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The ten helical twist angles of B-DNA
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ABSTPRXT
oX the assur mtio hat the twist angles betwee adjacent base-pairs in

the DN xrlecule are additive a liar systen of 40 euations was derived
frmn experiimntal reasuraeents of the total twist angles for different pieces
of DNA of krhown sequences. This system of equations is found to be statis-
tically consistent providing a solution for all ten possible twist angles of
B-EiA by a least squares fitting procedure. Four of the calculated twist
angles were not krxn before (TA s,TI TCA, TA). The other six twist angles
calculated are very close to the e eritally easured ones (TAr, TAT, t'X,
TCr(. TGA ). The data used were cbtaired by the electrophoretic band-
shift nethod (1-3), crystallograpy (4) and nuclease digestion of DEA orbed
to mica or Ca-rbosphate surface (5,6). The validity of the principle of addi-
tivity of the twist angles inlies that the angle between any particular two
base-pairs is a function of only these base-pairs, ide ent of nearest
ncighburs;.

Recent experirental neasurenents 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 corbinations of base-

pairs in the DNA mlecule are not identical. Another indication is provided
by the structure of the selfccple}rentary dodecanucleotide 5 '3-CGCGAATIC-3'
(4) .

A [iA mlecule can be comsidered as a liar array of 10 possible stereo-

chemically different cabinations of adjacent base-pairs. The total twist

angle can be measured for any particular piece of DEA by one of two experi-
iental approaches available. The total twist angles for 33 short fragrents
of DNA with different nucltid sequnces were estimated recently (1-3) by
the electrophoretic band-shift method developed by J. Wang (1) . The experi-
rnents were designed specifically to measure the average pitch (and therefore
the twist angle) of natural D and of the polynucltides poly (dA) -poly (dT)
(2,3), poly(dG) -poly(dC) (2) and poly(dAT) -poly(dAT) (3). Similarly, nuclease
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igestion of DM adsorbed on mica or Ca-phospate surfaces (7) was used to

TMasure the pitch of natural1L and of the polynucleotides poly (dA) *poly (dT)
(5), poly(dAT) *poly(dAT) (5) and poly(dGC) .poly(dGC) (6). The values obtai
by this method agree within expertal error with the electrophoretic mea-

surements. Frnthese experiments, the twist angles for 6 different carbi-
nations of base-pairs have been estimated so far T (2-5), t- (4), TCC(2),
Tc T and T4GC4). Hadever, assuning that the twist angles are additive,
the data (1-6) contain enough information to deterire all 10 wist angles.
R)r eada of the experiments, an equatiCn can be written (40 in all) relating
the 10 twist angles as unkwns to the neasured total twist. Solving this
Overdetenmixed set of equations by a let squares pr , ore obtains a

consistent set of values for all 10 angles, inclix]ing the 4 previously
u.n

NETOD OF AIJATICZCN
Lbe liear systen of 40 equations with 10 ukknwns as sh}n in Table I

was solved by minimizing the sun of sared residuals. The errors of the 10
angles thus taied were estimated by rormally distributed variation of the
right-band sides Te according to the standard deviations ae .

To evaluate the consistency of the systen the residuals of each equation
were calculated in Units of their standard deviations (see ColuMn (e-Tc)/ae
of Table I).

WE EQUTOCNS

Tihe quantities which enter the equations (Table I) are: the dinucleotide
orpositions of the DN fragmrents (colums AA to TA); the average twist angle
neasured te; and the experimental standard deviation ae Of Te . Egns. 1-32
are derived frmn the electrhoretic band-Shift method (1-3), eqns. 33-37

fram crystall y (4) and eqns. 38-40 fram nuclease digestion of Ia
adsorbed on mica, Ca-phosPate or Mg-phosphate surfaces (5,6) . Fig. 1 illu-
strates ho the coefficients of eqn. 30 are derived fron the original data.

* ¶e dinucleotides AA (5'-AA-3' on one strand) and Tr (on the opposing
strand) together form tw stacked A-T base pairs, so that TAA= T-T.
Similarly, TA = TGVt,TAG= TCTI, T(M = T T(r = T arnd T, .

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

different possibilities.
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12 bs es.ee
.... TMAXG .............r.c.... pBR322

.... TAAGCr TA .... pAT29
1 bases inserted

Lost twist angles: 31 (TT) ' 2TAC(G), TAGr TAT' T(TG) TCC(G)

TCG, TC,C, 2TTA
New angles : 2TA(TT) , 20TAT 20TTA
Difference -:-2TAA-ATA+l9AT-TCFICC- -TG e8TA

Fig. 1. Derivation of equation No. 30.

The other equaticns are cbtained in a similar way.

The quality of the solution is sensitive to the values of the errors ae
as these enter as weights (1/a2) in the least squares sun. A careful evalu-e
aticn of ae is therefore necessary.

For the electrorhoretic band-shift method the experirntal error is
quoted as 1% (1-3). The actual instrurnental error, however, is only about

0.2% (±0.02 base for the pitch of IS (3). [he overestimate, ±0.1 bases

(1-3), was meant to include scme uncertainties of the method which might
occasionally appear in the measurements (3). We re-evaluate the errors by
estimating and then cicpounding three ccmponents (Table I): an instrunental
error 1 (0.02 bases for the pitch); a rounding error a2 (0.03 bases for
the pitch for the data fran ref. 1,2 and 0.015 bases for ref. 3); and an

end-effect error a3 .

¶he end-effect error in eqns. 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 30-400 per dinucleotide, the root-mrean-square
end-effect error is taken as 30 when one end is mnertain, 30. = 4.20
(eqns. 6-9) for ti# and 3°4i.= 5.20 for tree uncertain ends (ens. 1-5,
24-26). Cabining the errors as 2 = a +a +a the resultant total exe-e 1 2+a3 , h0eutn oa xe
rimental error ae is calculated to vary between 0.080 and 0.130 (whn
there are no end-effects)which is significantly less than the originally
quoted value (0.360). nI1se sharpr values of a impose mre severe

constraints on the consistency of the equations. The consistency cbtained
in spite of these constraints (see next section) justifies the revision of

the errors. In addition, a systanatic Correction of -2% was applied to the

experimental values of the average twist angles fran ref. 1, as suggested

1100



Nucleic Acids Research

by the authors in a later article (2).
For the crystallographic data (4), the experimental error is taken uni-

formly equal to 1.7f whici is the root sean square difference of the twist
angles of identical dinucleotides positiored syrmtrically in the self-

xlTlplnetaxy c e CIOGAATICG.he twist angles for OCG.X

pairs at the end of the double straled fragnrent are considerably larger
than those of the interior CGCXG pairs (about 380 and 33 respectively).
Srce the cziplementary dinucltides near the ends might be distorted we use
the twist angles of the interior CG;CG pairs in the calculations.

RESLUTS

Table II campares the estimates of the individual twist angles in DEA,
experisental (2-5) and calculated (this work). bie errors shown are calcu-
lated as described in Methods.

To start with, we note that the absolute differences between experisental
and calculated angles (te-c) for the electrophoretic experinents, when no

end-effects are involved, actually turn out to be significantly smaller than

the error (0.360) asribed to the neasurtents inref. 2 and 3, consistent
with our less conservative re-evaluation of the experisntal errors.

To find out whether the systan of equations is consistent we carpared the

experiaentally nseasured angles Te with the average twist angles Tc alculated
by substitution of the solution into the equations (see Table I). TMe diffe-
rence between calculated and experimentally rreasured average angles, expressed
in units of the standard deviations of the measurements, is shown in column

(Te-Tc)/ae. If the system of equations is consistent these numbers should be
normally distributed with ean 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. Iheir corresponding values of TC deviate frmn the Te values

by 5 to 9 standard deviations. Wb believe that the results of these four

experiments might be erroneus. Indeed, experiments No. 20 and 23, designed
to neasure the twist angle of poly(dG) poly (dC) (2), are contradictory to

other seasurements of the angle presented in the sane paper (equations No.

13-16 and 21,22). Similarly, the angle TAA estimated fran the experiment No.
10 (2) is about 0.8° bigger than other seasurements of the sane series (eqs.
11,12,18 and 19). Th-e four inconsistent equations were not used in the final
calculation.
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The rining 36 equations a-re statistically consistent with our assump-
tion that the twist angles of 1A are additive. As an additional test we

exclud fra the system all equations which correspond to easurenents using
synthetic polynuctides. A priori one aould suspect that the twist angles
inmvlved in these m s, t, T , and to) might be
systemtically different frn the corep anles in the natural DE
ilces. Hover, the 14 equations (No. 1-6, 24-26 and 33-37)
are still sufficient to calulate all ten twist angles and give values prac-
tically identical to those tained frn the amplete system of 36 equations.

Finally, tw snall changes sen to be necessary. The numbers show in
colunn (Te-c) /ae (Table I) sho that the calculated average angles Tc 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 systamatic
deviation in the first case is due to the fact that all frants irserted in
plasids p$R182, 183, 188, 190 and 199 have the sane nucltides
around their 5'-ends (1). 7Le second case (egs. No. 33-37) corresponds to

crystallographc reasurements (4) where the DE fragment crystal I zed might
suffer sane positive twist deformation distributed along the molecule. The

angle TAA (eq. No. 36), for exanple, is about 10 bigger than the value cbtai-
red fran electrcphoretic and nuclease digestion neasurerents (2,35). The
extent of this twist deforxation can be estimated as ean value of (eTc
for the equations No. 33-37 (1.740, see Table I). Tis value has to be sub-
tracted fran the crystallograpic estimates.

Elimination of these t systeatic errors results in slightly changed
solution presented in the last columr of Table II. This solution we consider
the final result of our calculations.

DISCLSSICN

¶here are o nmin 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 apprcxmation
ir~pendent of the particular sequence they are included in.

2) Four of the twist angles presented in Table II (rAC, TAG,, TCA and TA)
were not klcwn before. They constitute very specific predictions for future

exsperients. Ihese angles can be asured, for exauple, by the electro-

phoretic band-shift method using the shortest possible insertions containing
the dinltides AG(Cr), A((Gr), CA(TG) and Th.
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Angles
kxnwn before

TAA 35.64 ± 0.36

35.64 ± 0.36
36.75 ± 1.7

36.00 ± 0.36

TAC -

TAT 32.2 ± 1.7
T -
CA
Tcc 33.64 ± 0.34

TCG 32.9 ± 1.7

TGA 39.4 ± 1.7

TGC 42.2 ± 1.7

T -
TA

Table II. 2Wist angles of B-EA (0)
Pef. Angles

calclated
2 35.62 ± 0.07

3

4

5

34.0

27.9

4 32.1

34.4
2 33.65

4 29.9

4 36.8
4 40.2

35.3

Final solution
(corrected)

35.62 ± 0.06

+ 1.4
± 1.6
+ 1.1
+ 1.0
+ 0.07
+ 1.1
+ 0.9
+ 1.2
+ 1.1

34.4 ± 1.3
27.7 ± 1.5

31.5 ± 1.1
34.5 ± 0.9

33.67 ± 0.07
29.8 ± 1.1

36.9 ± 0.9

40.0 ± 1.2
36.0 ± 1.1

We realize that s-gence-dependent variation in the pattern of the twist
angles may be an important structural feature involved in the specific
recognition of 1i by biological macra-- cules. Work is in progres to

analyze patterns of twist angles in natural E mlecules and their possible

relaticn to biological function.

One particularly interestirg feature can be seen in the final set of

angles presented in Table II. ahe twist angles for dinucleotides ending in

C or A tend to be larger than average, those beginning with C or A analler
than average (the reverse in true for T and G). Expressed differently, the
sumn .T(- Tav) = 7.00 is approxmately equal with opposite sign to

xRTA r)a 6.8O (for G the corresponding sums are -10.40 and +8.90; simi-
larly for T and C). This mans that a larger than average angle tends to
be cirpensated by a snaller than average angle in the inmediately following
dinucleotide. This trend prets accmulation of over- or undertwisting
alcng a DUN molecule. As a consequence, the structure of the B-EA backbone
typically shaws a gentle zig-zag of plus/minus a few d . It is intere-
sting to speculate about the biological imlications of this effect.

ANOWEDW
E.N.T. thanks the European MOular Biology Organization for a short
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texm fellwship.
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