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ABSTRACT

On the assumption that the twist angles between adjacent base-pairs in
the DNA molecule are additive a linear system of 40 equations was derived
from experimental measurements of the total twist angles for different pieces
of DNA of known sequences. This system of equations is found to be statis-
tically consistent providing a solution for all ten possible twist angles of
B-DNA by a least squares fitting procedure. Four of the calculated twist
angles were not known before (tpc, TAGr TCAr trp) - The other six twist angles
calculated are very close to the experimentally measured anes (taa, TaTr 1CCr
06 rTGA +Tgc ) - The data used were obtained by the electrophoretic band-
shift method (1-3), crystallography (4) and muclease digestion of DNA adsorbed
to mica or Ca-phosphate surface (5,6). The validity of the principle of addi-
tivity of the twist angles implies that the angle between any particular two
base-pairs is a function of only these base-pairs, idependent of nearest
neighbours.

INTRODUCTION

Recent experimental measurements of the twist angles between A.T base-
pairs in poly(da) -poly(dT) (2,3,5) and G+C base-pairs in poly(dG) -poly (dC) (2)
strongly indicate that the twist angles for different combinations of base-
pairs in the DNA molecule are not identical. Another indication is provided
by the structure of the selfcamplementary dodecanucleotide 5'-CGOGAATTCGCG-3'
(4).

A DNA molecule can be considered as a linear array of 10 possible stereo-
chemically different cambinations of adjacent base-pairs. The total twist
angle can be measured for any particular piece of DNA by one of two experi-
mental approaches available. The total twist angles for 33 short fragments
of DNA with different nucleotide sequences were estimated recently (1-3) by
the electrophoretic band-shift method developed by J. Wang (1). The experi-
ments were designed specifically to measure the average pitch (and therefore
the twist angle) of natural DNA and of the polynucleotides poly(dA) -poly (AT)
(2,3), poly(dG) -poly(dC) (2) and poly(dAT) -poly(dAT) (3). Similarly, nuclease
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digestion of DNA adsorbed on mica or Ca-phosphate surfaces (7) was used to
measure the pitch of natural DNA and of the polynucleotides poly (dA) -poly (4T)
(5) , poly(daT) -poly (dAT) (5) and poly(AGC) *poly(dGC) (6) . The values abtained
by this method agree within experimental error with the electrophoretic mea-
surements. From these experiments, the twist angles for 6 different cambi-
nations of base-pairs have been estimated so far = : 1,,(2-5), T,p(4), 1 (2),
T’ '@ and ch(4) . However, assuming that the twist angles are additive,
the data (1-6) contain enough information to determine all 10 twist angles.
For each of the experiments, an equation can be written (40 in all) relating
the 10 twist angles as unknowns to the measured total twist. Solving this
overdetermined set of equations by a least squares procedure, one cbtains a
consistent set of values for all 10 angles, including the 4 previously
unknown .

METHOD OF CALCULATION

The linear system of 40 equations with 10 unknowns as shown in Table I
was solved by minimizing the sum of squared residuals. The errors of the 10
angles thus obtained were estimated by normally distributed variation of the
right-handsid&sreacoordin;todwestamaxd&aviadmsae.

To evaluate the consistency of the system the residuals of each equation
were calculated in units of their standard deviations (see colum (t-t)/%
of Table I).

THE EQUATIONS

The quantities which enter the equations (Table I) are: the dinucleotide
campositions of the DNA fragments (colums AA to TA); the average twist angle
measured Toi and the experimental standard deviation % of T, - Bams. 1-32
are derived from the electrophoretic band-shift method (1-3), egns. 33-37
fram crystallography (4) and egns. 38-40 from nuclease digestion of DNA
adsorbed on mica, Ca-phosphate or Mg-phosphate surfaces (5,6). Fig. 1 illu-
strates how the coefficients of eqn. 30 are derived from the original data.

* The dinucleotides AA (5'-AA-3' on one strand) and TT (on the opposing
strand) together form two stacked A.T base pairs, so that Tan = Tppe
Similarly, Tac = Tar’ "ac = "o Tea = 'me’ Toc T tae’ and @ =Trc*

Therefore, the ten cambinations given in Tables I and II exhaust all

different possibilities.
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12 bases deleted
mmmhmm%mm PBR322
(B............ PAT29
41 bases inserted

Lost twist angles: 3 2t

"aa(tn) ¢ “"ac(er)’ "ac’ AT’ "ca(me)’ Toc(ee)’
T(I;’ Tmrs ZTTA
New angles : 2TAA(TI') B 201AT, 20,1.',m

2T, ~T, +191

Difference P TTAm2Ta TG AT-TCE-TCC-TCG_TGC.'-IST'IA

Fig. 1. Derivation of equation No. 30.

The other equations are cbtained in a similar way.
The quality of the solution is sensitive to the values of the errors 9
as these enter as weights (l/oé) in the least squares sum. A careful evalu-

ation of ¢ e is therefore necessary.

For the electrophoretic band-shift method the experimental error is
quoted as 1% (1-3). The actual instrumental error, however, is only about
0.2% (+0.02 base for the pitch of DNA) (3). The overestimate, +0.1 bases
(1-3) , was meant to include same uncertainties of the method which might
occasionally appear in the measurements (3). We re-evaluate the errors by
estimating and then campounding three components (Table I): an instrumental
error o (0.02 bases for the pitch); a rounding error 9, (0.03 bases for
the pitch for the data from ref. 1,2 and 0.015 bases for ref. 3); and an
end-effect error o3 -

The end-effect error in egns. 1-9, 24-26 reflects the fact that in these
cases the boundary dinucleotides of the insertions are uncertain. As the
twist angles are typically 30-40° per dinucleotide, the root-mean-square
end-effect error is taken as 3° when one end is uncertain, 3°°vZ = 4.2°
(egqns. 6-9) for two and 3°-v3 = 5.2° for three uncertain ends (egns. 1-5,
24-26) . Conbining the errors as 2 = o3+o%+03 , the resultant total expe-
rimental error o, is calculated to vary between 0.08° and 0.13° (vhen
there are no end-effects)which is significantly less than the originally
quoted value 0.36°%) . These sharper values of % impose more severe
constraints on the consistency of the equations. The consistency obtained
in spite of these constraints (see next section) justifies the revision of
the errors. In addition, a systematic correction of -2% was applied to the
experimental values of the average twist angles fraom ref. 1, as suggested
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by the authors in a later article (2).

For the crystallographic data (4), the experimental error is taken uni-
formly equal to 1.7° which is the root mean square difference of the twist
angles of identical dinucleotides positioned symmetrically in the self-
-camplementary dodecanucleotide OGOGAATTCGOG. The twist angles for OG-CG
pairs at the end of the double stranded DNA fragment are considerably larger
than those of the interior CG-0G pairs (about 38° and 33° respectively).
Since the camplementary dinucleotides near the ends might be distorted we use
the twist angles of the interior CG-CG pairs in the calculations.

RESULTS

Table II campares the estimates of the individual twist angles in DNA,
experimental (2-5) and calculated (this work). The errors shown are calcu—

To start with, we note that the absolute differences between experimental
and calculated angles (re-rc) for the electrophoretic experiments, when no
end-effects are involved, actually turn out to be significantly smaller than
the error (0.36%) ascribed to the measurements inref. 2 and 3, consistent
with our less conservative re-evaluation of the experimental errors.

To find out whether the system of equations is consistent we compared the
experimentally measured angles e with the average twist angles e calculated
by substitution of the solution into the equations (see Table I). The diffe-
rence between calculated and experimentally measured average angles, expressed
in units of the standard deviations of the measurements, is shown in colum
(re-rc)/oe. If the system of equations is consistent these numbers should be
normally distributed with mean zero and unit variance. As one can see, this
is essentially the case.

Four equations (no. 9,10,20 and 23), however, appear to be inconsistent
with the rest. Their corresponding values of e deviate fram the L values
by 5 to 9 standard deviations. We believe that the results of these four
experiments might be erroneous. Indeed, experiments No. 20 and 23, designed
to measure the twist angle of poly(dG)-poly(dC) (2), are contradictory to
other measurements of the angle presented in the same paper (equations No.
13-16 and 21,22). Similarly, the angle Tan estimated from the experiment No.
10 (2) is about 0.8° bigger than other measurements of the same series (egs.
11,12,18 and 19). The four inconsistent equations were not used in the final
calculation.
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The remaining 36 equations are statistically consistent with our assump~
tion that the twist angles of INA are additive. As an additional test we
excluded fram the system all equations which correspond to measurements using
synthetic polynucleotides. A priori ane could suspect that the twist angles
involved in these molecules (TAA, Tar Toe’ o’ Tac and r,m) might be
systematically different from the corresponding angles in the natural DNA
molecules. However, the remaining 14 equations (No. 1-6, 24-26 and 33-37)
are still sufficient to calculate all ten twist angles and give values prac-
tically identical to those cbtained from the camplete system of 36 equations.

Finally, two small changes seem to be necessary. The nurbers shown in
column (re--rc) /o e (Table I) show that the calculated average angles t c for
equations No. 1-5 are systematically bigger and those of No. 33-37 systemati-
cally smaller than the experimental values. We believe that the systematic
deviation in the first case is due to the fact that all fragments inserted in
plasmids pTR182, 183, 188, 190 and 199 have the same nucleotide sequences
around their 5'-ends (1). The second case (egs. No. 33~37) corresponds to
crystallographic measurements (4) where the DNA fragment crystallized might
suffer same positive twist deformation distributed along the molecule. The
angle t,, (eq. No. 36), for example, is about 1° bigger than the value cbtai-
ned fram electrophoretic and nuclease digestion measurements (2,35). The
extent of this twist deformation can be estimated as mean value of (r 1)
for the equations No. 33-37 (1.74°, see Table I). This value has to be sub-
tracted fram the crystallographic estimates.

Elimination of these two systematic errors results in slightly changed
solution presented in the last column of Table II. This solution we consider
the final result of our calculations.

DISCUSSION

There are two main results:
1) The fact that the system of equations is consistent, indicates that the
twist angles between any two adjacent base-pairs are to a good approximation
independent of the particular sequence they are included in.

2) Four of the twist angles presented in Table IT (t,., Tagr Tca @4 -rTA)
were not known before. They constitute very specific predictions for future
experiments. These angles can be measured, for example, by the electro-
phoretic band-shift method using the shortest possible insertions containing
the dinucleotides AG(CT), AC(GT), CA(TG) and TA.
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Table II. Twist angles of B-DNA ()

Angles Ref. Angles Final solution

known before calculated (corrected)
Taa 35.64 + 0.36 2 35.62 + 0.07 35.62 + 0.06

35.64 + 0.36 3

36.75 + 1.7 4

36.00 + 0.36 5
Tac - 3.0 +1.4 34.4 + 1.3
g - 27.9 + 1.6 27.7 + 1.5
Tap 32,2 £ 1.7 4 32.1 +1.1 31.5 +1.1
Tca - 34.4 +1.0 34.5 + 0.9
Toc 33.64 £0.34 2 33.65 + 0.07 33.67 + 0.07
T 32.9 *1.7 4 29.9 +1.1 29.8 + 1.1
T 39-4 1.7 4 36.8 + 0.9 3.9 + 0.9
T 42.2 1.7 4 40.2 + 1.2 40.0 * 1.2
Tra - 35.3 z1.1 36.0 1.1

We realize that sequence-dependent variation in the pattern of the twist
angles may be an important structural feature involved in the specific
recognition of DNA by biological macramolecules. Work is in progress to
analyze patterns of twist angles in natural DNA molecules and their possible
relation to biological function.

One particularly interesting feature can be seen in the final set of
angles presented in Table II. The twist angles for dinucleotides ending in
C or A tend to be larger than average, those beginning with C or A smaller
than average (the reverse in true for T and G). Expressed differently, the
s (1T ) = 7.0° is approximately equal with opposite sign to
F(tpy T )= 6.8° (for G the corresponding sums are -10.4° and +8.9%; simi-
larly for T and C). This means that a larger than average angle tends to
be campensated by a smaller than average angle in the immediately following
dinucleotide. This trend prevents accumilation of over- or undertwisting
along a DNA molecule. As a consequence, the structure of the B-DNA backbone
typically shows a gentle zig-zag of plus/minus a few degrees. It is intere-
sting to speculate about the biological implications of this effect.
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