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Two types of (25') and (3-5') isomers of phosphonate analogs of diribonucleotides derived fr
2'-, 3- or 5-O-phosphonomethyl ribonucleosides, that differ in the position of methylene grouj
the phosphonate internucleotide linkage, have been studied in aqueous solution by NMR tech
in order to compare their basic structural features with those of the natugal @&ibonucleotides.
Despite the additional methylene group in the ribose—phosphate backbone, dinucleoside phospt
are structurally and conformationally very similar to their natural counterparts.
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During the past decade many intriguing modifications of the internucleotide linkag
oligonucleotides have been proposed, with the ultimate goal being to prepare
pounds with enhanced metabolic stability and cellular uptake, and with equal or k
hybridization properties (for review see BefVirtually all modifications of the inter-
nucleotide linkage preserve the number of atoms in the sugar—phosphate bacl
This conservation of isostericity is a common starting point in the design of a mod
internucleotide linkage. Surprisingly, very little attention has been devoted to an €
matically and chemically stable, isopolar, isosteric phosphonate bond as a pot
candidate for the internucleotide link&gealthough nucleotide analogs containing
CH, group instead of a'3or 5-oxygen atom have been known for more than
years*and even a crystal structure exists

A novel type of enzymatically stable, isopolar but nonisosteric nucleotide derivat
1, 2 and3a has been prepargdThese derivatives contain a methanephosphonic a
residue attached to either th'e, 8- or 5-hydroxyl group of the nucleoside by an ethe
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bond. Conservation of thé-bxygen atom in the molecule of the analog, and the po:s
bility of free rotation around the P-C-O bond, seems to be important for the intera
of these compounds with various enzymes (e.g., inhibitiori-ntiBleotidase and phos-
phomonoesteradeRNA-polymerasg uridine kinase of leukemic cellsetc.). In a pre-
vious NMR study® on monomethyl esters of-®-phosphonylmethyl ribonucleosides
3b, these compounds in solution were found to be conformationally similar to the
natural 5-nucleotides.
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4a, n=1, m=0;N;pc-N2 (2'-5) 5a, n=1, m=0; N1pc-N2 (3-5")
4b, n=0, m=1;N1pc-N2 (2'-5") 5b, n=0, m=1; N1pc-N2 (3-5)

On the basis of these results, two types'd¥ 2nd 3-5' isomers (Np.-N,4a 5a and
N;-pN, 4b, 5b) of phosphonate analogs of diribonucleotides, differing in the posit
of the methylene bridge in the modified internucleotide linkag€e(@)3CH,—P-035,
N;p-N,; O3(2)-P-CH-05, N;-pN,), have been synthesiZédSince these dimers
are extremely stable against cleavage by snake venom exonuclease and ribonuc
they could be also used as promising constructs in longer oligonucleotides, prov
that this nonisosteric but conformationally flexible block with P-C-O groupi
mimics the natural diribonucleotide unit.

The capability of base-stacking is essential to evaluate the prospective use of
nonisosteric units. Conformational analysis and comparison of structural features
smallest oligomers represented by dimers could help answer this question.
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The circular dichroism spectra of dipurine [R-R] (M (2'-5'), Ap~A (3'-5), A-pA
(3'-57), dipyrimidine [Y-Y] (Up-U (2-5'), Up:-U (3-5), Cp.-C (2-5'), Cp-C (3-5),
U-pU (2-5), U-p.U (3-5)), purine-pyrimidine [R-Y] (Ap-U (2-5'), Ap.-U (3-5'),
A-pU (2-5), A-p.U (3-5), G-pC (2-5), G-p.C (3-5)) and pyrimidine-purine [Y-R]
(Up-A (2'-5'), Up-A (3'-5'), U-pA (2'-5), C-pG (2-5), C-p.G (3-5')) phosphonate
analogs of diribonucleotides revealéthe strongest intramolecular base-stacking inte
actions for Ag-A (2'-5'), U-p.U (2-5), U-p.U (3-5), A-pU (3-5), G-pC (2-5),
G-p.C (3-5"), Up-A (2'-5') and U-pA (2'-5'). In this paper we present a comprehen
ive 'H NMR study and conformational analysis of these modified diribonucleoti
(exhibiting strongest base-stacking) in terms of pseudorotational parameters for t
bose rings and exocyclic backbone rotamers.

EXPERIMENTAL

IH NMR spectra were recorded at 500.13 MHz on a Bruker AM-500 spectrometer. All experimn
were run at 2FC. In order to minimize the residual HDO signal, the dinucleotides were lyophiliz
from deuterium oxide (Aldrich, 99.8% D) three times. The phosphate buffer, pH 7.2, containing O..
EDTA to remove paramagnetic ions, was lyophilized in the same way. The final lyophilized bu
pD 7.4, was dissolved in deuterium oxide (Aldrich, 99.95% D) to yieldsGstblution. Buffered solu-
tions of lyophilized dimers, with sodium disilapentanesulfonate added as an internal standard,
adjusted to a concentration of 0.05 mol/l. All manipulations of lyophilized dinucleotides and bt
were performed under a dry, inertjNatmosphere.

1H signal assignments were made based on chemical shifts, observed multiplicities, and de
ling experiments. Chemical shift§)(and spin-coupling constantg) (for the sugar protons of each
nucleotidyl unit were determined with an accuracy of 0.003 ppm and 0.1 Hz, respectively, by sp
simulation-iteration procedures using the LAOCOONS3 prodfarmefinitions of torsion angles and
conformational nomenclature conform to the IUPAC/IUB convention for nucleic ‘4éfds

RESULTS AND DISCUSSION

Assignments

Due to the presence of a methylene group in the modified internucleotide linkage,
protons of one nucleotidyl residue in each diribonucleotide exhibit scalar spindspi
interaction with the phosphorus nucleus. This fact, together with decoupling ex
ments, allowed unambiguous assignment of ribose proton signals for each nucle
unit. According to Remin and Shudéthe H3 and H5" proton signals were assigne
such tha®,s > 0,5, where H5refers to the protogaucheto H4 and O4 (y* confor-
mation). Unambiguous stereochemical assignments of the, P@kbn signals could
not be made; the lower field doublet of doublets (dd) is denoted agd®dthe higher
field as PCH.
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Chemical Shifts and Coupling Constants

The proton chemical shifts and coupling constants of the studied phosphonate ai
of diribonucleotides, refined by spectral simulation, are summarized in Table |
Table I, respectively. The chemical shift data show that, in all cases except for
dimers (IUPAC-IUB nomenclature, R = purine, Y = pyrimidine), the 'Ha@d H-3
protons of the 2 and 3-nucleotidyl units always resonate at lower field than the sa
protons in the Bnucleotidyl units. Also, the chemical shift difference between thé H
and H-5" proton signal\{s- = 05 — &g+) is greater in the'Enucleotidyl moieties than
in the 2- or 3-nucleotidyl moieties. The difference is smallest for &{2-5'). The
signals of the remaining ribose protons,’ ldhd H4, do not exhibit any discernable
trends. The resonances of the base protons of uridine residues in the uridine-u
dimers show a pronounced shift towards higher field when one uridine residue |
placed by the adenosine moiety, regardless of the type of internucleotide linkdgjed(2
(3'-5')) and the position of the methylene group in that linkage.

Interesting trends are also revealed for coupling constants of the ribose pr
(Table II). For each nucleotidyl unil, is smaller thad,, except for the 2adenosine
residue in the ApA (2'-5'). In Y-R and R-Y dimers, th&,.,, of purine nucleotides are
larger than that of pyrimidine nucleotides. On the other hand, the coupling cons
Jz4 exhibit the reverse relations in those dimers. Jhg are nearly constant (within
0.8 Hz) across the whole series. Similarly, no significant variations exist for &jther
Jgp Or J4p.The magnitude of scalar coupling of the Hpfoton to the H-5is smaller
than the magnitude of scalar coupling between il H-5" protons in all nucleotidyl
units, with an exception of the Af\ (2'-5') dimer, wherel,s andJ,s. are the same
within experimental errors for each adenosine residue, respectively.

Modified dinucleotides exhibitind,p or Jyp couplings exhibit neithed,p, Jgp Nor
Jsp @and vice versa, due to an extra methylene group in the internucleotide link
There are only two dinucleotides in the series showjpgJsp andJs. couplings. The
sumJsp + Jgip (' Jgp + Jgip) for the UR-A (2'-5") is much larger than for the A\
(2'-5'). However, the value of' for the latter dimer is the safdeas for natural ApA
(3'-5).

Conformations of Ribofuranose Rings

Conformations of the furanose rings can be elucidated by analyzing the vicinal c
ling constants of the ribose protodjsin terms of pseudorotation parametéf two

conformers undergoing interconversion and their relative populations in equilibri
One of the conformers belongs to tReegion and the other is from ti&region of the

pseudorotation pathway. Therefore, the experimental NMR coupling constants r
sent time-averaged couplings, that are related to the couplings of these two confc
(M3, 33;) and their relative populationXy, Xs) by the expressiof$
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expli = Xn N+ Xs 5 @

whereXy + Xg = 1.
Vicinal proton—proton coupling constadfsof the individual conformers can be expresse
as a function of the proton—proton dihedral angesising a Karplus equatiéh

Jj=Acog &, +Bcos®; +C (2

with®2'A = 10.0,B=-1.2,C = 0.
The torsion angleg in an approximately equilatelar 5-membered ring are determinec
the pseudorotational parametér$ phase angl® and puckering amplitude,,

1,=1,, cos(P + (i - 2149) , 6)

wherei =0, 1, 2, 3, 4.
The dihedral anglesp;, can be then related to the pseudorotational angles b
simple geometrical relatiofs

Py =Ty + 120
Pz =1,
gy =T5- 120 . @

Using Egs 1)—(4) all conformations for,, values between 35 and 4 1° steps and
all P values in 3 steps were computed. From such data base the possible fits of
between {,.» + J3,) andJ,y were searched and printed.

We also used the more complex treatment of Altona’s group which account:
differences in electronegativity of the substituents. The vicinal proton—proton couy
constantsJ; of the individual conformers are expressed as a function of the tor:
(dihedral) anglesb; with a generalized Karplus equatfon

Jj = Py cog @ + P, cos®y + Py + Z A, {P, + Ps cos ({,®; + Py 16Xk )} © (29)
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whereP,—Pg are empirically determined parametd?s= 13.24,P,= -0.91,P;=0,P,= 0.53,
Ps = —2.41,Pg = 15.5), ®; is the proton—proton torsion angle in a giverE+C-H
fragment, Ay, is the difference in the Huggins electronegativity between substitt
and hydrogen in the fragment, afd= +1 or —1 accounts for the orientation of th
substituent.

For B-p-ribofuranose systems, the torsion angkgsare related to the pseudorotatio
parameters, phase angeand puckering amplitude,, via equation®

®;, =123.3 + 1.102,, cos P — 144)
®,4 = 0.2 +1.09@,, cos(P)

Py, =-124.9 +1.095,, cos(P + 14%4) . (4a)

Equations 1), (2a) and @a) were used to deduce the pseudorotation parameters
PS N, 15, and the relative populatio, for the two state conformational model o
the furanose rings in the modified dinucleotides. As there are only three obser
coupling constantsl{,, J,4, J3,) t0 calculate five parameters, some constraints he
to be introduced in the calculation procedure. In the first step, an approximate val
the Xy was estimated using, + Xs = 1 and Eq.%) (ref?4).

XIXy = Jyz2lzy 5

The values oPN and PS were then calculated by an iterative least-squares comp
program starting fronPN = 18 andPS = 162, while the puckering amplitude and
5 (N = 15 = 36°) and the relative populatioky, were kept fixed. The justification of
the equalityt) andt$, has been discussed previod5R? The phase amplitudé®' = 18
andPS = 162 correspond to the puf& and?E pseudorotation conformations, respec
tively, which were used to describe conformational properties of the ribofuranose
in the natural (35') dinucleotide$”26 In the second step, thg andt$, were iterated
while the phase angld®' andPS and theX, were kept fixed at values determined i
the first step. Next, the phase angles andXfjewvere iterated while the puckering
amplitudes were kept constant. Then, the puckering amplitudes aXg there iterated
and the phase angles were kept constant. These last two steps were repeated
minimum in the root mean square difference between observed and calculated col
constants was reached.

The values of the pseudorotation parameters and the relative popubgticieser-
mined by both procedures are given in Table lll. Since the precision of the couj
constants ig£0.1 Hz, it is evident that the simplified metRbd largely sufficient to
describe the conformational equlibria of ribonucleotides and dinucleotides.
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The X\ values show that nearly all nucleotidyl units exist predominantly ilNttype
conformation. Only the g fragment of the U-gA (2'-5') and the Apfragment of the
Ap-A (2'-5') exhibit a preference for thetype conformation. For a given dimer, the
N-type conformer is more populated in thenbicleotide residue than in thé 2r 3-
nucleotide residue except for the UAp(2'-5") and the UpA (2'-5'). The nucleotidyl
units of natural (35') diribonucleotides are predominantly in tNeype conformation,
as shown by Danyluk et &:28

The puckering amplitudes and the phase angles do not show any characteristics com
all nucleotide units of the studied dimers with modified internucleotide linkages. Tl
are always some exceptions from the relations exhibited by the majority of the dir
However, all values of the puckering amplitudes are within the same range of 34
as found for thgd-p-furanoside fragments of natural nucleosides and nucle&tides

In the Ni-pN, type dimers interesting relations exist betwepnts, andPN of the
5-nucleotide fragments am, t5 andPN of the 2- or 3-nucleotide fragments. The
N-conformers of the 'Sfragments exhibit smaller phase angles thanNyts®nformers
of the 2- or 3-fragments. On the other hand, the phase angles @& to@formers do
not show any unique relation for those fragments. The puckering amplitiidasd
TS, retain the same relation as the phase arigffesnly for the N-p.N, dimers with
(3-5') linkage. Although in the Np.N,(2'-5') dimers the values of thg) andt$,
for the B-fragments can be bigger or smaller than the values of corresponding
ameters for the 'Xragments, botht) andt3, always exhibit the same relation in ¢
given dimer.

For the U-pA (2'-5') and the UgA (2'-5') there is a clear distinction between psel
dorotation parameters of the corresponding nucleotidyl fragments as evident from
in Table Ill. One can speculate that the conformational difference of these dimers i
to the different position of the methylene group in their interunit linkages.

Backbone Conformations

The backbone of the natural polynucleotide chain with Hae@Biosphodiester internucleotide
linkages is made up of a repeating unit of six bonds in the grl@BRC5-C4—-C3—-03—-R,;.
Its conformation is determined by the sets of six torsion atfes, B, v, 8, € andl
for each unit about the respective backbone bonds.aTaed( torsion angles cannot
be established from vicinal coupling constants.

By analogy we then define the backbone torsion angles for the diribonucleotides
phosphonate interunit linkages as indicated in Fig. 1. The convention introduce
Klyne and Prelogf for the signs of the torsion angles is strictly followed through t
paper. The definition of torsions angles allows for direct comparison of the backl
conformational properties of dimers with natural and modified interunit linkages.

Populations of three classical rotam@&fs3' andp for the torsion anglf(C4—-C5-0O5-P)
can be established from two proton—phosphorus vicinal coupling constanend

Collect. Czech. Chem. Commun. (Vol. 62) (1997)



Conformational Studies 93

Jo.p. Several parameterizations of the Karplus equation have been prép&Sed the
H-C-O-P fragment. In this work, the parameterization of Mooren ¥tvads used,
leading to thdrans proton—phosphorus coupling,= 23.0 Hz, and thgaucheproton—

phosphorus coupling, = 2.5 Hz. The rotamer populatiofs, B, B~ were then calcu-
latec?* from Egs 6)

B"=(Jsp — I/ — Iy
B'=((+ Iy — Usp+ Igp))(J = Jy)

B_ = (JS’P - Jg)/(‘]t - Jg) (6)

HO} a
B2 %ﬁ B B2
o 0 0
HO OH HO OH
5a 5b
N1pc-N2 (3'-5) N1pc-N2 (3'-5)

' HO[ | «
ST e : e g :
, 2 2
HO ~"0o o o 0
HO OH HO OH
4a 4b
N1pc-N2 (2'-5') N1pc-N2 (2'-5)

Fic. 1
Definition of the backbone torsion anglesa’, 3, y, 8, &, €, €', { and{' for dimers Np-N, and N-p.N,
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and the values are given in Table IV. It is obvious from EBj¢h@at calculated values
of the B! do not depend on the assignment of 'HaBd H-5" signals. Both the U#
(2'-5') and the UpA (2'-5') exhibit a high preference for tifgé conformation. For the
latter, population ofdtis even higher (+4%) than for the natural UpA dimer, while f
the former, it is slightly lower (-=3%) in comparison to the natural UpA2fjef.
Magnitudes of the long-range coupling constdypt provide information about the
conformational distribution simultaneously around botH—-C& and C4-C5 bonds.
Inspection of a Dreiding model reveals that simultaneous existeriedy" confor-
mations leads to the plan@f-conformation of the fragment H4C4-C5-0O5-P. This
conformation correspongfto maximumJd,, of 2.7 Hz, which is very close to oljp
values 2.5 Hz for the J9.-N, type dimers (Table II). However, Altoffaand Sarma et &F
have determined for th&/-conformation thel,p values of 3.3 Hz and 2.8 Hz, respectively
Populations of/*, y* andy- conformers about the G435 bond were calculated from
vicinal coupling constant3,s andJ,s. using Eqs ) with atrans proton—proton coup-
ling constart®J, of 11.5 Hz and gaucheproton—proton coupling constaifof 1.8 Hz.

V"= @+ Jg) — s + Jag )= Jy)
V= (Oas — 3l - Jy)
Y =g — 3G - ) - @)

The values for all nucleotidyl units are given in Table IV. The data reveal that, ir
dimers there is a distinct preference for fieonformation. The degree of preferenc
is higher for the 5fragments than for'2or 3-fragments except in Y-R dimers. In Y-Y
and R-Y dimers both isomers'{®) and (3-5') exhibit almost the samg population.
With exception of the ApA (2'-5') dimer, populations of thg" rotamer in diribonucleo-
tides with modified phosphonate linkages are lower than correspoydpapulations
in the natural diribonucleotid&s?5-

Backbone torsion angles(O3-C3-C4-C5) andd' (02-C2-C3-C4) are related
to phase angl® and puckering amplitude, by Eq. )

6 = 120.6 + 1.1, cos P + 145.2)
o' = 119.8 + 1.08,, cos P) ®)
or using simple geometrical relations they can be expresst&@sga)

5=120 -1,

& =120 +1, . (8a)
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The values ob andd' were calculated for botN conformer ands conformer of each
corresponding nucleotidyl unit and are also given in Table IV.

Conformational properties about the'@33 and C2-02 bonds of the respective
isomers can be deduced from the magnitudeloandJ,p, respectively. It is obvious
that only limited information about conformations around these bonds can be gained
the respective coupling constants. The Karplus equitionthe fragment H-C—O-P
affords, in principle, a pair of the dihedral angis,; for each constani;, andJ,p,
respectively, corresponding to the backbone torsion asgesle’, respectively. How-
ever, X-ray crystal structure investigations of the & 2-nucleotide$’*7*8do not
show the presence of the# rotamer, while thee™ rotamer has been found about th
C2-02 bond®. Theoretical calculations on the natural diribonucleotides or the pc
nucleotide$”*%*3do not support the existence of teerotamer either. A two state
conformational model around the backboneé-C8 bond was proposétiwith non-
conventional rotamers (¢ = 210) ande™ (€ = 330°). It is reasonable to assume that tf
€ rotamer does not occur in either® or 3-5' isomers of diribonucleotides with the
phosphonate interunit linkages. Using the generalized Karplus equation for prc
phosphorus coupling constatisthe values of the observeldp and J,p constants
(Table 1) yield a value of the = 216, corresponding to virtual exclusiwe of the
phosphate groups. We therefore conclude that these diribonucleoside phosphona
sume a nearly pung conformation for both the ande’' angles, as has been observe
for natural dinucleoside phosphates+4

Base Stacking

A method for the calculation of the fractions of base-stacked forms of the natesgl (-
diribonucleoside monophosphates using ribdsg and J;, coupling constants has
been proposed by Altoffa The method is based upon two assumptions. First, the ri
furanose rings of both’3and 3-nucleotidyl fragments exhibit a preference for th
N-type conformations. Second, in unstacked forms the transmission of conforma
between 3 and 5-fragments is relatively insignificant.

The conformational transmission is certainly even less important in unstacked fi
of diribonucleotides with both (&') and (2-5') phosphonate interunit linkages. Xg
data in Table Il reveal, nucleotidyl units of all dimers except.U-(2'-5') and A-pA
(2'-5') show a preference for tiétype conformers. For dimers with both nucleotidy
fragments exhibiting a preference for tdaype conformations, the fraction of the bas
stacking pg) was then calculatéd**from the experimental coupling constants for th
nucleotidyl fragments of dimers and the corresponding monéiérd45 The pE)
values obtained by this method for the &nd 3-bound nucleoside show, however
such large spread that their values do not provide credible results, although they
cate considerable stacking. We have therefore not included them in this paper.
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CONCLUSIONS

The introduction of an additional GHyroup in the sugar—phosphate backbone of t
dinucleoside phosphates changes little its conformation. This appears to be indepe
of the position of the methylene group, i.e., on tHe 2- or 5-side. The resistance of
the studied type of phosphonate linkage to various nucleases along with the fac
conformational properties appear to be greatly similar to those of dinucleoside
phosphates make these analogs suitable candidates for further use in oligonucl
chemistry.

One of us (J. Z.) thanks the Federation of European Biochemical Societies (FEBS) for the fin:
support during his work on this project at CEA de Saclay, France.
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