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A 500-MHz ‘H-NMR study on a double-stranded non-self-complementary DNA undecamer comprising a
portion of the specific target site for the cyclic AMP receptor protein in thegal operon is presented. Using pre-steadystate nuclear Overhauser effect (NOE) measurements, all exchangeable imino, non-exchangeable base, methyl, and
HI’, H2’ and H2” sugar proton resonances are assigned in a sequential manner. In addition, some of the H3’ sugar
proton resonances are also assigned and some of the exchangeable amino proton resonances identified. The relative
magnitudes of the intranucleotide and internucleotide NOES are indicative of a right-handed B-type conformation
for the duplex undecamer in solution.
The CAMPreceptor protein (CRP) regulates the transcription of at least 20genes in Escherichia coli, including all
catabolite-repressible operons, by binding to specific DNA
sites in the presence of CAMP [l-41. In some cases this
interaction stimulates transcription, as in the case of the lac [5]
and ara [6] operons; in other cases it inhibits transcription as in
the case of the CRP structural gene [7] and the ornpA gene [S]. In
the case of the gal operon binding of the CAMP.CRP complex
to a single site exerts opposing effects on the P, and P,
promotors, stimulating transcription from the former and
inhibiting transcription from the latter [9]. The mechanisms
whereby the CAMP.CKP complex exerts these effects are
unknown although numerous hypotheses have been put forward [lo- 141.
From the structural view point, circular dichroic studies
have shown that the binding of the CAMP.CRP complex to
short oligonucleotides comprising portions of the specific
target sites in the gal and lac operons induces a B to C transition
in the structure of the DNA, leaving the handedness of the
helix, namely right-handed, unchanged [I 5,161. These findings
on small oligonucleotides are completely consistent with the
observation that the supercoil unwinding of plasmid DNA
achieved by the specific DNA binding of the CAMP.CRP
complex is less than 0.5 turn [17]. These results are also
consistent with those of DNA melting studies on a 301-basepair fragment containing the lac control region which demonstrated that the binding of the CAMP.CRP complex specifically stabilizes a region of about 36-base-pairs [18].
A deeper understanding of the structural aspects of
CRP . DNA interactions can potentially be achieved by two

Abbreviations. CRP, CAMP receptor protein of Escherichia coli
(also known as catabolite activator protein or CAP); NOE, nuclear
Overhauser effect; 11mer, undecamer ; HPLC, high-pressure liquid

chromatography.

complementary techniques, namely X-ray crystallography and
NMR spectroscopy. To date, the crystal structure of the
CAMP.CRP complex has been solved at 0.29-nm resolution
[12,19] and NMR studies on CRP and its N-terminal core
aCRP, as well as on their interaction with cyclic nucleotides,
have been carried out [20 - 221. In the present paper we extend
the solution NMR studies to the synthetic DNA undecamer
(I Imer) :

5’d(A-A-G-T-G-T-G-A-C-A-T)3’
A stand
3’d(T-T-C -A-C-A-C-T-G-T-A)5’ B stand

which comprises a portion of the specific target site in the gal
operon [23] and contains eight-base-pairs out of the ten-basepair consensus, 5’d(A-A-N-T-G-T-G-A-N-N-T-N-N-N-N-C
A) making up specific CRP sites [4]. The interaction of this
Ilmer with CRP has previously been studied by circular
dichroic spectroscopy [15]. Using the nuclear Overhauser effect
(NOE) to demonstrate the proximity of protons in space [24371, all exchangeable imino, non-exchangeable base, methyl,
and HI’, H2’ and H2” deoxyribose proton resonance are
assigned in a sequential manner. In addition, some of the H3’
sugar proton resonances are assigned and some of the exchangeable amino proton resonances identified. From the
NOE data, qualitative deductions about the solution conformation of the 1Imer are made and it is shown that the data are
indicative of a right-handed B-type structure.

EXPERIMENTAL PROCEDURE
The two strands of the 1Imer, 5’d(A-A-G-T-G-T-G-A-Cwere prepared from
A-T) and 5’d(A-T-G-T-C-A-C-A-C-T-T),
suitably protected nucleosides by the solid-state phosphotriester method and purified by ion-exchange HPLC using a
Partisill 0 SAX column essentially as described by Gait et al.
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RESULTS AND DISCUSSION

the C residues whereas the HI’ resonances are triplets due to
coupling between the HI’ proton and the H2’ and H2”protons.
Thus peaks23, 24 and 28 are assigned to H5 protons and
peaks 25 - 27 and 29 - 41 to HI’ protons. Inversely gated
decoupling experiments then enable one to correlate the H5
proton resonance of a given C residue with the H6 proton of the
same residue. In this manner, the doublet peaks 44, 45, 47 and
50 are assigned to C(H6) resonances associated with the C(H5)
resonances 23, 24, 23 and 28 respectively. (Note that peak23
contains two superimposed H5 resonances.) The A(H2) resonances are distinguished from the H8 and T(H6) resonances
on account of their long spin-spin relaxation times (i.e. narrow
linewidths) arising from inefficient relaxation due to the fact
that their nearest neighbouring non-exchangeable proton is
2 0.45 nm away. This can be assessed using the simple 90“-z18O”-.rspin echo sequence: with a value of T of 0.25 s, the only
resonances detectable in the H8/H6/H2 proton resonance
region are peaks 52, 53, 55-58 and 63 which are therefore
assigned to the A(H2) protons. The H6 protons of the T
residues always lie to high field of the H8 resonances of the A
and G residues. On this basis peaks 42,43,45,46,48,49 and 51
are assigned to T(H6) protons, and peaks 54, 59-62, 64-68
and 69 to H8 protons of A and G residues. Finally in the imino
proton resonance region the hydrogen-bonded imino proton
resonances of G . C base pairs lie to high field of those of the
A . T base pairs, thereby enabling the assignment of peaks f - i
to the former and peaks a - e to the latter.
It will be noted that whereas all four G(H1) imino proton
resonances are clearly visible, only five out of the seven T(H3)
imino protons are detectable. This is due to kinetic fraying of
the terminal A . T base pairs, 1 and 11, so that the corresponding T (H3) imino proton resonances are exchange-broadened
beyond detectability. In addition, the T(H3) imino proton
resonances a and e are broad even at temperatures below 10 “C
and disappear at temperatures above 20°C and 25 “C respectively; on this basis resonances a and e can be assigned to
the penultimate A . T base pairs, 2 and 10.

Assignment of resonance type

Sequential resonance assignment

The 500-MHz ‘H-NMR spectra of the duplex llmer in
99.96 % D,O (at 23 “C) showing only the non-exchangeable
proton resonances, and in 90 % H,0/10 % D,O (at 10 “C and
23 ‘ C ) showing both the exchangeable and non-exchangeable
proton resonances are illustrated in Fig. 1 and 2 respectively.
Under the conditions of ionic strength (300mM KCl) and
temperature employed, the two strands of the llmer are
entirely in the duplex state as judged from thermal denaturation studies (data not shown).
The assignment of resonance type is easily achieved by
comparison with the spectra of nucleotides and other small
oligonucleotides [34, 36, 37, 43 - 451. On this basis, peaks 1 - 7
are assigned to the methyl protons of the T residues, peaks 8 22 to the H2’ and H2” sugar protons, peaks 23 -41 to the H1’
sugar protons and the H5 protons of the C residues, peaks 42 69 to the H8, H6 and H2 base protons, peaks a-i to the
exchangeable imino protons, and peaks j-r to the exchangeable amino protons. Within each region, further distinctions can be made. In the H2‘/H2” region (peaks 8 - 22), it is
generally the case that the H2’ and H2” resonances of the
pyrimidine residues lie to high field of those of the purine
residues. In the HI’/H5 region (peaks 23 - 41), the H5 proton
resonances are easily distinguished from the HI’ resonances on
account of their multiplet structure :namely, the H5 resonances
are doublets due to coupling between the H5 and H6 protons of

In order to assign each resonance to a particular proton we
have made exclusive use of pre-steady-state NOE measurements [40,46]. For short irradiation times, the magnitude of the
NOE, N i j , observed on the resonance of proton i following
irradiation of the resonance of proton j , is given by

[38]. After desalting and extensive lyophilisation, equal amounts
of the two 1lmers were taken up in either 99.96 D,O or 90 %
H,0/10 :d D,O cotaining 300 mM KCI, 15 mM potassium
phosphate pH* 6.8 (meter reading uncorrected for the isotope
effect on the glass electrode) and 0.18 mM EDTA.
All NMR spectra were recorded on a Bruker AM500
spectrometer operating in Fourier-transform mode with
quadrature detection. NOE spectra in D,O were recorded with
a 90” observation pulse (pulse length 9 ps), an acquisition time
of 0.5 s (8 K data points and an 8.2 kHz spectral width) and a
relaxation delay of 1 s. NOE spectra in H,O were recorded
using a time-shared hard 1-1 observation pulse U,-r-O, [39] with
the carrier placed 3048 Hz downfield from the water resonance,
a delay of 1 6 0 . 5 ~ sand a total flip angle (28,) of 90”; the
acquisition time was 0.366 s (8 K data points and a spectral
width of 12195Hz) and the relaxation delay was 1 s. The
reference spectra were recorded using a longer acquisition time :
2s (32K data points) and 1.46s (32K data points) for the
spectra in D,O and H,O respectively. The NOESwere observed
by directly collecting the difference free induction decay (FID)
by interleaving 16 transients after saturation for a given length
of time (0.4 s or 0.8 s) of a given resonance, with 16 transients of
off-resonance irradiation applied for the same length of time.
The power of the selective irradiation pulse used was sufficient
to achieve effective instantaneous saturation as regards NOE
effects (i.e. the high power limit) whilst at the same time
maintaining selectivity [40]. NOE magnitudes were obtained as
described previously [34]. In the case of the spectra recorded in
H,O, the FIDs were subjected to data shift manipulation [39,
41, 421 prior to Fourier transformation in order to reduce
further the intensity of the water resonance, thereby eliminating
baseline distortions. Chemical shifts are expressed relative to
4,4-dimethylsilapentane-I
-sulfonate.

Nij z oijt

where oij is the cross-relaxation rate between protons i and .j
and t is the length of the irradiation time. (Note that Nij and oij
are negative as, for molecules the size of the double-stranded
undecamer, wz, + 1.) The cross-relaxation rate oij is proportional to rij‘ where rij is the distance between the two
protons i and j . As a result, the magnitude of the pre-steadystate NOE is very sensitive to inter-proton distance, decreasing
rapidly as rij increases and becoming virtually undetectable for
ril >, 0.5 nm. This feature of the NOE simultaneously provides
a method for sequential resonance assignment and a sensitive
probe of molecular structure. NOE sequential resonance
assignment strategies for oligonucleotides, based on the known
structures of right-handed DNA, have been extensively discussed [33- 371. A comprehensive strategy for the assignment
of the exchangeable annd non-exchangeable base proton
resonances, the methyl proton resonances and the Hl’, H2’,
H2” and H3’ sugar resonances in right-handed double-
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Fig. 1. 500-MHz ‘ H - N M R spectrum of the duplex I l m e r in 99.96% D,O at 23°C. (A) Complete spectrum between l.Oppm and 8.5ppm.
(B) Resolution-enhanced expansion of the H8/H6/H2 resonance region between 7.0 ppm and 8.3 ppm. (C) Resolution-enhanced expansion of the
HI’/H5 resonance region between 5.1 ppm and 6.Sppm. (D) Expansion of the CH, and H2’/H2” resonance regions between 1.0ppm and
3.0ppm. The assignments of the numbered resonances are given in Table4. Experimental conditions: 2mM duplex Ilmer in 99.96% D,O
containing 300mM KCI, 1SmM potassium phosphate pH* 6.8 and 0.18mM EDTA. The peaks marked x arise from low-molecular-mass
impurities. The expansions shown in B and C were resolution-enhanced by multiplying the free induction decay by a two-term exponential
function (Lorentz-Gauss multiplication) prior to Fourier transformation

stranded DNA helices is summarized in Fig. 3 . Particular
attention is drawn to those internucleotide NOEs with directional content.
Assignment of’ the aon-exchangeable proton resonances
Assignment of the non-exchangeable proton resonances of
the duplex I Imer was based entirely on systematic pre-steadystate NOE measurements, irradiating all the numbered resonances in Fig. 1 in turn. The NOEs relating to the A strand, the
B strand and inter-strand effects are given in Tables 1, 2 and 3
respectively. All observed NOEs were reciprocal with the

exception of those between the H1 and A(H2) protons. Here,
only NOEs on the A(H2) resonances following irradiation of
the HI’ resonances could be observed, and not vice versa. The
reason for the absence of reciprocity is simple : namely, NOEs
observed between these protons are very small (x - 1%) and,
consequently, are more easily detected on the narrow A(H2)
resonances than on the broader HI’ resonances. Using the
sequential resonance assignment scheme shown in Fig. 3, the
NOE data set in Tablesl-3 can be interpreted to yield
unambiguous assignments of all the non-exchangeable base,
methyl, H l’, H 2 and H2” resonances. In addition, some of the
H3’ resonances could also be assigned by means of in-
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Fig. 2. 500-MHz ‘ H - N M R spectra of the duplex l l m e r in 90%
H,O/IO :d D,O. (A) Imino proton resonance region (12.0 - 14.5 ppm)
at 10 “C. (B) Imino proton resonance region (12.0- 24.5ppm) at
23 “C. (C) H8/H6/H2/amino proton resonance region (6.5- 8.5 ppm)
8-5

at 23 “C. The exchangeable proton resonances are labelled a- r and the
A(H2) resonances are numbered as in Fig. 1. The assignments of the
exchangeable proton resonances are given in Table 4. The experimental conditions are the same as those in the Fig. 1 legend except that the
sample is in 90 ”/, H,0/10 ”4D,O. The peaks marked x arise from lowmolecular-mass impurities

tranucleotide NOEs observed in the H3’ resonance region
(4.7 - 5.0 ppm) following irradiation of the H8/H6 base proton
resonances. All assignments are given in Table4. It goes
without saying that the interpretation of the complete NOE
data set was thoroughly checked for self-consistency as this
stringent requirement provides an easy and reliable check for
possible assignment errors [30- 37, 471.
Some examples of pre-steady-state NOE difference spectra
relating to the terminal residues of both strands are shown in
Fig. 4. Except where stated, the irradiation time used was 0.8 s
which was sufficient to allow sizeable direct NOEs t o build u p
whilst ensuring that most second-order spin-diffusion effects
were kept to a minimum.
Considering the B strand first, we note that the sequence
d(C-T-T) of the three terminal residues is unique in the duplex,
thereby giving one a n easy entry into the sequential assignment
of the B strand resonances via the well resolved methyl proton
resonances. Irradiation of the T(CH,) resonance 7 (Fig. 4A)
results in NOEs o n two T(H6) resonances (peaks 51 a n d 49), a n
H I ’ resonance (peak 37) and a n H2’/H2” resonance (peak 13).
The magnitude of the NOE o n peak 51 is zz - 20 whilst that
on peak49 is z -10%. Given that there is only a single
occurrence of a d(T-T) sequence a n d that, in the case of right-
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NOEs involving exchangeable protons
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NH
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Fig. 3. Schematic illustration of the intranucleotide and internucleotide
interproton distances with values of’ 5 0.5 nm in right-handed DNA
which f o r m the basis of the sequential resonance assignment procedure by
means of’ NOE measurements. The diagram is restricted to interproton
distances involving the H8/H6/H2 base protons, the methyl protons,
the HI”, H2’, H2” and H3’ sugar protons and the exchangeable imino
and amino protons. These distance relationships are applicable to both
Band A DNA [34,36,37,49]. (The interruptedline between the H8iH6
and H2” protons of the same residue indicates that, although these
protons are separated by 5 0.5nm, the major contribution to the
intranucleotide NOE between these protons arises not from direct
cross-relaxation but from indirect cross-relaxation via the H2’ proton
due to the very close proximity, 0.18 nm, of the H2’ and H2” protons)

handed DNA, irradiation of a T(CH,) resonance will give rise
to a large intranucleotide NOE o n a T(H6) resonance, and
smaller internucleotide NOEs on the H8/H6, HI’, H2’ a n d H2”
resonances of the 5‘ residue, immediately enables one t o assign
peaks7 and 51 to the CH, a n d H 6 protons, respectively, of
T,,,, a n d peaks49, 37 a n d 1 3 t o the H6, HI’ a n d H2’/H2”
protons, respectively, of T,,,. The identification of the HI’,
H2’ a n d H2” resonance of T I 1B can be achieved by irradiation
of the TiiB(H6) resonance 51 (spectrum not shown) which
results in intranucleotide NOEs o n the TllB(CH3) (peak 7),
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Table 1 . NOEs involving the non-exchangeable proton resonunces of the A strand, 5‘d(A-A-G-T-G-T-G-A-C-A-T)of the duplex llmer
NOEs were observed in 99.96 % D,O at 23 ”C using an irradiation time of 0.8 s and the experimental conditions are given in the legend to Fig. 1.
The magnitude of the NOEs are represented by the following symbols: 1(large), 2 - 15 %; m (medium), - 5 % to - 15 %; s (small), 5 - 5 %; vs
(very small), - 1 %; ml, on the border of medium and large; ms, on the border of medium and small. The assignments of the peaks based on the
NOE measurements are given in Table 4
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T I lB(H1’) (peak 41) and T I ,,(H2’)/(H2”) (peak 14) resonances, and in the same internucleotide NOEs as observed on
irradiation of the T, lB(CH3) resonance. Irradiation of the
T, ,,(HI’) resonance41 (Fig. 4C) confirms the assignment of
the TI ,,(H6) and T, ,,(H2’)/(H2”) resonances by giving rise to
the expected intranucleotide NOEs on these resonances, and, in
addition, results in a very small inter-strand NOE on the
A,,(H2) resonance (peak 55). The T,,,(CH,) resonance is
easily assigned to peak 6 by the large intranucleotide NOE
observed on irradiation of the TlOB(H6) resonance 49 (spectrum not shown). Irradiation of the T,,B(CH,) resonance 6

(Fig. 4D) gives rise to the expected large intranucleotide NOE
on the T,,,(H6) resonance (peak49), to an indirect inproton on the
tranucleotide NOE via the T,,,(H6)
T, ,,(H2’)/(H2”) resonance (peak 13) and to internucleotide
NOEs on the H6 (peak 47), H5 (peak 23), H1’ (peak 31), H2’
(peak 10) and thc H2” (peak 16) resonances of the residue on its
5’ side, CgB.Irradiation of the C9,(H6) resonance peak 47
(Fig. 4E) then results in intranucleotide NOEs on the C,,(H5)
(peak23), (&(HI’)
(peak 31), C,,(H2’)
(peak 10) and
CgB(H2”)(peak 16) [indirect via C9,(H2’) proton] resonances,
an internucleotide NOE on the CH, resonance (peak 6) of the
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Table 2. NOEs involviitg the non-exchangeable proton resonances of the Bstrand, 5’d(A-T-G-T-C-A-C-A-C-T-T),
of the dup1e.x llnzer
Conditions and symbols are the same as in Table 1
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Table 3. Interstrand NOEs involving the HI’ and H2 resonances of‘the
duplex I Irner
Conditions and symbols are the same as in Table 1

-A strand

El’

25

H2
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81 ’

[

34

H2
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57
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i1s
26
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vs
VS

VS

3’ residue TI,,, and internucleotide NOEs on the H8 (peak 67),
HI ’ (peak 38), H2’ (peak 20) and H2” (peak 22) resonances of
the 5’ residue of AsB.The internucleotide NOEs on the H8, HI’
and H2” resonances of A,, and the CH, resonance of TI,, are
also observed on irradiation of the CgB(H5) resonance 23
(Fig.4F). [Note that peak23 also contains the CgA(H5)
resonance.]
The same approach can be used to assign sequentially the A
strand resonances; as in the case of the B strand, the sequence
d(C-A-T) of the three terminal residues is unique in the duplex,
thereby simplifying matters. Irradiation of the T, 1A(CH3)
resonance 5 (Fig. 4G) results in a large intranucleotide NOE on
the T, 1 ~ ( H 6resonance
)
(peak 45), an indirect intranucleotide
NOE via the T,,,(H6) proton on the TllA(H2’)/(H2’’) resonance (peak12), and internucleotide NOEs on the H8
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Table 4. Assignments of the exchangeable and non-exchangeable proton resonances of the duplex 1lmer determined by NOE measurements
Chemical shifts were measured relative to 4,4-dimethylsilopentane-l-sulfonate
at 23 "C
Residue

Chemical shift (peak no.) of protons
__

__

H8

_

€16

_

H5

~

CH,

7.90 (62)
8.15 (66)
7.61 (54)
7.14 (43)

~

H1'

H2'

H2"

H3'

7.70 (56)
7.63 (55)

5.84 (32)
5.90 (34)
5.88 (33)
5.83 (31)
5.90 (34)
5.69 (29)
5.41 (25)
6.14 (38)
5.48 (27)
6.22 (40)
6.09 (36)

2.34 (15)
2.81 (22)
2.47 (17)
2.10 (11)
2.71 (21)
1.91 (9)
2.63 (19)
2.61 (19)
1.85 (8)
2.67 (20)
2.13 (12)

2.56 (18)
2.81 (22)
2.71 (21)
2.10 (11)
2.55 (18)
2.30 (15)
2.71 (21)
2.71 (21)
2.26 (14)
2.82 (22)
2.13 (12)

5.06

6.19 (39)
5.72 (30)
6.00 (35)
6.00 (35)
5.44 (26)
6.12 (37)
5.41 (25)
6.14 (38)
5.83 (31)
6.12 (37)
6.26 (41)

2.81 (22)
2.21 (13)
2.60 (19)
2.09 (11)
2.05 (11)
2.67 (20)
1.93 (9)
2.67 (20)
1.96 (10)
2.24 (13)
2.27 (14)

2.65 (20)
2.45 (17)
2.77 (22)
2.45 (17)
2.33 (15)
2.82 (22)
2.29 (14)
2.82 (22)
2.43 (16)
2.24 (13)
2.27 (14)

1.25 (1)

7.81 (59)
7.08 (42)

1.34 (3)

7.83 (60)
8.12 (64)

7.71 (57)
7.16 (44)

5.22 (23)

8.19 (68)

7.73 (58)
7.23 (45)

1.44 (5)

7.34 (48)

1.37 (4)

8.14 (65)

7.93 (63)
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Resonance e is not detectable above 20°C; its chemical shift at 10 "C is 12.95ppm.
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Fig. 4. 500-MHz pre-steady-state NOE dfference spectra (off yesonatzce minus on-resonance irradiation) on the duplex 1lmer in 99.96 D 2 0 at
23"Cfollowing irradiation of various resonance peaks. (A), (B) The T, lB(CH,) resonance 7; (C) the T I ,B(H1') resonance41; (D) the T,,,(CH3)
resonance 6; (E) the CgB(H6)resonance47; (F) the CyB(H5)/CyA(H5)
resonance 23: (G) the T,,,(CH,) resonance 5 ; (H) the A,,,(H8) and
A9,(H8) resonances 68 and 67; (I) the C9,(H6) resonance 44; (J) the C9A(H2')resonance 8; (K, L) the C9,(HI') resonance 27. The assignments of
the other peaks seen in the difference spectra are given in Table 4. Note that a decrease in intensity of a particular resonance is seen as a positive
peak in the difference spectrum. The irradiating pulse was applied for 0.8 s for all NOE difference spectra with the exception of B and L where it
was applied for 0.4s. 1600 transients were averaged for each difference spectrum. The experimental conditions are the same as those in Fig. 1
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(peak68), HI’ (peak40), H2’ (peak20) and H2” (peak22)
resonances of the residue on its 5‘ side, A,,,. Irradiation of the
A,,,(H8) resonance alone is not feasible as peak 68 closely
overlaps with peak 67, the A,,(H8) resonance. Thus, irradiation of peak 67/68 (Fig. 4H) results in a combination of
NOEs arising from both the AioA(H8) and A,,(H8) resonances. From the A, “,(H8) proton there are intranucleotide
NOEs on the AloA(Hl’) (peak40), A,,,(H2’) (peak20) and
Al,,(H2”) (peak 22) [indirect via A,,,(H2’)
proton] resonances, an internucleotide NOE on the CH, resonance
(peak 5 ) of the 3’ residue T,,,, and internucleotide NOEs on
the H6 (peak 44), H5 (peak 23), H1’ (peak 27), H2’ (peak 8) and
H2” (peak 14) resonances of the 5’ residue C,,. [The NOEs
arising from the A8,(H8) proton are as follows : intranucleotide
NOEs on the A8,(HI’) (peak 38), AsB(H2’) (peak20) and
A,,(H2”) (peak 22) resonances, and internucleotide NOEs on
the C7B(H6) (peak45), C ~ B ( H(peak
~ ) 24), C7B(H1’)(peak25),
C7,(H2’) (peak 9) and C7,(H2”) (peak 14) resonances.]
Irradiation of the C9,(H6) resonance 44 (Fig. 41) results in
intranucleotide NOEs on the C9,(H5) (peak 23), C8,(H1’)
(peak 27), C9,(H2’) (peak 8), C9,(H2”) (peak 14) [indirect via
C,,(H2’) proton] and CgA(H3’) (4.98 ppm) resonances, an
internucleotide NOE on the H8 resonance (peak 68) of the 3’
residue A,,,, and intcrnucleotide NOEs on the H8 (peak 64),
HI‘ (peak 38), H2’ (peak 29) and H2” (peak21) resonances of
the 5’ residue As,. [The internucleotide NOEs on the H8 and
HI’ resonances of the
residue are also observed on
irradiation of the C,,(H5) resonance 23; see Fig. 4F.l Fig. 4J
illustrates the NOEs observed on irradiation of the C9,(H2’)
resonance 8 : there are direct intranucleotide NOEs on the
C,,(H2”) (peak 14), CgA(H1’) (peak27) and C9A(H6) (peak 44)
resonances, a small indirect intranucleotide NOE via the
C9,(H6) proton on the C9,(H5) resonance (peak 23), and an
internucleotide NOE on the H8 resonance (peak 68) of the 3’
residue A,”,. These findings are confirmed by irradiation of the
C9,(H1’) resonance 27 (Fig. 4K) which results in intranucleotide NOES on the C9,(H6) (peak 44), C9,(H2’) (peak 8)
and C9,(H2”) (peak 14) resonances, internucleotide NOEs on
the H8 (peak 68) and HI’ (peak 40) resonances of the 3’ residue
A,,,, and internucleotide NOEs on the H1’ (peak 38) and the
H2 (peak 57) resonances of the 5’ residue A8,.
It will be noted that a distinction is made in the above
descriptions between the H2’ and H2” sugar resonances. This is
readily made on the basis of two criteria. First, irradiation of
the H8/H6 base proton resonance always results in a larger
intranucleotide NOE on the H2’ resonance than on .the H2”
resonance for all glycosidic bond torsion angles within the unti
range characteristic of right-handed A and B DNA (e.g. see
Fig. 4E, H and I); moreover, within this conformational range,
the principal contribution to the observedintranucleotide NOE
between the H8/H6 and H2” protons arises from indirect crossrelaxation via the H2’ proton due to the very short separation
of only 0.18 nm between the H2’ and H2” protons. Second, the
intranucleotide NOE between the HI’ and H2” protons is
usually larger and can never be smaller than that between the
HI’ and H2’ protons for all sugar pucker conformations (e.g.
see Fig.4K and L). Despite the extensive overlap and poor
resolution with the H2’/H2” resonance region, unambiguous
assignments of the H2’ and H2” resonances can easily be made
by one-dimensional NOE difference spectroscopy as the
H8/H6/H2, HI’/H5 and CH, resonance regions are well
resolved.
The effect of irradiation time on the magnitude of the NOEs
is also illustrated in Fig, 4. Fig. 4B and 4L show the NOE
difference spectra obtained on irradiation of the T,,,(CH,)
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Fig. 5. Flow chart of the NOEs observed on the duplex llmer in 90%
H,O/IO
D,O at 23 “ Cinvolving the exchangeahle proton resonances.
The continuous lines (-)
represent direct NOES, the interrupted
lines (----) indirect NOES, and the dashed lines (--------)NOEs that
could only be observed at a temperature of 10 ”C and lower

and C,,(Hl’) resonances respectively for 0.4 s. Comparison
with the corresponding NOE difference spectra obtained with a
0.8 s irradiation time (Fig.4A and 4K respectively) clearly
shows the increase in size of the NOEs on increasing irradiation
time. The increase in some of the NOE magnitudes is slightly
less than twofold as, at an irradiation time of 0.8s, small
deviations from the initial rate approximation Eqn (1) are
already apparent, Consequently the data at 0.8 s irradiation
time cannot be used to obtain accurate distance ratios and
distances
involving
the
non-exchangeable
protons.
Nevertheless, it is ideal both for assignment purposes and for
obtaining a qualitative picture of the solution structure of the
duplex 1Imer since the selectivity of the NOEs is preserved and
the relative -magnitudes of the NOEs are only minimally
distorted.
Assignment

of‘ the exchungeuble proton

resonuizces

Assignment of the exchangeable proton resonances of the
duplex 1lmer in 90 % H,0/10 ”/, D,O was based on pre-steadystate NOE measurements irradiating for 0.X s in turn all imino,
A(H2) and amino proton resonances (see Fig.2) with the
exception of the amino proton resonances m- r. Irradiation of
the latter was not feasible as these are located too close to the
water resonance such that perturbation of the water resonance
magnetization by the irradiating pulse is unavoidable. The flow
chart of observed NOEs is given in Fig. 5 and the assignments
in Table4. All NOEs involving the imino and A(H2) resonances were reciprocal with the exception of those involving
the imino proton resonances a and e. In the latter two case,
NOEs could be observed on other resonances following
irradiation of resonances a and e at 10°C but not vice versa.
This is simply due to the fact that resonances a and e are very
broad so that it is very difficult to detect small changes in their
intensity.
Fig. 6 illustrates a few examples of pre-steady-state NOE
measurements involving the exchangeable proton resonances.
Irradiation of the T,,(H3) resonance c (Fig. 6A) results in an
intra-base-pair NOE on the A,,(H2) resonance (peak 52) and
in two inter-base-pair NOEs to rcsonancesh and i of the
adjacent imino protons G3B(H1) and G,,(Hl) respectively.
These inter-base-pair NOEs are also observed on irradiation of
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Fig. 6. 500-MHz pre-steady-state NOE dqjerence spectra (offiresonance minus on-resonance irradiation) on the duplex 1 lmer in 90 % H2O/10%
D,O at 23 “C following irradiation ,for 0.8s of various resonance peaks. (A) The T,,(H3) resonancec; (B) the A6,(H2) resonance 52; (C) the
G,,(HI) resonance i ; (D) the T4,(H3) resonance d; (E) the G,,(Hl) resonance f ; (F) the C,,(NH;) resonance I; and (G) the C,,(NH;)/C,,(NH;)
resonance k. The assignments of other peaks seen in the difference spectra are given in Table 4. 1600 transients were averaged for each difference
spectrum. The experimental conditions are the same as those in the Fig. 1 legend except that the sample is in 90% H,0/10% D,O
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the A6,(H2) resonance 52 (Fig. 6B). Irradiation of the GSA(H1)
imino proton resonancei (Fig. 6C) then results in intra-basepair NOEs to the amino proton resonances k and q and to interbase-pair NOEs to resonancesc and d of the adjacent imino
proteins T,,(H3) and T4,(H3), respectively, and to resonances52 and 53 of the adjacent A,,(H2) and A,,(H2)
protons respectively. A similar pattern of NOEs is also
observed upon irradiation of the T4,(H3) (peakd) and
GjA(H1) (peak f) imino proton resonances (see Fig. 6D and E).
Fig. 6F and G show the effects of irradiation of the amino
proton resonances 1 and k which are associated with the
G3,. C,, base pair and the G,, . C,, and G7*.C,, base pairs,
respectively. In both cases we observe intra-base-pair NOEs of
z - 15‘x on the associated G(H1) imino proton resonances
and intra-base-pair NOEs of 2 -SO;/, on high-field amino
proton resonances (namely, peak p in the case of irradiation of
peak I, and peaks q and r upon irradiation of peak k). (It should
be noted that the intensity of the signals falls off rapidly as one
approaches the water resonance owing to the nature of the
excitation function the 1-Ipulse used to suppress the water
resonance; see Fig. 2 C. Consequently, the intra-base-pair
NOEs observed on the high-field amino proton resonances p, q
and r appear small in the difference spectra in Fig. 6 although in
fact they are very large.) Thus peaks k and 1 can be assigned to
hydrogen-bonded amino protons and peaks p, q and r to the
corresponding non-hydrogen-bonded amino protons. These
amino protons could either arise from the C(NH,) or G(NH,)
protons; a distinction between these two possibilities cannot be

10 ppm

9

made reliably at present. The identity of the exchangeable
amino protons resonances m and n (see Fig. 2), which presumably arise from slowly exchanging A(NH,) protons, could
not be ascertained from the NOE measurements.

The solution structure of the duplex llmer
Because of the r - 6 dependence of the pre-steady-state
NOE, the relative magnitude of the NOEs provide a sensitive
probe which can be used to obtain a qualitative view of the
solution structure of the duplex llmer. The pattern of intranucleotide and internucleotide NOEs observed from one
residue to the next are remarkably similar, indicative of a fairly
regular structure.
Considering the intranucleotide NOEs first, we observe
large intranucleotide NOES ( - 2 0 % to -30%) between the
H8/H6 and H2’ protons, and medium to small intranucleotide
NOES
-8
between the H8/H6 and H I ’ protons and
between the H8/H6 and H3’ protons (in those cases where the
H3’ resonance is not buried under the residual HOD resonance). In addition, the large intranucleotide NOEs (-20 yd
to - 30 between the HI’ and H2” sugar protons are always a
factor of 1.5 - 3-times larger than those between the corresponding H1’ and H2’ protons. This pattern of intranucleotide NOES is indicative of an anti conformation about the
glycosidic bond with the glycosidic bond torsion angle x lying in
the range - 115 ‘ 30 ’and a deoxyribose conformation in the
C1’-exo to C2’-endo range [36,37], characteristic of B DNA

( s x)

x)
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[48-501. I n A D N A , where the glycosidic bond a n d sugar
pucker conformations are low anti a n d 3‘-endo respectively
[49-521, medium t o small intranucleotide N O E s would be
expected between the H8/H6 and H2’ protons and large ones
between the H8/H6 a n d H3’ protons.
The sugar pucker can also be ascertained from the
J12‘ coupling constants using the approximate empirical relationship: percentage 2‘-endo % 10J1,2.[53,54]. Because of
overlap of the H1’ resonances, J,.2’could only be determined by
simulation for 7 out of the 22 residues: namely, T6* (8.0 Hz),
C9, (8.5 Hz), A,,, (8.5 Hz) and TI,, (7.0 Hz) for the Astrand,
and A,, (7.5Hz), T,, (9.5Hz) and TI,, (7.0Hz) for the
B strand. O n the basis of this data it can be deduced that the
internal residues (T,,, C9,, A,,, a n d T2,) attain 2‘-endo
conformational purities of 2 80 % where the external residues
(A,,, T,,,, and T,,,) are slightly less conformationally pure
(70 - 75 % 2’-eizdo). This is in agreement with previous findings
on other short oligonucleotides [55,56].
Turning to the internucleotide NOEs, we note that
medium-sized NOEs (- 10 % t o - 15 ”/o) are observed between
the T(CH,) protons a n d the H8/H6 protons of the adjacent
5’ residue, and medium t o small N O E s (-4% to -8%)
betweentheC(H5)protonsandtheH8/H6protons oftheadjacent
5’ residue. No internucleotide NOEs, however, are observed
between either the T(CH,) or C(H5) protons and the H8/H6
protons of the adjacent 3’ residue. This pattern of internucleotide NOEs is indicative of a right-handed helix [36, 37, 571.
I n addition, the internucleotide NOEs between the H2’ a n d
H2” protons and the H8/H6 protons of the adjacent 3’ residue
are always much smaller than the intranucleotide NOEs
between the H2’ and H8/H6 protons. This confirms the overall
B-type conformation, as in A D N A the H2’ proton is much
closer t o the H8/H6 proton of the 3’residue than t o the H8/H6
proton of its own residue [34-371.

C O N C L U D I N G REMARKS
In the present paper we have demonstrated the power of
intranucleotide and internucleotide pre-steady-state N O E
measurements in obtaining complete resonance assignments of
the exchangeable a n d non-exchangeable base protons, methyl
protons and H l ’ , H2’ and H2” sugar protons of a relatively
long non-self-complementary double-stranded D N A oligonucleotide, namely a duplex I l m e r comprising a portion of the
specific target site for C R P within the gal operon. I n addition to
assignments, the relative magnitudes of the N O E s are readily
interpreted in a qualitative manner t o yield low-resolution
structural information. In the case of the duplex l l m e r , the
N O E data are indicative of a B-type conformation in solution
in agreement with the previous circular dichroic studies [15].
With the availability of the extensive assignments presented
here, the way forward is now at hand t o study the basis of the
specificity of the interaction of CRP with the duplex Ilmer.
Particularly useful in such studies will be transferred N O E
measurements [20,22,28,29,58,59] t o assess the conformation
of the duplex l l m e r bound t o CRP a n d N O E s between CRP
a n d the duplex l l m e r to determine regions of protein-DNA
contact.
This work was supported by the Medical Research Council (GMC
and AMG) and the Lister Institute of Preventive Medicine (GMC).
GMC is a Lister Institute Research Fellow. All NMR spectra were
recorded on the AM500 spectrometer of the Medical Research Council
Biomedical NMR Centre at the National Institute for Medical
Research.
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