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A two-dimensional NMR study of the solution structure
of a DNA dodecamer comprising the concensus sequence
for the specific DNA-binding sites of the glucocorticoid receptor protein
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A two-dimensional 500-MHz 'H-NMR study on the non-self-complementary double-stranded DNA
dodecamer 5'd(C-C-A-G-A-A-C-A-G-T-G-G)5d(C-C-A-C-T-G-T-T-C-T-G-G), 1s presented. This oligonucleco-
tide contains the consensus octanucleotide sequence 5'd(A-G-A-A-C-A-G-T) for the specific DNA-binding sites
of the glucocorticoid receptor protein [Payvar, F. et al. (1984) Cell 35, 381 —392]. Using a combination of two-
dimensional pure phase absorption nuclear Overhauser enhancement (NOESY) and homonuclear J-correlated
(COSY) spectroscopy all non-exchangeable base (with the exception of the adenine H2 protons), methyl and
deoxyribose H1’, H2’, H2”, H3" and H4’ resonances are assigned unambiguously using a sequential resonance
assignment strategy. From the relative intensities of the cross peaks in the pure phase absorption NOESY spectra
at two mixing times it is shown that the dodecamer adopts a B-type conformation in solution.

The glucocorticoid receptor protein stimulates transcrip-
tion of integrated proviral mammary tumour virus genes in a
variety of cell lines derived from mouse mammary tumours
[1. 2]. Recent mapping and nuclease footprinting experiments
have demonstrated the presence of five regions of mammary
tumour virus DNA that are bound specifically by the purified
glucocorticoid receptor protein [3, 4]. One of these regions
resides upstream of the transcription start site, and the others
are located within transcribed sequences 4000 —8000 bases
from the initiation site [3]. Within cach region there are a
number of DNA sequences varying in length between 15 and
44 basc pairs which are protected in the footprinting experi-
ments [3. 4]. These sequences are characterized by the degen-
erate 8-base-pair consensus sequence 5'd{A-G-A-A/T-C-A-
G-A'T)[3].

As an initial step in the study of the structural and dynamic
aspects of specific DN A-glucocorticoid receptor protein inter-
actions. we have carried out a two-dimensional NMR study
of the solution structure of the non-self-complementary DNA
dodecamer
A strand

t -] - - - - p— — P - - - 1]
Sd(r:1 52 A3 G, AS Re c, Ag Gg Tm G” 512)3

1 - -— - - -7 - - - - - - v
3d(G126 T,q~Co TB 5 =G =T =C, —A c, -C, )5 8 strand

11 10 6 5 4 3
which contains the above octanucleotide consensus sequence.
The mainstay of the present study lies in the use of the nuclear
Overhauser enhancement (NOE) to demonstrate the proximi-
ty of protons in space [S—8]. In particular, we have made use
of the two-dimensional method of detecting NOEs [9—11],
an experiment known as NOESY (two-dimensional nuclear
Overhauser enhancement spectroscopy). In addition, we
have employed two-dimensional homonuclear J-correlated
spectroscopy (COSY) to identify spins belonging to the same
homonuclear scalar coupling network [12, 13]. By making usc
of the information obtained from the NOESY and COSY

Abbreviations. NOE. nuclear Overhauser enhancement; NOESY,
two-dimensional nuclear Overhauser enhancement spectroscopy:
COSY. two-dimensional homonuclear J-correlated spectroscopy.

spectra, all non-exchangeable base (with the exception of the
adenine H2 protons), methyl and deoxyribose H1', H2", H2",
H3" and H4’ proton resonances are assigned sequentially in
a similar manner to that pioneered for protein spectra by
Wiithrich and his collaborators [14 — 16]. Morcover, informa-
tion about the build-up rates of the NOEs can be deduced
by acquiring pure phase absorption NOESY spectra with
different mixing times [17]; and it is shown from the relative
magnitudes of the cross pcaks in two such spectra that the
dodecamer adopts a B-type conformation in solution.

EXPERIMENTAL PROCEDURE

The two strands of the dodecamer, 5'd(C-C-A-G-A-A-C-
A-G-T-G-G) and 5(C-C-A-C-T-G-T-T-C-T-G-G), were pre-
pared from suitably protected nucleosides according to the
phosphitetriester method [18] principally as described by
Seliger et al. [19] and purified by reverse-phase high-pressure
liquid chromatography using a Waters uBondapak Ciy4
column. After desalting and extensive lyophilisation, the two
strands of the dodecamer (final concentration 8 mM per
strand) were taken up in 99.96% D,O containing 100 mM
KCl, 10 mM potassium phosphate pH* 6.8 (mecter reading
uncorrected for the isotope effect on the glass clectrode) and
0.02 mM EDTA, and annealed by heating to 80" C and sub-
sequent slow cooling.

The temperature used for all NMR experiments was 25 C.
Under these conditions of ionic strength and temperature, the
two strands of the dodecamer are entirely in the duplex state
as judged from terminal denaturation studies (unpublished
data).

All NMR spectra were recorded on a Bruker AM 500
spectrometer equipped with an Aspect 3000 computer.
Quadrature detection was used with the carrier placed at the
position of the residual HOD resonance, approximately in the
middle of the nucleic acid spectrum.

COSY spectra were recorded with a squence of two non-
selective 90 pulses [12, 13]: 90 -1,-90 -7,-d. The phases of the
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pulses and of the receiver were cycled to provide quadrature
information in the F 1 dimension and to eliminate axial peaks
[20}. The delay r; is the evolution period characteristic of two-
dimensional NMR. 256 ¢, values were used with a step size
of 266 us and an initial value of zero; 128 transients were ac-
quired for each increment. Data was sampled during the detec-
tion period 15 (0.272s). whilst the delay o (0.8s) was inserted
to allow the spin system to recover between transients. The
same spectral width (3760 Hz) was used in each dimension.
Prior to Fourier transformation the time-domain data were
multiplied by a sine-squared bell shifted by n/128 and n/64
in the ¢, and ¢, directions respectively, corresponding to a
considerable degree of resolution enhancement. Zero-filling
was employed in the r; dimension to result in a frequency-
domain matrix of size 1 K x 1 K, with digital resolution equal
to 3.67 Hz per point in each dimension. The spectrum is
presented in the absolute-value mode and has been improved
by symmetrization [21].

The basic NOESY experiment [9] consists of a sequence
of three 90 pulses: 90 -£,-90 -1,-90"-1,-d; exchange of longi-
tudinal magnetization occurs during the mixing time t,,,. Two
modifications of the original experiment have recently been
described [22, 23]: both give peaks with pure double-absorp-
tion line shapes whilst retaining the advantages that result
from the use of quadrature detection in the F1 dimension.
This work made use of one of these methods, that of Marion
and Wiithrich [23], and the phase cycling and data processing
were done according to their procedure. The phase cycling
also provided for the suppression of axial peaks and of cross
peaks due to coherence transfer via multiple-quantum co-
herence [24]. though no special method was used to prevent
cross peaks arising from zero-quantum coherence transfer.
The detection period ¢; and relaxation delay d have the same
functions as in the COSY spectrum and were set to values of
0.265s and 0.8 s respectively. A spectral width equal to
4000 Hz was obtained in the F1 dimension by incrementing
the evolution period 7 in steps of 125 us; 128 transient were
collected for each of 700 increments, and a spectral width of
4000 Hz was also used in the F2 dimension. Asquare T K x 1K
frequency-domain data matrix was obtained by zero-filling in
t;. giving a digital resolution of 3.91 Hz per point in each
dimension. Apodization and mild resolution enhancement
were applied by multiplying the time-domain data with a sine-
squared bell. shifted by /4 in both the ¢, and ¢, dimensions.
An initial phase correction was carried out during the trans-
formation with a final adjustment after completion of the two-
dimensional transform. These manipulations were followed
by symmetrization [21].

Pure phase absorption NOESY spectra were obtained
with two different mixing times, namely 100 ms and 300 ms,
both of which are short enough to avoid excessive spin diffu-
sion [17, 25].

All two-dimensional spectra are presented as contour plots
with successive contour levels incremented on a linear scale.
Chemical shifts are expressed relative to 4,4-dimethylsila-
pentane-1{-sulfonate.

RESULTS AND DISCUSSION
First level resonance assignment

The assignment of resonance type is easily achieved by
comparison with the spectra of nucleotides and other small
oligonucleotides [26, 27]. In this manner various spectral re-
gions can be defined: the base H8, H6 and H2 resonances lie

between 7 ppm and 8.5 ppm, the H1” sugar and cytosine H5
resonances between 5 ppm and 6.3 ppm, the H3" sugar res-
onances between 3.5 ppm and 4.5 ppm. the H2” and H2" sugar
resonances between 1.8 ppm and 3 ppm, and the methyl pro-
ton resonances of the thymine residues between | ppm and
1.8 ppm.

To complete the first level resonance assignment it is help-
ful to identify spin systems by means of a COSY spectrum.
In this manner the J connectivities between the H5 and Hé
resonances of the cytosine residues (see Fig. 2 below), and
between the H6 and methyl resonances of the thymine residues
(via their four-bond spin-spin coupling; see Fig. 3 below) are
easily established. In addition the sugar resonances could in
principle be grouped into families of signals belonging to
the same network of coupled spins via the intranucleotide
pathway H1"«H2'/H2" & H3 & H4'«— H5/HS5". In practice.
however, this is usually restricted to the H1 & H2'/H2" con-
nectivities as the chemical shift dispersion of the H3", H4",
HS5" and HS” resonances is too limited.

Sequential assignment of individual resonances

In order to assign individual resonances we have made use
of pure phase absorption two-dimensional nuclear Over-
hauser enhancement (NOE) measurements [9, 22, 23]. In an
analogous manner to one-dimensional NOE measurements
[28, 29] the intensity of a cross peak between resonances / and

J, ay, at short values of the mixing time t,, in a NOESY

spectrum is given by [10, 17]
'd,'j ~ TijTm

where ¢;; is the cross-relaxation rate between protons i and j.
6 1s in turn proportional to r;;® where ri; is the distance
between protons / and j [30]. As a result, the intensity of a
cross peak is very sensitive to interproton distance, decreasing
rapidly as r;; increases and becoming virtually undetectable
for r;; 2 0.5 nm.

Bearing in mind the above properties of the NOE, sequen-
tial resonance assignment strategies, based on the known
structures of right-handed DNA have been put forward inde-
pendently by a number of groups [31 —43]. A comprehensive
strategy for the assignment of the H8, H6 and H5 base pro-
tons, the methyl protons and the sugar protons in right handed
DNA helices is summarized in Fig. 1. This scheme does not
include the adenine H2 protons which together with the ex-
changeable imino and amino protons are part of a separate
cross-relaxation network |8, 33, 34, 44 —4§].

[t is particularly important to note that the application of
the scheme shown in\Fig. 1 for the NOE-based sequential
resonance assignment strategy does not require the initial
assumption of a right-handed helical structure for the follow-
ing reasons. First, the general pattern of NOEs observed for
right-handed A and B type helices is quite different from that
expected for left-handed Z DNA, and this is easily ascertained
from simple inspection of the complete NOESY spectrum.
Second, the additional demands, constraints and information
extracted from the J connectivities, the known nucleotide se-
quence, the nature of the terminal residues, and, most of all,
the directionality of some of the internucleotide NOEs, makes
the assignments based on the NOE data completely unam-
biguous. Furthermore, independent evidence as to the helical
state of a particular oligonucleotide can always be obtained
from a circular dichroic spectrum, which in this case is indica-
tive of a right-handed B-type conformation (unpublished
data).
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1 Intranucleotide The various pertinent regions of the NOESY spectra used
HB8/H6 =——H5/CH, for the sequential resonance assignment are shown in

I Fig. 2—6. The mainstay of the sequential assignment lies in

the NOEs between the H8/H6 base protons and H1" (Fig. 2)

H5" HZ' and H2'/H2” (Fig. 3) sugar protons. This is because each H8/

e TSHITT L Ty 6 base proton exhibits an NOE with H1. H2 and H2" sugar
\HQ’W protons of its own residue (/) and of the adjacent 5'-residue

(i-1). In this manner, the H8/H6, H1’, H2" and H2” protons

of both strands can be assigned sequentially. This procedure

ti L .
2 Infernucteotide is aided by the observation of a number of additional in-

Residue tranucleotide NOEs and of several internucleotide NOEs be-

(5 i-1 i i+l 3 tween each pair of residues. The relevant intranucleotide

NOEs are those between the C(H5) and C(H6) protons

HB'/H(’\ / H8/H6 (Fig. 2), between the T(H6) and T(CH) protons (Fig. 3) and

H1.\‘H8/H6 between the H1" and H2'/H2” protons (Fig. 4). (Note that

:%7 \ HS,/CH these connectivities are also observed in the COSY spectrum

3 as they involve resolvable scalar couplings.) Particularly help-

HB/H6 ful internucleotide NOEs are those between the C(HS) and

HY agiacent 5 }:{;%/H(v protons (Fig.2), between the T(C?;) and

’ § adjacent 5* H8/H6 (Fig. 3) and H1" (Fig. 4) protons, between

L{% Ho/CH, Ho/CH neighbouring C(HS) and T(CH;) protons (Fig. 3), and be-
H5/CH; tween neighbouring H8/H6 protons (Fig. 5).

Asanexample, let us consider the B chain. We note that the

HY H8/H6 sequence d(Geyp-T7p-Tgy) is unique in the duplex dodecamer.
HZ']‘/ Examination of the NOESY spectrum in Fig. 3 B immediately
H2" \ H5/CH, establishes the assignment of the methyl and base protons of

Fig. 1. Schematic illustration of the intranucleotide and internucleotide these three residues via the NOE pathway Gop(H8)>Trp-

distances with values of < 0.5 nm in right-handed DN A which form the (CH3_)HT7B(H6)HT8B(CHS)HTBB(H())~ With  this knowl-
basis of the sequential resonance assignment procedure by means of edge in mind, one need iny turn to the NEOSY spectrum n
NOE meusurements. These distance relationships are applicable to  Fig. 2 and 3A to establish NOE connectivities between the

both B and A DNA [31, 33. 36. 49] H8/H6 and HI1" protons and between the HE/H6 and
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Fig. 2. H8/H6( FI axisj— HI'JH5( F2 axis) region of the pure phase absorption NOESY (300-ms mixing time ) and absolute value COSY spectra.
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of H3'(i — 1)«» H8/H6(§) <> H3'(i) connectivities are also indicated [note that the internucleotide step occurs principally through the indirect
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H2'/H2" protons, respectively, of these residues, thereby pro-
viding a useful starting point with which to extend the
assignment of the B-chain H8/H6, H1” and H2'/H2” protons
in both directions.

With the base, methyl, H1” and H2'/H2” protons assigned,
all that is required is to assign the H3” and H4' protons via the
relevant intranucleotide connectivities. Thus intranucleotide
NOEs are observed between the H3” protons and the H8/H6
(Fig. SB) and H1’" (Fig. 6A) protons. The latter arise
principally through the indirect H1'«->H2'/H2"«> H3" path-
way. In addition to intranucleotide NOEs, internucleotide
NOEs are also observed in the H§/H6—H3’ region of the
NOESY spectrum (Fig. 5B). These occur between the H8/H6
and adjacent 5"H3’ protons primarily through the indirect
H3'(i) > H2'/H2"(i)«>H8/H6(i + 1) pathway. The H4" pro-
tons are readily assigned from the intranucleotide NOEs be-
tween the H1” and H4 protons (Fig. 6 B) and any ambiguities
can readily be resolved from the observation of cross peaks
in the NOESY spectrum at long mixing times arising from
indirect intranucleotide NOEs between the H§/H6 and H4’
protons (data not shown).

All that is left to complete the assignments is to distinguish
the H2' from the H2” protons. This is easily achieved by two
independent methods. First, the intranucleotide separation
between the H8/H6 and H2" protons is always smaller than
that between the H8/H6 and H2” protons for all glycosidic
bond torsion angles within the anti range characteristic of
right-handed DNA conformations. Hence the intensity of the
cross peaks arising from intranucleotide NOEs between the
H8/H6 and H2” protons will always be larger than that arising
from the corresponding intranucleotide H§/H6 — H2” NOEs.
This is apparent from the contour plot of the H8/H6—H2/
H2” region of the NOESY spectrum with a 300-ms mixing time
(Fig. 3A). This can also be appreciated from cross-sections as
illustrated in Fig. 7A which shows a cross-section with the
T1oa(H6) resonance at the position of the diagonal obtained
from NOESY spectra with mixing times of 100 ms and
300 ms. The smaller intensity of the intranucleotide NOE
between the T;94(H6) and T194(H2”) protons relative to that
between the T, oa(H6) and T;04(H2') protons is clear in the
cross-section taken with the 100-ms mixing time; at 300 ms,
however, the difference is reduced owing to spin diffusion.
The second approach involves the observation that for all
deoxyribose pucker conformations the distance between the
H1” and H2" protons is usually shorter and can never be
longer than that between the H1” and H2’ protons. This is
clearly manifested in the contour plots of the H1"—H2'/H2”
region of the NOESY spectra obtained with mixing times of
100 ms and 300 ms (Fig. 4A). A more accurate representation
of the relative intensities of the H1"— H2" and H1"— H2” cross
peaks is afforded by cross-sections as illustrated for the cross-
section with C,5(H1’) resonance at the position of the diag-
onal (Fig. 7B).

Unfortunately the assignment of the H5" and HS” protons
for this particular oligonucleotide presents an intractable
problem as the relevant cross peaks in both the NOESY and
COSY spectra occur within regions of severe overlap and
limited spectral dispersion. In this particular case the only
assignments of H5 and HS” resonances that could be
accomplished unambiguously were those of the Ca, C;5 and
Asp residues. In the case of the C;a and C,p residues the
resonances of the HS and HS” protons are superimposed at
3.67 ppm, lying just to high field of the main bulk of the H4’,
H5 and HS” resonances; in the case of the Ajg residue, the
A;p(H4') resonance is the lowest field resonance in the H4'/
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Fig. 7. Cross-section of the pure phase absorption NOESY specira
( 100-ms and 300-ms mixing times) taken with (A) the Tyoa( H6) reso-
nance and (B) the Cyg(HI’) resonance at the position of the diag-
onal. These cross-sections correspond to the NOE difference spectra
that would be observed in conventional one-dimensional spectroscopy
upon selective inversion of the T;o4(H6) and C,3(H1’) resonances

H5/HS” region thereby allowing the pairwise assignment of
the A;p(HS) and A;p(HS5”) resonances at 3.91 ppm and
4.11 ppm from cross peaks in both the NOESY and COSY
spectra.

The assignments of the H8, H6 and HS base protons, the
methyl protons and the H1’, H2’, H2", H3" and H4" sugar
protons in Table 1. A summary of all the observed inter-
nucleotide NOEs is shown in Fig. 8.

Low-resolution structure of the duplex dodecamer

Because at short mixing times the cross-peak intensities in
the pure phase absorption NOESY spectra are approximately
proportional to r %, the relative magnitudes of the various
cross peaks provide a sensitive probe of molecular structure
and enable one to define a low-resolution solution structure
on the basis of a qualitative interpretation alone. A word of
caution, however, should be added in interpreting relative
cross-peak intensities in a simple manner as slight distortions
may be introduced as a result of spin diffusion (even at the
short mixing time employed here), data manipulation (viz.
symmetrization and mild resolution enhancement), con-
tributions from non-dipolar relaxation, in particular zero
quantum coherence transfer between coupled spins, and



Table 1. Assignments of the non-exchangeable proton resonances of the
duplex dodecamer
Chemical shifts (from 4.4-dimcthylpentane-1-sulphonate) are at 25°C

Residue  Chemical shift of protons

H8/H6 H5/CH; HU H2’ H2” H3’ H4’

A strand  ppm
Cia 7.65 5.79 5.84 1.95 2.39 4.56 4.01
Csa 7.52 5.62 5.16 1.97 2.22 4.76 3.99
Asa 8.13 5.84 2.65 2.79 4.97 429
Gua 7.66 5.26 2.47 2.58 491 425
Asa 8.00 5.86 2.56 2.80 4.97 434
Aea 8.00 5.97 2.45 2.74 493 434
Cia 7.05 5.07 5.37 1.76 2.20 4.76 4.04
Aga 8.07 5.92 2.64 2.80 4.94 4.31
Goa 7.56 5.75 2.38 2.60 4.83 4.30
Tion 704 126 564 176 216 462 407
Giia 7.77 5.58 2.50 2.63 4.89 427
Giaa 7.73 6.04 2.45 2.29 4.57 413

B strand
Cip 7.65 5.79 5.84 1.95 2.39 4.56 4.01
C,p 7.52 5.62 5.32 2.05 2.32 4.79 4.04
Asp 8.23 6.20 2.73 2.86 498 4.30
Can 7.25 5.76 1.89 2.38 4.63 4.14
Tsa 7.25 5.68 2.08 2.42 4.80 4.06
Gep 781 590 255 272 491 431
Tos 7.21 1.29 593 2.06 2.51 479 4.19
Tyn 7.39 1.54 6.03 215 2.29 4.83 413
Cop 7.55 5.58 591 2.03 2.38 4.81 4.11
Tios 7.28 1.61 5.48 1.90 2.17 4.72 4.03
Gy 7.80 5.58 2.50 2.63 4.91 4.13
Giap 7.75 6.04 2.44 2.29 4.57 4.13
53 (o) Cia Ga Asa Gun Asy Aga Ga Ags Goa Toa Gua Gpa
to) Gg Gg A (s T Ges Trs Tag Cop Tog g Gus
HY H8/H6 "0 —0—0—0— ¢ —0—0— 00— —0—¢

WAL G Ss s = = o e e e
H3 HB/H6 &9 s —o oo o oo
HY H> o —

HZ/HZ" HS s——9 o

HY CHy o P

H8/Ho  CH, .~

H8/H6 HS & —s

Hs  CHy — o

CH; HS oo

H8/H6  HE/H6 &2 .H_':O—S—&—G—;—g—OH
HS HS  o—1

Fig. 8. Sunwmury of the internucleotide NOEs observed for the A (@ )
and B ({0 ) strands of the dodecamer

variations in effective correlation time for different inter-
proton vectors. These problems and their resolution for
quantitative analysis of pre-steady-state NOE data on
oligonucleotides have been discussed by ourselves in detail
elsewhere [35. 54]. Nevertheless, the qualitative approach used
here is adequate for distinguishing between A, B and Z DNA.

Considering the intranucleotide NOEs first we note
the following pattern of cross-peak intensities: ay - 1g/me
> dappy s 116 > dny g e for the sugar-base NOEs and
Aoy =y —ye > dygy- e for the intrasugar NOEs. This
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pattern of NOEs is indicative of an anti conformation about
the glycosidic bond within the range y  — 115+ 30° and a
deoxyribose conformation in the C1’-exo to C2’-endo range
[33 —35] characteristic of B DNA [49—51]. In the case of A
DNA which has a low anti glycosidic bond conformation
(x =& —160 £+ 10°) and C3’-endo sugar pucker [49, 52, 53] the
pattern of cross-peak intensities observed for the sugar-base
NOEs would be Ay —Hs/He 2 AH1 — H8/He X AHY —H8/Hs-

The overall solution structure of the dodecamer can be
ascertained from the internucleotide NOEs (see Fig. 8). With
the exception of the internucleotide NOEs between adjacent
H8/H6 protons and between adjacent H5/CHj3 protons, all
the internucleotide NOEs exhibit directional specificity. Thus,
for example, internucleotide NOESs are observed between the
H1’, H2" and H2” sugar protons of the ith residue and the
H8/H6 base proton of the (i + 1) residue but not the (i — 1)
residue, and similarly between the T(CH3) protons of the ith
residue and the H8/H6 proton of the (i — 1) residue but not
the (i + 1) residue. This pattern of NOEs is only compatible
with an overall right-handed helical structure [31 - 35, 55].
The distinction between the A and B-type geometries can be
made on the basis of the relative magnitudes of the in-
tranucleotide and internucleotide NOEs between the H8/H6
and H2'/H2” protons. In the present case, the pattern of
cross-peak intensities is as follows: apz)—nsmen >
AH(i— 1)~ H8/H6M > AH2( - 1)~ He/He)y confirming the overall B
type structure [31—35]. In A DNA the observed pattern
would be AHy G- )= H8He) 2 AH2(i— )= He/H6l) — FHY(7)— H8/H6():

CONCLUDING REMARKS

In the present paper we have demonstrated the power of
pure phase absorption NOESY spectroscopy in obtaining
reliable resonance assignments and low-resolution structural
information on a relatively long non-self-complementary
double-stranded oligonucleotide, namely a duplex dodecamer
comprising the octanucleotide consensus sequence for the
specific DNA binding sites of the glucocorticoid receptor
protein. This data provides the essential basis not only for
examining the specific DNA-glucocorticoid receptor protein
interaction but also for obtaining a high-resolution structure
for the dodecamer in solution. The latter involves determining
accurate interproton distances from the initial build up rates
of the NOEs followed, for example, by a constrained least-
squares minimization in which all covalent bond lengths, fixed
bond angles, van der Waal’s contacts, and hydrogen bond
lengths and geometry are constrained within narrow limits
in order to refine an initial trial model on the basis of the
experimentally determined interproton distances.
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