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Oligosaccharides

Synthesis and Structural Analysis of Aspergillus fumigatus
Galactosaminogalactans Featuring a-Galactose, a-Galactosamine and
a-N-Acetyl Galactosamine Linkages
Yongzhen Zhang, Marcos G�mez-Redondo, Gonzalo Jim�nez-Os�s, Ana Arda,
Herman S. Overkleeft, Gijsbert A. van der Marel, Jesffls Jim�nez-Barbero,* and
Jeroen D. C. Cod�e*

Abstract: Galactosaminogalactan (GAG) is a prominent cell
wall component of the opportunistic fungal pathogen Asper-
gillus fumigatus. GAG is a heteropolysaccharide composed of
a-1,4-linked galactose, galactosamine and N-acetylgalactos-
amine residues. To enable biochemical studies, a library of
GAG-fragments was constructed featuring specimens contain-
ing a-galactose-, a-galactosamine and a-N-acetyl galactos-
amine linkages. Key features of the synthetic strategy include
the use of di-tert-butylsilylidene directed a-galactosylation
methodology and regioselective benzoylation reactions using
benzoyl-hydroxybenzotriazole (Bz-OBt). Structural analysis
of the Gal, GalN and GalNAc oligomers by a combination of
NMR and MD approaches revealed that the oligomers adopt
an elongated, almost straight, structure, stabilized by inter-
residue H-bonds, one of which is a non-conventional C�H···O
hydrogen bond between H5 of the residue (i + 1) and O3 of the
residue (i). The structures position the C-2 substituents almost
perpendicular to the oligosaccharide main chain axis, pointing
to the bulk solvent and available for interactions with anti-
bodies or other binding partners.

Aspergillus fumigatus is an opportunistic pathogenic fungus
that causes invasive infections in immunocompromised
patients, with a mortality rate of 60–80 %.[1] Galactosamino-
galactan (GAG), a prominent cell wall component of A.
fumigatus, has been identified as an important factor during
infection/invasion of the host.[2] The GAG polysaccharide is
composed of galactose (Gal), galactosamine (GalN) and N-

acetylgalactosamine (GalNAc) residues that are intercon-
nected through 1,4-cis-glycosidic linkages and are distributed
in a seemingly random order[2b, 3] (Figure 1A). To unravel the
mode of action of enzymes involved in GAG-biosynthesis,
well-defined GAG-fragments are indispensable tools.[4] Pure
GAG-oligosaccharide fragments can also be employed to
study their interaction with components of the host immune
system and map interactions with antibodies at the molecular
level. This can inspire the development of anti-fungal vaccines
and diagnostics. The random distribution of the Gal, GalN-
and GalNAc monosaccharides in the GAG chains impedes
the isolation of pure and well-defined specimens from natural
sources and therefore we set out to synthesize a library of
structurally well-defined GAG-fragments (see Figure 1B).
Recently, Nifantiev and co-workers[5] reported on the assem-
bly of a set of GAG homo-oligomers up to the hexamer level,
containing either GalN or GalNAc residues. Because
enzymes involved in GAG biosynthesis may require longer
oligosaccharides, we assembled structures up to the dodeca-
saccharide level. As the structural variation in GAGs will be
important in the interaction with the host immune system as
well as fungal biosynthesis enzymes, we developed chemistry
to enable the assembly of hetero-oligosaccharides, containing
a-Gal, a-GalN and a-GalNAc residues.

To generate structurally varying GAG structures we
reasoned that Kiso�s di-tert-butylsilyene (DTBS)-directed a-
selective galactosylation methodology would be especially

Figure 1. A) Structure of GAG. B) A library of synthetic GAG structures
and building blocks utilized in the here-presented studies to prepare
the GAG fragment library.
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suited, as it gives unusual high a-stereoselectivity even when
a C-2 group is present, that is capable of neighboring group
participation.[6] We thus designed donors 1, 2 and 3 to
assemble a library of GAG-structures, as depicted in Fig-
ure 1B. We incorporated a hexanoic acid spacer at the
reducing end of the fragments for future conjugation pur-
poses. The GalN3 donor 2 will serve as precursor for GalN and
GalNAc residues in the homo-oligomers as well as GalN
residues in the hetero-oligosaccharides. The trichloroaceta-
mide donor 3 will be used for the GalNAc moieties in the
latter structures.

Table 1 summarizes the syntheses of the fully protected
Gal- and GalN3 homo-oligomers. The chain-elongation cycles
consisted of the following steps: 1) glycosylation, 2) DTBS-
removal, and 3) selective benzoylation of the primary alcohol
group. For the latter transformation we used benzoyl-
hydroxybenzotriazole (BzOBt) as a mild acylating agent to
achieve the required regioselectivity.[7]

As can be seen from the table, all glycosylations using the
Gal-donor 1 proceeded efficiently providing the elongated
sequences (n = 1–9, R = OBn) with excellent stereoselectiv-
ity. Removal of the silylidene ketals and regioselective
protection of the liberated C-6-hydroxyl groups also pro-
ceeded uneventfully and the efficiency of the chemistry did
not diminish with growing chain length. For the assembly of
the GalN/GalNAc homo-oligomers we first explored the use
of selenophenyl donor 2a. The relatively moderate yield of
the glycosylation for the mono-, di- and trimer (R = N3, 64%
for 30, 67 % for 33 and 60 % for 36) however, forced us to
switch to an alternative method and we therefore resorted to
the use of N-phenyltrifluoroacetimidate donor 2b.[8] This
donor performed well and all glycosylations proceeded
effectively up to the dodecasaccharide level. Also here, the
protecting group manipulations posed no problems and the
desilylation and benzoylation reactions proceeded in excel-
lent yields (84–96 % and 90–94 %, respectively) also on the
large substrates. We next set out to assemble mixed sequen-
ces. Scheme 1A depicts the assembly of GalN3-GalNTCA

oligomers, which started by condensation of 6-hydroxyhex-
anoic acid and GalNTCA-donor 3 (Scheme 1A). Even
though donor 3 is equipped with a C-2-trichloroacetamide
group, intrinsically capable of neighboring group participa-
tion, the a-linked product was selectively formed (94 % yield,
a/b = 8:1) when the reaction was performed at 0 8C. Lowering
the temperature to�20 8C increased the selectivity to 14:1 (a/

Table 1: Synthesis of homopolymers of Gal and GalN3.

n R Glycosylation[a] Desilylation[b] Benzoylation[c]

1 OBn 5 (86%) 6 (92%) 7 (94%)
2 OBn 8 (91%) 9 (96%) 10 (95%)
3 OBn 11 (84%) 12 (94%) 13 (95%)
4 OBn 14 (80%) 15 (93%) 16 (92%)
5 OBn 17 (80%) 18 (92%) 19 (90%)
6 OBn 20 (72%) 21 (93%) 22 (95%)
7 OBn 23 (76%) 24 (95%) 25 (94%)
8 OBn 26 (81%) 27 (93%) 28 (95%)
9 OBn 29 (65%) – –

1 N3 30 (83%) (64%)[d] 31 (94%) 32 (93%)
2 N3 33 (91%) (67%)[d] 34 (95%) 35 (92%)
3 N3 36 (84%) (60%)[d] 37 (92%) 38 (94%)
4 N3 39 (82%) 40 (91%) 41 (92%)
5 N3 42 (90%) 43 (93%) 44 (90%)
6 N3 45 (89%) 46 (92%) 47 (90%)
7 N3 48 (88%) 49 (94%) 50 (92%)
8 N3 51 (87%) 52 (91%) 53 (94%)
9 N3 54 (89%) 55 (94%) 56 (90%)
10 N3 57 (65%) 58 (96%) 59 (94%)
11 N3 60 (73%) 61 (84%) 62 (93%)
12 N3 63 (79%) – –

[a] 1, NIS, TfOH, 4 � MS, DCM, 0 8C; or 2b, TfOH, 4 � MS, DCM, 0 8C.
[b] HF/pyridine, THF, rt. [c] BzOBt, Et3N, DCM, rt. [d] 2a, NIS, TfOH, 4 �
MS, DCM, 0 8C.

Scheme 1. Synthesis of heteropolymers of Gal, GalN3 and GalNTCA. a) i) 3, TfOH, 4 � MS, DCM, 0 8C; ii) HF/pyridine (70%), THF, rt; iii) BzOBt,
Et3N, DCM, rt, yields (over 3 steps) for 64 : 70 % or 69% (�20 8C); for 66 : 76%; for 69 : 78 %; for 71: 78%; for 75 : 63%. b) i) 2b, TfOH, 4 � MS,
DCM, 0 8C, 92%; ii) HF/pyridine (70%), THF, rt, 93 %; iii) BzOBt, Et3N, DCM, rt, 94 %. c) 2b, TfOH, 4 � MS, DCM, 0 8C, for 67: 91%; for 70 :
86%; for 72 : 86 %; for 76 : 73%. d) i) HF/pyridine (70%), THF, rt; ii) BzOBt, Et3N, DCM, rt, yields (over 2 steps) for 68 : 86%; for 73 : 88 %. e) i) 1,
NIS, TfOH, 4 � MS, DCM, 0 8C, 87%; ii) HF/pyridine (70%), THF, rt, 97%; iii) BzOBt, Et3N, DCM, rt, 92%.
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b). The a-linked product was then transformed into the
required C-4-OH acceptor using the desilylation-benzoyla-
tion sequence as described above. Condensation of the thus
formed monomer 64, with GalN3 donor 2b provided the
GalN3-GalNTCA dimer, which was transformed into 65
(80 % yield over three steps). Elongation of this dimer with
another copy of the GalNTCA donor 3 and subsequently the
GalN3 building block 2 b, delivered tetrasaccharide 67 in
excellent yields. Repetition of these events led to the GalN3–
GalNTCA hexasaccharide 70. The last members of our GAG-
library feature Gal, GalN and GalNAc moieties (Scheme 1B)
and donors 1, 2b and 3 were used in in the above described
strategy to assemble these structures. Thus, Gal-monosac-
charide 7 was condensed with GalNTCA donor 3 to deliver,
after desilylation and benzoylation, the Gal–GalNTCA dimer
71. Elongation of this dimer with GalN3 2b provided
trisaccharide 72 featuring the three structural C-2 modifica-
tions. Unmasking the C-4’-OH then set the stage for the
elongation of the trisaccharide with subsequently building
block 1, 3 and 2b leading to the hexasaccharide 76. Also this
last mixed sequence structure was generated uneventfully,
showing the chemistry developed to be applicable to any type
of GAG-target.

With all protected fragments in hand deprotection
conditions were developed to complete the assembly of the
GAG library (Scheme 2). First the set of Gal-oligomers was
brought to the end stage by removing the silylidene ketal,
followed by saponification of the benzoates and benzyl ester,
hydrogenolysis of all benzyl ethers and an ion-exchange
procedure to furnish the sodium salts of the target com-

pounds. Following this sequence of events, hexasaccharide 77
and heptasaccharide 78 were obtained in 69% and 75 % yield,
respectively. The octasaccharide 79 and nonasaccharide 80 on
the other hand were obtained in significantly lower yields
(25 % and 29 % respectively), because their solubility in
water—quite surprisingly—turned out to be relatively poor.

Next GalN3 oligomers 45, 48, 51, 54 and 63 were trans-
formed into the set of GalN- and GalNAc-target compounds
81–84 and 85–89. Similar to the Gal-series, removal of the
silylidene groups from these substrates was followed by
saponification and reduction of the benzyl esters and azide
moieties. An anion ion exchange reaction (to change the
acetate counterions for chlorides) delivered the GalN-oligo-
mers 81–84, all in good yield. No solubility issues were
encountered in this series. The free amines generated could
also be chemoselectively acetylated to provide the GalNAc-
oligosaccharides 85–89. Also these oligomers proved to be
well soluble in water and were obtained as their sodium salts
in 39 %-62% yield (over 5 steps). The GalN3–GalNTCA
tetramer 67 and hexamer 70 were transformed into the GalN–
GalNAc tetra- and hexasaccharide 90 and 91, by removal of
the silylidene ketal, saponification of the benzoates, benzyl
ester and trichloroacetamides, followed by acetylation of the
exposed amines. Removal of the benzyl ethers and reduction
of the azides and ion exchange delivered 90 and 91 in 34%
and 44 %, respectively. Finally, the GalN–GalNAc–Gal tri-
saccharide and hexasaccharide 72 and 76 were generated
following the same deprotection sequence to deliver 92 and 93
in 68% and 65% yield.

To investigate the conformation and spatial presentation
of the synthetic GAGs, their structural properties were
studied by a combination of NMR and computational
methods.[9] First, molecular dynamics (MD) simulations
were performed (see the Supporting Information for full
experimental details), using the GLYCAM and GAFF force
fields within the AMBER package, to model the structures of
hepta- and nonasaccharides built up from either Gal, GalNAc
or GalN residues.[10] The computed conformational distribu-
tion around every F/Y is close to identical for each glycosidic
linkage in the oligomers. For the Gal- and GalNAc-oligosac-
charides, the MD simulations predicted an almost equal
population of two conformational regions, which differ in Y

(Y+ and Y�). In both geometries F fulfills the exo-anomeric
effect (exo-syn, �608). For the GalN-oligomers, a single
population was predicted, close to the Y� region. Of note,
the overall structure of both the Y+ and Y� conformers for
all three studied homo-oligomers were very similar, with the
oligosaccharides taking up an elongated, almost straight
structure, with no contacts between non-adjacent residues,
and the monomeric constituents stacked above one another
(See Figure 2). To provide experimental support for these
structures, heptasaccharides 78 (Gal7), 82 (GalN7) and 86
(GalNAc7) were studied by NMR spectroscopy. Key proton–
proton inter-residue distances and the possible inter-residue
hydrogen bonds (HB) were scrutinized. Interestingly, most of
the NMR cross peaks in the HSQC spectra of the heptasac-
charides displayed the same or very similar chemical shift,
suggesting a very similar chemical environment for the
repeating units and thus a regular structure. However, this

Scheme 2. Deprotection of synthesized oligosaccharides. a) HF/pyri-
dine (70%), THF, 0 8C to rt; b) 1m NaOH, THF, MeOH; c) Pd(OH)2/
C, THF/H2O/t-BuOH, H2; d) Dowex-Na+, 77: 69%; 78 : 75%; 79 : 25%;
80 : 29%; 85 : 44%; 86 : 47%; 87: 46%; 88 : 62 %; 89 : 39 %. e) Amber-
lite Cl form, 81: 67%; 82 : 56 %; 83 : 66 %; 84 : 55%, 90 : 34%; 91: 44%;
92 : 68%; 93 : 65%. f) Ac2O, NaHCO3, H2O/THF, g) 2m NaOH, THF,
MeOH.
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was not the case for the C5–H5 cross peaks. In particular, dH5
of the reducing-end residue (1) was around 3.9 ppm, while the
chemical shift for the H5 protons of residues 2–7 was around
4.2–4.4 ppm. This significant downfield shift (Dd 0.3–0.5 ppm)
suggests a different chemical environment for H5 at the
reducing-end and for H5 at the other residues, with partic-
ipation of an electron withdrawing entity in the latter with
respect to the former case.

NOESY cross peaks were observed between H1(i+1)/H4(i)

and H1(i+1)/H6RS(i) and key H5(i+1)/H2(i) NOE cross peaks were
also evident. By comparing the NOE-derived distances with
the corresponding average ones from MD a very good
correlation between the theoretical and experimental values
for the H1(i+1)–H4(i) distances was found. The observed
H5(i+1)–H2(i) NOE is exclusive for the Y+ conformer, since
only this geometry displays these two protons at a NOE-
observable distance (ca. 2.6 �), while they are too far apart in
the Y-geometry (ca. 3.6 �). The NOE-derived distance
indicated the actual population of the Y+ conformer to be
somewhat larger (60–70 %) than that predicted by MD
simulations (50 %). Overall, the NMR measurements support
the structures found by MD and reveal a mixture of Y+ and
Y� conformers for the Gal, GalNAc and GalN structures. A
major contribution of gt and tg-rotamers of the hydroxy-
methyl groups was established, as expected for galactose-type
residues.[11]

To study the inter-residue interactions stabilizing the
stacked structures, we studied the Gal-heptamer in detail
using quantum mechanical (QM) calculations. Thus, two
structures with all exo-syn-F/Y� or all exo-syn-F/Y+

glycosidic linkages, were built and minimized. For each of
them, different HB interactions were repeatedly established
along the vicinal residues. For the exo-syn-F/Y+ form, there
are HBs between O2(i+1)···HO6(i) (for the tg rotamer) and
O5(i+1)···HO2(i) (Figure 2). For the exo-syn-F/Y�, a HB was
found for O6(i+1)···HO3(i) (for the gt rotamer) and a non-

conventional C�H···O HB between C5-H5(i+1) and O3(i). A
similar non-conventional HB has been observed by Schubert
et al.[12] for a1,3- and a1,4-l-fucose (Fuc) branched Lewis
oligosaccharides. The well-defined 3D-presentation of these
molecules is stabilized by a stacking interaction between the
Fuc residue and its neighboring branched residue. Because of
the non-conventional HB in these structures between the Fuc
H5 and the endocyclic O5 of the adjacent sugar residue, the
Fuc H5 was shifted downfield by ca. 0.45 ppm.[12] To further
explore this non-conventional HB in the galactose heptamer,
natural bond orbital (NBO) and noncovalent interactions
analysis (NCI) experiments were carried out.[13] NBO calcu-
lations indeed revealed that one of the lone pairs of O3(i)

overlaps with the antibonding C5–H5(i+1) orbital, providing
a favorable contribution of ca. 2 kcalmol�1 (Figure 2). In
addition, the NCI analysis clearly detected the interaction
(see SI). Since the C5�H5···O3 hydrogen bond could be
related to the experimentally observed downfield shift for the
H5 protons in the oligosaccharides, the expected d H5 were
calculated employing GIAO-DFT methods. Fittingly, for the
exo-syn-F/Y� models, the computed d H5 of the non-
reducing end (residue 1) was 3.9 ppm, while for the other
residues (2–7) d H5 was between 4.9–5.1 ppm. In contrast, for
the exo-syn- F/Y+ conformation, all d H5 were predicted
between 4.0 and 4.2 ppm. The QM-calculations thus support
the structures found and explain the difference in chemical
shift of the reducing end residue H5 and the protons attached
to C5 of residues 2–7. Overall, there is excellent agreement
between the MD, NMR and QM-data revealing that the GAG
structures adopt a stacked structure, that is stabilized by inter-
residue HBs and a non-conventional C�H···O HB. The
structure places the C-2 substituents almost perpendicular
to the longitudinal axis of the structure on either side of the
structure in an alternating fashion.

In conclusion, synthetic methodology enabling the assem-
bly of GAG-oligomers incorporating the possible natural
structural variations has been developed. The structures have
allowed for detailed structural studies by NMR, assisted by
computations.[14] This revealed that the molecules display
elongated, almost straight, geometries, in which the only
inter-residue contacts occur between directly linked residues.
In these structures, the hydroxymethyl groups and those at C2
(OH/NHAc/NH2) are presented towards the bulk solvent
with an almost perpendicular orientation to the oligosacchar-
ide main chain axis, properly oriented to interact with binding
partners, such as biomachinery enzymes or antibodies. DFT
calculations indicate a series of inter-residue hydrogen bonds
stabilizing both conformations, of which a non-conventional
C�H···O HB between H5 of residue (i + 1) and O3 of residue
(i) which was revealed by a significant downfield chemical
shift for the non-reducing-end H5 protons in the NMR
spectra. This is the first time that this type of non-conven-
tional C�H···O HB is reported for linear oligosaccharide
structures. The generated oligosaccharides and established
structures can find application in future binding studies to
establish GAG-epitopes, that may be used in anti-fungal
conjugate vaccine modalities.

Figure 2. The canonical 3D shapes of the Gal 7-mer. A) The conformer
where all Y torsion angles show negative values. B) The conformer
where all Y torsion angles adopt positive values. C) View of the Y-
conformer for the disaccharide unit with the theoretical HBs. The non-
conventional C5-H5(i+ 1)···O3(i). HB is highlighted, along with the
energy value (ca. 2 kcalmol�1) estimated from the NBO calculations
and the expected deshielding for H5 (Dd ca. 1 ppm).
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