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ARTICLE INFO ABSTRACT

Article history: We report the synthesis of multivalent oleanolicidadOA) protein conjugatesas
Received nonglycosylated neomucin mimic for the capture amdry inhibition of influenza viruses.
Received in revised form Oleanolic acid derivatives bearing an amine-terteiddinker were synthesized lpgterificatiol
Accepted of carboxylic acid and further grafted onto the laumnserum albumin (HSAJja diethyl squarai
Available online method. The binding of hemagglutinin (HA) on thdam surface to the synthetic neomucin was

evaluated by hemagglutination inhibition assay. Thiguenza virus capture abilitpf the
PEGylated OA-HSA conjugate was further investigabgdDynamic Light Scattering (DLS)
virus capture assay and Isothermal Titration Caleter (ITC) techniques. The pronounced

Keywords: agglutination of viral particles, the high capteféiciency and affinity constant indicate that this
Oleanolic acid neoprotein is comparable to natural glycosylateccimusuggesting that this material cc
Hemagglutinin inhibitor potentially be used as anti-infective barriersevent virus from invading host cellshd stud
Human serum albumin conjugate also rationalizes the feasibility of antiviral dragvelopment based on Og other antivire
PEGylation small molecules conjugated protein strategies.

Isothermal titration calorimetry

2009 Elsevier Ltd. All rights reserved

1. Introduction humans emphasizes the need for newer methods oémen
. . ] . and treatment. In fact, China CDC warrants continuous

Influenza virus is a deadly respiratory virus cdpabf  surveillance of live poultry markets for the apgeae of
causing significant harm to the population. Forregke, recent pathogenic avian influenza since 201AlIso, novel methods and
outbreaks of avian H7N9 influenza in South China heasesed  strategies are required for the development of netivieal
79 deaths and 192 hospitalizations in January 20TRis  agents targeting different steps in the viral Gfele for resistant
outbreak is far from over as new cases of infecéiod mortality  straing®*°
are being reportéd Currently, Zanamivir (RenlenZp and o .
Osetamivir (Tamiflud) as neuraminidase inhibitors (NAls), !N the past few years, a new strategy inspired bylmﬁjgca
which can competitively occupy the active site of INA and ~ Key proteoglycan component of the mucosal layereday
disturbing virus propagatiéi have been approved in many €pithelial cells in many tissues of humans and atsnas part of
countries and used for the treatment of H7N9 virdsciions.  defense systems, has been considered in the genecdtnew
However, resistance to these drugs have emerged with t antiviral conjugate. Although the intricate mechanistic details
strains containing the NAls resistant mutations ifs t8017 by which mucin prevents influenza from infectionsidl under
pandemic as reported by China CDC and WH@lthough the  investigation, it is generally accepted that thekighly
resistant strains could be managed by oral admatish of large  g1ycosylated protein with large molecular weight (81€D) can

dose of Tamiflu€®, the side effects can be significant. o oy ) N
Additionally, the constant emergence of NAIs-resistanises in block the virial hemagglutinin (HA)-based bindifitito the host
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cell and neuramidinase (NA)-based releaSifigm the infected
cell via multivalent sialic acid (SA)-HA/NA interactions.
Researchers have attempted to mimic Nature by atach
multiple copies of SA or SA analogs to polymersndatimers,
liposome and even metal nanoparticles as effecantviral
barrier for anti-influenza drug developmehit *°. Some of the
studies have shown promise under various assay toomli
However,
glycoconjugates. First, the natur@tinked sialosides could be

hydrolyzed by NA’ leading to the decrease of the binding

activity. To overcome this problem, studies usisgymo (S, N

and C) sialyla-2,3 or a-2,6 galactosylsaccharide have been

synthesized™ and conjugated onto different scaffol@&’, which
are stable towards NA cleavage. A second and moreimpgess
concern is that natural and modified SA conjugates ot
synthesis friendly, as numbers of protection/degmiion
strategies with multiple purification steps are rieggl
Chemoenzymatic strategies for the synthesis of ¢mp
carbohydrates are gaining more recognftiGh but the
engineering enzymes and improving susbstrate spiggifetc.
are also labor and time intensive. While carbohydbemsed drug
development will continue to be a major force in tiear and
distant future, developing novel nonglycosylatedfluenza
inhibitors, which are relatively easy to synthesize highly
desirable. Here, we report our initial studies witmaturally
occurring compound, oleanolic acid (OA) that funcsioas a
broad spectrum entry inhibitor of influenza viruses

OA belongs to pentacyclic triterpene family, withlyp one
carboxyl and hydroxyl group has been recently rgmbto have
tighter binding to HA with disassociation constarg Kround

there are two drawbacks to these multivalen
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were attached onto one molecule of HSA (Table 1). r€ksive
insolubility and steric hindrance of the functiotighnds5 and6
may affect the coupling efficiency.

To improve the hydrophilicity and chain flexibilityve chose
poly (ethylene glycol) (PEG), which has been widelgdisn
protein chemistry for crosslinkiig®™ as the linker for the HSA
?onjugation. An uncapped 2,000 average molecularhwé&§G
diol HO-PEG-OH was selected and subjected to OA
functionalization. Mono tosylation tBlO-PEG2000-OH can be
achieved by using A@/KI **. The resulting monotosylate was
converted to amine8 via ammonolysis with ammonia. This
product was subsequently reacted with (BOco give amideo.
Repeating the tosylation at the other end of thehadl and
substitution of tosylate with LiBr gave the corresging
bromide10 with a yield of 85%"". According to the established
esterification method, PEG2000-OA, 4 was successfully
synthesized in 97% yield. After treatment &éfwith TFA, a
similar squaric acid diethyl ester procedure wadiegdor the
preparation of PEGylated OA decorated HSA. After dialys
purification on Sephadex G-7@nd lyophilization, the HSA-OA
conjugates were characterized by MALDI-TOF mass
spectrometry again. Mass analysis 6fSA-PEG2000-OA
conjugate showed that an average number ®E&2000-OA
was attached per one molecule of HSA. Compared with
corresponding parent OA, all of the HSA-OA conjugated ha
high solubility in PBS, indicating its further apgtion in
bioassay system. Methoxypolyethylene glycols medifHSA
(HSA-PEG2000-OMe€) was also prepared as negative control.

Table 1. Conjugation of OA derivatives with HSA

micromolar range, which is much higher than monom&A
with millimolar Ky **. Conjugation of OA onto cyclodextrii*
has been shown to significantly enhanced its inftaeentry

inhibitory activity. Encouraged by the dramatic idty
enhancement induced by the cluster effééf, we designed
design and prepare OA protein conjugates as multivale
nonglycosylated neomucin for the development oflugriza
capture and entry inhibitor. Specifically, natupabtein presents

in plasma (Human Serum Albumin, HSA) was adopted as thﬁSA-PEGZOOO- oA

artificial mucin backbone because of its availapili

Entry Molecular Weight Loading OA
residues
HSA 66740.67 0
HSA-PEG2000-OMe 79812.97 0/6
HSA-C6- OA 67820.62 2
HSA-OEG-OA 69147.45 3
80251.87 5

biodegradability, nontoxicity and nonimmunogenigityhich is
well established in our previous wétkThe molecular weight of
this new neomucin was easily characterized by massisted
laser desorption/ionization time-of-fight mass cpemetry
(MALDI-TOF-MS)®, which makes it feasible to quantitatively
measure the virus interactions. Finally, the viaapture and
entry inhibitory ability of the synthetic nonglycdated
neomucin was demonstrated.

2. Results and discussion

2.1.Chemistry

The syntheses of the HSA-OA conjugates are summaitized
Schemes 1. To realize covalent coupling between QGAHSA,
azide as the precursor of amine was first introduoctmthe 28-
position of OA. Esterification of OA with 1-azido-6-
bromohexane or 1-azido-2-(2-(2-bromoethoxy)ethotkgee
gave azide,C6-OA, 2 (42%) and OEG-OA, 3 (45%) |,
respectively*** After reducing the azide with Lindlar catalyst
under hydrogen atmosphere, the resultant amine ivgasdacted
with one of the esters of squaric acid diethyl esterpotassium
phosphate buffer (pH 7.0) to giveeand e, respectively. After
purification with column chromatography, the remagiester

#Molecular weight was determined by MALDI-TOF
® Number of molecules of thBEG20000Me derivative,13 attached to
HSA

2.2. Bioassay
2.2.1. HAI assay

An easy-to-perform hemagglutination inhibition (HABsay
% was initially applied for evaluating the bindingtbg influenza
virus to the synthetic HSA-OA conjugates. We chodseet
different virus strains that have different HA suldgpto
demonstrate broad specificity. Table 2 showed thelteof K *°,
which defined as the lowest concentration of the OAvdgves
that prevented hemagglutination, using human inftaevirus
[A/Puerto Rico/8/1934 (H1N1), A/Huairou, Beijing/1106912
(H3N2)] or chicken influenza virus
[A/Chicken/Beijing/AT609/2014 (HI9N2)] as the sourcesHA.
It is evident that all the HSA-OA conjugates bounduiehza
virus more strongly than HSA ardiSA-PEG2000-OM e, which
doesn’t possess OAs. Compared with OA monomer, the Igwer
of the conjugates indicated the cluster efféét induced by the
covalent attachment of multiple OA residues onto Hf@A
backbone. Moreover, HSA-PEG2000-OA was the best

group of5 or 6 was coupled with the amines on the lysine residuéidglutinating conjugate; its binding efficiencycismparable with

side chains of HSA in borate buffer (pH 9.0) to obtée
conjugatesH SA-C6-OA or HSA-OEG-OA *°*% The number of
OA derivatives attached onto protein backbone wasrdéted
by MALDI-TOF-MS (see Supplementary Material).

mucin, a naturally occurring protein from bovinebmaxillary
glands (BSG, MW ~ 400 kDa), which has been used amiot
to define the potency of HA inhibitSr The decreased;Kalue

Mass Of HSA-PEG2000-OA alsosuggested that the PEGylation
analysis of5 or 6 revealed that about only 2 or 3 OA molecules
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Scheme 1. Synthesis ofHHSA-OA conjugates. (a) ¥COs, bromide linker; (b) (i) H, Lindlar catalyst (ii) squaric acid diethyl estgpbosphate
buffer saline (pH 7.0); (c) (i) TFA/CKI, (ii) squaric acid diethyl esters, phosphate busiine (pH 7.0); (d) HSA, borate buffer buffer (pH
9.0); (e) (i) AgO, KIl, TosClI (i) NHH,0, NH,CI; (f) (Boc)O, EgN, CH,Cl,; (g) (i) TosCl, EtN, CH,CI, (i) LiBr/acetone, overnight; (h) (i)
TosCl, EgN, CH,CI, (ii) NaNs/DMF, overnight.



4 European Journal of Medicinal Chemistry
is a useful modification strategy for improving the the conjugation complex, which will be easily pptited
biocompatibility and bioactive compound efficacy. by centrifugation. This study strongly demonstrat¢gA-
- . PEG2000-OA can capture the viruga specific adsorption
2.2.2. Dynarric Light Scattering, DLS to the HA on the virial surface. These results ityeiadicate
The successful synthesis and influenza bindinghe OA modified neoprotein functions similarly tataral
bioactivity verifications of biocompatiblélSA-PEG2000- ~ Mucin.

OA encouraged us to further study the capturing tgbaf Table 3. Capture of influenza virus by HSA-OA conjugate
HSA-PEG2000-OA.

Table 2. Inhibition constant Ki of HAI assay

Compounds Virus Relative NA
activity
Entry Ki (uM)
H1N1 49%
H1N1 H3N2 HON2
HSA-PEG2000-OMe H3N2 56%
HSA 125 125 125
HON2 48%
HSA-PEG2000-OMe NA 62.5 62.5
OA 60 60 30
H1N1 15%
HSA-C6-0A 108 54 54
HSA-PEG2000-OA H3N2 43%
HSA-OEG-OA 54 13.5 13.5
HON2 19%
HSA-PEG2000-OA 3 3 3
Mucin 0.16 0.16 0.16
13 7 ——HSAPEG2000-OMe
==HSA-PEG2000-0A
Virus capture behavior of thelSA-PEG2000-OA was - Eé:’lmm S
thorOL_Jgth investigated .by Dynam|q Lllght Sqattenmy é 10 1 A PEG2000-0ASH 1N
technique that can provide a quantitative estinaftahe =
average diameter of the aggregates induced by the e
adsorption of numerous virions with HSA-OA conjugyét* §s
From the DLS measurements, the size of the HSA s
conjugates and viral particles were found to beuadol5
nm and 120 nm, respectively. After incubation wiitus for 0 T ' ' !
1 h, the mean hydrodynamic diametersHSA-PEG2000- 0 200 400 600 800
OA had increased to ~ 300 nm and the peak of the virus Hydrodynamic diameter (nm)
almost disappeared, clearly indicating aggregatendtion
(Figure 1). However, no aggregation was observéest #fie 15 ——HSA-PEG2000-OMe

==HSA-PEG2000-0A

H3N2
=—HSA-PEG2000-OMe+H3N2
=—=HSA-PEG2000-OA+H3N2

addition of the virus téd SA-PEG2000-OM e solution, as no
larger standard deviation was measured. The DLX%spea
clearly showed our HSA-OA conjugate could cros&-lin
several virus particles and could be a promisingtua
biomacromolecule for influenza inhibition and dé¢iec
development.

Intensity (%)

2.2.3. Virus capture assay

To further examine the virus-capture capabilityHBA -
PEG2000-OA, a simple assay was applied using the

0 200 400 600 800

solution mixture after DLS measurement. The mixiareghe L

sample cell for the DLS analysis was centrifuged3@®d0 Hydrodynamic diameter (nm)

rpm for 5 min. The supernatant was addeid black 384- — HSAPEG2000-OMe
well plate and 25 pL MUNANA [2°-(4- 15 ——HSA-PEG2000-0A
Methylumbelliferyl)-o-D-N-acetylneuraminic acid] in 0.1 M HON2

sodium acetate buffer (pH 5.5) containing 10 mM Ga@s 32 el
added. The hydrolysis of MUNANA by neuraminidasejN 10

on the virial surface producing the fluorescenthalgwas =

monitored for the NA activif¥, *>. The NA activity in the g

absence of HSA conjugates was defined as 100%naticki = 5

presence ofHSA-PEG2000-OMe was used as negative

control, respectively.

As shown in Table 3, the virus activity for HIN1daHON2 0 0 200 400 600 200

was dramatically decreased when incubated WitBA-
PEG2000-OA conjugate, indicating its capture efficiency,
For H3N2, the activity was less pronounced; we @oé
clear Why this is the case at this time. It wa® dtsind that Fig 1. Hydrodynamic size distribution curves of the uefhza virus a)
HSA-PEG2000-OMe has a moderate adsorption activity, Influenza  A/Puerto  Rico/8/1934 (H1N1), b) Influenza A/Huairou,
which may be attributed to the nonspecific electrostatic Beijing/11069/2014 (H3N2), c) Influenza A/Chickeeing/AT609/2014 (HIN2)
interactions between the positive charges of catiom the before and after mixed witH SA-PEG2000-OA or HSA-PEG2000-OMe.
viral surface and negative charges on the macramlgde

surfacé®. Thus the virus would be captured and further form

Hydrodynamic diameter (nm)
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2.2.4. |sothermal Titration Calorimeter, ITC carrying luciferase reporter gene to simulate tl&ual

T titativel | the int i betwei d infection process was used to evaluate the inmpaativity
0 quantitalively analyze he interactions betweensvand ¢ on pEG2000-0A . This assay system is an ideal

the HSA-OA conjugate, ITC was then performed to charee . S .

A a6 47 - platform for the virus entry inhibition study (Figu3). The
the thermod_ynamlc binding aﬁ'n.' : The_ number O.f the virus quantity of virus represented by luciferase adgtivitvas
was determined by haemagglutination titration whiohwerted determined by the luciferase reporter gene assdyg us
to virus particles by multiplying by 0The concentration of fluorescence microplate reader for chemilumineseenc

virus particles was calculated on the basis of fdrticles/L - -
equivalent 18° mol/L** In each ITC experiment, thidSA- lzglrlgvmvgngga the protocols provided by the manufacture

PEG2000-OA solution in PBS was loaded into the syringe and
titrated into the influenza virus solution in thelarimeter cell. As shown in the insert column in Figure 3, unimalacOA
The heat released at each injection was used twlatdcthe or HSA-PEG2000-OM e exhibited low inhibitory activity against
thermodynamic parameters as described in the ewpetal H7N9 pseudovirus at 20 uM, probably due to tenspecific
section.HSA-PEG2000-OMe was used as the negative control electrostatic interactions with viral particles.dantrast, the
(Table 4). HSA-PEG2000-OA inhibitory activity is much higherThese
data suggested that our non sialyl protein congugeduld
potentially be considered as a simpler alternativategy for the
construction of mucin mimic as antiviral barrieradaentry

Table 4. Disassociation constaktp of HSA conjugateinfluenza virus
interactions measured by ITC

inhibitor.
Virus HSA-PEG2000-OMe HSA-PEG2000-OA (1uM)
Influenza virus capture H7N9 pseudovirus with  _ .
HIN1 NB? 32.6 luciferase report gene | £
r : ‘.H‘ 1447’»\ % 6 I
H3N2 NB 20.9 Hemagluttinin  , 4 4% 488 g o
¥ N £
i E] 0
HON2 NB 21.4 g ST
&S
#No binding &,ﬁ & 20uM
Significant binding ofHSA-PEG2000-OA to all strains was
observed with K in the pM range. A representative figure of the - -

ITC graphs with influenza virus HON2 (Figure 2a) dépiarge
favorable enthalpic and entropic contributions.cntract, no ) o ) S o
binding was detected foHSA-PEG2000-OMe (Figure 2b), _F_lg 3. Schemaitic illustration of psegdokus infectionagsdnsert: |_nh|b|t0ry
indicating the specific binding was derived from @& motif. activity of HSA-PEG2000-OA (data derived from the mean of three independent
To the best of our knowledge, this is the first timeasuring the ~ €XPeriments)
K_D value with intact_ v_i_rus from ITC ex_pel_rimentg, vv_hiclearly 3. Conclusions
highlighted the feasibility for the quantitativevastigation of the
interactions between biomacromolecules and intaases.
OA functionalized HSA was prepared via squaric acidhglet
. esters strategy as nonglycan protein conjugatesfmin mimic.
a) Time (min) b)  _ Te@m The multivalent binding to influenza virus was prdtey HAI,
b T T T oxq ' ' ' - DLS, ITC and virus capture assay. The antiviraivitgtwas also
i 0041 ] investigated by in vitro infection assays. The lasshowed that

/ FTYVVTY ] 1
(“ ' l W} ZZZ ‘ ﬂl 4% this PEGylated OA-HSA conjugate exhibit strong vigalpture
| o2 ] {' mr ﬁ'ﬁ al capability and entry inhibitory activity. Our ressiitompare well

T

0
-0.05 (’f “
010 H
0.5

] with other reports that use cyclodextrin-OA conjugatésfor

-0.04

pcal/sec
pcal/sec

025 1 ™ 08 . virus inhibition.

-0.30 4 e -0.08 - g

B g 0104 : ] 4. Experimental

-16.04 E 60 ] 4

-18.0 4 v
z B8 r_//"‘w 1 2 a0l . o 4.1. Material
S 260 ] " [

281 ¥ 4 . . . .
£ » E ;% 100 [ 1 All materials were obtained from commercial suppliersd
o % g 1 5 120 La 1 were used without further purification. All solventsens
E B T S o] " ] commercially available grade. Thin-layer chromatgdry (TLC)
g gg A B e B .ico] ] was purchased from EMD Co. Ltd. (German). All compounds

LY O L I A . were stained with 5% phosphomolybdic agid iq etham.cbd)qme
Molar Ratio 100 20 3°°M “|°° R“:? 600 700 800 vapors. Spots of compounds were also visualized Withlight
olar Ratio

when possible. Flash column chromatography was peedron
silica gel 200-300 mesh. The final OA analogs andtegimo
Fig 2. ITC titration curves obtained at 298 K for théraion of HSA- conjugates were purified using SephadexTM LH-20 and
PEG2000-OA (60 uM) with a) 16 nM Influenza A/Chicken/Beijing/AT602014 SephadexTM G-75 (GE Healthcare), respectively. Humeanrs
(HON2); b)16 nM Influenza A/Chicken/Beijing/AT609/2014 (HONZ2Jhe top Albumin was purchased from Sigma-Aldrich. Influenzauses
panel showed the raw calorimetric data. Bindingapeters were auto-generated \vare obtained from National Institute for Viral Diseaentrol
after curve fitting using Microcal Origin 7. and Prevention, China CDC and propagated in 9 ddgs o
2.2.5. Inhibition of H7N9 pseudovirus embryonat(_ed chicken eggs. The a_IIantoic fluid Wz?lttected,
) then centrifuged at 3000 rpm min-1 for 10 min arte t
Finally, a cell based assay was used to demondtiate g pernatant was stored at -&0. Virus was inactivated by the
anti-infective properties of our lead compound.eflyi, a  additon of B -propiolactone (B -PL) when assays were

single-cycle H7N9 pseudovirus enveloped with infiz@  conducted. H7N9 pseudoviruses was kindly provided byHa-
surface protein HA and NA, and packed with HIV baake
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Xia Xiao, Tianjin Institute of Industrial Biotechnajg, Chinese
Academy of Sciences.

4.2. Measurements

NMR spectra were recorded on Bruker AVANCE Il (400
MHz) instruments. Chemical shift8)(were reported in parts per
million downfield from TMS, the internal standattyalues were
given in Hertz. The molecular weights of the OA coanjieg
were confirmed by Bruker ultrafleXtreme MALDI-TOF/TOF
mass spectrometer (Bruker Daltonics,
Fluorescence andhemiluminescencéntensity was measured
using the Synerdy H1/HIMF microplate reader (BioTek
Instruments, Inc. USA). Dynamic light scattering wasarded
on a Zata Sizer Nano apparatus (ZEN3690, Malvermumsints
Ltd, U.K.). Microcalorimetric experiments were perfeed with
an Isothermal Titration Calorimeter (ITC200) (Micad Inc.,
Northampton, MA). Solutions of the analytes in buffgere

filtered through a 0.22m micro membrane and degassed before

being injected.
4.3. Chemistry

4.3.1. General procedure for the esterification of oleanolic acid

To a solution of oleanolic acid (1.1 eq) and brenfl eq) in
DMF K,CO;, (2 eq) was added. The reaction mixture was stirre
at rt for 6-18 h and concentratéd vacuo. The residue was
diluted with CHCI,, and the extract was washed successivel
with 1 M HCI, satd. NaHC@ and brine, dried with N8O,
filtered, and concentrated vacuo. The residue was purified by
column chromatography.

4.3.2. 6-Azidohexyl 3-hydroxyol ean-12-en-28-oate (C6-OA, 2)

Prepared fromOA (2.44 g, 5.34 mmol) and 1-azido-6-
bromohexane (1 g, 4.85 mmol) according to the gener

European Journal of Medicinal Chemistry

with CH,Cl,. The solvent was evaporated and the residue was
directly dissolved in 25% ammonia and M (0.69 g, 12.94
mmol) was added. The reaction mixture was stirreti far 12 h,

and extracted with C}€l,. The organic extracts were dried over
N&SQ,. The solvent was removed under reduced pressure and
the residue purified by gradient flash silica geblumn
chromatography to give MN-PEG-OH (1.4 g, 87.5%). The
product was further purified by recrystallizatiororfr diethyl
ether."H NMR (400 MHz, CDCJ) 5 3.84 — 3.82 (] = 4.8 Hz,

Bremen, GermanyRH), 3.58 (br, 173H), 3.14 — 3.11 {t= 4.8 Hz, 2H).

4.3.5. Br-PEG2000-NHBac, 10

TEA (211 mg, 2.07 mmol) was added to a stirred smhutf
HO-PEG2000-NH, in CH,Cl,. After stirring for 0.5 h, (BogpD
was slowly added to the reaction mixture, and furttiered at rt
overnight. The reaction mixture was washed using H®A and
extracted with CHCI, three times, and the organic extracts were
dried over N&SO,. The solvent was removed under reduced
pressure and the residueDH-PEG2000-NHBoc, 9) was
dissolved in CHCI/Et;N and TsCI (3 eq.) was added at(@.
The resulting solution was stirred for 8 h at rt.odpcompletion,
the reaction mixture was washed by HCI (1 M) and et
with CH,CI, three times. The organic phase was combined,

ashed with brine, dried over PO, and evaporated to dryness.

he residue was dissolved in dry acetone and litHivomide (4
eq.) was added. The reaction mixture was stirredrefaked for

M2 h. The suspension was filtered and the filtrates wa

concentrated. The residue was washed with distille&metd
extracted with CHKCI, three times. The organic phase was
combined, washed with brine, dried over,8l@,and evaporated
to dryness. The residue was purified by gradierghflsilica gel
column chromatography to givBr-PEG2000-NHBoc, 10. *H
NMR (400 MHz, CDC}) 6 5.06 (s, 1H), 3.74 — 3.23 (m, 213 H),

procedure 4.3.1. The residue was purified by columnl.37 (s, 9H)°C NMR (100 MHz, CDGJ) § 155.93, 71.13, 70.50,

chromatography [petroleum ether (PE)/EtOAc, 20/1 wvhive
C6-OA, 2 as colorless oil (1.18 g, 42%X NMR (400 MHz,
DMSO-dq)  5.18 (t-like, 1H), 4.28 (d] = 5.1 Hz, 1H), 3.94 (dd,
J=6.0, 4.4 Hz, 2H), 3.31 (d, = 5.3 Hz, 2H), 3.02 — 2.97 (m,
1H), 2.79 (ddJ = 13.6, 3.9 Hz, 1H), 1.99 — 1.92 (m, 1H), 1.81
(d,J = 6.9 Hz, 2H), 1.63 — 1.40 (m, 16H), 1.34 — 1.30 %),
1.24 - 1.20 (m, 2H), 1.10 (s, 4H), 0.89, 0.88, 0867, 0.66 (5s,
21H).®C NMR (100 MHz, DMSOd,) & 176.97, 143.93, 122.33,
79.67, 77.25, 64.00, 55.26, 51.03, 47.51, 46.48874541.69,
41.37, 38.83, 38.53, 37.02, 33.67, 33.21, 32.8658230.82,
28.74, 28.67, 28.46, 27.54, 27.42, 26.22, 26.05642523.76,
23.40, 23.02, 18.45, 17.16, 16.46, 15.48.
4.3.3. 2-(2-(2-azidoethoxy) ethoxy) ethyl 3/5-hydroxyol ean-12-en-
28-oate (OEG-0A, 3)

prepared fromOA (2.1 g, 4.62 mmol) and 1l-azido-2-(2-(2-
bromoethoxy)ethoxy)ethane (1 g, 4.2 mmol) accordingthe
general procedure 4.3.1. The residue was purifieccddymn
chromatography (PE/EtOAc, 15/1 viv) to gi@EG-OA, 3 as
colorless oil (1.15 g, 45%)YH NMR (400 MHz, DMSOdq) &
5.24 (t-like,d = 3.7 Hz,J = 3.3 Hz, 1H), 4.34 (d] = 4.9 Hz, 1H),
4.19 — 4.06 (m, 2H), 3.67 — 3.64 Jt= 4.8 Hz, 4H), 3.61 (s, 3H),
3.45 — 3.42 (m, 2H), 3.06 — 3.04 (m, 1H), 2.87 — 2183 1H),
2.05 - 1.98 (m, 1H), 1.87 — 1.86 (m, 1H), 1.69 — 1(1®1 4H),
1.57 — 1.48 (m, 8H), 1.39 — 1.35 (m, 2H), 1.32 — 1O%H),
0.95, 0.94, 0.91, 0.73 (4s, 21H1C NMR (100 MHz, DMSOd,)
8 177.02, 143.83, 122.37, 77.28, 70.33, 70.24, 696R86,
63.71, 55.27, 50.49, 47.53, 46.49, 45.89, 41.703%}138.85,
38.56, 37.04, 33.67, 33.22, 32.82, 32.47, 30.8352928.68,
27.57, 27.43, 26.07, 23.79, 23.41, 23.01, 18.45]111716.48,
15.54.

4.3.4. OH-PEG2000-NH,, 8

To a stirred solution of didHO-PEG2000-OH (2g, 1 mmol)
in CH,CI,, fresh AgO (350 mg, 1.5 mmol), TsCl (210 mg, 1.12
mmol) and Kl (33 mg, 0.2 mmol) was added. The reacti
mixture was stirred at rt for 4 h, filtered with ¢eliand washed

70.13, 40.29, 30.33, 28.39.

4.3.6. PEG2000-OA, 4

Prepared fromOA (68 mg, 0.15 mmol) an@r-PEG2000-
NHBoc (0.3 g, 0.14 mmol) according to the general praced
4.3.1. The residue was purified by column chromaply
(CH,CI,/MeOH, 20/1 v/v) to yield 4 as colorless 0il(340 mg,
97%)."H NMR (400 MHz, CDCJ) & 5.21 (s, 1H), 5.06 (s, 1H),
4.15 - 4.06 (m, 2H), 3.75 (s, 2H), 3.58 (s, 188H)83:8.46 (m,
3H), 3.40 (dJ = 4.4 Hz, 2H), 3.24 (d]) = 4.5 Hz, 2H), 3.14 —
3.12 (d,J=6.7 Hz, 1H), 2.84 — 2.78 (m, 1H), 2.50 (s, 2H), £93
1.80 (m, 2H), 1.62 — 1.46 (m, 9H), 1.37 (s, 9H), :=3D.19 (m,
4H), 1.06, 0.91, 0.85, 0.83, 0.71, 0.66 (6s, 2TB)NMR (100
MHz, CDCk) & 177.54, 155.97, 143.67, 122.36, 78.79, 70.53,
70.18, 69.12, 63.31, 55.19, 47.57, 46.62, 45.84644141.24,
40.32, 39.28, 38.71, 38.42, 36.99, 33.83, 33.09698232.33,
30.66, 28.41, 28.11, 27.61, 27.16, 25.85, 23.6038322.94,
18.30, 16.96, 15.61, 15.31.

4.3.7. General procedure for the squaric acid monoamination

A solution of azide in methanol and @E, (1/1 v/v) was
hydrogenated with Lindlar catalyst under an atmosphef
hydrogen for 12 h. Then the suspension was filtéhedugh a
pad of Celite, and washed with methanol. The filtratas
concentrated under reduced pressure to give ceforfeam,
which was dissolved in carbonate buffer (7.0 mL, pl).7.
Diethyl squarate (2 eq, based on azide) was addedl,than
solution was slowly stirred at rt for 14 h. The solvevas
removedin vacuo and the residue was purified by flash column
chromatography.

4.3.8. 6-(2-ethoxy-3, 4-dioxocyclobut-1-en-1-amino) hexyl 34
hydr oxyol ean-12-en-28-oate (5)

Prepared fron2 (1.18 g, 2.03 mmol) according to the general
procedure 4.3.7. The residue was purified by column
chromatography (PE/EtOAc, 2/1 viv) to giSes colorless syrup
(560 mg, 50%)'H NMR (400 MHz, DMSOd,) & 5.18 (t-like,



1H), 4.69 — 4.64 (m, 2H), 4.32 (d,= 5.0 Hz, 1H), 3.95 () =
5.6 Hz, 2H), 3.48 — 3.45 (m, 1H), 3.30 — 3.25 (m, 28)1 —
2.97 (m, 1H), 2.80 (dJ = 10.0 Hz, 1H), 2.00 — 1.92 (m, 1H),
1.81 (s, 2H), 1.67 — 1.43 (m, 16H), 1.39 — 1.36 (h),5..34 —
1.31 (m, 6H), 1.10 (s, 4H), 0.90, 0.89, 0.83, 0.6865s, 21H).
®¥C NMR (100 MHz, DMSOds) & 189.73, 182.47, 176.94,
143.91, 122.34, 79.66, 77.28, 69.13, 64.01, 5547%2, 46.47,
45.89, 44.20, 43.87, 41.69, 41.38, 39.35, 38.82553837.01,
33.69, 33.21, 32.88, 32.58, 30.80, 30.40, 28.6644827.55,
27.41, 26.04, 25.89, 25.62, 23.76, 23.40, 23.0445817.16,
16.44, 16.10, 15.47.

4.3.9. 2-[ 2-(2-2-ethoxy-3, 4-dioxocyclobut-1-en-1-amino) ethoxy]
ethoxy ethyl 34-hydroxyol ean-12-en-28-oate (6)

Prepared fron8 (1.15 g, 1.87 mmol) according to the general ) ; i
residue was purified by columrscattering. HSA-PEG2000-OA or virus in phosphate buffered

procedure 4.3.7. The
chromatography (PE/EtOAc, 2/1 v/v) to gigeas white syrup
(350 mg, 36%):H NMR (400 MHz, DMSOd,) 5 5.23 (t-like,J

= 3.7 Hz,J = 3.3 Hz, 1H), 4.71 (q] = 6.7 Hz, 2H), 4.37 (d] =
5.0 Hz, 1H), 4.18 — 4.04 (m, 2H), 3.68 — 3.66 (m, 1HRE3 —
3.62 (t,J = 4.1 Hz, 2H), 3.58 (s, 6H), 3.49 — 3.48 (m, 1H), 3-06
3.02 (m, 1H), 2.85 — 2.81 (m, 1H), 2.03 — 1.97 (m,,1H36 —
1.85 (m, 1H), 1.68 — 1.60 (m, 4H), 1.56 — 1.50 (m,,8H46 —
1.43 (m, 5H), 1.14 (s, 4H), 0.95, 0.93, 0.90, 0.721@5s, 21H).
®¥C NMR (100 MHz, DMSOds) & 189.71, 189.56, 182.67,
182.53, 176.93, 143.77, 122.37, 79.64, 77.30, 7073120,
69.77, 69.18, 68.86, 63.62, 55.30, 47.55, 46.4789}544.18,
41.68, 41.34, 40.65, 40.44, 40.23, 40.02, 39.82613939.40,
38.84, 38.58, 37.03, 33.71, 33.23, 32.84, 32.468(B028.66,
27.57, 27.42, 26.06, 23.77, 23.41, 23.01, 18.4609.716.44,
16.11, 15.54.

4.3.10. PEG2000-OA-amino sguaric acid monoethyl ester, (7)

To a solution of PEG2000-OA, 4 in CH,CI,, trifluoroacetic
acid /CHCI, (1/1 v/v) was added under ‘0, and the reaction
mixture was stirred for 20 min at room temperatditge solution
was evaporated to dryness. The crude material wastljirused
in next step. PEG2000-OA-monoethyl ester was prepared
according to the general procedure 4.3.7. The uesidas
purified by column chromatography (GEl,/MeOH, 15/1 v/v) to
give 7 as white syrup (180 mg, 63%JH NMR (400 MHz,
CDCly) 6 5.21 (t-like, 1H), 4.69 (g-like] = 6.7 Hz, 2H), 4.16 (t,
J =4.5 Hz, 2H), 3.58 (s, 187H), 3.40 {t=5.2 Hz, 2H), 3.17 —
3.13 (m, 1H), 2.80 (d] = 9.6 Hz, 1H), 2.67 (d] = 11.7 Hz, 1H),
2.42 (s, 4H), 2.12 (d} = 6.8 Hz, 1H), 1.90 — 1.80 (m, 3H), 1.70 —
1.53 (m, 8H), 1.48 — 1.44 (m, 3H), 1.42 — 1.37 (m,,4H} 8 (s,

7

as eluent then lyophilisation. The characterizatioh the
conjugate was performed using MALDI-TOF-MS in posdti
linear ion mode using 2, 5-dihydroxybenzoic acid (DH&s
matrix. FlexAnalysis was used for analysis of theadat

4.4, Bioevaluation

4.4.1. Hemagglutination inhibition (HAI) assay
HAI assays were performed according to the methaedrideed
previously®.

4.4.2. Binding Assay

4.4.2.1. Dynamic Light Scattering (DLS)
The hydrodynamic diameters of thESA-PEG2000-OA with
jor without the influenza virus were measured by dyinaight

saline (pH 7.4) was individually filtered through B.Aam water
membrane filters. Glycoconjugates and different irssraof
influenza virus were mixed. The resulted solutiorhwitt further
filtration was transferred into a sample cell for as@rement.
DLS measurement was done on a Zata Sizer Nano apparat
(ZEN3690, Malvern Instruments Ltd, U.K.). Data anaysias
performed using the software provided with the insgent.

4.4.2.2. Viirus Capture Assay

The resulted mixtures of HSA-PEG2000-OA/ HSA-
PEG2000-OMe and different strains of influenza virus in 4.2.2.
were centrifuged (3000 rpm, 5 min), respectively. eTh
supernatant was transferred, and the quantity afisviwas
represented by the NA activity with 4-methylumbeHyjfiea-D-N-
acetylneuraminic acid sodium salt (4-MUNANA) as the
fluorescent substrate. The solution in the abseficnjugates
with virus was used as control.

4.4.2.3. Isothermal titration calorimetry (ITC)

ITC experiments were performed using an ITC200
Microcalorimeter in PBS buffer. The number of théal
particles was determined by haemagglutination igtnatvhich
converted to virus particles by multiplying *1@s described
previously®*® The concentration of virus particles was
calculated on the basis of *l@articles/L equivalent to 18
mol/L. The concentration of HSA conjugates was 180, and
that of influenza virus HIN1, H3N2, HON2 was 4, 8 anchlf
respectively to get a good fit. In each individeaperiment~38
pL of 40 pM conjugate solution was injected throudte t
computer-controlled 4QL microsyringe at an interval of 2 min
into the viral solution in the same buffer (cellwme = 200ulL)

3H), 1.07 (dJ = 8.6 Hz, 4H), 0.91, 0.85, 0.83, 0.80, 0.71, 0.69,while stirring at 750 rpm. The experimental data wigted to a

0.66 (7s, 21H)**C NMR (100 MHz, CDGJ) § 176.60, 143.78,
137.88, 128.10, 122.09, 86.28, 70.54, 69.43, 66332, 63.19,
55.25, 50.59, 48.44, 47.50, 46.62, 45.83, 44.29664141.31,
39.30, 38.32, 38.00, 37.93, 37.19, 36.87, 36.807%534.78,
33.84, 33.08, 32.93, 32.65, 32.16, 30.67, 29.65882726.98,
25.82, 25.07, 24.13, 23.60, 23.19, 21.63, 20.96131817.50,
16.94, 16.35, 15.34.

4.3.11. CH;0-PEG- amino squaric acid monoethyl ester, (13)

theoretical titration curve using the software sigapl by
MicroCal. A standard one-site model was used wihi
(enthalpy change, in kcal/mol), K (association ¢ant in M%),
and N (number of binding sites) as the variables.

4.4.3. Entry inhibitory activity against H7N9 pseudovirus

MDCK cells (1d/well) were seeded in 96-well plates and
grown overnight. H7N9 pseudotyped particles [HA plasfroch
the H7 subtype strain A, NA plasmid from the N1 spbtgtrain,

Prepared fromi2 (2.3 g, 1.13 mmol) according to the generalHIV backbone plasmid (pNL4-3.luc.R_E)] was incubatedhwi

procedure 4.3.7. The residue was recrystallizedhyl @ther to
give (1.40 g, 82%)'H NMR (400 MHz, CDCJ) & 4.76 (q-like,J

= 6.9 Hz, 2H), 3.64 (s, 185H), 3.38 (s, 3H), 1.46)(% 7.1 Hz,
3H). *C NMR (100 MHz, CDG)) & 71.89, 70.53, 69.40, 58.98,
15.84.

4.3.12. General procedure for the modification of HSA with OA
monoethyl ester

HSA (1 eq) was dissolved in carbonate buffer (pH 9AHen
all protein had dissolved, OA monoethyl ester (20veag added,
and the soln was slowly stirred at rt for 18 h. Tleaction
mixture was transferred to an Amicon ultrafiltratiatevice
(MWCO 10 kDa, Millipore) and desalted by repeatediigliag
deionized water to the upper chamber. The water wasoeated
to 2 mL and purified by Sephades-75 using deionized water

appropriate concentrations of tested OA derivates3€bmin at
37 C . Subsequently, the virus-OA derivate mixture was
transferred to the cells and incubated for an autit 48 h. Cells
were washed with phosphate buffer saline (PBS) aredl lygth
luciferase cell culture lysis reagent (Promega, istad, WI).
Aliquots of cell lysates were transferred to 96-wédk bottom
luminometer plates (Costar), followed by the additiof
luciferase assay substrate (Promega). The lucdexasvity was
measured in a microplate reader (BioTek Instruments USA).

As a negative control, H7N9 pseudotyped particles were
incubated with HSA-PEG2000-OMe. The vyield of
pseudoviruses in MDCK cells were reflected by lumieese
intensity.
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Supplementary Material
'"H and **C NMR spectra of key intermediates and final

glycopolymers and ITC raw data associated with thisla can
be found in the online version, at
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"Oleanolic acid—human serum albumin conjugates as nonglycosylated
neomucin mimic were prepared.
"ITC technology was used in quantificational analysis of the conjugate —

Intact influenza affinity.

"The conjugate can be used as influenza virus adsorbent and entry

inhibitor.



