157.81

L66.95

4.5

8.4

8.1

2t.07

37.63

65,25

72.22

86.4L

86.s8

103.s8

L52.83

L57 .79

L67.06

4.6

8.3

10.1,

20.86

37.83

65 .35

72.36

86.08

86.25

104.05

L57.75

L56.43

L73.28

4.6

8.0

a)

b)

c)

¿)

cheni-caL shifts are in ppm downfield fron exteraal TMS by seËting
the cheurical shift of the Ínternal dÍoxane equal to 67.g59 ppn.

sanple was 100 mgs díssolved Ín J. nl- D2o, prepared as described in
chapter rrr, and contaÍned r-z díoxane as internar refereûce. pït
readíngs are not eorrected for the deuteri'm ísotope effect.
Estinated accuracy +0.01 ppn

Estinated accuracy +0.2 Hz



'l'._ -- :'.:-"..1

...:

. -:i:l

i: rl: l

110

TAsrE 4.16

CARBON CHEMICAL SHIFTS A}TD CARBON-PHOSPTIORI,S CO'UPLING CONSTA}IÎS
poR. 3 r ,5'-r¡6dupp a At 3oo r

ô" oHb 1.3 2.6 5.7 6.8 7.7 g.4 10.1 rL.z
ô(e'83) LL-LL lt.Lt zL.Lz zL.L7 zi,.t7 2|r.06 21.00 zo.t6
ô (2' ) 37 .L2 37 .LO 37 .18 37 .3g 37 .34 37 .44 37 .47 g7 .63 l

ô (5') 66 -25 66.10 65.70 65.67 6s.78 65.83 65.8s 65.89 
i6(3') 75.50 75.32 74.80 74.44 74.38 74.42 74.44 74.5L

6 (4') 84.89 85.08 8s.2g 85.9r. 86.18 86.08 86.0s 8s.71
6 (1' ) 86 . 88 86 . 87 86 . 86 86 .gg 87 .07 86 . 9r_ 86 .84 86 .47
ô(5) 103.s8 103.s8 r.03.57 103.s6 103.5s r.03.73 r_03.80 104.r_8

6(2) Ls2.69 L52.7L rsz.74 LJ,z.77 L52.86 155.06 L55.s7 160.48 i

t', 1Ê? ?^ tFe âF iô (6) L57 .77 L57 .79 ¡.57.85 L57 .g3 L57 .g4 L57 .33 r57 .Og 155.8s
ô(4) ].66.90 L66-gL L66.g3 L66.g3 L67,07 i.69.BB i-7r..05 L76.7a

:' zJ(c3'|-p)d 4.7 4.8 4.s 4-3 4.6 4.3 4.L 4.4

:,:t", -'- |,

',, 
3J(c2r-p) 2.2 z.L L.7 1.0 <.7 <.7 <.7 <.7 rr,.;ì - ., 

." 3"1(c4r-p)- g.0 B.r- z.g 8.0 8.1 8.3 8.5 8.4

,.li I

a) cheuical shi.fts are in ppn downfield fron external Tlfs by setËing
the chenical shlft of the internal díoxane equal to 67.g5g ppn.

b) sampJ-e was 100 mgs dissolved in 1 ml D2o, prepared as d.escribed Ín
chapter rrr, and coatained 1z dioxane as Ínternal reference. pH
readings are n'oË corrected, for the deuteri,m isoËope effecË.

c) EstÍ¡aated accuracy +0.0L ppn d) EstÍmated accuracy ¡t0.2 Hz
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TABLE 4.L7

CARBON CHEMICAT SHTFTS Æ.ID C4,R3ON_pEospHoRUS

6 (cEs)

ô (2')

ô (5')

ô (3')

ô(1')

6 (4')

6 (s)

ô (6)

6 (2)

6 (4)

2¡(cE'-p) f

2¡ (ca'-p)

3¡(cz'-p)

3.r (c4'-p)

cottPl4Nc CoNSTAITTS

FoR d(tpl) a tt pU = 6.7 b

300 K 310 K 320 K 340 K
dTp- :pdr dTp- -pdT dTp- -pdT dTp_ _pdT

(13.20 " tg.tg) (L3,Lz " r.oe¡ (13.06 . tg.oo) (Lz.g6 " tz.tg)
38 ' 9r' 40 . 01 38 . 90 40.00 38. 93 40 -02 38,. 93 40 .0r
62'34 66.19 62.40 66.21 62.4g 66.27 62.60 66.3L

76 '35 7L.78 76.32 7L.8L 76.36 71.88 76.25 7t.96
86'48 86.1s 86.49 86.18 86.ss 86.27 86.63 86.37

86.83 86..26 86.85 86.28 86.89 86.36 86.93 86.43
(Ltz.77 e LL2.81) (112 .7g e Lt2,7s) (Lr2.7ge rLz.7s) (LLz.70 e LL2.6s)
(t3g.31 e L3B.3g) (138 .32e L38.35) . 138.36 138.33

153. 78
Ls4.s6 754.36 r.54.19

(L69.66 e L69.93) (169.63 e 169.39) (169.36 e t_69.ls) _

5.6

,o

7.L

þ.6 .'

10.3 9.5

inLnL
dioxane

isoËope

5.4 5.6

5.4

3.2

7.0

5.4

3.2

6.8 8.8

5.6

3.3

6.8 7.9

a) Samp1e was 100 mgs dÍssoJ_ved
Chapter III, and, coataited. L7.

Uncorrected for the deuteríum

Accurate to better Ëhan *l_ K

D2O, prepared as described Ín
as ínternal reference.

effect and measured at 2gZ K.
b)

c)
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CONTINUATION OF FOOTNOTES FOR TASLE 4.]-7

d) Io ppn downfield from externaL Tl{S by setting rhe chemicaL shifË
of the ínrernaL dioxane to 67.859 ppn. Estimated accuracy +0.01
pPn.

e) rt is Ínpossible to definttely assÍga either of the observed
resonances to a specffic resídue without specific enríchment of
one of the aucleotide residues.

f) In I{2. EstÍnated accuracy * 0.2 H.z.

ìr;::,ja;::1Ìi
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FIGURE 4.10 is the observed carbon-l3 specËrum of the

ribose carbons of d(TpT) at 320 K and pll =

6.7 . Sample is 100 mgs d(TpT) in 1 nl

D2O, prepared. as described in Chapter III.

Shifts are relatíve t,o external TMS as

described for Fígure 4.8.

i,; ]



cr Tp-
i:70

ItC¿ -pd T 86.51

l"Cf -pdT 86.12

C¿ dTp
87.0/'

C3,-pdT

72.09

Cg dTp-
76.47

C5 -pdï
66.12

Q'-pdT
1017

CrdTp-
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CARBON CHEMICAL

TA3LE 4.18

-

SHIETS -AI.ID CARBON-PHOSPIIORUS COUPLING CONSTAITÎS

^do TC 297 K

FoR d(tpn6u) " At pH = 6.5

310 K 320 K 340 K

ô (cu3)

ô (2')

ô (5')

ô(3')

6 (4')

ô(1')

ô (s)

ô (6)

ô (2)

ô (4)

2¡ (ca'-p)

2.r (c5 t -p)
3.r ¡cz'-e¡
3.r1c+ìe¡

5.65.55.65.3

8.58.78.49.5

L2.80

38. 71

62.36

75.89

86.86

96.01_

r.13.07

138.55

L52.44

L66.27

5.3

3.8

5.1

2L.02

38.35

67.33

7L.93

86.lL

86.85

103.l_8

t57.5L

L52.69

L67.5L

L2.76

38.72

62.4t

75.9L

86.82

86 .10

1r.3.03

138.55

t52.45

166.26

5.4

4.3

5.3

2L.00

38.3L

67.30

7L.98

86.r7

86.87

L03.22

L57.57

L52.70

L67.46

L2.68

38.75

62.5L

75.94

86.85

86.26

LL2.9t

138.54

L52.63

L66.40

5.4

4.t

5.6

20.94

38.26

67.2r

72.09

86. L8

86.88

103.38

L57.52

L52.82

L67.5L

a) Sampi-e was 100 mgs dissolved
Chapter III, and contaÍned 12

Uncorrected for the deuterÍt¡n

Accurate to beËter than *l K

ín 1 nl D2O, prepared as described in
dioxane as internal reference.

isotope effect and measured at Zg7 K.
b)

c)

dTp- -pr6dU dTp- -pn9¿U dtp- -pn6du dTp- -pr6du
L2.86

38. 7L

62.3L

7s.88

86.81

85.93

LL3.13

138.54

L52.42

L66.29

'.'

4.3

5.0

21.05

38.41_

67.4L

7r_.88

86.L4

86.84

L03.09

L57.s7

L52.68

t67.55
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CONTINUATION OF FOOTNOTES FOR ÎABLE 4. J-8

: ' d) In ppn downfield from external TMS by setting Ëhe chemical shift
'.

of the i.nternal dj-oxane to 67.859 ppn. EstimaËed accuracy +0.01
ppm.

e) Tn Hz. Estimated accuracy *0.2 Hz.
:::_-i
':...j



FIGURE 4.11 conËaíns Ëhe observed carbon-l3 spectrum. :...,-..1

.:.... . ..'..

.i...::r,:.i:-:::i;' :r of the ribose carbons of d(Tpn6u) aË 320 K

.,:,:,,i and pII = 6.5. Sanple is L00 ngs d(tpn6U)
:. . :.:::: 

l

in 1 nI DzO, prepared as described in
I1 Chapter III. Shift.s are relaËive to

avl-arn¡1 TT\¡fQ ao z{aan+.i!.^l ç^- E.'^..-^ l. O, êxËernal- TMS as descríbed for Figure 4.b.
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fr 
-n"Pau 86 87

Ca

lc

dTp- 86.82

c¡-nm%u B6.tz

C1 dTp- 86.10

Cs -pm6dU
7.|.98

Dioxane

Cr,dTp-
62.41

cr'-Pm6dU

67.30

C2dIp-3 8.72|

cr'-Pm6dU
38.31

H
H
Or
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TABLE 4.19

CARBON CEE}fiCAL SHII'TS AIiTD CARBON-PHOSPIIORÜS COTIPLING CONSTA]{TS

¡'oR d(n6u¡T) a 
^lr pu = 7.1 b

^dô TC 330 K 340 K

ô CcHe)

6(2')

ô (s')

ô(3')

ô c4')

6 (1')

ô (s)

ô (6)

ô (2)

ô (4)

z.r(c¡' -P) ",... 5.1 :''

2¡ (cs '-p) - 
='

3J (c2'-P) 1. I
3¡(c+i-p) 7.2

300 K -, '.--

m6dup- -pdÎ

20.97 13.11

37.26 39.96

62.86 66 .57

76.L7 72.0L

86.25 86.60

86.79 86.50

103.87 ].Lz.75

157.08 138.66

L52.5L L54.06

169.19 L68.g7

4,,r9,,

- 320K

r6dup- -pdT

2o.9o. L3.07

37 .25 39.88

62.89 66.53

76.24 72.02

86.29 86.52

86.80 86.50

L03 .90 Lrz.77

1s7.10 L38.46

L52.67 154.3L

L69.20 L68.97

5.3

2.3

8.0

r6dup- -pdT

20.86 13.01

37 .23 39.92

62.94 66.51

76 .33 72.04

86.40 86.s8

86.91 86.56

103.91 Lt2.79

L56.9L 138.43

L5L.76 L54.56

169 .1_8 L68.96

t- ô-'):¡.é- .--

2.8

8.2

- 4;9-. 4""9

n6dup-

20.79

37.22

62.97

76.42

86 .43

86 .9s

103.96

156.50

L5L.64

169 .18

',-.
5¡'1.

-:
3.1

7.8

-pdT

L2.99

39.94

66.52

72.O7

86.6L

86.52

tlz.77

r.38.34

]-54.7L

L68.94

''1.3

8.28.5 8.68.9

a) sanple was L00 mgs díssolved in J- nJ- D20, prepared as descríbed
chapter rrr, and contaíned !% dioxar¡e as internal reference.

uacorreèted for the deuterir¡m isotope effect and measured at 297

Accurate to better than *1 K

b)

c)

K.
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e) tn ttz. EstimaLed accuracy !0.2 Hz.

.4.:..,
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CONTINUATION OF FOOTNOTES FOR TABLE 4.19

d) In ppn dorvnfield from external TMS by settÍng the chemical shift
of the internal dioxane to 67.859 ppn. Estímated accuracy +0.01

PPD.
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TABIE 4.20

CHEMICAI. SEIFTS AITD CARBON-PHOSPIIORUS COUPLTNG CONSTANTS

FOR d

ôd T" 297 K 3L5 K 330 K 340 K
n6dup- -pr.dtt m.dup- -pr6du n6dup- -pr6du n6dup- -pn6du

''^,:,2T.07
2L.02 20.99 20.94

36.s4 37.9s 36.65 37.96 36.74 38.00 36.7g 38.01

62.8L 66 .24 62.86 66 .3g 62.g0 66 ,4g 62.g3 66 .55
76.42 7L.L7 76.53 7L.43 76,5L 7L.63 76,2L 7L.75

86 .89 85 .61 86 .70 85 .72 86 .72 85 .80 86 .73 85 .87
87 .27 86.53 87 .20 86.62 87 .20 86.69 87 .20 86.7L

(Lo3.8r- e r03.39) (103,82 " 103 .47) (LO3.82 e ro3.s3) (103.ss e rog.sz)
(Ls2.Bg e tse .66) (Lsz.gs e tsz.to) (Lsz.gg e tse . zg) Lsz .go
(Ls7.62" t57.s4) (ls7.6S e rs7.51) (ls7 .6Ze t57.49) (Ls7.Søe tst.+s)
(L67 .07 e 166 .84) (L67 .ote rcø.lg) L66.7g L66.76
ÊI s.z

6 (cH3)

ô(2')

ô(5')

ô(3')

6 (4')

ô(1')

ô (5)

ô (2)

6 (6)

ô (4)

2.r Cca,-p)

2¡ (c5'-p)

3.r (cz'-p)

3¡(c4''-p)

. ''.-...5.5

5.4 5.5

2.8

7.4

5.3

-:
3. t_

7.4

5.5
2.3

7.4

2.7

7.5 8.38.68.68.7

a) Sample was 100 mgs dissoLved
Chapter III, and coatained l_Z

UncorrecËed for the deuteriun

Accurate to better than *L K

020, prepared as descrÍbed in
as Ínternal reference.

effect and measured aË Zg7 K.

Ín1nI
dioxane

isoËopeb)

c)
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CoNTINUATIoN qF F00TN01ES FOR TAsrE 4.20

d) rn ppn dor¡nfieLd from external Tl,fsi by sertlng the chenícaL
shift of the ínternal dioxane to 67.g59 ppn. Esti.mated
accuracy +0.01 ppu.

It is inpossÍbLe to defirritely assÍgn either of the
observed resonances to a specific resid,ue wÍËhout specifíc
enrÍchmeot of one of the nucleotide resid,ues.

In Hz. EsÈÍmated accuracy *0.2 Hlz

trl :: r:

e)

f)

i'. r1: . ¡: l
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TABLE 4.2L

CARBON CJTEMICAT SHIFTS Ai.¡D CARBON.PIIOSPIIORUS COUPLING CONSTA¡ITS

FOR TEE IT{TERNAT CYSLoBUTAI.¡E PEoToDIMER oF d(TpT) A Ar pE = 6.5 b

dc T 3OOK 3l_5 K 330 K 345 K

ô (cHg)

6(2')

ô (5')

ô(3f)

ô (4')

ô (1')

ô (s)

ô (6)

ô (2)

ô (4)

2.r (ca'-p)

2-r (cs '-p)
3.r (cz'-p)

3.r (c4'-p)

dr(p)- -(p)dr dr(p)- -(p)¿r dr(p)- -(p)dr dr(p)- -(p)dr
Lg.zL (18.75 " 18.64) .(18.64,e 18.g0) (L8.42 " ta.az)

34.64 37 .34 35. r.3 37 .93 35 .23 38. 07 35 . r_0 37 .g4

62.42 66.73 62.85 67 .!7 62.85 67 .t5 62.65 66.g4

76,90 70.08 77.09 70.54 76.87 70.56 76.48 70.38

(84.33 t g4.t9) (84.80 t s¿.zo) (g4.8g t g4..75) (84.67 " e4.sa)

(88.6g t ao.s+) (88.90 " eø.gl) (88.7r. " 86. g7). (ss:s.r . so.zs)

(sz-LB " 4l.sl) (52.s6 " +g.24) (s2.sz " 4e.+rr) (52.27 " 4a.+z)

(61.09 e so.sg) (61.39 " st.tz) (6t.27 " st.zt) (60.97 " st.ot)
(155 . 84 e- l-55 . t7) (rjo. 30 e 1ss . 66) (156 . 2g e 15s . 69) (j-s6 . oL e Lss . 47)

(L74.99 er73.95) (L7s.39 e L74.42)(17s.23et74.40) (rzs.09 e L74.L6)
r qo 5.8 5.9 5.7

5.86.05.85.9

3.9

(7 .7L e 8.0)

3.7

(7.7 e
7 .9)

2.9

(7 .8 7.e)

3.2

(7.7 e 7 .e)

a) sanple was L00 mgs dÍssoLved in 1 ml Dzo, prepared as descrÍbed in
chapter rrr, and contained L% djoxap.e as Ínternal reference.

uncortrected for Ëhe deuterium isotope effect and measured at. 297 K.

AccuraËe to bet,ter Ëhan *1 K

b)

c)
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COI{TINUATION OF FOOTNOTES FOR TABLE 4.21

d) In ppn do¡snfieLd from external TlfS by settiog the chemíca1 shíft
of the ÍnÊernaL dioxane Eo 67.859 ppn. Estimated accuracy +0.01_

PPN.

e) rt is inpossibl-e Ëodefinitely assígn either of the observed
resonances to a speeific residue wÍËhout specífic earíehment of
one of the nucleotide residues.

f) In IIz. Estimated accuracy *0.2 Hz.
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FIGURE 4,L2 ts Ëhe observed carbon-l3 spectrum of

Ëhe ribose carbons and the two CU and Ër¿o

C- carbons from Ëhe pyrÍmÍdine ring of
5

Ëhe rnajor Ínternal cyclobutane photo-

diner of d(TpT) aÈ 315 K and pII = 6.5.

Sample is 100 mgs of d(T(p)T) in I n1

020, prepared as described in Chapter

III. Shifts are Êaken from a sin:Ílar

sample conËaining dioxane and are

relative Ë,o exËernal TlfS as described

for FÍgure 4.8.

Èqr:.:j:'!-,¿



Cis 88.S,8697

C¿rs 8480,8470

q -odT 7051

i.: 1. ., .1

.: t-,::l . .r.r:¡-

CgdT(pÞ

Cr -þ!dT
67,17

's 61,ff1,57,12

:i.¡i :

':i _

'j':

Cs's 5¿52,48,21

Ct'-þHT
37.93

C2,dTtpÞ

35.15

H
NJ(¡



CHAPTER V

DISCUSSION
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A. N-GLYCOSYL BO}TD CONFORMATTON

As dÍscussed Ía Chapter II, pyrírnidíne nucleosides and nucleotides

subetituted at other than the 6-posítíon are expected to favor the

anti confomatioa about the N-glycosyl bond69-73. Substitutíoa with

a buJ.ky group at C-6 of a pyr{rnldíne, hor¡ever, forces Ëhe molecule to

adopt a syn conformatkso6'126. This has beeo verÍfied ín the solíd

"r"r.135 where X = 62.J0 (see Figure 2.3) was determíned. From the

sttructural infornaËíon obtaÍrr.dl35, it was clear that the anËi confor-

rnetion would bríng one of the methyL hydrogens to within < 28 of

elther Err or Orr Sínce the iateratomíc dÍstance betrüeetr E2r an'd Orr

was only 238,, Birabauo .t 
"1.135 

coacluded that a syn-antÍ equílíbriun

Ín solutlon for m6dü ¡¡as un1ike1y. Thus, the m6dU molecules are good

modeL compounds to study the effect of the syn coufomation on tú

overall conformation of deoxyrÍbo pyrimídine derÍvatÍves.

].. CTIEMTCAI. SETFTS

a. PROTON CIIEIvÍICA], SHIFTS

Previous ltt u¡m. studies have shown that n6du 
:î3;76'' 

and its phos-

phorylated analogussT3 gxtiiUit the 'characterÍsËíc chgntcat 
-shi-f 

t

differences, from the corresponding 5-nethyl derívatíves, ímposed by

the Location of the 2-keto group over the rÍbose ttog7z . Extending

Ehese studÍes, lH NIß. data presented here (TabLes 4.3 to 4.8) for

four dínucleosÍde monophosphates iocorporatÍag dT artd/ot n6dU Índicatej

Ëhat the N-glycosyl bond conformatÍon in the n6dU noiety Ís not

affected by Íncorporation lnto a dinucLeosÍde monophosphate. labl-e 5.1



L25

cotrtains the chemfcaL shift dlfferences (46) between Ëhe rÍbose protons

ia n6dï and dr for the nueleosideT'3'76, mononucleotídes73, nucJ.eoside

diphosphate, aød--tli-e dfnu'cïcóË_fdemoaophosphqlg,"', The differences, ln
general, are coosístent with the retent,ion of the syn conformatÍon of

the n6du fraguent. For exampl-e, an average downfleld shlft of 0.59

ppn is observed for Err fa a n6dU fragment relative to a correspondfng

dT fragnent. Shift differences for H1r r E2r, E3r, and E4r are smaller

a¡rd either posiËive or negative (averages -0;.r-r-, -0.08, +0.03, and

-0.14 ppm, respectÍve]-y) and devÍations in these dífferences ,nay be

reflectÍng other confor:matioual changes (see secËion v.c.1.a(iíi)).
Anomalous dífferences for IIrr between d(TpnGII) and il(TpT) of *0.5

ppn and for ÍL2r berween d(n6upn6u) and d(tpn6u) of *0.7 ppn (see

TabLe 5.1), for exámple, are probably a reflecti.on of the change in
the ribose pucker equilibrium.

As Tabl-e 5.L indicaËes, only mÍnor varÍaËlons A6 fot H2t occur Ío

the series of molecules studied. TtrÍs proton Ís the best cheuical

shift indicator for the syn-anti equlJ-lbrir:n sínce it is .on Ëhe same

síde of the deorryribose rÍng as the base and is proximate to both the

2-keto group (for a s¡n eonfornaËion) and the cu-H part of the base

(for an anËÍ conformation).

b. CARBON-13 CEEI"ÍTCAI. STIIFTS

Table 5.2 conËaíns an analogous ssarnía¿¡ion of the rÍbose carbon

qþem'ís¿l shÍfts, as presented above for proton chemÍcal shífts. As

can be seen in this Èab1e, cz, is shifted upfieLd by an average of

1.86 ppn when golng from a dr fragnent to ¿ur n6du fragnent ín a
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Aô(rr2r) aô(H2r') 
^ô(H3t) 

Aô(H4t) 
^ô(Et-r)

+0.58 -0.L2 +0.06 -0.10 -0.10

+0 .59 -0 .l_3 Ð .04 -0 . 15 -0 .10

+0 .57 -0 .11 -$ .01 -0 .18 -0 .13

+0.50 -0.14 -0.03 -0.08 -0.1_1

+0 . 63 -0 .10 c -0 .1-0 -O . Ol

dCrpnfu. - d(rpr)

dQt6udr) - d(rpr)

b) Ar pII = 3.6

.,,i::,ì c) Not avai.lable
: .j;: : r:t:i

d) Ar pll = 7.4
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TAsLE 5.1

PROTON CIIEMICAI. SI{IFT DIF¡'ERENCES (Aô) A

BETWEEN dT ANd TN6dU ¡OR A SERIES OF DERIVATIYES

ro6du - dr

3t-m6du¡æ - 3'-drMP

5'-n6dutlP - 5t-drMP

3',5'-*6duÐp - 3',5'-dtop b +{.62 -0.06 c -0.20 -0.L4

3',5'-n6duop - 3',S'-dtop d +0.61 -0.04 c -0.18 -0.14

d(n6upn6u) - d(rpr6u) r{.70 +0.04 c -0.04 -0.09 i

a(n6upc6u) - ¿(rn6upt)
I

+0 .53 -0 ;05 +0 .09 'O .26 -O . 14 i

I

a) Values quoted are ppm. The shíft difference ís defined as the

chemical shíft of a gÍven proËon ín the *6dU fr"gment minus the

corresponding chenical shift ín the dT fragnent. A posiËive val-ue

indícat,es a shif t Ëo 1ow field.
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TASLE 5.2

CARBON CIIEMTCAL SrrrFT pTFFERENCES (Aô) a

BETT^IEEN d.T AÀTp n6du FoR A SEEIES OF Ot*tV¿ttyrrb

A6(Cl') Aô(C2') A6(C3') 
^ô(c4') 

A6(C5')

n6du - dt +0.65 -1.gg +0.33 -o.zg +0.53 i. ;,,.,,
i '':.:'tl,lt,,'3t-m6dulæ - 3r-dTr,p +0.75 -L.78 +0.10 -0.42 r{.45 ¡:j. :::::.::

5'-n6du¡'p - 5 ' -dTMp +0.50 -2.16 _0.36 -0. 84 +o .44 
.r,-r_, ,.ì

3' ,5'-r6dunp - 3' ,S'-dTDp +4 .57 -z .07 -o . g4 _O . 9g -0 .02

d(Tpn6u) - d(Tps) +0.69 -1.60 +0.10 -0.t2 +L.22 
l

¿(*6uptl - d(Ipr) +0.31 -1.65 -o.j_8 -0.58 +0.52 
i

d(n6upn6u) - de¡rn.u¡ +L.zB -2.r7 +0.54 +0.08 +0.50 
l

a(n6upe6u) = ¿(noupÐ +0.03 -1.9r -0.g4 -0.99 +0.33 ''

i

l

a) values quoted are ppm. The shift difference is defined. as Ëhe

chemical shift of a gíven carbon in the ,6du fragrent minus Ëhe
corresPonding chemícal shÍft ín the dT fragmenË. A posítive value
indicaËes a shift to 10\ü field.

b) Data are from Tables 4.11 Ëo 4.20 anð, are aË pH < 6.0 and 300 K

for the nucleotides and pH = 6.5 and T = 300 K for the dÍnucleoside
monophosphate.
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similar molecular situaËÍon. Thís shift ís sÍmi1ar to the observed

shift difference of -4.9 pprn 72rLL7 
beËween n6C and C. The specËrum

of n6C îIas recorded Ín DMSO-d6 for Ëhe ribose analogue, and the shíft .r-.,',

difference, larger than that observed here for the deoxy series, mêÏ

reflect a number of ehanges in the electron environmenË of Cr, in n6du
.';,,.-.,,and n6C. The carbon chemical shíft changes are in Ëhe opposite i';,..,fi.

directÍon to the proton shift changes obse:r¡ed for the directly bonded 
1r,.':.;.

proton (conparing lables 5.1- and 5.2) as was observed by schweizer et
1t

aL.''. A1so, there is no cLear trend for the carbons oËher thancrrt
as rüas aLso observed in oËher stud.ies6 '47-50. Generally speaking,

the observed carbon ehemical shift change appeaïs more sensitive to
strucËural changes than the proton chemical shifts. There appears t,o

be an overall consÍstency of Ëhe deoxyribose shífts resulting from

struct'ural changes such as phosphorylaËíon and dimerÍzaËion similar to 
:

carbon chemical shíft changes Ín rj-bose derivativ."S1r119,153-155,

independent of Ë,he nature of Ëhe base (see below). The eomparatively 
L,;l.,,,,.

'lminor variat,ions in chemícal shifË for cr, c3,, 
"4r, 

and cr, are ,,.. 1,,

probably monitoring conformaËionaI changes in addition to variation" "'''ì" "'

in the N-glycosyl bond conformaËion (see Table 5.2).

2. SPIN-SPIN COUPLING CONSTANTS :':'...,

a. LONG-RAIIGE PROTON-PROTON COIIpLING CONSTAUTS

The molecular sËructure of Ëhe nucleoside and nucleoËíde

derivat,íves precluded Ëhe observatÍon of four- or five-bond long
70 80. For example, Ëhe : .lrange H-H coupli-ngs, as obsen¡ed for uridine'',
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coupling anal.gous ro 5J(H5-H1') in uridine is 6.l1ti1t-cH3) in dT.

rn m6du, rhe possibility of 5JcHs-Hr-') is presenr,, buË this couplÍng
is expected to be sna11 or zero for a pred.omínant syn eonformatíon

about Ëhe N-glycosyl bord81'82, 
^t is the case in n6du. There

appeêTs to be soue broadening of the IIrr and cH3 l_ines in the n6du

derivaËives, but no aËtempË 
',"S made to fit this broadenÍng to a

sna11 (probabLy <0.3 Hz) coupli-ng between these pïoËons.

IN COIiPLING CONSTANTS

i. Qualitative Evaluation

Tabl-e 5.3 reproduces the part of Table 4.10 whÍch conËaÍns the
proton-carbon vicÍnal coupling constant, information relevant Ëo the
N-glycosyl bond conformation. rncluded in thÍs Ëable are Ëhe values
for eytidine and m6C 117 for purposes of comparison. (In this
totk117, only 3.i(ttl'-c2) values vrere reported.) Technical díffÍculties
includíng sÍ.gnal overlap, and 1ow signal-Ëo-noise ratio for Ëhe

t.. _.. :.avai'lable samples, precluded the determination of simílar daËa for the ,,: .,,.r;

nucleoside diphosphaËes and dinucleoside monophosphates.

As can be seen, the qualitaËÍve relationship of D"-ri."6r53 (i.e.,
rhar 3J(H1t-c2) >3¡(n1'-c6) for a molecule predomi-nantly in the syn

conformaËion) is observed for n6du and Íts 3i- and 5,-phosphaËes. rn
fact, 1iËt1e variation in the tl.ro proËon-carbon vicinal eouplÍng
constarits is seen for the Ëhree molecules, consístent wíËh t,he proposed

fixed conformation in solution predicËed from the x-ray d"t"135. rn
the dr derivatives presented,, however, the appropriaËe inequality (i.e.,
g-T(Hlt-c6) > 3¡(H1t -cz), for a predominant anti confornaËíon) is only
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TA3LE 5.3

P ROTON-CARBON VIC INA], SPIN-SPIN COT]PLING CONSTAN-TS

FOR dT A¡Io rn6du AbTD THEIR MONOPHOSPHATESA

dT

3I-dTMP

5 I -dTMP

cb

n6du

3'-m6duræ

5 t-n6d.u}æ

r6c b

3¡ (ut'-cz)

2.1

2.4

2.2

311
6.8

6.7

6.2

6 !L

3.1 (ttt' -co )

3.8

4.4

3.6

3.0

3.2

3.0

a)

b)

Data in Hz from Table

From Reference 115

4.10 unless otherwise noËed.
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just observed. The s1íghËly larger magnirude of 3.rqutt-co¡ reflecrs

Ëhe conformational equílibríum betr,¡een the anti and syn forms in 
:,.,.,,r¡hÍch Ëhe antí form dominat,es slightly. The NOE studies of HarË and ' ',,'

D"vi"74'75 
^od,Nanda 

et a1.83 
"rrnnort 

the idea of a conformer inter-
conversion. The data on the pyrinidine nuc1eosid"t74'75, for exampJ-e, 

,j.ì:.j:
suggested that uridíne and cytidÍne favor Ëhe anËi confo:mer more Ëhan l-.,,,',

in the 2'13' -isopropyridine derivat,Íves, whieh were found to favor

the syn confomatiorTs |''t.''',

ij.. QuanËitative Evaluatíon

A rel-iable and unambiguous method of estimaËing the populaËÍons of I

purineorpyrimÍdj-neringeonfomatíonsabouttheN.g1ycosy1bondis

stiLl needed. ïn príncipLe, if the values of the proËon-carbon vicÍnal
:

coupJ-ing constanËs in the pure syn and anËí conformations were i

l

availabl-e, the observed couplings could be used to estimate the I

conformer populations, as Ís done for the sugar ring pucker and Ëhe 
.

backbone conformers. 
;,::,,',,':.

rt would appear ËhaË Ëhe observed a.rqm'-cz) and 3J(H1r-c6) , ,;,,,,-
'::.,:,

values in m6du are good, esEimates of Ëhe couplings expected in the syn r';':':::':

conformaËion in pyrinídine nucleosides like dr. Lemíeux and, co-
. 52.115workers- measured 3"r(m'-cz) in a series of L3c-z enríched cyclic

qt ....,i.:
nucleosid es" . For 215 t -o-anhy dro-Zt ,3 I -o-isopropylidenecyclouridíne, ir.j'.-.'.

x = 5oo and 3.1(ttL'-c2) = 6.6 Hz, which is within experimental error of

Ëhe value observed. in n6du and m6c 115 d."piËe Ëhe funcËíonal change

in the C. carbon. Starting wiLh the obsen¡ed vicinal proton-carbon¿

coupling constants in n6dU, an atterrpt can be made to fit the observed i,,ì,..:
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vicinal couPling constatì.Ës in dT to syn and anti conformer populations.

rf it Ís assumed that the sËabLe anti. conformer in the dr series

corresponds to a 1800 rotation of the pyriníd.íne ríng in m6du, the

angle correspondíng to x = 242Ú (i.e., x(Davies) = 600 ") ," used in

Daviest Karplus p1or"53. Approxímate 3ro{ttt,-c2) and 3.lo(ttlr-c6)

values for the t'pure" antí conformer of 4.6 and 8.0 Hz, respectívely,

are obtaíned for this angle. The value for 3.lo(nLt-cz) is J-arger than

the observed vicínal coupli-ng consËant and cannot, be used in the

conformer populatj.on analysis. rf, ínstead, an N-glycosyL ËorsÍon

angle ín the range of the observed angle in the crystal st,ate. for anËí

nucleosides is used (see, for example, the crystal structure of

nsu 156 and the structures for other anti nuc1uo"id."157¡, b.ar.t

antÍ conformer coupling consËants can be obtained. choosing x = 2g5o

and using this value in Dayiest pLots53, -r"lrr"s of 2.0 and 4.0 Hz fot
3.r(utt-cz) and 3.1(it1'-c6) in rhe "ptire" anti are obËained. (rt ís known

Ëhat the proLon-carbon vÍcinal coupling constant i.s smaller in the

cis than the trans conformaËiorrls8.¡ Although the choice of the angle

(and henee the couplj.ng constants) Ís arbítrary, and desígned to give

reasonable results, there is no a priori reason that the syn and anti

conformers are separaËed. by 1800. The values of 2.0 and 4.0 Hz Lor

3.Toctttt-cz) and 3Jo(H1t-c6), respectively, for the 'rpure" anËÍ

conformer coupling constants and the average of the observed couplings

in the ra6du derivatÍves of 6.5 and 3 .0 Hz for 3Jr(IIi-'-c2) and

3.lrCtt1t-C6), respectively, for the "puret' syn conformer eoupLing
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consËanËs can be used, to see if a rough estÍmate of the N-glycosyl

conformer populations can be obtaÍried. The fo110w-Íng standard

expressions can be formulated for the tr¿o observed proton-carbon

vicínal coupling consËants in dT.

3.r(nt'-cz) = \ s¡^(H1'-c2) + sx .lr(Hl_'-c2)

2.L=2.0\r+6.sCr-\l

\ = o.e8

and

3.r(ut'-c6) = \ 3to1tri-r-c6) * sx 3Jg (H1'-c6)

3.8=4.0\+(1 -\>¡.0

\ = o.B

This rough agreement, ís expected, consid.eríng the assumpËÍons

needed to arríve aË these results. The use of X = 2g5o is arbit,rary,
and was chosen Ëo give reasonable populations from the observed

couplings. (e value of 3.lo(ttlt-cz) > 2.L would resulË in a calculat,ed

\ r. 1 fron Ëhe observed 3J(ilr-c2).) rt is also ímportant to remember

Ëhe approximate naËure of the angular dependence of the two vicinal
coupling constanËs53, 

"" poÍnted out by Davies6. rn addiËÍon, if Ëhe

syn and ant,Í poËenËial míníma are composed of a number of nearly

ísoenergetÍc confomations, Ëhe observed couplings would. be an average

of Ëhe different conformers within the syn and anÉi conformaËional

mjnÍma. A proper investigation, which par¡meterizes the Ewo vicinal

i:,¡¡-.

:i ì -.'j.:

li.:r.ili:.,-
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couplings, combíried rvÍth at least a theoreËical investÍgaËion to

determine the shape and r¿idth of the conformaËional wells for the syn

and anti conformers, is needed before even a semi-quantiËaËÍve

estimat,e can be made frou these expressíons.

Some calculatíons on Ëhe relative syn and anti conformational

energies have been made. Earl-y studies by Nanda et a1.83 h".r" o""d

cNDo nethods to calculat,e the energy surface for rotation of the N-

glycosyl bond in ß-pseudourÍdíne. The calculations ürere perforned

for both 3E and 2E sugar puckers (keeping g fÍxed at t, and rp fixed at

8+). The resulLs showed a much lower overall poËenËÍal energy for the
3g (type-N) sugar when rotating the N-glycosyl- bond. The calculatíons

aLso found two poËential míníma aË X - 1800 and X = 600 (ín type-S

ox 2E sugars). The latter angle (corresponding to Ëhe syn confo:ma-

tion) was calculated to be 38 kJ role-l lower i-n energy than the

former angle for a type-S sugar

Pullman and Saran have recently sunmatized the energy caLculations

of puri.ne and pyrinidine nucleosides and. nucleoËid""lS9. Generally,

the potential energy and molecular orbital type (i.e., EHT, exËended

Hücke1 theory; cNDo, compleËe neglect of differenËÍal overlap; rNDo,

internedíaËe neglect of differential overLap; and PCILO, perturbaËíve

configuration interacti.on wíth locaf.jrzed orbi.tals) calculatÍons reach

the same conclusions. For a type-N (38) sugar, the anÈÍ forn is
allowed while for a uype-s (2s) sugar, boËh anËi ând. syn confomaËions

are penniLted. BerËhod and Pu11m"o160 have also calculat,ed the effect
of the 05r-c5, bond and crr-oz, bond confo:mations on Ëhe syn-antj-
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confomaËi.onal energies ín nucreotides. rn their ,rrrdy160, stabilizÍng
effects were found for parËi.cular conformations of these bonds. The ,,,

results show that interactions beËween the c5,-o5rH bond and the 2_

keto group of pyrini.dine nucLeosÍdes wÍ1L result in a. stabilízation
of the pyrinidine anti conforner rrhí1e sirnílar i-nËeractions betr^¡een 

:1,i

the ctr-o1H bond and the 2-keto group stabilize Ëhe syn conformer ;',"'

(The latter case is valid for the ribose series only). The conËour of ,,.,1,,

the potential surface for the pyrinídines Ís not well defíned. The

confomaËional energy maps for soue of Ëhe pyrinidines studiedl5g 
"honoa broad minimum abouË eíther the syn or anti eonformers, ÍndÍcaËínE

the possíbiliËy of a family of conformations whích are nearl-y
,isoenergetic.

The problems wíËh deriving expressions similar to those above,

relatíng the syn-antí equilÍbrium to observed magníËudes of 3.r(ul,-cz)

a'.d/ot 3¡(titt-c6), are numerous. For example, characËerÍzing the
t'min'imun" syn or anËi confo:mations in soluËion, the contour of the
poËenËial energy surface near these ttminíma", and what contribution
ínte',ûedÍate conformations make to the observed coupring, are the
major unansrüered questions inhibiting the formulation of a generally
applicable nethod of deËermining the syn-anti equilibrium from observed
proËon-carbon vÍcinal spin-spín couplÍng constanËs. rn addiËion,
3¡cu-c) couplfng corisËariËs are sensitive Ëo Ëhe oríent,ation of
subsËiËuents, and the contrÍbuËions from the orientaËíon effects can

be sizabl eL6!,L62

, ,': '., -i '
:'.:...'::::

|,.....'-:':
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B. DEO)ryRTBOSE RING CONFORMATION

]-. PSEUDOROTATIO.NAI, AI{AIYSIS

A. STA}IDARD PSEUDOROTATIONA], AI{AIYSTS

Table 5.4 sho¡ss the vÍcinal proton-proton coupling constants

required for the Altona-sundaralingamgS p".rrdorotational analysis, as

described by Guschlbauer .rrd soo99 and Davie"6, of Lhe deoxyribose

ring conformaËion, togeËher wiËh the par¡meËers derived from thÍs

analysis. This table contains Ëhe daËa on Ëhe nucleosíd 
""29,73 

'76

71mononucLeoLides'", nucleosíde diphosphaËes, and dÍnucleoside mono-

phosphaËes of both dr and r6du. The coupling constanË daËa in Table

5.4 for this series of deoxy sugars has been correcËed. for the

electronegativíËy difference of the 2t-subsËituent (-II vs -oH), as

suggested. by Daviesu (t.e., 1.L Llz has been subtracted from Ëhe

3.1(nrt-H2t ) and 3.1(ttzf -II3') values in Table 5.4). No correcrion has

been made for the slight di.fference in electronegativíËy of the bases

of dr and n6du. (This difference is apparenË in the sma1l chemj.cal

shift differences bet¡¿eeo H1, and cr, of dr compared wi-Ëh m6du, as

noted above.) The electronegatívity dÍfference is expected to

contribute Less Ëhan 0.2 Hz to the observed coupling constants

involving Hrr ín the pyrinidine to purine transitÍon77^. The chemical

shift difference i.n t,he pyrinidine Êo purine transiËíon is larger than

thaL observed here, and, therefore, Èhe contributíon Ís probably 1ess.

The first observation that can be made concerning Ëhe data in

Table 5.4 is thaL the invariance conditions6 noted in Section II.B.2



TABLE 5.4
DEOXYRIBOSE RING PROTON-PROTON 9QIIPLING CONSTANTS FoR THE dT At{D m6du SERTES

*

dT"
3t-drMP e

5'-dtttp B

3 

"5'-UtoP 

n

,* b 3.112t-3,¡ 3¡(3,-4,) *,

d(Ipt)
¿(tpr)
a(3rm6u)

almGupr)

*6du i
3 t -m6du}æ

5 t-rn6du}æ

10.1

9.5
g,4

( g.s)

9.3

5.7

5.5

5.0
(4. a¡

5.9

6.2

7.2

7.0

7.4

7.3
(7 .2)

5.0

7.8

7.4
(6 .8)

3 t ,5 
t-m6dliop

d(m6upm6u¡

d (m6upïn6u)

d(*6uprl j

l-

1-

4.L

4.0

3.0

2.3

(2.4)

3.5

3.5

3.6

4.2

5.9

5.8

5.9
6.1

(s. 7)

4.8
6.9

5.5
(s .3)

10.1

9.1

9.3

9.9

10.0
(10.0)

LL.2

9.8

9.8
( e.e)

200

130

60

( ¡o)
50

s*

1600

L67o

17 40

(L760)

1750

T
m

260

4Lo

400

440

(++o¡

430

*hro, " **u* u

2Lo

zLo

330

330

(3ro¡

32o

360

32o

(27")

L540

0.39

0.30

o.26

(o.26)

0.38

t59o

15 9o

L47o

t47o

(r¿go)

14Bo

L440

14Bo

(rs:o)

0.41

0.40

o.29

o.24

(0. 2s )

0.38

0.35

0.36

o,42

0.s7

0 .56

o.54

0.55

(0. s1)

0.39

0.63

0.50

(0.48)

3go

31o

32o

32o

330

(340)

500

2go

3zo

(sso¡

0.40

o.54

0.50

o.64

0. 6l-

(0. ss)

0.40

0.75

o.52

(0. s6)

H
(¡)
!
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--b

a)

b)

c)

d)

e)

f)
s)
h)

i)
j)

9.7
( e.6)

Couplfng constanEs Ln Hz for samples at
X* = (3.1(nf t-Hzr) + 3¡(H3r-H4')) ln Hz.
Calculated from Ëhe publÍshed ploË s6,99
CalculaËed by the empirlcal expresslons

3;12t-3'¡ 3.1(3'-4') N,

7.9
(7 .6)

TABLE 5.4 (CONTTNUEp)

From Reference 29

Not available
From Reference 77a

AÈ T = 293 K and pH tu3.4. Numbers in parenthesis at pH N7.4.
From Reference 73

Numbers Ín parenthesls for T = 333 K

7.L
(6.s)

360

(320)

s
P

PH ru6.5 and

L440

(1480)

T
m

2Bo

(300)

as

as

described

described

T=293Kunl-ess

N__ c N__ dhror huo

1n

t-ft

0. 85

(0.7 4)

Ëext.

Ehe text.

',1.', :

otherwise not.ed.

0. 66

(0.61)

ts(¡
æ
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are not met f,or the quoted data. rn the dT serles, the sum of the

trans couplings x* cÍ.e., c3.rcflr-H2') + 3¡(¡tgr-Il4r)) vari.es bettveea

9.4 and 10.1 Hz, and 3;1tt2t-tt3r) varles beftreen 4.9 and 6,2 Ez. ra
the n6du series, E* varies between 9.1 and 1L.2 Ez whíLe s¡(uzr-H3f)

varles betweea 5.0 and 7.9 Hz. A dlscussÍon of the sfgniflcance of
these variatÍons is deferred for the present.

some ioteresting features can be seen in the tabulated p and t,
values in Table 5.4. Upon ex¡mlníng the phase angles of pseudorotatíon,

P ' the molecules in the dr series appear to adopt Ëhe N*s equilíbriurn
nornally ascribed to aucleosÍd"s67,77 r98 a¡rd nucleotÍdyl fragments6.
Np values in the range of 50 to 260 a,,d sp values in the range of r-54o

to L75o are coasisteat with the ranges observed ín the soIÍd ,t"t"67
aad ia solution77 r98. In addítion, .the amplÍtude of puckerr rm,

observed for the dr derivatÍves, faIls in the ¡rarrorú range of 39o to
44o , agtain consisterit l.rith prewious obsen¡atÍ on"6 167 ,77 ,g8. rn the

n6dU derivaËives, however, the calculated p and r, values differ
substantlally eonpared to the dr serÍes and other ,.",rLt"77r98. Np

values bet¡¡een 21o and 360, coupled wlth sp v.l,re" between L44o and.

1590, are at the upper and lower Llni.ts of the respectÍve ranges io
the dr series. radeed, fË would appear that the conforratlonal_

equiJ-ibrium for the deoxyrÍbose sugar in the n6dg serÍes Ís now bet¡¡een

the 3T4 and 2T1 states (see Figute 2.5) 1f the p values Ín Table 5.4

are accuraËe esËÍmates of the equilibrÍun confor:mers. It ís Ínteresting
to uoËe that the l-atter conformation for the n6du series is that
obser¡¡ed in the sol-id 

"t"t"135 for ¡n6du. The anpLitude of pucker, rrr
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observed in the n6du series tranges betr¡een 2go and 35o (except for the

m6dUp- part of d(n6Upn6U) where rm = 50o), significantly lower thaa

those obse:¡¡ed ín the dT series. The values in soLution (average rm =

3l-.60), excludiug the anomalous value for the n6dUp- part of
d(n6upn6u) for the E6du series, compares well to that found, in the

erystal (t- = :t.Ao¡135. :"'--'-, . .." ,

Turaing nolr to the conformer populatíons calculated for the dT ,, ,,

and n6du derívatives, Table 5.4 conËains the N-state popul-ations (Nx) 
l:':'''

calculated from the graphs of GrGchlbauer arrd sorr99 and Davies6 and the
populations calculated from emprrícal- expressi o,,"29 r7:7a. The empírical

expressions relate the observed vicinaL coupJ.Íngs to the N-state

eonfórner by

Nx = 
3J (H3' -84' )

ç3.r1uf '-H2r ¡ + s.rçuS'-rr4' 
) )

derived by Davies and Danyluk7l^. rn the case where 3.tqtu., -Hzr) is not

available (e.g., dT, st-dnrfp, and rhe -pdÎ parrs of d(TpT) and d(n6upT)),

the alternate expression

Nx = 9.8(3.r(H3'-H4,))

from Davies and OanylukTTt 
""r, 

be used,. fhe NX yalues obËained from

the plots were-obtg_ined by using the (corrected) S.T(gt t-HZt) values.

an inspection of th. Nx values from the tlfo methods i.n Table 5.4 shows

that the values obtained by either method agree welL for the dT series.
j i il;¿;:¡'l::.,-rn Ëhe n6du serÍes, however, an inspection of the Nx valrr." shows that
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the tlüo methods differ by between .01 to .l-9 with an average difference

of 0.08. The deviatj.on cannot be d,ue to the fact Ëhat the p1oËs6,99

were derived for ribose derivatives, and the elect,ronegativÍËy

correction of DavÍ."6 ," ínappropri.ate. OËhe::r,¡ise, both sets of data

for the dT and m6du series would disagree. ,Davies and Danyluk77"

have calculated Ëhe pseudorotaËional parameters for a series of
deoxynucLeoËides using Ëhree different parameËerÍzaËÍons of the Karplus

equation Ëo refleet the elecËronegativÍËy changes in the deoxyrÍ.bose

ring. Paremeters and populations calculated by the Ëhree methods agree

to wiËhin the accuracy of Ëhe experÍmenËal parâmet,ers. The ansrr¡er Ëo

Ëhe discrepancies in Èhe populatÍons calculated for the n6dU serÍes

could be relat,ed to the spread in observed r* and 3J(H2'-H3') values

noted above. The invariance in Ëhese paramet,ers Ís a resulÈ of the

assumpËion that 3.r*{tiz'-tI3r) = tr,(H2?-H3') or rhaË o*(ttzt_H3,¡ =

0rGtzr-H3t) for Ëhe Ëwo conformatÍonal sËates involved i.n the

equilibriun. This results from Ëhe observed conformers in the crystal
staËe. rn the pseudorotational ana1ysi"6r98r99, ít is assumed ËhaË
*r,o 

= st, 
"rrd, 

that sp 
= r80o - *r, 

rvhich vrould preserve Ëhe equalíty of

Þ*(ttz'-II3t) and 0r(ttzt-H3') (and resulrs 'tt 0s(H1'-I{2r) = oN(H3r-H4'),
Ëhus requíring x* to be invaríant). Tlne 2.L Hz spread in x* and 2.9 Hz

spread in 3J(Ir2t-H3t) suggesËs that the aforemenËioned. angular

equalítÍes no J-onger hold. Different values of þ(H2r-H3r) in the N-

and s-states can accounË for the varÍat,ion of 3J(Ii2r-II3'). A similar
ínequality of 0s(HL'-H2r) and 0*(E3r-H4r) wíl_l accounr for Ëhe spread

in the observed sum X*.
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b. MOÐII'IED PSEIIDOROTATIONAL AUAI.YSIS

Recently, Bírabar¡m et a1.135'163 have nodifíed the normal pseudo- 
,,.,,.,,

roËational analysis to Ëake into account uousual ring puckers obserrzed

in the crystal structures of deoxyrÍbonucleosides. rn a study of
5-Íodo-5 r -amí,ns-/ t ,5 I -dídeo:ryurf díne, Birnbar¡m and 

"o-rork"r"163 ii,'', 
'.found better agreement beüveen obser¡¡ed aad calculated coupLÍng ;,:t,'

consËanËs by assuoÍng a three-sËaËe equiLibrir::n between 3E, 28, and, ¡: ;,:
o -'l-'t,-E sugar puckers (see Figure 2.5) Ín the ratÍo of 2525522t. The

o-endo (og) conformatÍon was íncluded because of its presence Ín the

crystal sËructure of the zlvitteríonÍc nucleoside (protonated 5r-amino
1

group and ionízed N-3 of the pyrinídÍne ríng). rn thÍs molecule, the 
i

:observed 3¡(g2t-u3t) was better estfmated by the three-state equilíbrium 
i

than by the conventÍonal 3n*2n (at a ratlo of 34:64) equÍlibrÍun. .

In a re-examínatÍon of the ríbose coupJ-Íng constarits for n6du in
DMso73, Bi::abanm et a1.135 

"ho"e 
to redefÍne the equÍl-ibrfum con-

for:mers ín thÍs molecuLe. Assr¡míng a 60:40 blend. of 1T2 and 3E i'*j,,,:. : '. .':. .-

confo:mers, couplfng constants were ealculated usiug A = 11.7r B = fi.4, ,;a,.,',',.,;;

:::::.

and c = 0 ín EquaËÍ.on 2.2. substitutiag the proËon-proton d,íhedral_

angles obtained from Ëhe X-ray analysís Ínto thÍs equation, and invoking

the usual assuûpcíons used for a Ëwo-site equílibrium (see II.B.2), the 
i,,.,,,r,:,

couplíng constaût,s Ín TabLe 5.5 were obtaíned. Included in Table 5.5 ;,¡r,,,:'

are the observed values of n6dU in oltSoT3 and those predícted for a

50:50mixtureof2Eand3Econformer'77^.Ascanbeseen,Ëhepredicted

val-ues for the tr233n equilíbriun are ÍD better agreement T^¡i.Ëh the

observed values than those predÍcted from the 2r=ì38 blend. ¡..Ì,--.,
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TABLE 5.5

oBSERVEp ANp CALCUL.{TED VICINAT COUPLTNG CONSTANTS

PROTONS .DMSO

%;;" 4*-*" 3.'1rr2:3u¡ a 3,¡(2r,3n) b

Lt-21 5'7 L54 6'0 5'5 
i,ir,,r,,,:;,i

Lt -ztt 8.0 32 B. o 6 . g ,..,'''.':,

2t-31 7.g 26 7.6 5.6 t:,::,-,i:.
,,,t,.:.¡:. :_

2"-3' 5 .3 96 4,6 5 .g

3t -4t 5 .6 LLz 5 .2 5.3

a) 60t40 for 1T2:3E

b) 50:50 for 3E:28
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Again, the r'rorst agreement beËween the observed and calculaËed

coupling constants from the 3ø-2n equilibrium is for 3J(H2t-II3r).

The above tr,Io examples serve Ëo demonsËraËe that modífÍed conformer

equilíbria can betËer reproduce the observed vícína1 coupling consËants

in the deoxyríbose rÍ.ng. The repeated diserepancy ín the observed 
,,..,.,..,:

s¡(HZt-H3t ) provides further support that the relationn $*(ttZt-H3t ¡ = ;f1'.'.,,':,,.:.
::. . -1:- 

:i',

gr(tizl-Il3r), is not necessaril-y unÍversal , especj.ally in Ëhe deoxy- 
,,,:',,0,.:..:,

sugars. I^Ihether the use of the three-staËe equilíbrium in the former

example or differenË conformers in a Ëwo-state equilibríum in Lhe

latter example are unambiguous is unknown. IL is possíble that oËher

combinations can yield simílar agreement between Ëhe observed and

calculaËed vicinal- coupling constanËs in these two molecules, but

more Ín-formation is needed to clarify the sítuaÈion. '

InËheX-rayana1ysisofthecrysta1SLructureofthet'etra-

nucleoËide d(pApTpApT), Visv¡anritra et a1.164 
"o*"luded 

that the

sugar ín the deoxyribose ring is a itsofËr' parameter reflecËing a :::,,, .,:, ,:,

1-ow energy barrier between dífferent conformatj.ons.

Recently, Levitt and ÍIarsh"tL97 perforned consistenË force fíeld

calculations on ribose and deoxyribose derívatives, mimÍcking a

pyrinídíne nucleoside, and concluded that the pseudoroËatíonal barrier

between N- and S-states is smal1 (ca 1.5 kJ ro1.-1¡. The potential

surface for the range of confo:mers between 3E and 3E in Figure 2.5

is flat (varyíng by less Einan 4 kJ mole-l over the enËire range).

The calculations predicted equal barriers beLween 3E and 2E confo:mers

for the ribose and the deoxyribose sugars, and the Cr, substítuent,
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(an amÍno group) does not aceurately represenË the presence of a

pyrinidine ring. These caleulations ímply, however, thaË the ring
puckered modes can easily change Ëo adapt to changes elser+here in the

mo1ecu1e. The original assumption of a 3gÈ2n equilibríum ï^ras not
meant to exclude oËher conformatÍonaI blends (see fooËr,ote 27 in
reference 98). The auËhor"98 ,r".d Ëhis startÍng poinË based on

observaËions of the predominance of these states in Ëhe crysËal 
"a"r.63.

The quantitative analysis of the deoxy-syn-nucleosídes of the n6du

series ar¡aits Ëhe deËerminaLi.on of the crysËal structure for a sugar

conformation of n6du ítt the N-state. The 2t1 sLïuctuïe .bo.r.135 i"
probably being biased toward.s this state by Ëhe presence of a hydrogen

bond beËween crr-'s,H and Ëhe 2-keto group of the pyrinídÍn"l35. The

crystal structure of the 5t-nucleotide or a 5?-proËecËed nucleoside

night yield rhe desÍred N-rype sugaï.

The above observatíons place some doubt on the accuracy of a

quantíËative discussi.on of the deoxyribose conformational equilibrium
derÍved from the observed vícinal coupling constants in the sugar

ríng. The observed 3J(H3t-II4r), however, may sËi11 be able to provide

a basis for a qualitative di.scussion of the N-type and/or s-Ëype

conformer populations .

i.,ì .,1i.r1::: .

:, i:: lrit
rì,::.:i-::.111_

2. QUALTTATM AIüALYSTS

rn the study of the m6du nucleoside and. mononucleotides, George
-73et aI' aPproached the ring pucker problen through a d.íscussion of the

nagni-tuces of the observed couplÍngs. For m6du, 3t-rn6dur4p, and ir'r¡.:!j j,
! rr - rr.i-.

i
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5t-n6dulufP, Ëhese rork.r"73 observed, an increase in the cis couplÍngs,
3.lCu1t-H2") and 3J(II2t-I{3t), indicating a bías of the torsion angles

11 (about c[-c2r) and 12 (about c2r-c3) tov¡ard,s the eclipsed , ,

position (tr = rz = 0). rf this effecË is due solely to a red.ucËion

in the amplitude of pueker, rm, then a concomítant increase in Ëhe

sum (3J(H1'-II2I) + 3¡(H3t-H4t))is.*pected98. No appreciable increase ,',',i:,

r¡as observed, inpJ-ying a change in the N:Ë]pe and.f or s-Ëype conformers. 
:::r::

.,.,t.,..The autho."73 ,or.rpreted these observaÈíons as a reduct,ion in the

torsion about cLt-c/ and. c2r-.ca, inplying that the flexíbiliËy of

these bonds was decreased d.ue Ëo steríc inËeracËions beËween the Z-:re1o

group and Ëhe endo ribose subsËítuents, especia LLy Hrr. A comparíson 
l;

ofthedaËainTab1es4.Lto4.8ÍndicatesthatLhisËrendisconËinued

Ín Ëhe molecules studied here. Table 5.6 contaj.ns Ëhe (uneorrecËed) 
i

re1evanËdeoxyríboseringcoup1ingsfromthesetab1es.Inthecaseof

the -pn6du parËs of d(n6upn6u) and d(tpn6u), a furËher d,ecrease in
the eís couplíngs j.s observed. one is tempted to d,iscuss additÍonal 

i.,,.,.,,..
fLattening of the rj.ng and a furËher shíft of Ëhe equilibriun ,t.'t''

i¡',t,',t,'t,.

conformations, but the interpretaËion can be ambiguous. rË has been :::.:

pointed ouË that changes in t_ are dífficult Ëo disentangle fromm
_ ol

.
cnanges rn g

The nagniËude of 3.1(tiSr-H4t) i.s sensíríve ro Èhe N==s equi.librium ii:l:,;-

and approximately independent of t,he substítuenËs on Ëhe furanose

ring. The magniËude of 3.¡(ti:t-H4t) is expecËed to be large in the N

conformer and sma1l in Lhe s conformer9S'10O. rn the dT series,
3.1(ttg'-H4t) is consÍstently less than 4 Hz. rn the m6d,u seri.es, this i,;:..,:,.:.,,
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TABLE 5.6
PROTON-PROTON VICINAI COU?IING C!N!TI\I{TS IN lEE DEOXYRIBOSE RINGS

IN A SERIES OT dT Æ.ID N6dU DERTVATIVESA

3.1(3'-4')
3J ( 2"-3 t

¿rb
3'-drtæ b

s'-d.tlæ d

3',5'-¿roþ "
3t,5t-drDP f

¿ GPt)
d(TPÐ

d (rpn6u)

d(m6upr)

r6du I
3'-n6du¡æ B

5'-nGdutræ I
3t,5t-*6duDp"
3 t ,5 t -r6dunp f
¿ (n6upn6u)

d(n6upg6u)

¿(r6upr)

d(Tpn6u.)

L0.2

10.6

10 .5

10.6

10.4

Lt.2
(10.6)

L0.2

L0.4

11.0

11.1

11.1

L2.3

10. 9

10 .9

(11.0)

10.8

(10 .7)

7.0
(7 .1)

6.8
(6 .8)

7.L
(7 .3)

3.6
(3.t)

7.2

7.6

8.2

8.2

6.9

6.5

6.0

6.0

6.r
6.5

6.8

6.6

6.L

5.9

7.0

3.7
2.6

2.3

2.4

3.8

4.1

4.0

3.0
2.3

2.4

3.5

3.5

4.2
(3.6)

4.2

(3.7)

5.9

5.8

5.9

6,L

5,7

4.8

6.9

5.5
(s .3)
7,I

(6.s)

5.3

5.6

5.1

5.0

s.4
7.5

4.0
s.4

(5.7)

3.7
(4.3)

8.4

8.2

8.4

8.7

8.5

o.4

9.L

8.4
(8.4)

9.2
(8.4)

8.3

8.1

8.5

8.4

8.3

6.L

8.9

8.5

(7 .e)
9.0

(8. 7)

5.5

5.2

5.7

5.6

5.6

4.9

6.6

5.6
(s.r)
6.8

(6.2)

I

.l

!rl::iì:i',:+!:l
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FOOTNOTES FOR TABLE 5.6

Tn Ílz at pII n6.5 and T =

T=333K.

From Reference

Not available

¡'rom Reterence

AË pH n3.5

At pn +7.4

From Reference

77a

293 K. Numbers in parenthesis ata)

b)

c)

d)

e)

f)

s)

29

73
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coupLing is consistetrtLy Latger than 5.v Hz (except in the n6dup_

part of ¿(n6upn6u)). For Ëhe sake of a gualitative grasp of what is
happening in solutÍon iu the n6du series, iË is obvious ËhaË the

0(H3r-tt4t) torsioo aagle is, on the average, large in the n6du series,
consistent n'Íth N-type conformers. an Íncrease in 3.i(H¡ ì-E4t) Ínplies
au increase in the populatÍon of this state. The extent of the
popuJ-atíou changes ís uncertain at present. usíng thís qual.ÍËative
obser¡¡ation as a gulde, Ít can be inferred that the N-type conformers
are favored in the -pn6du fragmenËs of d(m6Upn6U) and d(Tpn6u) nore
than the corresponding St-nucreotide. on the other hand, the n6dup-
parts of d(n6üpn6u) and a(rn6upr) seen Ëo have shífted theír bías back
Ëowards the s-type confo'mer, relatÍve to the 3f-nucleoËÍde. rn the
case of rhe n6dup- parr of d(n6upn6u), rhe cis couplings 3J(H1I-H2,,)

and 3.1(u2"-II3t) have decreased to values near those found ío the dT

series. Ttris is accompaníed by an íncrease in Ëhe sr.m (3¡(U1r_E2r) +
3-r(ugt-I{4r)) to L2.3 Hz, at least L Hz larger thaa the sums observed

in either the dT seríes or the other members of the m6du series. an
explanation of the couplings fn the 3r-nucleotÍdyJ_ fragment Ín -:,-!-

d(n6upm6u) is not avaÍlable, although it night be the result of Ëhe

combined effects of decreased ríng pucker and a returrr to the normal
N- and S-type conformers.

An inspecËion of Table 5.6 reveal-s a reLatíve consisteacy ¡¡:Íthín
the dT series. Ttre 3.r(Ug?_ÊI4?) val_ues i.n the nucleosíde, mononucleo_

tÍdes, and nucleotidyJ- fragnents of the dinucLeoside monophosphates in
the dT series are befireeu 3.0 and 4.2 Hz whíle 3.r(ngr-E4r) Ín the ', , ' -:ìl:
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nucleoside díphosphate is 2,3 Hz and independ.enË of pH. Thís Índicates
that Ëhere is little change Ín the conformatíonal preference of the
deoxy-sugars ín the dT series, the molecules retaíning theír bias
for the S-type conformer.

3. SU}OÍARY :::]
', ',' :, 

':

The above discussion leaves some serious doubËs concerning the 
,.-,,.ì .nature of the deoxyríbose ring conformaËional equilibríum, at. least ín

the rn6du series. rt appears that the ¡¡*s equilibrÍum in the dr seríes l

involves the 3E anð, 2E conformers found in the majority of ribo_ and
deoxyríbonucleosides and nucleoËíd.es. The pseudorotatíonal anarysis
also suggests that the S-type conformer in the n6du series is the 2T1 

)form found in the crystal structure of n6du. unfortunately, there is i

lstill some doubË as to Ëhe identíty of the N-type conformer. As noted j

above' it could be eiËher the tTu ot the normar 3E pucker.
rn the discussíon that fo110ws, the terms N-type and S-typ. 

,;,,,,r,..-,'.
pucker will be used v¡hen referríng to the conformatíonal bias of the ".,,- ,

deo:r¡rríbose ring. These labels will refer to the usual 3E and 2E con- ''"'; "'"

formaËíons' respectively, vrhen referring to the dT derivatives. rn
connectíon with the m6du serÍes, however, there does not appear to be

i,';. t':.i..": ":any jusËification, at this time, to applying specific conforners Ëo i'.. ...,i

these labels ' rt seems sufficíent Ëo emphasize that. the conformational
equilíbrium in the rn6du derivatfves has been appreciably disrupted from
Èhe normal N+S conformaÈíonal b1end.



151

C. BACKBONE CONFORMATION

1. THE C5 t-C4r BOND' V

". VICINAI PROTO}T-PROTON SPIN-SPTN COUPLING CONSTÆ{TS

Table 5.7 contains Ëhe relevanË vÍcinal pïoton-proËon coupling

constanËs for the d.T and m6du series need.ed for the conforin¡tional

analysis of the c5,-c4, bond, rf. rncluded in this table are the

coupling constanËs for the dî 29 
and rn6du 73 ,r,r"1.osides and. nucleo-

tides. The 1ísËed populations aïe calculaËed using EquaËions 2.r3,
2.r4' and 2.15 and the parameËers discussed in sect,ion rr.B.3.a. Due

Ëo the support, of the Remin-Shugar assignnentlO3 by the r,¡ork of RiËchíe

and PerlÍn on (5t-2g1ad,enosine165, 
"orrfirming the afore-ment,ioned

assÍgnnent of IIr, and H5rrr tnoÍê confidence can be placed in the

dífferentiation of the gt and g eonformatÍons and the discussion of

their popuLatíons.

A sr:nmary of the work of llruska and co-wo ti,,"tt29 r73 on the dT and

m6du nucleosides and mononucLeoËides Ís appropriate at thís point. rn

the dT series, some general Ërends concerning the rp populations are

apparent. There ís 1Ítt1e change in rf in the dr series upon 3f-
phosphorylation. Format,ion of the 5r-nucleotide, however, stabj.lizes

the p* conformer, as evi.denced by the increase in p(ú+). when moving

from the dT to m6du seri"r23, a pronounced shíft in populaËions occurs.

rn the dT to m6du Ëransirion, p(ú+) is d.ecreased ín favor of p(ür).

i.. l! :..:1
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TABLE 5.7
3J(H4'-H5r), 3J(H4'-H5"). AND TIIE v RoTAMER popuLATroNS

ce¡.cur¿rno ¡'noM rtuM ron .q seátus or ar Æ[D r6¿u orntv¿rrvus"

3.114'-5t¡ 3J(4'-5")
n (v*) p (Yr)xb p(v )

dr"
3'-dr}æ c

st-dn"P c

3t 15t-dtop '

d(3pt)
d(tps)

d(Tpn6tI) f

d(noupr) f'

r6du I
3'-n6dulP I
5 t-n6duluP I

3'15;-m6¿uDP '

d (n6upn6u)

d (n6upn6u)

¿(*6upt) f

d(rpn6u) f

3.6 5.0
3.5 4.8

-d 
_d

-d 
_d

-d-d3.7 4.2

2.3 3.7
2.8 4.7

(3.4) (4.7)

2.9 4.4
(3 . r) (4. e)

3.4 6.5

3.9 6.L
4.3 6.3

3.4 7.5
(3.3) (7.e)

3.6 6.6

2.7 6.6

3.2 6.8
(3.s) (6.s)
2.6 8 .3

(3.o) (8.o)

8.6

8.3

7.6

5.8
(s.6)

7.9

6.0

7.5

(8. r¡
7.3

(7 .e)

9.9

10.0

10.6

10. 9

(11.2)

L0.2

9.3

10 .0

(10.0)

10.9
(1r..0)

0.44

0.47

0.54

0.72

(0.72)

0.51

0. 70

0.55

(0.4e)

0.51
(0.s1)

0.31

0.30

0.24

0.2r
(0.18)

0.28

0.37

0.30
(0.30)

0.2L
(0.20)

0.35

0.33

-d
-d
-d0.27

0.22

0.32

(0.32)

0.29
(0.33)

0.50

0.46

0.48

0 .60

(0.64)

0.51

0 .51

0.53

(o. so)

0. 68

(0.6s )

0.2L

0.20

-d
-d

-d4.22

0.18

0.13

(0.le)
0.14

(0.16)

0.L4

o.24

0.28

0.19
(0. 18)

0.2L

0.L2

0.17

(0.20)

0.11
(0.1s)
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FOOTNOTES FOR TABLE 5.7

a) Coupling constants in Hz recorded at 293 K and

unless othenrise noted.

b) ¡ = 13.r(H 4t -Hs ') + 3; (II4 '-TI5") )

c) From Referenee 29

d) Not available

e) Sample at pH = 3.6. Nr:mbers in parenthesis aL

f) Numbers in parenthesis at T = 333 K

g) From Reference 73

pH = 6.5

PII = 7 ,5.
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This effect is mirrored in the 3t-drup to 3r-m6dtI¡{p Ëransition. The

coosÍstency between dT to 3r-dÏlfP and m6dU to 3r-m6dllMp is reasoaable,

since the 3t-phosphate group is aa exo substituent and Ís not expecËed.

to affecË the rf bond rotamer popul-atioo"73. The n6dtï to 5,-n6dït¡æ

progression results Ín a decrease in p(ú*) in excess of, that observed

l-n Èhe dT to m6du chauge, and opposíte to the tread in the dT to

5r-dTMP ËransiËion.

Ilruska aud co-¡vork"r"73 intetlpreted these observatÍons by

referring to the calculated charge dÍstríbutÍoas of a thynÍne base.

Ttrese calculations indic"t.d166 that the 2-keto group of the thl¡nlne

riag was a negaËive center ¡shÍLe the 6-position ¡ras a posítive center.

ra 5t-d11fP, the 6-positÍon lies over the furanose rÍng in the anÈi

conformêr, and the posítíve character of the 6-position ls expect,ed to

favor the closer approach of the Degatívely charged. 5r-phosphate group.

rn 5r-n6dulP, the location of the 2-keto group over the furanose rfng
is expected, to repel the negatfvel.y charged Sr-phosphate.

i.í. NucleosÍde Diphosphates

the data for both the di-nonoauioníc and di-dianlonic fo¡ms of
3t,st-drDP and 3r15t-m6duDp are included in Tabre 5.7. an analysis of

the data shows an Íncreased stabiLÍzatíon of the ü* rotamer for both

ionic foms of 3trsr-dlDp over thae obseryed for 5r-dÏMp. rn the case

of 3r r5t-m6duDP, Ëhe p(gt) populaËron Ís enhanced, compared to 5,-m6duMp,

prinari1yattheexPenseoft-.Theset¡got'rendscanberatÍonaLízed,<

by a consideratíon of molecular models, as follows. rn the case of

3rrsr-drDP, rotatiori out of t+ into r/_ for a predominant s-Èype sugar !1,.':.aj i,"ìr,.:.ì:. j.:
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(see above) and 0, bond rotamer (see below) wiLl bring the 5t-phosphaËe

into close proximr'ty to the 3r-phosphate. llence, in the diphosphate,

an increase ín ü* wÍlJ- reduce the electrostatic repulsion between t,he

tvro phosphaËes. From the models, it is clear that rotations into û_

are inhibiËed more than roËaËions Ínto rlia, but the vicinal coupling

data avaÍlabLe for 31r5t-dTDp does noË alLow this to be verified.

In the case of 3t r5t-m6dUOp, the siËuatíon with respecË to q,,

rotamer redistríbution is sinilar. llere, the ehange ín sugar pucker

(increase in N-type, decrease in s-type) further accents the elect,ro-

static repulsion. As ment,ioned, above, p(qrt) Íncreases, and p(qr_)

shows a correspondj-ng deerease, whil-e p(ú+) remains essentially

constant when compared w-iËh 5t-m6du}æ. The N-Ëype sugar pucker forces

the 3r- and the 5r-phosphates everi closer together for roËaËions inËo

qr_. space filling models ÍndÍcate thaË for a predoninant N sugar, and

óa rotamer, rotaËion into rp_ becomes very unlikely; hence Ëhe

reductíon of ü_. upon further íonization to the di-dianionÍc form,

the { populations are shifted s1ight1y, buË the changes are small.

íií. Dínucleoside MonophosphaËes

Turníng now to the dinucleosÍde monophosphaËes, a comparíson

between the nucleoËidyl- fragments and the monomers is ín order.

Looking at the 3r-nucleotides first, 1Í-tt1e change is deËecËed ín

p(v,+) when progressing from 3t-dÏI4p ro the dTp- fragnenËs of d(TpT)

and d(tprn6u). there is a slight decrease in p(ú_) and a corresponding

increase io pCü+) ax 293 K for Ëhe dTp- parr, of d(tprn6u), bur Ëhis

shift Ín populaËíons is reversed aË 333 K. Generally, incorporation

lr. ii: .' :
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of the 3t-oucr-eotlde into a diuer has 1itt1e effect on Ëhe rf bond

popuJ-atÍons. Ttre progressíon from Sr-dTIæ to the -pdT fraguent, in
d(TpT) increases rhe p(ú*) popularioa of -pdT io d(TpT), 6utrthere
is Lfttle change in the rf populations whea comparíng sr-dm{p ro the
-pdT parr tn d(n6upt). The change in p(ú*) for the Sr-dTMp to _pdT Ín
d(TpT) transÍrloo is slnÍLar to the change ín p(r!*) for rhe S,-drMp to
3trsr-dlDP traasíËion. ExaminatÍon of the resu'ts for the n6du
derivatives shows that there ís littJ.e ehange ia the rf rotamers for
the 3t-oucleotide fragment upon dÍmerizatlon. The 5r-nucleotfd,e
fragments, on the other haad, show a substantÍal. depopulation of the
ü- rotamer wf th an Íacrease in p (Ìr+) for the -pn6dg part of d (n6Upm6U)

buË an fncrease t in p(rfa) for Ëhe -pn6dU parr of d(tpn6u).
The apparent insensitivity of the rfr rotamer populations Ín the

3t-nucLeotidyl fragoeats of dT and m6du upon dimerization is consistent
with the analogous ÍasensÍtivity of the aucleosides to 3?_phosphoryla_
tion. Líttle change Ín rfr rotamers ¡you1d be expected sÍnce the
exocyclic hydro>ry neËhy1 gïoup and the 3f -phosphate (or the 5r-nucleo-..- .

tÍde attached to the 3r-posÍtlon) are díametricarly disposed across
the deoxyribose ríag.

The rf bond rotãmer populations for the 5 r-nucleotÍdyl. fragment of
d(TpT) aad a(näupT) roí1r ¡e ¿iàcùsseâ et="t. ïhe sËabilizarion of Ëhe

Û* rotamer of -pdT in d(TpT) compared to Sr-d'Mp and -pdT ín ¿(m6upt)
can be ratÍonar-ized as fol1o¡us. As noËed in section v.8.1., theie is
a slight shíft ia rhe N=s equfribrir¡m Ín the -pdr parr upon

dlmerízati-on Ëowards Ëhe N-staËe, but the change is experi.enced, by the
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Sr'-nucleotíde fragmenËs in boËh d(Tpf) and d(n6Upf). ït is possÍble

that additional stabilÍzing forces can arise from stacking between the l

Ëhlmine rings or from electrostaË1c attraction between the keto groups

and the N-H groups of the Ëwo pyrinidÍne rings. The presence of these
forces could, Ín turn, resulË in an increase in Ëhe p(ìJr+) population. 

j

Ríng current effecËs for pyrinídines are known Ëo be 
"r"11-16-18,166b,

and I'Iood' et a1.29 trrl.d ouË, a sËackÍng-type interactÍon because of the ,¡,

observed invariance of the base ring proton chemÍcal shífÈs. This

does not preclude the presence of intramolecular ínter-base eLect,ro-

stat'1c interactions. rf a hydrogen-bond type interaction ís the case,

a ehange Ín the N-g1ycosyl bond conformation of either base (i.e. , ,

from the preferred anÊi to syn) would remove the stabilization, 
i

lresulting in the roËâñer popul-aËions of rf adoptíng values similar to
thoseobserved,in5l.dTMP,asj-sthecasein¿(n6upt).

Extendíng the series to Ëhe dinucleotid.36 or trinucleoside
diphosphate Leve138'r67 does nor change Ëhe p(ü*) eoeulaËions of the 

't,
-pdTp- part of d(TpTp)36, dCTpTpA)38, 

"od d(TpTpT) and d(rptpc)167. l,:i
.:.,.

An increase Ín p({r+) is also found in the terninal Sr-nucleotÍdes of
the trimer"3''167. IL appears that the stabil-izaÈÍon of the rf*
rofamer Ís noË affected by chaín elongaËioo. The crystal structure of 

,,,,,;
dCTpT) has not been determined, but Camerman et "t.168 found no intra_ ¡ì¡'i

molecular hydrogen bonds or j.ntramolecuLar sËacking involving the
bases Ín the crystal structure of the sodium salt of d(pTpT). For

Na'dþTpT), the dinucleotíde was found. in Ëhe 'exËend,ed,r' form with
(or,tl) = Ërg-. It is interest,ing to note that the asymetric unít of

i.r"....
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the unit cell contaíns one nolecule of sodi.um_d(pTpT) and

rsater ro1""111."168. In additíon, even though the molecule

crystallized at pH = 6.g, only two sodium íons were found
168

moJ.ecuJ-e

L2 to 13

tüas

per d(pTpT)

For a sËandard set of ú, Þ, and þr angles (i.e., pred.ominanË

Pcú+)' p(or) populari.ons and g'ín the range of o¿ and 0r), íË ís
the or ru: angles of a dinucleosÍde monophosphate which deÈermine the
overall conformation of the mo1ecrr1.169,L70. Kim et 

"1.170 h".r.
proposed seven basic cgnformations about rrJrrû). one conformation, ín
whÍch orrr' = g-rg-, would bring the two bases of d(TpT) close enough

to al1ow Ëhe fornation of two hydrogen bonds. Ifood eË a1.29 
^rd.

cheng et a1.L67 h^u" proposed rhar d(Tpr)29, d(TpTpT)767, 
"od

d(TpTpc)167 .*i", pred,ominantly in Ëhe extended t,g_ conformaËÍon

about tr:t,ur based on Ëhe consisËency of Ëhe base proton chemÍcal shifts,
and in light of the cïystal sËructure of sodium-d(pTpT). Altona eË
-38al' , on Ëhe other hand, noted substantial upfield shifts for IIurElr r

H2rt a,.d Hr,, of the central fragmenË of d(TpTpA) eompared to d(TpTp)
and concluded ËhaÈ both r¡r rur pairs T¡rere g-rg_! as Ímplied from Ëhe

circul-ar dichroism spectra of dinucleoside monophosphaËes Ín solut,íon,
indÍcatÍng some 1ocal order rüas presentLTl. The mininum energy confor_
mati'on determined from potentÍal energy calculaÈions of Broyde 

"t "!.!72
has indicated that the lowest, energy conformer of d(TpT) is w-ith {D, ,{r) =
g-, 8- and the other bonds as above (i.e., úa, 0a, 3U). This for¡o Ís
calculated. to be 15.1 IGI,o1.:1 more sËab1e Ëhan the exËended forn
(ot ro = Ërg-ü = t*rrr(*3E)) observed ín the sodium_d(pTpT) and Ëhe ,.'.
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conforner proposed from the earlíer NMR resu1r"29rL00,L67. The

observed iRcrease in p(ü*) in -pdT of d(TpT) compared Ëo S,-dTlnp,

together with the similar values of p(ú+) observed here for 5r-dTMp

and -pdr of d(n6upt), indicates the exístence of some sËabilizÍng

force whích depends upon the orienËaËÍon of the Èwo bases. IlheËher

thís force involves base stacking or hydrogen bonding cannoË be

det,ermíned from the present daËa.

Returning nosr to. the 5f -nucleotídyl fragment,s of d(Tpn6u) and

d(n6upn6u)' the observed trends in rf are consist,enË, as noted above.

Reca11 thaË ín secËion v.8.1. a substantial increase in Ëhe N-rype

sugar pucker population ís det,ected r¡hen goÍng from 5t-n6duMp to Ëhe

-p*6dU parts of eirher d(fpm6U) or d(n6upm6u). For rhe rf,, bond, p(ú_)

is decreased Ín borh d(tpn6u) and d(n6upm6u). This ís consisËent wiËh

Ëhe closer proximity of the 5r-phosphat,e and the 3'-hydro:<yl of a

5r-nucleotíde with a predomínanË N-type sugar. Rotations of rp into
g_ result in a closer approach of the 5t- and 3t-substituent,s. The

sinÍlaritíes between d(tpu6u) and d(m6upn6u) end here. As srared

prevÍous1y, Ëhe g* population Íncreases wíth decreasing p(r!_) in
d(n6upn6u), with p(v+) only slighËly less rhan p(rp.) (0.36 compared

with 0.53, respectÍvely). rn contrasË, the t confomer of rJ,r Ís

supplemented by Lhe decrease of p(ü_) in d(Tpn6U) (n(ür) = 0.6g).

Potential energy ealculaËioo" 
"ho*172 th^t Ëhe low energy form of a

di.mer for a t. conformation of rf and an N-Ëype sugar is coupled to r,:r rrrl

= g-rt (fíxed Q at Ê and gt between Ë and g_). Molecular models with

these bond conformations nay help in forrulatÍng a possible
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Ínterpretatioa. For a dínucLeoside monophosphate with the 3r-
pyrinidine anti and the Sr-pyrinidine syn, ít appears thaË unfavorable

ínteractions beËween the bases would occur for a B* conformaËion

abouË rf (and u:r,o = g_rg_) of the 5t-nucleoËide. Thus, in d(Tpn6U),

it is possible thaË the E* conformer of rp in the 5r-nucleoËide is
destabÍLized by repulsive interactÍons beËvreen the pyrinid.ine rings.
0n the other hand, if both bases r.rere Ín the syn orÍentation, base-

base interactions similar t,o those proposed for d(TpT) above could

occur for a g* orient,atÍon of rf in the 5r-nucleoËid.e. 11 trri" confor-

matÍon, the si-nucleot,ide base Ís near Crr and its substÍtuents of the

3t-nucleoËide fragment. An Ínspeetion of the chemical shiÍts of Ëhe

n6dup- part of d(m6upn6u) reveals that Hr, and Hr, are shifted 0.075

ppn upfield and 0.04 ppm downfield, respecË,ively, when compared to

3t-n6dur@ (the shifrs betrdeen d(m6upt) and 3t-n6du¡æ for Hr, and H2,,

are 0.045 and 0.016 ppn, respectÍvely). The c2r carbon of the n6dup-

part of d(n6upn6u) is also affected, experiencing an upfield shÍft of
0.7 ppn compared Ëo eirher 3'-n6du}ß or the n6dup- parr of a(n6upr).

Further evidence that the increase in p(t+) of the -pn6du part of

d'(n6upn6u) is a resulË of interacËions between the Ëwo pyrinídine rings
can be obtained from phoËochenical sËudies in progress. A sanple of

d(n6upm6u), irradiaËed l¡íth u.v. light under condiËions símilar ro
Ëhose used for the ÍrradiatÍon of d(TpT) has been found to yield phoÈo-

product,s similar Ëo those obtained from d(TpT) i.e., Ëhe producËs are

of the internal eyclobutane type wÍËh the bases cyclized between c,

and c5 of the two pyrimidine ríngs (see Figure 3.4) as deduced from

,:.:.;:::

r':; i: :::i:;. .

t:
l.l
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prelimÍnary lH and 13c mm. studies. rrradÍati-on of d(Tpm6u), on the
oËher hand, has not produced símilar prod.ucts und.er a variety of
sinilar conditíons. The evi.dence is noË conclusive, however, since
variations ín the otrtt bonds could also lead Ëo unforseen stabilÍzatÍon
of the g* conforoer of rp in Ëhe Sì-nucleoride of d(m6upm6u).

b. cORRnLATroN BETI^IEEN THE sucAR pucKER AI\TD THE c.r-c,, BONDJ+

rn an investi.gatÍon of Ëhe possibLe correlatÍon between the sugar

pucker and the exocyclic bond conformation about c5,-c4, suggested by

x-ray studies173, ÉIrrr"k" et aI. reported the presence of ¿

correlation ín solut,íon for a seri.es of pyríuidíne nucl.o"id."174.
Reeently, Davíes has ext,ended this correlaËiori to include purÍne nucleo-
si.des and purine and. pyrinídine nucl-eotíd""175. The correlaËions
indicate that the g* conformer of rf is favored

deo:ryribose, is predominanË1y in the N-stat,e,

for a sugar pucker dominat,ed by the S-"t"t.174. In the original sËudy,

Ilruska et al.L74 no""d that the correlation broke down for molecules

in which there is a bulky keto group Ín close proximíty Ëo the rÍbose
ring (e.g., orotidine and 1-(ß-o-rtbofuranosyl)cyanuric acíd). A

sínilar effect is observed here for the n6du deri-vatÍves. FÍgure 5.1
shows a plor of X (s¡(g¿t-H5r ) + 3.1(iI4r-H5,,)) vs 3.f (U3r-H4, ) from

tlruska 
"t ^7L74. rncluded in this plot is the daËa for the dT and n6du

series. As can be seen from Fi-gure 5.1-, the observaËions ín the early

"ar-rdy174 
are contj-nued here. The origínal workers rationalízed Ëhe

deviations in terms of anomalous nonbonded i.nt,eracLions beËween Ëhe

if the ríbose, or

and g* is less favored



FIGURE 5.1 is a plot of I C3.¡(ä+'-H.5r) + 3.1(tt+'-H5")) vs

3.f Cu¡'-H4') (borh in Hz). Synbols used. are:

. for the daËa from Reference 174

ô¡@ for dT and m6dU, respeclively

x¡cl for 3t-dTMP and 3t-n6dtDp, respectively

*r(E for 5'-dTllP and 5t-m6dinG, respecËively

Ô¡O for 3t,5t-dTDp and 3t,5f -m6d.UDp,

respectively

9 rf for the nucleotidyl fragments of d(tpm6U),

respectively

l,Êl for the nucleoËidyl fragmenÈs of d(m6Upt),

respectively

ArA for the nucleotidyl fragments of d(rn6üpto6U) ,

respectively
I
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keto group and Lhe sugar ring.

2. THE 05,-C5r BOND' O

N COUPLING CONSTANTS

The vicinal proËon-phosphorus coupling constanËs for the 5 r-
nucleotid"t29'73, t,," 3'r5'-nucleoside diphosphates, and, the 5r-
nucleoËidyl fragmenËs of the dinucreoside monophosphates are presented, iulr,;.,.,

i'n Table 5.8. rncluded in this table are the þ bond rotamer
populations calculated from Equations 2.].6, 2.L7, and 2.1g. As

indicated by Hruska and co-wotk.r"73, t,here is a slíghË reducËÍon in 
,n(0a) when goj-ng from the dr to in6du series. The 

"rrthorsT3 ínterpreted
thÍs as a resulÉ of the shift in the conformer preference of the ìr.,

lbond from g* to t. rn the t sËate of þ, the g_ and g* conformers of Q þs- 
.come more accessí:ble due Ëo a reducËion in Ëhe steric interactions between i

Ëhe non-ester phosphate oxygens and Ëhe ribose ring subsËÍËuenËs. This
trend is conËinued in the nucleoside diphosphates. ComparÍson of 3, r5r- i';;,.;,-rr¡

,.'.,. ,t.-drDP r¿ith 3rr5tm6duDP reveals that Ëhe t conformer in the laËte, 
:.',;.,,,¡.,,,',

moleeule Ís slightly less populated. The difference is comparable to 
i,that observed for p(ot) betr,¡een sr-d.ïMp and 5t-rn6duræ (a difference Ín

:p(0t) of 0'19 between the two 5r-nucleoÉides compared. to a difference 
rr-...:f'...:-.of 0.16 between the diphosphates). Secondary ronizacíon of both

molecules results ín an increase of p(ót) for each, buË Lhe difference
ín populaËions (lower p(Ot) in 3r,5t_m6dTIDp) is preserved.

A comparison of the 5f-nucleoËidyr fragnenËs of Ëhe dinrers shows ::::::;,.:::
that the Ërend is conÊínued. The t conformer populaËions of Q in the .,:, 

1,,1.,,."
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TABLE 5.8
3JcH5'-P5t) AND 3J(H5"-p5' ) Ar{D THE cALcuLATED o RoraMER popur,ATror.ts

FoR A SERIES oF sr-NucLEorrDES oF dT AND n6du a

gJ(5r-5r) gJ(5r'-5r) rr b p(o+) p(ot) p(o_)

s?-drtpc 
-¿ 

7.6 0.g3

3',5t-d1Dpe 
-d 

9.2 d 0.75 
-d

d (rpr)
(8.0) (0.81)

4.2 3.6 7,8 o.o7 0.82 0.10
^îd(n6upr) r 3.9 4.0 7.9 0.09 0.81 O.O9

(4.s) (s.o) (e.s) (o.oe) (0.74) (0.11)
5'-n6dulæ I s.e 5.7 11.5 0.17 0.64 0.18

3',5'-r6duop e 6.3 6.3 L2.6 0.20 0.59 o.zo
(s.8) (5.t) (11.s) (0.17) (0.64) (0.18)

a(n6upc6u) 4.g 4.8 g.7 0.13 0.74 0.13

d (rpn6u) f' 3 .4 5 .6 9 . O O .L7 0.76 0.11
(4.8) (6.0) (10.8) (0.le) (0.68) (0.13)

a) coupling const,ants in Hz record.ed. at 293 K'and pH r 6.5 unless
otherwise not,ed.

b) It = (3.¡(ttS'-p51¡ + s.f(ff"-p5'))
c) From Reference 29

d) Not available
e) sarople at pH ru3.6. Numbers in parenthesis at pll *l .s.
f) Numbers in parenthesis for T = 333 K
g) From Reference 73

i'¡ -l;,.:.¡ì,$
i ..::::.;:. -- ' ..
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-pdr fragnents are stí1l higher Ëhan Èhose observed for the -pn6du

fragments, but the differences have decreased. For example, the

difference in p(0a) letween Ëhe 5r-nucleoride fragmenËs Ín ¿(n6upr)

and in d(TpT) and d(Tpn6u) is only 0.08 cornpared. to rhe 0.16 reducËion

above. This can be connected wiÊh the additional destabil-ization of

the g_ state of rf in the -pn6du series as a resulË of the increase in
the N-Ëype conformer of Ëhe deoxyrÍbose rÍng. The increase ín p(óa) in
the -pn6du parËs of d(Tpn6u) and d.(n6upn6u) could be due Ëo rhe Ín-
creased steric j.nteract,Íons in Ëhe g* and g- states of g as a result of

Ëhe p and sugar pucker conform.ational changes. The data at 293 and

333 K for boËh d(n6upr) and d(rpm6u) show a decrease in p(0r) aË Ëhe

higher temPerature. These observatíons are consistent wiËh the sËrong

conformaËional bias of the t conformer of O 
101, as noted in

Chapter II.

b. CORRELATION BETT{EEN Y AI{D O

correlaËions have been proposed relaËing the ú* and 0a rotamer

populations of 5t-nucleotídes77ar108 ,rd Èhe 5r-nucleotídyl fragnenL of

dinucleoside monophosphates6'L23. An examÍnaËion of the data presented

here indicates that a similar correlation is noË present. ApparenËly,

this is due to the same reasons discussed above for the sugar pucker

-rf bond correlation, í.e., ú has been dísplaced from its normal con-

formaËi.onal preference and should not show a similar relationship to

Þ, as observed for other pyrinidine and purine nucleotídes.

C. LONG.M¡TGE PROTON-PHOSPHORUS COUPLING CONSTA}ITS. 4J(H4'

The reported 4J(H4'-P5r) couplÍ.ng constants in Tables 4.1 Ëo 4.8
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are consÍsËent r,rrith the calculated rf and Q rotamer populations above.

using the correraÈion diagrams of sarma et a1 .to' , the observed 
;-,;¡; :: :4'i(H+r-Psf ) coupling constanËs in the dT serÍes are consistenË lrith a ,,¡::::;j..'

dominance of g+ for rf and Ë for Q. rn add.Íti.on, Ëhe absence of any

deËecËab1e 4J(H4t-p5t) coupling in Ëhe m6du seríes is also consist,ent 
:;;;;,,.,,:,;,,wÍth Ëhe change of the r/ popul-ation bias to Ë and, the reduction of t ;,:r:::::r ,,

jl-iri : :' -

ín 0. Both these observations for the dT and m6dU series are consis_ 
,,,,..r.,,.:.,,i

tenË with Ëhe strong dependence of 4.i(n+r-p5r) on both rf and o 107. "':1::"::':"

As either of Ëhese bonds ïotate out of Ëhe g+ and t conformers,

respectivery, Ëhe all-planar (all-trans) trI couplÍng path needed to
transmit, this ÍnteracËion j-s dÍsrupted..

?IN COUPLING CONSTANTS

Table 5.9 contains the carbon-phosphorus vicinal coupling constants

at pII ry7 fot the 5r-nucleotides and 3t15t-nucleoside diphosphates ín
Tables 4'11 to 4.L8. rncluded are the ö, rotamer populations calcur-ated i:,.r:,i,:.,,:,,

-fi-::':i-.".- .'.

from Equat'ion 2.22. the agreement betrse"r. ót populatíons calculaËed ,.;,,.,.,,.;.,
.....:;::t¡:.:, ':from proton-phosphorus coupling eonsËants and earbon-phosphorus eoupling 
'r,,',.,,:r':r':'i:i

consËants is bet,ter for 5t-dTMp and 3r15r-drDp than the analogous m6du

derivaËives.
l .a.:::::.. :: .:- ::.:::...:

The effect of pH on the vicÍnal s.l(c¿t-pst ) couplíngs of s,-dïMp, ii"-.t,-..',,,..,;.

3t r5t-dTDP, 5t-rn6du}æ, and 3t r5t-n6duDp Ís shov¡n in Figure 5.2. The

Alderfer-Tsro d,aËa56 fot Ëhe ribose d.erívatives, sr-IlMp and 5r-Aræ ¡ ,

are íncluded. (Note thaË the ordÍnat,e of Figure 5.2 is given in Hz 
:

and in %t(þ) obtained from Equation 2.22.) overall, Ëhe 3.11c-e¡ 
i,¡..,1,¡.i,;,,.,.ri.,,



L67

values span a range from 7.9 - g.9 Hz, and thus are larger than the
corresPondíng 2l (c-P) values (see below). trieak sigmoidal behavíour

can be di-scerned in the 5?-dTMp data, r.'-ith 3J(c-r¡ at pH > g, on the
average' 0.3 Hz less Ëhan at pH < 6.0. (perhaps due to greater scat,ter
of the points, this behaviour cannot be discerned in Ëhe data for
3trSt-dTDPr st-IJMp, and.sr-Alfp). sinilarly, Ëhe daËa for the n6.ü
derj.vatives define a sigmoÍdal curve, buË here an increase of "r,0.3 Hz

is sáen in 3.1çc-e) as the solut,ion becomes basíc. rf Ëhe ionization
of the phosphare exerred onJ-y a dÍrecË (rhrough-bond) effect on 3J(c_p),

this difference'in behaviour for the dT and n6du derívaËíves would not
be expected. Therefore, ít is reasonable Ëo conclude Ëhat these

variations in 3J(c-P) are in part due to Ëhe conformational consequences

of phosphate Lonízation (see below).

rn conforaational Ëerms, the s¡(c-p) daËa (Figure 5.2) are in
general agreement wÍth prevÍous iu u¡m. and x-ray diffracËion stud.íes.
Thus, a disËincË preference for 0., is indicated, wÍth p(Ot) > 7LT" Ln

all insËances' rn the crysËal state, all known 5t-nucleotidyl fragments
. 101are 9Ë . Furthermore, for sr-drMp, 3"5r-dTDp, 5r-uMp and 5,_Alæ,

the 3'r(c4t-P5f ) values are Ëo r,7-ithín 0.5 Hz. idenËicaI aË all pII values,
with p(Qr) in the range 787.'87%. Thus , for this collection of morecules,
neiËher the naËu¡e of the base þurine or pyrinidine) nor of Ëhe sugar
(ribose or deoxyrÍbose), nor the presence of a 3r-phosphate Ínfluences

P(0Ê) ' This is in good agreeuent, rr¡íËh the ¡¿ork of Davíes and Danyluk77^
who found, for the purine and. pyrirnidine ribose and deoxyribose 5r-
nueleotides, xr values in the narro!ü range 8.7 - 9.4 Hz, which -..i:.::.'.

':r:ç!.: i:ì,i



FIGURE 5.2 shows Ëhe varÍaËion of e;çC+'_psr) (in Hz) 
;.,.;,;,;,;.
j'-'::'-

w1th pll . Ihe symbols used, are: '1,:":!

lrEfor 5t-dTMp and 5t-in6dUl4p, respectívely

lrAfor 3t 15t-dTDP and 3t 15 
t-dIIDp, respecËivel_y

Xr.tfor 5r-IJI4P and 5t-Al.{p, ïespectÍvely from
Reference 56

i::: : -r!
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corresPond to p(0a) vatues in Ëhe range 75-7g"Å.

rt is interesting to note thaË at acid pH the 3.1(c+,-p5r) values
for the m6du molecules are on the average 0.7 Hz smarler than those for
the dT derivatÍves. This apparent d,ecrease ín p(ot) for Ëhe 5,-n6dïræ
and 3t15t-mGduDP ís in line with the und,erstanding of syn nucleotidesT3.
rË Ís clear from space-fÍlling models that for steric reasons the
c5r-o5, bond of a 5t-nucLeoËide nusË o.0t (expected 3¡(c+r-p5r) = 10

Hz) when Ëhe nolecule Ís oríented ú* about the co,-c5, bond (Figure
2'6) ' rf the molecule ïotates out of ú* ínto úa ot ú_, then the þ*
aod þ- orientations become more accessÍble (expecte¿ 3¡(c4f-p5, ) = 2

Hz) ' Thus, any peïturbation i¿hich leads to a d.eerease in p ({.,+) , Ëhe

fractional populatíon of ú* eonformer, should be manifest i_n a
corresponding deerease in p(ót). ThÍs d.ecrease in p(0t) should be

manj-fest simultaneously in an íncrease Ín x r and a decrease j.n
s-T(c+t-Pst) according Ëo Equations 2.r4 and,2.2z. Earlier, George er

^L.73 have shown from r'measuremenËs that at pH = 6.0, replacement of
dT by m6du at the st-nucleotíde leve1 leads to a reduction in p(ôt)
from 72"Á Eo 65%' The t-r(c+r-Psr) daËa para11el- rhís Ërend by predicËing
for this replaeement a red,uction in p(0t) from g57. to 757" (Figure 5.2).

At basÍc pH, however, little difference is noËed in Êhe s.T(c¿,-ps,)

values for Ëhe dT and n6du nolecur.es. Apparently, ioni.zaËion of Ëhe

phosphate has 1ed to some þ bond changes in, particularly, Ëhe n6,ru

molecules. FÍnally, it Ís ínteresting to not,e that p(Þt) i.s not
significantly (<1oz) dependent ar any pII upon Ëhe presence of a 3,-
phosphate (compare 5t-drMP wj-Ëh 3t 15t-drDp and 5,-rn6dulp ,¡riËh 3, 15r-m6duDp.



L70

ii. Dínucleoside Monophosphates

An ex¡minatÍon of the daËa for the 5'-nucleoËÍdyl fragrnents of the

dímers in Table 5.9 reveal-s an ínconsistency ín the Ë conformer popula-

Ëj.ons of 0 calculated from the proton-phosphorus and carbon-phosphorus

vicinal couplÍng consËanËs. use of the parFmet,ers employed in Ëhe

nucl-eotide analysis above yields abnormally large values of p (ór) ,

especía11y for -pdT in d(TpT). The original parameËerizariorrll9 ,""
derived on the basis of the observed. couplings of 5r-nuc1eotides541153

and cyclic nucleoËid""154 ,L55 rL76 . rt is possible that the magnitudes

of 3JCc-e¡ in a phosphodiesrer bond differ appreciably fron Ëhose in
a nucleoËide or cyclie phosphate. an investigaËion of the dihedral

angle dependence of phosphotríester model compound.s shows that the

vicinal coupling can be as large as 1g Hz for a dihedral angle of

tuoo 178. rn prelÍ-minary studÍes mentioned above of Ëhe cyclobutane-

Lype photodimers involvíng the n6du fragmenË, a 3J(c4r-p5r) value of

11 .0 IIz has been observed. rf this value i_s used. for 3J- in EquaËion ;;;.,.,:;i .,t ^ 
.t,,t , ',, ,

2.22t along w-ith a correspondÍng íncrease in 3J*, b"tter agreement r,1,,,,,j,

bet\¿een the calculated p(OË) values from protorrlpno"phorus and carbon- 
""";';"""

phosphorus coupling constanËs j-s obtaíned. ïrlhetheï or not these val-ues

for 3J (3 aù and 3Ja (11 Hz) for rhe 5i-fragmenr of dinucleosidec

monophosphates are geneïa11y applj-cable can only be determined through |ìi$.:..

a comparison of Èhe daËa for a series of dimers rn¡here both I{-p and

C-P couplings have been measured.

The observed 3J(c4t-p5t) values for Ëhe dimers can be d.iscussed ',

qualÍtatively. There is lÍttLe temperaËure dependence of 3.¡(c4r-p5t) l.tl,,:
..,_ ., ...:..,.
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TA3LE 5.9

3J (C4 r -p5 ' ) AIID THE CALCULATED Ë ROTAÌTÍER POPULATTON OF Õ

FOR A SERIES OI' 5i-NUCLEOTTDES OF dT AND n6du a

a.r(c+t-Ps') p(oË) b 
n(or) " p(0.) d

5t-dTMP 8.6 o.B3 0.83 0.70

3r,5r-dTÐP 9.5 0.gt- 0.g1 0.69

5'-n6duldP 8.4 o.8o 0.64 0.68

3' ,5 '-n6duop g.1 o .76 o .64 o .64

d(rp!) 10.3 L.o4 0.82 0.91

¿ Cr6upl) I .5 o. 81 o . 81 o .69

d(Tps6u) 9 .5 O .g4 0 .7 4 O. 81

d(¡û6up!q6u) 9.7 o.g4 0.76 o.7j-

a) couplÍng constanËs in Hz at T = 300 K and pH q'7,5 f.or the nucleo-
Ëj.des and pH ru6.5 for the dínucleoside monophosphates.

b) CalculaËed from Equation 2.22 using J* = 2 Hz and J, = 10 Ifz.
Þ

c) Values fion Table 5.8.

d) Calculated from EquaËion 2,22 usíng J^ = 3 Hz and J. = 11 IIz.-ct

i,::,ll

l
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for the d(rpn6u), d(n6upT), and d(n6upn6u) diners as shown in Tables

4.L8, 4.L9, and 4.20, respectively. rne observed vÍcinal couplÍngs

for Ëhese molecules are ca g.5 Hz between 310 and 340 K. tn d(n6upT),
3.1(c4t-P5t) increases from 7.6 to g.o Hz between 300 and 320 K, but

Èhe same eoupling in d(Tpn6u) decreases from 9.5 to g.7 Hz ín this
same range. The observed 3J(c4r-p5r) in d(n6upn6u) remains const,ant

at 8.5 + 0.2 Ez. rn d(TpT), 3;1c4r-p5') decreases monotonicalry from

10.3 to 7.9 Hz between 300 and 340 K. These observaËíons are consis-
tenË wÍth the mínor reductÍon in p (ôt) with increasing temperature as

detected by proÊon-phosphorus vicína1 coupling constants. rn d(TpT),

lhe carbon data indicate a more drastic reducËion i' p (0t) than d.o the

corresPonding proton-phosphoïus coupling constants. It ís noË under-

stood why Ëhe 3¡(c4'-p5t) coupl-íngs in d(n6upT) indicaËe an increase i_n

0¡r contrary to the predicËion from the proton data. rt may be that
some addit,ional change ís beíng reflected ín this carbon-phosphorus

coupling constant. Further work is needed to clarify thÍs siËuati_on.

Genèra11y speakj-ng, however, the two methods appear t,o complement each

other.

Equations 2.L6 and 2.22 suggest thaË the sum of the phosphorus

couplings to H5, and IIrr, (xt) should be correlaËed $rith the observed
¡.1(c+'-P5t). Fígure 5.3 is a plot or 3¡(c4r-p5') vs xr. rncluded in
Èhe plot are the It values from Sr-AMp, sr-IJMp, ApA 35, .rrd upU 35 

and

the corresponding 3.1(c+t-p5t) eoup1ing"56 fo, the ríbose series. As

can be seen' a very rough correlation exÍsËs between Xr and 3J(C4r-p5i).



FIGURE 5.3 is a pLor of It 14.f1äSt-p5t) + 3J(H5,'-p5')) vs

3J(c4t-P5t). Symbols used are:

O RibonucleoËíde data, sJ(C+t-p5r) fron
Reference 56

Xr from Reference 77

and 186

5t-dTIæ and 5'-m6dUIæ, respectively

3t 15t-dTDP and 3t 15t-m6duDp,

respecËive1-y

d (rpr)

d(rprn6u)

¿(m6upr)

a (m6uprn6u)
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Á,t,fox

@ for

@ f.or

I for

Q for



11.0

10.0

ñ
o_+
s2
õ-)

9,0

8.0

8,0 100I' 11.0 na



L74

It appears, however, that the nucleotide data are correlated dífferent-
J.y than the 5r-nucleotidyl fragnents of Ëhe dimers. rn ad.dÍtion, the

di:'monoaoioníc forms of the nucl-eosíde diphosphaËes are more in llne
lrith the dimers than the nucleotf.des. Ttris may support the concept

of dlfferent Karplus parameters for nucleotides and. dinucleoside

monophosphates. Ttre lfníËed data available, however, precl_udes any

estinate Ín the dlfferences in Ëhe fiqo coupl-íngs.

1_-p c3,-o3, B0ND' or

As mentioned in chapter rr, the rotamer analysis of the crr-o3r
bond, 0t, is aot as straightforward as for the rf and { boads. rn the

previous secËÍon, the resuLËs of the rotamer analysis of the þ'bond

obtained from proton-phosphorus aud carbon-phosphonrs coupling con-,

stants ¡¡ere discussed, separately. rn this sectÍon, it ís useful- Ëo

discuss the two methods together, ûot in a quantÍtative sense, but ín
a qual.itative veÍn.

rt seems appropriate Ëo recap the proble's¡ concernfng the sr bond,

outl-íned Ín sectÍons rr.B.3.c. and rr.c.z.b. rn príneíple, r,hree

staggered conformersr B¡r t and g_ are accesslÞle to'the crr-03, bond,

0t of a 3t-nucLeotide (Figure 2.g). Eowever, energy calculatioo"l79-
181 h"rr. íadicated that the 0l'conforneï can be excluded Ín any

evaLuation of the Qr conformer wefghtfngs. This conformer places

the 3t-phosphaËe under the sugar ring Ín a gauche relatÍon to both

crr and cor and leads to severe crowding of the nori-ester oxygens of
the 3r-phosphate and the furanose substítuents. Consíd.eraËíon of such

.:::rl'.-Ì : ;j:ir:.'.,
'.::: i¡. ì:,:-: ':



sËeric ÍnteracËi_ons led Olson and

restricted Ëo tr¡o narrorü ranges,

NMR spectroscopists have recently
1H-3lP couplÍng constant data in

nod.129 ,56 ,77b,Loo
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180!'rory Ëo conclude that g t was

one in each of rhe 0¿ and Ql domains.

been inËerpreËíng Ëheír 13C-3lp and

rerms of a two-sËare ó¿*0:

However, because of a recenË survey by sundaralingam et a1.102

of Ëhe crystal structures of 3t-ribomononucleotÍd.es, the appropriate-
ness ' of the two-staËe model for interpretatÍon of solution couplíng

daËa must Ítse1f remaÍn open to questi-on. They have found that, for
Ëhese ribose derivatives (eíght in total), Ëhe þr values define a

sÍng1e broad rar.ge fron -91.50 to -lt64.90. ThÍs range comprises

adjoinÍng segmenËs of the þt domain (cent,ered at -600) and the g'

domaÍn (centered at -1800). rn one ínstance, 3r-AMp .2H2o, o, ís -1230,
which means that the Hrr and prr are but 30 from the eclipsed sítuation.
Íhus, it seems ËhaË this eclípsed conformer d.oes noË present a

parËicu1ar1y large barrier Ëo interconversion between 0l ana ,¡r.

Energy calculations by prusíner eË a1.182 ,od yathindra and Sundara-
183rLngam also poÍnt to the absence of a rnajor barríer Ëo rotaËion

about the cr,-03r bond. GÍven Ë,hese sËudíes by sundaralíngam and

co-r,rorkers, translaËion of NMR data into gl and þ] populations in a

two-state model may be unjusËified since Ëhe coupling constanËs could.

equally welL be a reflecËion of averaging r.¡ithín a single broad ïange

of conformer angles approxímatíng thaË observed, ín the crysËal st,ate.

Because of thi-s uncerËainËy, the coupling consËanËs will be

inËerpreted in a qualit,ative manner which does not, irnply a choÍce

L.

t,1 ::
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between a two-staËe or a broad single-staËe mod,el. The only assumpËion

used in this section is Ëhat the vicinal H3r-p3r and the two vicínal 
.,;.1,,,;.,;;,';.

c4r-P3r and czt-p3r couplÍng const,ants vary in a Karplus manner wíth
the þt Ëorsion angLe. Thus, 3;6u3r-p3r) qr1u- be large in the molecules
discussed, and 3.i(cZr-p3r) and 3¡(c+t_p3?) should be J_arge in the g- 

i,,,,;:,:,,r,,;,:
and Ë dornains of Ot, respectively, and relatívely snal1 in the Ë and 1,1.''':ì'.'''.-.,'

g- douains of fr, respecËively (refer to Figure 2.g). rf, ín the ;,'.'; 
',,,'.,,: :

i -;,ì. ::_::lir:. ::: r:.':

futurer strong evj.dence Ís provided for a Ëhro-sËate situaËion, Ëhen 
:separate populations for t and g- of ot could be calculated quiËe

slnply from the data.

iTabLe 5.10 conrains Ëhe 3.r(ngf-p3'), 3l(cz'_p3,), and 31rc+,_p3,)

vicÍnal couplíng constanÊs from chapter rv. The proton d.aËa for the i

mononucleotídes of dT 29 
"nð,,adu 

73 are those from Ëhe literature. i

l,The reported 3J(II3t-p3?) values for 3,,5,-m6d.uDp and the 3,-nucleotidyl 
r,:l

fragmenËsofd(n6UpT)andd(m6Upm6U)wereobtaÍnedfromLhe31Pspect'ra

of the samples used to obtain the proton d.ata reported, above. These 1i.it.t:ii,,
values are less accurate Ëhan Ëhose obtained from Ëhe proton iËeratÍve ,:,'.,,,,.,i',,,,,,,.'

.t :.:': :.:1.-::.:1

analysis, as discussed in GhapËer IV.

some trends are apparent fron ËhÍs table. All the 3J(c2r-p3r) and
s¡(C+t-Pst) coupli.ngs are in the range of 0.5 to 4.3 and. 5.3 to g.3 Hz¡ i,,,fi..¡..,:j.:l.,'r,

respeeËive1y, índieaÈing that $? is predouinantly in the Ë range. The 
i'!Ë:rj:jr:+,'ì''i:ìj.Ì

g¡Cc+t-P31) 
values aie consÍstently higher in the ro6d.u derivatives than

in the dr derivaËives, as would be expected by Ëhe shíft of Ëhe sugar ; , ,

pucker from the s-type Ëo the N-type conformer (see belor)34. rn 
i,,,w;li:ìì:,,*rì
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TABLE 5.10

OBSERYED PROTON.PHOSPHORUS AND CARBON-PHOSPHORUS COUPLING CONSTAI{TS

FOR 3'-NUCLEOTIDES AND 3'-NUCLEoTIDYL FRAGI{ENTS

IN DINUCLEOSTDE MONOPHOSPHATES FOR A SERTES OF dT A¡IO M6dU OSNTVAIIVES" ': :'

3¡(u:t-p3|¡ aJ(czt-p3') 3.1(c+'-p3')

3'-dmP b

3t,5t-drDP c

3'15'-dTDP d

d.g,r)
-ô

d(TpnbU)

3'-n6duMP f

3t 15t-r6duDP "

3'15'-r6duDP d

7.r (7.6) 4.3 (4.3) s.0 (s.3)

d (n6upn6u) 8.5+19 2.3

,d(n6upr) e 6.8 (7 .4) 1.8 (2.8) 7 .6 (8.2)

a) Value in Hz at pH ru6.0 and T. = 293 K unless otherwise noted

b). From Reference 29

c) At pII n3.6

d) At pII 'r,7.4

e) Numbers in parenËhesis at T ¡,330 K

f) From Reference 73

g) Error larger due to nature of 31P spectrum; see discussion in ËexË.

7.8

7.9

8.3

6.3

7.L

7.9

9.8

2,9

3.6

3.0

2.9

2.5

2.L

<o.7

5.8

5.8

5.9

7.L

6.7
l

8.1 
,

8.3
l

7.4 l

i .il i,1r'. ,1 ': r
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addÍtíon, the 3¡(u3t-P3t) eouplings are in the range

Ez, except for 3t r5t-n6dt¡oP aË pE 7.4 arnid. d(n6upn6u).

of 6.3 ro 8.3

(The l-atter

anomalies will be exanioed below.)

a. NUCLE9TIDE AIID NUCLEOSIDE DIPEOSPIIATES

Turning DoIú to the tftraË1on data of the nucl-eotides aad nucleoside

diphosphates, Fígure 5.4 shows rhe pE dependence of 9t(Crt-*3t¡ anó^.,

3¡Cc4t-p3r) couplings for 3t-dTlfp, 3tr5t-dTDT, 3t-n6dulæ, and 3'r5t-

n6duDp; aLso iacluded are the data for 3t-ulæ (índícated by x) taken

from Alderfer and 1"'o56. For oux Zr-deoxyribose derivatives, as well

as for 3t-IrMP, the 3JCc2f -p3r) and 3.1(c4t-p3t) couplÍngs are confined.

to the ranges 0.5 - 3.9 artd-,år9..- 8.5:Fø respectíveLy. Thus, in al-l

cases, a preference is ÍndÍcated for the 0l domaín in which prr is

tralls to cOr and gauche to c2r. Ttrere are, however, some important

dífferences in the trends for the dT and n6dU mol-ecules.

The 3J(C2t-P3r) couplings on rhe óne hand and 3¡(C4r-p3,) couplings

on the other are síuilar for 3r-dÏlnP and 3trsr-drDP over the entire pII

range. The preseacei:,of a. St-phosphate, in either the monoanlonic

fo:m (pE < 6.0) or dÍanionic form (pE > 8.0) appears to have Littl-e

influence oo the preferred orientat,ion of the gr bond in the dT serj.es.

The 3J(c4t-P3r ) couplings are to withín experim.entaL error invarianË

over the pH range, whÍLe the 3J(C2r-P3r) coupJ-íngs decrease by about

0.5 I{z in basíc solution, reflecting, presr:mably, the secondary

ionÍzatíon of the 3r-phosphate. IË woul-d, however, be difficult to

disentangle the contributions of Ëhe through-bond and the confo:matíonal

effects of this ionízatíoo, but overall Ít seems that ft for the dT



l : 
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FIGURE 5.4 shows the variaËion of tl(CZt-P3t) and 3¡(c4t-P3t) 
i:,.::,r,ì

(in IIz) with pII . The synbol-s used are: 1:,,';:,.i,,',,,,

o¡o for 3r-dTMp and 5r-m6du¡æ, respecËívely 
1,,,., , ,
I -:....... :::'

ArA for 3f 15t-dTDP and 3t15t-m6duDP,

Tespectively

X for 3'-Ul,P from Reference 56
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derivatives is noË affected by the changes i_n charge on the 3,- and.

5 t -phosphates.

,t ,' ,t 
l, 

.t ,i,t 
tt,' 

'It is interesting to note ËhaË in basic solution Ëhe corresponding ,,,.,' ,

couplings of 3r-IlMp and 3r-dTI.æ are identical. rn acid solutíon,
however, 3'l1c4t-P3t) Ín 3t-uMP is about r.5 Hz smaller than its counter-

i:, :,.-:.r'i:.'part in 3r-dTMP whíle 3.r(czt-P3r) in 3t-Illdp Ís about 0.5 Hz larger than i'.,,,,.,,',...'..]. ...:
its counterpart in 3r-dTMp. Thus, Í.n basic solution, the 2r-hydroxy, 

.,. , :,,,,.,:

has no influence on the $r orienËation whÍch i_s apparenË ín Ëhe 13c, l'::::':::;::!::r;:

3lP couplíngs. However, in acid, sorution, when the phosphate groups

aremon'oanÍonic,the2'-hydroxy1appearstodestabiLízes1ight1ythe

0f domain - presumably the effect of the change in sugar conformations 
i
i(predoni-nant s-Ëype in 3t-dT¡æ and. near equal N-s conformers in 3r- 
i

UMP 77b). 
The near equality of rhe 3J(C2r-p3r ) (4.2 Hz) and 3J(C4,-p3,) 

i

l(4'6 Hz) couplíngs of 3r-uMP in acÍd solutíon would indÍcate a near
ibalance in tíme spenË in the 0i ana gr donains.

For 3t-m6dul4p and 3r,5t-m6d,uDp at acid pII Èhe s.T(C+f-p3,) couplings 
,,1,,,;,,,,.,.,,;,,¡,¡''_r'. .: :'1are abouË 1'5 - 2'0 Hz larger than those for Ëhe dT molecules. on Ëhe ,'.,r.:, ,

oËher hand, the 3J(c2r-p3r) eouplings are smaller for the n6du ;"ì''",,'.,'; .'¡',

I

molecules, by ruo.5 Hz for 3t-n6d.tT¡@ and by ru1.5 llz for 3,,5,_n6duDp.

Thus' the 0i domaín appears to be stabÍlized by the syn n6du base, the 
,:., .::,::

eff ect being noticeably larger at Ëhe 3t r5'-diphosphate 1eve1. This i.¡,.',-,,,.,,r¡

aPParent dependenee of the Qt orienÈaËion upon the conformat,ion abouË

the N-g1ycosy1 línk (¡) cannoË be due to a direct effecË, since 
'he 

base 
i

and 3t-phosphate lie on opposiËe sides of the sugar ring. ïË i.s more i

likely that this dependence of Qt o'x is mediated by Ëhe changes in !,r,i.,,,,'":,.,
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Ëhe sugar ring conformaËion elicted by the syn base (see below).

some ÍnteresËing changes cFÍgure 5.4) are seen in the n6d^u data

as the soluËion enËers the basic range in whÍch the phosphaËes bear

Ërr7o negative charges. Thus, whi-le s.T(c+r-p3r) for 3t-n6duÀæ shor,¡s a

decrease from n,/.8 Hz Ëo 6.3 Hzr 3.l(c2t-p3,) shows rittle dependence

on pI{. rn basic soluËion, Ëhe couplÍngs of 3t-n6dul4p are Êo within
experimental error identical to their counËerparËs ín 3r-drlfp.

Again, it would be diffículË to dísentangle di.rect effects. from con-

formatÍonal effects of phosphaËe íonization. The data do indicate,
however, thaË the syn base does not have large effects on the Qr

t,orsion angle distribuËion of a 3r-nucleoËide in basÍc solution.
More dramatic pH effecËs are noted. for the 3t 15t-diphosphate of

n6du. Thus, ín basic solution, 3J(c2r-p3r) decreases by r.5 Hz to 0.5

Hz while s¡(C+t-p3r) increases by uO.5 Hz to 8.5 Hz. Thus, for
3t-ro6dulæ and 3t 15t-m6d,uDp, the nagnÍtudes of Ëhe correspond.ing

eouplings diverge as the phosphaËes undergo secondary ÍonizaËion.

Thus, Ín basic solution, large d.i-fferences (z Hz) are evi_dent in Ëhe

couplings for the pair of m6dU derivaËÍves. (In acid soluËion these

di-fferences are much smaller - about 0.7 Hz for 3J(c2t-p3r) and 0.2

Hz for 3¡rc2'-p3')). These 2 Hz drfferences indicaËe that, for an

n6du unit, the 51-phosphate influences the conforration abouË Ëhe

c?r-o3, bond, particularly when the 3t- and 5r-phosphates bear two

negaËive charges. This contrasts wíth the siËuaËion for 3r-dTMp and

3t,5!-dTDP where no difference j.n the correspondíng couplings is noted

at any pII, no Sr-phosphate influence thus being apparenË. The

r::1i'.1..-..:i'i:l
ì:: ..:. -: ...:,'-'
l::, h;.. :j..:, .-.
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magnitudes of the couplings for 3tr5t-m6dUDp Ín basÍc soluËÍon _ 0.5

Hz for 3l(cZt-p3r) and q,g.5 Hz for 3J(c4r-p3r) - indicate a very strong 
, . , ,,preference for the Qi conformer. The dininuËive value of 3.1(cz,-p3r) ,..,,.,,,,

suggests further a sËrong Ëendency tor¡ards a 90o Karplus angle between

the CZ,-C3, and 03,-p3, bond.s. lhe GovÍl-SmiËh equaËíorr119 fo,
13c-31P couplings predj.cts that a Q.5 Hz coupling is expeeËed for an ;: ,r :,:,,:'

.t1: 
:'i:.,:tt: ,:,:r

860 t<arplus angle. This Karplus angle corresponds Ëo a þ, va¡:e of
'l' , .,',,'-L54o whích fa11s neaï to the Oi extreme of Ëhe broad range defined 7,.:':''";:;";'':

by the sr values of crysËalIine 3r-ribonucleot,ides (see above). 
.Also, gíven the di¡ninuËive value of 3.f (CZr_p3r) (nO .5 Hz) in i

l3t r5t-rn6dUOp in basic so1_ut,i_on, hre may consÍder the nagnitude of 
1

s.T(c+'-P3f ) (8.5 Hz) as a lower-linir es.Íma.e for a rrans (l-Boo l

r

ìKarplus angle) 3.¡ (C-p) couplÍ_ng for the C4, _Ca, _03 
, 
_p3, and 

fc2t-car-o3t-P3, fragments for these moLecules in basic solut,ion. 
f
ì

Requiri-ng some explanation are (a) the apparenË sÈabilization of
the 0l conformer by the syn n6du base and, (b) Ëhe apparenÈ influence of 

i,,,r....,,, ,,,,.,,,,,,,
:.- . :r- : lthe Sr-phosphate on the fr orienËaËíon in the n6du, but not Ëhe dT .,,,,,.:.,,',

derivatÍves, and the stronl, íf not, ovenrhelning, preference for 0i in ,:',::-::'::::::,

3t,5t-n6duDp. The apparenË dependence of the þr orientation upon Ëhe

confomation about the N-glycosyl linkage cannot be due Ëo a dírect 
l:::Ì.: :::i::::;,::r::,interacËj-on since the base and Ëhe 3?-phosphaËe 1ie on opposite sides ¡. *

of the sugar ring. The resulËs of x-ray crystallographic and Ëheoret-

ical studies (discussed berow) suggest that this dependence of þ, o'x
is mediated by changes in the sugar ring pucker elicited by Ëhe change

from Ëhe antí dT base to the syn n6dU base. 
r.,.,,..,-.._rìj,í,#
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Thus, of Ëhe eight known 3r-ribonucleoËÍde crystal stïuctures
surveyed, by sundaralíngam et al .'o?, Ehe two which are N-type have fr
ín the t domain. of the remaining six morecules - which are s-type -
four are g- and Ër.7o are Ë. In their survey of the nucleotide units
of crystalline yeast tRNA(phe), Jack eÉ al-.184 h"rr. noted thar rhe 0i
range J-s preferred for N-Ëype units while for the s-Ëype units, {r
and ói units are equally accepËable. In crysralline d(pTpÎ) 168, the
inËernal Car-03, bond i" ol and the r-inked 5r-terninal sugar is
2rendo. Thus, Ëhe available crystal data points Ëo a correlation
beËween the sugar pucker and Ëhe preferred fr angle, nameJ-y, that þr

Ís lÍkely only for s-rype sugars and ís desrabir-i zed. by the N-rype
pucker. Thís trend is in line wiËh predicËions based on eneïgy calcu_
lations by Sathyanarayana and Sasis"kh"r"rr185. These theoreËicians

have suggested that Qr is d.estabilized in the N-type pucker by steríc
interactions betr,treen the phosphate oxygens and Ëhe c, r hydrogens. on

the other hand, Jack et "t.185 suggested that the 0i is preferred. when

the unj-Ë is in the N-staËe because the 3r-phosphate oxygens and orr aïe

"raËher close" in the N-type-{r combinatÍon. Fínal1y, Lee et 
"L.34

have interpreted their rtt tu¡ß. data in terms of a correlatÍon of Ëhe

pucker-sr conformaËions of dínucleoside monophosphates ín aqueous

solution analogous Ëo that suggested by crystal-lographic an¿ ËheoreËical

studÍes.

The trends in Ëhe g¡Cc-p) data of the dT and n6du derÍvatives can,

for the most paït, be understood in terms of thÍs pucker-Q,

correlaËion. Thus, 2r-deoxyribosides including 5r-dïlfp 73 
.rrd

;iì
:1,::
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3t,5t-dTDP are known to favor Èhe s-Ëype pucker Ín solutíon and ín
the crysËal state173'L79. However, Êhe presence of the syn m6du base

72 .:.::leads to a partíal shift towards Ëhe N-Ëype conform^tioo73. The :...,):-,,'

generaL shífÈ towards 0l for the n6du derivatives is reasonable now if
the þt conformer is Ín fact unstable in a N_Ëype sugar. Furthermore, 

.:.; ,,,;,:r...1the pronounced shift Èowards Þi in 3t,5t-or6duop upon secondary phosphate 
i;,.ri':',:...

Íonization suggesËs that the desËabilizaÊion of the N_type_þr combína_ . :

;...,:.:, :,: .,:,tion Ís, at l-east in parÉ, due to an elecËrosËaÊic repulsíon beËween 
i'"'''""'-r:

the 3|- and 5t-phosphaËes. ThJ-s repulsion wourd be partícuLar:Ly

severe when Ëhe C4r-C5, bond Ís g- and less ímportant for the g* and

Ë conformers (see Figure 2.6).
iclearly then, rotation into gi seems to be the mechanism to 
i

reduce the repulsion of Ëhe negatively charged phosphates. ApparenËly, 
i
tt

when Ëhe 3r- 'and 5t-phosphates bear t\^ro negatÍve charges (pH , g.0) a 
ipreponderance of 0i is obtained. one notes, however, that no phosphaËe_ )

phosphate interaction ís apparent in 3r rsr-dTDp sínce the 13c_3lp 
1.,.,t,,...,.,,:
i: . ;::: .;,t ,: ¡:; ;J;couplings are ídentical at all pH values to the correspondíng couplings ;:.: .:..:::,..
.:, ,,t',,,tt.att';j'n Sr-dTMP' This suggests that phosphate-phosphate Ínteractions are ;:::.:'i:i;,:;::

important only in N-type sugars.

Undoubtedly of imporËance insofar as the difference in pH trend.s 
r,:;.i:,j.:.for the dT and m6du derivatíves are concerned (Figure 5.3) is the i;u+';.,,.,
i..:. .. :.. ::

conformation about the co,-cs, bond. The 
"yn r6du base ís known Ëo

cause rotarion out of g* cFigure 2.6) which dominates in 5r-dT},p29 .

and 3r15r-dTDp (see above).
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TurnÍng no$¡ to Lhe data concernÍng Ëhe fr bond of the dínucreo-
' .tt., ,side monophosphates, the trends observed for thís bond can be discussed ": ::

Ín the light of the observati.ons mad.e for the rþ bond in sectÍon
:V.C.l.a.Cii). In order to explain the íncrease in the g* rotame, 
,,,,,,,.,,,,,population of Ëhe rl., bond of the 5r-nucleotide fragnent of d(TpT) ¡,,¡r'

compared to d(m6upT), Ëhe presence of stabilízing forces arísing from i,,.;,,
ínterbase i-nteractions was suggested. These Íateractions were con-
sístent wiËh a g-rg- conformaËion abouÈ r,Jr rcù. Although the þr confor_
mation Ís not as critical for Ëhe presence of the Ínterbase inËeractions
as orr{,J, it follows from Ëhe examinatÍon of molecular model_s that 0i
is more conducive to the proposed stabilization than $,. As can be

seen from an ex¡minatÍon of the data in Table 5.10, there ís a bÍasing
of the 0l rotaner in d(TpT), re.frected primarily by an increase in
s'T(c+r-P3') compared to this coupling Ín 3r-drMp, rnspection of Table

'.-::.:

4.17 shows Ëhat the two vícÍnal carbon-phosphorus couplÍngs Ín the ;,; 
,,,,.:,

,:::.::: 
:::.,:,r-,:'

-pdT part of d(TpT) are independenË of t,emperature, consistenË with the 
1,..,,r.f.,.,.,,.

Índependence of p(qr+), as noted above (at 293 K p(ú+) = 0.70 rvhile aË 
.::ì:.';:'r: .:

338 K, p(ú,) = 0.6 29). rn the case of a(u6upr), the observed. vicinal+
eouplings, 3-l1c2r-p3r) and s.TcC+1-p3r), are sÍmi1ar Ëo those observed

ii::. lr-- ..,for d(TpT)' A1so, there is a smaLJ- temperature depend,ence of these ¡¡ri',,.'.''r.

coupli-ngs in ¿(n6upt). 3¡(czr-p3f ) increases from L.g Hz ar 300 K ro
3.r Hz at 340 K, while 3.lcc+r-p3r) J.ncreases from 7.6 to n,g Hz over
È'he same Ëemperature range. This is consístenË r¡rith the rack of any
stabilizaËion for the folded forrn in d(u6Upr). As the Ëemperature Ís i.,r:jii:.ì::l
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iacreased, Ëhe $r bond can assume more flexibÍliÊy, resulting in the
change of the couplÍng constants. another facËor attribuEable to the
change in the coupling constanË is Ëhe decrease in Ëhe N-Êype nature
of the deoxyribose ring.

Earli.er, siuilar arguments concerníng the r-ack or pr"""rr"" of
intrabase interactíons were discussed for d(tpn6u) and d(n6upn6u),
respectÍve1y. As indÍcated in Table 5.10, the þ,bond. in these ü¿o

molecules Ís also different. rn secËÍon v.c.2.a.(ii) above, the
increase,,, út in the 5r-part of d(Tpn6u), eoupr-ed with Ëhe decrease
'tt Ú+ and rf-t \'ras taken as an Índication that Ëhe molecule was predomi-
nantly in the extended. form. The presence of a predominant s-Ëype
pucker ín Ëhe dTp- fragnent in d(rpn6u), coupled, w.iËh the extended
confornation, appears to have increased. the flexibility of this bond.
rndeed, the observed vicinal couplings, s.ï(H:r-p3r ) and s.I(c+,-p3, ) ín
the drp- of d(Tpm6u), are similar Ëo those observed i.n 3r-drMp. rn
addiËion, Ëhe carbon-phosphorus eoupling, 3.1(czr-p3r), was increased. Ëo

4.3 Hz compared to 2.9 Hz in 3'_dTMp.

An Ínspect,ion of Table 4.18 reveals that the Ër,so carbon_phosphorus
coupli'ng constants are insensitive to varÍations in Ëemperature, varying
by less than 0 -5 Hz for either couplÍng. ïhe near equarity implies that
0t is sampling the r¿ho1e range of conformers (whether they are of the
Èwo-staÈe type or Ëhe single continuun type). ïhe Ínsensitj.viËy of the
couplings to t,emperature furËher supporËs Ëhis conclusion. This can be
contrasted Ëo the si.tuation ín d(n6Upn6U). As observed in d(TpT), the
two carbon-phosphorus vÍcj.nal coupling constanËs, 3¡(CZr-p3r) and
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3;CC¿t-p3'), appear Ëo be biased in favor of O¿.

In fact, Ëhe observed 3.1CCZ | -p3 r ) and 3.1(C+'_p3, ) couplings of
the 3r-nucleorídyl fragmenËs in d(fpT) and d(n6Upn6U) are nearly
identical over the temperature range sËudíed (compare Tabr-es 4.r7 and

4.20). Thís is consist,enË wÍth the proposed stabilizat,Íon of the
folded forn ín d(rn6upn6u), as discussed above. A comparison of Èhe
s-TcHgt-P3t) values in the tr,ro molecules, however, shows thaË Ëhe

observed nagnÍ.tude is ea 2 Hz larger in d(n6upm6u¡ than in d(TpT).
This should not be considered significant sj-nce the latter value was

obËained from an iterative analysÍs of the proton specËrum while the
former value v7as measured dÍrectly from the 31p speetrun (The lines in
the 31P specËrum rüere Ëoo broad to assÍgn, so Ín d(m6upn6u), 3.r(n3,-p)

is probably not accuraËe Ëo more than +1_ Hz.)

rt is inËerestÍng to note Ëhat Ëhe conclusÍons concerníng Ëhe

naËure of Ëhe orrr,: bond reached Ín the discussion of the rf bond are
consistent wÍÈh the dÍfferent, behaviours noted in the þ, bonds of the
corresponding molecules. The correlation between rf,, and {r behavÍour
in the molecules dÍscussed above can be compared Ëo t,he data for ApA.

The reported magnÍËudes of 3J(c2'-P3') of 3.7 anð, 4.6 nz aE 293 K and

343 K, respecËÍ-vely, and. of 3J(c4r-p3r) of 5.5 and 4.3 Hz for the same

Ëemperatu=""56, toget,her r¡ith Ëhe qr+ rotameï populations (0.74 and 0.67
at 293 and 345 K, resPectÍvely), as well as Ëhe estímaËed ext,enË of
stacking of ca 3BZ and 20% f,or these tT,ro temFeratures, are avaj.lable
for ApA 34'L86. rn this nolecule, increased ËemperaËure reduced Ëhe

Proportion of base stacked molecules in solution. As can be seen, the
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two carbon-phosphorus vicinal couplings are síurrrar aË higher
temperature' as observed in d(rpn6u). At low temperatures, the 4i 

,:.:conforner aPPears to be favored., as observed from ttre 3.r(c4r-p3,) ',,,,,,

magnitude, and as the results of Kondo and Dany1rrkl86 indícate.
The presence of the overall for-ded conformation rnÍght be

inplied by a difference of the 3¡(czt-p3t) and 3.1(c4r-p3r) magnirudes. l,,i.,:,t
l:t :.t 

-:'

rf 3Jcc4r-P3t) > 3¡(czt-p3r), the possíbiliry of folding ís presenr. 
i,,,_.,:,Near equality of these couplíngs, on the other hand, can be taken as i:l',-ì''.,:i

anindicationoftheconformaÊÍona1f1exibi1ityofthÍsbond,and

possib1yasthePreSenceofanappreciab1eamountoftheextended

:

conformer in solution. This Ís only speculaËive, however, and

additÍonal correlatíons would have to be made for dimers by other
techniques (oRD, sedimentation equilibríum, etc.) ín order to verify 

i
:this possÍble quantÍtative test. 
:

:

;,'

A useful quantity to consider ís the sum ça.içc+r_p3,) + 
,,:.i,.,.,,.,3Jrc2t-p3t)). These sums for the 3f - and Ëhe 3r,5'-phosphaËes of dr i"''

and rn6du are ploËted. vs pH in Figure 5.5 along wiËh the sum values for 'i".i :.':

3r-iJMp and 3t-A¡æ from Alderfer and T",o53. The sums lie for the most
parË w:ithin the broad ïange from g.3 Hz to 10.5 Hz. The data for the 

.;,::,:,,..,:rdT and rn6du derivaËives show a sigmoidal pH dependence, wíth the sums .¡.¡ .;'.

decreasinS by rul Hz as the solution becomes basic. ThaË the inflectíon
points occur Ín the pH 6-7 range suggests a dependence upon the

)tÍonízation state of the phosphates. In both the acÍd and basic range, l

the n6du sums are typically larger than those of the dT derivatives by, 
r,,r,.,,:¡1;¡:,,.,.,

ir',",::,r:



FIGURE 5.5 shows the variation of the sgm, S, (3.f (CZ,-p3t)
. :1

+ 3J(C4t-P3t)) (in IIz) wirh pH. The symbols used. are i.-":.--'.:,.

.. : ..:-.those in Fígure 5'4' 
i.::,,,.,,;,,..1
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on t,he average , 0.5 Hz, The sum values are smal_ler for the rÍbose
derivaËives 3r-uMp (g.g - g.0 llz) dnd 3r-AMp (s.¡ - g.o Hz) and no 

;,: r:,:..::::infleetion poinË is apparenË in the pH range of phosphate Lonizatj.on. ,..::i:'-::;:::::

The varÍatÍon ín the sum c¡.1(czr-p3') + 3¡r(c4?-p3')) is contÍnued
for the dinucleosíde monophosphaLes. Table 5.11 shows Ëhe sum of the
two vicinal carbon-phosphorus eoupling constants vs Ëemperature for the !¡.r,.,¡r,',''.'

_r::::_:: ir '
four dimers and the d(TpT) phot,odimer. the sum in d(TpT) remai.ns 

1,...,.¡.,.,,..,,,.1r,constant at about L0 Hz over the Ëemperature range. The data for 
:;':': ì:i:;':'

the oËher three dÍmers, however, show a sligh.t t,emperature dependence,

wÍËh rhe sum in ¿(rpn6u), d(n6upÏ), and d(m6upn6u) all increasíng from 
iabout 9.5 Hz at 300 K ro 10 Hz or larger at 340 K. rn rhe photodimer

of d(TpT), the sum is consístently larger Ëhan ËhaÈ observed in d(TpT) l

I

Ítself' sËarting at 1.6 Hz larger at 300 K and dropping Ëo o.g Hz ;

larger aË 340 K. :

.

The data in Fígure 5.5 and Table 5.11 may serve Èo caution ì '

proponent's of a Ëwo-state nodel for treatment of the c - -o - rrnn,rrf the ca 
' -o3 ' bond 

jr,,:.,,....,,,,..,,:,,r.

whoestimateó|and$'conformerpopu1ationsfrom¡;(c-p)coup1Íngs
't 'À t/vyu..Lrur.ri r'om -J (u-c/ couprings 

.1, ;,,.,., ,,,,,In a Ëwo-sËate model r¿ith interconversion between ,,fixed,t Þl ana 6, 
:i':'1: r '::':'::

conformers Ëhe sum values are expeeted. Êo be "on"tant53. ttowever, it
is clear fron Figure 5.5 that t,he structure sf the sugar and the

,..:..,,; :.;tiit ' .:t,t':t"',:phosphaËe íonízaËion state have l-ed Ëo a spread about 20l¿ in the sum ,:'i.fi:¡t:i1
values. since Ëhe phosphate group is noË proËonated above pll ì 1, thi.s
ionization effect should noÈ affect Ëhe sum of the couprings in the 

,

dÍnuc1eosidemonophosphaËes.Hence,thevariationin(s.Ï(cz,.P3,¡+

¡¡CC+f -P3r)) nust be due to conformat,ional changes about þr. In a ..,:,,.,,.,:ì.. ,



ÎEMP.

300

310

320

340

d(Tpr)

10.0

L0.2

10.0

10.1

¿(rpm6u)

9.3

8.9

9.6

9-.7

¿(n6upr)

9.4

10.0

11.0

10.9

d (n6upn6u)

9.7

L0,2

L0.2

10 .5

191

d (r (p) r)

11.6

L1".4

L0.7

10.9

TABLE 5.11

STM OF TIIE OBSERVED VICINAI CARBON-PIIOSPHORUS COUPLING CONSTAI{TS
3J(c2'-P3') AND 3J(c4'-p3') FoR A sERïBS qF DrNUcLEosrDE MoNopuospnr

a) Values in IIz for pI{ ru6.5 aË T. = 293 R
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two-state model, Ëhe sum should remain constant53. For t,he dinucleo-
side monophosphates studied here, not, only does the sum vary from 

. ,.:,..).
molecule to molecule, but the sum for a given molecule is somer¿hat de- :.t.:):.t

pendent on temperaÈure, and Ëhe varÍati-ons are well outside the

estimated experimenËal error of better than *0.2 Hz. This variation 
t,; 

;,:,.;,:,:,Ís undoubtedly due in Part Ëo alteraËions in Ëhe angular characteristi.cs ,:!,1.:'r.1,,.,,:,,:

of the ttfi:<edtt conformers as índícated by the temperaËure d.epen,Jence ,,,.,.,i,.,.,.,
i: :.:::: ::of the dimers and, Í.n the case of phosphate ionizaËíon, to direct

effects on Ëhe índÍvÍduar s.T(c-p) coupling. some care must be taken

then Ín comparisons of the measured daËa and calculated Qr populations. l
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D. GEMINAI CARSON.PHOSPHORUS COUP!-ING CONSTANTS

The following eommenËs carr be made abouË the geninal coupling 
.,,., 1 ,.,1;.,constanËs 2.1(cg t -p3 t ) and 2¡ (csr -p5 ? ) of the nucleoËides , nucleos'de ..,.., ..,j:,1

diphosphates, and dinucleoside monophosphates of dT and m6du. Figure
5 .6 shor¡s Ëhe variations in 3J (c3 r -p3 r ) an¿ 3.r(cs r -p5 r ) wittr ptt. The

:.'-::,;: ;::';;:,magnitudes of these ËT,7o couplings 1ie ín the range of 4.1-5.1 Hz anð, :,., 
,i;:;t;;,1¡,.,',:':'..:. -:.

4'2-5'3 Hz' respectívely and show l-iËtle variation over the enËÍre ,.',,,
¡ ',..', ,t:¿:l:pH range' These are simÍlar to the 2J(c-e¡ values reported53 ," "function of pH for 3?-uMp;3'-AI{p, sr-IIMp, and. sr-ar'p (4.3-5 .0 Hz).

The geminal couplÍngs in the dinucleoside monophosphates fa11 into a

slightly hÍgher range (4.9-5.9 Hz) and do noË show any partern v¡irh i

,varÍations in temperature. The couplings zJ(car-p3r) in ¿(rpn6u), 
i¿(¡n6upt), and. d(n6lipn6u) and z¡(cs'-ps,) in d(n6upr) and d(m6upm6u) 1

:are in the 10wer end of this range (4.9-5.5 Hz) while z¡(c:r-p3,) and
e-rccs?-psr) Ín d.(TpT) and d(tpn6u) are in the upper end of this range
(5'6-5 '9 Hz). Both geninal couplíngs in the photodimer of d(TpT) are 

:,,i;:,,i:;,,,:,,.;larger than in Ëhe dinucleoside monophosphates (5.7-6.0 Hz). :'.,,,1, ,:l ,','

.,;t.,t.i.t.r' ,..t¡Thus,the2J(c3'-P3t)coup1íngsaPpearËobere1aËíve1yinsensitive

to the nature of Ëhe base (purÍne or pyrinidine), to the nature of the
sugar (ribose or 2t -deoxyribose), Ëo the position (3'r5') and ionization 

i: 
:::,:.,.ì.::i:riìstate of the phosphaËe. Fornation of the phosphodiesËer linkages of the r:'t,,;:i.:r.:.;i',j,i,l

di-mers causes a slighË increase in Ëhese couplings. FurËhermore, since
Ëhe dT and n6du derivaËives favor the anti and syn conformaËions,
respectiv"tyT2'73'76'135, ÍnsensitiviËy Ëo Ëhe orÍentation of pyrimidine
base abouË Ëhe N-g1ycosy1 línkage Ís also indicated. rË should be ?.1. , ".4<3



FIGuRE 5.6 shows Ëhe variaËj.on of z¡(cSr-Ps') and

2.1(C¡r-P3r) (in llz) with pII. The syrnboLs used are those

in Figure 5.4 and 5.5.

j.r.
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stressed' however, Ëhat certai-n sÈructural nodífÍcations can lead. Ëo

Targe changes ín ZJ(c-r¡ couplings; Thus, J_n the straíned 3,,5,_
cyclic nucleotides, zr(cst-pst) can be as large as 7.0 n"L55, '',,ì,,,,',,:

reflectÍng perhaps changes in the p-o-c bond angle and, p-0 torsion
angle.

Though xihe 2J (c-P) couplíngs vary li-Ëtle, a weak sigmoidal trend. ,,.1',,..,,.'t.u

l'-:i. )'1:'.':':
can be discerned in the plr Ëítratj-on eurves (Fígure 5.6). For both :..;: ,_::
couplings, decreases of *0.5 Hz occur for the dT and n6du derivaÊi-ves ¡'''","""'1'

in the pH range 5-7 due presr:mably to Ëhe phosphaËe ionization. The

p1otsareinreasonab]-eagreementwithËhepKava1ues(ru6.3)reported,

forseeondaryphosphateionízationof3t-and'5l-nuc1eotidesÍnthe
i2t-deoxyribose 

""rí."60. Note also Ëhat, on Ëhe average, the l

i
2J(c3t-p3t) couplíngs are 0.3 Hz smaller for the n6du derivatíves 

Ire1ativeËothedTderívatives.Thisdifferencemaybere1atedto

differences in the sugar pucker for the syn n6dg and anti dT
1a

derivatives ''. : i
ii'':': : .-:.,.:.:t.

-...:-.,:...

ì.itrr:r';::::1::
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E. CARBON CHEMICAL SHIFTS

The effect of the N-glycosyl bond conformation on the rÍbose carbon
chenical shifts was discussed in section v.1.8. and w:i1l not be covered
further' The carbon chemÍcal shift dífferences between the nucleosÍd.es
and mononucreotides, nucleotides and, nucleoside diphosphaÈes, and the
nucleotides and di.nucleosÍde monophosphates are shov¡n in Tables 5 . r-2

and 5.13 for the dT and n6du series, respectívely. phosphorylaËion

effects wiLl be discussed fírst, followed by dinerLzation effects.

1. NUCLEOTIDES AND NTTCLEOSIDE DIPHOSPHATES

As can be seen Ín Tables 5.r2 anð,5.13, some characteristic
chemical shíft changes are observed in nucleosid.es upon phosphorylaËion.
rn the dT and m6du seríes, the carbon at the poi.nË of phosphorylatÍon
experiences a downfÍer-d shÍft of about 3.3 ppn. Additional phosphory_
lation of the nucleotides does not affect the magniËude of this shift
in the dT series Ci.e., C3, and Cr, of 5r_dTMp and 3r_d'Mp, respecËive-
ly, are shifted downfield by 3 ppu in 3rrsr-dTDp). In the n6d¡ series,
however, the effecË of the second phosphaËe has been red,uced by ca
0'5 ppn at the second site to abouÈ 2.7 ppm. The carbons adjacenË to
the poinr of phosphorylarÍon are shífted upfield beËween 0.71 and Q.g4
ppu in the 3r-nucleoti-des of boËh dr and ro6du and between 0.g7 and

7.42 ppm in the 5t-nucleoti-des of both serÍes. comparing the
nucleotides w:irh Ehe nucleosÍde diphosphates, the upfield shÍft of the
adjacenË carbons is preserved., but Ëhe effects do not seem to be

addÍtive' The second carbon removed. from Ëhe phosphate group is

:::.. _,.
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TA3LE 5.12

CARBON CHEMICAT SlrrFT DTFFERENCES (Aô)
BETI,\IEEbI NUCLEOSIDES AND NUCLEOTIDES

AIID NUCLEOTTDES arì{D DrNUcLEosrDE MoNopHospHAfES

nq n6du ogntvettvEsa

^ô(cr-') 
Aô(c2') Aô(c3') Að(c4,) Aô(q5') 

i,,,r;.,.,j,
3'-n6dul,P - rn6du -0.07 -0.72 +3.23 -0.84 _0.09 rl.'.,:,-',

3t,5'-n6duop - 3'-m6du¡,p -0.20 -0.06 -o.sz -1.39 +2.75 ,,,,, '.
i"'' : :

5'-m6du¡æ - n6du -o,zL -0.20 _0.03 _L.42 +3.14

3',5'-n6dirDp - 5'-m6du¡æ r-o.og. -0.58 +2.74 -0.81 -0.4g
d(n6upn6u)-3'-*6duræ +0.15 -0.70 +1.10 +0.2L -0.14
¿(r6upr) - 3'-n6d.u¡flp -0.27 +0.02 +0.85 -0.43 -0.09
a(n6up¡q6u) - s'-n6dur.rp -0.25 +0.19 -0.89 -0.4g +0.06 ì

i

d(rpn6u) - 5'-m6d1¡4p +0.06 +0.65 -0.18 +0.04 +0.63

a) Values are in pprn for samples at pH < 6.0 and T = 300 K. The
difference is defined as the chemical shift of a carbon in Ëhe
nucleotidê minss the shifË of the correspondÍng carbon in Ëhe
nucleosi-de. A negative value indicaËes a shift to highfield.

j :: .::...'...

:¡:, ..1::ì:,:l:!ì:ii
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TA3LE 5 . ]-3

CARBON CTTEMICAI SHrFl DIFFERENCES, (Aô)

BETWEEN NUCLEOSIDES A}1D NUCLEOTIDES

AI{D NUCLEOTTDES AND DINUCLEOSIDE MONOPTTOSPHATES

rN dr onntvrttv¡s"

A6(C]_r) 
^ô(C2') 

A6(C3') Aô(C4') Aô(C5') 
i:.::.,;1

3'-drMp - dT -0.03 -o.Bz +3.46 -0.7L -0.01 j;:.ll;
': : .:'

3"5'-dTDp - 3r-drMp -0.02 +0.23 +0.42 -0.93 +3.22 ì:i::.i::..
-,,,.,,,,,

5'-d.TMp - dÎ -0.06 +0.0g +0.66 -0.g7 +3.23 r'': :

3"5'-dTDp - s'-dTMp +0.01 -0.67 +3.29 -0.67 -0.02 ,

dcrpt) - 3r-dTMP +0.17 -0.2L +1.13 -0.27 -0.16
i

d(1pro6u) - 3'-drMp +0.38 -0.31 +0.66 -0.2g +0.19 
I

d(TpÐ - sr-dTMp -0.01 +0.09 '0.64 -0.68 +0.45
i

alm6up!) - 5'-dTMp -o.zz -0.06 -0.41 -0.34 +0.83 I

a) Values are in ppm for samples at pH < 6.0 and T = 300 K. The

difference is defined as the chenical shíft of a carbon ín the
nucleoËide minus Lhe shift of the corresponding earbon ín Ëhe

nucleoside. A negative value indicaËes a shift to highfièld.
i!-'l-.¡i1iÌÈ:ï::
¡1::i:i::: : 

-::

;..



199

shifted downfield in Ëhe mononucleoËides. ïn the nucleoside di_
phosphaËes, the siËuaËion i.s confused for thís carbon by the countering 

..: :.effecËs of the tI^7o PhosphaËes. rn the pyrinídine ring, the c, and :,';':,,t,',.',,i

CU carbons show the characteristíc downfietd shiftSl associated ï.r-ith
neËhylation, i'e', c, is 9 ppn downfÍeld in dT compared to u 59, 

and
lcu is 15 ppn downfiel-d in m6du compared to u 59. 

The base carbons i¡.i.,¡.:,;,.,,:t
tt- ttt:.at"t't tare insensÍtive to phosphorylation in the m6d' series. In the dT 
¡::.,: _.,.r.,

series' Ëhe only carbon in Ëhe pyrimidine ring affected by phosphory- ,.',..',''

lation is c-- moving do¡,¡nfield by 2 ppn Ín 3r-dïMp, sr-dTMp, and.6'
3tr5t-dTDp compared. Ëo dr. This could be evidence confirming Ëhe
stabi'li-zation of the g* conformer in rf for Êhe 5r-nucleotides
discussedinSectíonV.C.1.a.(ii),whereiËwas"'g.,.d73thaËthe

;cu-H posÍËion was a posÍtíve cenËer and would favor the closer approach 
i

of the phosphate. rË is unclear why Ëhe 3f-phosphate in 3?_dïMp and
Ëhe 5t-phosphaËe in sr-dÏMp have an idenËical shÍft effect on cu. rt
Ís doubtful that this effect is transmitt,ed through the bonds since ..: :.,.,.1

l.,,.,.,. .'t'¡,1r,,1;,¡Ëhere Ís líttl-e change Ín the crr shift Ín the dT or,6du series 
;, 

,:,;.; ,,,.,,;,.:,
upon phosphorylatíon. ':; '.,." ,'.,.:,

Figures 5.7' s.g, and 5.9 show the variaËÍon of the chemical
shifts wiËh pH for Èhe deoxyribose carbons ín the mononucleotides and
nucleoside diphosphaËes ín the dT and m6du series. As can be seen ,.,',, .., -.,.
from these graphs, all deoxyribose carbons reflect the ioni.zation sËaÈe
of the phosphate(s), the point of phosphoryl-aÈion experiencing the
greatest change, ei-ith the effect dininishíng upon increased separatíon
from Ëhe phosphate grouP. The cor carbons are also perturbed by the ,.,,.,..:.:: .i:::ir::;ji:
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FTGURE 5.7 is a plot of the carbon chemical shifËs of c2r

and Cr, vs pE. Synbols used are

O¡O for 3r-dTl,p and 3'-m6dUMp, respectively

lrEl for 5r-dTMp and 5t-m6dUlæ, respectively

ârA for 3r,5r-dTDp and 3t,5t-m6d.UDp,

respectively

0.5 ppn has been added Ëo Ëhe c5r cheuical shifËs in Èhe

m6dU serÍes in order to níninize the overlap of Ëhe

titration curves.
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FTGURE 5.8 is a plot of the carbon chemical shift of c3r

vs pII. Symbols used, are Ëhe same as Ëhose used, in Fígure

5.7. 1 ppn has been added to Ëhe Ca, chemical shifts in
the n6dU series in order to minimi ze tj,'e overlap of the

tít,ration curtzes
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FTGIJRE 5.9 is a plot of the carbon chemical shífts of c1r

and CO, vs pH. Syrnbols used are the same as those i.n

Fígure 5.7. 1 ppm has been added to the c4r and 0.5 pprn

has been added to Ëhe C5, ehemical shifts in the n6dU

series in order to minimize the overlap of the tiËration

curves.



I /r0

85.0

860

820

å
o-

(€

89.0 i ri:i:¡::::::'it:i r 
_.

6

pH

86.0

87.0



203

base íoni zatíon, and Ëhis effect probably reflects snall changes in the
phosphaËe orientaÊion due to elecËrosËatic repulsion between the
phosphate and the ionized pyrÍnidine ring. The crr and cr, carbons ,,.,,,1,1 1,.1,,.

'.:.. . :

are also affected by pyrinidine ionizalíon, but to a lesser exËenË

than cor. The effect of phosphorylation on cr, and cr, noËed. above

for the deoxy sugars ís larger than thaË observed in ribo pyríni- ,,,,,.;,'¡ .,,;,,1,¡

dirres54r153 
"rrd ribo purinesl8T,lBB (both about 2.5 ppn doi,mfield) 

i: ;:':'ì'::r';'¡::i

' 
,,rt,.1r,.:,,,,1,;,but about one half that observed ín 2'r3r- or 3?rs?-cyclic nucleo- ..;::..:..':.::'::

tÍde"154'155'187'188. an alternaËing effect, although apparenË ín the
work on the nucleotídes54,L53,787,188 h"" not been specífieally
discussed.

l

I

:

i

i

Tables 5'12 and 5.13 also conËain the nucleotide to dinucleoside
monophosphate cheuical shift changes. The tables reveal Ëhat c-. anrt43, and

C5'areshiftedfurtherdownfie1dbydimerizationby0.45to1.33ppn
i.r- .:ji. r::-:--:'

for Ëhe 3r- and Sf-fragments ín the dr serj.es and by 0.06 to r.10 ppm i,,''':',':' ,::..ì'

:, .,, 
t:. t:,,tt ,i. 'for these same carbons in the n6du serÍes. The alËernating effect is r,,,,r,:::::::r: r:;,

sti11 apparenË for some of the adjacent carbons, whÍch would predict
an upfield shift for the carbons next Ëo the point of dineri zatíon.
ExcepËions to this observaËion are cor in Ëhe n6dup- parË of d(m6upn6u) l,.,.,.ir.j:j::',rr.

i rr' :ì:::.:-r1:i:::.:¡ r,

(0'21 ppn downfÍeld) , cz, in rhe n6dup- parr of d(n6upt) (0.02 ppn

downfield), and cor in rhe -pm6du parË of ¿(tpn6u) (0.04 ppm downfÍeld)
:carbons furËher removed from the point of dimerizatíon shor¿ no clear

trend Ín chemical shift changes. These shifÈ ehanges are consistenË . '

:.:
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with dinerization shifts observed for the ribose derivatívess4rl53.
Tables 4.L7 to 4.21 show thaË, aside fron crr ãn. cr' there is little 

:.,.variaËÍoa:'1n carbon chentcal shlft with tenperature for the dimers ,,.

over the range studied. The temperature variation is slnilar to that
obserr¡ed in UpU and ApA 54rL53.

The teuperaËure in¡¡ariance of the 13c chemical shífts of the ,,'',
'l'.1:.

diaucleosfde monophosphates Ís surprisíng fn vÍe¡¡ of the confo::mational 
,:,,',:,variabilitíes of these mor.ecules. rt is aoË clear why this i.s the

case although it is possÍble rhat the confomatioaal equÍlÍbrÍa of 
rthe dimers are not aPPreclably perturbed ¡uithin the temperature r¿rnge

studied (see proton data above).
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F. A COMPARTS0N oF THE cARBoN-l3 RELAJ(ATIoN TIMES (Ti,s) oF d(TpT)

In u.v. damaged DNA, the prinary phoËoproduct has been found to ,,,,,.,.,,
be forned by Èhynines adjacent on Ëhe polynucleoËide strand189-Lg4.
The major product has been identifÍed as Ëhe ínternal cyclobuËane type
in the cÍs-syn form' (rn this type of cyclobutane dímer, the two c-rs ¡..,,;, ,;,..,'-5 - :' .,-,, ,,and Ëhe two c- ts are joÍned by a single bond, with .he Èwo nethyl : .__ 

". _-_* ", e Èrr¡Ër_c uortq, vrl_cn Ehe Èwo methy
groups adjacent to each other and. on the s¡me sÍde of the eyclobutane i':::,,.,::¡..,.

ring. see, for exarirple, Reference 30 and Reference 195.) The mínor 
.

product is also a cycl0butane type and d.enotes trans-syn. (The rneÊhyl
groups are sti11 adjacent, buË on opposÍÊe sídes of the cycl0butane
ring') rn an examination of the photodímer production Ín model i

lcompounds, Jones et a1.196 h"rr" isolated two isomeric forms of the i

Iu'v' photoproduct of d(TpT) and, have identified the major and minor r

jproduct as the cis-syn and trans-syn forns, respectively. RecenË

sËudies by Liu and yang142 h^u" shor,m Ëh.at all three of the common 
ir:.:,:: 

..j.;j-: ì.1pyrinídine nucleosÍdes incorporated inÈo dinucleosÍde monophosphates t,,t 
,',,,t.

,.:_'_:i_:-,;1.::are capable of producing photodiners upon being írradÍated wiËh u.v. ,;,,,;,.,..,,..,,,,,,

1ight. studies in progress on the three dÍnucleoside monophosphates
examined in this thesís (i.e., d(Tpm6u), d(n6upï), and d(n6uprn6u)) have
shown that d(tpm6u) does noË produce u.v. products similar Ëo d(TpT). i:¡,..,....ì..:i

i. it:':l:.i,' i 
j:::'r': .r'iThe molecules d(n6upt) and d(n6upn6u) do reacË upon u.v. irrad.iat,ion,

but the producÈs from d(n6upt) have noË been i.dentified. There are Ër^ro

ísomers of d(n6upn6u) in nearly equal proporËions (55:45), but they , ,

have not been separated. prelimÍ.nary resulËs from the in lr¡m and i3C 
;,.,¡ r:.-:,:.,,::::,
i . , i::l:r:.ì ::.:''.::'':].t:

i
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NMR spectrum of the mÍxture indicate Ëhat the photoproduets are also of
Èhe internal cyclobuËane type.

rn light of Ëhe above infomation, it appears that the d(T(p)T) ,,,,,,,,,,,.
photodiner can be used as a model for Êhe ,rpure,, fol.ed pyrínidÍne
dÍnucleoside monophosphate. A comparison of the I3c relaxatíon tÍmes
for the proronared carbons ín d(TpT) and d(T(p)T) night yield a 

ii:,;:::.:jlqualitatíve estímate of the extent of folding in d(TpT) 
;"" '''

' 
:,"t;":.-t"'TheoreËÍc ar12LrL22rr97 and. experimentalI2orlgg studj.es have ,,i.:.:;:;:

demonstratedthaËÈhere1axationtimesofsomeprotonaÈed'carbonsÍn

macromolecules are dominated by the direct, dÍpolar interaetion beËrseen ,)

the carbon and the directly bound proton(s). In some cases (e.g. , .

neËhy1 groups) the presence of additional mobility will lengthen the i

relaxation time of Èhe rtfree" funct,Íonal group. rn the case of the 
i

:protonated carbons within the strucËural framework of a molecule, the ;

observedT1gÍ.vesanestimaËeofËheovera11corre1atj-ontimefor

molecular reorientatj'o"121' Table5.14 contaÍns the observed NT1 varue" 
1,,,,,.,,:,:-_for the ribose carbons, c6, and the nethyl group of the thynine ring , ..
l : -:'_ 

-'_._ __. 'fn d(TpT) and the major product (i.e., cís-syn) of d(r(p)r). The first ,,,,,,,,,,,,,,,,,; ,

observaËion Ëhat can be made from the NTi values Ín Table 5.14 is
that the nethyl carbonrl Mi value ís about, 10 tines 10nger than Ëhe
ribose carbons ín d(TpT). rn the photodimer, however, the neËhy1 ,,.r,,;_..;,:¡1

ì-:t: l. '.1:ì : : ìr.lri:r::carbonts NT1 value i.s only ca 4 Ëimes longer than the ribose carbons,
consístent $':ith the sËerÍc crowding that is expected ín Ëhe cis_syn
forn of the cyclobutane ring. Turning no\,r Ëo an examínation of the
ri'bose earbons in the tr.¡o molecules, only slightly dif ferenË T1 r s

| .-. :t ;. :.: .

it-: : :.:.
l
I



cHs

cz'

c5t

c3t

c4'

c1t

Cø

TASLE 5.14

13c n¡r¿x¿uon r_U S FoR TrrE pRoToNATED cARBoNS

IN d(rpr) At{D d(r(p)r) a

NTr b

dCrpr)

drp- -pdT

(L.gz) c

0.L7 0.26

0.19 0.14

0.19 0 .22

0.19 0.17

0.t9 0.16

(0¡16, 0.16) c

'207

NTI

d(t (p)t)

dT(p)- -(p)df ,,,.,,.: '

(0. 8e)
: .'- :: -a

0.23 0.37 ': :

0.2I 0.26

0.22 0.32 l

l0.24 0.24 t,

(0.33, 0.28) " ;

(0.22, o.2L) c 
i

:': il::

a) Both samples were 100 ugs/ml D2o ar pII 6.5 and 300 K.

b) lfl1 values are the observed 13c rlrs multiplied by the number of
direcËly bound protons. ¡-. ,.

i::',.r,'.:':'
c) These resonances cannot be assigned to a specifÍ.c nucleot.íde 

ij ri'j:.j'

resi.due.
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are observed berween d(TpT) and d(T(p)T). In d(TpT), Ëhe C., and C_.4'¡ lf
carbons have (within experimental error) the same NT1 values of 0.1g
sec' while the same carbons in d(r(p)T) have NT1 values of approximate- 

,,,,,,,,, 1,;

ly 0'26 see, slighËly longer rhan those Ín d(Tpt). using the NT1

values for the C - and C n¡rlra-o -.- r/n-m\Cl' and CO, carbons in d(TpT) and d(T(p)f), EquaËion 2.23
can be used to esËimate the overall molecular reorienËaËion correlation j:..:,;;i,!:

i-:'::ì'l: 'time, r ' RearrangÍng EquaËion 2.23 and. subsËituting the values forL -.L¿ er¡u ÞLruriLrtuEl_ng cne values for
the various constanËs, values for t^ of 2 x 10-10 sec and. 2.6 x 10-10 i,ii.,,,.,.'c
see are obtained for d(T(þ)T) and d(TpT), respectÍvely. using the
procedure described by Edward 

"L23, a morecular volume, deËernined. from
Ëhe van der Ì'Iaa1s incremen's of aËoms of approximaËely 42 fl3 is
obtained. This value can be substituted Ínto EquaËion 2.24, and using 

.

la value of 1.15 cp for the viscosiËy of the soluËion, an estimated 
icorrelatÍon time of 1.2 x tO-10 sec is obtained. Thi.s value is in i

:excellenË agÏeeuent wiËh the observed correlati.on times calculated ,

above from Ëhe relaxaËíon Ëimes. The facËor of approximately two :

i.t'.'j':,l tbetrt¡een Ëhe correlation Ëimes obËained from the relaxatÍon measurement.s 
,.,,,,i,,:

and molecular volumes Ís sinilar to the dÍfference observed by ,',,r,.,',..,, :r:'_:
Edwardsl23 b.ar".r, Ëhe calculaLed molecular volumes and the volumes
estÍmaËed from density measurements. The agïeement between Ëhe

correlaËion times for d(TpT) apd d(r(p)r) and t,he calculated. correla- r..r,,.,, ,.,,

i:.r;.,¡.:.ìjì .r.tion time from molecular volumes ÍndÍcat,es that there is little
inËermolecular association in soluËion at Ëhe sample concentraËion and
Eemperature at whÍch Èhe measurements were madelgg .ZAO :

i.,,,'
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The difference ín correlatÍon times calculaËed for d(TpT) and
d(T(p)T) from the observed Tlrs is consistent vüith the presence of some
of the extended conformaËion in soluËion for d(TpT). The t" cal-culaËed
from,the molecular volume assu'es a spherical particle. rf Ëhe
molecule is actually an el1ípsoid, the correlaÉion time increases,
resulting in a decrease in the.observed T1. The shorter Tlrs for
c1' and co, in d(TpT) compared ro c]. , and c4r in d(T(p)T) índÍcare rhaË
there is some extend.ed, confornation for d(TpT) i_n soluËion. The
accuracy of. +LO"/" in the observed rra rr,s precludes a quantitatÍve
estÍmate of the proportion of the extended conformation in solutíon
for dCTpT)

Final1y, it is j.nËeresting to note the difference in Tlrs within
a given uolecu1e. In ¿(TpT), for example, the Tlrs for Crr and Crr of
the 5r-nucLeotidyl fragmenË are sígnÍficantly longer than the observed
T1's for the oËher ribose carbons, evên crr and cr, of Ëhe 3,-nucleo_
tidyl fragment (tO.Z4 sec for r22, and Cr, of the 5r-fragmenË compared.
to 0.18 sec for rhe orher carbons). The siËuaËÍon in d(T(p)T) is
identical, with Tlts for the cr, and c3r carbons of the Sr-fragment of
0'35 sec compared to a value of 0 .22 see for the oËher ribose carbons
and CU of the pyrinidine rÍngs. The longer T1,s for Crr and Cr, or the
5f-nucleorÍdyl fragmenÈs of d(TpT) and d(ï(p)T) are consisrenr wirh Ëhe
flexibil-ÍËy about E:'e cr,-c3, bond which is involved in pseudorotaËíon
j-n these molecules. The daËa also suggesËs that Ëhe crr and cr, carbons
are less nobile i-n the 3r-fragrnent than in Ëhe Sf-fragment of a
dinucleoside monophosphate

t:.:i



2L0

IË should be Doted that the above coryarison of Tlrs is oaly
qualltatlve' Accurate iofornatioa concernÍng the overall and fnte¡:nal
nobfllty of these nol-ecuLes ¡¡ouLd requlre a careful and extensive
study of the entire dr (and n6du¡ serÍes. ra addítron, the relaxatlon
studfes should be correlated w'rth other e:rperÍmental techrriques such

as cfrcular dichroísm, dÍelectrlc relaxatior, ¡nd other methods to
get a more complete vie¡¡ of the dynamrss of these molecules Ín
solution.



CHAPTER VT

CONCLUSTONS



irji

217

A number of conclusions can be d.rawn from the di.scussion of Ëhe
daÊa in the prevÍous chapter.

FÍrst, the proton and. carbon chemical shift data indicaËes
the N-glycosy1 bond confo:mation of a dT or an n6du fragmenË ís
affected by mono- or diphosphorylation of Ëhe nucreoside or by
corporation of a nucleotide Ínto a dinucleosÍde monophosphate.

carbon vÍcinal couplíng constants for the nucleosides and nono_

that

not

ín-

ProËon-

nucleoti.des of dT and n6du qualítatively agree r¿ith a predominant syn
conformation ín the rn6du series and, a predonrinanË anËÍ conformaËion in
the dr seri-es. An attetrpË a. a quantitative determinaËion of the syn_
anti conformer populatÍons for dT using Ëhe proËon_carbon vicÍnal
couplíng constants between Hrr and C, and,for CU was premature but
infomati.ve. rüiËh proper parameterízatíon, the proËon_carbon vicinal
coupling constants might be able to gi.ve quantíËative info*atj.on
concerning the N-glycosyl bond conforaers. The m6du fragment appears
to be an Ídeal model Ëo moniËor the effect of the syn confomatÍon of
Ëhe N-glycosyl bond on the overall confomatíon of nucleotides
nucleoside dÍphosphates, and dÍnucleoside monophosphaËes.

second, the presence of the syn pyrimidine in the m6du seríes has
imposed changes in the confomatÍonal blend of Ërre deoxyribose ring.
Pseudorotational analysis of the proton-proËon vicinal coupling con_
stants of the deoxyribose ring índicates that the dT series folrows
the normal N=:s equilibrium observed for ribose and deoxyribose
nucleosides and nucleotid,es. pseud.orotaËÍonal analysis of the vicinal
coupling constants observed. ín the m6du series i.ndicates Ëhat the
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phase angle of pseudorotation, p, and the anplitude of puck
are markedly differenË from tire values observed in rhe a, 

".r;"":'The proposed s-state conformation of the m6du series in sor.uËions
agrees well with Ëhat observed for ,r,6du in Ëhe erystal state. There
is' however, some d,íscrepancy ín the conformer populaËions calculaËed.
by Ëhe pseudorotatÍonal nethod and empirical relationships. A1so, it
is uncertain whaË N-staËe conformer is coupled wÍth the predÍcted
s-state confomer. rn general , the qualitaÉive observatÍons mad,e
for the nucleoside and mononucleoËides of n6du are conserved in Ëhe
nucleoside diphosphate and the n6du fragments of dinucleosid.e mono_
phosphates.

Third, Ëhe confornati.onal trends observed for the transition
from the dr to n6dtI nucleosides and, mononucleoËides is contÍnued in
the nucleoside diphosphates ánd the dinucleoside nonophosphaËes.
Based on the observed trend.s Ín the C5,_a4, and C3,_03, bond
confomer pref,erences, iË appears Ëhat there is an interacËion between
the tr'ro pyrimÍdine rÍngs in a dinucleoside monophosphaËe when boËh
bases have sÍmÍ1ar orienËations about the N-g1ycosy1 bond. That is,
it appears as if d(TpT) and d(n6upn6u) favor an overall folded con-
fo:maËion while ¿(fpm6U) favors an extended, conformation. The situation- in d(rn6upt) is uncerËain, buË the molecule nÍght exÍsË in the forded
and extended forms Ëo an equal exËent. The observed, carbon_phosphorus
couplíng constanËs provide addiËional informatÍon concerning the
05 t -c5 , and a3, -03, bond conformers. In the
bond, ¡-i(c+r-ps'!) courplemenrs rhe inrormari"" i;;". ir"rt:;. ;::r""-
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phosphorus vicinal coupling consËants. rn Ëhe case of the c:3 
' -03,bond' '¡(cz'-p3r) and 3-i(c¿r-p3r) provÍde more information concerning

Ëhe conformer preference about thÍs bond Ëhan the single observed.
proton-phosphorus vicinal eouplÍng constant. The observation con_
cerning the carbon-phosphorus vicinal couplÍng constanËs applies to
Ëhe nucleotídes, nucleoside dÍphosphates and the dinucleoside mono-
phosphates. rt appears, however, that Ëhe parameËerizaËion of the
carbon-phosphorus vicinal coupling constants might be different for
nucleotides and dinucleoside monophosphates.

FourËh, Ëhe geminal carbon-phosphorus coupríng consËants appear
Ëo be less sensÍËi've to conformational changes Ëhan the vicinal carbon-
phosphorus coupling constanËs. The uragnitude of the geurinal coupling
shows some depend.ence on the ionizatÍon sËate of the phosphate and
Ëhe c-o-p bond angle. rn general, the tr¡o bond carbon-phosphorus
coupling constant is relatively ÍnsensiËive Èo structural and con_
formational changes.

Fina11y, Ëhe carbon chemis¿l shi-fts of che nucleotides and di_
nucleoside nonophosphaËes show characteristÍc changes upon phosphory-
laËion and dinerizaÊion- the elecËronic ínfruence of the phosphaËe
group appears Ëo be presenË throughout the ri.bose,ring as demonsËraËed,
by the ËitraEÍon curves for the nucleoËides and. nucleoside diphosphates.
rn addition' Ëhe carbon chemÍca1 shifts are sensiËive to conformaËional
changes such as the confornaËion of Ëhe N-glycosyl bond ancl, possibly,
sugar pucker and Ëhe conformaËion abouË o5 , -c5 ' and c3, -03 ' in the
nucleotides and nucleoside d.iphosphates. Unfortunately, Êhere is :i-:ij
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not enough 13c chemical shifË data available for nucleic acid
derivatÍves to characterize the laËter three confornaËíonal changes.

rn a'ddition, the chenícar- shift changes for cr, only gi.ve qualitative
ÍnfornatÍon about the li-glycosyl bond.

l. :'

i..,:
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The discussíon of the data in the previous chapters has resulËed,

in some importanË unansT/tTered quest,ions. There is a need. for a

parameterLzaxíon of the proton-earbon vicinal coupling consËants

between II, r and the pyrÍmid,Íne carbons . The vi.cinal coupring con-
sËanËs in the n6du series nighË be a good estimate of the syn con_

fo'nation protori-carbon vicinal coupring constants in pyrínÍdÍ.ne
derÍva'ives. stil1 needed, however, are similar values for the
anti conformat'i.on. sËudi-es of the m2du series (i.e., the 2-nethoxy
derivative of du), in whieh the pyrirnidine is expected to be

predominantly anti, rn:ight yíeld, Ëhe desired vaLues.

The problels concerning the deoxyribose ring pucker need Ëo be
ÍnvestÍgated. PrÍnarily, a concerted effort should be made to
quantify the pseudorotaËional barrier in the deoxyribose ríng. an
accuraËe estimaËe of this barrier ís needed to decide whaË Ëype of
averaging of the proton-proton vÍcinal coupling constanÈs is
appropriate. rn additl0n, ÍË would be interesting to find a crystal
sËrucÈure wÍÊh an N-Ëype conforaation in the n6du series. This
would clarify which N-type conformer is appropriate in Ëhe pseudo_

roËational analysis of the m6du derÍvati.ves in solution. The

desired N-type conformer night be present Ín the crysËal sËructures
of a 5r-protected nucreoside or the 5r-nuc1eot,íde. The N-Ëype and.

s-type confomers in the solÍd s'ate for Ëhese molecules migrrt be
generally appricabre to nucleosfdes and nucleotides in the syn con-
formation

rË is apparent ËhaÈ an exhaustive sÈudy of the carbon-phosphorus



vicinal coupli.ng constants is needed Ëo beËter correlat,e the

observed eoupling constant,s with t,he conformational preferences of
the Q and þr bond. The parameterization is especially needed for
3l(czf-P3t) and 3.1(c+t-p3r) as these coupling const,ants are better
indicators of Lhe car-03, bond, conformer preference than 3.içtt3,-p3,)

rt would also be interesËing to see what effecË a syn nucleosid,e

has on Ëhe conformaËion of a Ërinucleoside diphosphate. The greaËest

perturbation is expected for a syn nucleoside in the cenËral 0r
5r-terminal nucleotide. studies along Ehis line could be informaËíve.

Finally' more information concerníng the inËernal cyclobutane

photodiners of pyrimídine nucleosÍdes is needed. The carbon

chenical shifts for d(T(p)T) are reported here but noË discussed.

This Ís due Ëo the fact Ëhat there is noË an unambiguous assignment,

of the most important carbons in Ëhe specËrum (i.e., cl, , c6, and c,
froro both fragments. specific l3c enrichmenË of cr, i-n one of Ëhe

nucleotides should resulË in an unambÍguous assignmenË of these

earbons in boËh d(TpT) and d(r(p)T). A rhorough ÍnvesËigarion

of the photodÍmers of the n6du series is also important. rn additÍon,
the trinucleoside diphosphaËe d(TpTpT) should be irradiated r,o

deËermi'ne ff there is any preferred direcËion Ëo photodimer formaËion.

r-':.:.r''::
l.: :.: -_;i
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