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Abstract: Adjuvants are key immunostimulatory compo-
nents in vaccine formulations, which improve the immune
response to the co-administered antigen. The saponin natu-
ral product QS-21 is one of the most promising immunoad-

juvants in the development of vaccines against cancer and

infectious diseases but suffers from limitations that have
hampered its widespread human use. Previous structure–ac-
tivity relationship studies have identified simplified saponin
variants with truncated carbohydrate chains, but have not

focused on the influence of the linear oligosaccharide
domain of QS-21 in adjuvant activity. Herein, an expeditious

15-step synthesis of new linear trisaccharide variants of sim-
plified QS-21-derived adjuvants is reported, in which the
complex terminal xylose-rhamnose moiety has been re-
placed with commercially available, simpler lactose and cel-

lobiose disaccharides in a b-anomeric configuration. In vivo

immunological evaluation of the synthetic saponins showed
attenuated antibody responses, highlighting the negative
impact of such carbohydrate modifications on adjuvant ac-
tivity, which could be associated with higher saponin confor-

mational flexibility.

Introduction

Molecular subunit vaccines based on homogeneous antigens

are emerging as a more precise and safer vaccination approach
against a variety of human diseases.[1] They provide a success-
ful alternative to classical vaccines based on whole inactivated
pathogens, which in addition to their safety issues, generate

less targeted immune responses owing to their crude and un-
predictable processing.[2] The molecularly defined subunit
structures comprise the minimal antigenic epitope required to
elicit an immune response; however, they lack some “danger
signals” naturally present in the native pathogen, which makes

them poorly immunogenic. To overcome their low immunoge-
nicity, adjuvants have become crucial components to increase

the effectiveness of such subunit vaccines.[3]

Adjuvants are immunostimulatory substances that modulate

and enhance the immune response towards a co-administered
antigen, providing key benefits in modern vaccine formula-

tions.[4] Notably, they enable dose sparing of rare, expensive,
and otherwise impotent antigens, which is particularly impor-
tant in short supply situations (e.g. , during an epidemic), and
allow risk groups such as elderly, children, and immunocom-

promised patients to respond better to the vaccine.[5] Despite
their essential roles, only a handful of adjuvants are sufficiently
potent and exhibit acceptable toxicity to be used in human
vaccines. Alum, a mixture of aluminium salts approved first
alone in the 1930s and as part of the AS04 adjuvant system in

2009, has relatively low potency but is still considered the
golden standard against which other candidates are com-

pared.[6] Emulsion-based adjuvants containing squalene (MF59,

[a] R. Fuentes, Dr. A. Ruiz-de-Angulo, N. Sacrist#n, Prof. Dr. A. Fern#ndez-Tejada
Chemical Immunology Laboratory
Center for Cooperative Research in Biosciences (CIC bioGUNE)
Basque Research and Technology Alliance (BRTA)
Biscay Science and Technology Park, Building 801A, 48160 Derio (Spain)
E-mail : afernandeztejada@cicbiogune.es

[b] Dr. C. D. Navo, Dr. G. Jim8nez-Os8s
Computational Chemistry Laboratory
Center for Cooperative Research in Biosciences (CIC bioGUNE)
Basque Research and Technology Alliance (BRTA)
Biscay Science and Technology Park, Building 801A, 48160 Derio (Spain)

[c] Prof. Dr. J. Anguita
Inflammation and Macrophage Plasticity Laboratory
Center for Cooperative Research in Biosciences (CIC bioGUNE)

Basque Research and Technology Alliance (BRTA)
Biscay Science and Technology Park, Building 801A, 48160 Derio (Spain)

[d] Prof. Dr. J. Anguita, Prof. Dr. A. Fern#ndez-Tejada
Ikerbasque
Basque Foundation for Science
Plaza Euskadi 5, 48009 Bilbao (Spain)

Supporting information and the ORCID identification number(s) for the au-
thor(s) of this article can be found under :
https ://doi.org/10.1002/chem.202004705.

T 2020 The Authors. Chemistry - A European Journal published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial License, which permits use, distribu-
tion and reproduction in any medium, provided the original work is proper-
ly cited and is not used for commercial purposes.

Chem. Eur. J. 2021, 27, 4731 – 4737 T 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH4731

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202004705

http://orcid.org/0000-0001-6581-4038
http://orcid.org/0000-0001-6581-4038
http://orcid.org/0000-0002-1680-0059
http://orcid.org/0000-0002-1680-0059
https://doi.org/10.1002/chem.202004705
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202004705&domain=pdf&date_stamp=2021-02-04


AS03) have been incorporated in several human influenza vac-
cines, albeit with some side effects.[7]

QS-21 is a saponin natural product adjuvant composed of
four structural domains, with a central quillaic acid triterpene

core flanked on either side by oligosaccharides and a terminal
acyl chain along its periphery. The C3 hydroxyl group of the tri-

terpene is linked to a branched trisaccharide, whereas the C28
carboxylic acid is attached to a linear tetrasaccharide, which is

further elaborated at its bridging fucose unit with a glycosylat-

ed acyl side chain. QS-21 has been investigated in a number of
vaccine clinical trials for cancer, infectious diseases, and neuro-

degenerative disorders, and is a component of the recently li-
censed AS01 adjuvant system in vaccines against malaria and

shingles.[8] Despite its potency and promise, its wider use and
commercial advancement in human vaccines as a stand-alone

adjuvant is limited by several factors. These include scarcity[9]

and heterogeneity[10] of the natural product, further empha-
sized by the isomeric composition of QS-21 at the fourth, ter-

minal sugar (&65:35 apiose/xylose, 1 a/1 b) within the linear
tetrasaccharide (Figure 1 a).[11] Moreover, QS-21 is chemically

unstable and undergoes spontaneous hydrolysis of the acyl
chain esters at physiological pH and ambient temperature,[12]

complicating formulation and storage protocols and thwarting

vaccine deployment in the developing world. Finally, QS-21
shows dose-limiting toxicity associated to hydrolyzed hemolyt-

ic byproducts, with local erythema and swelling as well as sys-
temic flu-like symptoms.[13] These liabilities in advancing QS-21

further are also exacerbated by the fact that the mechanism of

action of QS-21 is not fully understood,[14] which hampers ra-
tional development of more effective saponin adjuvants.

To address the scarcity and heterogeneity of QS-21 from the
bark extract, Gin and co-workers developed synthetic routes to

QS-21, procuring synthetic access to both isomers of the natu-
ral product (QS-21-Api, 1 a[15] and QS-21 Xyl, 1 b[16] ; Figure 1 a)

in pure form by total synthesis, albeit in an excessively long
route totaling 76 steps. This chemical technology was subse-
quently applied in a more efficient and streamlined semisyn-

thetic strategy that shortened the synthesis of QS-21 to 56
total steps and also enabled the development of improved

synthetic analogs of QS-21 through structure–activity relation-
ship studies.[17] The chemical instability issue was solved by the

Gin group by incorporating amide linkages in the acyl chain in-
stead of the labile ester groups, providing stable amide-de-

rived variants that retained adjuvant activity even with a sim-

plified, linear side chain.[18] Wang et al. synthesized other chem-
ically stable, adjuvant-active QS-21 analogs that lacked the

original acyl chain but incorporated different linear side chains
at the branched trisaccharide glucuronic acid through amida-

tion.[19, 20] Systematic truncation of the linear tetrasaccharide by
Gin and co-workers revealed that the fourth apiose/xylose unit

was dispensable for adjuvant activity, identifying a potent

linear trisaccharide analog accessed in 24 steps, albeit with
considerable toxicity.[21] Although this work highlighted the im-

portance of maintaining at least a trisaccharide moiety for opti-
mal activity, the impact of the carbohydrate residues within

this domain on adjuvant activity was not investigated, hamper-

Figure 1. (a) Structure of the saponin natural product immunoadjuvant QS-21 (65:35 mixture of 1 a/1 b) with its four structural domains. (b) Chemical structure
of most recent echinocystic acid (EA) lead analog 2 EA(O). (c) Chemical structure of quillaic acid (QA) and echinocystic acid (EA) containing, terminal disacchar-
ide lactose (Lac) and cellobiose (Cel) variants 3–6 studied herein.
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ing the identification of more streamlined linear oligosacchar-
ide saponin variants. Subsequent studies with central glycosi-

dic ester linkage variants showed that this region is quite sen-
sitive to structural modification, highlighting a b-thioester var-

iant with potent adjuvant activity but dose-limiting toxicity.[22]

Truncation of the left-hand branched trisaccharide and molecu-

lar editing at the C4 and C16 triterpene positions provided
simplified variants, which decoupled adjuvant activity from
toxicity,[23] albeit in a 22-step synthesis as exemplified by our
most recent lead analog 2 EA(O)[24] (Figure 1 b).

Herein, we report new structure– and conformation–activity
investigations into an unexplored structural feature of QS-21,
the right-hand trisaccharide moiety previously identified as op-

timal for adjuvant activity. To probe specific structural require-
ments within this region, we implemented expeditious, flexible

syntheses of new carbohydrate variants (3–6) incorporating

modified terminal disaccharides (Figure 1 c). These variants
were designed to increase the ease of synthesis by strategic

selection of easily scalable sugar precursors, and could be pre-
pared in fewer steps than our previously reported lead com-

pound 2 EA(O) (as few as 15 total steps).[25] Through a combi-
nation of in vivo immunological evaluation and computational

conformational analysis, we then investigated the effect of the

terminal disaccharide motif in adjuvant activity and saponin
conformation. These carbohydrate truncated variants induced

lower antibody responses than the parent analog 2, indicative
of weak adjuvant activity, and showed higher conformational

flexibility in molecular dynamics simulations.

Results and Discussion

Chemical synthesis

In our earlier efforts, the adjuvant-active saponin 2 EA(O),

which lacks the branched trisaccharide but retains the original,

truncated linear trisaccharide, was prepared in 22 total steps.[25]

In particular, 16 of the total steps were already devoted to the

synthesis of the linear trisaccharide itself, with each of the se-
lectively protected monosaccharide building blocks requiring
2–6 steps. Therefore, in considering further specific molecular
modifications of the QS saponin scaffold, our goal was to not

only gain insight into the importance of the linear trisaccharide
substructure for adjuvant activity, but also provide expedient

access to saponin variants that can be prepared efficiently
through abbreviated, expeditious syntheses.

With this double purpose in mind, we synthesized four sapo-

nin variants (3–6) glycosylated with two different, commercially
available terminal disaccharides [lactose (Lac) and cellobiose

(Cel) ; Figure 1 c], each of which incorporated the quillaic acid
(QA) and echinocystic acid (EA) cores as key triterpene moiet-

ies present in previously identified adjuvant-active sapo-

nins.[23, 24] The rational selection of commercially available lac-
tose and cellobiose avoided the lengthy synthesis of the origi-

nal rhamnosylxylose disaccharide, enabling a more concise,
scalable route that could be amenable to large-scale produc-

tion, while also probing the role of this moiety in adjuvant ac-
tivity. Notably, instead of using the standard convergent ap-

proach employed for the synthesis of the parent saponin 2
EA(O), involving en bloc glycosylation of the triterpene with a

pre-assembled trisaccharide, these new carbohydrate variants
were synthesized by following a streamlined, divergent strat-

egy in which the bridging monosaccharide can be varied inde-
pendently of the terminal disaccharide unit.[26] Thus, key steps

in the overall route towards the target saponins involve initial
coupling of the 4-azidogalactose monosaccharide to the triter-
pene (QA, EA), followed by installation of the commercially

available lactose or cellobiose disaccharides.
The synthetic sequence to prepare these variants was initiat-

ed with TES-protected QA and EA triterpenes 7 and 8, respec-
tively,[23] which were glycosylated at their C28 carboxylic acid

with conveniently protected 4-azidogalactosyl imidate 9[21]

under Schmidt coupling conditions to provide the correspond-

ing glycosyl esters 10 and 11 (b anomers only) in excellent

yields (Scheme 1).
Removal of the C2 acetyl group was effected by using a

sodium methoxide in methanol solution under carefully moni-
tored conditions to prevent deprotection of the triterpene hy-

droxyl groups, affording the divergent intermediates 12 and
13. This triterpene-monosaccharide building block was then

used as a late-stage diversification point for elongation with

different commercially available disaccharides to access the
corresponding new linear trisaccharide substructures. Among

these, we selected lactose (b-d-galactopyranosyl-(1!4)-d-glu-
copyranose) as one of the most common, inexpensive disac-

charides with immunomodulatory functions[27] and cellulose-
derived cellobiose (b-d-glucopyranosyl-(1!4)-d-glucopyra-

nose) as a potential danger-associated molecular pattern in im-

munity.[28] In contrast to the original rhamnosylxlyose disac-
charide, which required a seven-step synthesis, these alterna-

tive disaccharide surrogates were easily converted, upon HBr
treatment (HBr solution, 33 wt % in acetic acid), into the hepta-

O-benzoylated bromides 14 and 15.[29] These convenient sugar
donors were subsequently coupled to the respective triter-
pene-monosaccharide alcohol intermediates 12 and 13
through a silver triflate-promoted Koenigs–Knorr glycosylation
in the presence of 2,4,6-tri-tert-butylpyridine (TTBPy) to provide
the corresponding triterpene-conjugated trisaccharides 16–19
with complete b-selectivity owing to the C2-benzoyl anchimer-

ic assistance.
The azide groups in 16–19 were reduced by using benzene-

selenol (PhSeH, prepared in situ) under basic conditions (Et3N)
to afford the corresponding amines 20–23, onto which the car-
boxylic acid acyl chain was then appended. Thus, N-acylation

with dodecanedioic acid monobenzyl ester 24 was accom-
plished by initial carboxylate activation with ethyl chlorofor-

mate in the presence of Et3N, providing the resulting fully pro-
tected saponins. Finally, a three-step global deprotection se-

quence involving hydrogenolytic removal of the O-benzyl

groups (H2, Pd/C), followed by acidic desilylation (TFA/H2O at
0 8C) of the triterpene hydroxyl groups and subsequent

NaOMe-mediated Zempl8n saponification of the lactose/cello-
biose benzoate esters provided the terminal disaccharide var-

iants 3–6 in 15 total steps[25] and good overall yields.
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Immunological evaluation

With the synthetic saponin targets in hand, we next sought to
evaluate their adjuvant activity in comparison to QS-21 and

the parent echinocystic acid-linear trisaccharide lead com-
pound 2 EA(O). In this preliminary in vivo study, cohorts of five

mice (C57BL/6, five animals per group, seven groups in total)

were immunized subcutaneously (100 mL injections) three
times every two weeks (days 0, 14, and 28) with the model an-

tigen ovalbumin (OVA; 20 mg dose/mouse), either alone as a
no adjuvant control group, or in combination with the saponin

variant of interest (50 mg/mouse), dissolved in phosphate-buf-
fered saline (PBS). As positive controls, one group of mice was

vaccinated with OVA plus QS-21 (20 mg/mouse) and another
group was co-administered with OVA and our previous lead
compound 2 EA(O) (50 mg/mouse) for comparison. Mice were

bled the day before (day 27) and two weeks after the third
vaccination (day 41), and the presence of antibodies was exam-

ined by enzyme-linked immunosorbent (ELISA) assays to deter-
mine antibody responses against OVA. Serially diluted pre- and

post-treatment mouse sera were added to OVA-coated ELISA
plates, which were then washed. Specific antibody detection
was carried out by using goat anti-mouse immunoglobulin G

(IgG) conjugated with horseradish peroxidase, followed by
measurement of the absorbance of the sample at 450 nm.

Thus, total anti-OVA IgG antibody titers were analyzed by indi-
rect ELISA at day 27 and day 41 after the first immunization,

following the previously reported method.[22] The results ob-
tained are shown in Figure 2.

Compared with the parent trisaccharide variant 2 EA(O), all
four of the novel terminal disaccharide variants 3–6 showed

lower antibody responses, indicative of attenuated adjuvant
activity (Figure 2). Notably, echinocystic acid lactose variant 4
EA(Lac) showed generally higher and more consistent antibody

titers compared with most of the other terminal disaccharide
variants, followed closely by 5 QA(Cel) with slightly lower anti-

body levels on day 41. Moreover, the analysis of splenic T cell
activation levels at the time of sacrifice (day 41) confirmed that

4, and to a lesser extent 5, induced the highest activation of
CD4+ T cells, which was comparable to lead compound 2

Scheme 1. Expeditious 15-step synthesis of lactose and cellobiose variants 3–6 via a flexible synthetic strategy. Reagents and conditions: (a) BF3·Et2O, 4 a mo-
lecular sieves (MS), CH2Cl2, @78 8C to @45 8C, 0.5 h, 98 % for 10 [QA], 87 % for 11 [EA]; (b) NaOMe, MeOH, CH2Cl2, H2O, 35 8C, 22 h, 87 % for 12 [QA], 93 % for
13 [EA]; (c) 14, AgOTf, TTBPy, 4 a MS, CH2Cl2/toluene (1:2), r.t. , 1.5 h, 54 % for 16 [QA(Lac)] , 72 % for 17 [EA(Lac)] , 63 % for 18 [QA(Cel)] , 84 % for 19 [EA(Cel)] ;
(d) PhSeH, Et3N/THF/toluene (10:3:3), 40 8C, 4 h, 83 % for 20 [QA(Lac)] , 94 % for 21 [EA(Lac)] , 99 % for 22 [QA(Cel)] , 95 % for 23 [EA(Cel)] ; (e) 24, EtOCOCl, Et3N,
THF, 0 8C to r.t. , 4 h, 85 % for [QA(Lac)] , 90 % for [EA(Lac)] , 89 % for [QA(Cel)] , 91 % for [EA(Cel)] ; (f) i. Pd/C, H2 (1 atm), EtOH/THF 1:1, r.t. , 16 h, ii. TFA/H2O 3:1,
0 8C, 1 h, iii. NaOMe, MeOH, H2O, r.t. , 6 h, 55 % overall for 3 [QA(Lac)] , 57 % overall for 4 [EA(Lac)] , 34 % overall for 5 [QA(Cel)] , 49 % overall for 6 [EA(Cel)] .
QA = quillaic acid; EA = echinocystic acid; Lac = lactose, Cel = cellobiose.

Figure 2. Immunological evaluation in mice of saponin variants 3–6 with
OVA antigen. Antibody endpoint titers of total anti-OVA IgG on (a) day 27
and (b) day 41 after first immunization. Data points correspond to individual
mice (five animals per group) and horizontal bars indicate median titers.
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EA(O) and significantly higher than the rest of synthetic var-
iants (data not shown). Overall, the diminished antibody re-

sponses induced by these variants suggests the importance of
the identity of the original linear trisaccharide for adjuvant ac-

tivity.

Conformational analysis

To seek a molecular rationale for the attenuation in adjuvant

activity observed for these saponin variants, which could be
associated to the potential role of the terminal disaccharide in

saponin conformation, we next performed an in silico confor-
mational analysis on the synthetic terminal disaccharide var-

iants 3–6 and the parent lead compound 2 EA(O) using all-

atom molecular dynamics (MD) simulations in explicit water
(see the Supporting Information for complete details). Striking-

ly, the b-linked terminal disaccharide variant 4 EA(Lac) showed
a higher conformational flexibility than the more potent

parent structure 2 EA(O), in which the terminal rhamnose-
xylose disaccharide is a-linked to the bridging monosaccharide
(Figure S1 in the Supporting Information). The distinct confor-

mational preferences observed among the variants suggest
that the chemical identity of the terminal disaccharide dictates

the preferred global shape of the corresponding saponins.
These observations point to a potential correlation between
saponin conformational flexibility (i.e. , preorganization into
bioactive conformations) and attenuation in adjuvant activity,

as observed for the synthetic variants 3–6 studied herein.
Moreover, our investigations show that the a-glycosidic linkage

at the rhamnose anomeric position in 2 EA(O), which is also
found in potent saponin adjuvants,[30] seems to be crucial to
attain conformational rigidity correlating with immunostimula-

tory activity. This relationship between higher structural rigidity
and increased adjuvant potency is in line with our previous

studies with related saponin molecules.[22, 24]

Conclusion

The amphiphilic properties and overall conformation of QS-21

and other saponins, which is associated to their combined lip-
ophilic and hydrophilic substructures, have been proposed to

be more important for adjuvant activity than the contribution
of the saponin individual functional groups.[31] Notably, the QS-

21 carbohydrate moieties have been suggested to play a role
in saponin adjuvant activity by binding to cell surface lectins.[32]

Herein, we have investigated the importance of the terminal

disaccharide within the truncated right-hand carbohydrate of
QS-21 by exploiting a flexible, 15-step synthetic sequence,

which streamlined the original convergent route by seven
steps and provided an expeditious, facile access to saponin

variants (3–6) with modified sugars at the terminus of the

linear trisaccharide. Thus, we have combined the immunologi-
cal evaluation and conformational analysis of these synthetic

variants to study the impact of the terminal disaccharide modi-
fication in adjuvant activity in connection with saponin confor-

mation. The obtained immunological results suggest that the
original rhamnose-xylose moiety within this domain is impor-

tant for adjuvant activity, as their replacement with more easily
accessible and scalable disaccharide surrogates led to dimin-

ished antibody responses. Notably, the molecular dynamics
simulations yielded distinct conformational preferences for the

four rather flexible terminal disaccharide variants (3–6) com-
pared with the more structurally rigid, adjuvant-active parent

structure 2 EA(O), providing insights into the implications of
such modification on saponin conformation, especially in

terms of the higher conformational flexibility associated with

attenuated adjuvant activity. Thus, these multidisciplinary stud-
ies suggest that saponin adjuvant activity is more closely con-

nected to the specific substructures and three-dimensional
shape of the molecule rather than simply to their hydrophilic–

hydrophobic balance, as has also been recently reported by
Wang and co-workers.[33] This is consistent with a mechanism

of action involving interaction with discrete molecular recep-

tor(s), whereby higher conformational flexibility would play
against productive interactions necessary for proper target

binding. Structure–activity and conformational studies of this
kind may guide the rational design of synthetically accessible

yet active saponin vaccine adjuvants in the near future. Going
forward, the flexible synthetic design exploited herein leaves

the door open for the potential development and rapid assess-

ment of additional terminal disaccharide variants that may ex-
hibit increased adjuvant activity, coupled with the expeditious

access and scalability enabled by this route, which could facili-
tate future clinical deployment.

Experimental Section

General experimental procedure for synthesis of terminal
disaccharide saponin variants

The selectively protected triterpenes (7, 8)[23] were monoglycosylat-
ed (BF3·OEt2, CH2Cl2) with 4-azidogalactosyl trichloroacetimidate
donor 9[26] to give b-glycosyl esters 10 and 11. Subsequent deace-
tylation (NaOMe, MeOH/CH2Cl2/H2O) gave the triterpene-azidoga-
lactose alcohols 12 and 13, as glycosyl acceptor building blocks for
diversification. Koenigs–Knorr glycosylation (AgOTf, TTBPy, CH2Cl2/
toluene) with perbenzoylated lactosyl and cellobiosyl bromides 14
and 15[29] provided the triterpene-trisaccharide azides 16–19. Sub-
sequent reduction (PhSeH, Et3N/THF/toluene) to the corresponding
amines 20–23 followed by N-acylation with dodecanedioic acid
monobenzyl ester (24) (EtOCOCl, Et3N, THF) gave the fully protect-
ed saponins S1–S4 (see the Supporting Information). Final global
deprotection by hydrogenolysis (H2, Pd/C, EtOH/THF) and acid hy-
drolysis (TFA/H2O) followed by Zempl8n de-O-benzoylation provid-
ed the corresponding terminal disaccharide saponin variants 3–6.
See the Supporting Information for complete details.

Lactosyl-(4-(11-carboxyundecanoamido)-4-deoxygalactosyl) quil-
laic acid ester [3 QA(Lac)]: Fully deprotected quillaic acid lactose
variant 3 was obtained as a white solid following the correspond-
ing general experimental procedures (see the Supporting Informa-
tion for complete details). HPLC: tR = 18.41 min, lmax = 196 nm;
1H NMR (600 MHz, [D4]MeOH): d= 9.31 (s, 1 H, H-23 [CHO] QA), 5.33
(d, J = 8.0 Hz, 1 H, H-1 N-Gal), 5.31 (t, J = 3.6 Hz, 1 H, H-12 QA), 4.75
(d, J = 7.9 Hz, 1 H, H-1’ Glc), 4.73 (t, J = 2.9 Hz, 1 H, H-16 QA), 4.36–
4.33 (m, 2 H, H-1’’ Gal, H-4 N-Gal), 4.07 (dd, J = 9.8, 8.0 Hz, 1 H, H-2
N-Gal), 4.03–3.96 (m, 2 H, H-3 N-Gal, H-6a“ Glc), 3.89 (dd, J = 12.0,
4.8 Hz, 1 H, H-6b” Glc), 3.84 (d, J = 3.2 Hz, 1 H, H-4’’ Gal), 3.80–3.75
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(m, 2 H, H-3 QA, H-6a’’ Gal), 3.74–3.70 (m, 2 H, H-6b’’ Gal, H-5 N-
Gal), 3.62–3.58 (m, 1 H, H-5’’ Gal), 3.58–3.46 (m, 5 H, H-2’’ and H-3’’
Gal, H-3’ and H-4’ Glc, H-6a N-Gal), 3.46–3.40 (m, 2 H, H-6b N-Gal,
H-5’ Glc), 3.24 (dd, J = 8.8, 8.1 Hz, 1 H, H-2’ Glc), 2.96 (dd, J = 14.4,
4.3 Hz, 1 H, H-18 QA), 2.37–2.23 (m, 5 H, -CH2(a)CONH and
-CH2(a’)CO2H ac, H-19a QA), 2.00–1.91 (m, 4 H, H-11a,b QA, H-22a
and H-21a QA), 1.79–1.67 (m, 6 H, H-9, H-15a, H-22b and H-1a QA,
-CH2(b’)CH2CO2H ac), 1.65–1.50 (m, 6 H, H-2a,b QA, H-7a and H-6a
QA, -CH2(b)CH2CONH ac), 1.39 (s, 3 H, CH3 C-27 QA), 1.37–1.28 (m,
15 H, -[CH2(c)]6- V 6 ac, H-15b, H-7b and H-5 QA), 1.17–1.10 (m, 2 H,
H-21b and H-1b QA), 1.09–1.04 (m, 1 H, H-19b QA), 1.02 (s, 3 H, CH3

C-24 QA), 1.00 (s, 3 H, CH3 C-25 QA), 0.95 (s, 3 H, CH3 C-30 QA),
0.94–0.90 (m, 1 H, H-6b QA), 0.89 (s, 3 H, CH3 C-29 QA), 0.78 ppm (s,
3 H, CH3 C-26 QA); 13C NMR (151 MHz, [D4]MeOH): d= 208.9 (CHO
QA), 178.3 (CONH ac), 177.8 (CO2H ac), 177.1 (CO2 [C-28] QA), 145.0
(C-13 QA), 123.1 (C-12 QA), 105.3 (C-1’’ Gal), 104.1 (C-1’ Glc), 94.6
(C-1 N-Gal), 81.6 (C-4’ Glc), 77.1 (C-5’’ Gal), 76.84 (C-5 N-Gal), 76.81
(C-2 N-Gal), 76.7 (C-5’ Glc), 76.6 (C-3’ Glc), 75.4 (C-2’ Glc), 74.9 (C-3’’
Gal), 74.4 (C-16 QA), 73.7 (C-3 N-Gal), 72.9 (C-3 QA), 72.5 (C-3’’ Gal),
70.2 (C-4’’ Gal), 62.5 (C-6’ Glc), 62.4 (C-6’’ Gal), 62.0 (C-6 N-Gal), 56.8
(C-4 QA), 52.0 (C-4 N-Gal), 49.9 (C-17 QA), 48.9 (C-5 QA), 48.1 (C-9
QA), 47.8 (C-19 QA), 42.6 (C-14 QA), 42.0 (C-18 QA), 41.2 (C-8 QA),
39.5 (C-1 QA), 37.0 (C-10 QA), 36.7 (CH2CONH ac, C-15 QA), 36.4 (C-
21 QA), 35.0 (CH2CO2H ac), 33.3 (CH3 C-29 QA), 31.5 (C-22 QA), 31.3
(C-20 QA), 30.6, 30.5, 30.45, 30.40, 30.3, 30.2 (-[CH2(c)]6- V 6 ac), 27.3
(CH3 C-27 QA), 27.2 (C-2 QA), 27.0 (CH2(b’)CH2CO2H ac), 26.1
(CH2(b)CH2CONH ac), 25.0 (CH3 C-30 QA), 24.5 (C-11 QA), 21.8 (C-6
QA), 17.8 (CH3 C-26 QA), 16.3 (CH3 C-25 QA), 9.4 ppm (CH3 C-24
QA); HRMS (MALDI) m/z : calcd for [C60H97NO22Na]+ [M++Na]+ :
1206.6394; found: 1206.6341.

Lactosyl-(4-(11-carboxyundecanoamido)-4-deoxygalactosyl) echi-
nocystic acid ester [4 EA(Lac)]: Fully deprotected echinocystic acid
lactose variant 4 was obtained as a white solid following the corre-
sponding general experimental procedures (see the Supporting In-
formation for complete details). HPLC: tR = 19.31 min, lmax =
196 nm; 1H NMR (600 MHz, [D4]MeOH): d= 5.32 (d, J = 8.0 Hz, 1 H,
H-1 N-Gal), 5.30 (t, J = 3.5 Hz, 1 H, H-12 EA), 4.74 (d, J = 7.9 Hz, 1 H,
H-1’ Glc), 4.74–4.71 (m, 1 H, H-16 EA), 4.38 (d, J = 7.7 Hz, 1 H, H-1’’
Gal), 4.36 (dd, J = 4.8, 1.5 Hz, 1 H, H-4 N-Gal), 4.08 (dd, J = 9.8,
8.0 Hz, 1 H, H-2 N-Gal), 4.04–3.97 (m, 2 H, H-3 N-Gal, H-6a“ Glc), 3.91
(dd, J = 12.0, 4.7 Hz, 1 H, H-6b” Glc), 3.83 (d, J = 3.3 Hz, 1 H, H-4’’
Gal), 3.79 (dd, J = 11.3, 7.4 Hz, 1 H, H-6a’’ Gal), 3.74–3.69 (m, 2 H, H-
6b’’ Gal, H-5 N-Gal), 3.63–3.60 (m, 1 H, H-5’’ Gal), 3.59–3.48 (m, 5 H,
H-2’’ Gal, H-3’ Glc, H-6a N-Gal, H-4’ Glc, H-3’’ Gal), 3.46–3.40 (m, 2 H,
H-6b N-Gal, H-5’ Glc), 3.28–3.24 (m, 1 H, H-2’ Glc), 3.15 (dd, J = 11.6,
4.7 Hz, 1 H, H-3 EA), 2.95 (dd, J = 14.5, 4.3 Hz, 1 H, H-18 EA), 2.38–
2.21 (m, 5 H, CH2(a)CONH and CH2(a’)CO2H ac, H-19a EA), 2.00–1.87
(m, 4 H, H-22a, H-11ab, H-21a EA), 1.79–1.72 (m, 2 H, H-22b, H-15a
EA), 1.68–1.50 (m, 10 H, H-9 and H-1a EA, CH2(b)CH2CONH ac,
CH2(b’)CH2CO2Bn ac, H-2ab, H-6a and H-7a EA), 1.47–1.40 (m, 1 H, H-
6b EA), 1.39–1.29 (m, 17 H, including 1.36 [s, 3 H, CH3 C-27 EA], H-
7b and H-15b EA, -[CH2(c)]6- V 6 ac), 1.16–1.12 (m, 1 H, H-21b EA),
1.08–1.00 (m, 2 H, H-19b and H-1b EA), 0.98 (s, 3 H, CH3 C-23 EA),
0.96 (s, 3 H, CH3 C-25 EA), 0.95 (s, 3 H, CH3 C-30 EA), 0.89 (s, 3 H, CH3

C-29 EA), 0.78 (s, 6 H, CH3 C-26 and CH3 C-24 EA), 0.77–0.73 ppm
(m, 1 H, H-5 EA); 13C NMR (151 MHz, [D4]MeOH): d= 178.3 (CONH
ac), 177.7 (CO2H ac), 177.1 (CO [C-28] EA), 144.8 (C-13 EA), 123.4 (C-
12 EA), 105.3 (C-1’’ Gal), 104.2 (C-1’ Glc), 94.6 (C-1 N-Gal), 81.4 (C-4’
Glc), 79.8 (C-3 EA), 77.1 (C-5’’ Gal), 76.9 (C-2 N-Gal), 76.85 (C-5 N-
Gal), 76.79 (C-5’ Glc), 76.6 (C-3’ Glc), 75.4 (C-2’ Glc), 74.9 (C-3’’ Gal),
74.5 (C-16 EA), 73.6 (C-3 N-Gal), 72.6 (C-2’’ Gal), 70.3 (C-4’’ Gal), 62.5
(C-6’ Glc), 62.4 (C-6’’ Gal), 61.9 (C-6 N-Gal), 56.9 (C-5 EA), 52.0 (C-4
N-Gal), 50.0 (C-17 EA), 48.2 (C-9 EA), 47.8 (C-19 EA), 42.6 (C-14 EA),

42.1 (C-18 EA), 40.9 (C-8 EA), 40.0 (C-1 EA), 39.9 (C-4 EA), 38.2 (C-10
EA), 36.8 (CH2(a)CONH ac), 36.7 (C-15 EA), 36.4 (C-21 EA), 35.0
(CH2(a’)CO2H ac), 34.4 (C-7 EA), 33.3 (CH3 C-29 EA), 31.30 (C-22 EA),
31.27 (C-20 EA), 30.58, 30.56, 30.46, 30.41, 30.3, 30.2 (-[CH2(c)]6- V 6
ac), 28.8 (CH3 C-23 EA), 27.9 (C-2 EA), 27.3 (CH3 C-27 EA), 27.2
(CH2(b’)CH2CO2H ac), 26.1 (CH2(b)CH2CONH ac), 25.1 (CH3 C-30 EA),
24.5 (C-11 EA), 19.6 (C-6 EA), 17.9 (CH3 C-26 EA), 16.3 (CH3 C-24 EA),
16.1 ppm (CH3 C-25 EA); HRMS (MALDI) m/z : calcd for
[C60H99NO21Na]+ [M++Na]+ : 1192.6602; found: 1192.6682.

Cellobiosyl-(4-(11-carboxyundecanoamido)-4-deoxygalactosyl)
quillaic acid ester [5 QA(Cel)]: Fully deprotected quillaic acid cello-
biose variant 5 was obtained as a white solid following the corre-
sponding general experimental procedures (see the Supporting In-
formation for complete details). HPLC: tR = 15.70 min, lmax =
195.52 nm; 1H NMR (600 MHz, [D4]MeOH): d= 9.31 (s, 1 H, H-23
CHO QA), 7.97 (d, J = 12.2 Hz, 1 H, NH), 5.33 (d, J = 8.0 Hz, 1 H, H-1
N-Gal), 5.31 (t, J = 3.6 Hz, 1 H, H-12 QA), 4.75 (d, J = 7.9 Hz, 1 H, H-1’
Glc), 4.72 (t, J = 3.1 Hz, 1 H, H-16 QA), 4.40 (d, J = 7.9 Hz, 1 H, H-1’’
Glc), 4.35 (dd, J = 4.8, 1.4 Hz, 1 H, H-4 N-Gal), 4.07 (dd, J = 9.8,
8.0 Hz, 1 H, H-2 N-Gal), 4.03–3.96 (m, 2 H, H-3 N-Gal, H-6’ Glc), 3.93–
3.85 (m, 2 H, H-6’ Glc, H-6’’ Glc), 3.79–3.75 (m, 1 H, H-3 QA), 3.74–
3.66 (m, 2 H, H-5 N-Gal, H-6’’ Glc), 3.55–3.32 (m, 8 H, H-6ab N-Gal,
H-3’, H-4’ and H-5’ Glc, H-3’’, H-4’’ and H-5’’ Glc), 3.25–3.21 (m, 2 H,
H-2’ Glc, H-2’’ Glc), 2.96 (dd, J = 14.3, 4.2 Hz, 1 H, H-18 QA), 2.37–
2.27 (m, 2 H, CH2(a)CONH ac), 2.26–2.23 (m, 2 H, CH2(a’)CO2H ac, H-
19a QA), 2.00–1.89 (m, 4 H, H-11ab, H-22a, H-21a QA), 1.79–1.66 (m,
6 H, H-22b, H-15b, H-1b and H-9 QA, CH2(b’)CH2CO2H ac), 1.65–1.50
(m, 6 H, H-6a, H-7a and H-2ab QA, CH2(b)CH2CONH ac), 1.39 (s, 3 H,
CH3 C-27 QA), 1.38–1.28 (m, 15 H, H-5, H-15b and H-7b QA,
-[CH2(c)]6- V 6 ac), 1.17–1.10 (m, 2 H, H-21b and H-1b QA), 1.07 (dd,
J = 12.9, 2.9 Hz, 1 H, H-19b QA), 1.02 (s, 3 H, CH3 C-24 QA), 1.00 (s,
3 H, CH3 C-25 QA), 0.95 (s, 3 H, CH3 C-30 QA), 0.94–0.90 (m, 1 H, H-
6b QA), 0.89 (s, 3 H, CH3 C-29 QA), 0.78 ppm (s, 3 H, CH3 C-26 QA);
13C NMR (201 MHz, [D4]MeOH): d= 208.7 (CHO QA), 178.3 (CONH
ac), 178.2 (CO2H ac), 177.1 (CO2 C-28 QA), 145.0 (C-13 QA), 123.1
(C-12 QA), 104.8 (C-1’’ Glc), 104.1 (C-1’ Glc), 94.6 (C-1 N-Gal), 81.5
(C-4’ Glc), 78.2 (C-4’’ Glc), 77.9 (C-3’’ Glc), 76.8 (C-5 N-Gal), 76.7 (C-2
N-Gal, C-5’ Glc), 76.6 (C-3’ Glc), 75.5 (C-2’ Glc), 74.9 (C-2’’ Glc), 74.3
(C-16 QA), 73.7 (C-3 N-Gal), 72.9 (C-3 QA), 71.3 (C-5’’ Glc), 62.45 (C-
6’ Glc), 62.36 (C-6’’ Glc), 61.9 (C-6 N-Gal), 56.8 (C-4 QA), 52.1 (C-4 N-
Gal), 49.9 (C-17 QA), 48.7 (C-5 QA), 48.1 (C-9 QA), 47.8 (C-19 QA),
42.6 (C-14 QA), 42.0 (C-18 QA), 41.2 (C-8 QA), 39.5 (C-1 QA), 37.0
(C-10 QA), 36.75 (CH2(a)CONH ac), 36.72 (C-15 QA), 36.4 (CH2(a’)CO2H
ac, C-21 QA), 33.6 (C-7 QA), 33.3 (CH3 C-29 QA), 31.35 (C-20 QA),
31.28 (C-22 QA), 30.8, 30.6, 30.4, 30.3 (-[CH2(c)]6- V 6 ac), 27.3 (CH3 C-
27 QA), 27.2 (C-2 QA), 27.0 (CH2(b’)CH2CO2H ac), 26.6
(CH2(b)CH2CONH ac), 25.1 (CH3 C-30 QA), 24.5 (C-11 QA), 21.8 (C-6
QA), 17.9 (CH3 C-26 QA), 16.3 (CH3 C-25 QA), 9.4 ppm (CH3 C-24
QA); HRMS (MALDI) m/z : calcd for [C60H97NO22Na]+ [M++Na]+ :
1206.6394; found: 1206.6393.

Cellobiosyl-(4-(11-carboxyundecanoamido)-4-deoxygalactosyl)
echinocystic acid ester [6 EA(Cel)]: Fully deprotected echinocystic
acid cellobiose variant 6 was obtained as a white solid following
the corresponding general experimental procedures (see the Sup-
porting Information for complete details). HPLC: tR = 19.51 min,
lmax = 196 nm; 1H NMR (600 MHz, [D4]MeOH): d= 5.33 (d, J = 8.0 Hz,
1 H, H-1 N-Gal), 5.30 (t, J = 3.6 Hz, 1 H, H-12 EA), 4.75 (d, J = 7.9 Hz,
1 H, H-1’ Glc), 4.71 (t, J = 3.5 Hz, 1 H, H-16 EA), 4.43 (d, J = 7.9 Hz,
1 H, H-1’’ Glc), 4.36 (d, J = 4.7 Hz, 1 H, H-4 N-Gal), 4.08 (dd, J = 9.8,
8.0 Hz, 1 H, H-2 N-Gal), 4.04–3.97 (m, 2 H, H-3 N-Gal, H-6’a Glc),
3.94–3.87 (m, 2 H, H-6b“ Glc, H-6a’’ Glc), 3.75–3.65 (m, 2 H, H-5 N-
Gal, H-6b’’ Glc), 3.56–3.50 (m, 3 H, H-4’ Glc, H-6a N-Gal, H-3’ Glc),
3.47–3.41 (m, 2 H, H-6b N-Gal, H-5’ Glc), 3.40–3.32 (m, 3 H, H-3’’, H-
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4’’ and H-5’’ Glc), 3.29–3.22 (m, 2 H, H-2’ Glc, H-2’’ Glc), 3.15 (dd, J =
11.4, 4.7 Hz, 1 H, H-3 EA), 2.95 (dd, J = 14.3, 3.6 Hz, 1 H, H-18 EA),
2.39–2.19 (m, 5 H, CH2(a)CONH and CH2(a’)CO2H ac, H-19 EA), 2.00–
1.86 (m, 4 H, H-22a, H-21a, H-11ab EA), 1.79–1.71 (m, 2 H, H-15a, H-
22b EA), 1.70–1.49 (m, 10 H, H-9 and H-1a EA, CH2(b’)CH2CO2H and
CH2(b)CH2CONH ac, H-2ab, H-6a and H-7a EA), 1.47–1.27 (m, 18 H,
including 1.35 [s, 3 H, CH3 C-27], H-6b, H-7b and H-15b EA,
-[CH2(c)]6- V 6 ac]), 1.18–1.10 (m, 1 H, H-21b EA), 1.06 (dd, J = 12.8,
3.4 Hz, 1 H, H-19b EA), 1.04–0.99 (m, 1 H, H-1b EA), 0.98 (s, 3 H, CH3

C-23 EA), 0.97–0.93 (m, 6 H, CH3 V 2 [C-25 and C-30 EA]), 0.89 (s,
3 H, CH3 C-29 EA), 0.80–0.77 (m, 6 H, CH3 V 2 [C-26 and C-24 EA]),
0.77–0.73 ppm (m, 1 H, H-5 EA); 13C NMR (151 MHz, [D4]MeOH): d=
178.3 (CONH ac), 177.8 (CO2H ac), 177.1 (CO2 [C-28] EA), 144.7 (C-
13 EA), 123.4 (C-12 EA), 104.8 (C-1’’ Glc), 104.1 (C-1’ Glc), 94.6 (C-1
N-Gal), 81.3 (C-4’ Glc), 79.7 (C-3 EA), 78.1 (C-4’’ Glc), 77.9 (C-3’’ Glc),
76.8 (C-5 and C-2 N-Gal), 76.7 (C-5’ Glc), 76.5 (C-3’ Glc), 75.5 (C-2’
Glc), 74.9 (C-2’’ Glc), 74.4 (C-16 EA), 73.7 (C-3 N-Gal), 71.2 (C-5’’ Glc),
62.4 (C-6’ Glc), 62.3 (C-6’’ Glc), 61.9 (C-6 N-Gal), 56.9 (C-5 EA), 52.0
(C-4 N-Gal), 50.1 (C-17 EA), 48.2 (C-9 EA), 47.7 (C-19 EA), 42.6 (C-14
EA), 42.1 (C-18 EA), 40.9 (C-8 EA), 40.0 (C-1 EA), 39.9 (C-4 EA), 38.2
(C-10 EA), 36.8 (CH2CONH ac), 36.7 (C-15 EA), 36.3 (C-21 EA), 35.0
(CH2CO2H ac), 34.3 (C-7 EA), 33.3 (CH3 C-29 EA), 31.2 (C-20 EA), 31.1
(C-22 EA), 30.6, 30.5, 30.45, 30.39, 30.3, 30.2 (-[CH2(c)]6- V 6 ac), 28.8
(CH3 C-23 EA), 27.9 (C-2 EA), 27.3 (CH3 C-27 EA), 27.2
(CH2(b’)CH2CO2H ac), 26.1 (CH2(b)CH2CONH ac), 25.2 (CH3 C-30 EA),
24.5 (C-11 EA), 19.6 (C-6 EA), 18.0 (CH3 C-26 EA), 16.3 (CH3 C-24 EA),
16.1 ppm (CH3 C-25 EA); HRMS (MALDI) m/z : calcd for
[C60H99NO21Na]+ [M++Na]+ : 1192.6602; found: 1192.6643.

Further experimental details are available in the Supporting Infor-
mation.
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