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Abstract

Deprotection of the fully blocked disacharide allyl O-(2-amino-4,6-O-benzylidene-3-O-[(R)-1-carboxyethyl]-2-deoxy-B-D-
glucopyranosyl-1',2-lactam)-(1 — 4)-2-acetamido-3,6-di-O-benzyl-2-deoxy-B-D-glucopyranoside by selective de-O-allylation and
parallel removal of the benzylidene and O-benzyl groups is described. The resulting B-muramyl lactam-(1 —4)-GIcNAc
disaccharide is characterised as the per-O-acetylated derivative by 'H and '3C NMR spectroscopy and X-ray structure analysis.
Conformational analysis about glycosidic bond of repeating units of bacterial spore cortex is based on experimental data and
molecular modelling. © 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The bacterial spore peptidoglycan, so called spore cor-
tex, has a composition different from that of the bacte-
rial vegetative cell. In the B-(1 —4)-linked glycan chains
of the former a substantial part of muramic acid
residues lack the peptide and N-acetyl substituents and
instead form an intramolecularly cyclised &-lactam
structure.!

We have reported?? the synthesis and conformational
analysis of several muramic acid 6-lactams and their
4-0-(2-acetamido-2-deoxy-B-D-glucopyranosyl)-sub-
stituted derivatives. In a previous paper* the synthesis
of the fully protected disaccharide 1 involving the mu-
ramic acid d-lactam glycosidically linked to the 4-posi-
tion of the GIcNAc moiety was described. Herein we
wish to report on the deprotection of 1 to the unpro-
tected disaccharide 3 which was characterised as the
per-O-acetylated  derivative:  O-(4,6-di-O-acetyl-2-
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amino-3-0-[(R)-1-carboxyethyl]-2-deoxy-B-D-gluco-
pyranosyl-1’,2-lactam)-(1 — 4)-2-acetamido-1,3,6-tri-O-
acetyl-2-deoxy-D-glucopyranose (4) by NMR and X-ray
structure analysis. In addition, conformational analysis
of glycosidic bond of two (1 —4)-linked disaccharide
building blocks of spore cortex, i.e., MurLac-GIcNAc
(3), GlcNAc-MurLac (5), and GlcNAc-MurLac anhy-
dride (6)>~* was performed in an attempt to conforma-
tionally characterise the cortex (Scheme 1).

2. Results and discussion

2.1. Synthesis

Several conditions were examined for the selective O-
deprotection of the anomeric centre of 1. The reaction
using tris (triphenylphosphine) rhodium(I) chloride
(Wilkinson catalyst)® and mercuric ion catalysed
hydrolysis® allowed the reproducible preparation of the
corresponding hemiacetal 2 as an anomeric mixture in
85% yield, after chromatographic purification. 'H
NMR spectrum of 2 showed the absence of allyl signals
and the presence of the GIcNAc anomeric protons as
two doublets (¢ 5.17, J,, 3.6 Hz; 6 4.79, J,, 8.2 Hz) in
a o:f ratio of ~ 3:1.
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Simultaneous removal of the benzylidene and two
benzyl groups was achieved by catalytic hydrogenolysis
over 10% Pd/C with (9:1) MeOH-AcOH as the solvent
to give the unprotected disaccharide 3 (72%) as a
hygroscopic amorphous mass. The "TH NMR spectrum
of 3 in D,O revealed three anomeric signals at 6 5.07,
4.81 and 4.61 with coupling constants J 2, 8, and § Hz
that were assigned to the o and B forms of the reducing
GIcNAc and the B form of the B-(1 —4)-linked mu-
ramyl-lactam, respectively.

Acetylation of the unprotected disaccharide 3, fol-
lowed by silica gel chromatography, afforded (74%) the
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Scheme 1. Chemical formula of the compounds described in
the paper.

per-O-acetylated derivative 4 as an amorphous mass;
attempts to resolve the anomers either by silica gel
chromatography or crystallisation were not successful.
Full assignement of the 'H and '*C NMR spectra of 4
(Table 1) was achieved by 'H-'H COSY, 'H-!3C
HETCOR, and HMBC experiments.

In the '"H NMR spectra (1 D, 2 D) of 4 the positions
of acetates at C-1, C-3, C-6, C-4' and C-6" were confi-
rmed by downfield location of the corresponding H-sig-
nals. The '3C NMR spectrum contained signals for
three anomeric carbons (90.5, 92.5 and 99.8 ppm) and
three carbons (50.8, 52.6 and 56.6 ppm) bearing nitro-
gen at C-2. The structural assignment was evident from
the value of the coupling constant (J,, 8.0 Hz) of the
peracetylated muramyl lactam unit and the chemical
shift of H-4 signal (6 3.89, ¢ 3.83) of the two anomeric
forms of the peracetylated glucosamine residue. The
evidence of the Mur Lactam B-(1 —4)-GlcNAc linkage
in 4 was demonstrated by cross-peaks correlating B-
Mur Lactam H-1" with GIcNAc C-4 and the corre-
sponding B-Mur Lactam C-1" with the GIcN H-4
resonance.

Fig. 1. orRTEP (Johnson, 1976) plot of two independent
molecules A and B with the atom numbering. Thermal elip-
soids are scaled the 30% probability level.
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Table 1

'H and '*C chemical shifts, coupling constants in Hz (given in parenthesis) of per-O-acetylated disaccharide 4

1301

Sugar residue (position of H-1 H-2 H-3 H-4 H-5 H-6a H-6b

O-acetyl)
Jl 2 J2,3 J3,4 J4,5 JS,G& J5,6b J63,6b

B-Mur-lactam- 442 d 333t 3.59 t 5.10 dd 3.64 m 4.34 dd 4.06 dd
(8.0) 9.7 9.7 9.6) (4.8) (2.2) (12.4)

(I—

(4-6-)

o 6.12d 441 m 5.24 dd 3.89 t 397 m 4.37 dd 4.24 dd
(3.6) (10.9) 9.3) 9.9) (2.2) (4.8) (12.4)

—4)-D-GIcNACc

B 5.65d 427 m 5.08 dd 383t 382 m 4.46 dd 4.19 dd

(1-,3-,6-) (8.6) 9.7 9.7 9.7) (2) (4.8) (12.2)
C-1 C-2 C-3 C-4 C-5 C-6

B-Mur Lactam 99.8 56.6 75.6 66.9 73.4 61.8

I-

(4-6-)

o 90.5 50.8 70.5° 74.2 70.6 ® 61.9

—4)-D-GlcNAc(1-,3-,6-)

B 92.5 52.6 72.1 74.5 74.0 62.3

# Values obtained for solutions in CDCl; (internal Me,Si).
b Signals for which assignement may be interchanged.

2.2. X-ray structure of 4

Crystals obtained after several months from a chloro-
form solution of 4 include two solvent molecules per
asymmetric unit. In the unit cell there are two crystallo-
graphically independent molecules A and B (Fig. 1) that
reveal some conformational differences (Fig. 2). The
conformations of the acetamido groups of GlcNAc
residues in molecules A and B are different. Among
four theoretically possible conformations (defined with
respect to the bonds C-2-N and N-C) two of them
were observed: (Z)-syn (A) and (Z)-anti (B).” Both
molecules, A and B are a-anomers (GIcNAc moiety)
although in solution NMR data revealed an anomeric
mixture (o =3:1). The selected torsional angles de-
scribe the glucopyranose rings and d-lactam ring con-
formations, and the conformation about glycosidic
bonds (Table 2). The ring conformations are assigned
according to the asymmetry parameters® and Cremer-
Pople? values listed in Table 3. The complex system of
hydrogen bonding is illustrated in Fig. 3 and geometri-
cal parameters are listed in Table 4.

The D-glucopyranose moieties of GIcNAc and
MurLac residues of the molecules A and B are in the
chair *C, conformation (Tables 2 and 3); distortion
from ideal chair conformation in the MurLac residues
is influenced by a fused o-lactam ring and therefore
their B-D-glucopyranose rings are more puckered (aver-

age torsion angle values are 60.6 and 61.2°, respec-
tively). &-Lactam ring of B is in a half-chair
conformation with O-3" and C-3’ displaced from the
four atom plane by 0.154 and — 0.615 A, respectively.
However, in molecule A a form between an envelope
and the half-chair was observed (Table 3).

In the crystal packing the two-dimensional network
in the (ab) plane (Table 4, Fig. 3) is realised by hydro-
gen bonds N-H--O between molecules A and B. How-

Fig. 2. Superposition diagram of the molecules A and B to
show conformational diffrences. The labelled aoms were used
for overlapping.
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Selected torsion angles (°) for 4

Molecule A Molecule B Molecule A Molecule B
D-Glucopyranose of GIcNAc moiety d-Lactam ring
0-5-C-1-C-2-C-3 57.1(10) 52.8(11) N-2'-C-2'-C-3'-0-3' 60.6(10) 51.7(10)
C-1-C-2-C-3-C-4 —53.9(10) —51.5(9) C-2-C-3-0-3-C-31 —069.5(9) —72.1(9)
C-2-C-3-C-4-C-5 54.7(11) 52.2(9) C-3-0-3-C-31-C-33 44.1(10) 54.0(9)
C-3-C-4-C-5-0-5 —55.4(11) —54.709) 0-3-C-31-C-33-N-2’ —11.4(12) —19.0(11)
C-4-C-5-0-5-C-1 58.1(10) 57.3(9) C-31-C-33-N-2-C-2 7.1(13) 2.0(13)
C-5-0-5-C-1-C-2 —58.7(10) —55.1(10) C-33-N-2"-C-2'-C-3¥ —30.7(12) —17.5(12)
D-Glucopyranose of MurLac moiety Glycosidic bond
0-5-C-1'-C-2'-C-3’ 60.3(10) 61.6(9) 0-5-C-1'-0-4-C-4 () —70.1(10) —80.4(8)
C-1'-C-2'-C-3-C-4 —56.6(10) —62.4(9) C-1-0-4-C-4-C-3 (¥) 131.7(8) 126.2(7)
C-2-C-3-C-4-C-5 55.8(11) 60.8(10)
C-3-C-4-C-5-0-5' —58.3(10) —59.7(10)
C-4'-C-5-0-5-C-1 65.0(10) 61.0(10)
C-5-0-5-C-1-C-2’ —66.6(10) —61.1(9)
Table 3
Asymmetry parameters and Cremer-Pople puckering parameters for 4
Ring residue  Asymmetry parameters (°) Cremer-Pople w{ta.]> (°) Conformation

parameters

D-Glucopyranose of GInNAc

Mol A

Mol B

AC4(0-5) = AC4(C-3) = 1.1 (9)
AC,(0-5-C-5) = AC,(C-2-C-3) = 1.3
(10)

AC4(0-5) = AC4(C-3) = 1.7 (8)
AC,(C-2-C-3) = AC,(C-5-0-5) = 0.5
(10)

D-Glucopyranose of MurLac

Mol A

Mol B

4-Lactam ring
Mol A

Mol B

AC4(0-5') = AC4(C-3") = 1.5 (8)
ACy(0-5-C-1') = AC5(C-3-C-4) = 3.5
(10)

AC4(C-2') = AC{(C-5') = 0.9 (8)
AC,(C-1-C-2') = AC,(C-4'~C-5') = 0.9
©)

AC4(C-3') = AC4(C-33) = 9.6

AC,(0-3-C-3') = AC,(N-2'-C-33)
=18.0

AC4(0-3) = AC(N-2') = 23.4
AC,(0-3-C-3") = AC,(N-2'~C-33)
=1.9(10)

0 =0.564(10) A
O =0.009)°

@ =189(35)°

0 =0.535(10) A
0 =3.2(10)°

@ =264(15)°
0=0.615(10) A
0 =3.509)°

@ =31(17)°

0 =0.624(10) A
0 =498)°

@ =169(11)°

0 =0.535(10) A
O =47.4(11)°

@ =52.0(14)°

0=0.53109) A
O = 48.6(10)°

® =30.6(14)°

56.4

54.0

60.6

61.2

42.9

424

o-*C, = °C; chair

a-*C, = ©C; chair

B-*C, = °C, chair

B-*C, = °C; chair

Ecy/°¥ Hey envelope/half

chair

O3 Hcy, half chair
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Table 4

Hydrogen bond geometry for 4

Donor-H- A cceptor D-H (A) H4 (A) DA (A) D-H+A4 (°)
A N-2-H-21"--0-33' B 0.86 2.086 2.929 167

A N-2-H-21--0-21% B 0.86 2.010 2.837 161

B N-2-H-21--0-21% A 0.86 1.999 2.809 157

B N-2'-H-22"---0-33V A 0.86 2.022 2.871 169

Symmetry operation on the donor atom: (i) x, 1+, z; (i) 1/24+x,3/24y, z; (i) —1/2+x, —1/2+y, z; (iv) x, =1+, z.

ever, there are no hydrogen bonds between A:*A nor
B:-‘B. Each molecule A is hydrogen bonded to three B
and vice versa. Molecules A and B, each related by
translation along axis b, form zig-zag chains through
hydrogen bonds N-2-H:--O21 of GlcNAc residues. Hy-
drogen bonds N-2-H:-O33 between MurLac residues
connect molecule A from one chain to molecule B from
the other chain (dimers AB) into direction of the a axis.

Fig. 3. Crystal packing diagram of 4 in the (ab) plane
illustrates an infinite two dimensional hydrogen bond net-
work. Each molecule A is hydrogen bonded to three
molecules B and vice versa; N-H:-O hydrogen bonds act
between muramyl lactam residue of A to its analogue of B,
and N-acetyl-glucosamine moieties of A and B are hydrogen
bonded as well.

2.3. Molecular modelling

Conformational analysis is based on molecular mod-
elling data by molecular mechanics and dynamics. In
our previous papers we studied in detail the conforma-
tion of ring moieties in monosacharide derivatives of
spore cortex units by X-ray structure analysis, NMR
and molecular mechanics and dynamics.>? In the disac-
charides 3 and 5 studied in this paper molecular dy-
namics simulations showed that GlcNAc residue adopts
predominantly the usual chair *C, (i.e., °C;) conforma-

tion as well as glucopyranose ring of MurLac residue.
The appearance of some other energetically less fa-
vourable conformations were observed during MD sim-
ulations at higher temperatures. o-Lactam ring of
MurLac residue showed to be in the sofa E; conforma-
tion during MD simulations, sometimes distorted to-
wards the half-chair ©H; conformation. These results
are in accordance with our previous studies on
monosaccharides.>* Here we are focused on the confor-
mation around the glycosidic bond. Since the molecular
mechanics and dynamics results are force field depen-
dent two different approaches were used. Molecular
mechanics geometry minimisations were performed us-
ing MM3(92)!%!" and DISCOVER cvff.!> Simultane-
neous systematic roatations of torsion angles around
glycosidic bond O-5-C-1'-0-4-C-4 (&) and C-1-O-
4-C-4-C-3 (¥) were preformed using MMSQ'*!* pro-
gram based on MM3(92) driver option and also in
DISCOVER using cvff. A prudent-ascent algorithm in
MMSQ program ensures that those conformations of
the exocyclic groups are found to yield the lowest
energy at each (@, ¥). DISCOVER cvff was used for
MD simulations. The results obtained were compared
and correlated to the previously obtained modelling
results for GIcNAc-1,6-anhydro-MurLac (6) based on
the X-ray structure as an initial model.?

For disaccharide GlcNAc-MurLac (5) both simula-
tions with MMSQ and DISCOVER were performed.
Local minima at the two-dimensional contour map of
energy surface for simultaneous rotation of @ and ¥ in
MMSQ are overlapped by the populated torsion angles
from the MD simulation (DISCOVER) (Fig. 4).
MMSQ map reveals four distinctive energy minima (&,
¥) around (—75, 115°), (—115, 75°), (—85, —75°)
and (55, 125°) that are also populated in MD simula-
tions. The energy difference between the four optimal
conformers is within 1 kcal mol~!. The first two min-
ima together with energetically less favoured (4E <3
kcal mol~") fifth minimum, (&, ¥) around (— 55,
175°), can be considered as a part of one wide mini-
mum. Minimisation of conformers sampled from MD
trajectories revealed several stable conformations close
to the above stated minima. The simultaneous rotation
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Fig. 4. Two-dimensional energy surface diagram (kcal mol — ') with a separation energy levels of 1 kcal mol~! as a function of
two torsional angles @ and ¥ for 5 (obtained by program MMSQ'#) with superimposed results obtained by molecular dynamics
simulations representing population of particular values of torsion angles defining conformation about the glycosidic bond.

around glycosidic bond in DISCOVER using cvff gave
similar results.

The conformational profile for GleNAc-MurLac (5)
(Fig. 4) showed to be similar to the profile for the
disaccharide GIcNAc-1,6-anhydro-MurLac (6) (Fig. 5)
studied earlier.> In MMSQ contour map four minima
(@, ¥) around (— 85, 145°) and ( — 105, 75°) (these two
can be considered as one broad minimum) and (— 95,
—75°), (65, 135°) were located. They were also found
to be populated during the DISCOVER MD simula-
tions [(— 76, 154°), (—94, 69°) and (50, 125°)]. The
local minima of (@, ¥) in (+ )-synclinal, ( + )-anticlinal
range detected by MD simulations, recognised also by
MMSAQ, are highly populated. The X-ray conformation
observed for GIcNAc-1,6-anhydro-MurLac with (&, ¥)
(—99, 76°) falls within the second minimum stated
above. It can be concluded that closure of 1,6-anhydro
ring at the cortex terminus does not affect the confor-
mation around glycosidic bond.

The results obtained for GlcNAc-MurLac and Glc-
NAc-1,6-anhydro-MurLac with different methods
(molecular modelling and X-ray analysis), different sim-

ulation protocols (MM, MD, dihedral driver) and dif-
ferent force fields (MM3(92) and cvff in DISCOVER)
agreed well. Therefore the conformational analysis of
MurLac-GlcNAc disaccharide (3) was performed by
DISCOVER, only. MD simulations for 3 revealed pop-
ulated minima around (@, ¥) (— 90, 120°) (— 100, 70°)
and (50, 120°) (Fig. 6). However, minimum around (&,
¥) (—90, —75°) detected as low populated for com-
pounds 5 and 6, is not populated for 3 at all. The
dihedral driver option performed within DISCOVER
(cvff) gave the same results.

The numerical methods used for conformational
analysis gave consistent results. All of them recognised
the low energy glycosidic conformations: ( — )-synclinal,
( + )-anticlinal; ( — )-anticlinal, ( + )-synclinal; ( — )-syn-
clinal, (—)-synclinal, and (+ )-synclinal, (4 )-anti-
clinal.’ In all three disaccharides studied the first two
minima [(®, ¥) around (—90, —75°) and (— 110,
75°)] with hardly any barrier between them, can be
considered as one broad minimum with considerable
flexibility. Conformational freedom in the region 3 [(®,
¥) around (— 90, — 75°)] is much more restricted and
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Fig. 5. Two-dimensional energy surface diagram (kcal mol —!) with a separation energy levels of 1 kcal mol~! as a function of

two torsional angles @ and ¥ for 6 (obtained by program MMSQ'#) with superimposed results obtained by molecular dynamics
simulations representing population of particular values of torsion angles defining conformation about the glycosidic bond.

this region appears to be separated from 1 by a large e [ I I
barrier. The route to region 4 [(&, ¥) around (60, ‘ '
125°)] stabilised by intramolecular hydrogen bonds,
goes through a saddle point. The lower left quadrant in
the conformational map (Figs. 4 and 5) is energetically
unfavourable region with four local maxima and one
saddle point between them. The X-ray glycosidic con-
formation of 4, being peracteylated analogue of 3, is
(—)-synclinal, (+ )-anticlinal whereas of 1,6-anhydro
analogue 6 is ( — )-anticlinal, ( + )-synclinal. They both
lie within the first two minima as we observed for the
crystal structures of B-(1 —4)-disaccharides found in
the Cambridge Structural Database.!® According to the v
analysis performed it can be seen that chemical modifi- i L
cations introduced have not restricted glycosidic bond :
flexibility. The data obtained suggest rather flexible : e
glycosidic conformations as was already observed in T T T — T i
other B-(1—4) disaccharides such as chitobiose!” and -180 0-5-C-1-0-4-C-4 / 180
cellobiose (molecular modelling supported by experi-

mantal ROESY NMR data'® and X-ray structure of Fig. 6. The results of molecular dynamics simulations for 3
a-cellobiose-2Nal-2H,O complex!'®). It is more likely revealing population of conformers about glycosidic bond.

180

C-1-0-4-C-3/°

-180
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Table 5
Crystallographic data, structure solution and refinement of 4

Compound 4

Empirical formula C,,H;4N,0,4, CHCI,

M, 765.96

Temperature (K) 100 (3)
Wavelength (A) 1.54180
Crystal system monoclinic
Space group C2

a (A) 32.604(5)
b (A) 9.170(5)
¢ (A) 25.351(5)
B ©) 94.906(5)
v (A%) 7552(5)
V4 8

D, (Mgm?) 1.347

Absorption correction none
Total data collected 7654

Observed data 6831
[I>20(D)]
O hax 50.09
Range of h,k,/ —31,31; —9,9; —25,25
R, [F,>40(F,)] 0.0884
wR, (F?) 0.2254
S 1.050
Parameters 897
Apass Ao (€ A=3) 1903, —0.515

w=1/[cX(F2)+0.1916P2
+ 14.8746P]*P = (F2+2F2)/3

Weighting scheme*

that flexibility of glycosidic bond is one of key parame-
ters in molecular recognition processes and a degree of
its rotational freedom can be related to the nature of a
receptor and its function.

3. Experimental

3.1. General methods

Column chromatography was performed on silica gel
(Merck 0.040-0.063 mm) and TLC on silica gel 60 with
detection by charring with 10% H,SO,, chlorine—iodine
reagent or ninhydrin. Optical rotations were determined
with an Optical Activity LTD automatic AA-10 Polar-
imeter. NMR spectra were recorded with Varian Gem-
ini 300 spectrometer and for compound 4 with Bruker
Avance DRX 500 spectrometer. Spectra were recorded
in CDCl,, if not stated otherwise, with Me,Si as the
internal standard. Exchangeable protons were detected
by addition of D,O. The proton assignments are based
on 'H-'H COSY measurements and for 4 on 'H-'*C
HETCOR measurements and HMQC and HMBC
experiments.

3.2. 0-(2-Amino-4,6-0O-benzylidene-3-O-[(R)-1-car-
boxyethyl]-2-deoxy-f-D-glucopyranosyl-1',2-lactam)-

(1 - 4)-2-acetamido-3,6-di- O-benzyl-2-deoxy-D-gluco-
pyranose (2)

To a solution of the allyl glycoside 1 (102 mg, 0.137
mmol) in 7:3:1 EtOH-toluene—water (25 mL) was
added tris(triphenyl phosphine) rhodium(I) chloride
(522 mg, 0.056 mmol) and 1,8-diazabicy-
clo[2.2.2]octane (Dabco, 32 mg, 0.285 mmol) and the
mixture was stirred at 80 °C for 36 h (monitoring by
TLC in 10:10:1 toluene—EtOAc—MeOH). The solvent
was removed, the residue was dissolved in acetone (5
mL) containing mercuric oxide (2.5 mg, 0.0115 mmol)
and to this mercuric chloride (222.3 mg, 0.82 mmol)
was added in 9:1 acetone—water (10 mL) and the
mixture was stirred for 2 h at room temperature (rt).
Following evaporation, the residue was extracted with
CHCI; and the combined extracts were washed with
30% KI followed by water and dried (Na,SO,). Evapo-
ration left a syrup which was purified by column chro-
matography with 5:5:1 toluene—EtOAc—MeOH to give
an anomeric mixture of 2 (82 mg, 85%) as an amor-
phous mass. '"H NMR (CDCl,;): § 7.6-7.3 (m, 15 H,
3 x Ph), 6.46 (bs, 1 H, disappeared on H-D exchange,
NH'), 570 (d, Jyu, 9 Hz, disappeared on H-D ex-
change, NH), 5.46 (s, 1 H, PhCH), 5.20 (m, ~0.7 H,
on H-D exchange changed to 5.17 d, J,, 3.59 Hz,
H-1a), 4.80, 4.75, 4.56, 448 (4 d, 4 H, J 12 Hz,
2 x PhCH,), 479 (d, ~0.3 H, J,, 8.2 Hz, H-1p), 4.41
(d, 1 H, J,,, 8.1 Hz, H-1"), 4.34-4.0 (m, ~4 H, H-2,
H-6a, H-6'a, o-CH Lact), 4.08 (t, J,5 9.2, J,5 9.7, H-4),
3.95-3.40 (m, H-3, H-6b, H-4', H-6'b), 3.46 (t, 1 H, J;,
9.5, J54 9.2 Hz, H-3') 3.30-3.15 (m, H-5, H-5), 3.26 (t,
1 H, H-2'), 1.85 (s, NAc), 1.49 (d, 3 H, Jy.cn 6.7 Hz,
Me-Lact). Anal. Calcd for C;3H,,N,O,,: C, 64.76; H,
6.29; N, 3.97. Found: C, 64.69; H, 6.31; N, 4.00.

4. O-(2-Amino-3-0-|(R)-1-carboxyethyl]-
2-deoxy-f-D-glucopyranosyl-1',2-lactam)-(1 — 4)-
2-acetamido-2-deoxy-D-glucopyranose (3)

Compound 2 (101 mg, 0.143 mmol) was dissolved in 9:1
MeOH-AcOH (12 mL) containing 10% Pd/C (125 mg)
and the mixture was stirred under hydrogen for 48 h at
rt. Catalyst was removed by filtration over Celite and
the filtrate was evaporated and co-evaporated with
toluene to give 3 (45 mg, 72%) as an amorphous mass
[op] +4° (¢ 1, MeOH). 'H NMR (D,0): J 5.07 (d,
~0.7 H, J,, 1.9 Hz, H-1a), 4.81 (d, ~0.3 H, J,, 8.1
Hz, H-1B), 4.61 (d, 1 H, J,, 8.1 Hz, H-1"), 4.29 (q,
Jenme 0.8 Hz, a-CH-Lact), 3.92-3.61 (m, 7 H, H-2,
H-3, H-5, H-6a, H-6b, H-6'a, H-6'b), 3.88 (t, J5, 9.8,
J34 9.1 Hz, H-3), 3.60 (dd, J;4 9.1, J,5 9.8 Hz, H-4),
3.54 (t J,59.3, J,59.1 Hz, H-4"), 3.47 (t, J5, 9.3, J54, 8.9
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Hz, H-3') 3.45-3.30 (m, Jsg,, 2 Hz, Js4, SHz, H-5),
3.26 (t, H-2'), 1.92 (s, NAc), 1.35 (d, 3 H, Jyecn 6.8
Hz, Me-Lact). Anal. Calcd for C,;H,sN,O,;: C, 46.78;
H, 6.47; N, 6.42. Found: C, 46.52; H, 6.69; N, 6.32.

4.1. 0-(4,6-Di-O-acetyl-2-amino-3-O-[(R)-1-car-
boxyethyl]-2-deoxy-f-D-glucopyranosyl 1’,2-lactam)-
(1 - 4)-2-acetamido-1,3,6-tri- O-acetyl-2-deoxy-D-
glucopyranose (4)

Compound 3 (30 mg, 0.069 mmol) was dissolved in 1:1
Ac,O-Py (2.0 mL) and stirred for 24 h at rt. The
solvent was evaporated and the residual volatiles co-
evaporated with toluene—EtOH (4 x ). The residue was
chromatographed on a SiO, column using 8:1 EtOAc—
propan-2-ol to give anomeric 4 (33 mg, 74%) as an
amorphous mass. 'H NMR (CDCl, 500 MHz): J 6.60
(bs, 1 H, NH'), 5.76 (d, Jyn., 9.3 Hz, NH GlcNAc-p),
5.57 (d, Jyuo 9.1 Hz, NH GlcNAc-a), 4.23 (q, Jemme
6.8 Hz, a-CH Lact), 2.188, 2.151, 2.109, 2.087, 2.077,
2.065 (6 s, 15 H, OAc), 1.944 (s, NAc of GIcNAc-a),
1.936 (s, NAc of GlcNAc-B), 1.45 (d, 3 H, Jyecn 6.8
Hz, Me Lact); 3*C NMR (125 MHz): 6 171.5 (CO
Lactam), 171.4, 170.7, 170.5, 170.1, 169.5, 168.7 (CO
Ac), 75.0 (a-CH Lact), 23.2 (Me of GIcNAc-B), 23.1
(Me of GlcNAc-a), 20.9, 20.88, 20.78, 20.70, 20.67,
20.59 (Me Ac), 17.5 (Me Lact). Other NMR data are
given in Table 1. Anal. Calcd for C,;HyN,O,4: C,
50.15, H, 5.92; N, 4.33. Found: C, 49.90; H, 6.02; N,
4.20.

4.2. X-ray structure determination of 4

The crystals for X-ray structure analysis were obtained
from chloroform at rt. The crystal data and summary
of experimental details are listed in Table 5. The X-ray
intensity data were collected with a Bruker—Nonius
Kappa CCD area-detector diffractometer supplied by a
rotating anode tube and Cu K, radiation using COL-
LECT.>® Data reduction was by DENZO and
SCALEPACK?! The structure was solved by SIR-97*
and refined on F? by SHELXL-97.2% Details of the refin-
ement are given in Table 5. During the structure deter-
mination, the D-enantiomer was selected according to
the assignment R at C-5; chirality on C-31 (d-lactam
residue) proved to be R. The molecular geometry was
calculated by program PLATON>* and the molecular
structure presented by ORTEP.?

4.3. Conformational analysis

Molecular dynamics (MD) calculations were carried
out with the program DISCOVER'? using the consis-
tent valence force field (cvff) based on Lifson and
Warshel?® and Hagler and co-workers?’-?® at tempera-

ture of 300 K which was gradually elevated to 1200 K
in order to enable possible conformational changes
during 500 ps. Different conformations obtained in this
way were energy minimised by molecular mechanics in
DISCOVER. The starting geometries were generated in
the BUILDER module of INSIGHTII?® using the X-
ray data as model and energy minimised in DIS-
COVER (cvff) prior to starting MD. Since bacterial
spore represents dormant stage of life which almost
excludes the simulations in water simulations in water
were not of biological interest. All simulations were
performed in vacuo (¢. = 1.0).

Conformational space was searched also using the
dihedral driver option in DISCOVER for the angles
around the glycosidic bond, O-5-C-1-0-4-C-4 (&)
and C-1-0-4-C-4-C-3 (¥). Rotation in 10° increments
was performed without subsequent geometry optimisa-
tion and with geometry optimisation using the force of
100 kcal rad —2. The same energy maps were calculated
also wusing another force field and program—
MM3(92).!! To obtain the minimum of other degrees of
freedom (e.g., hydroxyl group orientations) at each (@,
¥) the method of prudent ascent'? was used. It involves
the use of completely automated procedure'* as an
interface to the MM3(92) driver option. This method
leads to a smooth energy profile when driving two
torsion angles. For calculations with MMSQ'* the
starting geometries were first energy minimised with
MM3(92). Dielectric constant of 1.5 was used.

All calculations were performed on OCTANE, Sili-
con Graphics workstation of the Laboratory for Chem-
ical and Biological Crystallography of the Rudjer
Boskovi¢ Institute, Zagreb, Croatia.

5. Supplementary material

Crystallographic data on the structure have been de-
posited at the Cambridge Crystallographic Data Cen-
tre, CCDC No. 185529 for compound 4. Copies of this
information may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK (Fax: + 44-1223-336-033; e-mail: deposit@
ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk.
The atom numbering in the paper is in accord with
IUPB rules whereas in deposited material it satisfies the
CIF format.
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