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1 Eﬁﬁudgiéﬁun

We have studied recently with quantum-mechanical

methods the confmmanonal properties of the constit-
uents of the nucleic ac;ds _The studies involved in par-
ticutar the ‘problem of the torsion about the glycosyl -
bond hmcmg the base with the sugar [I——B} and about
the exoeyclic C(4 )NC(S ) bond of the sugar {4].
Althouah catried out in g,enerai for nucleosides, the
results were considered as representative of the situa- -
tion in bath nucleosides and nucleotides. Their com-
panson wnth the expenmenta! data, in crystals and in

soiutmn canﬁtmed the overall vaiz:ilty of the cak:uia* .

,tmas
" The gresem note is deveted te a more expkc;t in-
vestigation of the mnmrmauoml properties of nucleo-
_tides. The interest for such an exploratmn sterns at
least in part from a recent proposal of Sundamimgam
157 ‘that the nucleotides are Lonformatwnally far
-miore “rigid” than the nucleosides. In “particular, fol-
Iowmg this. auihor in contrast to nucleosides which -
may exist in the syn and anti conformations about
the glycosyl bond, nucleotides exhibit only the anti
conformatmn Also, whereas the three possible stag-
i gf:reé ccnmrmatmﬁs gaucize—‘ggzss}ze {ge), gauche—
- trans (gt) and trans—gauche (1g) about the C(4)-C(5")
_bond' are observed for nucieosides, the 5 ~nuuleotndes ,
- exhibit cmly the gg conformer. = o
Sundaralmgam s concept is based enmely on the
survey. of X-ray crystaliographic results. it apparently
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is valid for the situation in crystals although we may
quute the interesting: recent finding that 6-azauridine-
5'-phosphoric acid exists m the gt conformation in the
crystal [6]. Anyway, the question may be raised
whether this rigidity of the crystal conformations of

“nucleotides represents their genuine, intrinsic proper-

ty, which would then imply a fundamental difference
with respect to nucleosides, or whiether it is brought

‘zbout by a particular influence of the packing forces.

The theoretical ;ésislts obtained previously for nucleo-
sides and which indicated the predominance for ail of
them of the gg conformation (with the g7 and 1g,

“however, sometimes not much less stabie) but a large

possibility of occurrence of both the ansi and syn con-
formations and the rapid examination of nucleotide

_ models suggest that it is this last possibility which is

probable. The present calculations were undertaken
in view of a deeper investigation of this question.

2. Method and defm_ﬁtiﬂm

- The method utilized is, as in our previous studies
on nucleosides, the all-valence electrons molecular or-
bital PCILO (perfurbatiw couafiguration interaction
using iocahzed orbitals) method. The conventions and
notations are essentially those of Sundaralingam [7].
The different torsion angies o be considered in pu-
rine nucleotides are: ' : '
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,‘(cu = 0(* )mC{l ) N(9)-C(8) RPN
Leay- oy = CEU-C)-OY )—B&? Y
Fe@y-03) = K3 3~»6(3’i~ﬁf63’3
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2 for ﬁfP plmsp}w e graﬁg irt &ze 5 pﬁsrtmn

Fesy-0e) = S6F ?—*—'*‘5 }”Gf57f
Pisy—p = €05 )—P—Oyp |

‘;7? Oﬂi 8{3 ) ?“"Olu -—‘H(O!n}

‘with obvious anaiogeus notaticns for the phosphates
in positions 2" and 3.

The zero values of the angles gorrespond to the cis-

planar arrangements of the terminal bonds and the

torsions are counted positively in the clockwise ditec- -

tion. The an#i and syn regtons are defined by -
XCN =0"+90° and Xen = 180° *£90°, respectively. :
~For zeassms which will become oimmts from the
discussion we have performed our computatmns on .
the examples of guanosine-S’ and 2’ monophosphates»
For guanosine-5 -phOSphdte we have utilized as input
dnta the geometry of the crystal structure; mvolvmg
a C(3"yendo sugar {B] . For its C(2° Jendo variety we
have adopted for the ribose the geometry from the

crystal of inosine-5"-phosphate 9] . For guanosine-2'-

phmsphate the geometry of the ribose and phosphate
groups were taken from the structure of adenosme—Z -
phospnﬂte {10}.

We have performed our co'nputatmﬂs by tdkmg
into account in each case snmultaneously four degrees

of freedom: the rotation Xy about the glycesyl
omd and the rotations ®¢esy_o¢s'); Pocsy-p 2nd
Pp_ gy 0 the phosphate group. On the other hand’
the @cqry_c¢s7) rotation was prefixed in the gg posi-
tion, because previous c,omputatmns including a de- -
tailed one for guanosine-5"-phosphate [4] have dem-
onstrated this to be the preferred conformation in-all
cases studied. Our study will thus center essentially
about the nigidity or flexibility of the cenformalwng
about the g Olywsyl b*aad : :
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CFig. L. Ccnformanonal energy map for mmuon ahou: the
" glycosyl bond in guanosine-5-phosphate, C(3’ )-Cndo ge.
fu!! curve: results for lbc(v) -Q(2Yy”" 180° ¢C(5 -5y
= 18647, ‘90{5 - P—-'lﬁ@ and *i)? Ol = G ﬂashcd CALIve:

results for C¢(y)_ 0(3 } = 180", ¢ 5 ) 0(5 ) = 2407,
P—»Ogu" 607

Results ;md diswésioﬁ

- 30 Guarosme 5 wphasphate, C{3 endo

The types of energy variations obtained by the

i s:mulfaneous rotations about ‘the four abnve-men-

Auoncd bonds may be illustrated and summarazeé by
the two type* of conformational energy curves shown
in fig. 1. The full curve corresponds to the possxbnhty

. of formaticn of a ‘hydrogen-bond between the O—H
bond of the phosphate and the N(3) atom of the base,

the dashed curve to a sxtuau«m in which such a bond
is impossible. It is seen that in the first case there is a

© deep energy minimum at Xy = 180° cormspondmg

to the pxedoxmnan ce of a syn conformation. The sec:

‘ond case corresponds on the contrary to the preferen-

tial existence of thé molecule in an anti couformation

~ (minimum at X¢y = 30° }w;th never!heless a secoud—

ary mmxmum at XCN = 180 .

32, Gz::mosm:e—S —~pizospkate 6{2 )—em!o

The situation is very similar t6 the one descnbed

_ :ibove with small differences oniy in the depths and

exact locations of the energy minima. We shall
therefore not reproduce the figures here, but they '
may be obtained upon request, © :

On the other hand in this case, there cou!d bc a

,possabie influence of the rotation about -he *-

C(2)—O(2'} bond, through the interaction of the 5

: {1{2 y—% bond Wlﬂ'i N(.)} of the base {3}‘ 'E‘he
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Fig. 2. Conformationaul energy map for rotation about the giy- )

cosyl | bond in guanosine-2 -phosphate, C(3')-endo, gg, |

v0(2)-0(2'y T 1007, Poexy_p = ~60°, Pp_gyyy = 607 Ful
curve: Q’C(S) 0(5) 6(} (iashed curve: (DC(S) —0(5) -

‘“180

computatmns were therefore performed for the vaiues .

dein_oah = = 1807, prohibiting such an interaction
and Bay_aqzy = 607 favoring such an interaction.

The influence of this rotation is negligibie for the gen-

eral ouﬂook of the results, the favorable orientation
bringing about only small stdblhzatnon of the anrti
torm, o ’

a.SQG;zatzésf;te- I _phospahte, C{3'yendo

For this nucicctide we have to investigate besides
the four torsions Xen . Pz 02’y @0(, y—p and -
fcbp Om ‘the torsion about C(57)—-0(5") because of
the possibility of hydrogen-bonding between O(5)—H
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Fig.. 3 Cunformatmnal encrgy map tor miaucm aboui the g!yv
. cosy; bond in guanosme-Z -phosphate, C(3 y-endo, gg, -
o) oy = 807, Coczy_p =07, Pp_gyy 7 607 Full

Lurve: ‘ﬁc(ﬁ ) Q(_.S. ! = G0, dashed cuyve: ‘E)C(i \*"Q‘;ﬁ 3 = 130 -

360w,

Fig. 4. Conformational nerey map for rotation about ﬂte
glycosyl bond in suanosine-2 -phosphate. C(2)-endo, e

‘Iﬁc(z) 0(2) = {20° ‘1’0(1' P~ = _120°, s p O =~ 60
Full curve: rbc 5 )— 0(5 Y= £0°; dashed curve

(‘)C(S)OS) 80.

and N(3) of the base [3]. This was done by comput-

ing the quadruple rotations for the two preselected

values: ®¢s51y_ (57 = 1807 proaibiting sucha bond

and Pesy_oisy = 60° favoring such a bond.

Figs. 2 and 3 arc representative of the results ob-
tained. Fig. 2 corresponds to the possibility of inter-
action between the phosphate group through its
Oyq;—H bond and Nj of the base and fig. 3 to the ab-

_senc= of such a possibility. Moreover on each figure

the: full curve corresponds to the possibility of hydro-
gen bonding between O(5")—H and Nj of the base and
the dashied curve to the absence of this possibility.

The closa smutarzty of the two figures is a clear i in-
dication of the negligible role played by the possibil-
ity of interactions between the phosphate and the base.
On the other hand the interaction between the
O(5’)-—H bond and the base has a decisive influence
on X - When this interaction is possitle, the results
indicate a global energy minimum at Xon = 180°,
thus assaciated with a syn conformation, followed by
a secondary energy minimum at Xen = =0° {ani).
When this interaction is prevemt.d the global energy
minimum occurs at ¢y = 0° and the whoie syn re-
gion is highly unstable.

34. Gzamosme -plmsp!za:e CQ2Yendo
The overall results are similar to those obtained

for the C(3")-endo pucker of the sugar, but the de-

tails are different. They are presented in figs. 4 and
S which , by now, are self-expianatory.
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VFw- 5. Confoxmatxonai eve—gy map tor guanosnne-z -phos— ;
phate C{2yendo, gz. ‘I’C(') y— -0 )“ ;20 ¢'0(2 )— 180
’hP OII[=_6O - Futi "une ‘!.PC(D ) 0(5 ) = 60 dashed o
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3.5, Gzc&nosme 3 -p}zosp}mfe :

No compumtmns have been c:uned out for thxs
isomer. It is obvious that a phosphate in the 3" posi-
tion cannot have any direct ef! fect on the tors:ons

considered here and that the compound will thus be-
have, from that point of view, similatly to the ﬁucieo-

‘side, for which previous: cakulatmns 31 show the
possibility of a syn conformation when the interac-
tmn of O(5 )—H with the base 15 parmltted

4. General discussion and conclusions

The preceding results show that considered iso-
lated and unhindered i by envi ronmental fac.iors, nu-

cleotides are not expected to show the type of con-.

formational rigidity postula{ed by Sundamlmgam, on
the basis of crvstal studies, to be their coqstant char-

acteristic. In pamcular while the predommance of the

.gg conformation although not its exclusiveness may
be admitted in their case, the predominance of the

Sya Or unti coziformatzans depends on the p()ssxblhty

or impossszhfv of interaction between the' base’and
thie S"-phosphate group or, in its absence, the } ’
O(5")—H bond of the exozyclic C P2OH group, the
interaction between the base and the 2'-phosphate -

group of the O(2')~H bond being of rauch less signif- - =

icance. In the case of 2 complete freedom the syn- -
confc}rmatxon appedrs genera!ly as mtrmsncahy the

most stable one so that the predommance of theanti =

Lonformancn observed in the crystat must be j'

'2_34 |

';bond to occur. e :
Under these cnrcumstances lt may he expectcd thatf
S dlfferent condmons, m pamcuﬂar when the envi-

S mnmenta! forces are fess- pmnounced than in the

- crystaf ‘conformations d:fferen.. from those observed
. in'the: crystal and correspondmg closer to tl’e intrin- -
sic. prefeirencea of the free nucleotides may be ob-.

V:-;erved Some of the very recem. results on_ the con- -

' formation of nuc!cotndes in soﬁutmn seem'to conﬁrm

. this viewpoint. Thus, whilé adenosine-, ’thymxdxm_-
uridine- and \,yudme-s -monophospmtes are consid- -
ered, by NMRE techniques to exist essentmlly in the
. anti form in solution {11 ~15], studies by nuclear :

' ;',»merhause:‘effeu indicate that guanosine-3",-3", and

2 monophosphates exist in solution predommdmly

( SO——SG%) in the syn conformation {16]. A syn con-

' formation is also proposed on the basis of circular

“dichroism studies for guanosme in guanylyl- 35 -uri:
dine (GpU) [17}. A preferred syn conformation has

" also been established by NMR studies for oxzchzed -
pyridine 5 -m(monucleonde in solution [18] .

Thus both thcoretlca! and experimental data seem

to indicate that the intrinsic conformational rigidity

* (or flexibitity) of a nucleotide may not be considered
‘as fu&damemally dtffercnt from that of the corre-
sponding nucleosxée This fi nding does not diminish
the value of Sundaralmgam s concept of the confor-
mational rigidity of nucleotides in crystals and in
polynucleotxdes (see also {1 5] )-the int:ractions lead-
ing to syn conformations being in the iater further

- ‘resmcted by 1he structure of the backbone
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