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A 500 MHz 'H-n.m.r. study on two right-handed self-
complementary double-stranded alternating pyrimidine-
purine oligodeoxyribonucleotides, 5'dCGTACG and
5'dACGCGCGT, is presented. Using the proton-proton
nuclear Overhauser effect, proton resonances are assigned by
a sequential method and a large number of interproton
distances, both intra- and internucleotide, are determined
(113 for 5'dCGTACG and 79 for 5'dACGCGCGT). The
general procedure required to solve the three-dimensional
solution structures of oligonucleotides from such distance
data is outlined and applied to these two oligonucleotides. In
the case of both oligonucleotides the overall solution structure
is that of B DNA, namely a right-handed helix with a helical
rise of ~3.3 A, 10 bp per tumm and the base pairs approx-
imately perpendicular to the helix axis. In the case of
5'dCGTACG, subtle local structural variations associated
with the pyrimidine and purine nucleotides are superimposed
on the overall structure but the mononucleotide repeating
unit is preserved. In contrast, 5'dACGCGCGT has a clear
alternating structure with a dinucleotide repeat, alternation
occurring in the local helical twist and the glycosidic bond,
sugar pucker and phosphodiester backbone conformations.
Key words: right-handed DNA/oligonucleotides/solution
structure/dinucleotide repeat/n.m.r./nuclear Overhauser ef-
fect

Introduction

The classical view of B DNA derived from fibre diffraction
is of a smooth regular right-handed double helix with a
mononucleotide repeating unit, 10 bp per turn, a helical
twist of 36°, a helical rise of 3.3 A and a base tilt of ~0°
(Neidle and Berman, 1983). With the advent of the single
crystal structure of the self-complementary dodacemer
5'dCGCGAATTCGCG (Dickerson and Drew, 1981), these
general features were confirmed but, in addition, sequence-
specific local variations in nucleotide conformation, super-
imposed on the general B DNA structure, were shown to oc-
cur. More recently, fibre diffraction studies on alternating
PyrpPur copolymers have demonstrated the existence of
wrinkled B DNA with a dinucleotide repeating unit (Arnott et
al., 1983). These local variations in the structure of B DNA
have generated considerable interest (Calladine, 1982; Dicker-
son, 1983) as they may play an important role in the recogni-
tion process involved in specific DNA-protein interactions.

Although X-ray diffraction provides extensive structural
detail, the crystal and fibre structures of oligonucleotide
crystals and DNA fibres are subject to crystal packing forces
and local high ionic conditions (Rhodes, 1982), and these may
well account for much of the local structure variations
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observed. In this respect it should be noted that whereas the
crystal structure of the self-complementary dodecamer
5'dCGCGAATTCGCG does not exhibit a dyad axis, the
solution structure is clearly symmetric as judged by the obser-
vation of only a single set of resonances for each nucleotide
(Sarma et al., 1982; Patel et al., 1983). It is therefore of in-
terest to determine the three-dimensional solution structures
of oligonucleotides under physiological conditions where
intermolecular interactions do not distort the structure.

To date, the existence of local variations in the solution
structure of DNA has been deduced from the finding of
sequence-specific differential cleavage by the enzyme deoxy-
ribonuclease I (Scheffler et al., 1968; Lomonosoff et al.,
1981), and the n.m.r. observation of two 3'P resonances and
two Cl’, C2’, C3' and C4' 13C resonances of equal intensity
for alternating PyrpPur copolymers (Shindo ef al., 1979;
Shindo, 1981; Cohen et al., 1981; Chen and Cohen, 1983).
The latter indicate some sort of regular alternating structure
for the phosphate backbone and ribose rings. However, the
precise nature of these local variations in the solution struc-
ture of DNA cannot be ascertained from the data.

Of all the physico-chemical techniques of conformational
analysis applicable in solution, the proton-proton nuclear
Overhauser effect (NOE) is potentially the most powerful as
it can be used to demonstrate the proximity of two protons in
space and determine their separation (Noggle and Schirmer,
1971). Given the interconvertibility of intramolecular
distances, torsion angles and cartesian coordinates, providing
the chirality of the structure is known (Crippen and Havel,
1978; Cohen and Sternberg, 1980; Braun er al., 1981;
Wiithrich et al., 1982), this information can in principle be
used to determine the complete three-dimensional structure of
a molecule in solution at a resolution comparable to that at-
tainable by X-ray crystallography. To date, the proton-
proton NOE has principally been applied with considerable
success to obtain proton resonance assignments and restricted
structural information in the case of small proteins (Redfield
and Gupta, 1971; Poulsen ef al., 1980; Wagner et al., 1981),
ligand-protein complexes (Gronenborn and Clore, 1982;
Clore et al., 1982; Clore and Gronenborn, 1983), tRNA
(Johnston and Redfield, 1978; Roy and Redfield, 1983; Hare
and Reid, 1982; Heerschap er al., 1983) and oligonucleotides
(Kan et al., 1982; Reid et al., 1983; Scheek et al., 1983; Pardi
et al., 1983; Patel et al., 1983). Moreover, the elucidation of
the complete three-dimensional solution structures of a
number of polypeptides and small proteins, including lipid-
bound glucagon (Wider et al., 1982), basic pancreatic trypsin
inhibitor (Wagner and Wiithrich, 1982) and bull seminal
plasma proteinase inhibitor IIA (§trop etal., 1983) are well in
hand.

We have used pre-steady-state proton-proton NOE
measurements to determine a large number of interproton
distances, both intra- and internucleotide, for two self-
complementary alternating Pyr,Pur oligodeoxyribonucleo-
tides, 5'dCGTACG and 5'dACGCGCGT. From this
distance data, the values of the glycosidic bond and backbone
torsion angles and of the helical twist and rise are determined
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by model building, and the effects of sequence on local struc-
tural variations explored. Whereas the hexamer exists in a
conventional B DNA form with a mononucleotide repeat and
only minor base to base variations, the octamer exists in an
alternating B DNA form with a dinucleotide repeating unit.

Results and Discussion

Resonance assignment and interproton distance determina-
tion

To assign resonances and determine interproton distances,
we have made use exclusively of the proton-proton NOE
which arises from cross-relaxation between protons close in
space. In conventional one-dimensional n.m.r., the NOE
experiment involves saturation of the resonance of proton i
and observing the intensity of the other proton resonances. In
the case of large molecules (mol. wt. =1000) with long cor-
relation times (7, =107 %) for which wr. >1, the NOEs
observed are negative (Solomon, 1955). If the selective satura-
tion pulse is applied for only a short time (typically <0.5 s
for a molecule of mol. wt. ~4000) the NOE between two
protons i and j, 7;;, will be given by
mij ~ it ()
as the initial build-up rate of the NOE is equal to the cross-
relaxation rate oj; between the two protons i and j (Wagner
and Wiithrich, 1979; Dobson et al., 1982). Quantitative dis-
tance information can then be obtained as oj; is inversely pro-
portional to the sixth power of the distance r;; between the

two protons (Solomon, 1955). Consequently, the ratio of two
interproton distances can be obtained from the equation

riy/rel = (ok1/0i)V® = (nit/mi) V' ()
and providing an internal reference distance(s) is available,

actual interproton distances can be calculated. In the case of
DNA four such internal reference distances can be used:

IC(H6).C(HS) = 2.46 A, rrHe)T(CHy) = ~2.5 A, rHa HYy =

1.78 A and, in an AT base pair, rrN3H)-AH2) = 2.84 A.
Because n;; a 1/r;;¥, direct (first-order) NOEs are only detec-

table up to distances of ~ 5 A, beyond which the effects fall

A Non-exchangeable protons

1 Intranucleotide
H8/H6 -— H5/CH;

Ho" \

~ HL./ \Hz =

2 Internucleotide

5'nucleotide  3'nucleotide
HY'
H2' - - /CH
Ho" H8/H6, H5/CH,
HB8/H6
B Exchangeable protons
1 Infrabase pair 2 Interbase pair
T(N3H) -—A(H2) NH{(i) =—NH{i+1)
GINTH) =——C(NH,) NH(i) —A(H2) (i+1)

Fig. 1. Schematic illustration of the intra- and internucleotide interproton
distances with values of <5 A in right-handed DNA which form the basis
of the sequential assignment procedure and structure determination by
means of NOE measurements. These distance relationships are applicable
to both B and A DNA (Arnott and Hukins, 1972).
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to less than — 1% and become virtually undetectable. Bearing
this in mind, a sequential assignment strategy for right-
handed DNA, both B and A, can be defined as only a par-
ticular set of NOEs are to be expected, as illustrated in
Figure 1.

All NOE measurements on the two oligonucleotides,
5'dCGTACG and 5' dACGCGCGT, were carried out under
conditions where they were completely double-stranded, as
judged by thermal denaturation studies (data not shown)
monitoring the temperature dependence of the chemical shifts
of the non-exchangeable base protons, (namely 5°C and 1 M
KClin the case of 5'dCGTACG, and 10°C and 500 mM KCl
in the case of 5'dACGCGCGT). Under these conditions the
c.d. spectra of these two oligonucleotides are characteristic of
right-handed B DNA (Kuzmich et al., 1982; Clore and
Gronenborn, unpublished data). The selective irradiation
pulse used in quantitative NOE measurements was applied
for 0.3 s, and control experiments using different irradiation
times for a few selected resonances indicated that Equation
(1) was valid at this irradiation time. Systematic
measurements were carried out by irradiating in turn all ex-
changeable and non-exchangeable proton resonances. On the
basis of the scheme illustrated in Figure 1 all exchangeable
and non-exchangeable base proton resonances and all sugar
proton resonances (with the exception of the HS' resonances
of T3, Cs and Gg in the case of S'dCGTACG, and the HS'
and H5” resonances of C,, G;, C,, Gs, Cq, G; and Ty in the
case of 5'dACGCGCGT) were assigned for both oligo-
nucleotides. Moreover, a large number of interproton
distances, both intra- and internucleotide, were determined: a
total of 113 in the case of 5'dCGTACG and 79 in the case of
5'dACGCGCGT. Assuming an error of £0.05 A in the
estimated values of the reference distances, the error in the
values of these calculated distances is < +£0.15 A. The com-
plete set of assignments and interproton distances for the two
oligonucleotides will be published elsewhere.

Figure 2 illustrates the application of the NOE to assign-
ment and structure determination in the case of
5'dCGTACG. Irradiation of the T4(CH,) resonance (Figure
2B) results in: (i) a direct intranucleotide NOE on the T5(H6)
resonance and indirect intranucleotide NOEs [via the T;(H6)
proton] on the Ty(H2') and T4(H2") resonances, and (ii)
direct internucleotide NOEs to resonances of the 5’ nucleo-
tide, namely the Gy(H8), Gy(H1'), Gy(H2") and G,(H2")
resonances. Irradiation of the Ty(H6)/Cs(H6) resonance
(Figure 2C) results in a combination of NOE:s: (i) intranucleo-
tide NOEs between the T;(H6) proton and the Ty(CH,),
T,(H1"), T4(H2') protons, and between the C5(H6) proton
and the C5(H5), C4(H1') and C4(H2") protons; (ii) indirect
intranucleotide NOEs between the T3(H6) and C4(H6) pro-
tons and their respective H2” protons via the H2’ protons
(which occur owing to the very small separation (1.78 A) bet-
ween the H2' and H2" protons of the same nucleotide); and
(iii) direct internucleotide NOEs between the T;(H6) proton
and the G,(H8), G,(H1"), Gy(H2"), Gy(H2") and A (H8) pro-
tons, and between the Cy(H6) proton and the A, HS),
A(H1'), A(H2') and A (H2") protons. Irradiation of the
A4(HB8) resonance (Figure 2D) then results in (i) direct intra-
nucleotide NOEs on the A HI1'), A (H2') and A4(H3")
resonances and an indirect intranucleotide NOE [via the
A H2') proton] on the A, (H2") resonance; (ii) direct inter-
nucleotide NOEs on resonances of the 5' nucleotide, namely
the Ty(H6), Ty(CHj), TyHI!'), Ty(H2') and TyH2")
resonances; and (i) direct internucleotide NOEs on



resonances of the 3’ nucleotide, namely the Cs(HS) and
Cs(H6) resonances. A similar set of experiments for
5'"dACGCGCGT is shown in Figure 3. It is evident from the
examples shown in Figures 2 and 3 that the systematic ap-
plication of NOE measurements can yield a complete set of
assignments and an interproton distance matrix describing the
solution structures of oligonucleotides.

Determination of the solution structures of oligonucleotides
from the interproton distances determined by NOE
measurements

Because of the limited degrees of freedom available in
double-stranded DNA, the three-dimensional structure of
short oligonucleotides can be solved by manual model
building on the basis of the intra- and internucleotide inter-
proton distances determined from NOE measurements. The
sugar pucker conformation, defined in terms of the C4'-C3’
bond torsion angle 6, and the glycosidic bond torsion angle x
are uniquely defined by the intranucleotide distances
FH1'-H2's TH1'-H2"> 'H2'-H3' TH2"-H3'> TH1'-H8/H6> TH2'-H8/H6
and ry3'.y4g/He- In addition, the C5'-C4' bond torsion angle
can also be uniquely defined providing one of the three
distances ry3’_ys», rqa'-Hs* and ry4:.Hse is determined. As
an example, consider the nucleotide A, of 5'dCGTACG:
TH1'-H2'> PH1'-H2"> TH2'-H3's TH2"-H3'> TH1’-H4'> TH2'-H8 and
ry3'-Hg are found to have values of 2.48, 2.24, 2.19, 2.48,
2.92, 2.15 and 3.21 A, respectively, which yield values of x

HOC

Solution structures of a double stranded DNA hexamer and octamer

and 6 of —110° and 120°, respectively; in addition, ry3' Hy',
ry4'-us» and ryg:_ys' have values of 2.61, 2.15 and 2.13 A,
respectively, yielding a value of 50° for vy. Once x and 6 are
known for each nucleotide, the internucleotide interproton
distances (see Figure 1) enable one to define the position of
each base pair with respect to that of the adjacent base pairs
on either side in terms of the helical rise, helical twist and base
tilt. With all these structural parameters determined, the
ranges of the P-O5'(a), O5'-C5'(B), C3'-O3'(¢) and
03'-P({) backbone torsion angles can be restricted to a nar-
row range within +20°. Thus, in the case of the central AT
base pairs of 5'dCGTACG, the internucleotide interproton
distances  rryHe)-A (H8), "E(CH,)-A;,(HS)v PT(H1')-A(H8)>
IT(H2')-A(H8) and I'Ty(H2")-A (H8) WEI€ ound to have values of
3.69, 4.07, 3.16, 2.80 and 2.64 A, respectively. Taken
together with the values of x and 6 of —115° and 110°,
respectively, determined for T; and those given above for A,,
the helical rise, helical twist and base tilt for the central AT
base pairs are found to have values of 3.5 A, +40° (i.e.,
right-handed) and ~0°, respectively, with the backbone tor-
sion angles «, 3, € and ¢ lying in the g, ¢,  and g~ ranges,
respectively. In addition, where at least two distances from
the imino proton of one base pair to protons of the adjacent
base pair [i.e., imino, amino and A(H2) protons] are known,
the propeller twist and base roll angles can be defined. In the
case of 5'dCGTACG this was possible for the central AT
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Fig. 2. Pre-steady state NOE measurements on double-stranded 5'dCGTACG in 99.6% D,O at 5°C. (A) The 500 MHz 'H-n.m.r. spectrum; difference spec-
tra (off-resonance minus on-resonance pre-irradiation) following pre-saturation for 0.3 s of the T,(CH,) (B), T3(H6)/Cs(H6) (C) and A (H8) (D) resonances.
The experimental conditions are: 0.35 mM double-stranded oligonucleotide in 99.96% D,0, 1 M KCl, 50 mM potassium phosphate pH* 6.5 (meter reading
uncorrected for the isotope effect on the glass electrode) and 0.1 mM EDTA. (The peaks labelled with an x are due to residual triethylammonium acetate and

other impurities.)
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base pairs as the distances rr y3).G,H1) and ra,H2)-GH1)
could be determined and were found to have values of 3.54
and 3.22 A, respectively. These two distances are only com-
patible with a large propeller twist angle (~18°) and a small
base roll angle (~0°).

The three-dimensional solution structures of 5'dCGTACG
and 5'dACGCGCGT

Using the principles described in the previous section, the
complete three-dimensional structures of double-stranded
5'"dCGTACG and 5'dACGCGCGT were solved. The overall
error between the experimentally determined interproton
distances (113 in the case of 5'dCGTACG and 79 in the case
of 5"dACGCGCGT) and those of the models are < +20%.
The structural parameters for the individual nucleotides of
the two oligonucleotides will be published elsewhere and only
the broad outlines of the structures will be described here.
These are summarised in Table I in terms of the mean purine
and pyrimidine glycosidic bond and backbone torsion angles,
the mean helical twist for the Purp,Pyr and Pyr,Pur steps, and
the mean helical rise, base pairs per turn and base tilt, and are
compared with those obtained by single crystal X-ray diffrac-
tion on B and A oligonucleotides (Dickerson and Drew, 1981;
Shakked et al., 1983) and by fibre diffraction on the wrinkled

A i

HOD

B DNA form of poly d(GC) (Arnott et al., 1983), and with
those proposed for alternating B DNA by Klug et al. (1979).

The overall solution structure of both oligonucleotides is
that of right-handed B DNA with an overall mean helical
twist of ~36°, 10 bp per turn and the bases approximately
perpendicular to the helix axis. This result is entirely consis-
tent with the c.d. spectra of these oligonucleotides under the
same conditions as those used in the n.m.r. experiments (Kuz-
mich et al., 1982; Clore and Gronenborn, unpublished data).

In the case of double-stranded 5'dCGTACG there are
minor local structural variations superimposed on the overall
B DNA structure but the mononucleotide repeating unit of
classical B DNA is preserved. The differences in the glycosidic
and C4'-C3’ bond torsion angles between purine and
pyrimidine nucleotides, though less marked, follow the same
trend as that observed in the single crystal structure of the B
DNA dodecamer 5'dCGCGAATTCGCG (Dickerson and
Drew, 1981). In addition, the large propeller twist ( ~18°) for
the central AT base pairs is associated with a small helical
twist (~27°) for the Pur,Pyr step, thus relieving steric clash,
exactly as predicted by Calladine’s principles (Calladine,
1982; Dickerson, 1983) and previously found in the single
crystal structure of the B DNA dodecamer (Dickerson and
Drew, 1981).
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Fig. 3. Pre-steady-state NOE measurements on double-stranded 5'dACGCGCGT in 99.96% D,O at 10°C. (A) The 500 MHz 'H-n.m.r. spectrum; NOE dif-
ference spectra following pre-saturation for 0.3 s of the Gg(H1") (B), C(H1') (C) and C(H2") (D) resonances. The experimental conditions are the same as
in Figure 2 except that the concentrations of oligonucleotide and KCl were 1 mM and 500 mM, respectively. (The peaks labelled with an x are due to residual

triethylammonium acetate and other impurities.)
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In contrast to 5'dCGTACG, double-stranded
5'dACGCGCGT exhibits a clear alternating structure with a
dinucleotide repeating unit consisting of the following
features (see Table I).

(i) The glycosidic bond and sugar pucker conformations lie
in the high anti and O1’-endo ranges, respectively, in the case
of the purine nucleotides, and in the anti and C1'-exo ranges
in the case of the pyrimidine nucleotides. The variation in the
sugar pucker can be deduced immediately from the NOE data
shown in Figure 3B and C in which the Gy(H1’) and C(H1"')
resonances, respectively, are irradiated: whereas the NOEs
between the Gg(H1') protons and the Gs(H2') and Gy(H2")
protons are approximately equal, indicative of an N-type con-
formation (i.e., in the O1’-endo/C3’-endo range), the NOE
between the C,(H1') and C,(H2") protons is double the size
of that between the Cy(H1’) and C(H2') protons indicative
of an S-type conformation (i.e., in the Cl’-exo/C2’-endo

Solution structures of a double stranded DNA hexamer and octamer

range).

(i) The local helical twist is reduced for the PurpPyr steps
(~30°) and increased for the Pyr,Pur steps (~42°) relative
to an overall mean of ~36° corresponding to 10 bp per turn.

(iii) There is a clear alternation in the P-O5' (), C3'-03 " (¢)
and O3'-P(¢) backbone torsion angles which liein the ¢, gt /¢
and g~ ranges, respectively, in the case of the purine nucleo-
tides, and in the g—, g* and g* ranges, respectively, in the
case of the pyrimidine nucleotides.

(iv) As a result of the alternation in the backbone torsion
angles, the line joining the two oxygen atoms of the Op -P-Ogr
unit is perpendicular to the helix axis in the case of the
PyrpPur steps and parallel to the helix axis in the case of the
PurpPyr steps, and the line joining two adjacent phosphorus
atoms (which are separated by ~6.5 A) is at ~25° from the
helix axis in the case of a PurpPyr sequence and at ~60°
from the helix axis in the case of a PyrpPur sequence. This

Table 1. Parameters describing the solution structures of double-stranded 5'dCGTACG and 5'dACGCGCGT determined by model building based on the inter-

proton distances obtained from NOE measurements

A. Mean glycosidic bond and main chain torsion angles

X a B k% ) € ¢
Double-stranded 5'dCGTACG
Pyr —113 =+ 6° (anti) g t 63 + 6°(g%) 113 £ 5° (Cl'-ex0) t g
Pur —108 = 6° (anti) g t 3+ 6°(g") 118 + 6° (Cl'-ex0) t g
Double-stranded 5'dACGCGCGT
Pyr —100 + 5° (anti) g t ~55°(g™) 123 + 8° (Cl'-ex0) gt g"
Pur —70 + 12° (high anti) t t ~55°(g*) 105 + 6° (Ol'-endo) gt/t g
B DNA?
Pyr —124 + 8° (anti) g” t 56 + 6°(g) 117 + 19° (C1'-ex0) t g”
Pur - 110 = 14° (anti) g t 53+ 9°(g") 129 + 20° (Cl1'-ex0) t g
A DNAbcryslal
Pyr —155 = 3° (low anti) g t 47 + 12° (g%) 88 + 4° (C3'-endo) t g
Pur —166 = 9° (low anti) g t 60 + 12° (g*) 88 + 3° (C3’-endo) t g
Wrinkled B DNA¢
Pyr —107 = 3° (anti) g t 47 = 4° (g%) 143 + 2° (C2’-endo) g” t
Pur —86 £ 3° (high anti) g” t 22 + 3°(ghH) 148 + 2° (C2'-endo) t t
Alternating B DNA4
Pyr —104° (anti) g t 65° (g*) 145° (C2’-endo) t t
Pur —147° (low anti) g t 59° (g*) 99° (O1’-endo) t g~
B. Further structural parameters
Double-stranded Double-stranded B DNA 1y, A DNA,:,.ysu,,b Wrinkled Alternating
5'dCGTACG 5'dACGCGCGT B DNA® B DNA4
Helical sense right right right right right right
Mean helical rise 34 +02A ~33A 333 £ 013 A 3.03 + 039 A 3.36 A 33 A
Mean local helical twist®
Pur,Pyr 27° 30° 39 + 6° 33 £ 0.7° 30° 31°
Pyr,Pur 39° 42° 35 £ 3° 30 £ 0.3° 42° 41°
Mean base pairs per turn 10.3 ~10 10.1 11.2 10 10
Base tilt ~0° ~0° 4° 18° ~0° ~0°
Repeating unit mononucleotide dinucleotide mononucleotide mononucleotide dinucleotide dinucleotide
Ratio of groove widths >1 > >1 <<l1 >1 >1
(major/minor)
Ratio of groove depths ~1 ~1 ~1 >>1 ~1 ~1
(major/minor)

The main chain torsion angles are defined P 2 05’ £ C5’ xC4' £C3’ €03’ £ P and the glycosidic bond torsion angles by Xpur = O1"-C1’-N9-C4 and x,, =
O1"-C1'-N1-C2. A positive torsion angle indicates a clockwise rotation of the more distant atom. The ranges g*, 7 and g~ are defined by the angles 60 +
60°, 180 + 60° and —60 + 60°, respectively.
#From the crystal structure of the B DNA dodecamer 5'dCGCGAATTCGCG (Dickerson and Drew, 1981).

From the crystal structure of the A DNA octamer 5' dGGTATACC (Shakked er al., 1983).

‘From the fibre diffraction data on the wrinkled B DNA form of poly d(GC) (Arnott et al., 1983).

9From the model of alternating B DNA proposed by Klug ef al. (1979) and the crystal structure of the mini 2-bp duplex formed by 5'dATAT (Viswamitra er

al., 1982).

€Only Pur,Pyr and Pyr Pur steps have been considered in calculating the mean local helical twists for the crystal structures of the B DNA dodecamer and A

DNA octamer.
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latter feature gives a slight zig-zag appearance to the back-
bone.

A skeletal model of the alternating structure of
5'"dACGCGCGT is shown in Figure 4.

Concluding remarks

Here we have outlined the procedures required to deter-
mine the complete three-dimensional structures of oligo-
nucleotides in solution from proton-proton NOE data,
and applied these to two right-handed B type self-comp-
lementary oligodeoxyribonucleotides, 5'dCGTACG and
5"dACGCGCGT. We have shown that local structural varia-
tions do occur in B DNA in solution, and these may be of a
rather subtle nature as in the case of 5’ dCGTACG where the
mononucleotide repeating unit is preserved, or of a more pro-
found nature as in the case of 5'dACGCGCGT which has a
clear alternating structure with a dinucleotide repeat.

The local structural variations found in the solution struc-
ture of S'"dCGTACG are similar, though less marked, than
in the crystal structure of the B DNA dodecamer
5'"dCGCGAATTCGCG (Dickerson and Drew, 1981) and
this difference may in part be due to the absence of inter-
molecular interactions, such as crystal packing forces, in solu-
tion.

The alternating solution structure of 5'dACGCGCGT is in
principle similar to that of wrinkled B DNA found in fibres of
poly d(GC) (Arnott et al., 1983) and of the model of alter-

Fig. 4. Skeletal model of the alternating B type solution structure of 5°
dACGCGCGT. The phosphorus atoms are connected up by straight lines to
highlight the dinucleotide repeat and the zig-zag appearance of the backbone.
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nating B DNA proposed by Klug er al. (1979). However,
there are major structural differences between these three
structures (see Table I). Whether the present structure of
5'dACGCGCGT represents a common solution variant can-
not be ascertained. It may possibly represent an early inter-
mediate state along the B to Z transition as 5'dACGCGCGT
adopts a Z conformation in high salt (>4 M NaCl) as judged
by c.d. spectroscopy (Clore and Gronenborn, unpublished
data).

The existence of both subtle and more dramatic local
sequence-specific variations in the solution structure of B
DNA, as illustrated by the structures of the two oligonucleo-
tides presented here, can clearly have a major influence on
specific protein-DNA interactions, and it is not difficult to
visualise that the zig-zag distribution of the phosphorus
atoms around a B DNA helix, as in the case of the solution
structure of 5'dACGCGCGT, can present a specific multi-
faceted array of negative charges to a potentially interacting
protein surface.

Materials and methods

5'dCGTACG and 5'dACGCGCGT were prepared by the phosphite-
triester method as described by Seliger er al. (1982) and purified by reverse
phase h.p.l.c. using a Walters y-Bondepak C,g column.

All n.m.r. spectra were recorded on a Bruker AMS00 spectrometer. Spectra
in D,O were recorded with a 90° observation pulse (pulse length 9 us), an ac-
quisition time of 0.5 s (8196 data points and an 8.2 KHz spectral width) and
an interpulse delay of 1 s. Spectra in H,O were recorded using the time shared
hard 1-1 observation pulse for water resonance suppression (Clore et al., 1983)
with an acquisition time of 0.366 s (8196 data points and a spectral width of
12.2 KHz) and an interpulse delay of 1 s. The NOEs were observed directly by
collecting the difference free induction decay (FID), by interleaving 16 tran-
sients after saturation for 0.3 s of a given resonance, with 16 transients of off-
resonance irradiation (also applied for 0.3 s), negating the memory between
16 transient cycles. Prior to Fourier transformation the reference and dif-
ference FIDs were multiplied by an exponential equivalent to a line broaden-
ing of 2 and 4 Hz, respectively. Chemical shifts are expressed relative to
4,4-dimethylsilapentane-1-sulfonate.

The relative error Ax/x for the measured NOE values is < +0.15 which
vields an error in the values of the calculated distances of < +0.15 A (assum-
ing an error of £0.05 A in the estimated values of the internal reference
distances).

Model building was carried out manually using Nicholson skeletal models
atascaleof Iemtol A.
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