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Abstract Based on NMR spectroscopic information
about the allosamidin—hevamine complex, ab initio MO
calculations of the ring current effect of the aromatic
moieties of Trp255, Tyr183 and Tyr6 of hevamine were
carried out to investigate the role of these amino acid
residues in binding interactions with allosamidin in solu-
tion. In addition, the intermolecular steric compression
effect on the 13C chemical shifts of the allosamizoline
carbon atoms and the hydrogen bonding to Glul27 was
identified. It can be inferred that the binding forces are
strongest in the allosamizoline moiety of allosamidin.
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Introduction

Many plants infected with pathogens develop local or
systemic resistance against subsequent infections. [1]
The induction of this pathogen resistance proved to be
correlated with the production of “pathogenesis-related”
proteins. [2] However, subsequent investigations re-
vealed that at least some of these pathogenesis-related
proteins can also be found in healthy plants [3, 4] and
are expressed constitutively. [5] The function of these
proteins in plants seems to be to provide the plant with a
general, unspecific defense against attack by microbial
pathogens and insects. Therefore, these proteins and
their inhibitors are of general interest.

Hevamine, [6] an enzyme with chitinase activity, can
be isolated from fresh latex, obtained by tapping the rub-
ber tree Hevea brasiliensis. Chitinases are enzymes that
cleave the bond between two consecutive N-acetylglu-
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cosamines of chitin, a major component of the cell wall
of many fungi and of the exoskeleton of insects.
Hevamine belongs to the family of 18 chitinases. The
crystal structure was refined at 1.8 A resolution and the
reaction mechanism is theoretically quite well under-
stood. [7, 8, 9, 10] In addition to the knowledge about
the reaction mechanism, especially the binding features
in aqueous solution are important for the design of new
transition state analogues that may act as chitinase inhib-
itors and potential insecticides [11, 12] and/or fungi-
cides. [13] It is the objective of this paper to report on
the influence of the amino acids Trp255, Tyr183 and
Tyr6 of the enzyme hevamine on the 'H/13C NMR spec-
tra of the inhibitor allosamidin concerning binding inter-
actions at the active site (Fig. 1). In order to do this,
NMR spectroscopic structural information has been cor-
roborated by ab initio quantum chemical calculations.

Experimental

Hevamine was isolated from latex of Hevea brasilienis
in the laboratory of J.J. Beintema, Laboratory of Bio-
chemistry, Rijksuniversiteit Groningen, The Netherlands.
Allosamidin was a generous gift from A. Isogai, Depart-
ment of Agricultural Chemistry, University of Tokyo, Ja-
pan.

NMR experiments

'H and 13C NMR spectra were measured on a Bruker
DMX 600 NMR spectrometer at 600 and 150 MHz, re-
spectively. Sample tubes of 5 mm outer diameter were
used and the NMR spectra recorded at 313 K without
sample-spinning using the HDO signal as internal refer-
ence (4.61 ppm at 313 K). Data acquisition and process-
ing were performed with X WIN-NMR software
(BRUKER).

For the assignment of the 'H and !3C NMR spectra,
H,H-COSY and phase-sensitive H,C-COSY (HMQC),
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Fig. 1 Schematic representa-
tion of the active site of the
hevamine — allosamidin (blue-
colored) complex [8]

H,C long range correlation (HMBC) as well as HMQC-
TOCSY NMR experiments were performed.

Two-dimensional transfer NOESY (trNOESY) [14]
experiments were recorded with a total of 512 (#,)x2 K
(t,) data points for each experiment. The HDO signal
was suppressed by low-power presaturation during the
relaxation and mixing time. The total relaxation delay
was 1.2 s. Mixing times of 150 ms, 300 ms and 600 ms
were used.

For the 1D saturation transfer difference experiments
(STD), [15] the saturation transfer was achieved by us-
ing 39 selective 1 K Gaussian 90° pulses with a duration
of 50 ms and a spacing of 1 ms. For one set of NMR
spectra, the protein envelope was irradiated at 1.2 ppm
(on-resonance) and 20 ppm (off-resonance). Another set
of spectra was generated by setting the on-resonance fre-
quency to 7.2 ppm. Subsequent subtraction was achieved
via phase cycling. Saturation times were 0.5, 1.0, 1.5 and
2 s. The relaxation delay was set to 1 s. 2 K scans were
recorded with 32 dummy scans each. TOSCY and STD-
TOCSY NMR spectra were recorded with 256 incre-
ments and 32 transients using a MLEV 17 spin-lock field
of 60 ms at 7.5 kHz. The relaxation delay was set to 4 s.

AD initio MO calculations

The ab initio MO calculations were performed on SGI
Octane and SGI Origin 2000 computers using the pro-
gram GAUSSIAN 94. [16] Geometry optimization was
carried out using HF/6-31G* [16] without restrictions.
The chemical shifts subject to the ring current effect of
aromatic/heteroaromatic ring moieties of amino acid res-
idues of the enzyme were calculated based on the idea of
NICS by Schleyer et al. [17] Accordingly, the molecule
was placed in the center of a grid of ghost atoms ranging
from —10.0 to +10.0 A in all three dimensions with a step

width of 0.5 A, resulting in a cube of 68,921 ghost at-
oms. Because of the restrictions of GAUSSIAN 94 to
1,500 atoms, we had to split off the grid into 82 separate
files. The chemical shielding calculations were pro-
cessed with the GIAO method [18, 19] using HF/6-
31G*. Since GIAO is a coupled HF method that uses
gauge independent atom orbitals for the calculation of
shielding values, it can be applied for the calculation of
NICS.

From the results of the 82 GIAO calculations the co-
ordinates and isotropic shielding values of the ghost at-
oms were extracted. After transformation of the tabulat-
ed chemical shieldings into a SYBYL [20] contour file,
the ring current effect of the aromatic/heteroaromatic
ring systems studied can be visualized as iso-chemical-
shift surfaces (ICSSs). In this way is it possible to map
the spatial extension, sign and scope of the ring current
effect of the aromatic moieties studied. [21] In this pa-
per, “fragmental ring current effects” of certain phenyl
and heteroaromatic ring systems of the amino acid resi-
dues of hevamine in the binding site have been studied.

Results

The naturally occurring chitinase inhibitor allosamidin
was investigated by NMR spectroscopy in aqueous solu-
tion both in the free state and bound to hevamine. Con-
cerning free allosamidin, we proved the conformational
behavior of allosamidin in solution to be dominated by
two to five preferred conformations with higher popula-
tion in addition to many non-negligible conformers of
lower population. In detail, we calculated six conformat-
ional families around the glycosidic linkage C1'-O-C4
and seven conformational families around the glycosidic
linkage C1-O-C7. The experimentally obtained NOEs
could only be matched if all of them were included into
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Fig. 2 Calculated ring current effect of benzene (shielding ICSSs
of 0.1 ppm, yellow, of —0.5 ppm, green, of —1 ppm, green—blue,
of -2 ppm, cyan and of -5 ppm, blue, respectively; deshielding
ICSS of +0.1 ppm, red) [14]

Table 1 'H and !3C chemical shift changes of allosamidin follow-
ing the addition of hevamine

Atom label TH 3 (ppm) 13C 8 (ppm)
7 -0.13 -0.2
8 -0.28 +1.8
9 -0.25 +5.1

10 - +1.7

11 +0.42 -0.5

12 -0.19 -0.4

13 -0.03 +0.4

14, 15 -0.15 -0.8

calculated population-weighted interglycosidic distances,
leaving us with the information of a rather complex con-
formational behavior of allosamidin in the free state.

In order to study the conformation of allosamidin in
complex with hevamine, the following NMR experiments
were employed: HMQC, trNOESY, ROESY and STD
NMR spectra. The trNOE experiment relies upon the fast
exchange on the time scale of spin—lattice relaxation of
free and bound ligand molecules. When a carbohydrate
ligand is complexed with a large molecular weight pro-
tein, relaxation is determined by the protein's tumbling
time, T, resulting in strong negative NOEs, so called
trNOE:s, that reflect the bound conformation. The STD
technique is based on saturation transfer (by selectively
irradiating the protein protons) from a protein to a ligand
that binds to this protein through spin diffusion. Acquisi-
tion of on- and off-resonance spectra with subsequent
subtraction generates difference spectra that contain only
signals of ligand molecules that bind to the protein.

Actually, no STD and transfer NOE effects could be
detected, although from a K; of 3.1 uM [9] positive an-

swers could be expected. ROESY spectra alone are not
able to distinguish between ROEs from free or bound
states of the ligand. Therefore, it could only be conclud-
ed that, beside NOE zero crossing, increase of the pH
during the NMR measurement, compared to the pH opti-
mum of hevamine at pH=4, may be a reason for missing
the transfer-NOE and STD signals.

On the other hand, the comparison of the HMQC
spectra of both bound and free allosamidin showed sig-
nificant signal shifts in the 'H and 13C dimensions of the
allosamizoline part of the molecule (Table 1), indicative
for the complex formation; chemical shift variations of
other protons/carbons of allosamidin are negligible.

Only one set of signals for the bound allosamidin was
observed and therefore the dissociation/association equi-
librium proved to be fast on the NMR time scale. The
general high field shift of the hydrogen atoms (except H-
11) of the allosamizoline moiety could be a result of the
hydrophobic contacts between this part of the inhibitor
and the Trp255, Tyr183 and Tyr6 amino acid residues of
hevamine (see later) which where found to be located in
the binding pocket of hevamine in the X-ray structure.

In order to check whether the observed difference in
the 'H chemical shift between free and bound allosami-
din is caused by the influence of the ring current effect
of Trp 255, Tyr183 and Tyr6 amino acid residues of hev-
amine, a more detailed ab initio MO study was carried
out (see later).

Recently, Klod and Kleinpeter [21] reported the ab
initio MO calculations of the anisotropic effect of a
number of functional groups and the ring current effect
of aromatic/heteroaromatic moieties. The intensity of
the ring current effect proved to depend on both kind
and number of condensed aromatic ring systems, which,
due to the more delocalized m-electrons, extend the
scope of the ring current effect. The ring current effects
were visualized as ICSSs of identical values (e.g. the
ring current effect of benzene in Fig. 2: the yellow
shielding ICSS of —0.1 ppm at 9 A from the center of
the molecule). [21]



234

Fig. 3 Calculated ring current effect of indole (shielding ICSSs of
—0.1 ppm, yellow, of —0.5 ppm, green, of —1 ppm, green—blue, of
-2 ppm, cyan and of =5 ppm, blue, respectively; deshielding ICSS
of +0.1 ppm, red)

A similar ring current effect was calculated for pyr-
role as a 5-membered heteroaromatic ring, [21] but less
intense than in benzene; tohe deshielding ICSS of
+0.1 ppm is observed at 6 A in plane and the corre-
sponding shielding ICSS of —0.1 ppm at 7.6 A above and
below the ring plane.

Employing this method, the ring current effect of the
indole moiety of tryptophane was now calculated. From
the former study, [21] we expected this condensed aro-
matic ring system to exhibit a stronger ring current effect
than that obtained by simply combining the effects of the
two original ring systems. Accordingly, the ring current
effect of indole proved to be stronger; the shielding ICSS
of —0.1 ppm reaches 10 A above/below the ring plane
and the deshielding ICSS of +0.1 ppm is obtained at
7.5 A in the plane of the ring system. From these calcu-
lations it can be concluded that, from the tryptophane
residues in protein structures, long range ring current ef-
fects can be expected (Fig. 3).

Discussion

Terwisscha van Scheltinga et al. [7] studied the X-ray
structure of the allosamidin—hevamine complex in the
solid state. They found that in the crystal state (i) the all-
osamizoline moiety of allosamidin is bound at subsite
—1, where the reaction intermediate is formed, and that
(i1) the hydrophobic face stacks on the aromatic side
chain of Trp255 while (iii) the two methyl groups make
a strong van der Waals contact with the side chain of
Tyr6. Furthermore, (iv) the allosamizoline group appears
to be firmly fixed by hydrogen bonds. [7] This structural
information is visualized in Fig. 1: beside allosamidin

only those amino acid residues of the enzyme are given
that are in close contact to the bound inhibitor. In the fol-
lowing, this crystal structure is compared with the chem-
ical shift variations between free allosamidin and com-
plexed to hevamine in aqueous solution (see later, Ta-
ble 1). We were well aware that the solution structure of
hevamine may differ from the X-ray structure. Neverthe-
less, due to the small temperature factors (B values) for
each atom in the binding region, a conserved structure
could be deduced. [7]

Due to significant complexation-induced chemical
shift variations in the allosamizoline moiety of allosami-
din (Table 1), it can be inferred that the van der Waals in-
teractions between enzyme and inhibitor should be most
active in this region; the substantial shift of H-11
(+0.42 ppm) of bound allosamidin to lower field in tan-
dem with the shift of C-11 (=3.5 ppm) to higher field ac-
tually indicate high steric compression, which confirms
that allosamidin is strongly in contact with hevamine in
this position. The large low field shifts of C-9
(+5.1 ppm) and C-10 (+1.7 ppm), on the other hand,
strongly indicate binding near to the strong proton ac-
ceptor groups Glul27 and Aspl25, respectively, as
found in the crystal structure and recent modeling stud-
ies. [7, 9, 10] Similarly, the C-8 and C-13 complexation-
induced low field shifts of +1.8 ppm and +0.4 ppm, re-
spectively, are in excellent agreement with existing hy-
drogen bonding between (OH)-8 and Gly81, and (OH)-
13 and Ala224, respectively, as proposed by Terwisscha
van Scheltinga et al. [7] in the crystal state.

Taking now further into account the ring current ef-
fects of indole and benzene moieties, the allosamidin
bonding near to Trp255, Tyr6 and Tyr183 could also be
analyzed quantitatively (Fig. 1). To begin with, the ring
current effects of the corresponding indole and benzene
moieties were calculated for the amino acid residues of
hevamine close to the allosamidin complexation position
(Fig. 1). Then, the chemical shifts of the protons of the
allosamizoline moiety were analyzed with respect to



Fig. 4 Calculated ring current effect of Trp255 (shielding ICSSs
of —0.2 ppm, yellow—green, of —0.3 ppm, light green and —1 ppm,
green—blue, respectively)

Table 2 Experimental and calculated complexation-induced 'H
chemical shifts

exp. Ad ('H) calc. Ad ('H)

H-7 -0.13 -0.15
H-8 -0.28 -0.5

H-9 -0.25 -0.25
H-11 +0.42 -0.20
H-12 -0.19 -0.45
H-13 -0.03 -0.05
H-14, 15 -0.15 -0.2

both sign and intensity of the present ring current effect
of these amino acids Trp255, Tyr6 and Tyr183. For rea-
sons of clarity, the calculated ring current effects are dis-
cussed as isolated moieties and therefore, in a qualitative
manner. The conclusions from the analysis were that the
ring current effects in general could be influenced by the
equilibrium between bound and free allosamidin, which
is fast on the NMR time scale, but also by supplementary
hydrogen bonding and electrostatic interactions to the
amino acids and steric compression effects. As a qualita-
tive measure, with respect to the fast exchange between
free and bound allosamidin, the absolute shielding/de-
shielding ICSS values were bisected (these bisected val-
ues of the absolute values as calculated for the ring cur-
rent effect together with the experimental values are
compared in Table 2).

For the discussion of the respective influences on the
proton chemical shifts in the allosamizoline moiety, only
the shielding ICSSs are given for the amino acid residues
of hevamine in Figs. 4, 5 and 6. For better understanding,
portions of the ICSSs were cut in order to see the details.

The proton H-7 is localized on the —0.3 ppm shielding
ICSS of Trp255 (Fig. 4). Because of the equilibrium be-
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Fig. 5 Calculated ring current effect of Tyr183 (deshielding sur-
face of +0.1 ppm, red)

Fig. 6 Calculated ring current effect of Tyr6 (shielding ICSS of
—0.5 ppm, cyan)

tween free and bound allosamidin, the absolute value
was only considered as bisected, resulting in an overall
shielding value of —0.15 ppm; compared to the experi-
mental high field shift of —0.13 ppm, the agreement
proves excellent both in sign and value. The correspond-
ing position of H-7 with respect to Trp255 in the allos-
amidin complex in aqueous solution can be confirmed.

Like H-7, the protons H-8 and H-9 will also be
shielded similarly by the ring current effect of Trp255,
resulting especially for H-9 in an excellent agreement
between calculated and experimental complexation-
induced chemical shifts. In the case of H-8, the hydrogen
is localized on the —1.0 ppm shielding surface of Trp255.
The resulting bisected value of —0.5 ppm agrees with the
experimental high field shift of —0.28 ppm in sign but
not in amount; there is still a difference. We suspect that
further influences, e.g. hydrogen bonding to (OH)-8 in
solution, [7] could be the reason for the high field effect,
which is lower than calculated.
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For the proton H-11 a shielding of Ad=-0.2 ppm has
been calculated in the allosamidin—hevamine complex.
This should result from the strong shielding of Trp255
(Ad=-0.25 ppm) and a smaller deshielding of Tyrl183
(Ad=+0.05 ppm). However, the observed low field shift
of +0.42 ppm cannot be the result of the ring current ef-
fect, but could, probably due to steric reasons, originate
from the short distances to amino acid residues of the en-
zyme not considered in the present ab initio MO study.
In such a case, electron density between hydrogen
(H-11) and carbon (C-11) is shifted towards the carbon
(Ad¢.;;=-3.5 ppm) and away from the proton H-11
(Adyy.,,=+0.42 ppm) both in line with the experimental
effects. [22]

The proton H-12 is localized on the —1.0 ppm shield-
ing surface of Trp255 but the (bisected) shielding
(Ad=-0.5 ppm) is reduced by additional deshielding of
Tyr183 (Ad=+0.05 ppm) resulting in an absolute shield-
ing of —0.45 ppm. Compared to the experimental value
of —0.19 ppm, the calculated shielding of —0.45 ppm
proves the stronger influence of Trp255 in contrast to the
deshielding effect of Tyr183. In any case, it should be as-
certained that the influence of the amino acids Trp255
and Tyr183 of hevamine is reflected correctly by the pro-
tons of the allosamizoline moiety, and 'H chemical shift
variations prove this influence both in amount and sign.
Small differences between the calculated values and the
experiment can originate from small differences in crys-
tal and solution structures of the hevamine—allosamidin
complex.

The two methylene protons H-13a and H-13b are also
shielded by Trp 255 but at the same time deshielded by
Tyr183 (about the same amount); the agreement between
calculated and experimental Ad proves excellent. The
two methyl groups C-14/C-15 are located on the
+0.1 ppm deshielding surface of Tyr183. Because the in-
ternal rotation of the dimethylamino group is fast on the
NMR time scale, a bisected deshielding of +0.05 ppm
could be proposed for these dimethylamino protons. Fur-
ther, they are rather shielded by Tyr6 (Ad>-0.6 ppm).
Thus, an overall shielding effect of Ad=—0.2 ppm could
be concluded, supporting both the excellent agreement
between calculated and experimental values, and the as-
sumption of the much stronger influence of Tyr6.

In summary, the calculated ring current effects of the
aromatic moieties of Trp255, Tyr6 and Tyr183 of hev-
amine on the protons in the allosamizoline moiety of
bound allosamidin strongly support a very similar struc-
ture of the hevamine—allosamidin complex both in solu-
tion and in the solid state.

Conclusion

The influence of the ring current effects of Trp255,
Tyr183 and Tyr6 moieties of hevamine on the 'H chemi-
cal shifts of the protons in the allosamizoline moiety of
allosamidin in the allosamidin-hevamine complex re-
sulting from binding to hevamine was calculated quanti-

tatively by ab initio MO calculations; a theoretical model
to quantitatively calculate the ring current effect of aro-
matic ring systems of the amino acid residues was em-
ployed. [21] By application of these ab initio MO calcu-
lations it was also possible to visualize the influence of
the amino acid residues on the 'H chemical shifts of the
protons in the allosamizoline region of allosamidin as
ICSSs. The structure of the binding site in the allosami-
din—hevamine complex appears to be very similar in so-
lution and in the crystal state. Besides these hydrophobic
contacts between allosamidin and hevamine, steric com-
pression in the 13C NMR spectrum, charge polarization
to the Glul27 amino acid residue of hevamine and hy-
drogen bonding to Try255 were also detected.
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