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Introduction 

The helical structure of nucleic acids were deduced from 

x:•ray,'diffraction studies by Watson and Crick. 1 The hydrogen 

bond5.ng scr.::eme between purine anrl. 9rimidine provided the ex­

planation of the specificity of pairin~ Bnd stability of the 

helical structure. It hes been shown t hnt in agueotis solution 

the contribution of hydrogen bonded ~qirs to t ~e associPtion 

energy of oo l ynucleotide chains i s small -9nd may not even be 

gositive. 2 The view h~s shifted to hydro-ohobic fo rces Rnd/or 

stacking of b8ses as the forces i n m~in t~ining the stebility 

of the helical structure. 

Hydrogen bo~ding interactions of free nucleosides have 

been studied and observed by ·!Ilea suring tbe chemical shift of 

protons involved in bonding by nucleHr magnetic resonance. 3 

This however can be done only in nona queous solvents, since 

in acqueous solvents the ra pid exchange of hydrogen bonding 

protons with water is too fast to be observed on NI"IR. The 

!!stacking" ·or bases and nuclecsides in aqueous solution was 

first observed by Chan, Sch1,vei.zer, and T' so. 4 The evidences 

suggested a vertical stacking model for the interaction. 

It is well-known that nuclear magnetic shielding is a 

sensitive probe of inter and intra molecular forces. The ver-
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tical stacking inte~ection can be disting~isbed from hydrogen 

bonding in principle. The vertical stacking was observed with 

6-methylpurine.5 For aromatic systems with the prese~ce of pi 

elections, ring curr~nt can be induced by extern ~l. m=·gnetic 

fi eld "9erpendicul~r to t t e p l R·:::i.e of the molecu]e,. This leads 

This w~s 

co:1.firmed in nucleosides and bases. The effect is not observed 

for i rimidine bases becaus e of the lack of ring-current magnetic 

.snisotropy. 

to high field shift on NMR s-pectr9, upon atftfif~iif. 

Following the same l ine diflucleotides we r e studied with 

NMR. 6 The proton magnetic resonance spectra of Tp']·- is com-o3red 

to that of thymidine. Base protons of TpT are indistinguish­

able from base protons of thymidine. The H6 proton is broader 

in TpT· compared to thymidine. This sugf ests that the two t hymine 

bases in TpT are not equivalent. The unsymmetric a ttachment of 

the phosphate ester linkage affects the magnetic envi ronment 

of the bas es differently. When purine was added, t he reso'.)anc~ 

shifts u-pf ield. This suggests a s+;acktng interaction ; the purinP. 

molecule is inserted between the b8s~s of the dinucleotid form­

ing a sandwich-like co~~l~x. Yith the addi tion of ~uri ne, the 

CH
3 

l?.nd H6 lines are R?lit. The "2on•F,uiv~ lAnce increPses wi th 

purine/di nucleotide r r-i.ti.o . This sue:gests thPt the two sets of 

thymine ~rotons Rra no long~r e ~uivRle~t as a result of inser­

tion of uuririe into the dinuclP-o tide. The nurine resonr.;nce in­

creases with nuri~e/dinucleotide ratio. 

This effect is studied with C:MP( cytid.i.ne-mono-5 '-phos ph­

ate) and C:pC(cytidinyl-3'-5'-cyt i dine) by NMR 8 
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Exoerimental 

Materials .. CpC, CMP, and purine were obtained from Cal­

fornia Cor~oration for Biochemical Research. Purine(grade A) was 

used w·i thout further purification. The imt sa.l t of CpC Rnd CMP 

+ were prep!,red by passing the CpC acid and Na salt of CMP through 

a Dowex 50 cation exchange. The solution was then lyophilized 

' and then dried over P2o5. 

rnstrumentation.. )l..11 NMR spectr.9 were recorded on Varian 

A60A spectrometer. Probe temperature at 26°±2°0.. Varian 102l!­

Oomputer Averaged Transients were used to im:Jrove signal/noi~e 

on some s9ectras. Chemical 0hift was measured us ing CHC13';:"T:r-1S 

as an externRl reference. CHC1
3 

resonance at 436.0+0.5 cps. The 

bulk susceptiblity have not been corrected for. All pH measure­

ments were m~de with Leeds .gnd Northrup #124138 pH meter with 

microelectrode ssse!nb1.y~ Accuracy 0.02 :pH units. t.fuenever D.'.)O 
.:.:..., 

was used, pD was coverted to nH by addJ.'1.f' constant-;).40 nH units~ 7 



Results and piscussions 

CMP uH effect --
To get acquainted with t he CpC system, CMP .. N:,{4 S !?lt W8 S 

with NMR~ 1rhe assignment of -;>eaks for oytidine hed been done by 

lt • d D • • u~~o 8 
Ga in an a vis in \ ! ~ " pH wa s adjusted with HCl ·ind NaHco

3 

whenever necessary. H6 proton, H5 proton, and Hi ribose proton 

resonance can be observed8 The H5 proton resonance are sharp 

enough to be obser ved at pH 2 .. 0 and lower. :pK of cytidine is 4.6~ 

The amine group determines the pK.. At low 1.)H ·,-.rhen essentially 

all the amine groups are protonated., the exchange with water is 

small, thus the H
5 

are sharp enough to be observed. 

pK can be determined gra-pbical l.y b37 plotti:ng chemical shifts 

versus pH~ 9 The pH dependence of chemical shift 

-base equilibrium i s described by 

~ b13 f B + 65tt+ f:BH* 

~'S -un-;irotonated c~:.emica.l shift 

bB¼-f+ -protona ted. chemical shift 

for an acid 

-mole fraction of proton0ted form 

-mole fraction of un~rotonBted form 

and fBH is 
t 

(6H] 

The equilibrium expressjon is 
(SJ.fl 

K:: f6] (H4-J 
We then get 

pK was found to be 4.10 0~58(Appendix 1) 



CpC•NH!
1 

The H6 , H5 ana. Hi proton resonances appeared very similiar 

to CMP8 H5 could be resolved at pH 3,.5 and lower. pK was deter­

mined graphically as CMP.. pK was 4 .. 15 ± o .. 5. (Appendix 2) This 

result is identical to that of CMP. 

CpC and Purine 

The CpC solution used in pH study was neutrA.lized to pH 7.0 
' and -purine was added. The high field shift due to ring 0urrent 
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effect was observed. This suggests the purine-CpC stacking inter­

action. Hmvever, no non~equiva1ence of the H6oroton was observed. 

In TpT experiments, the addition of purine induced non-e riui va1.-

ence of the H
6

, Hi and CH3 protons. 10This effect suggested an 

inserted sandwich model. The non-equivalence incr,}ased 1.vi t h 

purine/dinucleotide. This purine induced s ,pli tting had been ob­

served by Mr. Bangerter in CpC at neutral pH, 11The non- eq_uiva1e:1ce 

increased with purine/dinucleotide as TpT. However this non-equi ­

valence disappeared when the solution was ad.dified. 1rh i. s qugg­

ests that CpC was cleaved by acid~ This destroyed the sandwich 

-like stack and therefore the purine induced non-equivalent beca­

use of the unsymmetric 3'-5' ester linkage ~ These results supports 

the theory B.dvanced for purine-dinucleotide stacking i nter9~tions. 
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