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ABSTRACT:

Since the influenza viruses can rapidly evolveisiturgently required to develop novel
anti-influenza agents possessing a novel mechawfraction. In our previous study, two
pentacyclic triterpene derivative®8 andY 3) have been found to have anti-influenza virusyentr
activities. Keeping the potential synergy of biotay activity of pentacyclic triterpenes and
L-ascorbic acid in mind, we synthesized a seriesovkl L-ascorbic acid-conjugated pentacyclic
triterpene derivatives18-26, 29-31, 35-40 and 42-43). Moreover, we evaluated these novel
compounds for their anti-influenza activities aghiA/WSN/33 virus in MDCK cells. Among all
evaluated compounds, the Z3-dibenzyl-6-deoxy-L-ascorbic acid-betulinic acichfigyate 80)
showed the most significant anti-influenza actiwtith an EGq of 8.7 uM, and no cytotoxic
effects on MDCK cells were observed. Time-of-additassay indicated that compoulacted
at an early stage of the influenza life cycle. Rertanalyses revealed that influenza virus-induced
hemagglutination of chicken red blood cells washited by treatment of compourgd, and the
interaction between the influenza hemagglutinin YH%&d compound30 was determined by
surface plasmon resonance (SPR) with a dissociatoistant of I§ = 3.76uM. Finally, silico
docking studies indicated that compowBtdand its derivative1 were able to occupy the binding
pocket of HA for sialic acid receptor. Collectivelthese results suggested that L-ascorbic
acid-conjugated pentacyclic triterpenes were primmiginti-influenza entry inhibitors, and HA

protein associated with viral entry was a promigingg target.

Keywords: Influenza virus, pentacyclic triterpene, L-ascorécid, entry inhibitor, hemagglutinin,

sialic acid receptor



1. Introduction

Influenza viruses cause substantial morbidity amdtatfity through routine seasonal spread
and seasonal epidemics. Currently, anti-influefieaapies include universal influenza vaccines
[1], broadly-neutralizing therapeutic antibodie$ §d small-molecule inhibitors [3]. However,
the high mutation rate of the RNA genome of th&ugfiza virus, combined with assortment of its
multiple genomic segments, promotes antigenic dityeand new subtypes, allowing the virus to
avoid vaccines and become resistant to antiviragslf4]. For example, the 2008-2009 H1N1
strain of influenza exhibits 100% resistance against Tamiflu (oseltamivir) [Hjerefore, there
is a continuous and urgent need for preventioneatinent strategies that can cover a broad range
of viral strains and subtypes. As the first steptevent virus infection, a favorable target for
drug discovery is to inhibit influenza virus entmgsulting in an efficient blockage of virus
propagation [6-7]. It would be an effective apptoat anti-influenza, and it could prevent the
infection of influenza as vaccination since manys@s share similar entry routes. Moreover, it
also might be a type of broad-spectrum anti-infagemhibitor, and the resistance is less likely to
occur [8]. One possible strategy is to target fléicsacid (also namedl-acetylneuraminic acid,
Neu5Ac) receptor-binding hemagglutinin (HA) glycommin to disrupt the interactions between
the viral particles and host cell proteins [9]. &he major surface envelope protein of influenza
viruses A and B, and it carries essential functionghe viral life cycle. The entry of influenza
virus is mediated by attachment through HA bindiog sialic acid receptors on the host
membrane and then internalization of viral partidigo the late endosome [10]. A large portion
of the sialic acid receptor-binding sites is higbbnserved for the recognition of the common
ligands. The critical role of HA in influenza entmgnders it an attractive target for the
development of prophylactic and therapeutic arfti@nza virus drugs that prevent viral infection
at the first stage [11-12].

Pentacyclic triterpenes are secondary plant mdtaband biosynthetically derived from the
cyclization of squalene [13]. It is generally bebe that their physiological functions enhance the
immunity of host plants and increase plant restdao pathogens [14]. Many of these naturally
occurring compounds exhibit a variety of antivieattivities, such as anti-HIV [15], anti-HCV
[16], anti-influenza [17], anti-HSV [18] and so dn. our previous studies [19-24], we have also
found that echinocystic acid (EA, Fig. 1), an olmastype triterpene, displays substantial
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inhibitory activity on HCV entry with one derivativshowing Eg, at nanomolar level. In view of
significant inhibitory effects of pentacyclic tnifeene on broad antiviral spectrum, we sought to
learn whether such triterpenes were also activensigmfluenza viruses. Recently, we found that
Q8, an EA—galactose conjugate, and it ana¥@®j(Fig. 1) are the most potent entry inhibitors
against influenza A/WSN/33 virus with E€values of 5.0 and 14,2\, respectively [25]. The
molecular basis of their activity is potentiallyedto their high affinity to HA protein, thus leadin

to the blockage of HA-SA receptor interaction ahd attachment of influenza viruses to host
cells.

(Figurel)

L-ascorbic acid (vitamin C, Fig. 2), which is udyahentioned as an essential nutrient for
humans and a reducing agent to scavenge free Igdizs been also shown to have antiviral
activity against a broad spectrum of RNA and DNAIsesin vitro [26-27]. Some derivatives of
L-ascorbic acid, such as 1,2,4-triazole and imitiaf28], 2-0-phosphate [29], B-glycoside [30]
and nucleoside derivatives [31-33], have been fdortthve antiviral activitiedn vivo, oral and
intravenous administration of L-ascorbic acid hasrbproved to have clinical improvements in
patients with influenza virus [34], hepatitis C usr [35], herpes simplex virus [36] and
Epstein-Barr virus infection [37]. In addition, Is@orbic acid is a weak acid (pk 4.2) with
multi-hydroxyl side chain structurally related t@le acid, which is the primary receptor for
influenza A virus during the attachment of virugesthe host cells. In the development of
neuraminidase (NA) inhibitors, many analogs of isialacid (Neu5Ac), such as
2-deoxy-2,3-dehydrdN-acetylneuraminic acid (Neu5Ac2en) and the 4-guanidanalog of
Neu5Ac2en (zanamivir), are found to inhibit NA wighpotency similar or more stronger than
sialic acid (Fig. 2)[38-41]. Therefore, L-ascorlzicid has been considered as a useful synthetic
precursor to many molecules of potential biologigdity [42-44].

(Figure 2)

To continue our studies towards the developmentovkl antiviral inhibitors [19-24], we
prepared new types of molecules containing pentacyiterpene (EA, oleanolic acid (OA),
ursolic acid (UA) and betulinic acid (BA)) moietiesnnected to L-ascorbic acid via triazole and
amide linker in the present study. In addition, weport the synthesis, NMR, anti-influenza

activity and docking studies in this paper.



2. Resultsand discussion
2.1 Chemistry

There are four hydroxy groups in the L-ascorbicaoblecule, and two of them are enol
hydroxy groups. Many investigations have pointet tbat the two hydroxy groups at C-2 and
C-3 play particularly important roles to maintaia inherent biological activitin vivo [45]. On
the contrary, the 6-hydroxy group of L-ascorbicdabias been proved to be unimportant in
transport and function of this vitamin [46-48]. Bece of these reports, we also focused on the
preparation of C-&-modified L-ascorbic acid derivatives.

(Scheme 1)

Scheme 1 outlines that the 6-deoxy-6-azide@ 3-dialkyl-L-ascorbic acidq9 and10) and
6-deoxy-6-amino-2,8,0-dibenzyli-ascorbic acid I1), key intermediates for coupling with
pentacyclic triterpene (OA, EA, UA and BA), werenlyesized from the starting L-ascorbic acid.
Briefly, the treatment of L-ascorbic acid with adathloride in acetone was performed to afford
the 5,6-ketal of L-ascorbic aci@)(according to the procedure described by Spickimereand
Tahir with minor modifications [47-48]. Benzylatiar methylation of the C-2 and C-3 hydroxy
groups of the lactone ring iB was accomplished using80; and methyl iodide or benzyl
bromide in DMF to provid&® and4, respectively. Deblocking of the 5(BO-protected derivative
of L-ascorbic acid or 4 with 2N HCI in THF-CHOH solution gave 2,8,0-dialkyl-L-ascorbic
acid 6 and6). Tosylation of the C-6 hydroxy group Bor 6 using TsCl in the presence of
triethylamine provided ®-tosyl-2,30,0-dialkyl-L-ascorbic acid { and8). This was followed
by nucleophilic substitution with sodium azide iiMB to provide the key intermediat@sand10.
Subsequent reduction of the azide groufidnwas carried out through the treatment withAPim
THF/HO (1:1) to yield intermediatél.

(Scheme 2)

Compounds15-17 and 28 were prepared from OA, EA, UA and BA, respectiyedg
previously described [19, 21-22]. Coupling of therith key intermediate®® and 10 via click
reaction in THF/HO (1:1) in the presence of a catalytic amount gfpew sulfate and sodium
ascorbate yielded pentacyclic triterpene derivativie2,30,0-dialkyl-L-ascorbic acid18-21, 23,

25 and29-30). Debenzylation o1, 23, 25 and30 was accomplished by hydrogenolysis, yielding
22, 24, 26 and31, respectively (Scheme 2). While the hydrogenatibthe double bon@0 (29)
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of compound30 did not occur under this condition (300 kPa), véasra higher pressure, such as
800 kPa, could ensure the reaction to be fully detepg [52]. Activation of the carboxyl group of
pentacyclic triterpene with 2benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
tetrafluoroborate (TBTU) gave the stable intermttid2-34 and41, and then condensation with
intermediate 11 in the presence of EDC thus vyieldg, 37, 39 and 42, followed by
hydrogenolysis with 10% Pd/C to affoi®6, 38, 40 and 43, respectively (Scheme 3). The
structures of all L-ascorbic acid-triterpene comjieg were characterized iy NMR, °C NMR
and ESI-HRMS.

(Scheme 3)
2.2 Biological assays
2.2.1 Anti-influenza A/WSN/33 virus activity

As part of our biological profiing, we evaluatetiet newly synthesized pentacyclic

triterpene-L-ascorbic acid conjugateE3-6, 29-31, 35-40 and 42-43) against the influenza
A/WSN/33 (H1N1) virus that was propagated in MDC#ls by the CellTiter-Glo assay and the
cytopathic effect (CPE) reduction assay [50]. Mewxp we employed the CellTiter-Glo
screening, an assay used to monitor cell prolif@matto screen and exclude compounds with
significant toxicity toward MDCK cells. The CPE sening, an assay to determine the damage to
host cells during virus invasion, was used to stieed identify compounds with a reduction of
the CPE on influenza A/WSN/33 virus. Except commtsul, 23, 25, 30, 31 and 42-43
significantly reduced the viral CPE in the CellTi®lo assay, all the other compounds had
cytotoxicity at the same concentration (Table 1 ahdCompound0 exhibited the most potent
anti-influenza virus activity with an Egof 8.7 uM (Figure 3A), while no cytotoxicity against
uninfected MDCK cells was observed at a concewtnatif 200uM. The reduction of CPE was
confirmed by direct microscopic observation, whitgtected far less CPE than that in the DMSO
control (Figure 3B).

(Tablel)

(Table?2)

(Figure3)

2.2.2 Structure-activity relationship



Further analysis of the structure-activity relasbip of the L-ascorbic acid-triterpene
conjugates revealed a clear co-relationship asnpateanti-influenza virus agents. Analogues
exhibited a variety of anti-influenza virus actieg dependent on the substituent groups of
L-ascorbic acid, the linker and triterpene skeleton

Table 1 shows that substituents at C-2 and C-3dxydgroups of L-ascorbic acid exerted
important effects on the antiviral potency. Thetletic analogs showed high activities when they
had a common structural feature, the @,8-dibenzyl substitution of L-ascorbic acid. These
results also confirmed that all conjugates (compsl2l, 23, 25, 35, 37 and 39) with such
structural property showed high inhibitory rate asfti-influenza virus at a dose of M no
matter the triterpene skeleton was OA, EA, UA or, BAthe linker moiety was 1,2,3-triazole or
amide bond. However, the removal of benzyl groupsCe2 and C-3 hydroxyl groups
(compound=22, 24, 26, 36, 38 and40) resulted in the loss of anti-influenza activitihis result
might be caused by the reduction of hydrophobicityjch decreased the affinity of L-ascorbic
acid-triterpene conjugates to the protein targdizreover, most L-ascorbic acid-BA conjugates
(compounds30-31 and 42-43) exhibited substantial effects against influenz&V8N/33 virus
activity, except for compoun@9 which possessed cytoxicity against uninfected DMCK cells.
CPE reduction assay revealed that compoBbeexerted the most potent anti-influenza virus
activity with an EGq of 8.7 uM (Fig. 3A), which was in the same order as thainfb for the
reference anti-influenza drug oseltamivir gg& 12.5uM), and no cytotoxicity effects were
observed on MDCK cells. In addition, pentacyclic itenpene derivatives of
2,3-0,0-dimethyl-L-ascorbic acid derivatives (compounti3-20 and 29) showed obviously
cytotoxicity, which was also consistent with oureyiously studies that p&-methylated
cyclodextrin-triterpene conjugates also exhibit sodegree of cytotoxicity at bBM and strong
cytotoxicity at 50uM in MDCK and 293T cell lines [22]. Clearly, the @Bl groups at C-2 and
C-3 of L-ascorbic acid are an unfavorable groughi@ scaffold of triterpene-L-ascorbic acid
conjugates for antiviral effects. Furthermore, tDEE assay indicated that compouB an
analogue oR21 in which the 1,2,3-trizole linker was replaced dy amide bond, had potency
almost identical to that &1, and similar results were also found for othed@maes 23 vs. 37,
25vs.39, 30 vs.42 and31 vs.43), indicating the compatibility of 1,2,3-trizole diamide linkers

for anti-influenza A/WSN/33 virus.



2.2.3 Compoung0 inactivates virions and prohibits influenza viristry

In order to characterize at which stage(s) of vilites cycle was affected by L-ascorbic
acid-triterpene conjugates, we first sought to mheitee if they acted on viruses or on host cells. A
time-of-addition experiment usir@p as a representative was carried out [49]. We adtrited
compound30 at various time points (0, 2, 4, 6, 8 h) post ititet The reduction of NP protein
level at the interval 0-10 h (covering the whoke Icycle) and 0-2 h (covering the entire viral
entry process) indicated tha® was only effective at the attachment or the fusibrirus with
host cell (Figure 4A). There was no inhibitory etféor the remaining steps, such as viral genome
replication/translation or virion assembly/relea$bese results suggested tl38t acted in the
early stage of the influenza virus replication eydhcluding entry and/or an early replication
phase.

Then three experiments were conducted in paralf@juding the co-treatment, the
pre-treatment of cells and the pre-treatment afsyim order to clarify whether the host cell cg th
influenza virus was targeted. In the co-treatmestig, compound0 at a concentration of 5M
exerted an inhibition rate of 75%, while the pratment of virus led to an inhibition rate of 87%
(Figure 4B). We concluded that compou@itargeted the influenza virus particles but not host
cells, which was consistent with our previous st[itB].

2.2.4 Inhibition of HA by compourgd

Since compoun@0 could inhibit the early step of the influenza Aud life cycle by acting
on the virus and but not on the cells, we investidahe effect of it on the activity of the
influenza A virus surface proteins HA [51]. It iselvknown that influenza virus HA plays an
essential role in virus infection. The attachmeedrated by HA initiates the fusion of the viral
envelope with the host membrane to release thé gmaome into the target cells. Influenza A
virus HA can bind to sialic acid on the surfaceRBCs, causing agglutination. Therefore, we
performed a hemagglutination inhibition (HI) astayexamine whether compourd® blocked
the ability of virus particles to bind to cell rgxters. Influenza A virus A/WSN/33 was pretreated
with compound30 for 1 h before the addition of chicken erythrosytand a further incubation
was conducted at RT for 1 h. Compoudd inhibited the binding of the influenza A virus

A/WSN/33 to chicken erythrocytes, showing similaapability as anti-HA antibody. The



inhibitory effect was in a concentration-depender@nner, indicating that compour8d, as
anti-HA antibody, shared the same target-HA (FiglCg.
2.2.5 Binding kinetics by surface plasmon resondB8&R)

We then used SPR experiment to study the kinetidsgaiantify the interaction between the
active compound30 and31 and HA protein.

The results implied that botB0 and 31 could bind to the HA protein immobilized on the
CMS5 chip, and Figure 4D shows the dose-dependspbreses. The Kvalues for30 and31 were
calculated as 3.78M and 8.04uM, respectively. It was found that the weaker iitbib31 had
less effect ks than 30, suggesting that the potency of the compound agé#ne influenza virus
was directly correlated to the inhibition of the t#alic acid receptor interaction. The affinity of
these compounds to HA protein was correlated wethéir antiviral effects, supporting that HA
protein was a potential target 80.

(Figure 4)
2.2.5 Blind docking calculation

Molecular docking is a frequently used tool in cangp-aided structure-based rational drug
design. In this study, the newly synthesized L-dsicoacid-triterpene conjugates were docked
into the influenza HA protein, which was obtainewnfi the RCSB Protein Data Bank,
http://www.rcsb.org/pdb/home/home.do, using Autoloéc program.

To predict the binding mode of the newly synthedizempounds, we first performed a
docking study of compound@® and31. In view of HA (HA1) as the potential interrupti@vent,
we performed blind docking calculations to investéy such possibilities. We employed blind
docking calculations in order to figure out thegattal interruption event &0 and31 within HA
(HAL). The docked conformations of H20 were determined based on the minimum free energy
analyses. The computer-aided docking data suggéistedcompound$80 and 31 exhibited a
similar binding mode a¥ 3, occupying the binding pocket for sialic acid netoe (Figure 5) with
an estimated binding energy of -9.94 and -8.56/kwa| and an inhibition constant k= 51.64
and 122.51 nM, respectively. This result suggesitatithe two compounds, especié@ly; could
bind tightly to HA protein. One of the influenzarws receptors is the terminal sialic acid of
cellular glycoproteins, which binds the shallow egsion located at the top of HA1 domain. For
all subtypes of influenza viruses, the HA protaircomposed of highly conserved HA1 and HA2
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domains, which are essential for sialic acid remegiinding and viral envelope fusion,
respectively [53].

The computer-aided docking data indicated that 3H@H of the BA moiety formed a
hydrogen bond with K222, and the carbonyl oxygermabf BA moiety made a hydrogen bond
with H183. For the L-ascorbic acid moiety, besitteshydrophobic interaction, the G=Bbenzyl
substitution of L-ascorbic acid occupied the naroawity and engaged ifiz stacking interaction
with W153 residue. Among these, H183 and L194 waitcal for sialic acid binding via
hydrogen bonds. Most of the remaining interactiaese within the 190 helix (residues 190-198),
the 130 loop (residues 135-138) and the 220 loesidues 221-228), which were all important
for sialic acid binding and consistent with thenfi@r studies off3. These docking data were
consistent with results from SAR studies, in paitc the requirement fad-benzyl groups in the
L-ascorbic acid residue and the 3-hydroxyl grouthenBA moiety.

Docking studies indicated that the 3-hydroxyl gradiphe betulinic acid®-benzyl groups of
the L-ascorbic acid and several other residues wstieal in sialic acid binding. To make sure
the key residues could be kept in proper distarmm @osition, the 1,2,3-triazole played an
important role. The five-membered E-ring of BA pegok had influence on the hydrogen bond of
carbonyl oxygen atom with H183, which also expldiméhy the L-ascorbic acid-BA conjugates
had better activity.

(Figure5)
3. Conclusions

In conclusion, we synthesized a series of L-ascoabid-conjugated pentacyclic triterpene
(OA, UA, EA and BA) derivatives in the present studnd their anti-influenza activitiyn vitro
was tested. A systemic exploration of pharmacokddgictivities of the compounds showed that
conjugation of triterpene withO-benzyl substitution L-ascorbic acid was the stradt
requirements for maintenance of high activity. dldiéion to this, it was clear based on our SAR
results that the incorporation @-benzyl substitution groups into L-ascorbic acichsiderably
enhanced the anti-influenza virus potential withcytotoxicity. Taken together, compoufi@, a
BA-L-ascorbic acid conjugate, showed better arftugnza virus activity than other types of
triterpenes. Similar tdr3, the molecular basis of its activity was potehtiaue to the high
affinity to HA protein, thus blocking the attachmerf influenza viruses to cells. Docking studies
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suggested that these compounds occupied the cedspocket for sialic acid receptor, which

was consistent with the SAR data. There resultdirooed that the suitable incorporation of

L-ascorbic acid into the triterpene entity enakdedachievement of higher inhibitory potency of
anti-viruses. This study suggested that L-ascoaloid-conjugated pentacyclic triterpenes were
promising anti-influenza entry inhibitors, and HAofein associated with viral entry was a
promising drug target

4. Experimental section

4.1 General information

Materials. Madin-Darby canine kidney (MDCK) cells and humanbeyonic kidney 293T
(HEK293T) cells were grown in Dulbecco’s Modifiecddle Medium (DMEM) (Gibco BRL. Inc.,
Gaithersburg, MD, USA) supplemented with 10% féiaine serum (FBS) (PAA Laboratories,
Linz Austria) at 37 °C under 5% GOThe following virus was used in this study: ihza
A/WSN/33 (H1N1) virus.

Mouse anti-NP monoclonal antibody and rabbit andiFGH polyclonal antibodies were
purchased from Santa Cruz Biotechnology Inc. (S&@taz, CA. USA). Rabbit monoclonal
antibodies against influenza virus HA (H1N1) weupdied from Sino Biological Inc. (Beijing,
China). The anti-rabbit IgG and anti-mouse IgG ogajed with horseradish peroxidase (HRP)
were obtained from Sigma-Aldrich (St. Louis, MO, A)S

OSV of 98% purity (Hoffmann-La Roche Ltd., Baselyierland) was used as reference
compounds in CPE reduction assay. OA and UA werdlkisupplied by Nanjing Zelang Medical
Technology Co., Ltd (Nanjing, China) and Anboruiaotechnology Co. Ltd (Nanjing, China),
respectively. BA was supplied by Aladdin-Reagent d (Shanghai, China). EA was separated
from the ethanol/kD crude extract ofGleditsia sinensis Lama traditional Chinese herbal
medicine. All the compounds were dissolved in DMBQ0 mM as a stock solution.

Chemistry. High-resolution mass spectra (HRMS) were obtaingd an APEX IV FT_MS
(7.0 T) spectrometer (Bruker) in positive ESI mod@&IR spectra were recorded on a Bruker
DRX 400 spectrometer at ambient temperature. Crarshifts of*H NMR were referenced to
the internal standard TMS{ = 0.00) or the solvent signad{ = 3.31 for the central line of
MeOD). Chemical shifts ofFC NMR were referenced to the solvent sigréal € 77.00 for the
central line of CDQ, dc = 49.00 for the central line of MeOD). Reactionsre&v monitored by
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thin-layer chromatography (TLC) on a 6&/Jplate (pre-coated with silica gel, layer thicknegs
0.2 mm; E. Merck, Darmstadt, Germany) and detedtgdstaining with a yellow solution
containing Ce(Nk)2(NO3)s (0.5 g) and (N)sM070,4-4H0 (24.0 g) in 6% BLSO, (500 mL),
followed by heating.

4.2 General procedures

Compound? was synthesized from L-ascorbic acid, accordinthéoprocedure described by
Spickenreither and Tahir with minor modification®7{48]. Benzylation or methylation of the
C-2 and C-3 hydroxy groups of the lactone rin@ iwas accomplished using.®0O; and benzyl
bromide or methyl iodide in DMF to provid& or 4, respectively. Deblocking of
5,6-0O,0-protected-L-ascorbic acid intermediates with 2 IHh THF-CHOH solution gave
2,3-0,0-dialkyl-L-ascorbic acidg or 6). Then tosylation of C-6 hydroxy group fhor 6 using
TsCl in the presence of triethylamine provide@-&esyl-2,30,0-dialkyl-L-ascorbic acid{ or 8).
This was followed by nucleophilic substitution witodium azide in DMF to provide the key
intermediate® or 10. Subsequent reduction of the azide groufdmwas carried out through the
treatment with PP in THF/HO (1:1) to yield intermediat#l [47, 54-56]. The detailed synthesis,
'H and**C NMR data of compound8, 10 and11 are available in the supporting information.

Compoundsl5-17, 28, 32-34 and41 were synthesized using previously published method
[19-23].

4.2.1 General procedure for clidhemistry reaction (method A)

The starting material compoun8sor 10 (1 equiv.), CuS@Q5H,0 (1.2 equiv.) and sodium
ascorbate (2.4 equiv.) were added to a solutioooafpound triterpenoid substituted by alkynyl
(1.2 equiv.), respectively, in mixture solvant dif/H,O (1:1). The mixture was stirred at room
temperature over night and monitored by TLC. Thganic phase was extracted with £CH},
dried over sodium sulfate and concentrated undduced pressure. The obtained residue was
purified by column chromatography on a silica geing a gradient mixture of petroleum
ether/ethyl acetate with increasing polarity aglaent.

4.2.2 General procedure for reduction reaction (noet B)

The starting material (1 equiv.) was dissolved iaQH (6 mL), and palladium—carbon (0.1
equiv.) was added. The suspension was degassedvaudeim and urged with Hor three times,
and then it was stirred undeg Balloon at room temperature for 24 h. The suspensas filtered
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through a pad of Celite, and the pad cake was wiaslith CH;OH. The combined filtrate was
concentrated to dryness. The residue was subjezféash chromatography to afford the product.
4.2.3 General procedure for amide bond formaticactsn (method C)

EDC (1.1 equiv.) was added to a stirssdution of compound.l (1 equiv.) and triterpenoid
substituted by OBt (1 equiv.) and 4-DMAP (1.1 equim THF, and the mixture was then stirred
at room temperature for 12 h. The precipitate villerdéd and washed with GBl,. Purification
by TLC was performed on a silica gel (petroleunedtthyl acetate) to yield the product.

4.2.4 6-azido-6-deoxy-2,3-di-O-methoxy-L ascorloid €9)

To solution of compound (500 mg, 1.4 mmol) in DMF, NajN(181 mg, 2.79 mmol) was
added at room temperature, and mixture was stime@0 min. Temperature was then raised to
60 °C, and reaction solution was stirred overnigfgaction was terminated and concentrated by
evaporationn vacw. Purification of crude product mixture was pemfied on silica gel column
chromatography (petroleum ether/ethyl acetate=to:3jeld compound® as white oil (240 mg,
75 %)."H NMR (400 MHz, MeOD):s 4.77 (s, 1H), 4.73 (d, 1H, = 1.9 Hz), 4.18 (s, 3H), 3.96
(m, 1H), 3.79 (s, 3H), 3.50 (m, 1H), 3.38 (m, 1HE NMR (100 MHz, MeOD):§ 171.68,
159.64, 124.19, 77.32, 69.33, 61.16, 60.11, 54EKI:HRMS Calcd for gH1:Nz0s [M+H]™:

230.0771; found 230.0772.

425 1-[2-(3,4-bis-methoxy-5-0x0-2,5-dihydro-fuiziyl)-2-hydroxy-ethyl]-4-[N-(B-hydroxy-
olean-12-en-28-oyl)-aminojmethyl-1H-1,2,3-triaz{18)

Compoundl8 was prepared from compounts (587 mg, 1.19 mmol) ané (227 mg, 0.99
mmol) according to general procedure A. The resid@es purified by gradient mixture of
petroleum ether/ethyl acetate with increasing jitglais an eluent to yield tHi8 as a white solid
(620 mg, 87 %)'H NMR (400 MHz, CDC)): 6 7.74 (s, 1H), 6.82 (s, 1H), 5.30 (s, 1H), 5.19 (d,
1H,J = 6.0 Hz), 4.54 (m, 3H), 4.29 (m, 3H), 4.06 (538175 (s, 3H), 3.11 (m, 1H), 2.52 (d, 1H,
J =10.8 Hz), 1.06, 0.89, 0.82, 0.82, 0.78, 0.692(s, each 3H), 0.62 (d, 1B~ 10.1 Hz);*C
NMR (100 MHz, CDC}): § 178.31, 169.11, 156.92, 144.20, 143.76, 124.12,982 122.93,
78.52, 75.45, 68.21, 60.25, 59.25, 54.85, 52.39FHM7.25, 46.29, 45.93, 41.59, 39.04, 38.47,
38.24, 36.63, 34.63, 33.82, 32.76, 32.26, 32.13}{83®7.87, 26.97, 26.78, 25.53, 23.37, 23.16,
18.01, 16.23, 15.44, 15.07; ESI-HRMS Calcd fofHgaN,O; [M+H]™: 723.4691, found

723.4685.
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4.2.6 1-[2-(3,4-bis-methoxy-5-0x0-2,5-dihydro-fur2uyl)-2-hydroxy-ethyl]-4-[N-(B,160-
dihydroxy- -olean-12-en-28-oyl)-amino]methyl-1H-B:Ziazole (9)

Compoundl9 was prepared from compountig (293 mg, 0.58 mmol) ané (110 mg, 0.48
mmol) according to general procedure A. The residaes purified by gradient mixture of
petroleum ether/ethyl acetate with increasing piylaxrs an eluent to yield9 as a white solid
(359 mg, 84 %)'H NMR (400 MHz, CDC}): 6 7.73 (s, 1H), 6.97 (s, 1H), 5.45 (s, 1H), 4.87 (s,
1H), 4.53 (m, 3H), 4.29 (s, 4H), 4.07 (s, 3H), 3(863H), 3.14 (d, 1H] = 6.5 Hz), 2.67 (d, 1H]
= 12.3 Hz), 2.18 (t, 1H] = 13.0 Hz), 1.28, 0.90, 0.84, 0.82, 0.79, 0.695(s, each 3H), 0.64 (d,
1H,J = 11.6 Hz);®*C NMR (100 MHz, CDGJ): 6 178.33, 169.33, 157.06, 144.18, 143.37, 124.08,
123.40, 123.16, 78.73, 75.70, 74.79, 68.53, 6®%4318, 55.06, 53.36, 52.59, 48.89, 46.73, 46.58,
41.66, 41.43, 39.43, 38.64, 38.47, 36.80, 35.143%4.20, 32.51, 30.14, 29.57, 27.97, 27.00,
26.65, 24.99, 23.25, 18.14, 16.57, 15.56, 15.49:HF8VIS Calcd for GiHeaN4Og [M+H]™:
739.4640, found 739.4637.

4.2.7 1-[2-(3,4-bis-methoxy-5-0x0-2,5-dihydro-fuizdyl)-2-hydroxy-ethyl]-4-[N-(B-hydroxy-
urs-12-en-28-oyl)-amino]methyl-1H-1,2,3-triaz¢R9)

Compound20 was prepared from compountid (291 mg, 0.59 mmol) antD (112 mg, 0.49
mmol) according to general procedure A. The resid@es purified by gradient mixture of
petroleum ether/ethyl acetate with increasing ftylaas an eluent to yiel@0 as a white solid
(290 mg, 68 %)'H NMR (400 MHz, CDC)): 6 7.72 (s, 1H), 6.79 (s, 1H), 5.25 (s, 1H), 5.19 (m,
1H), 4.55 (s, 2H), 4.47 (m, 1H), 4.25 (m, 3H), 4(863H), 3.75 (s, 3H), 3.11 (br s, 1H), 2.38 (s,
1H), 0.99, 0.89, 0.86, 0.79, 0.77, 0.69, 0.44 &he3H), 0.61 (d, 1HJ = 11.2 Hz)}C NMR
(100 MHz, CDC}): ¢ 178.15, 169.11, 156.91, 144.17, 138.56, 125.93,082 123.02, 78.54,
75.49, 68.23, 60.25, 59.26, 54.88, 53.15, 52.43)4/M%7.35, 47.25, 42.00, 39.39, 39.23, 38.67,
38.47, 38.41, 36.78, 36.61, 34.54, 32.50, 30.592R7.51, 26.83, 24.45, 23.07, 20.96, 18.00,
16.91, 16.25, 15.49, 15.20; ESI-HRMS Calcd fofHgaN,O; [M+H]™: 723.4691, found
723.4692.

4.2.8 1-[2-(3,4-bis-benzyloxy-5-ox0-2,5-dihydroaih2-yl)-2-hydroxy-ethyl]-4-[N-(8-hydroxy-
olean-12-en-28-oyl)-aminojmethyl-1H-1,2,3-triaz{k4)

Compound?1 was prepared from compount!s (211 mg, 0.43 mmol) antD (136 mg, 0.36
mmol) according to general procedure A. The residaes purified by gradient mixture of
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petroleum ether/ethyl acetate with increasing piylaxs an eluent to yiel@l as a white solid
(266 mg, 85 %)'H NMR (400 MHz, CDC)): 6 7.36-7.32 (m, 8H), 7.22 (m, 2H), 6.74 (br s, 1H),
5.51 (s, 1H), 5.22 (d, 1H,= 11.8 Hz), 5.06 (s, 2H), 4.54 (s, 1H), 4.35 (btHd), 3.95 (br s, 1H),
3.52 (m, 1H), 3.35 (m, 1H), 3.21 (m, 1H), 2.78 1#4, J = 12.0 Hz), 2.20 (t, 1H] = 13.3 Hz),
1.34, 0.99, 0.94, 0.90, 0.88, 0.78, 0.74 (s, edd)) C NMR (100 MHz, CDGJ): § 179.55,
169.54, 156.99, 144.30, 143.48, 135.90, 135.31,002928.64, 128.58, 127.75, 125.54, 123.34,
121.26, 78.85, 76.60, 74.86, 73.88, 73.44, 68.94,% 49.25, 46.71, 43.08, 41.84, 41.63, 39.61,
38.72, 38.53, 36.89, 35.23, 35.04, 32.50, 30.1215228.02, 27.09, 26.82, 25.32, 23.37, 18.19,
17.98, 17.00, 15.60; ESI-HRMS Calcd fof8,:N,O; [M+H]": 875.5317, found 875.5318.

4.2.9 1-[2-(3,4-dihydroxy-5-ox0-2,5-dihydro-furaryB-2-hydroxy-ethyl]-4-[N-(B-hydroxy-
olean-12-en-28-oyl)-amino]methyl-1H-1,2,3-triaz{k2)

Compound22 was prepared fror@l (80 mg, 0.09 mmol) according to general procediire
The residue was purified by column chromatogra@i,Cl,/MeOH) to yield22 as a white solid
(50 mg, 80 %) H NMR (400 MHz, MeOD)s 7.85 (s, 1H), 7.73 (t, 1H,= 5.3 Hz), 5.34 (s, 1H),
4.68 (m, 2H), 4.51 (m, 1H), 4.39 (s, 2H), 4.30¢biLH), 3.14 (dd, 1H] = 4.3, 10.8 Hz), 2.78 (d,
1H, J = 10.2 Hz), 2.05 (m, 1H), 1.88 (m, 2H), 1.77 @,V = 13.6 Hz), 1.15, 0.96, 0.94, 0.91,
0.91, 0.77, 0.54 (s, each 3H), 0.72 (d, IH; 11.3 Hz);*C NMR (100 MHz, MeOD)s5 180.28,
172.84, 153.61, 146.06, 144.97, 125.61, 124.16,20209.63, 77.41, 69.22, 56.66, 53.84, 49.85,
48.94, 47.60, 47.45, 42.81, 42.50, 40.56, 39.80M&3&5.79, 35.04, 34.10, 33.75, 33.60, 31.60,
28.76, 28.43, 27.81, 26.52, 24.49, 24.04, 19.43521716.35, 15.94; ESI-HRMS Calcd for
CsoHsoNLO7 [M+H]*: 695.4378; found 695.4368.

4.2.10 1-[2-(3,4-bis-benzyloxy-5-0x0-2,5-dihydreafu-2-yl)-2-hydroxy-ethyl]-4-[N-(B,160-
dihydroxy-olean-12-en-28-oyl)-amino]methyl-1H-1;®jazole (23)

Compound 23 was prepared fralv (211 mg, 0.43 mmol) and0 (136 mg, 0.36 mmol)
according to general procedure A. The residue waiigrl by gradient mixture of petroleum
ether/ethyl acetate with increasing polarity ahmeent to yield th€3 as a white solid (266 mg,
85 %)."H NMR (400 MHz, CDC)): 6 7.73 (br s, 1H), 7.37-7.32 (m, 8H), 7.20 (br s, 26498 (s,
1H), 5.52 (s, 1H), 5.12 (d, 2K,= 11.7 Hz), 5.08 (d, 2H, = 11.4 Hz), 4.57 (m, 3H), 4.35 (m, 4H),
3.20 (m, 1H), 2.73 (d, 1H] = 12.6 Hz), 2.26 (t, 1H) = 13.3 Hz), 1.34, 0.97, 0.91, 0.89, 0.85,
0.75, 0.53 (s, each 3H))C NMR (100 MHz, CDGJ): 6 178.32, 169.35, 156.53, 144.27, 143.42,
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135.76, 135.08, 129.02, 128.77, 128.73, 128.65,762725.92, 123.57, 121.40, 78.86, 76.01,
75.08, 73.97, 73.66, 68.57, 55.13, 52.73, 48.98B2616.65, 41.75, 41.56, 39.52, 38.71, 38.52,
36.87, 35.24, 35.02, 32.56, 32.51, 30.22, 29.6)12&7.11, 26.73, 25.04, 23.33, 18.20, 16.67,
15.56; ESI-HRMS Calcd for 4gH;1N4Og [M+H]": 891.5266, found 891.5266.

4211 1-[2-(3,4-dihydroxy-5-0x0-2,5-dihydro-fur@ayl)-2-hydroxy-ethyl]-4-[N-(B,160-
dihydroxy-olean-12-en-28-oyl)-aminolmethyl-1H-1;®jazole @4)

Compound 24 was prepared fr@3 (104 mg, 0.12 mmol) according to general proce@ure
The residue was purified by column chromatogra@iy,Cl,/MeOH) to yield24 as a white solid
(65 mg, 78 %)'H NMR (400 MHz, MeOD)s 7.84 (s, 1H), 7.56 (t, 1H,= 5.2 Hz), 5.46 (s, 1H),
4.69 (dd, 1H,)= 4.4, 13.9 Hz), 4.63 (d, 1H,= 1.5 Hz), 4.51 (m, 1H), 4.37 (s, 3H), 4.29 (m,)1H
3.14 (dd, 1HJ = 4.8, 11.3 Hz), 2.87 (m, 1H), 2.37 (t, 1H= 13.1 Hz), 1.36, 0.96, 0.95, 0.92,
0.88, 0.77, 0.56 (s, each 3H), 0.73 (d, I 11.1 Hz);"*C NMR (100 MHz, MeOD)s 180.10,
172.98, 154.12, 145.82, 144.82, 125.54, 124.240¥209.62, 77.44, 75.55, 69.21, 56.74, 53.84,
49.92, 49.85, 48.08, 48.02, 42.73, 42.24, 40.68BBAB9.80, 38.03, 36.31, 35.90, 33.88, 33.29,
31.83, 31.20, 28.72, 27.84, 27.31, 25.35, 24.43997.60, 16.34, 16.13; ESI-HRMS Calcd for
CagHsgN4Og [M+H] ": 711.4327, found 711.4311.

4.2.12 1-[2-(3,4-bis-benzyloxy-5-0x0-2,5-dihydreafu-2-yl)-2-hydroxy-ethyl]-4-[N-(8-
hydroxy-urs-12-en-28-oyl)-amino]methyl-1H-1,2,3a#ole ¢5)

Compound 25 was prepared fratvi (193 mg, 0.38 mmol) andl0 (123 mg, 0.32 mmol)
according to general procedure A. The residue waidigrd by gradient mixture of petroleum
ether/ethyl acetate with increasing polarity asearent to yield25 as a white solid (236 mg,
84 %)."H NMR (400 MHz, CDC)): 6 7.76 (s, 1H), 7.35-7.18 (m, 10 H), 6.81 (br s, 1532 (s,
1H), 5.16 (d, 1H,) = 11.7 Hz), 5.05 (s, 2H), 4.52 (m, 6H), 3.16 (rH)11.06, 0.95, 0.92, 0.85,
0.83, 0.74, 0.52 (s, each 3H) , 0.67 (d, 4k, 11.6 Hz);*C NMR (100 MHz, CDGJ): 6 178.20,
169.26, 156.59, 144.19, 138.67, 135.67, 135.02,772828.40, 127.49, 125.97, 124.15, 121.21,
78.64, 75.84, 73.78, 73.36, 68.31, 54.92, 53.25%45247.41, 47.29, 42.06, 39.45, 39.27, 38.71,
38.50, 38.41, 36.83, 36.64, 34.62, 32.53, 30.69RR7.57, 26.89, 24.53, 23.11, 21.01, 18.04,
16.96, 16.33, 15.51, 15.25; ESI-HRMS Calcd fogHGN,O; [M+H]™: 875.5317, found

875.5317.
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4.2.13 1-[2-(3,4-dihydroxy-5-ox0-2,5-dihydro-fur@rayl)-2-hydroxy-ethyl]-4-[N-(B-hydroxy-
urs-12-en-28-oyl)-amino]methyl-1H-1,2,3-triaz¢B6)

Compound 26 was prepared fr@m (200 mg, 0.23 mmol) according to general proce@ure
The residue was purified by column chromatogra@iy,Cl,/MeOH) to yield26 as a white solid
(141 mg, 89 %)'™H NMR (400 MHz, MeOD):d 7.85 (s, 1H), 5.32 (s, 1H), 4.68 (d, 14z 1.9
Hz), 4.50 (m, 1H), 4.37 (d, 2H,= 2.0 Hz), 4.31 (m, 1H), 3.15 (dd, 18= 5.0, 11.3 Hz), 2.13 (d,
1H,J =10.6 Hz), 2.07 (t, 1H) = 9.7 Hz), 1.10, 0.96, 0.92, 0.90, 0.89, 0.736(s, each 3H),
0.71 (d, 1H,J = 11.3 Hz);"*C NMR (100 MHz, MeOD):6 180.05, 172.93, 154.03, 145.90,
139.59, 127.26, 125.54, 120.05, 79.58, 77.46, 6%84%461, 54.06, 53.83, 49.85, 48.86, 48.75,
43.15, 40.72, 40.68, 40.16, 39.91, 39.75, 38.497375.69, 34.06, 31.83, 28.80, 27.80, 25.23,
24.28, 24.14, 21.65, 19.36, 17.77, 17.50, 16.41D6&ESI-HRMS Calcd for gHsgN,O7 [M+H] ™
695.4378; found 695.4363.

4.2.14 1-[2-(3,4-bis-methoxy-5-0x0-2,5-dihydro-fon2ryl)-2-hydroxy-ethyl]-4-[N-(B8-hydroxy-
lup-20(29)-en-28-oyl)-amino]methyl-1H-1,2,3-triag¢29)

Compound 29 was prepared fro28 (222 mg, 0.45 mmol) an8 (86 mg, 0.38 mmol)
according to general procedure A. The residue waidigrdl by gradient mixture of petroleum
ether/ethyl acetate with increasing polarity ashmeent to yield the9 as a white solid (157 mg,
58 %)."H NMR (400 MHz, CDC})): § 7.88 (br s, 1H), 7.05 (br s, 1H), 4.70 (m, 2H),74(B, 2H),
4.43 (s, 2H), 4.33 (m, 1H), 4.14 (s, 3H), 3.843(d), 3.18 (m, 2H), 3.05 (m, 1H), 2.31 (t, 1H5
10.8 Hz), 1.65, 0.95, 0.93, 0.78, 0.75, 0.73 (she&H), 0.65 (d, 1HJ = 9.2 Hz);"*C NMR (100
MHz, CDCk): 6 176.83, 169.20, 156.89, 150.78, 145.78, 123.28,0B2 109.36, 78.87, 75.61,
68.61, 60.46, 59.55, 55.63, 55.29, 53.39, 52.94%(9.99, 46.71, 42.36, 40.66, 38.80, 38.67,
38.14, 37.73, 37.11, 34.23, 33.29, 30.76, 29.3®LR7.27, 25.55, 20.83, 19.37, 18.25, 16.09,
15.69, 15.37, 14.58; ESI-HRMS Calcd fol8s3N4O; [M+H]™: 723.4691, found 723.4688.

4.2.15 1-[2-(3,4-bis-benzyloxy-5-o0x0-2,5-dihydreafu-2-yl)-2-hydroxy-ethyl]-4-[N-(8-
hydroxy-lup-20(29)-en-28-oyl)-amino]methyl-1H-1:&j&zole (30)

Compound30 was prepared froni28 (233 mg, 0.47 mmol) an8 (150 mg, 0.39 mmol)
according to general procedure A. The residue waidigrd by gradient mixture of petroleum
ether/ethyl acetate with increasing polarity asearent to yield30 as a white solid (201 mg,
59 %)."H NMR (400 MHz, CDC)): 6 7.73 (s, 1H), 7.37-7.27 (m, 8H), 7.20 (m, 2H), 6(B7s,
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1H), 5.15 (d, 1HJ = 11.7 Hz), 5.08 (d, 1Hl = 11.2 Hz), 4.72 (s, 1H), 4.59 (s, 2H), 4.53 (iH),2
4.41 (m, 2H), 4.35 (s, 1H), 3.16 (dd, 1Hs 4.7, 11.0 Hz), 3.08 (m, 1H), 2.35 (t, 1Hs 10.2 Hz),
1.66, 0.94, 0.94, 0.79, 0.78, 0.73 (s, each 34 Qd, 1H,J = 8.6 Hz);"*C NMR (100 MHz,
CDCly): ¢ 176.71, 169.29, 156.51, 150.74, 145.18, 135.74,0B3 129.03, 128.73, 128.69,
128.61, 127.79, 123.94, 121.31, 109.41, 78.92,2/58.92, 73.60, 68.37, 55.63, 55.30, 52.69,
50.52, 50.00, 46.71, 42.39, 40.68, 38.78, 38.65,8&87.74, 37.11, 34.58, 34.26, 33.39, 30.79,
29.36, 27.92, 27.29, 25.56, 20.85, 19.40, 18.23)916.5.81, 15.34, 14.58; ESI-HRMS Calcd for
Cs3H71N4O7 [M+H] ™ 875.5317, found 875.5314.

4.2.16 1-[2-(3,4-dihydroxy-5-oxo0-2,5-dihydro-fur@eayl)-2-hydroxy-ethyl]-4-[N-(B-hydroxy-
lup-20(29)-en-28-oyl)-amino]methyl-1H-1,2,3-triag¢81)

Compound3l was prepared fror@0 (143 mg, 0.16 mmol) according to general proce@ure
The residue was purified by column chromatogra@iy,Cl,/MeOH) to yield31 as a white solid
(100 mg, 89 %)'H NMR (400 MHz, MeOD)3s 7.78 (br s, 1H), 4.68 (m, 2H), 4.66 (m, 1H), 4.56
(m, 2H), 4.40 (br s, 2H), 4.29 (br s, 1H), 3.12,(tH,J = 4.8, 11.1 Hz), 2.48 (t, 1K,= 10.4 Hz),
2.27 (br s, 1H), 2.14 (d, 1H,= 13.2 Hz), 1.67, 0.97, 0.94, 0.84, 0.83, 0.7%®ésh 3H), 0.68 (d,
1H,J = 8.1 Hz);*C NMR (100 MHz, MeOD)s 180.86, 172.89, 153.57, 152.22, 146.08, 125.34,
120.23, 109.96, 79.65, 77.40, 69.24, 56.89, 5%2M)5, 51.39, 48.04, 43.45, 41.96, 40.09, 39.92,
39.17, 38.91, 38.28, 35.53, 34.01, 31.89, 30.5312&8.01, 26.96, 22.10, 19.67, 19.41, 16.78,
16.64, 16.11, 15.09; ESI-HRMS Calcd fog@seN,O; [M+H] *: 695.4384; found 695.4382.

4.2.17 N-($-hydroxy-olean-12-en-28-oyl)-6-amino-6-deoxy-2 SHmenzyloxy-L-ascorbic acid
(35

Compound35 was prepared fro32 (245 mg, 0.54 mmol) andll (173 mg, 0.49 mmol)
according to general procedure C. The residue waifign by gradient mixture of petroleum
ether/ethyl acetate with increasing polarity ahmeent to yield the5 as a white solid (187 mg,
48 %)."H NMR (400 MHz, CDCY)): 6 7.36-7.32 (m, 8H), 7.21 (m, 2H), 6.75 (br s, 1HR15(br s,
1H), 5.17 (d, 2HJ = 11.8 Hz), 5.06 (s, 2H), 4.54 (s, 1H), 4.35 ¢4),13.95 (br s, 1H), 3.51 (m,
1H), 3.35 (m, 1H), 3.22 (m, 1H), 2.78 (d, 1Hs 11.3 Hz), 2.22 (t, 1H] = 13.3 Hz), 1.35, 0.99,
0.94, 0.90, 0.88, 0.78, 0.74 (s, each 3f(; NMR (100 MHz, CDGCJ): § 179.48, 169.54, 156.99,
143.45, 135.88, 135.29, 128.96, 128.55, 127.69,282321.23, 78.81, 76.58, 74.83, 73.86, 73.74,
73.39, 68.88, 55.12, 49.20, 46.68, 43.06, 41.8(574139.57, 38.69, 38.51, 36.85, 35.20, 35.01,
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32.50, 30.10, 29.18, 28.00, 27.05, 26.80, 25.28438.17, 16.98, 15.58; ESI-HRMS Calcd for
CsgHegNO7 [M+H]™: 794.4996; found 794.4969.
4.2.18 N-(B-hydroxy-olean-12-en-28-oyl)-6-amino-6-deoxy-L-abipacid 36)

Compound36 was prepared fror85 (40 mg, 0.05 mmol) according to general procediire
The residue was purified by column chromatogra@i,Cl,/MeOH) to yield36 as a white solid
(23 mg, 74 %)*H NMR (400 MHz, MeOD): 7.31 (br s, 1H), 5.50 (br s, 1H), 4.53 (br s, 1H),
4.32 (br's, 1H), 3.92 (br s, 1H), 3.46 (m, 1H),53(d, 1H,J = 10.4 Hz), 2.91 (d, 1H = 13.0 Hz),
2.35 (t, 1H,J = 12.2 Hz), 1.37, 0.97, 0.97, 0.97, 0.89, 0.8380s, each 3H)*C NMR (100
MHz, MeOD): ¢ 180.10, 173.47, 157.75, 144.98, 124.05, 121.26128079.65, 68.46, 56.70,
47.57, 47.46, 42.80, 42.36, 40.66, 38.11, 35.126343.86, 33.67, 31.63, 28.77, 27.85, 26.54,
24.53, 24.20, 23.87, 19.47, 17.78, 16.35, 15.94-HFBVIS Calcd for GgHsgNO; [M+H]™:
614.4057; found 614.4061.

4.2.19 N-(3,16e-dihydroxy-olean-12-en-28-oyl)-6-amino-6-deoxy-Bi8-benzyloxy-L-ascorbic
acid 37)

Compound37 was prepared fro33 (257 mg, 0.55 mmol) andll (176 mg, 0.50 mmol)
according to general procedure C. The residue wafiqd by gradient mixture of petroleum
ether/ethyl acetate with increasing polarity asearent to yield37 as a white solid (209 mg,
52 %)."H NMR (400 MHz, CDC}J): 6 7.36-7.31 (m, 8H), 7.22 (m, 2H), 6.77 (t, 1Hs 5.3 Hz),
5.51 (m, 1H), 5.17 (d, 1H] = 11.8 Hz), 5.06 (s, 2H), 4.54 (d, 18z 1.4 Hz), 4.35 (br s, 1H),
3.95 (br s, 1H), 3.51 (m, 1H), 3.37 (m, 1H), 3.81, (H), 2.79 (d, 1HJ = 10.6 Hz), 2.20 (t, 1H]
= 13.4 Hz), 1.34, 0.98, 0.94, 0.90, 0.87, 0.774@s] each 3H)}*C NMR (100 MHz, CDG)): 6
179.44, 169.59, 157.04, 143.42, 135.86, 135.28,982828.53, 127.66, 123.24, 121.21, 78.79,
76.58, 74.75, 73.86, 73.36, 68.78, 55.11, 49.1&&613.01, 41.78, 41.52, 39.55, 38.67, 38.49,
36.83, 35.18, 34.98, 32.49, 30.08, 29.15, 27.99)2726.78, 25.30, 23.32, 18.16, 16.96, 15.57;
ESI-HRMS Calcd for GHegNOg [M+H]*: 810.4939, found 810.4930.

4.2.20 N-($,16a-dihydroxy-olean-12-en-28-oyl)-6-amino-6-deoxy-lcabic acid 38)

Compound38 was prepared fror@7 (100 mg, 0.12 mmol) according to general proce@ure
The residue was purified by column chromatogra@iy,Cl,/MeOH) to yield38 as a white solid
(62 mg, 80 %)*H NMR (400 MHz, MeOD)5 7.31 (t, 1HJ = 5.1 Hz), 5.50 (s, 1H), 4.58 (d, 1H,
J=1.6 Hz), 4.32 (br s, 1H), 3.93 (br s, 1H), 3(#4 1H), 3.16 (dd, 1H) = 4.8, 11.1 Hz), 2.91
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(dd, 1H,J = 3.1, 13.6 Hz), 2.33 (t, 1H,= 13.2 Hz), 1.38, 0.98, 0.98, 0.96, 0.89, 0.8338(s,
each 3H);*C NMR (100 MHz, MeOD)# 180.81, 173.16, 154.88, 144.77, 124.28, 119.846279
78.20, 75.44, 68.93, 56.76, 50.21, 49.85, 48.2(08}42.85, 42.38, 40.81, 39.94, 39.81, 38.07,
36.23, 36.10, 33.94, 33.27, 31.39, 31.15, 28.784L7R7.38, 25.62, 24.49, 19.43, 17.86, 16.33,
16.17; ESI-HRMS Calcd for 4gHs¢NOg [M+H]*: 630.4000, found 630.3991.

4.2.21 N-(F-hydroxy-urs-12-en-28-oyl)-6-amino-6-deoxy-2,34eszyloxy-L-ascorbic acidB9)

Compound39 was prepared fro34 (165 mg, 0.36 mmol) andll (117 mg, 0.34 mmol)
according to general procedure C. The residue wafiqu by gradient mixture of petroleum
ether/ethyl acetate with increasing polarity asearent to yield39 as a white solid (109 mg,
40 %)."H NMR (400 MHz, CDCJ): 6 7.38-7.32 (m, 8H), 7.22 (m, 2H), 6.34 (t, 1Hs 5.4 Hz),
5.31 (br s, 1H), 5.15 (d, 2H,= 11.7 Hz), 5.09 (s, 2H), 4.55 (d, 18= 2.0 Hz), 3.95 (br s, 1H),
3.52 (m, 1H), 3.31 (m, 1H), 3.21 (m, 2H), 1.09,9).8.95, 0.87, 0.86, 0.78, 0.72 (s, each 3#);
NMR (100 MHz, CDC}): § 180.03, 169.25, 156.86, 139.42, 135.93, 135.35,002 128.63,
128.59, 127.74, 125.92, 121.26, 78.92, 76.55, 73841, 69.37, 55.09, 53.76, 47.80, 47.47,
43.06, 42.39, 39.68, 39.49, 38.97, 38.71, 38.58176.88, 32.67, 30.79, 28.10, 27.78, 27.14,
24.74, 23.35, 23.27, 21.17, 18.21, 17.17, 16.8%0158.5.44; ESI-HRMS Calcd forsgssNO;
[M+H]": 794.4990, found 794.4979.

4.2.22 N-($-hydroxy-urs-12-en-28-oyl)-6-amino-6-deoxy-L-astodrid @40)

Compound40 was prepared fror89 (85 mg, 0.11 mmol) according to general procediire
The residue was purified by column chromatogra@iy,Cl,/MeOH) to yield40 as a white solid
(57 mg, 86 %)*H NMR (400 MHz, MeOD)s 7.30 (t, 1H,J = 5.2 Hz), 5.36 (br s, 1H), 4.60 (br s,
1H), 3.95 (m, 1H), 3.38 (m, 2H), 3.15 (dd, 1Hs 4.3, 10.9 Hz), 2.14 (d, 1H,= 10.7 Hz), 2.07
(dd, 1H,J = 4.0, 13.5 Hz), 1.13, 0.98, 0.96, 0.92, 0.9120®78, 0.74 (s, each 3HC NMR
(100 MHz, MeOD): 180.98, 173.07, 154.33, 139.86, 127.46, 120.059798.02, 69.03, 56.70,
54.33, 43.56, 43.35, 40.89, 40.22, 39.99, 39.83%53&8.09, 34.18, 31.91, 29.00, 28.77, 27.89,
25.34, 24.40, 24.04, 21.56, 19.44, 17.93, 17.6961616.03; ESI-HRMS Calcd forgHseNO;
[M+H]": 614.4051, found 614.4057.

4.2.23 N-(F-hydroxy-lup-20(29)-en-28-oyl)-6-amino-6-deoxy-Bi8-benzyloxy-L-ascorbic acid

(42)
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Compound42 was prepared from1l (230 mg, 0.72 mmol) antil (179 mg, 0.50 mmol)
according to general procedure C. The residue wafiqd by gradient mixture of petroleum
ether/ethyl acetate with increasing polarity asearent to yield42 as a white solid (210 mg,
53 %)."H NMR (400 MHz, CDC})): 6 7.38-7.34 (m, 8H), 7.23 (m, 2H), 6.11 (br s, 1HRGB(m,
4H), 4.73 (s, 1H), 4.59 (s, 1H), 4.56 (m, 1H), 4(d8d, 1H,J = 7.1, 14.3 Hz), 3.97 (m, 1H), 3.57
(m, 1H), 3.42 (m, 1H), 3.17 (dd, 28,= 4.9, 11.0 Hz), 3.07 (td, 1H,= 4.3, 11.9 Hz), 2.42 (td,
1H,J = 3.2, 12.6 Hz), 1.68, 1.26, 0.96, 0.95, 0.87900/75 (s, each 3H), 0.67 (d, 1H= 6.1
Hz );®*C NMR (100 MHz, CDGJ): § 178.31, 169.28, 156.89, 150.75, 135.93, 135.39,012
128.71, 128.63, 128.60, 127.85, 121.30, 109.486/§.3.82, 73.52, 69.54, 60.39, 55.73, 55.35,
50.59, 50.04, 46.62, 42.69, 42.45, 40.70, 38.8%B&B8.22, 37.69, 37.17, 34.35, 33.67, 30.82,
29.68, 29.45, 29.32, 27.96, 27.37, 26.89, 25.583120.90, 19.47, 18.27, 16.12, 16.00, 15.36,
14.62, 14.17; ESI-HRMS Calcd forgElsgNO; [M+H]": 794.4990; found 794.4980.

4.2.24 N-(B-hydroxy-lup-20(29)-en-28-oyl)- 6-amino-6-deoxy<dcarbic acid 43)

Compound43 was prepared from2 (100 mg, 0.13 mmol) according to general proce@ure
The residue was purified by column chromatograj@i,Cl,/MeOH) to yield43 as a white solid
(57 mg, 72 %)'H NMR (400 MHz, MeOD):s 7.75 (t, 1H,J = 5.5 Hz), 4.60 (s, 1H), 3.95 (m,
1H), 3.44 (m, 1H), 3.13 (dd, 1H,= 5.0, 11.2 Hz), 2.59 (td, 1H,= 3.5, 12.8 Hz), 2.28 (m, 1H),
2.14 (m, 1H), 0.99, 0.97, 0.95, 0.88, 0.86, 0.775((s, each 3H), 0.71 (d, 18= 9.4 Hz);"C
NMR (100 MHz, MeOD):6 180.18, 173.33, 157.97, 119.94, 79.69, 77.90,66%2.47, 56.89,
51.95, 50.93, 49.85, 45.31, 43.69, 43.07, 42.08,24(89.96, 39.69, 38.77, 38.34, 35.71, 34.00,
31.22, 30.69, 28.61, 28.42, 28.05, 23.98, 23.40272219.47, 16.88, 16.74, 16.11, 14.94;
ESI-HRMS Calcd for ggHsgNO7 [M+H] " 616.4208; found 616.4204.

4.3 Biological Assays
4.3.1 CPE reduction assay

The assay was performed as previously describedwi some modifications. MDCK
cells were seeded into 96-well plates, incubatexiraght and infected with influenza virus (MOI
= 0.1). Cells were suspended in DMEM supplementitd %6 FBS, containing test compound
and 2ug/mL TPCK-treated trypsin, and a final DMSO concatbn of 1% was added in each

well. After 40 h of incubation, CellTiter-Glo reage(Promega Corp., Madison, WI, USA) was

21



added, and the plates were read using a platerrébBeean Infinite M2000 PRO; Tecan Group
Ltd., Mannedorf, Switzerland).
4.3.2 Cytotoxicity test

Cells were grown in 96-well plates containing 1%S-Bvernight and then cultured with
increasing amounts of the test compounds for 4QCytotoxicity was assessed with the
CellTiter-Glo assay as above described.
4.3.3 Time-of-addition experiment

MDCK cells were seeded into 6-well plates at a itgms 5x10 cells per well 24 h prior to
infection and incubated at 37 °C under 5%,Clhhen MDCK cells were infected with WSN virus
at an MOI of 1. Compound was added at 0-10, 0-2, 2-8 or 8-10 h post infection. The cell
lysates were harvested and applied to Westerrifgdtir NP analysis.
4.3.4 Hl assay

Compound from a 3-fold serial dilution in saline svenixed with an equal volume of
influenza virus (2 HA units) in the V-bottomed 9&hvmicroplates. Subsequently, 5@L of
freshly prepared chicken red blood cells (cRBC) @%in saline) was added to each well. The
mixture was incubated for 30 min at room temperhefore observing cRBC aggregation on the
plate.
435 SPR

Interactions between the influenza HA and the camgs were analyzed using the Biacore
T200 system (GE Healthcare, Uppsala, Sweden) &tC25Recombinant influenza HA (Sino
Biological Inc., Beijing, China) was immobilized o@ sensor chip (CM5) using an amine
coupling kit (GE Healthcare, Buckinghamshire, URhal HA immobilized levels were typically
~16,000 RU. Subsequently, compounds were injecieghalytes at various concentrations, and
PBS-P (10 mM phosphate buffer with 2.7 mM KCI a3¥ InM NacCl, 0.05% surfactant P20, pH
4.5) was used as running buffer. For binding swjdanalytes were applied at corresponding
concentrations in running buffer at a flow rate36fuL/min with a contact time of 60 s and a
dissociation time of 60 s. Chip platforms were veastvith running buffer and 50% DMSO. Data
were analyzed with the Biacore evaluation softwdi200 version 1.0) by curve fitting using a
binding model of 1:1.
4.3.6 Docking simulation
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The docking simulation was performed via AutoDocR @Scripps Research Institute) [28],
and assessed by OpenSource PyMOL 1.5.x (Schrodihg€r) and PoseView web service
(Universitat Hamburg) [39]. Afterwards, structurietioe protein (Protein Data Bank: 1RVT) was
obtained from the RCSB Protein Data Bank (http:Mwmesb.org/pdb/home/home.do). Protein
preparation was performed as follows. After the oeah of HETATM atoms, hydrogen atoms
and the crystal cells, the protein was further pssed via AutoDock Tools 1.5.6 rc3 (ADT,
Scripps Research Institute) to add Polar hydrogehkollman charge. Ligand preparation was
performed as follows. Polar hydrogen and Gastesgarge were given, and there was no further
adjustment on the ligand torsion tree. Grid boxecimg the HA head was prepared with ADT
with parameters as follows: grid box center coatbn87.320, -9.696, -34.751; box size: 74 x 78
x 80; grid point spacing: 0.375 A. Lamarckian genetigorithm was applied to the docking
simulation with modifications of the parametersaldg®d below due to the compounds’ highly
flexible nature: number of individuals in populatio300; maximum number of energy
evaluations: 25,000,000; number of GA runs: 10(huidred docking output conformations for
one compound were clustered with a maximum RMSrdate of 2.0 A. To avoid isolated
conformations, the best binding conformation frohe fargest cluster was used for further
analysis.
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Figure Legends

Figure 1. Structures and anti-influenza virus activity of faayclic triterpene derivatives.

Figure 2. Structures of L-ascorbic acid, sialic acid asdaihalogs.

Figure 3. Inhibition of viral plague formation induced by cpound30

(A) The inhibition curve for compoungD was around 8.4M. (B) Validation of the protection of
MDCK cells from influenza A/WSN/33 virus by compalg0.

Figure 4. Mechanism of compoun80 as an inhibitor of influenza viruses and idenéfion of

HA as potential target. (A) Time-of-addition expeents was designed to identify at which step
life cycle 30 targeted, such as virus entry (0-2 h), viral geaaaplication and translation (2-8 h)
or progeny virion release (8-10 h). Detection @& #xpression levels of influenza NP protein in
infected MDCK cells at five time intervals, 0-16202-5, 5-8, and 8-10 h. Only at two intervals,
0-10 h (covering the whole life cycle) and 0-2 bygring the entry step), the NP expression was
significantly reduced (around 90% and 80%, respelstj as compared with DMSO control. (B)
Three experiments, namely co-treatment, pretredtmerell, and pretreatment of virus, were
designed to clarify whether the host cell or thitugnza virus was targeted. (C) Comparisons of
the behaviors 080 vs. anti-HA antibody in inhibition of influenzaras-induced aggregation of
chicken erythrocytes30 exerted identical capability as anti-HA antibody hemagglutination
inhibition in a dose-dependent manner. (D) Charieton of the affinity between lead
compounds30 and31) and HA protein, which was immobilized on a CMBiser chip. Their K
values are labeled in the corresponding curves.

Figure 5. Structural representative 80 binding within HA protein (Protein Data Bank: 1RVYT
according to blind docking calculation. (A) Ovemwieof HA protein. The inhibitor pocket is
highlighted in yellow square. Protein and compo@fdare shown as orange surface and green
spheres, respectively. (B) Closer view of the irthibpocket. Compoun@0 is shown as green
sticks. (C) 2D interaction plot black dashes, grdeshes and green curves indicate hydrogen

bonds—r stacking and hydrophobic interactions correspayiglin
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Scheme 1. Reagents and conditions: (a) M, AcCl, rt. 2-3 h; IC, 4-8 h; (b) CHl or PhCHBr,
K,COs, DMF; (c) 2 N HCI, THF-MeOH (1:1, V/V); (d) TsCEtN, CH,Cl: (¢) NaN, DMF,
60°C, 24 h; (f) PPk THF-H,0 (1:1, VIV).

Scheme 2. Reagents and conditions: (a) i) TBTU, DIEA, THE,aternight; ii) 2-propynylamine,
NaCOs, DMF, rt, 20 min; (b) CuSg Na-L-ascorbate, THF4® (1:1, V/V); (c) B, Pd/C, 300
kPa, MeOH.

Scheme 3. Reagents and conditions: (2)TBTU, DIEA, THF, rteovght; (b) EDCHCI, THF r.t.

1 h; 66C, 20 h; (c) H, Pd/C, 300 kPa, MeOH.
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Table 1. Inhibitory effects of compounds against influenza A/WSN/33 virus

Compounds Inhibition rate (%) ECs, (uM) CCxo (M)
21 91.3 19.2 >200
23 87.0 56.6 >200
25 90.8 257 >200
30 89.6 8.7 >200
31 93.1 41.3 >200
35 81.9 253 >200
37 71.1 30.3 >200
39 88.1 264 >200
42 89.6 23.7 >200
43 84.4 35.6 >200
OSsv-P 86.5 125 >200

Table 2. CCsy (uM) values of analogs against MDCK cell line using Cell Titer-Glo assay

Compounds CCxo (M) Compounds CCxp (M)
18 19.6 26 411
19 5.6 29 439
20 525 36 419
22 46.8 38 29.7

24 59.3 40 13.4




Qs Y3
R = OH, echinocystic acid (EA) anti-IAV(A/WSN/33) anti-IAV(A/WSN/33)
R = H, oleanolic acid (OA) ECso=5.0 zM ECs5o=14.2 yM
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Scheme 1. Reagents and conditions: (a) Me,CO, AcCl, rt. 2-3 h; 7°C, 4-8 h; (b) CH;l or PhCH,Br, K,CO;, DMF; (c) 2 N HCI, THF-MeOH
(1:1, VIV); (d) TsCl, Et;N, CH,CI,; (€) NaN,, DMF, 60°C, 24 h; (f) PPhs, THF-H,O (1:1, V/V).
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Scheme 2. Reagents and conditions: (a) i) TBTU, DIEA, THF, rt, overnight; ii) 2-propynylamine, Na,CO;, DMF, rt, 20 min; (b)
CuSO,, Na-L-ascorbate, THF-H,0O (1:1, V/V); (c) H,, Pd/C, 300 kPa, MeOH.
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Scheme 3. Reagents and conditions: (8)TBTU, DIEA, THF, rt, overnight; (b) EDC-HCI, THF r.t. 1 h; 60°C, 20 h; (c) H,,
Pd/C, 300 kPa, MeOH.



Highlights

A total of 20 novel L-ascorbic acid-conjugated pentacyclic triterpene derivatives were

synthesized viatriazole or amide linker.

» Theanti-influenza activities of those conjugates against A/WSN/33 virus were evaluated.

e Compound 30 displayed the highest anti-influenza A/WSN/33 (H1N1) activity with an
ICgo at 8.7 UM.

»  Mechanistic studies indicated that compound 30 could tightly bind with HA protein (Kp =

3.76 uM), thus disrupting the interaction of HA with sialic acid receptor.



