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Calculation of the Rotational Strengths of Mononucleosides l 

Nelson N. H. Teng,2 Martjn S. It'zkowitz, and Ignacio Tinoco, Jr. 

Contribution from the Department of Chemistry and the Laboratory 

of Chemical Biodynamics,. Lawrence Radiation Laboratory, University 

of California, Berkeley, California 94720. 

Received 

'Abstract: The rotational, strengths of the two longer wavelength transi

tions B2U ' BlU ' of four mononucleosides (adenosine~ guanosine, uridine 

and cytidine) as a function of the glycosidic rotational angles have been 

investigated theoretically. The transition in each base is characterized 

by transition monopoles; the sugar is treated as a sum of bond pol ariza

bilities. The interaction among these polarizabilities is also considered. 

Rotational strengths were calculated using three different sets of transi

tion monopoles and many combinations of bond polarizabilities. t'le conclude 

that adenosine, uridine and cytidine may have primarily one conformation, 

but that in guanosine the base is not definitely fixed with respect to the 

ribose. Calculation on different anomeric nucleosides of adenosine and 

uridine shows that the configuration at the anomeric carbon eCl I) deter

mines the sign of the optical rotation. The configuration at C2 1 influences 

the glycosidic angular dependence of rotational strength more profoundly 

than that at C3 1 and C5 1
• These results are in good agreement with experi-

ments. The signs and magnitude ?f the c~lculated rotational strengths are 

in good agreement with experiment for the anti conformation of all the 

isomers of adenosine. As the conformation of the nucleosides in B-form 
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DNA is quite different from the anti form~ we calculate that the rota

tionals trengths of 'the nucl eos i des in the po lynucl eottde are very 

different from those in solution, 

Introduction 

Many workers have measured the circular dichroism (CD) and optical 

rotatory dispersion (ORO) of polynucleotides, and have shown that optical 

activi ty is an important tool for conformational ass i gnments. Theories 

have been developed to facilitate the interpretation of the spectra of 

polynucleotides. 3,4 However, in these theories, the CD and ORO of the 

monomer units themselves have been ignored. Recently, experimental and 

theoretical studies of the optical activity and conformation of nucleo

sides have appeared. 5-7 In particular, an extended series of articles 

by D. VJ. Miles ~ al.&' have investigated this problem in detail. 

In the present communication we have used an improved version of 

Kirkwood polarizability theory to include the presence of a classical 

polarizability near a quantum system. The rotational strengths of mono

nucleosides are calculated using transition monopoles on the bases inter-

acti ng wi th po 1 ari zab 1 e bonds of the sugars. We try to exami ne the. 

calculations critically. Three different sets of transition monopoles 

have been employed with various degrees 9f success. The effect of dif

ferent values of bond polarizability and variation of the positions of 

furanosyl OH groups has also been examined. The calculated rotational 

strengths as a function of the glycosidic angle are in q4alitative agree~ 

ment with calculations of Miles et al., using bond transition dipoles on 
-.-.- • o· 

the bases, 

• 
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In the next section a detailed description of the theoretical method 

is given; in section III we discuss the numErical methods and the data 

used, and in section IV we demonstrate the application of the theory to 

• the four mononucleosides found in nucleic acids and to various anomeric 

isomers of adenosine and uri dine . 
• 

II. Theory 

!((~ Rosenfeld9 characterized the optical rotation by the rotational 
1 1/ 
\. 

• 

strength for the optical transition from 0 to A, ROA = Im(}CoA . q;AO)' 

Im der.ates the imaginary part of a complex number. u is the electric ruOA 

dipole transition moment vector and ~.L\O is the magnetic dipole transition 

moment vector defined as follows: 

(1) 

(2) 

v;here K. is the vector di stance from an arbitrary origin to the origin of 
"vJ 

group j ; '..l. 
ruJ 

is the electric dipole moment operator of group j; P. 
f'vj 

is ·the 

linear momentum operator of group j; R:j is the magnetic moment o;:::eY"ator 

of group j re 1 at; ve' to the ori gi n in group j. The ori gi n is usua ~ly 
I 

selected to minimize the contribution of ~j to rotational strength. 

c, e, m are the usual notations for speed of light, electronic ch2rge 

and electronic mass. The molecular ItJavefunctions for-states 0 and f:.. 2.:'2 

10, 
I --

and !A>. 
j 

Therefore, for an electrically allo~led, magnetical-.j T::.~-
I 

bidden transition «A I~jl 0> = 0) the expression for rotational str2n9~h 

is 

\vhere \)('.uA is the frequency of the trans ~ ti on and R .. = R. -R .. 
ru 1 J "vJ ru 1 

r ....... •. 
I. ' ' ~J 
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It can be seen that the optical activity originates from the inter-

a:::tion bet\'.'een electric transition dipoles located asyr.:cetrically "lith 

respect to cne another. In equation (3) we have resolved ROA into groups. 

The obvious separation into groups for mononucleosides would be to treat 

the base as the major chromophore and the furanose a~ an asymmetric sub-

stituent. The furanoise is further subdivided into bonds. For a 

particular transition 0 + A of the base, which is far removed in energy 

from any transitions in the furanose, it is a good approximation to 

replace the transition dipole from the bonds of the furanose by the 

dipole that v.'Ould be induced in a classical polarizability placed within 

the transition field of the base. 

= . E eff 
_ JtjAO .lCj "vj_ 

vJn2re a. is the pol ari zab i1 i ty tensor of the j th furanos e bond and 
"vJ 

~ eff is the effective field at the jth bond due to the transition 
~j 

o -,. A. 

(4) 

To evaluate the effective field ~jeff, one expands the molecular wave-

functions in a linear combination of atomic orbitals, 

\·Je ob tai n 

10> = Le ,II'S> 
I sOs 

II A> = L (' , Is> s VAs 

E.eff 
"vJ II. <A J-l I 0> Jr. 

J 
n " C * r. Vj s~t As ~Ot 

• ! 1 1 . <s I - 1:> r. . J 

The standard point monopole 

<sl _1 I t> = 0 ... • 

approximation sets 
1 

r. Si. 
_. J 

rsj 

where Cst is the Kronecker o. 

(5) 

(6) 

• 

• 
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Alternatively, one may treat Il'O!YA as a charge distribution and 

. _ . . I eff). - f .:.. do a multlpole eXDanS10n (. E. anout tne cen~er of the charge. 
. 'J n-J . 

The practical limit in terms of computer programming ontne CDC 6600 

computer used for our cal eul ati ons is th::: octupo 1 e term, and convergence 

is poor. We abandoned this method in favor of the use of equation (6). 

h .r: • d 1 1.1. d th '. - , 1 , In t e hopes 01 lncrease aceuracYVJe ca cu al..e . e 1n1:egrals <s',":-l s > 
, i 

in terms of 51 ater 2pTi orbitals to obtain ~j eff. This VIas found to 

make a negligible correction to rotational strengths; we therefore used 

for a 
eff . zero order E. : , 'vJ 

. eff I (is 
~j = s Psi r ~ 13 

I JS 
(7) 

where Ps ~ CAs COs is the monopole charge of atom s due to the base 

.I. • .l.' 0 A . . -l.' t r th' th . t' I..ranS11..10n -+ • r. 1S a POSl1..1on vee or Trom e J group to ne 
rvJ s 

th 1 s r,lonpo e. By combining equations (3), (4) and (7), vie have an 

expression for the rotational strength of transition 0 -+ A in the base 

of a nucleoside. The base is represented by transition monopoles on 

each atom and the furanose is approximated by bond polarizabilities. 
7T vOA I I . . 3 

ROA = ( - ) 0 R.. . ( , i • AO x "'. . r. ) / I r. , ( 8 ) 
2c . itj s 's rvlJ A:1 ltJ JS JS 

~"1here ~ij is the distance from tr-:e base transition dipole (;':'iAO) to 

bond jin the furanose. This, is the most cO~TIonly used expression for 

calculating optical activity under conditions mentioned above. HOI-/ever, 

this e~pression has only considered th2 monopole field caused by the 

base and has ignored the interaction a~ong the furanose bonds. This 

approximation may be good ill si tuations vJhere the asyr:lmetri c perturDc.-

·0 tionis an aliphatic chain.' Sut in the furanose ~ing. for the most 
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part,_the sugar bonds are much clos2r to each other than to the case, 

so each bond w~]l feel the effect of the induced dipo12s in all ether 

bonds. 
r eff To include this effect we reQlac2 c· by a more complete expres-, '\,J 

sion 

C" eff = 
~j >cj 

r. 
L- L: '\,J s L: T' ] 
s Ps :~3 - k '\,J~k - JtkAO 

I JS I 

(9) 

2 \ f 1 \ t' }\~3} ne dipole interaction tensor 
, ";1, 

.ji\. 

between points j and k. 

These coupled 

JtiAO = ~ (l + 

linear equations can be solved for u·nO· 
rvJr\ 

.... " 

-) -1 . al., u, 
'\,'\, JK '\,K 

r. 
AvJS 

I r js 13 
( j 0) 

S~bstituting equation (10) in (3), we have the final expression for the 

rotational strength with the furancs2 interaction treated self conSistently. 
TI \,\ 

OA I L:)- -) - 1 • 
ROA = (- 2c) i;!j k ; f\ ~ij . f~iAO x (l + ~,t, jk ,zk /

1 .3 
r k Irks! '\" s ' , ' (11 ) 

For all calculations ROA was evaluated using transition monopoles only as 

in equation (8) and also self conSistently including the sugar bond-bond 

110 induced dipole coupling as in equation (11). 
\. I 

III. Calculation 

>Je consider each base to have t\,!O 1i -7 'iT* transitions VJith rr.aXlr;l2. betvieen 

2[~O 1Il)1 and 280 mJ.l.The transition frequency 'JOA is taken as the location 

of the major experimental UV abso~ption maximum. 4 

Coordinates. The coordinates used in the computation are taken from 

Spencerl1 for the bases (Table I) and Sundaralingam and Jensen12 fo~ the 

2 l endo ribose and 3 1 endo ribose. The coordinates for the a anomers were 

obtained by reflection from that"of S nucieosides about the piane of Cl 1
, 

C2 1 and Ol af the furanose. The numbering system and the nomenclature for 

the pentofuranoses is shown in Fig. 1. 

• 
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1'110 
~:7 

Co 
~IU 
'-,0 
, 1-' 
Ii? 

0::: c 

('I' a. hcem ne 
o 

xU·) 

-2.791 
-3.201 
-2.391 
-1. 079 
-0".604 
-1.500 
0.763 
1.055, 
0,000 

-1.041 

Guanine 

-2.799 
-3.205 
-2.378 
-1 .. 079 
-0.604 
-1 .4-62 
0.763 
L055 
0.000 

-4.523 
-1 .045· 

-7-
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C(fORDii':!~TES OF PU;~INE !\i\.!O: p;/Rlr:~IDTnE Bf.\SES 

if IX.·) . \" 

4.407 
3 .}34' 
2.078 
,2.293 
3.583 
4.633 
3 ;598', 
2.280 
1.470 
5.892 

4.343 
~3.051 
2.010 
2.298·' 

'.3.583 
4.702 
3.598 
2.280 
1.470 
2.807 
5.848 

'";' :.1 ," 

;,to[l 

:;t ", r· 
"2 
'I 
! "., ') 

C~ 
(" 
,,~ 

:> L 
{"I.e ", 

'}2 
04 

'Cytosi ne 
o 

X (11.) V(2' • r • j 

0.000 . -, -. 1'\ -, r.. 

I • "" I V 
-1.207 
_-1 .231 
"":0.070 

1 .157 
1 . 181 

";2.253 
-0.094 

Uracil 

0.000 
,-1.207 
.. 1.159 

O. o~ro 
1 * 205 

'J .181 
-2.269 

0.010 

~~ .. ~. ,', 

4.132 
3."504. 
?.125 
1 • 51 i 
5.472 

, 47 (1 I • 'v 

2."139 
3.518 
4.251 
3. 50~~ 
2.125 
, 5--:: Q l • v" 
5.471 
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conforxation of the fu~anose has been subject of deb~te.12-15 ..,.., 
! ne 

\';2 have used 2'endo cor:for:::ation, co:-:sistent \··,ith the r::ajoY'i~~1 0-,': crystal 

struct~~2S of nucleosides, far most of the calculations. Th~ 2'endo 

ribose and 3'endo deoxy~ibose coordinates are given in Table II. Coordi-

nates of the other sugars were obtai~2d by interchariging Hand OH atoms 

and changing bond lengths. In solution, the positions of the hydroxyl 

groups of the furanose are not precisely known. In an effort to detennine 

the influence of CH position on ROA ' we have rotated the OH groups about 

their ~ndividual CO axes for both adenosine and uridine. The effect on 

the calculated ROA is small; the shape of the curve when ROA is plotted 

vs. the glycosidic angle (~~~) is not significantly altered. Slight 
l..." 

va~iation in magnitude of Ron is found when the OH at the CI 2 position ... 
is rotated; however, no noteiceable change is observed in the case of 

CI 3 and CIS. This finding is consistent with our conclusion (Section IV) 

about the importance of configuration at CI 2 position. 

Glycosidic rotation. We have chosen the definition of glycosidic 
1- . 

rotation by Donohue and Trueblood. 0 The sugar-base torsion angle 9CN 

is defined as the _angle formed by the plane of the base and ell-Oj I bond 

of the furanose ring when viewed along the 

zero when C2 of the base is anti-planar to 

bond. . is taken as qJCN 

Positive rotation is 

c!ocb/~se rotation of C11-Ol' v~jlen one looks from Cl ' to N. Donohue 
, II II ° + ':-0 and Trueblood define anti confOimation for ¢CN equal to -30 - 'TO 

. J.. 

and 11syn" for 9CN equal to +150" .:. 45°. 

Transition monopoles and dipoles. Three sets of monopoles for the 

various transitions of the four bases were used in the computation. We 

• 

., 
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Tab 12 II. 

. AtO;T1S " 

C1 

01 

. ... H2 

02 
OH2 
C3 
H3 
03 
0:-13 
Ct:-
"L1 H. 

. 05 
Clr""; . no 

,l\tG:f1S 

C1 
HI 
01 
C2 
:-:2 

C3 
H3 

01-13 
'C4 

H4 

.) 

Coordinate.s of 2'endo ribose and 3 i endo deoxy 

:. 
X 

O~OO 
-O~51 

1.35 
-0.62 
:-0.26 
-2.02 
-2.60 
0.08 
0.02 

-0.53 
-0.48 

1. 51 
1. 81 
2.43 
3.37 
2.98 
1. 95 

·1.88 

x 

0.00 
-0.40 . 
.. , ~37 
-0.68 
,-1. 28 
-1.35 
0.52 
0.87 

'-0.24-
0.06 
1.57 
1.20 
3.02 
3.71 
3.28 
3.27 : 

.4.06 

.2 i endo ri bose. 
Y 

0.00 
-0 . ih 

• v 

-0.43 
-0.58 
O~O8 

-.0.57 
-1.09 
-1.94 
-2.33 
-2.8Q 
- 3.80 

: -1. 59 
-2.46 
-1.28 
-0.73 
-2 . 14-
-O.LlA 
-1. 15 

31endo decxyriDose 
y 

0.00 
-0.53 
-0.43 
-0.·55 
-1.47 
-0.16 
-1.08 
-0.28 
-2. 16 
-3.00 
-1. 37 

2 -,r - .,,)0 

- 1. 26 
-1.64 
-1.80 
0.09 
o ')') 
.~.) 

' . z 

0.00 
0.74 
'0.00 

-1.25 
-1. 89 
.;.1.26 
-0.59 
... 1.31 
-2:02 
-0.34 
:"'0.42 
-0.86 
-0.38 
,...1. 97 
-"1.40 
-2.36 
-3. 00 
-3.69 

z 

0.00 
0.96 
0.00 

-1. 21 
.-1. 11 

1 (":r 
- I. cO 

-2. "1,. 
iL. 

-2.3J 
-2.96 
-2.£;,0 
-1.08 
-0.70 
-1.52 
-0.80 
-2.39 
-2.04. 
:-2.73 

" 12. nDose 
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used-fonopoles described by Bush 17 and those calculated fro~ self-

., -. I • , 1 •• 1 • . _. • • '. • • 18 
CDnsls~ent Tlela Wltn and Wl:nOUt CG~T~guratlOn lnteraCtlon. . The mono-

poles obtained fro;,1 Sush\'Jere calcjla~2d by 2.n SCF-LCAO-CI ,-;;ethoc done 

by H. De Voe of National Institutes of Health. His method was that of 

and Pullman (1953) extended .L • ! • + ! ..L. 

L.O 1:112 eXCl "eo s:a l.es. The monc-

poles selected by Bush were not just the lowest energy transitions but 

were chosen so that the transition~oment directions were consistent 

with experimental directions, or what were inferred to -be the most 

1~ke1y directions. Bush's procedure aSS:";:1J2S the order of the excited 

state in en~rgy may be incorrect. The magnitudes of all the monopoles 

v,'ere scaled to give the measured transition moment magnitudes. The 

scaled monopoles for the 82U and B1U transitions are given in Table 

The base transition dipoles were calculated .- • 1, • , .. Trom ~n2 trans1:1on 

monopoles placed on each nucleus of the base. The point transition dipole 

is ass~med to be at the center of transition charge of the base (Table IV). 

The effect of different transition monopoles and the use of a , -S21-;" 

corsistent treatment of the furanose bond interactions is shown in Fig. 2. 

One sees that the self consls'cent theory for induced dipoles in the sugar 

[Equation (11)J gives very different r2sults from Equation (8). t'le use 

Eq~ation (11) for all the c~lculations discussed ih this paper. 

Polarizabi1ities. Bond polarizabilities have always been the subject 

of cor:troversy. The rr:eri ts of di fferent n:easurer.12nts of po 1 ari z2.:;i 1 i ·ty 

have frequently been discussed, especially by users wanting to evalu2te 

optical ... .: .: ... 4,8,22 ac 1,.( v (l.y. Because of the uncertainties in the bont pC~2riza-

bi.l1 t'i2S, tile agreement beti'J2eil eX~2('iii1ent and the result of any cal cul a-::ion 

• 

.. 
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(;tOfT) . 

fldenine 
Nl 
C2 
N3 
C4 
C5 
CG 
N7 
(8 
i'!9 
r!6 . 

GUClnine 
~n 
[2 
N3 
C4 
rs 
CG 
N7 
(8 
r!9 
('6 
H2 

Cytosine 
Nl 
(2 
N3 
C4 
rr.: "..; 
C6 
N4 
02 

Uraci"l 
1:i 
(2 

02 

-r'"";"'20 :--. "';-, ~l 

-0.173 
O. OSI 

-0.129 
-0.0"63 
-0.0'i8 
0.156 
0.046 

-0.180 
0.069 
0.206 

0.051 
0.100 

-O.iOl 
0.090 

-0.112 
-0.013 

0.OG9 
-O.OGO 
-0.009 
-0.003 

0.049 

-0.202 
-0.006 

0.311 
-0.12-j 
0.167 

-0. '1St) 
-0.117 
0.123 

-O.COG 
0 .. 024. 

-.0. C: 7 
-O~:~SG 

n '; '0.-, v. '- ..... , 

-'0.053 
0.005 

0.035 
-0.072 
0.1(0 
0.018 
0.032 

-0. 1 ~ 4 
-0.085 
0.134 
0.031 

-0.117 

O. 1 Oi 
-0.080 
0.060 

-0.083 
-0.000 

0.003 
-0.OS7 
-0.010 
-0.002 

0.039 

-0.135 
-Oc029 
0.256 

-0.112 
0.079 

,-0.118 
-0.083 
0.142 

0.080 
-0.001 

(1. 017 
0.030 

-0.135 
0.179 

-0.136 
0.016 

-0.030 
-0.037 
-0.187 
·-0.2S1 

O.J26 
O.2J2 
C.055 

O. -(12 
0.046 

-0.032 
0.030 

-0.050 
-0.104 
-0.034 

0.035 
0.00 

-0.29'; 
0.249 
0.166 

-0.008 

-0.097 
0.005 

-0.135 
0.070 
0.0.:',':;' 

-0.032 
0.155 

-0 .. nl1 

" r .. ··";.-:. 
-\.'.1....' ..... ...; 

(', r) - "j 
\.'''' .- ....... :-

0.02[:: 
-0.C05 

-11-

Tra.ns. ell, 
l) 

c:r r . \,. ~CF (CI ----
0.023 

-0.063 
O. G(~7 

-O,,089 
0.08[:: 

-0.033 
-0.020 
0.050 
0.034 

-0.078 

O. ilo 
-0. C60 

0.097 
0.108 

-0.045 
M.O.002 
-0 .. 03·9 

0.207 
-0.088 
-0.2ID 
-0.046 

0.187 
-0. (:!~3 

0.021 
0,000 

,-0.215 
-0.089 

-0.017 
0.000 
0.151 
o.CS( 

,O.IJ12 
O.OQ2 

-0.178 
-0. 02~; 

(\ ·r,G /" 
-v. Uv", 

-C.G50 
-O.OP 
-G.DSl 
G .. CGO 
0.031 
0 .. C:')9 

0.030 

0.039 
-0.013 

0.02·1 
0.125 

-0.079 
0.007 

-0.063 
0.099 
0.000 

-0.191 
-0.005 

0 .. 095 
o ~ OC~'~ 
0.105 

-0.043 
0.175 
0.047 

-0.136 
-0.01 ' 

0.202 
;; ~ ')0 
\ •. /",. ~..1 

t':. "'f -, '? 
~ ..... j ':;L 

-C.D·i,5 
-... " ........ 

-~}.j0:.; 

-0.124 

~t; s hi Dc \'!o e 

-o.c~~~ 
-0.165 

o. ~ C~ 

-0.OL2 
o~ 127 
O.C2E 
0 .. 054 

-0.049 

-0.CJ7 
0.012 

-0. C~3 
C.039 

-C.OGl 
-O.C7E~ 
0.014 

-0 .. ~ ~ 1 

.............. -.. 
0. L __ c: 

o. CC: 
-c.c-:! 

!-.. :~ ("',-: 
- \.) .. \... '-' I 

o. O~l 
-, ----------,--- '.~-.-'-"---'------,-----
2 :;;(: ::.li:~ber·;nc; s.vste:n OT th~~ f)2ses is ('IIV\~:: in Finu:re 1" 
b The Honopolcs are scaled to cxperi~ents. 
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Tab'le? IV. Data for' b'unsition moments 
---.-.-.----.--.--.--.-.-.... - ... -~---_;__r-_:\-------.---- .-------------.. --.. -----------.--

-' Tri111S. enet0Y ~CV) Expt1. tl'uIlS.() Calcu1atc·c] trans. Tranji.iJion 
't ' a t \C (0) .' ) momcpt mC:lgn-J "\Jue (b) cen 'Ct f\ 

Base f\lol1opo1es Theory EXI)"lJ.(a et( Debye vector leg). X Y _______ .. _'_··_.H.·_~ .. ___ . ___ ._. ___ . __ ~. __ ,. ____ ... ~. ___ .. _. _____ . __ .... ___ .. ____ .\, ___________ ~ ___ ~ ____ . _____________ _ 
I\den'j no B

2U 
. 

Guanine 

Uraci 1 

Cytos inc 

SCF/el 4.8 ~.j7 0.813 3.90 
SC F 5.2 
Bush/UeVoc 5.6 

SCF/CI 
SCF 
Bush/DeVoe 

SCF /CI 
SCF 
Bush/DeVoe 

SCF leI 
SCF 
Busil/DeVoe 

SCF/CI . 
SCF 
Bush/DeVoe 

SCF/eI 
SCF 
Bush/DeVoe 

SC F/ C I 
SCF 
Bush/DeVoe 

SCF/eI 
SCF 

B·IU 
5.0 
5.5 

B2U 
4.3 
4.4 
5.8 

BlU 

B2U 

810 

82U 

8lU 

5.1 
5.4 
~.2 

4.8 
5.l 
5.2 

5.4 
5.5 
6.3 

4.1 
4.2 
5.4 

5. 'I 
5.3 

5.17 0.35 1. 68 

4.47 0.514 2A6 

4.94 0.806 3.87 

4.72 0.685 3.29 

5.17 0.241 1. 16 

4.57 0.632 3.04 

5.17 0.549 2.63 

+0.02 
-0 ."14 1 

-0.22 i 

-0. 14 i 
-0.34 i' 

~·O.51 i 
+0.50 1 
+0.22 t 

-0.21 
+0;08 1 
-0.80 -T 

-0.09 i 
··0.06 f 
+0.05 f 

-:- 0.81 j 
- 0.8 j 
+ 0.78 j 

- 0.32 j 
+ 0.08 5 

+ 0.07 j 
+ 0.10 j 
+ 0.45 j 

- 0.78 j 
- 0.80 j 
+ 0.07 J 

- 0.68 j 
-0.6[\ 5 
+ 0.G8J 

-0.08 i - 0.23 j 
+0.04 { - 0.24 3 
-0.15 f - 0;18 i 

-0.62 + 0.09 j 
-0.63 f - 0.01 j 
+0 . 1 8 f -[- O. 60 J 

1 .2fJ· 
1 .02 
0.96 

1. 21 
1 .41 

1. 7~ 
1.73 
0.3/f 

1 .06 
0.86 
1. 33 

0.76 
0.57 
0.80 

-0.50 
-0. ~ 3 
-1 .29 

-0.25 
-0.47 
-0.22 

3.65 
3.47 
3.10 

3.26 
~:. 47 

2.92 
2.85 
2.92 

3 .~4 
::l.SS 
3.0{l 

2.9~ 
3.27 
3.01 

4.14 
3.79 
2.52 

3.02 
2.95 
3.64 

-0.00 i - O.SS j -0.62 3.49 
-0.11 { 0.54 J -0.09 3,52 

Bush/OeVo2 6.8 +0.40 f i" 0.38 j 0.06 2.85 

\ 

. 

-.-.-- '--'-'---.' .. -..... -.. "-"-- .-.. _. __ .... -.-_ ... -_._-.. ---:--:-... --" .. ··--·-·;tr-- .-------.---.,.--.------~.-----------.--.-. 

(a) r~csolved from spc~ctl"t\ of Pabst Lai:Jo)"utol'·ics. 
(b) Transi t'ion mOlnent vectors are sea'ied to experimental 

refer!"; n9 to X, Y axes den neel in Tab 1 c I. 
(c) Coordinates are defined in Table I . 

.. ... 

liW.gl1 i tude. i, j arc unit directional vectors 

.. 

r,) 
I 

~. 
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\'Jhich is S~l!sitive to the valUES of GOne polarizabi1ity shculd be 

examined crit~cal1y. 

Different sets of values of bon~ polarizabi1ities have been pub-

These values inc1ude those.which have been proven 

sa ti s factory for 
• 

, . "] 0 >. "', • 

o~n2r workers, and ~hose ex~stlng In the curren~ 

litei.3.tu:--2.· The l~otational stre::gth of uridine resulting fro:n different 

cO::lbinations of possible values o-F bond poladzabilities, usi:,g ·the 

SCF/CI monopoles, is shown in Fig. 3. The calcUlated RCA is more sensi-

tive to C-O and O-H bond polarizabilities than C-C and C-H bonds. The 

s~me conclusion is obtained with the .other two sets of ~onopoles. T~is 

is unfcrtunate because the bond polarizabilities for C-O ~nd O-~ bends 

are the least l!Jell krlO':m. FoY' 211 "che COl';;pu'tc.';:ions, unless ot'hen:ise 

,s~ated, we have used Le Fevre's (1955) bo~d polarizabilities (set II in 

Table V) and treated carbon and oxygen eq~iva12ntly (curve 6 in 3) . 

IV. Results and Discussion 

Results of the calculations are given in Tables VI, VII, V!I!, and 

t19· 4·. The 'fotatio~21 stren~rths of the D2U and B1U transitio(;s \.',1.Ere 

calcu1ated ~sing . . 1'1' ,-
equa~10n ~l ) Tor each of the fo~r nucleosides 

1- ... 

\. 1 c.J i e,: 

iLcluded. Fror.1 the results, it C2n be seen tf'~at the rotational, 
• • > 

s 4:i.2;:~~n 

• c.: -' c'" - .:..", ~~ c'~nc-:"n's c'l· t...!,o.l.,..U:i 'C:}--._!h . ..: critically an the choice of w2vefunctions. 

• 

a~d resolution of the CD spect:~~ in:c b~nds. In Table VI the ex;eri~ 

22ntal rotational strengths are given to one significantT1gure. or the 
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IV. 

Gond 

c-c 

c-o 

C-H 

c-c 

,... !I 
\..,;-.l ~ .... 

Co-c 

C-H 

c-c 

I " 
(2) "c:(..., ... " -: s (: TOrJg 

.:;.:; 
oand2.no 

0-_'0-'_-_-._---------' -------

Ct-
U 

0 .. 99 

'l.8.5 

.. n 7' 
....... ' .. I I 

., r~:-:, 

., ... .)7.; 

8.77 

0.27 

0.27 

C.6 

0.02 0 

0.27 

0.46 

0.23 

the bond. 

.. 

. . :. 
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f0r (i~~G:2rt ~a~Crr!cS 2nC 
cC:',"'"ir'l!:"?,d,;;",s Cine: C01;~OlT:(;ti()t:s. The fcur ribo;'1ucleosides 
the 2 I endo CO:1fOrt~a.·tion. 

-:-U'((I.rjose". 
(;.'(,E: in 

--~-------- --------~------------

~ I • 
I ',cen('lS 1 ne 

GuanOSi112. 

Cytidir:2 

2' enco 

.3' e:-:d,) 

2' e~~c;c; 
3' , enco 

21 deox,v C 

21 er(Q 

:3 I enco 

n (r, \ 
-u ,;"?! I) 
r'/f'-"') -,) \ '-'" 1/· 

I~ 

+ " In) :5 \ :I~ i I 
L" 

,.. n ) U')f ( 
R··-~~ ) 
... ., " I') 

Gush-Ce~!6e 

SCF 

SCF/CI 
("r .• l. r 

SCF 
8u S 11- De VC(; 

SCF/Cl 
<:r r-j (' T 
.... VI \..0_ 

SCF/CI 
(:r'T jro--Ji... .. \....1 

:::U'/C 
SeFje 

SCF jC 
ser; c 

-2 
-2 
+8 

+2 
-:-2 
-7 

+27 
.;~ I. 9 
-6 

-2 , 
._/ 

, 
: ,-.' .• -..... , -' 

r -:-J 

-:-3 

-;-2.:~L 

+35 

+3 
.+3 

~:-o 

, 
-I 

+6 

-5 
-0 

+2 
+1 

")/1 
""J't 

·;-.0 

'" t~.! I 1 

!\nti : v S,~/n 

-:-:J 
+2, 

-2 
-2 
+8 

-:-0 

-7 
-5 
-2 

_! f' 

~·o 
'!..2 
-1 

+7 
+j 

J. 
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Table VII. CDcp:~~sen ~f :21culated and eX~2rimEntal r0tat~ana~ stren;ths 

cc-Lyx 260 3750 

S-~_.yx 256 -3560 

a-Ribo 256 5(10 

3-Ribo 265 -2970 

a-j.:.,ra 258 3570 

s-,.C:..Y'a 258 -5330 

cx:- X.y'l 258 6960 

3- X:/1 2/:;0 
-J./ -·2450 

The experimental res~lts from 
in u~its of deg l/mole em. 

( ~ 0) EX;Jt. (1., 

2.7 f \ 

'-c) 3 -7 

-2.7 -2 6 

4. 4 3 -0 

-2. 5 (c) -2 3 

2.8 -c 

-4. I i -2 4 

6.0 

-2.0 -3 j 

Molar e11ipticities ere 

(b) The rotational strengths are eV21uat2d by fitting the spectrum by 
G?USSi2n curves en a duPont CVrve resolver and computed usinq 
. • ~ , '"' • r..., 1 r "') ( /'. h -. I ; - ,
"C1~e '(OY'i':iU i a> Ki :.': !. i.) X ,u--;~ Gi 6~, :f.i) Vi IEr2 6i IS -c.:::na j T 

w~~th of the resolved Gaussian. 

(c) Sin9~e Gaussian is not possible. Composite Gaussian curves are 
uSed. See Ref~ 24. 

( rl \ r ~ '/ ,...., 1 r I UJ ,)~r ~_ monopo es uSee. 

• 

• 
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Base 

U (I) 
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( 
, 1 ,+40 ROA D2U ) x ,0 e.s.u . 

-14 0
, (DNP,-A), 

-3 -3 

+1 

+2 +6 

+31 +32 

8' rc (r.·'f 0' 
- ,0 v;''''''.-u) 

+5 

, 
-J 

+1 

-25 

(a) SCFjCI rnonopo 1 es and 21 eildo'con,:OcY'mati on rOl~ ri bose and deoxy
ribose were used. 

(b) (;C,,,I S are fro iT: Ref. 
, I~ 

(26) _ 
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sig~ 15 si~ply given. The calculat2d valu2s are shawn Tor ~~O canfor-

2ctua 11y pl'eS211t in so 1 uti on. \:ith SCF Ie I or SeF r:lOnopo 1 es the signs of 

the calculated rotational strengths for the first two transitions are 

consistent \\'ith three of the fOlY c:orlonucleosides in tne anti conforma-

t~on. Calculations for guanosine are not consistent with experiment 

fat ei ther svn 0;' an ti conformati ons. 

for 

Fig. 4 shews what values of the ~lycosidic ans~e give correct res~lts 

calculated signs of the K 
-'2U For 

undH:2 and cytidine about half the possib1e )'ange of angles (+150° 

giv2 the correct sign fa:- both 

-90°)' is > 9CN > 

[) . 
~2U af:d For ade(iOsin2 

consistent with the signs or 

the r'ctati Gna 1 strengths. for g~anos i ne a ver'y srna 11 ov .. ~rl ap occurs 

sign for both 

This probably indicates that guanosine 

does not exist mainly in one ccnfcr~ation, but instead, includes a wide 

range of confoY'mations. Thei"'e is SOi"!:':: evidence that" :-l;he conforrnaticn 

of guc.!1OS i ne depends on pH, as mi.;h t b2 expected for a conforr:lati onal1y 

mobile r.iDlecule. 

One way of testing this idea further is to c~lculate an average 

:-otational strength by weighting Each calculated rotational strength at 

9(;\" ~'·!2 used a probability c;istrib:J.'tiorl for the glycosidic bone: C~C:). 

wh~ch we had estimated eariier. 27 to cbtain an average rotational 

strength for the 82U transitions fer each mononucleoside. Althcwgh 

• 

., 
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stre~gth was still obtained for 

The te~perature dependence of the rotational strengths was also ca1-

tUlated. This gives an i~creas~ in rotational strengths with decreasing 

ten:p2rc .. tur2 2.S eX;>2cted. It also gives the CO'Erect otde~'" of fl13gnitude 
~ ') 

change l
') as the ternperature is -io;'leredf:-o;;]. +90°C to -70°C. For cyticine 

there 1S a calculated 3% incre2se, far adenosine a calculated 30% increase. 

In Table VIr the res~lts for the a~o~eric cis-trans isc~ers of 

a~2ncsi~e are given. The calculated r2sults for the anti ccnfcr~~tion 

is Excellent when one consid2~s the ~ a~d a pairs of the different iso~ers. 

The calculation gives not only the correct si£n for each one of the pairs, 

but also provides the corr2ctr~lative magnitudes. We see that Experi-

~2~tally the sign of the CD for ~n2 ancmeric adenosine depends an thE 

co~figuration at caibon C1 I: a g~ves a positive CD at high wavelengt~, 

3 gives a neg~tive CD. The socd agreEment with the calculated rotational 

stren;~ts is strong evidence that all eight of these molecules are pri-

m2rily in 2~ti conformation. 

We also carried out calculat~ons en uracil with different s~ga:s_ 

29 
EX;2ri~e~tal1y) it was fo~~d the rotational strengt~s of s-O-ara-U and 

- "I"" ,"" .', 'CI -10-40 KOA c~,C~la~eG Tor rnese compo~ncs are +I~ x j~ • 

-:-2 x 10-40 for ara, lyx and rib 1::or.o;;o": 2S 

~2 ~av2 found that a conf~;~~at~c~ cha~;2 at the C2' 

, , 
_C-2~~nG2nCe 

. . -. . .., 
~ore s~gnlT~Cantiy 
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tl;e C3' p:Jsit~on .. c:l~ulated R~, VS. u: ....... 

Exper~~2~tally, it was fo~nd that the configuration at C2' - ,-
pro:c,~nGiY 

• 
affects the magnitude of the Cotton effect. 8,28,29 It was repJrted 

'" 
\ 

. - 30 .,. . . .., _ r- r, . . ,. .. 
preV1JUslY tnat a cls-orlentea hydroxy: group at G~ lnteracts Wlth the 

base and that cis-nucleosides gave a Cotten effect larger in mag~itud2 

than tf~e trans anorners ". 
?O 

It was found that- J the a~~litud2s of the Cotton 

effec~ of a-D-rib-U, a-D-U~P ar2 larger than their 3-anc~Ers; however, 

the magnitudes of a-lyx nucleosites g~V2 smaller Cotton effects comp~red 

C1 ~-C21 trans configuration allows the base to rotate ffiore free1y about 

the g~ycosidic bond. Sy inspection of the ROAvs. ¢CN curve, it can be 

always results in decreasing 

the a~~litude of a trans cam;ound. 

bution of bas2-sugar i~terac~iGns to the CDaf poly~ucleotid2s. Table V!II 

s;-,O\',,'s the calculated B?ll f'atational 
'-U 

str2ngths for nucleosides with 

glycosidic angle found indiffe~ent do~ble-str~nded nucleic aci~s: 

-. ~ . - '., " 

- I ....... . 

j,c C2 -: cui a ted ratat i anal s tr2ngths al~(~ I/Ery diffen::nt from those aT 

p.-Dtifi., RNA, or anti mononucleosides. This reeans one cannot 
. , 
19110;2 oC.se-

s~gar interactions in undErstanding t~e CD of double-stranded nucleic 

c.cl.ds. The CD of the mc>(:onuc12cs-iG2 in solution r::ay be very different 

frcm its contribution to the CD of the nucleic acid. 
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Fig00~ I. No~encl~tures and ca~~~gurat~ons of t~e n~cleic acid bas~s and the 

of ur1"di nc::. The 

C- ',' ~ ~;:: ," -,! .','" - r 0 ',,1 S ~! S t e "',' I t -,i V ,ct.. Y" ~ :;, :... ., d' d- S ~..., r,.., r ' -, + ·'1 "'1 . ( 1 ; \ 
__ '-...... ~ _ "" j ";;:uL.C: llJ C\..· . .:O.l.. v;. • 1/. The ~otto~ three curV2S are 

without the self-consist2nt fura~oise trea~~2nt 

Calculated rota~io~al S t,Y'E ng t:l S transi t~o:;s of u:1cine as 2. 

different valUES of polariz2jilities. 

VI poi(.~riz2Jiliti2s are giVer. in Table V. 

( -: ) 
\ .. / 

(2) set III, treating OH Equivale~t to CHi 

1.-, ) ! . 
\ v set II, a~proximating O~ by a?~=O.8, 

..;..; 
.' =0' b' v" 1 1 ., 

various 

(4) set IV, treating OH equivalant to C~ and CO 2quiva1e~t to CC; 

(5) set I. approxi~ati~2 OH by 0.8, 0.6; 

( :: ) ,v II, treating CH e~u~va12~t to C~ a~d CO equiva1ent to C~, 

sets 

:1cur2 4. Glycosidic angle (~r~) and calculated sign of the rotaticnal strength. 
v.\ 

,. 

of angles labeled a,S-puri~es I •• l' 

ana p}'rlnl1 01 r1es are -fo.und in 

crystals jy X-ray scatteri~g (Ref. 25). The rotational strengths were calcu-

~ate~ with SeF/e! monopoles. signs of thE rot~tional 

stre:0ths are minus for both 

~C) PI~~;~;idines, the measured Sl£llS 0.Y'2 plus -For the B
2U 

tr211sitions and 8inus 
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r------------------LEGALNOTICE--------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 

."J> . 

responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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