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Abstract: Acinetobacter baumannii is a opportunistic
bacterial pathogen responsible for serious nosocomial
infections that is becoming increasingly resistant against
antibiotics. Capsular polysaccharides (CPS) that cover
A. baumannii are a major virulence factor that play an
important role in pathogenesis, are used to assign
serotypes and provide the basis for vaccine develop-
ment. Synthetic oligosaccharides resembling the CPS of
A. baumannii 17978 were printed onto microarray slides
and used to screen sera from patients infected with A.
baumannii as well as a monoclonal mouse antibody
(mAb C8). A synthetic oligosaccharide emerged from
glycan array screening as lead for the development of a
vaccine against A. baumannii 17978. Tetrasaccharide 20
is a key epitope for recognition by an antibody and is a
vaccine lead. )

Introduction

Acinetobacter baumannii (A. baumannii), a Gram-negative
bacterium, is a common cause of soft tissue and urinary tract
infections, septiceamia, pneumonia and meningitis."! Un-
treated infections are associated with a high burden of
morbidity and mortality rates as high as 50 %.? Resistant A.
baumannii are becoming a global concern due to the
inefficiency of antibiotics of last resort. The World Health
Organization now lists A. baumannii as a critical target in
urgent need of new antimicrobials.”!
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Glycoconjugate vaccines are a powerful means to
prevent infectious diseases.! A. baumannii produces capsu-
lar polysaccharides (CPS) that surround the outer
membrane.”! CPS, consisting of repeating units of oligosac-
charides (K units), are a major virulence factor that protects
bacteria against the environment helping them to evade the
host immune response. CPS covering pathogens differ from
mammalian glycans such that autoimmunity or allergies in
humans are unlikely to be triggered. To date, the structures
of twenty A. baumannii CPS have been elucidated® among
the more than 90 serotypes.”! A. baumannii ATCC17978
(K3 CPS type) CPS consists of a core trisaccharide repeating
unit ([—3)-0-D-Gal(1—6)-p-D-Glc(1—3)-B-D-GalNAc-
(1—]) B-linked to a tri-acetylated 2,3-diamino-D-glucuronate
at 4-OH of Gal and B-linked GIcNAc at 6-OH of Gal as
branches. The core trisaccharide fragment is also found in
the CPS of several other strains such as A. baumannii
ATCC NIPH146,® 17961, SMAL," and LUH5537 (KL22
and PSgc9).*"! Monoclonal antibodies raised against iso-
lated A. baumannii ATCC17978 CPS provided 55 % protec-
tion and the antibody reacted with 62 % of A. baumannii
clinical isolates of different clones (342/554 strain).'?! The
abundant expression of amino sugars such as Quip4NAc (N-
acetyl-D-quinovosamine), tri-acetylated glucuronic acid and
Pse5Ac7Ac (pseudaminic acid) on CPS of A. baumannii
isolates,>*" suggests that such amino sugars play an
important role in the pathogenicity of these bacterial'¥l
(Figure 1).

Isolated native CPSs are very complex and produced
inconclusive immunological results.'” Synthetic oligosac-
charide antigens resembling CPS epitopes have emerged as
an attractive option to isolated CPS since well-defined
chemical structures avoid impurities and such glycoconju-
gates have been proven effective in protecting animals and
humans from bacterial infections.'® Here, we report the first
synthesis of well-defined oligosaccharides resembling the A.
baumannii ATCC17978 CPS. The synthetic glycans were
printed onto microarray slides and screened against the
blood of patients in an effort to identify a lead antigen for
the development of a semi-synthetic glycoconjugate vaccine
against this A. baumannii strain.

Results and Discussion

The A. baumannii 17978 pentasaccharide repeating unit
contains five different monosaccharides (Figure 2A) and
presents several synthetic challenges including access to the
tri-acetylated glucuronic acid unit and the efficient installa-
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Figure 1. A. baumannii CPS repeating units contain rare amino sugars.

tion of diamino-D-glucuronate 12 building block that carries
multiple electron withdrawing protecting groups. The mini-
mal epitope of the A. baumannii 17978 repeat unit remains
to be established using synthetic oligosaccharides. Sixteen
mono- and oligosaccharides (15-30) resembling the repeat-
ing unit of A. baumannii 17978 were designed to enable
detailed glycan microarray studies (Figure 2B). Four penta-
saccharide fragments were targeted, including pentasacchar-
ide 15, spanning the entire length of the repeating unit and
pentasaccharides 16-18 resemble the entire molecule includ-
ing side-chain modifications of the diamino-D-glucuronate.
Deletion sequence glycans 19-30 are designed to help to
define key epitope and to better understand the role of the
acetyl groups in antibody binding, antigens without an acetyl
group at the tri-acetylated glucuronic acid fragment (16, 21
and 23) were also synthesized. All synthetic glycans contain
an aminopentyl linker at the reducing end for microarray
printing and protein conjugation.

Synthesis of protected monosaccharides 3-14 relied on
slightly modified literature precedence (Supporting Informa-
tion, Schemes S1 and S2),!'”? while a synthesis of diamino-D-
glucuronate 12 from commercially available D-glucosamine
was developed. The installation of azide group in 12 relied
on double inversion at C3 via Lattrell-Dax inversion!"’s"
(Supporting Information, Scheme S3).

The synthesis of pentasaccharides 15-18 as well as
deletion sequences via a linear approach used building
blocks 3-14 (Figure 2A). The union of galactosamine 3 with
N-(benzyl)benzyloxycarbonylaminopentanol (aminopenta-
nol linker), followed by cleavage of the Fmoc protecting
group provided exclusively B-linked product 31 (Figure 3A).
Glycosylation with 9,7 followed by fluorenylmeth-
oxycarbonyl (Fmoc) cleavage afforded disaccharide 32.
Global deprotection of 32 using lithium hydroxide followed
by hydrogenation afforded 29 in 60 % yield over two steps.
Placement of a-galactose employed di-(zerz-butyl)silylene
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acetal™ at the C4 and C6 position of galactose 7 enabled
straightforward handling and excellent reactivity. Glycosyla-
tion in the presence of N-iodosuccinimide (NIS) and
trimethylsilyl trifluoromethanesulfonate (TMSOTT) proceed
exclusively in o-fashion to furnish trisaccharide 33 (e =
172.1 Hz, Supporting Information). An acetyl group on the
diamino-D-glucuronate unit, suggests that exchanging elec-
tron withdrawing benzoyl ester groups on glucose for
electron donating protecting groups is the key to construct-
ing the desired pentasaccharide 15. Debenzoylation of 33
with sodium methoxide freed a poorly nucleophilic hydroxyl
group that could not be protected as using 2-napthylmetyl
(Nap), benzyl (Bn) and Fmoc groups. Sterically hindered
nucleophiles in some oligosaccharides may fail to react in
fluorenymethyloxycarbonylation and Williamson ether
syntheses.”! Cleavage of the silyl group in 34 followed by
hydrogenation afforded trisaccharide deletion sequence 25.
To overcome the poor nucleophilicity of trisaccharide 34
(Figure 3A), the hydroxyl group was reacted at the dis-
accharide stage. Galactose 31 was glycosylated with donor
10 to afford protected disaccharide 39. Hydrolysis of the 2-
O-benzoyl ester gave the free hydroxyl group before benzyl
ether formation afforded the desired compound 40 in 40 %
yield accompanied by dibenzylated product 41 (21 %).
Regioselective ring opening of benzylidene acetal in 40 using
borane tetrahydrofuran complex catalyzed with TMSOTf
afforded 42. Disaccharide 42 was glycosylated with 7,
followed by cleavage of the silyl group using pyridinum
poly(hydrogen fluoride)® (HF-Py) which provided 44.
Trisaccharide 44 bearing two hydroxyl groups was glycosy-
lated with thioglycoside 4 to furnish 45. The more reactive
and accessible C6 primary alcohol of trisaccharide diol 44
results in selective formation of tetrasaccharide 45. Global
deprotection by hydrogenolysis using palladium on carbon
(Pd/C) in EtOAc/t-BuOH/H,O provided tetrasaccharide 19
in 57 % yield. Finally, the diamino-D-glucuronate building
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Figure 2. A) Repeating unit of A. baumannii 17978 CPS and related oligosaccharides synthesized from building blocks 3-14; B) Structure of A.
baumannii 17978 related glycans 15-30. TCA=trichloroacetyl; N; =azide; Ac=acetyl; Bn=benzyl, Bz=benzoyl, TBS =tert-butyldimethylsilyl,
Nap = 2-naphthylmethyl; Lev = levulinyl; Fmoc = fluorenylmethyloxycarbonyl; Cbz = carboxybenzyl; Ph = phenyl.

block was employed to glycosylate acceptor 45. Glycosyla-
tion using 12 promoted by NIS and triflic acid at 0°C for 2 h
did not proceed to completion, but additional promoters
and stirring at room temperature for 2 h gave the desired
pentasaccharide 2 in poor yield (17 %) and partial recovery
of acceptor 45 (47 % based on recovered starting material
(b.r.s.m.)). A second attempt using oxidized diamino-D-
glucuronate donor 13 activated by 2,4,6-tri-tert-buthylpyrimi-
dine and triflic anhydride provided trace product and
separation using silica column chromatography was difficult.
Schmidt diamino-D-glucuronate donor 14 promoted by NIS
and TMSOT( afforded only 15% of 2 together with an
unknown by-product. Low donor reactivity dramatically
affected the outcome of the glycosylation as benzyl esters
present in 12-14 decreased their reactivity.'®'" Since these
conditions proved ineffective, we investigated more efficient
route to the pentasaccharide. With a sufficient amount of
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protected 2 in hand, reduction of the azide to acetamide and
concomitant reduction of the TCA groups was achieved
using activated zinc powder in a Ac,0/AcOH/THF mixture,
followed by catalytic hydrogenation to give pentasaccharide
15 in 34 % over two steps (Figure 3B).

An efficient synthesis of pentasaccharide 15 had to
address two crucial stages, namely replacement of the
benzoyl group on glucose and the poor reactivity of
diamino-D-glucuronates 12-14. The C4 hydroxyl group of
tetrasaccharide acceptor 45 is a poor nucleophile that
renders this molecule a synthetic challenge. Instead of a
benzoyl ester, a levulinoyl ester was employed that can be
cleaved selectively in the presence of an acetyl group of tri-
acetylated glucunoric acid fragment (Figure 4A). The con-
version was carried out with the core of the pentasaccharide
fragment. Subsequent union of 31 and donor 11 yielded -
linked disaccharide 46, followed by cleavage of the TBS
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Figure 3. A) Synthesis of tri-, tetrasaccharides (19, 25);

group to afford acceptor 47. The disaccharide was glycosy-
lated with building block 7 and treated with HFePy to afford
trisaccharide diol 49, that in turn was glycosylated with 4 at
the primary hydroxyl, before the resulting tetrasaccharide 50
was glycosylated, furnishing desired pentasaccharide 51 in
67 % vyield. These results revealed that replacing the C5
benzyl ester and C4 acetyl group of diamino-D-glucuronate
donors with a benzylidene protecting group significantly
improved the yield of the glycosylation. Target 52 was
obtained by glycosylation of 50 and 6 in 53 % yield with
exclusive B-selectivity. Compounds 51 and 52 were treated
with activated zinc and hydrazine acetate, followed by Pd/C
catalyzed hydrogenolysis furnished pentasaccharide 17
(41 %) as well as 18 (41 %), respectively. Removal of the
benzylidene group in 51 with aqueous acetic acid™®! (80 %)
at 55°C delivered pentasaccharide diol in quantitative yield.
Selective oxidation of the C6 hydroxyl group using TEMPO/
BAIB and catalytic amounts of acetic acid, followed by
protection of the acid moiety as benzyl ester and acetylation
of the C4 hydroxyl group gave 53 in 65 % over four steps.
Zinc-mediated reduction of 53, followed by ester cleavage
and hydrogenolysis afforded oligosaccharides 15 and 16 in
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2

B) Attempted synthesis of pentasaccharide 15.

42 % and 28 % yield over four steps, respectively. Using the
Lev group in 11 and diamino glucosamine S building blocks
ensured an efficient synthesis of oligosaccharides 15-16.
Although the modification of the core of pentasacharide
fragment is not ideal, this is the only way to overcome the
issue of scalability and reproducibility of A. baumannii
glycans 15 and 16.

The synthesis of tetrasaccharides 20 and 21 followed a
similar synthetic approach (Figure 4B). Reaction of thiogly-
cosides 8 and 54 afforded disaccharide 55. The J.y coupling
of 172.4 Hz clearly confirm the formation of a-galactosidic
linkage (Supporting Information). Participation of the C2
benzoyl group reduces the reactivity of 54, while ether
protected glycosyl donor 8 is significantly more reactive.”"
The disaccharide was next reacted with the aminopentyl
linker to provide 56 in 80 % yield and subjected to hydrolysis
of the benzoyl ester to afford 57. Hydrogenation of 57
provided disaccharide 28 in 55% yield. Napthyl ether
formation at the C2 position and hydrolysis of the
benzylidene with (+)-camphor-10-sulfonic acid and ethane-
thiol as an additive® smoothly delivered 59 in excellent
yield. Linking disaccharide diol 59 and thioglycoside 4

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. A) Efficient syntheses of pentasaccharides 15 and 16 using building blocks 5 and 11 followed by modification of the core of
pentasaccharide fragment. B) Synthesis of tetrasaccharides 20 and 21 using direct glycosylation with diamino-D-glucuronate 12 building block.

provided 60 that was subjected to hydrogenolysis with Pd/C
to give trisaccharide 24 in 67 % yield. To our surprise, the
glycosylation between 60 and diamino-D-glucuronate donor
12 provided desired tetrasaccharide 61 in excellent yield
(83%). We concluded that the reactivity of the hydroxyl
group at the C4-position of the tetrasaccharide acceptor is
key to the installation of 12. Unlike trisaccharide acceptor
60, the C4 hydroxyl group in tetrasaccharide 45 is a poor
nucleophile shows mainly due to steric factors. When non-
oxidized building block 5 carrying a C4—C6 benzylidine
acetal was used, the reaction was forced to completion.
Azide reduction followed by global deprotection of 61
afforded oligosaccharide 20 (33% over two steps) and
nonacetylated product 21 (24 % over three steps).
Oligosaccharides 22 and 23 were assembled via a linear
approach using monosaccharide building blocks 4, 7, 8, 64—
66, and 11. Installation of a spacer-o-linkage galactose at the
reducing end proved challenging (Table S1, Supporting
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Information). Donor 8 contains a 4,6-O-benzylidine acetal
carrying ether protection at O2 and O3 that typically results
in a-selectivity®™ gave product 67 in poor selectivity as an
inseparable mixture of isomers (70 %, 1:2.5, a/p). Interest-
ingly, coupling donor 8 with thioglycoside 54 without ether
as solvent gave exclusively a-product 55 (Figure 4B). We
concluded that the structural rigidity of the acceptor affected
the selectivity and yield of the glycosylation.” Changing
benzyl ether protection to a Nap ether at O3, gave desired
product with better a-selectivity (2.5:1, a/B). Surprisingly,
removal of the O3 protecting group to free the hydroxyl or
placement of allyl groups resulted in a better yield and a-
selectivity 69 (89 %, 4:1, a/p) as judged by NMR and 70
(96 %, 4.9:1, /B, isolated yield). To prepare the reducing
end galactose in large amounts with an easy purification,
4,6-O-di-(tert-butyl)silylene acetal (7) resulted in desired
product 71 in 72 % yield exclusively as the o-isomer ("¢ y=
171.2 Hz, Supporting Information). After cleavage of the
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silyl group, the hydroxyl at C6 was selectively glycosylated
with 4 to afford disaccharide 73 (Figure 5A), then was
subjected to hydrogenation to obtain disaccharide 27 in
good vyield (77%). As expected, the coupling between
diamino-D-glucuronate donor 12 and disaccharide acceptor
73 smoothly provided trisaccharide 74 in 64 % yield. Global
deprotection via Zn-mediated reduction, ester hydrolysis
and hydrogenolysis afforded oligosaccharides 22 (70 % over
two steps) and 23 (64 % over three steps).

Assembly of deletion sequences 26 and 30 containing the
tri-acetylated glucuronic acid fragment were carried out via
a stepwise synthesis using galactose building blocks 68 and
12 (Figure 5B). a-Product 68 was subjected to regioselective
ring opening of the benzylidene acetal using triethylsilane
catalyzed by TMSOTT to liberate the free hydroxyl group at
the C4 position that was glycosylated with 12 to obtain
protected disaccharide 75 in 87 % yield. Reduction using
activated zinc and hydrogenation using Pd/C provided
disaccharide 26 in 41% yield over two steps. For the
synthesis of spacer linked tri-acetylated glucuronic acid,
glycosylation of the linker with 12 yielded exclusively
monosaccharide 76 (68 %) that was subjected to global
deprotection via Zn-mediated reduction followed by hydro-
genolysis to furnish desired monosaccharide 30 in 39 % yield
over two steps.

Glycan arrays are useful tools to identify minimal glycan
epitopes of synthetic sugars by screening human sera.*!
Synthetic glycans 15-30 and unrelated oligosaccharides were
printed onto glass slides (Figure 6A, Figure S1, Supporting
Information). Sera from infected patients and 007sp refer-
ence sera, as control, were screened for antibodies binding
to the glycans resembling cell CPS of A. baumannii
ATCC17978.

OBn
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A o
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Figure 5. Assembly of short oligosaccharides. A) Synthesis of trisac-
charides 22 and 23. B) Synthesis of disaccharide 26 and monosacchar-
ide 30.
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Figure 6. Glycan array analysis of A. baumannii ATCC17978 oligosac-
charides. A) Printing pattern of microarray and binding pattern of
human serum to immobilized glycans. B) IgG antibody binding to
glycans with sera from infected patients. A serum dilution of 1:100 was
used. C) IgG antibody binding to glycans with the monoclonal mouse
antibody C8. Dilutions of 1:50 and 1:100 of mAb C8 were used MFI,
mean fluorescence in intensity (mean + standard deviation); PB,
printing buffer; For glycan structures please see Figure 2B. D) Structure
of the identified repeating unit.

Sera from infected patients contain antibodies against
the bacterium that recognize the oligosaccharides resem-
bling the native CPS structure.l'®! The IgG binding pattern
is complex but oligosaccharides 16, 20-23 and 28 showed the
highest signal (Figure 6B). Tetrasaccharides 20 or 21 may be
considered the minimum glycotopes as they elicit the highest
intensities. Three serum samples are not sufficient to
determine whether or not acetylation plays an important
role in binding. One patient may have been infected by
another pathogenic strain with a CPS that contains a similar
structure. Compared to the reference sera 007sp, oligosac-
charides 15, 18, 24, 27, 30 are specifically recognized by sera
from patients infected with A. baumannii but not by sera
from vaccinated persons and almost no immune cross-
reactivity with S. pneumoniae is observed.

Additional sera from a different source were screened
(Figure S2, Supporting Information). In total, nine samples
from patients infected with unknown A. baumannii strains
were tested. Not all sera recognized the oligosaccharides
(21-23 showed no signal) probably because these patients
were infected with different strains or did not develop
antibodies against the bacterium. Antibodies bound to
oligosaccharide 20 and to unrelated oligosaccharides (25—
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29). Oligosaccharides 25-29 may represent motives present
in the CPS or LPS of other bacteria and cause cross-
reactivity and/or unspecific binding.

The glycans were screened with the monoclonal mouse
antibody C8 that is specific for the strains HUMCI1 and
ATCC17978.”" The mAb specifically binds the acetylated
oligosaccharides and tetrasaccharide 20. In addition, C8 also
bound to shorter oligosaccharides (22, 26 and 30) and to
pentasaccharide 15, but not to the non-acetylated oligosac-
charides (Figure 6C). These results clearly show that 2,3-di-
acetamido-4-O-acetyl glucopyranosyl uronate plays an im-
portant role for antibody binding. The mAb bound strongly
to oligosaccharide 20, such that we can conclude that
tetrasaccharide 20 is a vaccine lead (Figure 6D). In order to
further investigate the role of acetylation, oligosaccharides
20 and 21 will be tested in vivo as a next step to develop a
protective vaccine against A. baumannii infection. Structures
similar to oligosaccharide 20 are also present in other
strains® and a potential vaccine could protect against
infections with other A. baumannii strains via a cross-
reactive immune response.

Conclusion

We describe the first total syntheses of 16 oligosaccharides
resembling the capsular polysaccharide of A. baumannii
17978. The installation of the diamino-D-glucuronate frag-
ment relied on the reactivity of the nucleophile. The
glycosylation between non-oxidized building block § carry-
ing a C4—C6 benzylidene acetal and poor glycosyl acceptor
45 yielded desired pentasaccharide 51. The synthetic glycans
were printed on microarray slides and screened with the
sera of infected patients and a monoclonal antibody (mAb
C8). Tetrasaccharide 20 is well recognized by antibodies and
constitutes a potential vaccine candidate. The 2,3-di-
acetamido-4-O-acetyl glucopyranosyl uronate plays an im-
portant role for immunological evaluation. A glycoconjugate
based on 20 will be tested in A. baumannii challenge studies
in a mouse model.
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