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The solution-state conformations of the hevamine inhibitor allosamidin and six potential inhibitor
analogues were studied by various NMR spectroscopic techniques and molecular modeling using
force field calculations. Determination solely of the global energy minimum conformation was found
to be insufficient for consensus with the NMR results, and agreement between the NMR
experimental data and the theoretical calculations was only reached by assessing the structures
as population-weighted average conformers on the basis of Boltzmann distributions derived from
the calculated relative energies. The conformations of the glycosidic linkages in the compounds
were found to be similar when the sugar residues were the same, but differences were markedly
evident otherwise and also for the various heterocyclic group linkages. The binding of the compounds
to hevamine, which may also complex to chitinases in general, was assessed using HMQC, transfer-
NOESY, and both 1-D and 2-D saturation transfer difference NMR experiments. Under the
conditions employed, only allosamidin was implicated to be bound to hevamine, and then only by
HMQC with the dipolar coupling-based experiments failing to substantiate the formation of the
complex. However, the results are consistent with the biochemical activities of the compounds
whereby only allosamidin has been shown to act as a competitive inhibitor.

Introduction

Chitinases, e.g., hevamine, are enzymes that cleave the
bond between two consecutive N-acetylglucosamine resi-
dues of chitin. Since these enzymes play a key role in
nature as plant biocontrol agents against fungal elicitors,
they are of prime biotechnological importance. Chitinase
inhibitors are also potential insecticides and fungicides.
To design novel potential inhibitors rationally, a complete
understanding of the underlying molecular mechanisms
of the interaction of chitinases with oligosaccharide
substrates is essential. This requires the application of
experimental and theoretical techniques that character-
ize the structure and dynamics of oligosaccharides and
their complexes with the enzyme.

NMR spectroscopy repeatedly has proven to be the
method of choice for assessing the adopted conformation
of oligosaccharides in aqueous solution.1 The limiting
problem in determining the solution conformation, how-
ever, is the high flexibility of these oligosaccharides, and
therefore, it is necessary to engage computational meth-
ods to assist in the interpretation of the NMR data.
Specific NOE contacts, as well as coupling constants,
corresponding to a particular conformation are only
interpretable in that form if this conformation is highly
populated in solution and since oligosaccharides usually

populate several conformations at ambient temperature,2
observed NOE contacts (and coupling constants) repre-
sent a population-weighted average of all participating
conformations. Therefore, population-weighted average
internuclei distances have to be calculated first for the
complete number of accessible conformations before
assessment of the experimentally observed NOEs can be
made.3 The primary objective of this work was to study
the structure, stereochemistry, and conformational be-
havior of allosamidin (1) and some recently synthesized
analogues,4,5 2-7 (see Figure 1), in the solution state by
NMR spectroscopic techniques and molecular modeling
using force field calculations. In comparison to the
naturally occurring potent inhibitor allosamidin (1), the
variations present in the analogues include the follow-
ing: changing the sugar units from N-acetylallosamine
to N-acetylglucosamine (2-7); changing the heterocyclic
moiety (2-4), replacing it by an acyclic heteroatom-
containing chain (6-7), or dispensing with it altogether
(5); or introducing a succinamide spacer group between
the two sugar units (5 and 6). This latter pair also bears
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analogy to the natural substrate chitotriose, whereby one
sugar residue has been replaced by a succinamide group.

The analogues, given their structure, could be inhibi-
tors of chitinases in general. However, in competitive
enzyme assays using a Chitinase from Hevea brasilien-
sis,6 only allosamidin (1) exhibited appreciable competi-
tion with the fluorogenic 4-methylumbelliferone glycosids
of GlcNAc2 and GlcNAc3. Allosamidin (1) was also
recently tested by Bokma et al.7 with hevamine8 and was
found to be a competitive inhibitor with a Ki of 3.1 µM.9
Despite this, the six analogues 2-7 may still exhibit
inhibitory effects to some extent and may bind to he-
vamine, irrespective of their inhibitory properties in
competitive enzyme assays. This aspect formed a second-
ary part of the NMR investigation of these compounds.
There are an ever-growing number of NMR-based screen-
ing techniques encompassed by the broad classification
of (bio)affinity NMR,10,11 including diffusion-based10 ex-
periments and dipolar coupling (NOE)-based experiments
such as (reverse) NOE pumping,12,13 saturation transfer
difference14 (STD), and transfer-NOESY (trNOESY).15,16

These experiments generally rely on the vastly different
physical NMR properties of the much larger molecules
to modulate the signals of the smaller, binding analytes;
there is a heavy dependence on the experimental
conditionssboth the spectrometer performance and the
sample propertiessfor success of the experiment. Ac-
cordingly, the compounds 1-7 were screened for their
ability to complex to hevamine in solution using as
screening probes trNOESY and 1-D and 2-D STD experi-
ments in addition to assessing chemical shift changes in
the 1H and 13C spectral ranges by HMQC.

Results and Discussion
1H and 13C NMR Assignments and Gross Struc-

tural Determination. The assignment of the proton
NMR spectra of compounds 1-7 was far from trivial as
many resonances were extensively overlapped, in par-
ticular, the pyranose ring protons. However, the spec-
trally distinct anomeric protons were, as expected, useful
entry points into the spin systems, and the standard
application of DQF-COSY, TOCSY, and HMQC experi-
ments corroborated by the additional application of
HMQC-TOCSY experiments provided the assignments
of each sugar residue. HMBC spectra were acquired for
both the assignment of the quaternary carbons and to
substantiate the interresidue linkages. For example, in
compounds 1-4, the ring connections could be ascer-
tained by the presence of H-1′, C-4 cross-peaks. For
compounds 2-4, a long-range coupling between H-1 and
C-8 manifested itself to similarly provide that ring
connectivity. The 1H and 13C chemical shifts and the
vicinal coupling constants between H-1 and H-2, H-5 and
H-6(pro-S), and H-5 and H-6(pro-R), respectively, of the
compounds 1-7 are given in Tables 1 and 2.

For each of the carbohydrate units in all of the
compounds examined, 3JH-1,H-2 was ca. 8-9 Hz due to the
axial trans orientations of both the H-1 and H-2 protons
(or the H-1′ and H-2′ protons); i.e., each sugar unitsthe
N-acetylglucosamine residues in 2-7 and the N-acety-
lallosamine residue in 1swas present as the â-anomer.

Conformational Analysis by NMR Spectroscopy
and Molecular Modeling. Conformational preferences
were assessed by the acquisition of the inter- and
intraresidue NOEs to assess the spatial dispositions of
the nuclei in compounds 1-7. However, it is particularly
prevalent in the application of NOESY to oligosaccha-
rides that extensive overlap of the resonances renders
the integration of the NOE cross-peaks problematic to
such an extent that an rms value of the order of 0.5 Å
was estimated for the uncertainty in these distance
calculations. Therefore, in the present work, the NOE
information was assessed in a semiquantitative manner
but it was still necessary to convert the measured NOEs
into spatial values to obtain a sufficiently precise deter-
mination of the structure of the compounds under study.
Accurate interproton distances can be obtained from the
nuclear cross-relaxation rates,17 which are measurable
from the initial build up rates of the NOE cross-peaks
between dipolar-coupled protons. A uniform correlation
time for all NOE interactions observed was assumed for
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FIGURE 1. Structures of the hevamine inhibitor allosamidin
(1) and the six analogues (2-7) examined in this work together
with the numbering system in use.

Solution-State Conformational Study of Allosamidin

J. Org. Chem, Vol. 67, No. 18, 2002 6329



compounds 1-7 and under such an assumption, an
unknown distance rij can be calculated from a known
distance rkl by using the following well-known relation-
ship

where σij and σkl are the cross-relaxation rates between
protons i and j and between protons k and l, respectively.
However, it was not attempted to calculate exact dis-

tances from such an internal standard according to the
above equation because of severe signal overlap and
because of the uncertainty in the dynamic properties of
different parts of the compounds, namely the carbohy-
drate and heterocyclic residues. Only the upper and lower
bounds of interproton distances were estimated by cali-
bration against known distances such as the distance
between H-1 and H-3 (2.64 ( 0.01 Å) of the nonreducing
residue of N-acetylglucosamine. Thus, the intensities of
all the NOE cross-peaks at different mixing times were
compared to the intensities of the NOE cross-peak

TABLE 1. 1H Chemical Shifts (δ/ppm) and the Vicinal H,H Coupling Constants in the H1-H2 and H5-H6 Coupling
Fragments of Compounds 1-7a

1, 1′,7 2,2′,8 3,3′,9 4,4′,10 5,5′,11
6R/S,6′R/S,

12(R/S)
NHAc,

13 14 15/16
3JH1-H2

(Hz)
3JH6S-H5

(Hz)
3JH6R-H5

(Hz)

1 AllNAc 4.80 3.87 4.37 3.75 3.92 3.64/3.83 2.1 8.33 2.5 6.5
AllNAc′ 4.82 2.92 4.08 3.71 3.79 3.75/3.90 2.1 8.55 2.4 5.5
allosamizoline 3.89 4.23 4.37 5.36 2.5 3.70/3.83 3.08 3.08 8.11 2.8 nd

2 GlcNAc 4.99 3.91 3.78 3.67 3.63 3.64/3.84 1.97 9.48 3.2 5.1
GlcNAc′ 4.60 3.76 3.58 3.49 3.49 3.77/3.92 2.07 8.09 2.1 5.3
heterocyclic unit 4.64 4.04 1.41 2.95

3 GlcNAc 5.29 4.02 3.84 3.70 3.69 3.70/3.87 1.98 9.63 1.9 4.9
GlcNAc′ 4.63 3.76 3.58 3.48 3.50 3.76/3.92 2.08 8.38 1.9 5.5
heterocyclic unit 8.86 8.72 7.59 8.15

4 GlcNAc 5.23 4.00 3.83 3.69 3.66 3.70/3.87 1.97 9.51 2.4 5.1
GlcNAc′ 4.63 3.77 3.56 3.49 3.50 3.77/3.94 2.08 8.18 2.2 5.2
heterocyclic unit 8.39 6.66 7.81 3.08

5(1-R) GlcNAc 5.22 3.89 3.78 3.55 3.55 3.77/3.88 2.01 1.83 1.8 5.1
Succ 2.65 2.55
GlcNAc′ 5.05 3.82 3.59 3.48 3.50 3.74/3.87 2.04 9.73 1.7 5.1

5(1-â) GlcNAc 4.77 3.67 3.54 3.56 3.55 3.77/3.88 2.01 7.7 1.8 5.2
Succ 2.65 2.55
GlcNAc′ 5.05 3.82 3.59 3.48 3.50 3.74/3.87 2.04 9.73 1.7 5.2

6 GlcNAc 5.15 3.95 3.87 3.50 3.51 3.73/3.87 2.01 9.25 2.3 5.1
Succ 2.73 2.6
GlcNAc′ 5.05 3.81 3.59 3.47 3.49 3.7073.84 2.04 9.71 2.3 5.2
Arg 3.99 1.93 1.67 3.22

7 GlcNAc 5.09 3.93 3.73 3.65 3.62 3.64/3.85 1.99 9.48 2.3 nd
GlcNAc′ 4.63 3.77 3.59 3.47 3.49 3.77/3.93 2.06 7.86 2.6 nd
Arg 3.57 1.63 1.37 3.22

a Estimated error for 3J5,6 ) (0.2 Hz; nd, not detected, because of severe signal overlap.

TABLE 2. 13C Chemical Shifts (δ/ppm) of Compounds 1-7

1, 1′,7 2,2′,8 3,3′,9 4,4′,10 5,5′,11 6,6′,12 NHAc, 13 14 15/16

1 AllNAc 104.1 56.7 73.2 81.2 76.8 65.2 26.3, 178.6
AllNAc′ 104.7 57.1 74.3 70.5 77.8 65.1 26.3, 178.6
allosamizoline 89.3 84.8 69.1 90.6 55.6 63.6 165.5 42.2 42.2

2 GlcNAc 83.3 58.0 76.9 83.6 80.9 64.5 26.3/179.3
GlcNAc′ 106.1 60.2 78.0 74.3 80.5 65.1 26.7/179.2
heterocyclic unit 169.1 86.2 181.6 76.4 25.4 41.6

3 GlcNAc 83.7 58.5 77.1 83.3 80.9 64.4 26.4/179.4
GlcNAc′ 105.9 60.1 77.9 74.2 80.4 65.1 26.6/179.2
heterocyclic unit 173.6 133.3 152.2 156.7 128.8 140.9

4 GlcNAc 83.8 58.5 77.2 83.4 80.7 64.5 26.4/179.5
GlcNAc′ 106.0 60.1 78.0 74.2 80.4 65.1 26.6/179.2
heterocyclic unit 173.9 119.5 152.8 165.0 110.9 141.0 42.5

5(1-R) GlcNAc 95.3 58.4 76.3 74.0 73.1 64.7 26.6/178.2
Succ 180.0 34.6 33.4 179.4
GlcNAc′ 82.9 58.8 78.8 74.0 82.1 64.7 26.6/178.2

5(1-â) GlcNAc 99.5 60.9 76.3 74.0 73.1 65.1 26.6/178.2
Succ 180.0 34.6 33.4 179.4
GlcNAc′ 82.9 58.8 78.8 74.0 82.1 65.1 26.6/178.2

6 GlcNAc 83.0 58.6 76.6 74.1 nda 64.6 26.6/179.6
Succ 178.3 34.6 33.5 180.0
GlcNAc′ 83.1 58.9 78.8 74.1 82.2 65.1 26.6/179.6
Arg 175.0 57.4 32.4 27.9 44.9/161.4

7 GlcNAc 82.8 58.1 77.0 83.1 80.8 64.3 26.3/179.1
GlcNAc′ 105.7 59.9 77.7 75.7 80.6 64.8 26.3/178.9
Arg 178.9 58.6 23.5 28.3 45.1/161.2

a nd: not detected because of severe signal overlap.

rij ) rkl(σkl

σij
)1/6
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between H-1 and H-3 and assessed as follows. If the NOE
cross-peak at a mixing time of 200 ms between a pair of
protons was as strong as that between H-1 and H-3, then
the distance between that interacting proton pair was
assigned an upper bound of 2.8 Å. For a pair of protons
with a weak NOE cross-peak at a mixing time of 200 ms,
or with an intensive cross-peak at 400 ms, the distance
between them was assigned an upper bound of 3.2 Å and
a lower bound of 2.8 Å. An upper bound of 3.6 Å and a
lower bound of 3.2 Å was assigned to the distance
between proton pairs with weak NOE cross-peaks at a
mixing time of 400 ms. Protons with barely observable
NOE cross-peaks at mixing times of either 600 or 1000
ms were assumed to be separated by a distance con-
strained within the limits of 3.6-4.0 Å. Spin diffusion
was excluded employing parallel 2D-ROESY NMR ex-
periments.

Since the measured NOEs represent population-
weighted averages of all participating conformers, NMR
data alone therefore, can rarely define the structural
composition of oligosaccharides unambiguously. Hence-
forth it follows that the conformational analysis of these
compounds requires the additional aid of molecular
modeling methods to complement the experimental NMR
data. Thus, population-weighted average distances were
calculated for the complete number of accessible confor-
mations for compounds 1-7 and then compared to the
experimentally observed NOE data. Each molecule was
subjected to an extensive conformational search; grid
search simulations were run to calculate relaxed poten-
tial energy (Φ, Ψ) maps. Population-weighted averages
were then calculated from the conformational minima
thus obtained employing weighting factors based on
Boltzmann distributions18 calculated from the relative
energies. The distances in a system with N possible
nondegenerate states can be calculated from

where fi is a normalized weighting factor of state i, given
by

The quantity qi is the individual partition function of
state i, which is defined as

where ∆E is the energy difference between state i and
the ground state, R the gas constant, and T the absolute
temperature.

Concerning the conformational search of the hydroxy-
methyl group, only the gt and the gg orientations of the
exocyclic portion were explicitly taken into account
because the coupling constants 3JH5-H6-proS and 3JH5-H6-proR

of 1-7 (cf. Table 1) show a rotameric distribution as gg

g gt . tg (cf. Table 3). These results are in accordance
with Nishida et al.,19 who reported the corresponding
conformations in N-acetylglucosamine and in water solu-
tion to be gg:gt:tg ) ca. 60:40:0.19 Thus, four combinations
for the disaccharidic units in 1-4 and 7 were taken into
account, namely gg-gg, gg-gt, gt-gg, and gt-gt; accord-
ingly, these four initial configurations were considered.
As reported previously, we found out that the shape of
the potential energy surface is independent of the initial
configuration of the hydroxymethyl group.20

In the molecular modeling, a distance-dependent di-
electric constant of 78 was used to implicitly consider the
presence of the solvent water. To take this solvent effect
into account, is particularly important in the modeling
of carbohydrates due to their extremly strong tendency
to form inter/intramolecular hydrogen bonds. We were
aware of the difficulty of this approach in case of solvents
which could be also be involved in hydrogen bonding.
However, since the charge screening is the most impor-
tant solvent influence, this approach should provide good
results. Larwood et al.,21 who studied among others the
solvation effects on the conformational behavior of gellan
with explicit and implicit inclusion of water, found out
that there are no differences in the location of the
minimum energy conformations around the glycosidic
linkage, although there were differences in the orienta-
tion of some of the hydroxyl groups, and as expected, the
hydroxyl groups of such residues were involved in
hydrogen bonding with water molecules.22

We studied the solvation energy during the MD
simulation in the presence of water molecules exemplary
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d ) ∑
i ) 1

N

fidi

fi )
qi

∑
i)1

N

qi

qi ) e-∆E/RT

TABLE 3. Determination of Rotameric Distributions of
1-7 Employing Conventional Equations I-III
general formula I-III: 1.3gg + 2.7gt + 11.7tg ) JH5-H6S (1)

1.3gg + 1.5gt + 5.8tg ) JH5-H6R (2)

gg + gt + tg ) 1 (3)

rotameric
distribution (%)3JH6S-H5

(Hz)a

3JH6R-H5
(Hz)a gg gt tg

1 AllNAc 2.5 6.5 46 48 4
AllNAc′ 2.4 5.5 55 38 5
allosamizoline 2.8 nd 61 27 10

2 GlcNAc 3.2 5.1 54 31 14
GlcNAc′ 2.1 5.3 59 38 2

3 GlcNAc 1.9 4.9 64 34 1
GlcNAc′ 1.9 5.5 59 41 0

4 GlcNAc 2.0 5.1 62 36 2
GlcNAc′ 2.0 5.2 61 37 2

5(1-R) GlcNAc 1.8 5.1 63 37 0
GlcNAc′ 1.7 5.1 63 38 -1
GlcNAc 1.8 5.2 63 37 0

5(1-â) GlcNAc′ 1.7 5.2 63 38 -1
6 GlcNAc 2.3 5.1 60 35 5

GlcNAc′ 2.3 5.2 59 36 5
7 GlcNAc 2.3 nd

GlcNAc′ 2.6 nd
a Estimated error for 3J5,6 ) (0.2 Hz. nd: not detected because

of severe signal overlap.
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for compound 3: the six minima conformations around
the glycosidic linkage of 3 (vide infra) were subjected to
the MD simulation in a box of explicit water molecules,
as described in more detail in the Experimental Section.
The minimum energy conformations were restricted to
aggregates; i.e., their relative geometry was not opti-
mized. Therefore, only the interaction energy of com-
pound 3 and water was calculated. These calculations
proved very similar solvation energies to be present in
all minimum energy conformations (∆Esolv ∼ (1 kcal/
mol). From these results, it was concluded, that it is
sufficient to consider the solvent in an implicit manner
only along the calculation of the present disaccharide
fragment, as long as the differences in the orientation of
the hydroxyl groups in the two different models are
considered correctly.

The Conformation of Compounds 1-4. The ob-
served coupling constants (data not shown) and in-
traresidue NOE data are consistent with 4C1 chair
conformations being adopted by the two glucosamine and
allosamine residues in each of the compounds 1-4, and
as such the dynamic conformational space is in essence
defined by the torsional angles of the â-(1-4) glycosidic
linkage, the â-(1′-4′) glycosidic linkage, and the amide
(O-C7 in 1) linkage to the heterocyclic moiety. Contour
plots of the conformer distribution about the glycosidic
linkage C1′-O-C4 in 1-4 are depicted in panels a-d of
Figure 2 with the positions of the global minimum, A,
and the local minima, B-F, indicated.

Six local minimum conformers were obtained from
the calculations. This result is in slight contrast to the
report of Aida et al.,22 who found chitobiose as a highly
populated single conformer at the linkage domain, but it
agrees with results of Espinosa et al.,20 who indicated the

existence of more than one populated region. Both groups
observe the global minimum region A which is the usual
conformation for the â-(1-4) glycosidic linkage.23-25

As expected, the torsional angles of the low energy
conformers for compounds 2-4 are quite similar. The
torsional angles Φ and Ψ of the low energy conformers
both span a large range, a consequence of which is that
it is difficult to define exactly, and to make comparisons
between, the low energy conformers. The most striking
difference between the conformers of 2-4 in comparison
to 1 is the position of the local minimum conformer F.
The underlying cause for the positional shift of this
conformer in the conformational map is the equatorial
orientation of H-3 in the N-acetylallosamine units of 1
in contrast to the axial orientation of H-3 in the N-
acetylglucosamine units of 2-4. Although all other
minima A-D are similarly located in 1-4, the local
minimum F could not be clearly defined for 1 because of
the steric hindrance between the axial C-3 hydroxyl
group and the ring oxygen O-5′ in this conformation.

Each of the low energy conformations A-F thus found
was set as a starting point for the next run of grid search
simulations about the torsional angles Φ′ and Ψ′ for 1,
and ø1, ø2, and ø3 for 2-4. As an example, in Figure 3
the contour plot of the torsional angles Φ′ and Ψ′ for
allosamidin (1) is presented.

As expected, the positions of the local minima are not
too dissimilar from the positions of the minima in panels

(23) Leeflang, B. R.; Vliegenhardt, J. F. G.; Kroon-Batenburg, L. M.
J.; van Eijck, B. P.; Kroon, J. Carbohydr. Res. 1992, 230, 41.

(24) Dowd, M. K.; French, A. D.; Reilly, P. J.Carbohydr. Res. 1992,
233, 15.

(25) Engelsen, S. B.; Perez, S.; Braccini, I.; Herve du Penhot, C. J.
Comput. Chem. 1995, 16, 1096.

FIGURE 2. Contour plots a-d for compounds 1-4, respectively, showing the relative populations about the torsional angles Φ
(H1′-C1′-O-C4) and Ψ (C1′-O-C4-H4): (A) the global minimum; (B-F) other local minima.
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b-d of Figure 2, and as such the low-energy conforma-
tions about the glycosidic bonds of allosamidin (1), by
comparison to compounds 2-4, are therefore determined
by the equatorial and axial orientations of H-3 and H-8,
respectively. For allosamidin (1), six conformational
families about the glycosidic C1′-O-C4 linkage and seven
conformational families about the glycosidic C1-O-C7

linkage were calculated. Compounds 2-4 are also rep-
resented by six conformational families about the glyco-
sidic C1′-O-C4 linkage. Regarding the torsional angles
ø1, ø2, and ø3: ø1 has two local minima at ca. 0° and ca.
180° for the three compounds 2-4, a trans conformation
is highly favored for ø2, and the high flexibility about ø3
shows two local minima at 0° and 180° for 3 and 4 and
three local minima at 60°, 120°, -60° for 2. All these
minima have been verified for compounds 2-4 by ab
initio MO calculations. The calculated, and moreover
expected, stretched orientation of the heterocyclic moiety
for compounds 2-4 with respect to the pyranose ring was
consistent with the NMR data in as far as no interre-
sidual NOE between the middle N-acetylglucosamine
residue and the heterocyclic ring could be measured.
Overall, as a result of the calculations, 42 low energy
conformations were found for allosamidin (1), 36 for
compound 2, and 12 for both compounds 3 and 4.

Comparison of the theoretical NOEs calculated from
the global energy minimum conformation to the experi-
mental data quickly proved incongruous. For instance,
a calculated internuclei distance between H-1′ and H-3
of 2.2 Å for the global minimum conformation A of
compound 3 was not fully consistent with an observed
medium-sized NOE. Thus by necessity, the experimental
NOEs were treated as population-weighted averages of
all likely participating conformers and population-
weighted distances were calculated (vide supra). As an
example, all 42 possible conformations for allosamidin
(1) were included in the calculations with each conformer
possessing an equal number of degeneracies with respect
to rotation about either the hydroxy or hydroxymethyl
groups. For each of the 42 conformations, the H-H
interresidue distances were extracted and statistically
weighted according to the Boltzmann population of the
conformer. In Table 4, the interresidual NOEs for com-
pounds 1-4, are presented together with the weighted
distances of their low energy conformers. In accordance
with the NMR experiments, the temperature of the
calculations was set at 313 K.

The comparison of the NOEs that should result from
the internuclei distances averaged from all the partici-
pating low energy conformers of 1-4 clearly fit the
experimental data well. Although the distances between
the interresidual protons are dominated by the global
minimum, the fit is better when all local minima are
taken into account. For example, the global minimum of
1 (Φ, -6.8°; Ψ, -44.4°; Φ′, -9.5°; Ψ′, -42.6°) is populated
by up to 34% and the distance in this conformer between
H-1 and H-7 is 2.52 Å, which should result in a measur-
ably very strong NOE. However, the experimental NOE
is only categorized as strong, implying that the actual
distance is constrained within the range of 2.8-3.2 Å, a
result that compares most favorably to the population-
weighted average value of 3.01 Å. In Figure 4, the
population-weighted contributions to the internuclei
distance between H-1 and H-7 for each of the 42 low
energy conformations of allosamidin (1) are displayed.

In essence, while the conformational behavior of the
compounds 1-4 in solution is dominated by from two to
six principle conformations, there are still many other
low-energy conformers of lower population that contrib-

FIGURE 3. Contour plot showing the relative populations
about the torsional angles Φ′ and Ψ′ of allosamidin (1) and
indicating the positions of the minima G-M.

TABLE 4. Comparison of NMR Data (Intensity of
Interresidual NOEs) and Population-Weighted Average
Values for All Low-Energy Conformations of 1-4
Obtained by Force Field Calculations

compd hydrogens signal intensitya avg distance (Å)

1 H-1′, H-4 vs 2.60
H-1′, H-3 vs 2.62
H-1′, H-5 nd 4.32
H-1′, H-6a w 4.11
H-1′, H-6b w 4.55
H-1, H-8 nd 3.15
H-1, H-13a w 4.48
H-1, H-7 s 3.01

2 H-1′, H-4 s 2.99
H-1′, H-3 s 2.88
H-1′, H-5 s 3.29
H-1′, H-6b nd 3.69
H-2′, H-6b nd 3.83

3 H-1′, H-4 vs 2.82
H-1′, H-3 s 3.11

4 H-1′, H-4 vs 2.85
H-1′, H-3 s 3.20

a vs, very strong (<2.8 Å); s, strong (2.8-3.2 Å); m, medium
(3.2-3.6 Å); w, weak (3.6-4 Å); and nd, not detected.

FIGURE 4. Population-weighted contribution to the inter-
nuclei distance between H-1 and H-7 for each of the 42 low-
energy conformations of allosamidin (1). Overall, the population-
weighted average value was calculated as 3.01 Å, which
compares favorably to the experimentally determined range
of 2.8-3.2 Å. The global minimum conformation 5 (rH-1,H-7 )
2.52 Å) contributes up to 34% of the (0.83 C) averaged value.
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ute significantly to the averaged result. The torsional
angles of the principle conformers are summarized in
Table 5; the six conformational families of 2-4 about the
glycosidic linkage C1′-O-C4 are depicted in Figure 5; and
the conformational behaviors about the linkage to the
heterocyclic moiety for 2 and 3 are depicted in Figure 6.

Concerning the conformational preference of allosami-
din (1), it was interesting to compare the free conforma-
tions found here in solution with the conformation of
allosamidin (1) found from the X-ray crystal structure
determination of the hevamine-allosamidin complex.8 In
Figure 7, the X-ray structure of allosamidin (1) from the
hevamine-allosamidin complex and the calculated global
minimum conformation of 1 are overlaid for comparative
purposes. It is clear that the conformations of the
glycosidic bond as defined by Φ and Ψ belong to the same
conformational family for both structures; however, the
conformations about Φ′ and Ψ′ of the free and complexed
conformers are markedly different. The conformation of
the complexed allosamidin (1) as determined by X-ray
analysis was not obtained at all as a calculated local
minimum conformer; therefore the complexed conforma-
tion has to be a result of stabilization by hydrogen bonds
and hydrophobic interaction with the protein. The de-
formation energy of bound allosamidin compared to the
free analogon was calculated to be about 5 kcal/mol.

The Conformation of Compounds 5 and 6. The
syntheses, together with some of the conformational
aspects, of compounds 5 and 6 have been published
recently.5 It was shown that these compounds are highly
flexible and that the overall conformation of the pseudo-
trisaccharides is determined by ø5. Consistent with these
findings, calculations provided one anti and two gauche
orientations with respect to ø5. Each of these occurs in
one of four low-energy conformations with respect to ø4
and ø6 (see Figure 8). The ø5 anti orientation results in
an extended linear disposition (A) whereas the gauche
conformers lead to folded conformations (B and C). The

AMBER force field calculations also revealed that Φ is
favored by orientations of ca. -10° and ca. 170° (see
Figure 9).

Since the global minimum conformation of 5 is folded,
strong interresidue NOEs might be expected to result.
However, the population-weighted averaged proton-
proton interresidue distances of all calculated conforma-
tions was found to exceed 3.6 Å; thus, despite the fact
that the calculated global minimum conformation should
yield strong NOE contacts (e.g., between H-6a′ and H-8,
H-4 and H-8, and H-4 and H-9), NOEs were not detected
between the nonreducing and the reducing N-acetylglu-
cosamine residues. This result is in accordance with the
assumption that several conformations again exist in
equilibrium and furthermore, the number of conforma-
tions for compound 5 can be classified into 12 basic
conformational families with respect to the flexible bonds
ø4, ø5, and ø6. The conformational families of 5 are
presented in Table 6. Rotation about either ø7 or ø8
increases the conformational flexibility further. In the
contour plot (Figure 10), the four local minimum confor-
mations are displayed. The global minimum I with ø7
within 50-100° and ø8 ca. -40° is also the broadest; i.e.,
the system is highly flexible in this region.

Compound 6 displays, with respect to the pseudo-
trisaccharide unit, essentially the same conformational
behavior as 5. The C-7 amide group in 6 favors the
E-configuration. The four low-energy conformers of 6
which are found by energy minimization of φ and ø4 are
depicted in Figure 11. As expected, NOE contacts could
only be observed between methylene groups, indicating
that the arginine chain is in a stretched conformation.

The Conformation of Compound 7. The conforma-
tional behavior of compound 7 about the glycosidic
linkages by comparison is similar to the conformational
behavior of compounds 2-4, implying that the confor-
mational preferences about the glycosidic linkages are
not influenced by the heterocyclic moiety to any signifi-

TABLE 5. Torsional Angles about the Glycosidic/Heterocyclic Moiety Linkages and the Corresponding Relative
Energies of the Conformational Families

minimum about
Φ and Ψ

Φ and Ψ
(deg)

rel energy
(kcal/mol)

minimum about
Φ′ and Ψ′/ø1, ø2, ø3

Φ′ and Ψ′/ø1, ø2, ø3
(deg)

rel energy
(kcal/mol)

1 A -9, -46 0 G -9, -46 0
B 12, 173 0.88 H 9, 177 0.77
C 35, 19 3.50 I 86, 50 2.17
D 136, -49 1.20 J 5, 43 0.4
E 167, -15 1.36 K 148, -46 1.04
F -177, -154 5.33 L -165, 48 1.73

M 136, 177 0.23
2 A -9, -4 0 G -25, 171, 93 0

B 12, 173 0.19 H 179, -177, 129 1.42
C 37, 7 1.94 I 179, -173, -65 1.72
D 137, -31 2.10 J -21, 178, -60 0.11
E -150, 28 3.72
F -127, 180 1.95

3 A -8, -40 0 G -17, 173, 0 0
B 13, 173 0.31 H -17, 173, 180
C 36, 8 2.05 I 179, 173, 0 1.63
D 136, -30 2.12 J 179, 173, 180
E -150, 27 3.80
F 127, 180 2.06

4 A -8, -40 0 G -17, 173, 0 0
B 13, 173 0.20 H -17, 173, 180
C 36, 13 2.08 I 179, 173, 0 1.55
D 145, 2 2.29 J 179, 173, 180
E -150, 27 3.67
F 126, 180 1.94
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cant extent. The conformational minima A-F, presented
in Table 7, are similar to the conformational minima of
compounds 2-4. Experimental NOE enhancements as
well as calculated population-weighted average distances
are presented in Table 8.

The conformational behavior of the arginine residue
is also comparable to the behavior of this residue in
compound 6.

Analysis of the Binding of Compounds 1-7 to
Hevamine by NMR. Compounds 1-7 were all treated
in solution with hevamine and subjected first to tr-
NOESY experiments. Given the lack of inhibition, it was
not surprising that trNOESY cross-peaks were not
observed for compounds 2-7. However, since allosamidin
(1) is known to be an inhibitor with Ki ∼3.1 µM at pH
4.2,9 trNOESY cross-peaks should be observable for this
compound. However, under the experimental conditions
that were employed here, none were forthcoming. It could
therefore be assumed that at physiological conditions
(pH ∼7), the reduced Ki and koff prevent observation of

NOESY cross-peaks. In addition, the success of these
NOE-based experiments in general is heavily dependent
on experimental factors; not just instrumental factors
pertaining to the instrument performance, but also to
the sample properties and the physical NMR properties
of both the ligand and in particular, the substrate. The
experimental conditions such as the field, solution vis-
cosity etc., have a direct effect on the performance of
the experiment by influencing such critical parameters
as the cross relaxation rates,14,15 molecular correlation
times,10,11,13,15,16 relaxation times,10 etc. In terms of the
sample chemistry itself, turnover rates14 in addition to
binding constants10,14 and the relative proportions of the

FIGURE 5. Stereoview of the conformational families A-F
of 2-4 about the glycosidic linkages. R represents the hetero-
cyclic moiety.

FIGURE 6. Stereoview of the conformational families of 2
and 3 with respect to ø1, ø2, and ø3. The conformational
behavior of 4 is similar to that of 3.

FIGURE 7. Stereoview overlays of the X-ray crystal structure
(single colored framework) of allosamidin (1) from the he-
vamine-allosamidin complex and the calculated global mini-
mum solution-state conformation of allosamidin (1) (frame-
work containing atomic coloring).

TABLE 6. Conformational Families of Compound 5
with Respect to ø4, ø5, and ø6 (ø1 ca. -10°, ø7 within
70-110°, and ø8 ca. -40° for All Conformational Families)

conform ø4 (deg) ø5 (deg) ø6 (deg)
rel energy
(kcal/mol)

1 -43 -53 -70 2.17
2 -48 -60 100 1.83
3 -49 93 -100 0
4 -45 99 110 2.74
5 69 -94 -120 1.25
6 73 90 70 9.84
7 70 95 -120 8.45
8 71 -90 70 10.69
9 -172 66 80 9.31

10 176 77 -120 10.17
11 175 -80 -110 10.85
12 179 -90 80 11.5
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interacting species10,14 also have a determinate effect on
the outcome of the experiment.

For the next attempt at screening the compounds for
binding to hevamine, the more versatile and robust STD
experiments14 were applied and both 1-D as well as 2-D
STD-TOCSY experiments were employed. It was again
found that none of the compounds 1-7, including allosa-
midin (1), under these experimental conditions was
sufficiently bound to hevamine to effect a measurable
response under the described conditions, the aforemen-
tioned caveats notwithstanding. Thus, neither STD or
trNOESY was sufficiently sensitive to elicit a response

for complex formation for these compounds as the binding
to hevamine is either too weak or nonexistent despite
STD being touted a very responsive probe.14

A final approach was to simply examine whether
chemical shift changes were discernible in the 1H and
the 13C spectra of the compounds 1-7 between solutions
not containing hevamine and subsequently those to
which hevamine had been added. Since 1H chemical shifts
can be somewhat sensitive to the environment, the
results were needed to be substantiated by the acquisi-

FIGURE 8. Stereoview of the low energy conformations of
5,5 four each minimized for ø4 and ø6 in one anti (A, ø5 ) 180°)
and two gauche (B, ø5 ) 60°; C, ø5 ) -60°) conformations.

TABLE 7. Torsional Angles at the Glycosidic Linkages
and the Corresponding Relative Energies of the
Conformational Families A-F for Compound 7

conform Φ, Ψ (deg) rel energy (kcal/mol)

A -8, -39 0
B 12, 173 2.5
C 35, 15 1.63
D 134, -31 1.9
E 126, 179 1.77
F 150, 29 3.63

FIGURE 9. Contour plot of Φ and Ψ for compound 5.

FIGURE 10. Contour plot of torsional angles ø7 and ø8 of
compound 5.

FIGURE 11. Stereoview of the low energy conformers of 6
representing the energy minima of Φ and ø4. The nonreducing
N-acetylglucosamine end unit and the succinamide portion are
not depicted.

TABLE 8. Comparison of NMR Data (Intensity of
Interresidual NOEs) and Calculated
Population-Weighted Average Distances for the
Low-Energy Conformations A-F of Compound 7

hydrogens exptl NOEa calcd distance (Å)

H-1, H-4′ s 2.86
H-1, H-3′ s 3.13
H-1, H-5′ w 3.61
H-1, H-6a′ nd 4.43
H-1, H-6b′ nd 3.76

a s, strong (2.8-3.2 Å); w, weak (3.6-4 Å); and nd, not detected.
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tion of 13C spectra. Due to the complexity and overlap of
the spectra, and in particular the low sensitivity of carbon
at the concentrations employed, it was appropriate to
obtain this information by acquiring HMQC spectra to
overcome these experimental shortcomings and ensure
at the same time the correct assignment of the signals.
Compounds 2-7 did not reveal any significant changes
in either the 1H or 13C spectral regions and only allosa-
midin (1) displayed significant chemical shift changes.
Moreover, these changes were restricted to the allosami-
zoline ring. In Figure 12, the HMQC spectra of allosa-
midin (1) and the hevamine-allosamidin complex are
presented with selected chemical shift changes quanti-
tatively listed in Table 9.

Since significant chemical shift variations were only
observed in the allosamizoline moiety, it can be inferred
that the van der Waals forces between allosamidin (1)
and hevamine must be strongest in this region of the
allosamidin (1) structure. This result is in agreement
with those of Terwisscha van Scheltinga et al.8 who also
reported close contacts between the allosamizoline group
and hevamine and is consistent with the distinct diver-
gence between the conformational preferences deter-
mined by X-ray analysis and inferred by the calculations
(vide supra). The large shifts to lower field by C-9 (+5.1
ppm) and C-10 (+1.7 ppm) could be the result of a strong
interaction between the Asp125 residue of hevamine and
the nitrogen of the allosamizolin ring. A shift also to lower
field by C-8 (+1.8 ppm) could result from a hydrogen bond
between the C-8 hydroxyl and the NH of Trp255. The
shifts to lower frequency for all of the hydrogens bar H-11
could result from the hydrophobic contacts between the
inhibitor and the Trp255, Tyr183, and Tyr6 residues.
Finally, the substantial shift to lower field by H-11 (+0.42
ppm) in tandem with the shift to higher field by C-11
(-3.5 ppm) is possibly indicative of a proportionate steric

compression effect which may actually imply that allosa-
midin (1) is strongly bound to hevamine, albeit in a highly
localized manner. Thus, the NMR results were finally
found to be consistent with the biochemical results which
showed that only allosamidin (1) acted as a competitive
inhibitor.

Conclusions

It has been amply demonstrated that conformational
analysis of the manner performed on the compounds
examined here is insufficiently addressed by NMR alone
and that an accompanying molecular modeling study is
required. For although a clear global minimum can be
determined, the experimentally obtained spatial informa-
tion agreed well with the computational results only if
the weighted average of the participating conformers was
considered. That is, the calculated distances were re-
quired to be statistically weighted averages with respect
to the conformer populations of the various contributing
conformers as determined by their calculated relative
energies. Using this approach, the NMR data and mo-
lecular modeling results were no longer asynchronous
and as such it was evident that the compounds adopt a
number of conformations that originate from more than
one conformational family.

The mixtures of allosamidin (1) and the compounds
2-6 with hevamine were all subjected to trNOESY, STD,
and HMQC NMR experiments to determine the state of
complex formation. Of note is the fact that the apparent
weak binding of the known inhibitor allosamidin (1)
under the experimental conditions employed precluded
a response from the NMR probes often utilized for such
screenings, namely trNOESY and STD. Compounds 2-6
failed to show any indication at all of complex formation
for all three NMR techniques, consistent with their lack
of inhibitory effects. Only allosamidin (1) showed signifi-
cant signal shifts in the 1H and 13C spectral regions
pertaining to the allosamizolin ring, thus confirming the
robustness of HMQC in eliciting a response relating to a
recognized interaction. The implications for research
endeavors using various affinity NMR techniques for the
screening of combinatorial libraries are self-evident from
these results.

FIGURE 12. HMQC spectra of allosamidin (1) (left) and the hevamine-allosamidin complex 1:15 (right).

TABLE 9. 1H and 13C Chemical Shift Changes in ppm
for Allosamidin (1) Following the Addition of Hevamine

atom label 1H 13C atom label 1H 13C

7 -0.13 -0.2 11 +0.42 -3.5
8 -0.28 +1.8 12 -0.19 -0.4
9 -0.25 +5.1 13 -0.03 +0.4

10 +1.7 14, 15 -0.15 -0.8
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Currently, we are extending our experimental work
and one aspect is to use the calculated low-energy
conformers as initial structures for docking studies with
hevamine. The combined results could be used for
describing the structure of the ligands and potential
inhibitors both in the free state and in the enzyme-
inhibitor complex.

Experimental Section

NMR spectra were acquired using either a Bruker ARX 300
NMR spectrometer operating at 300 and 75 MHz (for 1H and
13C, respectively, and for compounds 2-7) or a Bruker DMX
600 NMR spectrometer operating at 600 and 150 MHz (for 1H
and 13C, respectively, and for compounds 1 and 5). Spectra
were recorded at 313 K without sample spinning using the
HDO signal as internal reference (4.61 ppm). Data acquisition
and processing were performed using Bruker XWINNMR
software. For the assignment of the 1H and 13C signals, COSY,
phase-sensitive HMQC,26 HMBC,27 as well as HMQC-TOCSY28

experiments were performed. NOESY (mixing times 200, 400,
600, and 1,000 sec), ROESY (mixing time 250 ms, spin-lock
field 2-3 kHz), and TOCSY29 (mixing time 80 ms, spin-lock
field 8 kHz) experiments were all recorded in phase-sensitive
mode with a relaxation delay of 2 s. For all 2-D spectra, a total
of 2 k data points in t2 and 512 data points in t1 were recorded.
Suppression of the residual HDO signal was accomplished by
presaturation. For 2-D trNOESY15,16 experiments (mixing
times 150, 300, and 600 ms), the HDO signal was suppressed
by low-power presaturation during both the relaxation and
mixing times. The total relaxation delay was 1.2 s. For 1-D
STD experiments,14 saturation transfer was accomplished by
the use of 39 selective 1K Gaussian 90° pulses of duration 50
ms and spacing of 1 ms. The protein envelope was irradiated
at either 1.2 or 7.2 ppm (on resonance for both) and then 20
ppm (off resonance). Subtraction was effected by phase cycling.
Saturation times of 0.5, 1.0, 1.5, and 2 s were utilized. The
relaxation delay was set to 1 s for 1 and 4 s for 3 and 5. TOSCY
and STD-TOCSY spectra were recorded with 256 increments
and 32 transients using a MLEC 17 spin-lock field of 60 ms
at 7.5 kHz. The relaxation delay was set to 4 s for 1 and to 12
s for 3 and 5.

For the calculation of the rotameric population of the gg,
gt, and tg conformers around the C5-C6 bond, the conven-
tional equations I-III30-32 were employed (cf. Table 3).

Molecular Modeling calculations were performed on
either a Silicon Graphics Oxygen R5000 or a Silicon Graphics
Origin 24 x R10000 workstation. All calculations employed the
AMBER33 force field routine implemented into the SYBYL 6.434

program. Based on GLYCAM-9335 parameters, a new set of
parameters was developed that is consistent with AMBER
(details to be published elsewhere). Torsional angles at the
glycosidic and other interresidual linkages are defined as
follows (cf. Figure 1): Φ (H1′-C1′-O-C4) for 1-4 and 7 and
(H1′-C1′-N-C10) for 5 and 6; Ψ (C1′-O-C4-H4) for 1-4 and
7 and (C1′-N-C10-O) for 5 and 6; Φ′ (H1-C1-O-C7) and Ψ′
(C1-O-C7-H7) for 1; ø1 (H1-C1-N7-C8), ø2 (C1-N7-C8-C9),
and ø3 (N7-C8-C9-N/C10) for 2-4; ø4 (N-C10-C9-C8), ø5
(C10-C9-C8-C7), ø6 (C9-C8-C7-O), ø7 (C8-C7-O-C4), and
ø8 (C7-O-C4-H4) for 5 and 6; ø9 (H1-N-C11-C12), ø10 (N-
C11-C12-C13), and ø11 (C11-C12-C13-C14) for 6 and 7.

At the beginning of the calculations, the glycosidic bond
angles were fixed at 117° and the pyranose rings were treated
as rigid 4C1 conformation; similarly, the torsional angles (O-
C5-C6-OH) and (O-C5′-C6′-OH) were fixed at 60° or -60°,
corresponding to the gt and gg energy minimum conformation.
Furthermore, the bond angles C1′-O-C4 and C1-O-C7 in 1,
C1′-O1′-C4 and C1-N7-C8 in 2-4, and C1′-N-C10 and C7-
O-C4 in 5 and 6 were set to 117°. 1,4-Interactions were scaled
by a factor of 0.83, and a cutoff of nonbonding interactions at
12 Å was applied.

Simulation of 3 in a Box of Water. All six minima
conformations around the glycosidic linkage of compound 3
were subjected to the MD simulation in a box of water
molecules. The MD simulation was done at 300 K. First, the
conformers were solvated using the XFIT algorithm of the
SYBYL program. Within this algorithm the water molecules
were placed randomly around the conformers avoiding any
steric overlap. Cutoffs were employed for the nonbonding
interactions up to 12 Å, since periodic boundary conditions
were required to contain the water molecules. As the result,
each system contained 1000 water molecules. The studied
conformers were kept fixed during the whole simulation. The
system was brought to equilibrium for 50 ps, and then finally,
a 50 ps simulation was used for the analysis: coordinates and
energies were stored every 50 fs.

Compounds 2-7 were synthesized as described previously.4,5

All NMR samples were prepared using 1-5 mg of material
which was lyophilized twice from 1 mL of D2O prior to being
taken up in 0.7 mL of D2O followed by degassing in situ by
aeration with argon for 30 min. For complexation studies,
sufficient quantity of hevamine was added to the NMR solution
to result in a ligand-to-enzyme molar ratio of 15:1.
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