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example, to rotate independently around two different fivefold 
axes, at the same time slipping back and forth with respect to 
each other and to the metal, undergoing transitions from a- to 
ir-bonded states, bending some of the hydrogen atoms out of 
plane, and rearranging their C-C bond systems, while the 
metal changes its positions, at hi and hi, with respect to each 
ring. It is not unreasonable to expect that a complicated con
formational equilibrium involving significant population of the 
many simultaneous intermediate states of this process might 
produce a radial distribution which, if it could be calculated 
and refined, would reproduce the experimental radial distri
bution found by electron diffraction for the vapors of I without 
making use of the ABH conformation. 

The dipole moment calculated for SS5 is rather large (4.7 
D) compared to the experimental value (2.2-2.5 D). This could 
again be an artifact of the applied approximation or it may be 
related to the fact that SS5 is not really an optimized model. 
On the other hand, this discrepancy could also be the result of 
solvent effects, or the experimental value might be an average 
involving many different conformations including less polar 
ones such as, for example, the symmetrical (D^) sandwich. 

As far as the IR investigations of beryllocene are concerned, 
it must be noted that the vibrational spectrum of one compound 
can often be interpreted to be consistent with many different 
models. The claim by Fritz and Sellmann3 that, from the IR 
spectrum, a sandwich-type structure with asymmetrically 
placed Be atom is found in accordance with the result of the 
electron diffraction study is therefore probably somewhat 
unfounded in this specific and detailed formulation. The IR 
data are, therefore, probably not in real contrast to the present 
calculations. 

Conformational analysis of molecules in the vapor phase is 
still a frontier of structural chemistry and very often our con
clusions concerning the conformational behavior of undis
turbed gaseous systems are uncertain. At present, hybrid 
theoretical and experimental techniques seem to offer the most 
powerful procedures in conformational studies of free mole
cules. The introduction of various expectation values into gas 
diffraction data analyses,18'19'22 for example, has often made 

The furanose ring occupies a central position in the chemi
cal structure of nucleic acids by linking phosphate groups into 
a backbone and providing attachment points for the bases. Any 
changes of conformation of this ring could have a profound 
effect on the possible conformation of DNA and RNA mole
cules. Previous calculations on nucleotide conformations2-8 

it possible to arrive at conclusions which could not have been 
obtained by applying individual techniques alone. The intimate 
connection and the complementarity of theory and experiment 
in studies of this kind seem to open a novel dimension in sci
entific research. 
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have chosen to keep the furanose ring fixed at one or two 
conformations but have allowed the single bond torsion angles 
in the backbone to vary continuously. Rigidly fixing the con
formation of a five-membered ring would seem too limiting 
when one considers that cyclopentane can freely change the 
ring pucker along a path known as pseudorotation.9-13 On the 

Extreme Conformational Flexibility of the Furanose 
Ring in DNA and RNA 
Michael Levitt*1 and Arieh Warshel 

Contribution from the Laboratory of Molecular Biology, Cambridge, CB2 2QH, England. 
Received May 31, 1977 

Abstract: Consistent force field calculations have been used to calculate the variation of energy along the pseudorotational 
paths of ribose and deoxyribose rings. This energy changes by only 0.5 kcal/mol as the ring pucker changes from C3'-endo to 
C2'-endo. Therefore, the torsion angle \j/' of the sugar-phosphate backbone of nucleic acids is more flexible than a normal C-C 
single-bond torsion angle and cannot be frozen at a value corresponding to either of these puckers when other torsion angles 
are varied. An analytical expression for the variation of the ring energy and conformation as a function of i/-' is given to enable 
this extreme flexibility to be included in future calculations of nucleotide conformations. The finding that the furanose ring 
is so easily deformed has far-reaching implications about the structure of polynucleotides and the rigidity of DNA. 

0002-7863/78/1500-2607S01.00/0 © 1978 American Chemical Society 



2608 Journal of the American Chemical Society / 100:9 / April 26, 1978 

Figure 1. The deoxyribose form of the molecule studied and its relation 
to the phosphate backbone and base in polynucleotides. The small spheres 
represent the hydrogen atoms and the large spheres represent the heavier 
atoms (labeled with the atom names). The backbone torsion angle \j/' de
pends on the conformation of the ring with \j/ « T3 + 120°. In the ribose 
form one hydrogen on C2' is replaced by a hydroxyl group 02'-H02'. 

other hand, data from x-ray studies1' do show that the furanose 
ring usually occurs close to one of two puckered conformations, 
C3'-endo or C2'-endo, depending on which of these two ring 
atoms is displaced out of the plane of the ring toward C5'. 
Another reason for fixing the ring conformation is that when 
the variables are single-bond torsion angles, a closed ring 
presents serious computational problems. 

In this work the energetics of furanose ring puckering is 
analyzed completely by minimizing the molecular potential 
energy with respect to all the Cartesian coordinates. By con
straining a selected variable and relaxing all other variables 
the energy variation has been mapped along the least energy 
path of distortion from the equipotential minima at the C3'-
endo and C2'-endo puckering positions. The torsion angle ip' 
passing through the ring is found to be the most flexible degree 
of freedom in the nucleic acid chain and cannot, therefore, be 
frozen at a C3'-endo or C2'-endo conformation. 

I. Methods 
The energy of the molecule studies here (Figure 1) is cal

culated by the consistent force field method using the standard 
QCFF/PI program.14 In this procedure the potential energy 
is expressed as a sum of terms that describe bond stretching, 
bond angle bending, 1,3 Urey-Bradley interactions, bond 
twisting, van der Waals interactions, and charge-charge 
(electrostatic) interactions. The best values for the energy 
parameters have been found by fitting a large body of x-ray 
crystallographic, calorimetric, and spectroscopic data.15,16 

Here, the Urey-Bradley terms and 6$4> coupling terms were 
omitted as they are needed mainly to reproduce spectroscopic 
data and do not affect conformation or energies. Because the 
molecule used here has polar groups that are not present in a 
nucleotide or nucleic acid (the NH2 becomes the base, the 
03 ' -H03 ' become part of the backbone), electrostatic inter

actions were initially eliminated by using a dielectric constant 
of °°. Some calculations were, however, done with a dielectric 
constant of 1 and showed that the electrostatic energy could 
be calculated after minimization of an energy function that 
included all other terms. Although Figure 1 illustrates a de
oxyribose ring, calculations were also performed on the ribose 
ring (an extra hydroxyl group 02'-H02') . 

An important feature of the present calculation is the 
complete relaxation of the conformation by changing all the 
atomic Cartesian coordinates until the energy was at a mini
mum value. A combination of steepest decent and Newton-
Raphson iterations was used repeatedly until the energy re
mained constant to within 0.001 kcal mol-1 and the maximum 
forces were less than 0.0001 kcal mol-1 A -1 . In this way stable 
conformations and their energies can be computed very ac
curately. 

Energy minimization can also be used to find the lowest 
energy path between the different stable conformations. This 
is done by constraining one or more chosen variables to re
quired values by means of an additional potential added to the 
molecular energy function. The new energy function is then 
minimized by changing all the Cartesian coordinates to give 
a conformation that satisfies the particular constraint yet is 
relaxed and has the lowest energy possible. The constrained 
variables are usually torsion angles, and by repeating the 
minimization for a range of constraint values, the energy can 
be mapped along any path in conformational space. 

Here three different constraints are used. In the first, the 
backbone torsion angle yp' passing through the ring (Figure 1), 
was constrained to values between 35 and 185° at 10° intervals. 
The artificial potential used was 1000 (1 - cos (tj/ - ^0)) kcal 
mol- ', where \j/ is the current value of \f/ and 1̂ 0 is the required 
value (i.e., from 35 to 185°). Because this constraint gives rise 
to very large forces when \p' is not very close to \p'o the energy 
contribution of this extra potential is always small and is 
subtracted from the molecular energy before plotting the 
energies. 

The second constraint was introduced to force the five-
membered furanose ring to follow the path of pseudorotation 
accurately. In pseudorotation, the ring changes its confor
mation so that the atoms move in and out of the mean plane 
without a large increase in energy. As the ring pucker changes, 
the ring torsion angles TJ (J = 0, 1, 2, 3, 4) must also change 
in a cooperative way. Both TJ and Z7-, the out-of-plane dis
placement of ring atom C/ (J: = 0 for 01'), can be expressed 
as very simple analytical functions of an amplitude (rmax or 
q) and a phase angle W (in degrees). 

Tj = rmax cos (W +j X 144° - 288°) 

Zj = (2IsYl2q cos (W + j X 144° - 90°) 

The particularly simple expression for z; follows from the 
particular way of choosing the mean plane through the five 
atoms. This plane, which is not a least-squares fit, is chosen to 
give "LjZj = 0 = LjZj cos ((J - 1)72°) = Ljzj sin (O' - 1)72°). 
(An efficient way of finding this plane is given in ref 12.) Zj is 
positive for a displacement above the plane of the ring when 
the atoms are numbered in an anticlockwise sense (exo relative 
to C5'): when zj is at a maximum positive value the ring is 
C/-exo; when zj is at a maximum negative value the ring is 
C/-endo. Tj+2, the torsion angle across the ring from atom C/, 
is zero when Cj' is at one of these extreme values. Note that 
zj is not a maximum when T7 is at one of its extreme values. For 
a large number of furanose ring structures solved by x-ray 
crystallography11 rmax averaged to 39°. For cyclopentane an 
analysis of thermodynamic information (using the reduced 
mass along the pseudorotation coordinate)1" gave 7max

 = 

440 
and q = 0.43 A.21 This result was confirmed by electron dif
fraction measurements.22 For the furanose ring our calculation 
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Table I. Ring Conformations, Torsion Angles, and Energy Contributions at the Ten Positions of Maximum Pucker 

Ring 
conformation 

Pseudorotation 
angle W, deg 

Backbone 
angle \p', deg Total Nonbond 

Energy," kcal mol~' 
Bond angle Torsion 

C3'-endo 
C4'-exo 
Ol'-endo 
Cl'-exo 
C2'-endo 
C3'-exo 
C4'-endo 
Ol'-endo 
Cl'-endo 
C2'-exo 

18 
54 
90 

126 
162 
198 
234 
270 
306 
342 

82 
82 
96 

120 
144 
158 
158 
144 
120 
96 

60.1 
60.0 
59.5 
59.7 
59.9 
59.0 
58.1 
57.7 
58.9 
59.5 

-69.4 
-69.5 
-69.3 
-69.4 
-69.4 
-68.9 
-69.0 
-69.0 
-69.8 
-69.2 

3.46 
3.44 
3.49 
3.73 
3.45 
3.64 
2.73 
2.51 
2.92 
3.11 

5.86 
6.02 
6.30 
6.00 
6.01 
6.22 
8.17 
8.78 
7.96 
6.61 

' The energy is estimated by interpolation from the energies calculated at 20° intervals of W. 

gave rmax = 43° at both the C2'-endo and C3'-endo confor
mations. The ring was forced to move on the pseudorotation 
path by a constraint energy given by 

Z 1000(1 - COS(T, - Tj0)) kcal mol"1 

J-o 
where TJ ° = rmax cos (W + j X 144° - 28 8 °) and rmax was set 
to 40°. 

The third constraint was used to define a less constrained 
path than pure pseudorotation: only T3 was constrained as $' 
= T3 + 120°. Table I gives values of W, 73, and \p' for the ten 
extremes of ring puckering. 

II. Results 

The variation of the energy of the ribose molecule with \p' 
is shown in Figure 2. The steep rise in energy below \f/ = 60° 
and above \p' = 170° is caused by bond angle bending as the 
ring puckering has reached its maximum extent. Between \j/ 
= 80 and 160° the ring pucker changes smoothly yet the energy 
passes over a small barrier of only 0.6 kcal mol-1. Over this 
range of \p', the C3'-C4' bond is more flexible than if it had 
been a C-C single bond (upper dashed curve of Figure 2a). 

For \p' between 80 and 150°, the ring torsion angles change 
in the way expected for pseudorotation (Figure 2b). Between 
150 and 180° they change more slowly than expected, and 
below 80° they remain constant as decreasing \p' cannot have 
any further effect on the ring. Mapping the energy along ip' 
cannot describe the complete path of pseudorotation as the ring 
has two conformations for each \p' but the minimization 
method only finds the one of lowest energy. 

The energy was, therefore, mapped by constraining the angle 
of pseudorotation W to values between 0 and 360°. When all 
the five ring torsion angles T7- are constrained (by constraining 
W), the energy (Figure 3a, solid line) varies more than when 
only \f/ was constrained; the barrier between the C3'-endo 
pucker at W = 18° and the C2'-endo pucker at W = 162° is 
1.4 kcal mol-1 instead of 0.6 kcal mol-1. When only T3 is 
constrained to follow the pseudorotational path, the ring is able 
to relax more and have a lower energy (Figure 3a, dashed 
curve) at all values of W. The barrier between C3'-endo and 
C2'-endo is now 0.6 kcal mol-1 as found when only \p' was 
constrained. The values of W observed experimentally cluster 
around the low-energy regions of the curve, although a few 
structures do have energies up to 2 kcal mol-1 above the 
minimum values. 

When all the five T7- are constrained according to eq 1 (with 
Tmax = 40°) their variation with W is given by the smooth 
curves in Figure 3b. When only T3 is constrained the ring re
laxes and the other four ring torsion angles no longer always 
fall on these curves (see symbols in Figure 3b). The deviations 
from pseudorotation are greatest when the energy along the 
path of pseudorotation is highest (between W = 220 and 
320°). 
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Figure 2. The variation of (a) the total energy and (b) the ring torsion 
angles as <p' is constrained to values between 35 and 185°. This variation 
represents the way the ring changes as the backbone conformation changes. 
The absolute value of the energy is arbitrary; the dashed curve shows the 
energy variation expected for a C-C single bond. 

These deviations from pseudorotation can be represented 
most clearly by showing both the angle of pseudorotation W 
and the puckering amplitude q (Figure 4). In pseudorotation 
q is constant as Wchanges from 0 to 360° so that the path of 
allowed ring conformations is a circle in the polar coordinate 
(q, W) plot. When all five T7 torsion angles are constrained the 
conformations indicated as filled circles remain close to this 
circle, although the puckering amplitude is a little less than 0.4 
A for 70° < W < 120° and 240° < W < 300°. When only T3 
is constrained (open circles) the deviations are much greater: 
the ring becomes more planar for 240° < W < 300° as q de
creases from 0.4 to 0.2 A. 

After obtaining the energy of the completely planar ring it 
was possible to express the ring energy as a simple analytical 
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Figure 3. The variation of (a) the total energy and (b) ring torsion angles 
as the angle of pseudorotation Wis constrained to values between O and 
360°. This solid line shows the energy variation when all five TJ are con
strained to the path of pseudorotation and have values on the curves in (b). 
The dashed line shows the energy variation when only 73 is constrained 
to the path of pseudorotation. In this case the other four ring torsion angles 
move off the path and the energy is reduced. The dot histograms (a) mark 
the angles of pseudorotation observed in furanose structures solved by x-ray 
crystallography.11 

function of q and W:E(q,W)=a + b(W)q2 + c(W)q3, where 
a = 3.5 kcal mol-1 is the energy of the planar ring (at q = O) 
relative to the lowest energy (taken as zero). The functions 
b(W) and c(W) depend on the position and depth of the energy 
minimum as q varies for fixed W. If the minimum energy is /3 
kcal/mol-1 at q = a A, b(W) = -3 (a - (3)/a2, and c(W) = 
2(a — $)/a3. The functional dependence of a and /3 on W was 
taken as /3 = 0.8 - 0.9 sin W - 0.8 cos IW, a = 0.39 + 0.03 
cos 2W\i 0° < W < 180°, and a = 0.33 + 0.09 cos 2W\i 180° 
< W < 360°, using the energies, q and lvalues of the con
formations obtained by constraining 73. This energy function 
gives the approximate energy for any ring conformation. The 
energy contour map is symmetric about the horizontal line at 
W = 90 and 270°. At these two angles of pseudorotation, the 
ring oxygen atom 0 1 ' is most out of plane at the endo and exo 
conformations, respectively. The symmetry of the contours 
about W = 90° reflects the dyad (C2) symmetry of the ring 
about a line through OT and bisecting the C2'-C3' bond. 
Because the ring oxygen favors an open bond angle (>109°) 
more strongly than does the ring carbon atom, the energy is 
high when 0 1 ' is maximally puckered (W = 90, 270°) and is 
low when OT is most in the plane (near W=O, 180°). Cal
culations on oxolane,13 the ring without the side groups, give 
an energy contour map that has minima at W = O and 180° 
and is symmetric about the lines W=O0 and W = 90°. Here 
the symmetry about W = 0° is broken by the side-groups in
teractions: the energy of Ol'-exo is much higher than that of 
Ol'-endo as the side groups C5' and N approach each other 
too closely (see Figure 4). 

In the above calculations the same relative energies (to 
within 0.1 kcal/mol-1) were obtained for both deoxyribose and 
ribose rings. This is not surprising as electrostatic interactions 

C5 p 
C3endo 

cr^O*^ 

Figure 4. A complete energy map (kcal mol -1) of the ring conformations 
in polar coordinates with W, the angular coordinate, increasing in a 
clockwise sense from a vertical value of W = 0°, and q, the puckering 
amplitude, increasing radially from the central dot (a completely planar 
ring). The ring is the path of true pseudorotation and has a radius corre
sponding to q = 0.4 A. The filled circles mark conformations obtained 
when all five T,- torsion angles were constrained to the path of pseudoro
tation (and also that of the completely planar ring). The empty circles mark 
conformations obtained when only T3 was constrained and all other vari
ables allowed to relax. The conformations drawn are the relaxed confor
mations at the nearest empty circle on the energy map. The ring is viewed 
so that the mean plane is horizontal and endo displacements are up. The 
C4'-C3' bond is approximately along the line of sight, with 0 3 ' toward 
the viewer and C5' away, so that the change in the backbone angle \f/ is 
clear. The ring atom 0 1 ' is away from the viewer. Figure 3b shows the 
energy variation as a function of W only, i.e., taken around the ring path 
of pseudorotation. 

were omitted from the energy function minimized. Early cal
culations showed that including charge-charge interactions 
with a dielectric constant of 1 changed the energies slightly but 
did not affect the minimum energy geometries (this is to be 
expected as electrostatic forces vary slowly with atomic posi
tion). Rather than repeat all the calculations with electrostatic 
terms, this extra energy was calculated at the conformations 
obtained above. The energy was found to depend on the ori
entation of the dipoles moments of the 03 ' -H03 ' and NH2 
groups. As both these groups are absent in polynucleotides, the 
dipoles moments were set to zero. For the deoxyribose group, 
the resulting variation of electrostatic energy (Figure 5) with 
pseudorotation angle W (only r3 was constrained) is only 0.05 
kcal mol-1 from the mean value of -0.4 kcal mol-1. For the 
ribose group the energy varies more but it is clear that the 
electrostatic term can have little effect on the total energy of 
the ring. 

III. A "Black Box" Ribose 
In energy calculations on nucleotides, the usual variables 

are the single bond torsion angles 4>, 4>', o>, a/, \p, and x (see 
Figure 1). i/ is not varied but instead fixed at a value near 80° 
for the C3'-endo pucker and near 140° for the C2'-endo 
pucker. The above results show that the energy changes by only 
0.6 kcal mol-1 as \{/ moves between 75 and 155° so that ^/ must 
be allowed to vary in the same way as the other torsion angles. 
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Table II. Cartesian Coordinates and Some Torsion Angles of Ten Relaxed Conformations" 

Atom and 
coordinate 

C5' x 
y 
Z 

H51 x 
y 
i 

H52 x 
y 
Z 

H53 x 
y 
Z 

C4' x 
y 
Z 

H4' x 
y 
Z 

0 1 ' x 
y 
Z 

C3' x 
y 
Z 

H3' x 
y 
Z 

03 ' x 
y 
Z 

H03 x 
y 
Z 

C2' x 
y 
Z 

H21 x 
y 
Z 

H22 x 
y 
Z 

Cl' x 
y 
Z 

Hl' x 
y 
Z 

Nl x 
y 
Z 

HNl x 
y 
Z 

ma x 
y 
Z 

Actual W 

Y 

0 

-1.87 
-1.65 
-0.67 
-1.53 
-1.57 
-1.75 
-1.78 
-2.70 
-0.37 
-2.92 
-1.35 
-0.52 
-1.00 
-0.77 

0.16 
-1.34 
-0.88 

1.23 
0.38 

-1.11 
-0.03 
-1.00 

0.70 
-0.23 
-1.01 

0.83 
-1.32 
-2.09 

1.39 
0.47 

-2.21 
2.37 
0.34 
0.34 
1.17 
0.21 
0.26 
1.36 
1.30 
0.68 
2.09 

-0.32 
1.28 
0.00 

-0.11 
1.99 

-0.12 
0.67 
1.96 
0.09 

-1.45 
2.85 
0.07 

-1.62 
1.60 

-0.47 
-2.26 

7.8 
86.9 

20 

-1.94 
-1.68 
-0.53 
-1.71 
-1.64 
-1.61 
-1.84 
-2.72 
-0.19 
-2.99 
-1.36 
-0.32 
-0.99 
-0.76 

0.21 
-1.22 
-0.83 

1.30 
0.38 

-1.10 
-0.08 
-1.00 

0.68 
-0.25 
-1.03 

0.77 
-1.35 
-2.09 

1.40 
0.39 

-2.21 
2.38 
0.22 
0.34 
1.18 
0.20 
0.28 
1.40 
1.29 
0.67 
2.09 

-0.35 
1.28 
0.00 

-0.07 
1.95 

-0.14 
0.76 
2.02 
0.10 

-1.36 
2.90 
0.72 

-1.47 
1.69 

-0.44 
-2.21 
21.0 
82.6 

40 

-1.99 
-1.71 
-0.42 
-1.91 
-1.67 
-1.52 
-1.82 
-2.75 
-0.09 
-3.01 
-1.42 
-0.13 
-0.96 
-0.78 

0.24 
-1.05 
-0.84 

1.34 
0.37 

-1.09 
-0.15 
-1.04 

0.66 
-0.23 
-1.18 

0.73 
-1.33 
-2.07 

1.37 
0.44 

-2.23 
2.35 
0.27 
0.35 
1.20 
0.14 
0.35 
1.54 
1.20 
0.64 
2.04 

-0.51 
1.28 
0.00 
0.00 
1.86 

-0.15 
0.94 
2.14 
0.10 

-1.16 
3.03 
0.71 

-1.13 
1.90 

-0.47 
-2.06 
39.4 
89.2 

Nominal pseudorotation 
60 

-1.98 
-1.71 
-0.48 
-1.88 
-1.64 
-1.57 
-1.81 
-2.75 
-0.17 
-3.01 
-1.42 
-0.20 
-0.97 
-0.79 

0.22 
-1.07 
-0.87 

1.32 
0.38 

-1.09 
-0.14 
-1.05 

0.67 
-0.22 
-1.21 

0.76 
-1.30 
-2.06 

1.37 
0.51 

-2.22 
2.34 
0.35 
0.35 
1.21 
0.13 
0.38 
1.56 
1.18 
0.64 
2.03 

-0.54 
1.28 
0.00 
0.00 
1.86 

-0.14 
0.94 
2.14 
0.08 

-1.17 
3.06 
0.65 

-1.12 
1.86 

-0.43 
-2.07 
39.6 
89.4 

80 

-2.00 
-1.71 
-0.51 
-2.04 
-1.59 
-1.60 
-1.79 
-2.76 
-0.26 
-2.99 
-1.46 
-0.19 
-0.92 
-0.81 

0.21 
-0.88 
-0.97 

1.30 
0.37 

-1.06 
-0.21 
-1.08 

0.66 
-0.13 
-1.52 

0.80 
-1.17 
-1.89 

1.30 
0.77 

-2.09 
2.28 
0.69 
0.36 
1.21 
0.00 
0.53 
1.82 
0.92 
0.52 
1.83 

-0.87 
1.28 
0.00 
0.13 
1.72 

-0.12 
1.18 
2.29 
0.04 

-0.81 
3.17 
0.65 

-0.60 
2.17 

-0.56 
-1.71 
73.1 
89.6 

phase W (in 
100 

-2.02 
-1.65 
-0.66 
-2.09 
-1.43 
-1.73 
-1.80 
-2.71 
-0.50 
-2.99 
-1.43 
-0.35 
-0.91 
-0.82 

0.16 
-0.84 
-1.07 

1.24 
0.36 

-1.04 
-0.23 
-1.07 

0.67 
-0.04 
-1.72 

0.90 
-0.99 
-1.61 

1.25 
1.05 

-1.78 
2.22 
1.07 
0.35 
1.19 

-0.10 
0.62 
1.98 
0.63 
0.39 
1.58 

-1.11 
1.27 
0.00 
0.21 
1.62 

-0.09 
1.30 
2.36 

-0.01 
-0.57 

3.25 
0.56 

-0.23 
2.28 

-0.59 
-1.47 
98.2 

100.6 

degrees) 
120 

-2.01 
-1.51 
-0.92 
-2.00 
-1.17 
-1.94 
-1.83 
-2.58 
-0.88 
-3.01 
-1.33 
-0.70 
-0.94 
-0.81 

0.10 
-0.94 
-1.17 

1.12 
0.35 

-1.03 
-0.21 
-1.03 

0.69 
0.05 

-1.83 
1.03 

-0.77 
-1.29 

1.18 
1.30 

-1.38 
2.14 
1.45 
0.34 
1.15 

-0.18 
0.67 
2.05 
0.39 
0.28 
1.38 

-1.26 
1.27 
0.00 
0.24 
1.58 

-0.04 
1.35 
2.39 

-0.04 
-0.45 

3.31 
0.46 

-0.03 
2.31 

-0.59 
-1.37 
118.8 
116.8 

140 

-1.94 
-1.33 
-1.22 
-1.74 
-0.86 
-2.14 
-1.80 
-2.40 
-1.30 
-2.98 
-1.14 
-1.13 
-0.98 
-0.79 

0.01 
-1.16 
-1.26 

0.94 
0.36 

-1.05 
-0.16 
-0.98 

0.71 
0.14 

-1.85 
1.15 

-0.53 
-1.04 

1.07 
1.48 

-1.05 
2.01 
1.75 
0.34 
1.14 

-0.23 
0.69 
2.08 
0.26 
0.21 
1.28 

-1.33 
1.27 
0.00 
0.24 
1.58 
0.00 
1.34 
2.39 

-0.08 
-0.46 

3.34 
0.34 

-0.01 
2.27 

-0.58 
-1.41 
138.6 
134.3 

160 

-1.79 
-1.16 
-1.44 
-1.41 
-0.62 
-2.25 
-1.69 
-2.23 
-1.61 
-2.86 
-0.93 
-1.49 
-1.01 
-0.77 
-0.07 
-1.39 
-1.32 

0.74 
0.37 

-1.08 
-0.08 
-0.96 

0.71 
0.20 

-1.84 
1.22 

-0.35 
-0.95 

0.95 
1.59 

-0.91 
1.87 
1.95 
0.34 
1.15 

-0.24 
0.70 
2.09 
0.23 
0.20 
1.28 

-1.34 
1.27 
0.00 
0.20 
1.63 
0.05 
1.29 
2.35 

-0.12 
-0.58 

3.33 
0.24 

-0.18 
2.17 

-0.58 
-1.56 
159.7 
146.9 

180 

-1.59 
-1.05 
-1.60 
-1.05 
-0.48 
-2.31 
-1.49 
-2.12 
-1.83 
-2.66 
-0.79 
-1.76 
-1.02 
-0.77 
-0.15 
-1.56 
-1.36 

0.55 
0.37 

-1.10 
0.01 

-0.97 
0.70 
0.23 

-1.84 
1.25 

-0.25 
-0.99 

0.84 
1.65 

-0.95 
1.74 
2.08 
0.35 
1.17 

-0.23 
0.70 
2.10 
0.29 
0.23 
1.37 

-1.31 
1.27 
0.00 

10.13 
1.72 
0.07 
1.19 
2.28 

-0.16 
-0.79 

3.30 
0.14 

-0.49 
2.01 

-0.58 
-1.77 
182.5 
155.6 

a Only Ti was constrained to a value dependent on the nominal pseudorotation phase W. Each conformation is in a coordinate system that 
puts the mean ring plane in the (x,y) plane.12 The puckering of a ring atom relative to a plane through the other four ring atoms is approximately 
twice the puckering relative to the mean plane used here (the z coordinate). 

This can be done in two ways, (a) In those cases where the 
energy is mapped as a function of pairs of backbone torsion 
angles, one only needs several standard ring conformations 
corresponding to different \p' values (Table II). (b) If the en
ergy is varied continuously as in a minimization to find the 
stable conformations, one needs an analytical representation 
of the ribose energy and conformation. 

As the path of easiest distortion of the ring is close to pseu
dorotation (except where the energy is unfavorable), the ob
vious variable is the angle of pseudorotation W. The ring tor
sion angles rj and \p' all depend on W as follows: T, = 40° cos 
(W + j X 144-288),i/ ' '= 120°+ T3. In practice only ^'and 
two ring torsion angles, say, T\ and J1, need be calculated from 
W and used to give the Cartesian coordinates, x, of the ring. 
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Figure 5. The variation of the electrostatic energy with angle of pseudo-
rotation for ribose (dashed line) and deoxyribose (solid line) rings when 
only T3 is constrained to follow the path of pseudorotation. The confor
mations used were those obtained by minimization of the energy without 
electrostatic terms. A dielectric constant of 1 was used but the polar groups 
NH2 and 03'-H03' were neutralized. For the ribose, the 02'-H02' bond 
was rotated to each of the three staggered positions but, as the energy was 
always lowest for the angle H02'-02'-C2'-C3' = 60°, only this value is 
plotted. Note that in this staggered position, the 02'-H02' dipole is di
rected toward the negatively charged ring atom OT. The partial charges 
in electronic units were as follows: C5', -0.237; H5', 0.079; C4', 0.177; 
H4', 0.079; 01', -0.512; C2', -0.158; H2', 0.079; Cl', 0.177; Hl', 0.079; 
for ribose 02', -0.267; H02', 0.267. 

All bond lengths and angles are kept fixed and the internal 
energy of the whole ring system is also calculated from W as 
•firing = 0.8 - 0.9 sin W - 0.8 cos IW. The derivative of the 
total energy with respect to this new variable W is obtained 
from 

dE/dW= -0.9 cos W+ 1.6sin2fT + (dE/dt')W/dW) 
+ (dE/dr^idTi/dW) + (dE/dT2)(dT2/dW) 

where dE/df, dE/dr\, and dE/dT2 are evaluated from the 
Cartesian coordinate derivative dE/dXk using dx^/dr, and 
dV/dW, dr\/dW, and Z>T2/dW are evaluated from the an
alytical relationship between these angles and W. In this way, 
the minimization routine changes W, and the above relation
ships are used to give the changes in \{/, T\, and T2 that are then 
applied to the coordinates before calculating the energy. The 
derivatives of the energy with respect to \p', T\, and T2 are then 
transformed to a derivative with respect to W for use by the 
minimization algorithm. 

IV. Discussion 
This work has shown that the furanose ring has two mini

mum energy conformations at the C3'-endo and C2'-endo ring 
puckerings and that the barrier between these minima is only 
0.6 kcal mol-1. This result has a simple physical explanation. 
First consider a five-membered ring of equivalent atoms like 
the cyclopentane ring. Because the ring closes on itself, the 
torsion angles about all five C-C single bonds must be close 
to the unfavorable eclipsed position at Tj = 0°. These unfa
vorable interactions make ring closure difficult, but once the 
ring is formed the energy is equally unfavorable for all the 
conformations along a path in conformational space known as 
pseudorotation. In the ring of the furanose system one meth
ylene group is replaced by an oxygen. As the barrier to internal 
rotation is lower about a C-O single bond than about a C-C 
single bond (we have used barrier heights of 2.1 and 2.32 kcal 
mol-1, respectively), the ring will prefer a conformation where 
the C-O torsion angles are most eclipsed. When these torsion 
angles, TO and 74, are zero, the ring atoms across the ring from 
them, C3' and C2', will be maximally puckered and these two 
conformations (C3'-endo and C2'-endo) will be energy mini
ma. 

As the COC bond angle prefers a larger value than the CCC 
bond angle (we have used fscoc = 4O(0coc ~ 2.09)2 kcal 
mol-1 and £ccc = -Ecc = 3O(0Ccc ~ 1.9I)2 kcal mol-1 with 
the bond angles expressed in radians), the ring will have a high 
energy when the oxygen OT is maximally puckered (Ol'-endo 
and Ol'-exo). In the actual calculation the value of 0coc varied 

from 108° when 0 1 ' is most out of the mean plane to 115° 
when 0 1 ' was most in that plane. The corresponding values for 
the four 0<xc and 0<xo angles were 102 and 105°, respectively. 
The height of the barrier between C3'-endo and C2'-endo de
pends sensitively on the difference between the energy pa
rameters used for the ring carbon atoms and ring oxygen atom. 
This difference is probably overemphasized here (especially 
for bond angle bending) and the ring may even be more flexi
ble. Cremer and Pople obtained barriers between 0.3 and 0.65 
kcal mol-1 in ab initio calculations on oxolane,13 the unsub-
stituted ring. 

Although the energy of a furanose ring is found here to be 
almost constant between the C3'-endo and C2'-endo confor
mations, ring conformations observed by x-ray crystallography 
do tend to cluster at these two extremes (see Figure 3a). A 
possible explanation for this is the influence of crystal packing 
forces acting on the C5' and 0 3 ' atoms. As the energy of the 
ring system varies only slightly as \p' changes from 80° (C3'-
endo) to 150° (C2'-endo), but rises steeply outside these ex
tremes (like an infinite box potential), any packing force that 
varies monotonically with \p' in this range will force \p' to one 
of these extremes23. The one crystal with an unusual Ol'-endo 
pucker, dihydrothymidine, has yp' near 100° and as there is 
rotational disorder about the C4'-C5' bond, the packing con
straints on the ring seem small.17 

The variation of the energy of the ring system is almost the 
same for both the ribose and deoxyribose group: the extra 
hydroxyl group does not affect the conformational preferences 
of the ring. As ribonucleic acid double helices have only been 
observed in the C3'-endo conformation, while deoxyribonucleic 
acids double helices have been observed in both the C3'-endo 
and C2'-endo conformations,18 this difference must be due to 
interactions of the 02 ' hydroxyl group with the more distant 
parts of the sugar-phosphate backbone. Single-stranded ri
bonucleic acid does adopt both puckers.1' 

The finding that the furanose ring is so easily deformed has 
some important consequences. Firstly, all previous energy 
calculations2-8 have kept the furanose ring at a fixed pucker 
(usually C3'-endo and C2'-endo) while varying the backbone 
torsion angles to find allowed conformations. This separation 
of variables is totally unjustified and flexibility of the furanose 
ring will have to be included to get any meaningful results. This 
is particularly true as changing the torsion angle \p' over the 
range 70 to 160° has a considerable effect on the relative po
sitioning of the base and backbone. 

Secondly, the structures of polynucleic acids have been de
termined by fitting models to the rather limited fiber diffrac
tion data.18'19 In this procedure, the ribose conformation was 
fixed and the single bond torsion angles were varied to get the 
best fit to the x-ray data. Once again, because the ribose is 
actually more flexible than a C-C single bond (Figure 1), this 
separation of variables is wrong. When the sugar ring is rep
resented with its proper flexibility, it may be possible to get a 
better fit to the x-ray data. 

Thirdly, the variation of the furanose ring energy with \p' is 
different from the energy variation of other single bonds that 
have a threefold potential: the energy is almost flat from \p' = 
70° to \p = 160° and rises steeply outside this range. Thus, the 
furanose ring conformation is continuously variable in this 
region and not restricted to the same staggered positions as 
C-C single bond. In any smooth deformation of a polynucleic 
acid, the ribose can change smoothly to accommodate the 
necessary strains. Such smooth bending24 would enable DNA 
to wind around the histone core in chromatin without any sharp 
kinks.20 
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The use of dimethyl sulfoxide as a solvent medium seems 
to effectively overcome many of the limitations of other in
vestigations. A large number of iron porphyrins are soluble in 
this solvent; in the absence of added hydroxide there is little 
tendency for aggregation;12 the aprotic nature of the solvent 
limits the number of metalloporphyrin and ligand forms which 
must be considered in discussing mechanistic pathways; the 
relatively high dielectric constant and donicity number of 
Me2SO prevent extensive ion pairing in the medium and lead 
to solvent-coordinated metal sites;131415 and temperature-
jump kinetic studies can be conveniently conducted using this 
solvent medium (cf. Figure 1). The reactions of iron(III) 
porphyrins with axial ligands are so rapid as to make the 
temperature-jump technique particularly useful for these in
vestigations. 

We are reporting on the thermodynamics and kinetics of the 
reactions of tetraphenylporphinatoiron(III) (Fe111TPP+) and 
hemin (Fe111PPIX+) with the ligands imidazole (Im) and 1-
methylimidazole (l-CH3lm) in a dimethyl sulfoxide medium. 
Both metalloporphyrins, in the absence of added nitrogenous 
bases, exist in solution as high-spin complexes in which the iron 
atom is significantly out of the plane defined by the pyrrole 
nitrogen atoms.li14'16 The coordination number of the iron 
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Abstract: The reactions of tetraphenylporphinatoiron(III) chloride and hemin chloride with imidazole and 1-methylimidazole 
have been studied in dimethyl sulfoxide at M = 0.04 M (NaNOs). Stability constants have been determined for the reactions 
SFeP + 2L ^ L2FeP + S over a range of temperatures. There was no evidence for appreciable concentrations of LFeP in any 
of the systems studied. For FeTPP+: A#° = -10.7 kcal/mol, AS" =-13.8 eu for imidazole and AW° = -10.2 kcal/mol, AS"> 
= -15.4 eu for 1-methylimidazole. For hemin: AH" = -8.0 kcal/mol, AS0 = -4.6 eu for imidazole and AH° = -9.2 kcal/ 
mol, AS° = —10.9 eu for 1-methylimidazole. Although the thermodynamic parameters are quite similar for each of the metal
loporphyrins with a given ligand, the kinetic features differ markedly. The hemin reactions are faster than those of FeTPP+ 

and while r_1 = ^f[L]2 + kr for FeTPP+ with both ligands at all temperatures studied, for hemin the inverse relaxation time 
varies as [L]2 at low concentrations of ligand only. At higher concentrations, the reaction approaches a first-order dependence 
on ligand. It is suggested that this more complicated kinetic profile for hemin reflects an alternative pathway to the formation 
of the diliganded adduct to the one applicable to the other iron(III) porphyrins thus far studied. For hemin, we suggest an acti
vated complex in which the second ligand interacts with the iron atom before the spin state change has occurred. 
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