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Phosphoethanoamine (pEtN) cellulose is a chemically modified
cellulose present in some bacterial biofilms. To deepen our under-
standing of this biopolymer and its biological function, access to
chemically defined pEtN-cellulose oligosaccharides is desirable.
Herein, we report an on resin protocol for the fast synthesis of
tailor-made pEtN-celluloses. The cellulose backbone is prepared
by automated glycan assembly and then specifically functionalized
with pEtN groups, allowing for access to a collection of ten pEtN-
cellulose oligomers with different amount and pattern of pEtN.

Phosphoethanoamine (pEtN) cellulose (Fig. 1A) is a chemically
modified cellulose found in bacterial biofilms of Escherichia
coli and Salmonella enteric, rendering them elastic and
adhesive."™ The pEtN modification may also provide resis-
tance against cellulase-producing microorganisms." During
biosynthesis, the pEtN transferase BesG in the bacterial cell-
ulose synthase (Bcs) complex functionalizes about half of cel-
lulose’s glycosyl units with pEtN at the C-6 position.® Yet, the
PEtN substitution pattern has not been identified"*” and it is
unclear whether specific patterns could serve as code to trigger
a particular response.*” To support this hypothesis, we
recently showed that the nanocomposite made of synthetic
PEtN cellulose oligomers and an amyloidogenic peptide dis-
played an intriguing modulation of adhesion dependent on
the pEtN substitution pattern.®

To dissect the role of the pEtN pattern in biological set-
tings, synthetic oligosaccharide standards are valuable tools.’
Previously, we reported the synthesis of well-defined pEtN cell-
ulose oligomers via a combination of solid-phase technology
and solution-phase chemistry.® In this approach, the cellulosic
backbone was prepared on resin via automated glycan assem-
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bly (AGA),">"" followed by in-solution post-AGA manipulations
to introduce the pEtN groups regiospecifically along the back-
bone. Upon functionalization, ester hydrolysis and hydrogeno-
lysis of the remaining protecting groups (PGs), afforded the
PEtN cellulose carrying an amino linker at the reducing end.
Due to the zwitterionic nature of the pEtN moieties, the post-
AGA steps (i.e. phosphorylation and PGs removal) required
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Fig. 1 Chemical structure of pEtN cellulose (A). On resin approaches to
expedite the synthesis of sulfated, phosphorylated, and pEtN-functiona-
lized (this work) glycans (B).
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extremely long reaction times and multiple purifications.
Moreover, the lability of the pEtN groups mandated cautious
manipulations. As a result, individual targets required custo-
mized reaction conditions.

The introduction of the pEtN groups directly on solid
support has several advantages and could speed up the syn-
thetic procedure.™ On resin protocols were previously demon-
strated for sulfated'® as well as phosphorylated'®'* glycans
(Fig. 1B), increasing the efficiency of the synthetic process
while easing the deprotection and purification steps. Here, we
report a general method for the on resin synthesis of pEtN cell-
ulose. The protocol features phosphorylation and hydrolysis of
ester PGs to yield the solid-bound semi-protected intermedi-
ate. Lengthy purifications are substituted with repetitive
washing steps to quickly remove excess reagents. Photo-clea-
vage followed by hydrogenolysis of the remaining PGs provides
access to the target pEtN-functionalized oligosaccharide. The
on resin approach also bypasses the requirement of an un-
natural group at the reducing end, granting access to native
free reducing glycans.

Translating glycan synthesis from solution-phase to solid-
phase carries different challenges, such as finding compatible
solvents/reagents which can ensure resin swelling and allow

View Article Online

Organic & Biomolecular Chemistry

for nearly quantitative reaction conversion.'’ Reaction moni-
toring poses additional hurdles. To develop a general on resin
pEtN modification protocol, resin-bound glucose 6 bearing a
hydroxyl group at the C-6 position was prepared (see ESIT).
This model substrate served to systematically optimize the (i)
on-resin phosphorylation, (ii) on-resin ester hydrolysis, (iii)
photocleavage to release the compound from the solid
support, and (iv) hydrogenolysis of the remaining PGs. We
analyzed two different approaches based on either
H-phosphonate (Fig. 2, Path A) or phosphoramidite (Fig. 2,
Path B) chemistry.>'*™"” The choice of P(u) reagents, requiring
an additional oxidation step to obtain the target P(v) product,
was based on the abundant literature on nucleic acid
synthesis.’>'® P(m) reagents are generally more reactive than
P(v) reagents, making those attractive for solid phase
approaches.'®'®

The formation of the phosphorous-oxygen (P-O) bond via
Path A required the condensation of 6 with Cbz-protected
ethanolamine H-phosphonate 4, promoted by pivaloyl chloride
(PivCl). Aqueous oxidation using iodine (20 equiv.) in a 19:1
pyridine/water mixture was subsequently performed to
produce the phosphate diester 7. Reaction optimization
(Table S1f) showed complete phosphorylation upon treating

! Et. N(:):F’\/o\/\NHCbz H
3+ H 4 _0 /o *o ’O
) =N <
PivCl, Py o Yo Py
. 5h ii-iv 0" "0
Path A i BnO e} 5 = BrD o
BzO NHCbz
T e L O,
Z OH 5
7 8
_. 0 NH
OH O\ I /\/ 3
B o Sg
z
OBz ( )
OH N
6
EhzHitl CbzHN Path A: 36%
i N‘l?’o\/\NHCbz Path B: 23%
OBn 5
? o) O\P//o
’ trctetr:iole, CH,Cl,, CH3CN O'P\OBn i - o
. v
Lol e
i BnO
! B20 00 Bl Oy NHCbz
OBz OH 5
9 10
i) Path A or B, 5h i) I, H,O, Py, rt, 2 h iif) NaOMe, MeOH/THF, rt, 16 h v) Hy, Pd(OH),/C
1 iv) hy : EtOAc/t-BuOH/H,O, rt, 5 h
Solution phase: . k o
(Nat. Commun., 2022) sl el YpHOLTWeoks

Fig. 2 On resin protocols to obtain pEtN-functionalized glucose P using the H-phosphonate (Path A) or the phosphoramidite (Path B) approach.
Reaction times are highlighted in comparison to the previously reported solution-phase approach.® The resin bound starting material 6 was prepared

by AGA, for synthetic details we refer to the ESI.{
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the solid bound substrate 6 with 5 equiv. of 4 over 5 h
(Table S1, entry 41). The benzoyl (Bz) esters in anionic com-
pound 7 were hydrolyzed with sodium methoxide, before
photocleavage in 1:9 MeOH/CH,Cl, mixture afforded the
semi-deprotected compound 8. The removal of the benzyl (Bn)
and carboxybenzyl (Cbz) groups was performed by hydrogeno-
lysis in the presence of Pd(OH),/C. Upon completion, the reac-
tion mixture was treated with thiourea as palladium scavenger,
to ensure the release of the target compound P from the cata-

A: On resin synthesis of pEtN cellulose
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lyst (Table S1, entry 91)."> The catalyst was filtered and the
product purified by reverse phase preparative HPLC.
Phosphorylated compound P was isolated in a 36% overall
yield over five steps (including AGA and post-AGA
manipulations).

The phosphoramidite approach (Path B) is another
common method to form P-O on solid-phase.'®'® Treatment
of compound 6 with phosphoramidite 5 either in the presence
of 1H-tetrazole or 5-benzylthio-1H-tetrazole (BTT) as coupling
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B: Synthetic pEtN oligosaccharides prepared with on resin protocol
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(A) On resin synthesis of pEtN oligosaccharide (PA)s starting from photolabile linker L2 and BB1-BB2. For synthetic details, we refer to the

ESI.7 (B) Collections of pEtN oligosaccharides prepared in this study and their isolated yields. The yield of the target is shown in purple and side-pro-
ducts containing a(1,4) in dashed-blue. (C) *H NMR spectra of APA, obtained from the thioglycoside BBs containing unwanted «(1,4) linkages (blue)

vs APA, obtained from glycosyl phosphate BBs (purple).
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reagent resulted in the P(m) phosphite intermediate, which
was subsequently oxidized to afford compound 9 (Table S2,
entries 11 and 121). At this stage, the lability of the phosphate
triester in basic conditions'® prompted us to explore milder
hydrolysis conditions. However, treatment with lithium
hydroxide (LiOH) led to no conversion, even after long reaction
times (Table S2, entry 13t). Ester hydrolysis was finally accom-
plished with sodium methoxide, followed by photocleavage
in 1:9 MeOH/CH,Cl, mixture to afford compound 10.
Hydrogenolysis, treatment with thiourea, filtration, and purifi-
cation furnished P in a 23% yield over five steps. Overall, both
methods appeared promising for the synthesis of pEtN-func-
tionalized glycans in solid phase. The entire process (i.e., AGA
and post-AGA) required less than two days, in contrast to the
long post-AGA reaction times of the solution phase approach®
(Fig. 2, table). Path A resulted in higher isolated yields than
Path B and therefore it was chosen for the synthesis of more
complex glycans.

To test the applicability of the on resin protocol, nine pEtN
cellulose analogues were constructed, with different backbone
lengths and pEtN substitution patterns. All glycan backbones,
were assembled using AGA from BBla and BB2a (Fig. 3A, see
ESI for complete protocolst). BB2a was strategically introduced
within the backbone at the position to be substituted with the
PEtN group, permitting the specific liberation of the
C-6 hydroxyl group upon Lev deprotection. The optimized
phosphorylation procedure (Path A) worked smoothly for all
primary alcohols, regardless of the glycan sequence.
Increasing the amount of phosphorylating reagent 4 (5 equiv.
per hydroxyl group) permitted to install multiple pEtN groups
on the same glycan (Fig. 3A). Hydrolysis of the ester groups
was completed using sodium methoxide within 16 h for all
targets. Reaction progress could be monitored by either
ESI-MS or MALDI analysis on a minute reaction sample after
microcleavage. A 1:9 MeOH/CH,Cl, mixture was utilized for
the photocleavage of all structures, ensuring good solubility of
the cleaved compound while maintaining high resin swelling.
LH-20 size exclusion chromatography (1 : 1 MeOH/CH,Cl,) was
conducted to eliminate residual side-products before subject-
ing the semi-deprotected intermediate to hydrogenolysis and
thiourea treatment. Excess thiourea was removed using LH-20
size exclusion chromatography (1:1 MeOH/H,0). A final
reverse phase preparative HPLC furnished the target structures
in overall yields between 2-20% (Fig. 3B).

NMR analysis of some sequences showed the presence of
trace amounts of oligomers containing the undesired «(1,4)
linkages (Fig. 3C). While these side-products could be removed
with an additional HPLC purification, they decreased the iso-
lated yields and complicated purifications. These side-pro-
ducts could be connected with the dioxane required for thio-
glycoside glycosylation during AGA* (see Module C1 in the
ESIT). Thus, we repeated the synthesis using phosphate donors
BB1b and BB2b, whose activation is performed in pure CH,Cl,
(see Module C2 in the ESIf). The use of phosphate donors sup-
pressed the formation of the «(1,4)-containing side-products
(Fig. 3C), simplifying the isolation of pure pEtN celluloses.
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Conclusions

We developed an on-resin approach for the synthesis of
zwitterionic pEtN cellulose. On resin phosphorylation could be
performed using either H-phosphonate or phosphoramidite
reagents (Path A or B, respectively). Path A was showcased in
the synthesis of ten oligosaccharides with different amount
and pattern of pEtN. The on resin approach shortened the syn-
thetic time and eased the purification steps, allowing for fast
access to pEtN celluloses. The evaluation of these pEtN cellu-
loses as substrates for Bes or as functional modulators of bac-
terial biofilm is underway.

The pEtN moiety is a recurrent modification of bacterial
glycans.>" Our method could provide fast access to new syn-
thetic probes to clarify different aspects of glycobiology.
Moreover, the zwitterionic nature of pEtN could offer a tool to
modulate mechanical properties of cellulosic materials,
opening new avenues for tailor-made biomaterials.?
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