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ABSTRACT

A general procedure is described to treat the pseudorotation of the fura-
nose ring in terms of a three-state conformational equilibrium. In addition
to the principal n (C3'-endo) and s (C2'-endo) puckering domains, the un-
usual e (01'-endo) intermediate is included in the analysis. Each of these
three conformational categories is represented by a blend of five closely
related puckered forms rather than by a single rotational isomeric state.
Using this model together with experimentally measured nmr coupling con-
stants, the puckering populations of various nucleic acid analogs are esti-
mated. The conventional two-state n/s equilibria is confirmed in ordinary
ribose and deoxyribose systems. The e domain, however, is found to be of
major importance in several chemically modified furanoses including certain
pyrimidine deoxynucleosides damaged by radiation and various nucleosides and
nucleotides forced by bulky substituents on the base into unusual syn gly-
cosyl arrangements. The "free" pseudorotation of these modified systems is
not detected by conventional two-state puckering analyses.

INTRODUCTION

Comparisons of potential energy with experimental data!l clearly demon-
strate that the pseudorotation of ribose and deoxyribose is not "free" as
recently suggested.? X-ray,3 6 nmr,’~9 and potential energy?:10-15 studies
indicate that the motion of the furanose is confined to only a small portion
of the theoretically available pseudorotation space. The majority of X-ray
structures fall into two distinct categories of puckering (n or C3'-endo and
s or C2'-endo described by pseudorotation phase angles P of approximately O
and 1 radians, tespectivelyl). In both domains (illustrated for a model
ribose in Fig. 1) the amplitude of puckering Tn remains constant at approx-
imately 40°.5 The X-ray data and computed potential energies additionally
reveal that the pentose oscillates between these two preferred states via
only one of the two theoretically possible intermediate forms (cf. Fig. 1).
While the unusual e-puckered intermediate with P ~ /2 radians occurs in at
least 9 different furanose crystal structures,ls'a“ there are no solid-state
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Figure 1
Principal categories of ring puckering on the pathway of furanose pseudo-

rotation of a model ribose (without protons). Each of the domains is de-
scribed by a blend of five discrete states separated by phase angle P
increments of 0.1m radians. To emphasize the continuity of pseudorotational
motions, states representative of each domain are superimposed in a common
reference frame. The median structures of the four ranges (n, e, s, w) are
located respectively at P = 0, /2, w, and 37/2 radians. Atomic designations
are: solid spheres = carbon, open spheres = oxygen, stippled spheres =
nitrogen.

examples (in appropriate ribose or deoxyribose analogs) of the w-puckered
form where P ~ 3n/2 radians. The sterically hindered w state entails exces-
sive energies in all potential energy surfaces reported to date,2,10-15

The less encumbered e pucker apparently predominates only in chemically mod-
ified furanose systems. With the exception of one structure,17 the X-ray
examples of e puckering involve either unusual bases,16,18,20,22-24 g)¢ered
exocyclic substituents,2?l or transition metal complexation.l® 1In addition,
five out of seven of the e-puckered compounds entail a deoxyribose
sugar.16a17:2°"2“ According to potential energy studies that best reproduce
nmr coupling constants of ordinary ribonucleosides and -nucleotides,1 the

potential barrier of the e-puckered ring lies between 2.5 and 5.0 kcal/mole.
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The replacement of the 2'-hydroxyl of ribose by hydrogen in deoxyribose
lowers the barrier slightly to the 1.5-3.0 kcal/mole range. In both ribose
and deoxyribose the magnitude of the pseudorotation barrier is great enough
to suppress significant occurrences of intermediate forms. The conforma-
tional transition between n and s puckerings, however, is somewhat easier
for deoxyribose than for ribose.

The relative importance of the n, e, and s ranges of pentose pseudorota-
tion in solution can be estimated by a direct analysis of measured coupling
constants. All previous treatments of the furanose nmr data have been inter-
preted in terms of an equilibrium of n and s states only.7'9 According to
these studies, the n and s conformers are equally favored in ribose while the
s form is predominant in deoxyribose. It has been recently suggested, how-
ever, that the intermediate e puckering may assume some importance in the
solution behavior of certain nucleosides and nucleotides involving unusual
bases and modified substituents.?l,22 1Indeed, the set of nmr coupling con-
stants associated with the unusual nucleoside, 5-iodo-5'-amino-2',5'-di-
deoxyuridine (5I-5'NHs-dU), is described almost as well by a 25:20:55
equilibrium mixture of rigid n, e, and s conformers as by a 36:64 blend of
the n and s rotational isomeric states alome.?! Such a three-state model is
consistent, in addition, with the nmr properties of 5-hydroxymethyl-2'-deoxy-
uridine (5-CH2OH-dU).22

In this brief report we outline a general treatment of furanose pseudoro-
tation in terms of a three-state conformational equilibrium. We represent
each of the three major conformational categories (n, e, and s) by a blend
of closely related puckered forms (illustrated in Fig. 1) rather than by a
single rotational isomeric state. This averaged rotational picture accounts
more satisfactorily for the local flexibility of the pentose suggested by
(1) the range of puckerings noted in the X-ray crystallographic examples,3-6
(2) the magnitudes of nmr parameters of allegedly rigid structures (e.g., the
3'-5'-cyclic nucleotide monophosphates),?5~27 and (3) the broad minima of the
published pseudorotation potential eﬂerg:l.es.z'm’15 Using this model togeth-
er with experimentally measured coupling constants, we estimate the popula-
tions of the three principal puckerings in various furanose systems. We re-
late the various coupling constants to the local conformation of the sugar
using a combination of Karplus-like r:elat::l.onsh:l.ps7’'9v28 and molecular orbital
theory predictions.2% Our numerical results describing ribose and deoxyri-
bose differ slightly from fractional populations reported previously in ro-

tational isomeric state computations.’~9 Our data, however, confirm the con-
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ventional two-state n/s interpretation of sugar puckering in normal polynu-
cleotides. The study additionally reveals several chemically mddified fura-
nose systems where the e conformation assumes major importance. These sys-
tems include pyrimidine deoxynucleosides damaged either by ionizing radia-
tions to 5,6-dihydro derivatives or by UV radiation to photodimers as well as
various systems (both ribose and deoxyribose, purine and pyrimidine, nucleo-
sides and nucleotides) forced by bulky substituents on the base into unusual
syn glycosyl arrangements. The unusual (e-type) puckering preferences of
these systems escapes detection in conventional two-state analyses of pen-

tose pseudorotation.

METHODS AND RESULTS

The relative populations of the n, e, and s quadrants of pseudorotation

may be computed on the basis of two equations of the form
JOBS = oan + oeJe + chs (1)

that relate two experimental coupling constants J to the fractional popu-

OBS
lations of the three domains (oq, q = n, e, or 8) and the respective mean
couplings expected for the domains (Jq, q = n, e, or 8) together with the
equation

1= o + S + LA (2)

that accounts for the total population of puckered states. The regional J's
appearing in Eq. 1 are evaluated here from published Karplus-like and molec-
ular orbital variationsl»>7»9528 of J with P at increments of 0.lw radians in
P over the specified quadrants. For simplicity, the five states chosen with-
in each pseudorotation range (cf. Fig. 1) are assigned equal weighting in the
computation of Jq. Values of Jq computed in this manner are listed in Table
1 for all three-bond proton couplings in ribose and deoxyribose. Also re-
ported in Table 1 are the mean experimental couplings JOBS of these two
sugars.

Pseudorotation populations consistent with the observed coupling con-
stants of ribose and deoxyribose systems are listed in Table 2. Values of
oq are obtained using Eqs. 1 and 2 for all possible pairwise combinations of

the measured coupling constants (i.e., J Experimental data not employed

).
OBS
in each application of Eq. 1 are compared with coupling constant values JP
predicted by the resultant set of oq. The JP are obtained with Eq. 1 using
the computed aq together with the relevant Jq from Table 1. The extent to

which these predictions deviate from observed data is reported in the AJ
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Table 1. Conformationally-weighted regional coupling constants

Constants Experimental Regional value, Hz
value, Hz n e s
Ribose
J1'2' 4.5 0.2 6.8 9.0
32,3, 5.2 4.9 7.9 5.5
J3,4, 5.0 9.3 7.1 0.1
Deoxyribose
J1'2' 7.4 0.3 7.8 10.0
J1'2" 6.5 7.7 8.3 6.2
J2,3, 6.5 7.0 10.3 6.3
Jz,,3, 3.3 11.3 4.8 1.1
J3,4, 3.1 9.3 7.1 0.1

columns of Table 2, where AJ = The AJ values are a measure of the

Jp~Joms*
reliability of the computed pseudorotation populations (oq).

Ribose. As evident from Table 2, the computed population distributions
depend dramatically upon the pair of experimental parameters utilized in Eq.
1. For ribose the value of LA approximately equals zero when the computation
is based on either the J1'2'/J2'3' or the J2,3,/J3,4. experimental pairs;
the probability of the same domain, however, increases to 0.04 when the
J1,2,/J3,4, pair is utilized. All three population distributions satisfac-
torily reproduce the observed coupling constants. The value of J2.3. com-
puted on the basis of the J1.2./J3,4. result (on = 0.50, o, = 0.04, o, =
0.46) deviates only 0.1 Hz from the observed data. The J1'2' and J3,4.
values computed on the basis of the two other ribose distributions vary just
0.2 Hz from the experimental values. The very low values of % reported in
Table 2 confirm the conventional interpretation of ribose pseudorotation as
a two-state equilibrium of n and s puckering. Best fit to the mean ribose

coupling constants comes from an approximately 50:50 distribution of our
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Table 2. Three-state pseudorotation analysis

Deviations from experiment in Hz Populations
AJ1,2, AJ1'2" AJ2,3, AJZ"3' AJ3,4, % % %
Ribose*
r* r -0.2 0.51 0.0 0.49
r 0.1 T 0.50 0.04 0.46
-0.2 r r 0.53 0.01 0.46
Deoxyribose#
T T -0.2 0.5 -0.8 0.28 -0.06 0.78
r 0.1 r 0.5 -0.5 0.27 0.0 0.73
r -0.6 -1.5 r ~2.4 0.36 -0.39 1.03
r 0.3 0.4 0.7 r 0.24 0.11 0.65
0.9 r r -0.4 -1.3 0.17 0.02 0.81
0.5 r -0.1 r -1.1 0.22 -0.01 0.79
-1.6 T -0.7 1.9 T 0.48 -0.20 0.72
0.5 0.0 r T -1.0 0.21 0.01 0.78
-0.6 0.2 r 1.2 r 0.33 0.0 0.67
0.9 0.5 1.0 r r 0.12 0.27 0.61

+

;See Table 1 for mean experimental coupling constants.

The populations are determined on the basis of pairs of reference experi-
mental coupling constants denoted by r.

flexible n and s states. The known *1.5 Hz variations of J1'2' and J3.4, in
ribosel>7~9 affect the computed proportions of n and s states but do not
alter the population of the e domain. As J1'2' and J3,4, vary between 3.0
and 6.0 Hz and between 6.5 and 3.5 Hz, respectively, the n/s ratio varies
between 30:70 and 70:30 with %, always less than 0.01.

Deoxyribose. Regardless of the pair of experimental coupling constants
utilized, the computed distribution of pseudorotation states in deoxyribose

is biased toward the s domain. According to Table 2, LA is never smaller
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than 0.61. In nine of ten cases examined, the % parameter is greater than
Ogr The value of Oos however, is seen to range from the relatively large
value of 0.27 to the unrealistic value of ~0.39 in the various computations.
The most reliable fit of the experimental data is obtained from the computa-
tion based on the J1’2'/J2’3' experimental data. The J1'2"’ J2"3” and
33.4. coupling constants computed on the basis of this distribution (on =
0.27, 0p = 0.0, o, = 0.73) are all within 0.5 Hz of observed values. The
deoxyribose data can also be fit within 0.7 Hz by the J1'2'/J3'4' analysis
where o, = 0.24, Oy = 0.11, and oy = 0.65. In view of the somewhat larger
values of % found in deoxyribose compared to ribose, the potential barrier
to pseudorotation is clearly lowered upon removal of the 2'-hydroxyl group.
The barrier, however, is not low enough to permit free pseudorotational mo-
tions. Unfortunately, the precise magnitudes of the energy barriers cannot
be deduced from the computed statistical weights in Table 2. The % values
based upon the ribose nmr data, however, are comparable to those obtained
through PCILO!2 and semiempiricalll»13-14 computations where the pseudoro-
tation barrier is 3-5 kcal/mole. The % values for deoxyribose are similar
to those based upon semiempirical computations!3 where the pseudorotation
barrier is about 2 kcal/mole.

Chemically modified furanoses. The pseudorotation populations that best

reproduce the proton coupling constants in various nucleosides and nucleo-
tidesl»779,21,22,30-37,43 ar¢ 1igted in Table 3. The cq are mean values of
all solutions to Eqs. 1-2 that fit the experimental data within 1.0 Hz. The
extent to which the averaged oq reproduce the coupling constants is apparent
from the 1list of AJ in Table 3. In general the models are more satisfactory
for ribose than for deoxyribose systems. The average discrepancy in the ri-
bose data is only 0.1 Hz while that in the deoxyribose results is 0.5 Hz.

As noted above, the pseudorotation of common (ummodified) ribo- and
deoxyribonucleosides and nucleotides!s7-9 is consistent with a two-state
equilibrium of n- and s-puckered conformations. According to our analysis in
terms of flexible pucker families, the motions of 5I-5'NHs-dU in solution are
also limited to these two domains. In constrast to the recent three-state
treatment of this derivative by Birnbaum et al.2! where an intermediate e
pucker predominates, % here is only 0.07. The former computations, however,
are based upon a rigid rotational isomeric state approximation together with
a set of coupling constants designed to model ribose motions.® The data
in Table 3 are obtained for our more flexible model using coupling constants

developed for the deoxyribose ring.38 According to our calculations, the
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motions of 5~CHzOH-dU in solution are also described by a two-state equilib-
rium, rather than by a three-state scheme.

Major chemical modifications that force the base away from its normal anti
orientation into the syn glycosyl conformation apparently disrupt normal fur-
anose pseudorotation. The intermediate e domain assumes major importance in
both syn pyrimidines (orotidine,30 B-cyanuric acid,3° 6Me-U,31 6Me—dU,35
6Me—5'dUmp, 35 6Me-3'dUmp3°) and syn purines (8Br-5'Amp,32 8MeS-5'Amp,32
8MeNH-5"Amp, 3% 8Me,N-5'Amp3*). 1In addition, the pentose of these systems
moves almost freely over the n, e, and s regions of pseudorotation space.

The pseudorotation of 8Br-A, however, does not follow this pattern but rather
resembles the hindered motions of the commonly occurring deoxyribonucleosides
and nucleotides. The possible formation of an intramolecular hydrogen bond
between the N3 of the syn adenine and the free 5'-hydroxyl group of the s-
puckered pentose may account for the unique behavior of 8Br-A;32 such stabil-
izing effects cannot occur with syn pyrimidines systems or in syn purine nu-
cleotides. On the other hand, pyrimidine nucleosides damaged by ionizing
radiation to saturated 5,6-dihydro derivatives36s*3 contain large proportions
of e puckering and undergo "free" pentose pseudorotation in solution. The
5'-ends of the cis-syn pyrimidine photodimers Tp[1T33 and Tp[]dU37 formed by
UV irradiation also show a strong preference for e puckering; however, these
sugars flip rapidly between e and s puckerings with relatively little prefer-
ence for the n range. The conformational similarities between radiation dam-
aged bases and syn bases do not surface in a conventional two-state analysis
of pentose pseudorotation. The standard analyses39-37 emphasize the differ-
ent proportions of n and s puckering in various systems rather than the in-
termediate e puckering and the '"free" pseudorotational surfaces that accom-

pany certain chemical modifications of the nucleic acid bases.

DISCUSSION

A conformational blend of n- and s-puckered units satisfactorily accounts
for the coupling constants of the sugar protons in a majority of low molec-
ular weight nucleic acid analogs. The conventional interpretation of pseudo-
rotation, however, eliminates the possibility of the unusual puckerings ex-
hibited by a number of chemically modified nucleosides in recent solid state
studies!®-2% and also suggested by various potential energy estimates.2,11-15
Through adoption of a rotational isomeric state approximation, the standard
models additionally ignore the broad range of local flexibility associated
with each of the preferred pseudorotational domains. These fluctuations,
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however, assume importance in systems, such as the furanose, characterized by
relatively large regions of low (i.e., < RT) energy.

The three-state analysis of pseudorotation detailed above is a more gen-
eral description of pentose flexibility. The scheme is designed to include
the "rare" e range of sugar puckering and also to reflect the restrained
flexibility within each of the three families of pentose conformations.

Using this approach, an unusual extreme flexibility is revealed in certain
chemically modified nucleosides and nucleotides. Until now the unusual solu-
tion properties of nucleic acid analogs possessing syn bases or saturated
base derivatives (e.g., 5-6-dihydropyrimidines and pyrimidine photo dimers)
were rationalized in terms of the degree or amplitude (rm) of sugar pucker-
ing23s31733 rather than in terms of an alternate pseudorotational range. Ac-
cording both to available X-ray examplesa'6 and to potential energy surfac-
es,2>11715 the most probable path of pentose pseudorotation is one close to
constant T Indeed, very few examples of ring flattening, where Tn decreas-
es to values of 30° or less, are found in the X-ray literature.6°23 The
three-state model of sugar puckering offered here with Tn = 38° is very like-
ly a more realistic interpretation of the motions in most nucleic acid deriv-
atives. The present analysis, however, is not consistent with the nmr prop-
erties of 5I-5'NHs~dU and 5CH,OH-dU in solution despite the unusual e-puck-
ered form of these compounds in the solid state.21522 The coupling constants
of 5I-5'NHs~dU and 5CH,OH-dU are better matched here by a standard n/s
equilibrium.

The extreme deformation found from this analysis of certain rare nucleo-
sides and nucleotides could profoundly alter the physical and biological
properties of naturally occurring nucleic acids. If the "free" pseudorota-
tion of syn and saturated bases persists at the polymer level, the occur-
rences of rare bases could introduce extremely flexible links into the poly-
nucleotide backbone. A single such link could readily deform the chain into
an unusually bent structure. Furthermore, a series of modified residues
might describe structures drastically different from the A and B helices
associated, respectively, with standard n and s pentose puckerings. Indeed,
the freely rotating pentoses could describe a continuum of helix and coil
regions in rapid equilibrium with one another. On the other hand, the pseu-
dorotation within the 8Br-A polynucleotide does not appear to parallel the
free motions associated with corresponding modifications at the nucleotide
level.39 Poly 8Br-A forms a self-complementary double helix that has been

suggested to resemble standard A-type structures.“? Several alternative
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double helical models, however, appear to reproduce the solution properties
of this complex (D. Plick and W. K. O., unpublished data),

The similar "free" pseudorotation associated with saturated pyrimidine
derivatives and various syn basés may possibly relate to the common carcino-
genic effects of radiation and specific chemicals. The syn nucleotides are
well known models of the major covalent adduct formed by acetylaminofluorene
(AAF), a potent hepatic carcinogen, at the C8 purine positions of native DNA
and RNA.%1,%2 Because the radiation-damaged bases generally assume the anti
glycosyl conformation characteristic of unmodified DNA and RNA,16’2°’36’37’“3
théir conformational similarity to syn systems is generally ignored.
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