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Quantitative 2D NOE measurements and restrained molecular dynamics simulations (with explicit solvent) were
carried out in order to determine preferential solution side chain conformations of the two most important native
brassinosteroids, brassinolide and 24-epibrassinolide. The NOE assignment was assisted by 1D NOE di†erence
spectroscopy and included prochiral assignment of the side chain methyl groups Me-26 and Me-27. 2D NOE
intensities were converted into inter-proton distances using the “complete relaxation matrix analysisÏ methodology.
Restrained molecular dynamics simulations in a chloroform solvent box led to a well deÐned solution conformation
in the case of brassinolide. The increased side chain Ñexibility in the case of 24-epibrassinolide is discussed, con-
sidering missing NOE correlations and vicinal proton coupling constants. 1997 by John Wiley & Sons, Ltd.(
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INTRODUCTION

Brassinosteroids are a new class of plant hormones
showing high growth-promoting activity and other
multiple e†ects on the growth and development of
plants.1 Since the discovery of brassinolide in rape
pollen in 19792 as the Ðrst member, 37 native brass-
inosteroids have been characterized.3 They all possess a
22R,23R-diol structural feature in the steroidal side
chain which is essential for a high biological activity.
Thus, compounds with 22R,23R-hydroxyls are much
more active than synthetic analogues with 22S,23S-
hydroxyls. On the other hand, in the native 22R,23R-
conÐguration brassinosteroids members with a 24S-
methyl or -ethyl group show a tenfold higher bioactivity
than corresponding hormones with a 24R-alkyl func-
tion,4 reÑecting the signiÐcance also of the stereoche-
mistry at this asymmetric centre. The two most
important5 phytohormones, brassinolide (1) and 24-
epibrassinolide6 (2) (Scheme 1), represent such an epi-
meric pair and were therefore selected for our
conformational studies.

Whereas approaches using molecular modelling have
been reported,7,8 solution side chain conformation
analysis of brassinosteroids based on NMR spectros-
copy has not previously been carried out. Therefore, the
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aim of this work was to study whether brassinosteroids
possess preferential solution conformations. Further-
more, we were interested in conformational di†erences
of 1 and 2 and, should the occasion arise, in an explana-
tion of the di†erent bioactivities on the level of confor-
mational behaviour. To do this, we mainly used
quantitative 2D NOE measurements to collect
conformation-restrictive information and molecular
mechanics calculations for structure determination and
reÐnement.

Concerning the present tremendous progress in
molecular genetics of brassinosteroids,9,10 such confor-
mational studies are of special interest for future investi-
gations on hormoneÈreceptor interactions of this
phytohormone group.

Scheme 1. Structures and numbering of brassinolide (1) and 24-
epibrassinolide (2).
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EXPERIMENTAL

A sample of 1 was purchased from Beak Technologies
(Brampton, Canada). Compound 2 was prepared from
ergosterol using a combination of the methods
published by Thompson et al.11 and Anastasia et al.12

NMR experiments

All NMR spectra were recorded at 301 K on a Varian
UNITY-500 spectrometer operating at 499.835 and
125.70 MHz for 1H and 13C, respectively. For 1H
experiments, solutions of 0.5 mg of 1 and 2, respectively,
in 0.160 ml of and a Nalorac 3 mm indirectCDCl3detection probe were used ; for 13C experiments, a solu-
tion of 9 mg of 1 and 8 mg of 2 in 0.6 ml of

(95 : 5) was used to give suffi-CDCl3ÈCD3OD (CD3OD
cient solubility) and a Varian 5 mm broadband probe
were used. Chemical shifts were referenced to internal
TMS (d \ 0 ppm, 1H) and (d \ 77.0 ppm, 13C).CDCl3Samples for NOE measurements were carefully
degassed by Ðve freezeÈthaw cycles and then Ñame-
sealed under an argon atmosphere.

All experiments were carried out using standard pulse
sequences given by the manufacturers. All 2D spectra
were recorded and processed in the phase-sensitive
mode with quadrature detection in both dimensions.

1D 1H NMR spectra. Size 32K, spectral width 5000 Hz,
80 scans, 0.8 s relaxation delay.

1D 13C NMR spectra. Size 64K, spectral width 30 kHz,
4096 scans, 10 s relaxation delay, WALTZ-16 1H
decoupling.

13C measurements. InversionÈrecovery pulse sequence,T
1size 64K, spectral width 30 kHz, 14 recovery increments

ranging from 0.001 to 18 s non-linear, 1600 scans per
recovery increment, 10 s relaxation delay, WALTZ-16
1H decoupling.

1D TOCSY spectra with selective homodecoupling during
acquisition. Size 128K, spectral width 2250 Hz,
E-BURP-1 excitation pulse, two 2 ms trim pulses, 6.8
kHz spin lock Ðeld, 40 scans. The duration of spin lock
period and power of homodecoupling were optimized
to give the optimal signal amplitude and shape.

NOE di†erence spectra with or without selective homo-
decoupling during the acquisition period. Size 32K, spectral
width 4000 Hz, 5 s relaxation delay, saturation time 3 s,
alternating saturation of multiplet signals, 400È6000
scans, interleaved FID accumulation. FID was multi-
plied by a 0.5 Hz line-broadening exponential, di†er-
ence spectra processing was performed in the frequency
domain and the saturation and homodecoupling power
were optimized to give the best selectivity.

COSY DQF spectra. Size in acquisition domain 1K,
spectral width in and 2250 Hz, 16 scans per eachF1 F2of 256 increments, 1.5 s relaxation delay.t1
NOESY spectra. Size in acquisition domain 2K and 4K,
spectral width in and 2250 Hz, 16, 32 or 64 scansF1 F2

per each of 256 or 512 increments, 100 msÈ2.5 st1mixing time, 1.5 or 2 s relaxation delay.

ROESY spectra. Size in acquisition domain 4K, spectral
width in and 2250 Hz, 2 kHz CW spin lock Ðeld,F1 F232 scans per each of 512 increments, 400 and 600 mst1mixing time, 1.5 s relaxation delay.

1H–13C HMQC spectra. Size in acquisition domain 1K,
spectral width 10 kHz in (13C), 2250 Hz in (1H),F1 F20.4 s delay after BIRD selection portion, polarization
transfer delay to select Hz, 16 scans per1JCH\ 140
each of 128 increments, GARP-13C decouplingt1during acquisition, 1.8 s relaxation delay.

1H–13C HMBC spectra. Neither a BIRD selection nor
13C decoupling was applied, the delay to select long-
range correlations was set to 0.07 s, 80 scans per t1increment and other parameters identical with those of
HMQC.

Determination of inter-proton distances

In order to relate NOESY cross peak intensities to
inter-nuclear distances of the dipolar coupled proton
pairs, NOESY spectra with a 400 ms mixing time were
processed for both compounds with the NMR TRIAD
program (SYBYL 6.2 software package, TRIPOS, St
Louis, MO, USA). In both dimensions a 90¡ shifted
squared sine-bell window function was applied and the

dimension was zero-Ðlled up to 2K data points. InF1the dimension a fourth-order polynomial baselineF2correction was used. Cross peaks which would be
important for the determination of side chain conforma-
tions were integrated with manually determined base-
line and peak boundaries. In cases where cross peaks
appeared as resolved multiplets, they were integrated
separately and added up.

We used the “complete relaxation matrix analysisÏ
program MARDIGRAS13h15 as implemented in
SYBYL 6.2 to obtain inter-proton distances. In a Ðrst
step, all side chain NOE intensities, except the NOEs of
Me-26 and Me-27 (not yet stereospeciÐcally assigned),
and additionally some well resolved NOEs of the steroi-
dal skeleton (to give MARDIGRAS some experimental
information on the sterically Ðxed part of the molecules)
were used as program input. For the computation of
distance ranges an estimate of experimental noise is
necessary. This can be in the same units as the input
NOE intensities, and so an averaged volume of 20 ran-
domly selected noise peaks served as input. With the
obtained distance range constraints the stereospeciÐc
assignment of the prochiral methyl groups Me-26 and
Me-27 could be done in a Ðrst molecular modelling step
(high-temperature restrained molecular dynamics, see
below). Subsequently, a second MARDIGRAS distance
computation with a new molecular input structure and
all side chain NOE intensities was performed.

Molecular modelling

All molecular mechanics calculations were carried out
on Silicon Graphics Power Indigo2 R8000, Indigo2
R4400 and Crimson R4000 computers using the
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TRIPOS force Ðeld16 of the molecular software package
SYBYL 6.2.

To obtain the prochiral assignment for Me-26 and
Me-27, high-temperature restrained molecular dynamics
simulations were utilized. The Ðrst derived set of NMR
upper and lower distances were added to the force Ðeld
as pseudo-quadratic potentials with a force constant of
25 kcal mol~1 The simulation temperature andÓ~2.
length were 1000 K and 100 ps, respectively ; an NTV
ensemble, an integration time step of 0.5 fs and a Bolt-
zmann distribution of starting velocities were used. A
non-bonded cut-o† of 10 for van der Waals inter-Ó
actions was applied and non-bonded lists were updated
every 5 fs. No electrostatic interactions were considered
at this point. For both compounds, 100 conformations
were extracted from the trajectory and energy mini-
mized using the Powell method17 until a gradient of
1 ] 10~3 kcal mol~1 was achieved.Ó~1

For further reÐnement, both brassinosteroids were
surrounded with 645 chloroform solvent molecules (pre-
computed solvent box, 44.5 length in each dimension)Ó
and restrained energy minimization with the full set of
distance range constraints (force constant 75 kcal mol~1

for 300 steepest descent and 5000 Powell steps wasÓ~2)
performed. Partial charge contributions were calculated
using the method according to Gasteiger and co-
workers18,19 and electrostatic interactions were taken
into account by using a constant dielectric function with
e \ 1. Periodic boundary conditions were applied. Sub-
sequently, the molecular ensembles were subjected to
restrained molecular dynamics simulations at 300 and
500 K for 200 and 100 ps, respectively. The force Ðeld
set-up and molecular dynamics parameters were identi-
cal with those of the energy minimization and the high-
temperature simulations, respectively, except for the
non-bonded reset which was set to 10 fs. From the tra-
jectories six conformations of 1 and nine of 2 were selec-
ted manually, relating to di†erent values of side chain
dihedral angles. First, the whole molecular ensembles,
including both the steroid and all solvent molecules,
were energy minimized (1000 steps Powell method).
Next, energy minimization to a gradient of less than
1 ] 10~3 kcal mol~1 of only the steroid plus a 6Ó~1 Ó
sphere of solvent molecules was performed.

In order to check whether the obtained conforma-
tions are stable without NMR-derived distance con-
straints concerning the TRIPOS force Ðeld, additional
unrestrained 100 ps free molecular dynamics simula-
tions at 300 K of selected starting conformations includ-
ing the solvent Ðeld were carried out.

RESULTS AND DISCUSSION

Resonance assignment

1H and 13C resonance assignments of 1 and 2 have been
carried out before.20,21 In order to complete the 1H
assignment for 1, to obtain accurate 1H chemical shift
values within the solution and measuring conditions
used and to distinguish between the a and b protons of
the steroidal skeleton, we re-assigned the 1H and 13C
resonances of both compounds. We used a combination

of 2D techniques (COSY DQF, HMQC, HMBC) as
described in the previous paper.20 The distinction of the
diastereotopic protons (a and b) of the steroidal skele-
ton can easily be done by NOE di†erence spectroscopy
with saturation of the two b-angular methyl groups
Me-18 and Me-19 which give NOEs to all desired b
protons. The 1H and 13C chemical shift values are given
in Table 1.

NOE measurements and assignment

Before performing any NOE experiments with small- or
medium-sized molecules, one should have an idea of the
reorientation (molecular tumbling) behaviour of the
molecule in solution because of the NOEÏs dependence
on the correlation time Since the NOE has a cross-qc .over point at and a fast variation arounduqc\ 1.12
that point, it can be dangerous to interpret NOE data
and convert them into three-dimensional structures if
one has the case when 1.12. To test this, we calcu-uqclated the values of all methine group vectors fromqc13C dipolar relaxation times for both brassinosteroids.
Under extreme narrowing limit conditions, 13C T1, DDand relate in a simple manner :qc

1
T1, DD(13C)

\
Ak0
4n
B2 cH2c13C2 +2qc

rCH6
where is the distance between the direct bondedrCHcarbon and hydrogen atoms. 13C values were cal-T1, DDculated from 13C values (inversionÈrecoveryT1, exp

Table 1. 1H and 13C chemical shifts (ppm) of 1 and 2 in
CDCl

3
1 2

Position 1H 13C 1H 13C

1 1.56/1.87a 41.5 1.55/1.87a 41.5

2 3.72 68.1 3.72 68.1

3 4.02 68.2 4.02 68.2

4 1.96/2.15a 31.0 1.95/2.14a 31.0

5 3.11 40.8 3.11 40.9

6 — 176.6 — 176.8

7 4.07 70.4 4.07 70.5

8 1.72 39.2 1.71 39.2

9 1.24 58.2 1.26 58.2

10 — 38.3 — 38.1

11 1.77/1.42a 22.2 1.77/1.40a 22.2

12 1.25/1.98a 39.6 1.22/1.98a 39.6

13 — 42.4 — 42.4

14 1.20 51.2 1.19 51.3

15 1.66/1.24a 24.7 1.68/1.26a 24.7

16 1.97/1.34a 27.5 2.01/1.33a 27.7

17 1.56 52.2 1.56 52.7

18 0.71 11.7 0.70 11.6

19 0.92 15.4 0.92 15.4

20 1.51 36.9 1.46 40.2

21 0.90 11.8 0.96 12.3

22 3.54 74.6 3.68 72.6

23 3.70 73.6 3.41 76.4

24 1.21 40.0 1.49 41.5

25 1.63 30.8 1.89 27.1

26proR 0.96 20.8 0.87 17.3

27proS 0.94 20.7 0.91 22.1

28 0.84 10.0 0.84 10.8

a a/b.
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measurements) and 13C signal intensities of 1D NMR
spectra with and without 13CM1HN NOE:

1
T1, DD(13C)

\ 1
T1, exp

É
2c13C
c1H

AI
K1HL
I0

[ 1
B

The determined values appeared relatively uniformqcand a value of 0.25 at a 500 MHz proton frequencyuqcresults from an average of 0.08 ns (with respect to theqcmeasuring conditions).
NOESY spectra with di†erent mixing times were

recorded for both compounds (100È800 ms for 1 and
100 ms up to 2.5 s for 2) to check the appearance of
cross peaks. For mixing times of P150 ms a uniform set
of NOE correlations could be found. This was the case
up to 1.5 s. No further cross peaks appeared, and for
mixing times [1.5 s a few disappeared. However, many
of them were detectable even at a 2.5 s mixing time,
indicating the rapid molecular tumbling. Most of the
NOE correlations could be easily assigned and are
trivial ones from the steroidal skeleton. Almost all side
chain relevant cross peaks are located in two regions of
the spectraÈthe methyl group region and the traces of
H-22 and H-23 (see Fig. 1). To clear up some ambi-
guities in NOE assignment due to partial signal overlap,

it was helpful to record 1D NOE di†erence spectra with
saturation of either a methyl or an H-22 and H-23 reso-
nance, beneÐtting from their high digital resolution. By
comparing the exact chemical shifts and signal shapes of
the ambiguous NOEs with unambiguous NOEs (e.g.
from the two b-angular methyl groups Me-18 and
Me-19 or from side chain methyl groups and their
vicinal methine protons), it was possible to assign
NOEs to H-12b or H-16a and H-12a or H-24 in the
case of 1 and NOEs to H-12b or H-16a and H-20 or
H-24 in the case of 2. For the distinction of some NOEs
to H-20 or H-24 (2) and the assignment of one NOE
from Me-21 to either H-12b or H-24 (1), additional
NOE di†erence spectra were recorded with selective
decoupling of the Me-21 or Me-28 resonances during
the acquisition time to collapse the multiplicity and
signal shape of H-20 or H-24, respectively. For 1 the
ambiguous NOE could be assigned to the pair Me-21È
H-24. In the case of 2 it became obvious not only that
H-22 and H-23 have NOEs to H-24 and H-20, respec-
tively, but also that there are e†ects from their vicinal
protons (H-20 and H-24, respectively), produced by
either strong scalar coupling or real spatial closeness.
Unfortunately, owing to the signal overlapping of H-20

Figure 1. NOESY spectrum of 1 in The mixing time was 400 ms. NOE cross peaks which are relevant for the side chain conforma-CDCl
3
.

tion are marked by rectangles.
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and H-24 this made an exact integration of NOESY
cross peaks impossible, and so we had to do without the
quantitative information from these two NOE contacts.

An illustration of all side chain relevant NOE corre-
lations is given in Table 2. The prochiral methyl groups
Me-26 and Me-27 show di†erent NOE correlations for
both 1 and 2. Furthermore, the NOE correlations are
not equal if the two compounds are compared (see Fig.
2). In the case of 1 both methyl groups have an NOE
contact to H-24 and one has a contact to H-23, whereas
the other has a contact to Me-28. In the case of 2 there
seems to be a simple spatial exchange of H-24 and
Me-28 due to inversion of the C-24 stereo centre,
because both methyl groups have a contact to Me-28,
one to H-23 and the other to H-24. This suggests the
existence of preferential side chain conformations in
solution which should be di†erent for both compounds.

Conformational analysis

To handle the conformation-restrictive NOE informa-
tion in a computational molecular modelling procedure,
one has to convert the NOE intensities into internuclear
distances or, better, into distance ranges with respect to
experimental and integration errors. There are di†erent
methods for converting these volume integrals into
internuclear distances, including classiÐcation of the
intensities into three di†erent categories with corre-
sponding distance ranges, “isolated spin pair approx-
imationsÏ (ISPA) with a reference distance (including
initial rate estimation from NOE built-up curves) and
other approximations to determine the cross-relaxation
(e.g. from ratios of cross and diagonal peak intensities).
However, in order to analyse accurately NOESY inten-
sities incorporating the e†ects of spin di†usion and
network relaxation, the “complete relaxation matrix

analysisÏ method is used. Because of its special treat-
ment of methyl groups, taking into account fast internal
motion of the methyl protons due to methyl rotation,
we used the MARDIGRAS13h15 program as imple-
mented in SYBYL 6.2. Together with a model structure,
which was built with the SYBYL graphical interface,
MARDIGRAS computes distance ranges of the corre-
lated proton pairs by an iterative back-calculation of
the rate matrix from the hybrid matrix of mixing coeffi-
cients (both experimental and theoretical ones which
are proportional to the NOE intensities) and, subse-
quently, the distance matrix.13 The choice of the 400 ms
NOESY spectra was a compromise between poor
signal-to-noise ratios at short mixing times, which
would lead to large integration errors, and increased
multiple spin e†ects at large mixing times. First, a set of
distance range constraints without consideration of the
Me-26 and Me-27 NOEs was obtained. High-
temperature restrained 100 ps molecular dynamics
simulations using SYBYL 6.2 and the TRIPOS force
Ðeld at 1000 K with a small force constant for the
penalty term of NOE distance violations (25 kcal mol~1

and, subsequently, energy minimization of 100 col-Ó~2)
lected structures were carried out to investigate the
spatial arrangement possibilities of Me-26 and Me-27.
For 1, only one conformational family resulted owing to
the good Ðxation of H-24 and, therefore, of Me-28 in
combination with the Me-28ÈH-25 NOE contact. This
conformation fulÐls the spatial closeness of H-24 to
both methyl groups, Me-26 and Me-27, and of H-23
and Me-28 to one of each, as the NOE correlations
demand. In the case of 2, only one of two resulting con-
formational families is in accordance with the detected
NOE contacts on the one hand and with non-appearing
ones on the other. With the prochiral assignment of
Me-26 and Me-27 (see Fig. 2), a second MARDIGRAS
computation led to a complete set of distance ranges.

Table 2. 2D NOE correlations which are relevant for the side chain conformations of 1 and 2, with open circles indicating identical
correlations and solid circles di†erent correlations

H-20 Me-21 H-22 H-23 H-24 Me-28 H-25 Me-26proS Me-27proS H-12b H-16a H-16b H-17 Me-18

1

H-20 … … L
Me-21 L … L L L
H-22 L L L L L
H-23 L … L
H-24 … … L … L
Me-28 … L … L …a

H-25 … …
Me-26proR L …
Me-27proS L L

2

H-20 … L
Me-21 L L L L
H-22 L L … L L L
H-23 … L … L

H-24 L L
Me-28 L … … L

H-25 …
Me-26proR L …
Me-27proS L L

a Only detected in an NOE difference spectrum.
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Figure 2. Prochiral assignment of Me-26proR and Me-27proS. Top: expansions of 400 ms NOESY spectra of 1 (left) and 2 (right) in CDCl
3

showing the differences in NOE correlations of Me-26proR and Me-27proS. Bottom: Newman projections of the C-24—C-25 bond.

Adding these constraints to the force Ðeld (force con-
stant 75 kcal mol~1 further structure reÐnementÓ~2),
using again molecular dynamics simulations was carried
out. To take solvent e†ects into account, both brass-
inosteroids were soaked in solvent boxes of 645 CHCl3molecules. Simulations at 300 and 500 K with times of
200 and 100 ps, respectively, were analysed by monitor-
ing the dihedral angles of the side chain.

In the case of compound 1, all dihedral angles display
a relatively constant time course with the exception of
the dihedral angle describing the C-23ÈC-24 bond,
which shows slightly more Ñexibility. Six snapshots
were selected from the dynamics trajectory and energy
minimized taking all solvent molecules into account,
followed by an extensive energy minimization of the
steroid molecule with a 6 sphere of the solvent. ThisÓ
led to structures satisfying all the NMR constraints and

converged side chain conformation, again with the
exception of the less populated structures with increased
values of the fourth dihedral angle (H-23ÈC-23È
C-24ÈH-24). The structures obtained are characterized
by a cis arrangement of the 22R,23R-diol functionality
and a kink at C-23 in the side chain conformation (see
Fig. 3). In the case of compound 2, a look at the time
courses of the dihedral angles shows the increased Ñuc-
tuation of third dihedral angle (H-22ÈC-22ÈC-23È
H-23). Energy minimization of nine snap shots yielded
structures for which the relative spatial position of the
side chain varies starting at C-22. This is due to three
possible values of the dihedral angle H-22ÈC-22È
C-23ÈH-23. This leads to more or less extended con-
formations. However, the rear part itself is locally well
deÐned (see Fig. 3). As all structures satisfy the distance
range constraints, we had to discuss whether this Ñex-
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Figure 3. Representations of structures of 1 and 2 derived from restrained molecular dynamics simulations with explicit solvent. (a) Super-
position of six structures of 1. All heavy atoms were matched. (b) Superposition of nine structures of 2. All heavy atoms of the steroid
skeleton were matched. (c) Comparison of two structures of 1 and the three possible conformational families of 2. The fit was made for the
carbon atoms at positions 17, 20, 21 and 22.

ibility is a real feature of 2 or an e†ect of the lack of
conformation-restrictive information (due to the signal
overlap of H-20 and H-24) or of inaccuracy of the NOE
intensityÈdistance data.

First, we found that in the case of the conformational
family of 2 which exhibit large values of the H-22È
C-22ÈC-23ÈH-23 dihedral angle, Me-28 has close
spatial contacts to H-16b and H-20, which should give
rise to NOEs. However, they could not be detected in
either the NOESY spectra, the NOE di†erence spectra
or the ROESY spectra (mixing times 400 and 600 ms)
which were especially recorded for that purpose. From
this we conclude that this conformational family is not
the preferential one. Interestingly, for this conformation
the rear side chain methyl groups as well as the
hydroxyl group at position 23 adopt a very similar
spatial arrangement to 1 (see Fig. 3). However, it is also
clear that, if the Ñexibility of the rear part of the side
chain is real, which would cause a fast and large Ñuctua-
tion of the Me-28ÈH-16b and Me-28ÈH-20 distances,
an NOE absolutely must not appear.

We also determined all vicinal proton coupling con-
stants for the side chain of both compounds. In the case
of H-22 and H-23, they could be taken from the 1D
proton spectra. All other coupling constants were deter-
mined by 1D TOCSY experiments with selective excita-
tion of side chain methyl protons or H-22 or H-23. To
collapse the multiplicity of the signals to double doub-

lets (H-20 and H-24) or doublets (H-25), the corre-
sponding methyl protons were decoupled during the
acquisition period. On a qualitative level the coupling
constants support the NOE-derived conformations
fairly well (see Table 3). In the case of 1, the value of 1.7
Hz for the H-23ÈH-24 coupling constant seems to verify
a corresponding dihedral angle of 60¡ more seriously
than one of about 100¡. To overcome the problem of
multiple spatial side chain orientations in the molecular
dynamics simulations of 2, one can compare the
H-22ÈH-23 coupling constants of 1 and 2. Again,
smaller dihedral angles seem to be favoured in the case
of 2. Unfortunately, a more precise conclusion cannot

Table 3. Experimental vicinal proton coupling constants (Hz)
of the steroid side chain and dihedral angles (degrees)
of reÐned conformations derived from restrained
molecular dynamics simulations of 1 and 2

1 2

H/H 3J
HH

Dihedral angle 3J
HH

Dihedral angle

17/20 11.7 É177 11.2 É177

20/22 1.2 85 O1 56

22/23 8.4 É170 4.5 É85/É92/É133

23/24 1.7 60/98 6.3 160

24/25 8.1 É167 4.1 61

( 1997 by John Wiley & Sons, Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 35, 629È636 (1997)



636 M. STOLDT ET AL .

be drawn owing to the lack of suitable parameters for a
Karplus relationship. Also, it is clear that fast intercon-
version of conformations could also produce an aver-
aged value of 4.5 Hz for the H-22ÈH-23 coupling
constant.

Additional free 100 ps dynamics calculations in
solvent at 300 K for both brassinosteroids 1 and 2
without any constraints ensured that the structures
obtained are stable and low-energy ones with respect to
the force Ðeld used. The structures underwent no con-
formational changes. For 2 the same conformational
behaviour concerning the Ñuctuation of the third side
chain dihedral angle was observed.

CONCLUSION

The solution side chain conformations of the two native
phytohormones brassinolide (1) and 24-epibrassinolide
(2) were investigated by quantitative 2D NOE measure-
ments and restrained molecular dynamics simulations
with explicit solvent For 1, one well deÐned(CHCl3).solution structure was obtained, indicating that brass-
inosteroids are able to hold a preferential conformation.
In the case of 2, the H-22ÈC-22ÈC-23ÈH-23 dihedral

angle appeared increasingly Ñexible from the molecular
dynamics trajectory. This leads to di†erent spatial
orientations of the rear side chain, whereas this part
itself is locally well deÐned. From NOE data and vicinal
proton coupling constants it was not possible to decide
whether this Ñuctuation is real or an artefact. Further
investigations are necessary, e.g. extracting more
conformation-restrictive information from hetero-
nuclear coupling constants or alternative NOE mea-
surements or proving the possible increased Ñexibility
by detailed 13C relaxation measurements. However, the
more Ñexible conformational behaviour of 2 could
explain its weaker bioactivity compared with 1. The
Ðnding that one of the conformations of compound 2
found Ðts well that of compound 1 suggests the rele-
vance of this conformation for putative hormoneÈ
receptor interactions.
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