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Abstract: The rotational strengths of the two longer wavelength transi-
_ tions BZU’ B]U,_ofvfour mononucleosides (adenosine, guanosine, uridine
_ and cytidine) as a function of the glycosidic rotational angles have been

investigated theoreticﬁ]]y;'_The transition in each base is characterized

by transition monopo]es; the sugar is treated as a sum of bond polariza-

bilities. The interaction among these polarizabilities is also considered.

 Rotational strengths were calculated using three different sets of transi-

tion monopoies and many combinations”bf bond po]arizabi]ities. Ve conciude
that adenosine, uridine:and cytidine may have primarily one conformation,
but that in guanosine the base is not défihite1y }ixed-with'respect to the
ribose. Calculation on different anomeric nUc]éosides of adenosine and
uridine shows that'the ¢onfiguration1at the anomeric carbon (C1') deter-

mines the sign of the optical rotation; The configuration at C2' influences

~the glycosidic angu]ar dependence of rotationaIVStrength ﬁore prdfOuﬁdly '

than that at C3* and cs'. These_results are in good agreément with expéri-
ments. The signs and magnitude of the caléulated-rotational strengths_aré
in good agreement with'experiment for the aﬁti-conformatioh 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-
tional strengths of the nuc]eosides'in_the poiynucleotide are very

different from those in solution.

Introductlon

. Many workers have measured the c1rcu1ar dichroism (CD) and optical
rotatory dispersion (ORD) of po1ynuc1eot1des, and have shown that optical
aetivity is an {mportant tool for conformationa1 assignments. Theories'
have been developed to faci]ifate‘the interpretation.of the spectra of

po]ynuc]eot1des.3 4

However, in these theories, the CD and ORD of the
monomer units themse]ves'have been ignored. Receht]y,»experimenta] and
eheoretlcal studies of the opt1ca1 activity and con.ormatlon of nucleo-

5-7 In part1cu1ar, an extended series of artlcles

sides have appeared.’
by D. W. Miles et al. have 1nvestlgated th]S problem in detail.

In the present communication we have used an 1mproved version of
Kirkwood polarizability theory to 1nc1ude>the presence of a classical
polarizability near a quantum systeme_ The>rotatiena1 strengths of mono-
nucleosides are ea]cu]ated'using.transition monopoles on the bases inter-
acting with polarizable bonds of thersugars.':We try tb examine the
calculations critically. _Thfee different sets of‘tkansition monopoles
have been emp]eyed with various degrees of success. TheAeffect of dif-

ferent values of bond po]arizabi]ity and variation of the positions of

furanosyl OH groups has a]so been examlned The ca]cu]ated rotational

strengths as a function of the g]ycos1d1c ang]e are in qualitative agree-

" ment with ca]culat1ons of Miles ggha]., using bond transltlon dlpoles on

the bases.

A
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Invthe next éection a detailed ces llptlon OT tne theoretical method
is given; in section:III we discuss.the numerical methods and the data
used, and in secLlon v we dcmon strate the ale.catlon of the theory to
the four mononucleosidas Tound in nucleic acids and to}varjous anomeric

isomers of adenosine and uridine.

IT. hcory
Rosenre]d cncracterlzed the opticael rot tlon by the rotational
X - ./' . \
strencuh for the ootlca] tran31t10n from 0 to A, ROA ImLkOA Megd -
Im denotes the imaginary part of a comp]ex number. K0A is the electric

dipole braW51t10n moment vector and 21p 1s the magnetic dipoie transition

moment vector defined as follows: '

RbA § <Olgjl A o - i F])'

- ', ) ‘ ‘ .
TAO ~ Zmc j & R X <A !P 0>+ 5 <A lmjiv o> . (@)

‘where Bj is the'vector distance’from an arbitrary origin to the origin of

group J; 43 is the electric dipole moment operator of group Jj; P. is the
o _ : oy _
linzar momentum operator of group J; m. is the magnetic moment ozerator
. ' . vJ -
of group j relative to the origin in group j. The origin is usually

i

selected to minimize the contribution of qj to rotational strengtn.

'c, e, m are the usual notations for speed of lignt, electronic chargs

“and electronic mass. The molecular wave;uwct1ons Tor states 0 and A are

{0> and [A>. Therefore, for an el ecur1ua11/ allowed, magneticai’,

bidden transition (<A ]ﬁJ} O? = 0) the expression for rotational sirencih
is Rin = (-mv /2¢ ) .;. R.. <0 Iyt A> x <A ly.l 0> (3
"0& “Y CA 173 ~1] i X3l ¥~ b

where VOA'iS the frequency of the transition and 5.. = R,-R..
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"It can be seen that the optical activity originates from the inter-

“action batween electric transition dipotles located asymmetrically with

respect to cne another. In eguation (3] we have resolved ROAvlnto Groups..
The obvious separatibn into groups'for mononucleosides would be to treat
the base as the mzjor chromophore andlthe furanose as an asymmetric sub-
vstituent. The furanoise is further subdivided into bonds. For a

ular transition 0 - A of the base, which is Tar removed in energy

]
U
-3
)
-t
(9}

from any transitions in the furancse, it is a good approximation to
replace the transition dipole from the bonds of the furanose by the

dipole that would be induced in a classical polarizability placed within

the transition field of the base.

L eff o .
CRjao TRy Ry | | | (4)

where %3 is the polarizability tensor of the jtn furanose bond and
eff . .. X g L o , .
Ej is the effective field at the jth bond due to the transition
0 - A. _
- N e  eff S R
fo evaluate the effective field L;  » one expands the molecular wave-
tunctions in a linear combination of atomic orbitals,
10> = & i |
10> Cos 15>

S
}A>=§(‘ : ls>

We obtain

eff _ Al g
N7 <Alrjl >
; . 1.
= x . 1 ) -~
VVJ‘ s%t Cas Cot RN |t | ()

The standard point monopole approximation sets

N L | -
<] =— |t> =6, — - (6)
Y‘j ST Y‘Sj :

where 6§ is the Kronecker s.



transition 0 - A. vr._ is a position vector from the J

base and hes ig.orﬂd the interacticn among the

e

Alternatively, one may treat wO;yA as a charge distribution and
. . 22 .~| .' Z » ef.l: . - ) EN Fagie . vl,\...({
do a mu?tipo;e expansion (j £.5'") about the center of the charge.

_ g 3 &3

The practical Timit in terms of computer programming on the CDC 6630
computer used-for our calculations is the octupole term, and convergence
s poor.  We abandoned this method in favor of the use of equation (¢).
Lig
.i

-ty

In the hopes of xncreascd accuracy we Ca]culaLed the integrals <s§
eff

in terms of Slater 2pw orbitals to obtain g . This_was_found to

make a negligible correction to rotationa] strengths; we therefore used

for a zero order gderf:
'-ﬁ'eff£2p'njs - I .
q. s s {rjs|3 R _ : (7)

CAS COS is the monopole charge of atom s due to the base
th

wier
EEQS
roup to the
aJs g P

$th monpole. By combining equations (3), (4) and {(7), we have an

expression for the rotational strength of transition 0 - A in the base
ot a nucleoside.  The base is represented by transition monopoles on

each atom and the furanose is approximated b/ bowd polarlzaullib1es.

. T VA4
= (- Z_OAy zox g .(

Roa = 2c CiAd s ps aid ¥ia0 % %u /]rJSI (8)

where R. . e di the ba . (s t
e Ri3 1s. the distance from bz se transition dipo]e ‘&1AO) Lo

‘bond j .in the furanose. This 1s the most commonly used expression Tor

calculating optical activity under conditions mentioned above. However,

this expression has only con<1dﬂwﬁd the aonopo]e field caused by the

furanose bord>.“This
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part,.the sugar bonds are muc h closer to each other than to the bease,

so each bond wﬁ]? feel the effect of the,induced dipo?es in all ctner

ey
i

—h

-

' e
bonds. - To include this effect we replaca £ by a more complete expras-

sijon
r. : : :
. eff _ . . r& is z . :
! = g F. = . s - 2 T I g
Kipo ~ &5 Rj R Ls o jrjsgd k Ajk - kKAO] (9)
where 7., = (1 - 3 2)’ 1 ) the dipole interaction tensor
" Ak T4 K Kgk/ Py N30

between points j and k.

These coupled Tinear equations can be solved for K500

v = 2 e )T e, Es Lis SN
RjAO ~ k W T Raljk "k s s o3 _ (10)
Substituting equation (10) in (3), we have the final expression for the

rotational strength with the furancss interaction treated sel¥ consistently.

T Vas - -

L. 0 i . LR 1 0 - = r
R 2c ' i#j k s s 513 A0 N RA gk Rk mks/

CA ~
For all calculations Roa was'eva1uated usirg-tranSitior monopcles only as
in equation (8) and also se?r consisten uly including the sugar Dond bond

1 induced dipole coupling as in ecuation (11).

ITI. Calculation

!

We consider each base to have two 7 - 7% transitions with maxima between

240 my and 280 mp. The transition frequency VOA is taken as the location
of the major exoer7 rental UV absorption maximum.

Cocordinates. 'The coordinates used in the computation are taken Trom

/! J) Speﬂ.cerH for the bases (Table I) and- Smf’arahngam and Jensen]2 for the
2'en Ti

c¢o ribose and 3'endo ribose. The coordinates for the o anomers were

[

5 nucleosides about the plane of C1',

<
T

obtained by reflection from that of
C2' and 0' of the furanose. The numbering system and the nomenclature for

the pentofuranoses is shown in Fig. 1.
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The conformation of the furancse has been suoject of debats.

Iy
o
fu
—
(]
j o
w
L
[eN
[

structures of nuc
ribose and 3'endo deoXyribose coérdinates are given in Tab?e ii. 'Cberd1-
nates o7 the other sugars were cbtained by interchﬁnging H and OR atoms
and changihg bend Tengths: 'In sc]utioé, the positions of the hydroxyl

uranose are not precisely known. In an effort to determine

Gy
3
(&)
£

4
wn
o
~h
t
=
(D
~{

the influence of CH p0>1t10ﬂ on R ps e have rotated the OH groups about

their individual CO axes for both adencsins and uridine. The eftect on

tha calculiated ROA is small; the shape of the curve when ROA is plotted
vs. the glycosidic angie (QC ) is not signifitant]y altered. Slignt

variation 1in magnitude of QO‘ is found when the OH at the C'2 position

e

s rctated; however, no noteiceabie change is observed in the case of

o
w
fu

s

[N
[ep]
(&3]

. This finding is consistent with our conclusion (Section 1V)

¢

about tne 1mportcnce ot configuration at C'2 position.

Glycosidic rotation. We have chosen the definition of glycosidic

1 \ o
rotation by Donohue and TrueoTOOq. ®  The sugar-base torsion angie goy

is detined as the anqle Tormed bv_the plane of the base and C]'-OT‘ bond

ad

ot the furanose ring when v1ewed along the C] -N bond. e is taken as
o} ARG

Zero whan C2 of the base 1s anti-plan ar to O] " Positive rotation is

clockwise rotat1on of C]'—O]‘ when cne looks from C]' to N. Donohue

o \ . s ' + o4
and Trueblood define "anti" conformation for ¢C! equal to -30° - 45°

o .
<0

syn for ¢C equal to +150° - 43 .

- () u
anda

Transition nonopo]es and dipoles. Three sets of monopoies for the

various transitions of the four bases were used in the computation. Ue
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Tabie II. Coordinates ‘of 2'endo ribose and 3’ endo deoxy ribose

0,000 0000 . 000
CL-0i51 - -0.16 L 0.74
I DO DR R it B 0,00
. -0.62 - . -0.58 . -1.25 .
L =026 - T 0:08 0 i-1.89 0
S 202 057 llu2s
H2 L -20800 . =1.09 0 -0.590
, 0008 es1.04 =123
H3 . 0.020- 7 o-2.33 ~2.02 .
63 L0053 .. -2.80 . -0.34
043 o048 -3.85 ¢ 0.4z
o 1Bl s -1.59 -0.85
81 . -z.65 0 -0.33 -
48 -tizs o -1.97
37 =0.73 =140
98 =214 22,36
95 L0044 23,00
.88 =115 -3.68
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N
e
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.08 E S-S A
.28 . =2.80
L6 o 22,867
00 T <2040
.37 -1.08
| 22,35 0 =0.70
020 - =126 -1.82
o .64 ©-0.80
.80 - -2.39
.09 ~2.04.
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usad” fioncpcles describad by 8”°n and those ca]cw?a' ed from sel?-
e meva LY - pen 18 o
consistent field with and without configuration interaction. ~ . [ne mono-

poles obtained from Sush were caicuiated oy -an SCF-LCAG-CI method cdone

by H. De Voe of National Institutes of Health. His method was that of
Viellard and Pullman (1963) extended to the excited states. The monc-

noles selected by Bush were not just the lowest energy transitions but
were chosen so that the transiticon moment directions were consistent

imental direct 1or>, or what were inferred to-'be the most

=
o
¢l
oy
D
>
-
(%)
FS
o

likely directions. Bush's procedure assumes the order of the excitec.

O
(o]
-1y
<<
149
(o
o
D
z 3
{‘.J
[V2]
[ ot
3
[0}
[an
f
=~
[e33
s}
[
=
ot
-t
O
3
3
(—.i
=3
(a3}
[Cp]
>
—t
«
f o
[oN
T
wn
oy
(D

were scalea t
transitions &are given in

es were calcul ated from the transition

menopoies placed on each nucleus ofvthe'base.‘ The point transition dincle
is assumed to be at the center of transition charge.of the base (Table IV).

Tne’éffect b; difrerent transition mondpoies and the use of a selrt
corsistent treatment of the furandse bond inﬁeractiOns is'showh in rig. 2.
One sees that the self consistent theory for induced dipoles in the sugar
Equafion })] c1ves very different resulis frdmvKuation“(S).} Hé.usé

Ecuation (11) for all the ca?ch]at10us discussed in this paper.

Poiarizabi]ities. Bond UO]GYTZabI]Tt1DS hove alwa/s been the subject

= b

he merits of different measurements of- oolar12aJ12ity

-
i
+

of controversy.

valuzta

heve Traguentiy been discussed, especially by users wanting to e
. oo 858,22 o L. PR ' T
ootical activity. Because of the uncertainties 1n the bonc pciariza-

bilities, the agreement between sxperiment and the result of any calculation
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Table IV. Data for transition moments

o Trans. enercy (ev) Exptl. trans. Calculated trans. Transition
: : - PR ey o .
_ . (a) .momept magnitude (b) center (k)
Basc - Monopoles Theory  Exptl. el Debye vector (eﬂ) ‘ X Y
Adenine Boy _ : ' ' -

' SCF/CT 4.8 h.77 0.813 3.90 +0.02 1 +0.81 7 ~ 1.24° 3.65
SCF - 5.2 , =014 17 -0.8 3 tro2 3.47
Busli/DeVoe 5.6 _ ' - -0.22 7 +0.78 0.96 3.10-

By o - :
SCF/CI 5.0 5.17 0.35 1.68 -0.14 --0.32 ] 1.21 3.26
SCF 5.5 ' _ - -0.34 9 0.08 7 - 1.41 .47
Bush/DeVoe : ' _ . ‘ R )
Guanine Boy : ' : ' 4
SCF/CI 4.3 4.47 0.514 2.46 +0.561 1 + 0.07 J 1.76 2.92
SCF 4.4 ' +0.501 +0.10 J 1.73  2.85
Bush/DeVoe 5.8 +0.22 1 +0.45 ] 0.3¢ 2.92
By o ) |
SCF/CI 5.1 4.94 0.806 3.87 -0.21 1 -0.78 ] 1.06 - 3.44
SCF 5.4 S40.08 7 - 0.80 ] 0.86  3.65
Bush/DeVee . 4.2 -0.80 7 +0.07 §  1.33  3.04
Uracil .~ Boy _ . o .
- SCF/CIL- 4.8 472 0.685 3.29 -0.09 1 - 0.68 j 0.76  2.94
scF 5.1 - ~0.06 1 - 0.68 ] 0.57 3.27
Bush/DeVoe ~ 5.2 . +0.056 1 + 0.68°] 0.80  3.01
| By | | | | . |
SCF/CI 5.4 5.17 - 0.247 1.16 - -0.081 -0.23 ] -0.50.  4.14
- SCF 5.5 - 40,041 -0.24 ]  -0.43  3.79
- Bush/DeVoe 6.3 -0.15 1 - 0.18 ] -1.29  2.52
Cytosine Boy) , » '
SCF/CI 40T 4.57 0.632 3.04 -0.62 i +0.09 -0.25 = 3.02
SCF 4.2 B -0.63 1 -0.00] -0.47 2.95
Bush/DeVoe 5.4 +0.18 1 +0.60 J  -0.22 3.64
Byy : _ o | _
~ SCF/CT 5.1 - - 5.17 0.549 S 2:63 0 -0.00 1 - 0.55] -0.62 -.3.49
SCF 5.3 _ ' : -0.11 1 - 0.54 ) -0.09  3.52
Bush/NeVoe 6.6 ‘ - +0.40 1+ 0.38 § 0.06 . 2.85

(a) Resolved from spectra of Pabst Laboratories. ' : _ ‘ _
(b) Transition mowent vectors are scaled to experimental wagnitude. 1, j are unit directional vectors

referring to X,Y axes defined in Table I. - ' '
(c) Coordinates are defined in Table 1.
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LEGAL NOTICE

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
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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