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Abstract:

Zanamivir (ZA) and guanidino-oseltamivir carboxylcid (GOC) are very potent inhibitors

against influenza neuraminidase (NA). The guaniimmoiety plays an important role in NA

binding; however, its polar cationic nature alsadars the use of ZA and GOC from oral

administration. In this study, we investigated thee of ZA and GOC acylguanidine

derivatives as possible orally available prodrddee acylguanidine derivatives were prepared

by coupling with eithen-octanoic acid or§)-naproxen. The lipophilic acyl substituents were

verified to improve cell permeability, and may alsmprove the bioavailability of

acylguanidine compounds. In comparison, the acylglimes bearing linear octanoyl chain

showed better NA inhibitory activity and higher hglysis rate than the corresponding

derivatives having bulky branched naproxen moi@wr molecular docking experiments

revealed that the straight octanoyl chain coul@mattto the 150-cavity and 430-cavity of NA

to gain extra hydrophobic interactions. Mice regeavthe ZA octanoylguanidine derivative

survived from influenza infection better than thaseated with ZA, whereas the GOC

octanoylguanidine derivative could be orally adsirdated to treat mice with efficacy equal to

oseltamivir. Our present study demonstrates thadrporation of appropriate lipophilic acyl

substituents to the polar guanidine group of ZA &@C is a feasible approach to develop

oral drugs for influenza therapy.
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Resear ch highlights

* ZA and GOC acylguanidines are potent influenzaaraminidase (NA) inhibitors.

* Alkyl chain of acylguanidine improves lipophiligiand fits NA 150 & 143-cavities.

« ZA and GOC acylguanidines as prodrugs undergodhysis in physiological conditions.

» ZA octanoylguanidine is better than ZA to tredtuenza-infected mice in low dosage.

* GOC octanoylguanidine treats mice well by orahadstration against influenza.

Abbreviations:

Arg, arginine; Boc,tert-butoxycarbonyl; (Bog, ditert-butyl) dicarbonate; Cé&, half

maximal cytotoxicity concentration; CPE, cytopatleiifect; DIEA, diisopropyl ethylamine;

DMSO, dimethylsulfoxide; E€, half maximal effective concentration; ESI, elespray

ionization; Gln, glutamine; GOC, guanidino-oseltaimcarboxylic acid; HA, hemagglutinin,

HBTU, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium h#xarophosphate; 6,

half maximal inhibitiory concentration; LC-MS, ligichromatography—mass spectrometry;

LDsop, median lethal dose; MDCK, Madin—Darby canine kidneWUNANA,

2-(4-methylumbelliferyl)e-D-N-acetyl-neuraminic acid; NA, neuraminidase; OC |tasavir

carboxylic acid; OS, oseltamivir; PBS, phosphatédoad saline; PDB, Protein Data Bank;



PE, peramivir; Pro, proline; Ser, serine; TFA ltgfroacetic acid; THF, tetrahydrofuran; Thr;

threonine; TPG, tamiphosphor guanidine; Val, valibg, zanamivir.



1. Introduction

Influenza is a long-standing problem that has cdussasonal epidemics and occassional
pandemics to claim a great number of lives. Infageriruses are classified into A, B and C
groups according to their nucleoproteins and magbrateins. The most virulent group A
viruses are further divided into various subtypepeahding on their hemagglutinin (HA) and
neuraminidase (NA) on the membrane of virusesuémfza virus proliferate itself by invading
host cells to produce its progeny, in which HAasponsible for specific binding of influenza
virus to the sialoprotein on the membrane of he#if whereas NA is responsible for cleaving
the terminal sialic acid from the surface glycopmotof host cell to release progeny virus.
Because different subtypes of NA still keep reklyvconservative active sites, [1] it is
advantageous to design NA inhibitors as effectimdi-iafluenza drugs. [2-5] The NA
inhibitors zanamivir{, ZA), [6, 7] oseltamivir 2a, OS) [8—-10] and peramiviB8( PE) [11-13]
are currently used in therapies of influenza iritect Tamiflu™, the phosphate salt of OS, is
manufactured as an orally available prodrug, wischydrolyzed by endogenous esterase to
release the corresponding carboxylic add, (OC) as the active gradient. Emergence of the
OS-resistant influenza viruses, such as the H1NZ5MXtrain, is a serious concern in clinic
treatment. ZA and PE are not treated as oral dimgs)ly because they carry the hydrophilic
charged carboxyl and guanidino groups, rendering luoavailability and fast renal

elimination. Although GOC4), the guanidino analog of OC, shows higher NA litory



activity, [14] incorporation of the guanidino grogpeatly reduces its bioavailability (< 5%),

[15] Therefore, GOC and its ethyl ester derivatnaae not been developed for therapeutic

use in spite of their preferable NA inhibitory agies.

Derivatization of ZA and GOC, including modificati@f the guanidino group, has been

explored to improve their usefulness in treatmdninfbuenza. [5, 16—-19] For example, the

ZA derivatives having an extended (piperazinocayhpnopyl substituent at the internal

N-position of the guanidino group was found to exralpotent anti-influenza activity against

H1N1 virus with EGy = 0.77uM. [20] This ZA derivative renders extra interactsoin the

150-cavity [3] of group-1 neuraminidases as thenglino group is decorated, and the

hydrophobic alkyl substituent may also improve phecokinetics properties. In another study,

[21] the guanidino group of ZA is modified with appriate acyl substituents at the external

N-position to attain extra bindings in the 150-cawf HIN1 virus. Furthermore, a library of

1,2,3-triazole-containing acylguanidine derivatied<A is constructed to seek for potent NA

inhibitors. [22] Recently, some GOC acylguanidirsge found to possess higher activities

than OC against wild-type HIN1 and OS-resistantd¥2&ruses. [23]

From a different angle of view, acylguanidine commpds are liable to hydrolysis in

acidic or basic conditions, [24-26] and even by abtwation. [27] Therefore, the

acylguanidine derivatives of ZA and GOC may acpesrugs if they can be hydrolyzed in

body to give the parental guanidine drugs. In stede, modification with hydrophobic acyl



substituent may enhance the drug lipophilicity batter membrane permeability and oral

administration. [19] To illustrate this concept,ttrombin inhibitor containing guanidino

group has been prepared as the acylguanidine teeasao uphold membrane permeability

and drug absorptivity. [27] In one of our previogtidies, [28] we also observed that

acylguanidine6 effectively protected Madin—Darby canine kidneyXMIK) cells from the

infection of HIN1 viruses with E{ of 0.8 nM, similar to tamiphosphor guanidirtg EG; =

3.8 nM), everb has poor inhibitory activity against NA &> 100uM). This result suggests

the possible conversion of acylguanidé the parental drugin the cell-based assay.

Although some ZA and GOC acylguanidine derivatihese been revealed to possess

good NA inhibitory activity, [21-23] further expements are required to elucidate whether

they can act as prodrugs or not. In this study,pvepared the ZA and GOC acylguanidine

derivativesra, 7b, 8a and8b (Fig. 1), and then investigated their anti-inflaaractivities and

susceptibility to hydrolysis in different conditisnDue to steric effect, compounds and8b

carrying ana-naphthylpropanoyl group are predicted to be lessitive to hydrolysis than

their counterparta and8a bearingn-octanoyl group. [27]
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Fig. 1. Chemical structures of influenza neuraminidaseibitdrs and

derivatives.

2. Results and discussions

2.1. Chemical synthesis

acylguanidine

Mono-Boc protectedsmethylisothiourea0) was prepared, [23, 29] and reacted with

n-octanoic acid and$-naproxen, respectively, in the presence of HBTid BIEA to give

the corresponding acylisothiourea compouh®s and12b (Scheme 1). Using sialic acid as

the starting material, compou8 was prepared according to the previously repartethod.

[30] Using HgC} as an activator, the coupling reactions of andiBevith 12a and12b were

carried out to givelda and14b in 78% and 89% vyields, respectively. Compoufda and

14b were treated trifluoroacetic acid to remove the Bootecting group, and the ethyl ester



was subsequently saponified at room temperatur@@anin to give the desired produds

and7b, respectively, without hydrolysis of the acylgudine group.
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Scheme 1. Synthesis of acylguanidine derivativés 7b, 8a and8b. Reagents and conditions:
(@) (BocYO, NaHCQ, THF/H,O (1:1), rt, 14 h; (b) HBTU, DIEA, CCly, rt, 14 h; (c) HgGl,
EtsN, CH.Cly, rt, 6 h; (d) TFA, CHCI,, rt, 1 h; (e) KOH, CHCN/H,O (1:1), rt, 30 min. Boc =
tert-butoxycarbonyl, (BogD = ditert-butyl) dicarbonate, DIEA = diisopropyl ethylamine,
HBTU = 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium h#ixarophosphate, TFA =

trifluoroacetic acid, THF = tetrahydrofuran.

For preparation of the GOC acylguanidines, Tanufipsule was treated with (Bg®)in



the presence of NaHG@o afford the Boc-protecting oseltamiwib. [31, 32] The Boc group
was removed, and the intermediate aminium salt wvetg the Hg(ll)-promoted coupling
reactions withl2a and 12b to afford compoundd6a and 16b, respectively. The desired
acylguanidines8a and8b were obtained from6a and16b, respectively, after removal of the

Boc group and saponification of the ester.

2.2. Neuraminidase inhibition and cell-based assay

With ZA and GOC acylguanidiné&a—8b in hand, we then evaluated their NA inhibition
and anti-influenza activities (Table 1). The ZA lanidines7a and 7b showed the NA
inhibitory activities against wild-type (WSN H1N¥jrus and the H275Y mutant with 4
values of 180 and 290 nM, respectively, inferior Z& by approximately 160 fold.
Acylguanidines7a and 7b were nontoxic to MDCK cells (Gfg > 100uM), but efficiently
protected MDCK cells from WSN virus infection withCsy values of 90 and 140 nM,
respectively. As the Ef values were even lower than theisd@alues, we speculated that
acylguanidinesa (ZA-oct) and7b (ZA-nap) might be hydrolyzed, at least in partsyield
the parental ZA. The GOC acylguanidings and 8b also displayed remarkable cellular
protection against WSN virus with B&values of 1 and 2 nM, respectively, even thougly th
are inferior NA inhibitors than GOC. This resultght be also accounted for the increased

lipophilicity of 8a and8b to facilitate cell absorption.
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Table 1. Neuraminidase inhibition (l§), anti-influenza activity (E€) and calculated

lipophilicity.
WSN H275Y Lipophilicity
Compound
ICso> (NM)  EGss° (NM) IG5’ (NM) EGo (M) cLogP cLogD?
1(zZA) 1+ 27 £11 2+0 150 + 20 -413  -5.77
2b (OC) 1+6 16 +4 370 £100 26000+ 11000  0.43 -1.84
4 (GOC) 1+6 7+4 2+1 2100 + 900 0.09 -1.55
7a (ZA-oct) 180 + 50 90 £ 15 290 + 78 480 £ 30 -1.27 -2.92
7b (ZA-nap) 200 +50 140 £ 10 260 + 70 900 + 210 90.9 -2.63
8a (GOC-oct) 81 1+9 185 6600 + 2600 2.95 1.30
8b (GOC-nap) 53+9 2+1 190 + 50 19000 + 8000 3.23 1.59

& All the test compounds are nontoxic to MDCK c€{l<s > 100uM).
b |Cso value is the half maximal inhibitory concentrati@gainst the neuraminidase of

influenza virus A/WSN/1933 (H1N1) or the H275Y nmita

¢ EGso value is half maximal effective concentration fmotection of MDCK cytopathic

effects due to influenza virus infection.

4 Octanol-water partition coefficient calculatedngsMarvinSketch 17.29

® The values were between 0.1 to 0.4, which wer@daip in order to standardize all the
numbers to the same standard deviation signifideyits.
Similar to the previous studies, [21-23] acylguamedderivatives (e.gfa—8b) generally
displayed weaker NA inhibitory activities than thparental anti-influenza agents (Table 1).

Some anti-influenza activity could be reverted lydrolysis of acylguanidine to the parental

11



guanidine as inferred from the cell-based assag.H®G, values in Table 1 might just reflect

the combined effect of the acylguanidine and itdralysis product. It was interesting to note

that GOC-oct8a still had sufficient binding strength with the maoninidase of WSN virus

(ICs0 = 7.9 nM) and exhibited high protective effectd®DCK cells (EGo = 0.5 nM) against

the infection of WSN virus, presumably a conseqgeent enhanced permeability of the

acylguanidine combined with the partial hydrolysismore active guaniding (GOC). In

contrast, the binding strength &a with H275Y mutant was weaker, and no better

anti-influenza activity than GOC was observed. ¢wihg the similar trend, the anti-influenza

activity of GOC-nap8b against wild-type and H275Y mutant was correlatedts binding

strength with NA.

2.3. Cell permeability study

To validate the assumption that the lipophilic agndup could bolster up cell permeation,

we measured the cell permeabilityénd8a. We first identified the characteristic fragments

atm/z = 180 for guanidind and atnV/z = 365 for acylguanidin8a (Fig. S1). The calibration

curves for concentrations dfand8a were established, respectively, on the basis @figh

currents (expressed as integral area) of the cteaistec fragments in LC-MS spectra (Fig.

S2). Thus MDCK cells were incubated with 10801 of 4 or 8a for 48 h, and the cell lysates

were prepared for the quantification 4fand 8a in the cells by LC-MS analyses. The

12



experiments showed that the cell lysate of thesdedated witl8a contained 1225 nM da

and 130.4 nM of the hydrolysis produktequivalent to a sum of 1355.4 34 entering the

MDCK cells after a 48-hour incubation (Fig. S3). domparison, the parallel experiment

showed that the cell lysates of the cells treatétl @ only contained 47.6 nM of. Thus,

acylguanidine3a has better cell permeability than guaniddney 28 fold.

2.4. Sability of acylguanidine compounds in buffer and plasma

According to our cell permeability study, approxielg 10% of8a was hydrolyzed at 48

h of incubation to release more active NA inhibitbrTo have a deeper insight into the

attributes of acylguanidinega—8b, we also examined their hydrolytic behaviors ifiedent

media (Table 2). These compounds were stable gicamedia; no appreciable degradation

occurred after incubation for 96 h at pH 1.3 or fehtries 1 and 2). The acylguanidine

derivatives were slowly hydrolyzed in neural phasehbuffer, whereas the hydrolytic

degradation of octanoylguanidine compourts and 8a accelerated in basic conditions

(entries 5 and 6). For unknown reason, the naproeeived acylguanidin8b could sustain

longer in basic borate or glycine buffetg € 76.7-81.4 h) than that in neutral conditibn %

64.9 h). The stability experiments also revealeat thictanoylguanidines/§ and 8a) were

more easily hydrolyzed than the naproxen-derivedgaanidines Tb and8b). This result is

in agreement with the previous finding that shoegguanidine witha-substituent will slow

13



down the hydrolysis rate. [27] The similar trendsvadoserved in hydrolysis of acylguanidines
in rat plasma and rabbit serum (entry 7). Compotmé rat plasma was hydrolyzed with a
half-life at 29.5 h, compared with 67.7 h'dd. The LC-MS analysis showed a signahét
333 corresponding to the protonated molecule iont[M] of ZA, indicating that ZA was the
hydrolysis product offa (Fig. S4). Both8a and 8b were rather reluctant to hydrolysis in

rabbit serum; thus 55% 8& and 76% oBb remained after incubation for 96 h at°&%

Table 2. Stability tests of acylguanidine compounds.

ty2 (h)?
entry Media

72" 7bP 8a" 8h®
1 HCI/KCI solution (50 mM, pH 1.3) >66  ND“ > o6 > 96
2 acetate buffer (50 mM, pH 4.1) >%96  NDA ND*® ND®
3 phosphate buffer (50 mM, pH 7.4) 39.2 ND ND® 64.9
4 phosphate buffer (10 mM, pH 7.4) 56.8 67.2 °ND  69.7
5 borate buffer (50 mM, pH 9.1) 26.1 ND 181 76.7
6 glycine buffer (50 mM, pH 9.2) ND  ND¢ 22.4 81.4
7 animal plasnia 29.5 67.7 ~ 9¢° > 9F°

& Half-life was determined by HPLC analysis of thmagning acylguanidine compound. The
calculation was based on pseudo-first order rate la

® Three duplicate experiments were performedZéoand7b, whereas single measurement
was taken foBa and8b.

¢ More than 75% of the indicated compound remainget afcubation for 96 h at 3.

9 ND: Not determined. The hydrolysis tests wereperformed.

14



®ND: Not determined. The hydrolysis tests were resfggmed due to incomplete dissolution
of the substrates.

"Experiments ofa and7b was performed in rat plasma, whereas th&aind8b was
conducted in rabbit serum.

90nly 55% of8a remained after incubation for 96 h at&7.

2.5. Molecular modeling

To address the distinction of JCvalues betweem- and b-series acylguanidines, we
conducted molecular docking experiments on the GO@guanidinesa and8b to compare
their binding modes in the open-form NA of HIN1uar(Fig. 2). In addition to the key
interactions of the Cl-carboxy, C3-pentoxy, C4-acetio and C5-gaunidino groups in the
NA active site, [33] the carbonyl group of the a@mdnidine moiety also generates a hydrogen
bond with Arg-118. The similar hydrogen-bond intdian is also shown in the binding
modes of other GOC and ZA acylguanidines. [21-28 $traight hydrocarbon chain &
extends to the 150-cavity [3] and 430-cavity [3d4] dain hydrophobic interactions with
Val-116, GIn-136, Ser-145 and Thr-439. In contrés, bulky naproxen moiety & cannot
access the 150-cavity, and would rather points afmay the NA pocket. Moreover, the
hydrophobic interactions induced by the naphthggriwith Arg-430 and Pro-431 in the
430-cavity are significantly less robust than thpessessed by compou8iad Taken together,
the molecular docking experiments are in agreemithtthe results of NA inhibition assays,

l.e. 7a and 8a bearing a linear octanoyl substituent at the giliaai moiety can fit the

15



open-form NA to attain better inhibitory activitlyan7b and8b.

(a) Pro431 (b) Pro431

-  Argiis -~  Agiis
'~ o i A4 ~
"Val116 Thra39 | . & = T~.Thrd39 [ . o
Ser145 \ . \ Ser145 o ;

Argad30 Arg430

f 44\/\/\) -~ \\45 B Jyame I‘I;’/" \
\ A N

\ \
GIn136

Fig. 2. Schematic representations of molecular modelingonipounds8a (a) and8b (b) in

the open-form neuraminidase (N1 subtype, PDB c2He&l0).

2.6. Mice experiments

ZA requires a dose of 400g/kg/day (1.2 pmol/kg/day) by intranasal administras

twice (with half of the dosage at each administrgtifor treatment of influenza infected

patients. Taking 10 times metabolic rate of motise,mice experiment was first conducted

using the dosage of 12 pmol/kg/day by intranasstlliation. Phosphate buffered saline (PBS)

was utilized as negative control. Fig. 3a shows tha acylguanidinga (ZA-oct) was as

effective as ZA in protection of mice (100% suni)visom the infection of HIN1 virus, but

acylguanidinerb (ZA-nap) was somewhat inferior with 70% survivate at day 21. When

mice were treated with a low dosage of 2.4 umotfkg/ compound’a showed somewhat

better efficacy than ZA (Fig. 3b). The in vitro Isilsty tests suggested that the half-life of

16



compound7a is approximately 30 h (Table 2). Compared to tkeorted half-life of
zanamivir of 2-5 h [35], it is possible that tharaduction of lipophilic group helps the
stability of 7a. Also, the cell permeability tests implied thaglner amount of compound with
lipophilic group is available to the cells compatedthe parental compound. Therefore, the
observed virus challenge results are ascribedgioehiavailabilities and stabilities, combined
to the antiviral effects of the ZA derivative and\.Z This mechanism is similar to that

proposed for laninamivir octanoate, which is a laaging NA inhibitor. [36]

(a) (b)
100 100 I—-—H—I:—o—o—o—o—l_._._l
80 80
_ - *kk
4 d
é 60 3\«60
~n | 3 o
F -7,
5 40 —=7b £40 a
“ ——ZA i ——ZA
20 N 20 ——PBS
0 0
0 3 6 9 12 15 18 21 0 2 1 6 8 10 12 14
Day Post Infection of HIN1 Virus Days Post Infection of HIN1 Virus

Fig. 3. Survival rates of virus-infected mice on treatmenth ZA acylguanidines. The
administered dosage of each compound wasuhl/kg/day (a) and 2.4mol/kg/day (b).
Compounds were administered by intranasal institladnd continued twice daily for 5 days.
BALB/c mice were intranasally challenged with 10 §g®f A/WSN/1933 (H1N1) viruses.

The animal experiments were conducted with 10 mparegroup. ***P<0.0001.

17



Compared to cLogP of 1.16 for OS, GOC acylguani8emes predicted to have a suitable
lipophilicity (cLogP = 2.95) for oral administratidn mice experiment. OS requires a dose of
3 mg/kg/day (9.6 umol/kg/day) for influenza treatme~ig. 4 shows tha®a and OS have
equivalent efficacy by oral administration at @#i@ol/kg/day dosage to protect mice from the
infection of WSN virus. This experiment suggest& thossible development of GOC

acylguanidine as an orally available drug in infina therapy.

100
| I 8a

80 OS
- ——PBS
=
< 60
g * %
2 40
=
»n

20 * % %

-1 4 9 14
Day Post Infection of HIN1 Virus

Fig. 4. Survival rates of virus-infected mice on treatmenth GOC acylguanidineBa.
Compounds were administered by oral gavage andnceat twice daily for 5 days. The
administered dosage of each compound wasm@/kg/day. BALB/c mice were intranasally
challenged with 10 LBy of A/WSN/1933 (H1N1) viruses. The animal experitsewere

conducted with 10 mice per group. ***P<0.0001. *(PQ01.

3. Conclusion

In this study, we designed and synthesized thertAGOC acylguanidine derivativés,
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7b, 8a and 8b. Similar to the previous studies, [21-23] thesglq@nidine derivatives

generally displayed weaker NA inhibitory activitidsan their parental anti-influenza agents

(ZA or GOC, Table 1). Nonetheless, the GOC octajuaidine derivativea still possess

high inhibitory activity with 1G of 8 nM and EGp of 1 nM against wild-type H1N1 virus. By

conducting cell permeability experiments, we enduhat8a is 28-fold more readily uptaken

by MDCK cells compared to the parental agent, apdraimately 10% of8a can be

hydrolyzed to producd. Our experiments also indicated that the acylgliaas were prone

to hydrolysis in neutral and basic buffer solutiasswell as in animal plasma at physiological

condition, leading to liberation of the parentatianfluenza agents ZA and GOC (Table 2).

The hydrolysis of acylguanidinéa and8a was appreciably faster than their counterpdbnts

and8b. Taken together, the ZA and GOC acylguanidinevdéries are not only active to NA

but also act further as prodrugs by hydrolysiseh i generate the parental guanidines (ZA

and GOC). Incorporation of appropriate lipophilicylsubstituents to the polar guanidine

group of ZA and GOC can improve the cell permegbiand render the possible oral

administration for treatment of influenza.

The molecular docking experiments revealed thastreght octanoyl chain & could

extend to the 150-cavity and 430-cavity of NA tdngaxtra hydrophobic interactions. In

comparison, the GOC acylguanididie showed a weaker affinity to NA by 7 fold because t

bulky branched naproxen moiety could not be incafsal into the 150-cavity. Following the

19



similar trend, the ZA octanoyl derivativa also showed better NA inhibitory activity than the
naproxen derivative’b. By intranasal administration, the octanoylguamédderivative7a
(ZA-oct) secured higher mice survival than ZA iedamment with HIN1 influenza, bdb
(ZA-nap) was less effective (Fig. 3). By oral ga@agiice receivinga (GOC-oct) showed

comparable survival rate to those treated with B§. @).

5. Experimental section

5.1. General part

All the reagents and solvents were reagent grade vaere used without further
purification unless otherwise indicated. All solt®rwere ACS grade unless indicated
otherwise. CHCI, was distilled from Cakl All non-aqueous reactions were conducted in
oven-dried glassware under a slight positive presséi argon or nitrogen unless otherwise
noted. Reactions were magnetically stirred and toozd by thin-layer chromatography
(TLC) on silica gel using phosphomolybdic acid asualizing agents. Silica gel (Merck,
0.040-0.063 mm) and LiChroprep RP-18 (Merck, 0.@4063 mm) were used for column
chromatography. Melting points were recorded onaaac<o or Electrothermal MEL-TEMP
1101D apparatus and are not corrected. Opticaltioota were measured on digital
polarimeter of Japan JASCO Co. DIP-10Gf)p[values are given in units of Taleg cnd g™
Infrared (IR) spectra were recorded on a ThermmEiciS5 FT-IR spectrometer. Nuclear
magnetic resonance (NMR) spectra were obtainedrakel8 DPX-400 (400 MHz) or Bruker
AVIII-400 (400 MHz) spectrometer. Chemical shifty @re given in parts per million (ppm)
relative to internal standards: CHQby = 7.24), CD{ (6¢c = 77.0 for the central line of

triplet), HDO @y = 4.81), CHOD (54 = 3.31), CROD (3¢ = 49.0), (CH),SO ¢ = 2.50) and
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(CD3),SO0O ©¢c = 39.5). The splitting patterns are reported ésmglet), d (doublet), t (triplet),

g (quartet), quin (quintet), m (multiplet), dd (dde of doublets) and br (broad). Coupling
constantsJ) are given in Hz. The ESI-MS experiments for coommb characterization were
conducted on a Bruker Daltonics BioTOF Il highalkgion mass spectrometer.
High-performance liquid chromatography (HPLC) wasfprmed on Agilent 1100 Series
instrument equipped with a degasser, a Quat pungpaadJV detector. LC-MS experiments
for compound characterization were performed orefgil200 Series instrument and Agilent

6320 lon Trap LC-MS System.

5.2. Material and methods

Influenza virus A/WSN/1933 (H1N1) was obtained fr@n Shin-Ru Shih at Chang Gung
University in Taiwan, and influenza virus A/Udor@/2 (H3N2) was from Dr. Jia-Tsrong Jan
(The Genomics Research Center, Academia SinicaN \&BlY was selected with Tamiflu
from influenza virus A/WSN/1933 (H1N1) in our laBll Viruses were cultured in the
allantoic cavities of 10-day-old embryonated chrtleggs for 72 h, and purified by sucrose
gradient centrifugation. Madin—Darby canine kidn@¢DCK) cells were obtained from
American Type Culture Collection (Manassas, Vay arere grown in DMEM (Dulbecco's
modified Eagle medium, GibcoBRL) containing 10%afebovine serum (GibcoBRL) and

penicillin-streptomycin (GibcoBRL) at 3T under 5% CQ

5.3. Synthesis and characterization of compounds
5.3.1.Tert-Butyl [amino(methylthio)methylene] carbamate (10). [29]

To a solution ofSmethylisothiourea hemisulfate sall) (1085 mg, 7.80 mmol) and
NaHCGQ; (655 mg, 7.80 mmol) in #D (15 mL) and THF (15 mL) was addedtdi{-butyl)

dicarbonate (1283 mg, 5.88 mmol) dropwise. The unn&twas stirred at room temperature

21



under argon for 14 h, and then concentrated undduced pressure. The residue was
partitioned between EtOAc and:®l. The organic phase was dried over MgSitered, and
purified by silica gel chromatography (EtOAc/hexané:4) to afford the desired produkf
(1104 mg, 99%). @H14N-0,S; *H NMR (CDCk, 400 MHz)8 2.39 (3 H, s), 1.45 (9 H, s)’C
NMR (CDCl, 100 MHz)6 172.3, 160.4, 79.1, 27.5, 12.7; HRMS (ESI) catmd@;H;5N,0,S:

191.0854, foundm'z 191.0848 [M + HI.

5.3.2. Tert-Butyl [ (methylthio)(octanamido)methyl ene] carbamate (12a)

To a solution of octanoic acid (158, 1.00 mmol) in anhydrous GBI, (5 mL) was
added HBTU (417 mg, 1.10 mmol), DIEA (192, 1.10 mmol) and compountD (209 mg,
1.19 mmol). The mixture was stirred at room tempgeaunder argon for 14 h, and then
concentrated under reduced pressure. The residsieiiuéed with EtOAc and washed with 1
M HClyq) saturated NaHC£q and brine. The organic phase was dried over Mg8i@red,
and purified by silica gel chromatography (EtOAc/duee = 1:19) to afford the desired
product 12a (169 mg, 71% vyield). GH2sN>O3S; white solid; mp 68.0-69.2C; TLC
(EtOAc/hexane = 1:9% = 0.45; IRvmax (n€at) 2930, 1748, 1567 cm'H NMR (CDCk, 400
MHz, containing two tautomers (3:19)12.41 (0.75 H, s), 12.12 (0.25 H, s), 2.50-2.281(5
m), 1.71-1.58 (2 H, m), 1.48 (9 H, s), 1.37-1.1%(8n), 0.84 (3 H, tJ = 5.4 Hz)°C NMR
(CDCl3, 100 MHz)$ 171.1, 170.9, 160.6, 80.6, 77.2, 37.0, 31.3, 28777 (3 %), 24.3, 22.3,

14.1, 13.7; HRMS (ESI) calcd fori2oN,05S: 317.1899 foundn/z 317.1897 [M + HI.

5.3.3. Tert-Butyl
[ [ 2-(6-methoxynaphthal en-2-yl)propanamido] (methylthio)methyl ene] carbamate (12b)

To a solution of §-naproxen 11b) (115 mg, 0.50 mmol) in anhydrous &, (5 mL)
was added HBTU (247 mg, 0.65mmol), DIEA (180, 0.75mmol), and compountD (114
mg, 0.6 mmol). The mixture was stirred at room tempure under argon for 14 h, and then
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concentrated under reduced pressure. The residsieiiuéed with EtOAc and washed with 1
M HClyq) saturated NaHC£q, and brine. The organic phase was dried over Mg#i@red,
and purified by silica gel chromatography (EtOAcidwee = 1:9) to afford the desired product
12b (169 mg, 84%, containing tautomers (11:9)%HGeN2O4S; colorless syrup; TLC
(EtOAc/hexane = 1:9R = 0.27; []**> =18.4 € = 1.0, CHCL,); IR vmax (neat) 2933, 1747,
1557 cm®; *H NMR (CDClk, 400 MHz)8 12.31 (0.55 H, s), 12.19 (0.45 H, s), 7.69 (3 i, m
7.38 (1 H, br), 7.15-7.07 (2 H, m), 4.02-3.90 (1bH, 3.87 (3 H, s), 2.30 (3 H, s), 1.62 (3 H,
d, J = 6.8 Hz), 1.37 (9 H, br)**C NMR (CDCk, 100 MHz)$ 186.3, 172.1, 171.0, 170.2,
169.4, 160.2, 157.4, 157.2, 150.3, 150.1, 136.8,.8/3133.6, 133.2, 128.9, 128.6, 127.4,
126.4, 126.2, 125.9, 125.3, 118.,8 118.4, 105.2,82.3, 80.5, 77.2, 53.7, 50.9, 47.6, 27.4,
17.5, 17.0, 14.1, 13.9; HRMS (ESI) calcd fonl;7N,0,S: 403.1692, foundn/z 403.1700

M+ H]".

5.3.4. Methy
5-acetamido-6-(1,2,3-triacetoxypropyl)-4-[ 2-(tert-butoxycar bonyl)] -3-octanoyl] guanidino-4,5
-dihydro-6H-pyran-2-carboxylate (14a)

Amine 13 was prepared from sialic acid according to theviptesly reported method. [30]
To a solution of aminé&3 (138 mg, 0.32 mmol) in Ci&l, (5 mL) were added compouida
(100 mg, 0.32 mmol), Hg€(95 mg, 0.35 mmol), and &t (49 uL, 0.35 mmol). The mixture
was stirred at room temperature under argon farfétéred through Celite, and concentrated
under reduced pressure. The residue was dilutdd E#DAc and washed with 1 M Hgd,
saturated NaHCgxq and brine. The organic phase was dried over Mg$iered, and
purified by silica gel chromatography (EtOAc/hexand.:1 to 3:2) to afford the coupling
productlda (172 mg, 78%). &HsoN4O13; white foam; TLC (EtOAc/hexane = 3:B) = 0.45;
[0]?%5 +58.6 € = 1.0, CHCL); IR vmax (Neat) 3269, 2930, 1746, 1657 ¢nfH NMR (CDCE,
400 MHz, two tautomers (17:39)12.21 (0.15 H, s), 12.19 (0.85 H, s), 9.12 (0.89H =
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8.4 Hz), 8.48 (0.15 H, d, = 8.4 Hz), 6.00 (0.85 H, d,= 8.8 Hz), 5.91 (0.15 H, d,= 2.4 Hz),
5.86 (0.85 H, dJ = 2.4 Hz), 5.76 (0.15 H, d,= 9.2 Hz), 5.46-5.38 (1 H, m), 5.33-5.25 (1 H,
m), 5.20-5.05 (1 H, m), 4.71-4.60 (1 H, m), 4.3804(2 H, m), 4.20-4.10 (1 H, m), 3.84—
3.73 (3 H, m), 2.41-2.30 (2 H, m), 2.13-2.00 (9}, 1.88-1.80 (3 H, m), 1.67-1.57 (2 H,
m), 1.51-1.41 (9 H, m), 1.35-1.19 (8 H, m), 0.854(3, J = 6.8 Hz);**C NMR (CDC}, 100
MHz, two tautomers (17:3)) 187.6, 174.4, 170.6, 170.5, 170.2, 170.1, 17(60,89, 169.86,
162.9, 161.4, 156.6, 156.1, 152.5, 144.4, 144.8,8,009.7, 83.2, 79.3, 77.1, 71.4, 67.7, 62.0,
52.0, 49.3, 49.1, 46.8, 46.7, 41.1, 37.5, 31.42,319.0, 28.8, 28.52, 28.46, 27.8, 27.6, 25.3,
24.2,22.6,22.3,22.2, 20.5, 20.4, 13.72, 13.88M$S (ESI) calcd for Hs:N4O3 699.3453,

found:m/z 699.3453 [M + HI.

5.35. Methyl
5-acetamido-6-(1,2,3-triacetoxypropyl)-4-[ 2-(tert-butoxycar bonyl)- 3-(2- (6-methoxynaphthal e
n-2-yl)propanoyl)guanidino-4,5-dihydro-6H-pyran-2-car boxyl ate (14b)

According to the procedure similar to that for camupd 14a, the reaction of amin&3
(180 mg, 0.42 mmol) in Cil, (5 mL) with compoundl2b (169 mg, 0.42 mmol) in the
presence of HgGl(125 mg, 0.46 mmol) and #& (64 uL, 0.46 mmol) afforded the coupling
productl4b (293 mg, 89%). &sH4sN4O14; White foam; TLC (EtOAc/hexane = 3:R) = 0.26;
[a]%%5 +49.0 € = 1.0, CHCL); IR vmax (neat) 3280, 2933, 1748, 1606 ¢ntH NMR (CDCE,
400 MHz, two tautomers (3:29)12.24 (0.6 H, s), 11.97 (0.4 H, s), 8.98 (0.6 H] d 8.4 Hz),
8.39 (0.4 H, dJ = 7.2 Hz), 7.77-7.62 (3 H, m), 7.46 (0.4 HJd; 8.4 Hz), 7.33 (0.6 H, d,=
8.4 Hz), 7.18-7.07 (2 H, m), 6.12 (0.6 HJd; 8.8 Hz), 5.87-5.78 (0.4 H, m), 5.42-5.37 (0.6
H, m), 5.30-5.23 (1 H, m), 5.23-5.18 (0.4 H, mp%-4.97 (1 H, m), 4.69-4.59 (1 H, m),
4.29-4.05 (3 H, m), 3.95-3.82 (3 H, m), 3.82-3461( m), 2.18-1.97 (9 H, m), 1.89-1.78 (3
H, m), 1.62-1.52 (3 H, m), 1.43-1.28 (9 H, M NMR (CDCE, 100 MHz, two tautomers
(3:2))0 187.6, 175.2, 170.6, 170.2, 170.09, 170.06, 16%8,6, 169.5, 162.5, 161.3, 161.2,
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157.4, 157.1, 156.5, 156.1, 152.1, 144.0, 143.9,2,3133.6, 133.5, 133.1, 128.9, 128.7,
128.6, 128.4, 127.3, 126.6, 126.3, 126.2, 125.6,4,218.7, 118.6, 109.8, 105.3, 105.1, 83.2,
79.0, 77.2,76.8,71.3, 71.0, 71.0, 67.6, 67.3,84.74, 54.69, 51.82, 51.76, 50.7, 49.2, 47.8,
46.3, 46.2, 27.5, 27.3, 22.5, 22.1, 20.4, 20.33,116.8; HRMS (ESI) calcd for4gH49N4O14:

785.3245, foundm'z 782.3236 [M + HI.

5.3.6.
5-Acetamido-4-(3-octanoyl guanidino)-6-(1,2,3-trihydroxypropyl )-4,5-dihydro-6H-pyran-2-ca
rboxylic acid (7a)

To a solution of compount4a (58 mg, 0.083 mmol) in Ci€l, (1 mL) was added TFA
(1 mL). The mixture was stirred at room temperatiorel h, and then concentrated under
reduced pressure. The residue was dissolved ¢C8H1 mL), and then added 1 M KQ
(1 mL). The mixture was stirred at room temperafiore30 min, acidified by adding TFA,
and concentrated under reduced pressure. The eesidis purified by reversed-phase
chromatography (RP-18; elution with gradients of Qe in H,O (0-60%)) to afford the
desired compounda (29 mg, 76%). The purity ofa was 97.2% as shown by HPLC on an
HC-C18 column (Agilent, 4.6 x 250 mm, 5 um partisiee),tr= 8.5 min [MeOH/HO = 2:3
to 7:3 for 20 min then 7:3 to 100%@® for 20 min] at a flow rate of 1.0 mL/min2§34N4Os;
white solid (hygroscopic);o]*s +70.3 € = 1.0, DMSO); IRumax (KBr) 3398, 2929, 1696,
1637 cm®; *H NMR (CD;OD/CRCO,D = 2:1, 400 MHz) 5.92 (1 H, dJ = 2.8 Hz), 4.72—
4.62 (1 H, m), 4.51 (1 H, d,= 8.8 Hz), 4.40-4.30 (1 H, m), 3.92-3.80 (2 H, }1J8-3.69 (2
H, m), 2.43 (2 H, tJ = 7.2 Hz), 2.00 (3 H, s), 1.68-1.55 (2 H, m), £B18 (8 H, m), 0.83 (3
H,t,J=64 HZ);13C NMR (CD;OD/CRCO,D = 2:1, 100 MHz) 176.9, 174.4, 164.6, 154.9,
146.3, 106.3, 76.7, 70.7, 69.6, 63.8, 50.4, 37129,329.12, 29.07, 24.5, 22.7, 21.8, 13.3;

HRMS (ESI) calcd for gHzsN4Os: 459.2455, foundn/z 459.2449 [M + HI.
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5.3.7.
5-Acetamido-4-(3-(2-(6-methoxynaphthal en-2-yl) propanoyl )guanidino-6-(1,2,3-trihydroxypro
pyl)-4,5-dihydro-6H-pyran-2-carboxylic acid (7b)

According to the procedure similar to that for camapd 7a, compoundl4b (293 mg,
0.38 mmol) was treated with TFA in GEl, to remove the Boc group and subsequently
saponified with 1 M KOkdq) in CH;CN to give the desired compouid (189 mg, 93%). The
purity of 7b was > 99% as shown by HPLC on an HC-C18 columni€¢Ag 4.6 x 250 mm, 5
pm particle size)tg = 7.8 min [MeOH/HO = 2:3 to 7:3 for 20 min then 7:3 to 100%CHfor
20 min] at a flow rate of 1.0 mL/min.»gH3.N4Os; white solid (hygroscopic)o]*s +28.9 €
= 1.0, DMSO); IRvmax (KBr) 3415, 2938, 1691, 1605 ¢m'H NMR (CD;OD/CRCO,D =
2:1, 400 MHz)5 7.69-7.60 (3 H, m), 7.37-7.25 (2 H, m), 7.10-1D3, m), 5.86 (1 H, s),
4.62—4.55 (1 H, m), 4.50-4.42 (1 H, m), 4.32—4P56i( m), 3.95-3.78 (6 H, m), 3.73-3.66 (2
H, m), 1.92 (3 H, s), 1.47 (3 H, d= 7.2 Hz);**C NMR (CD;OD/CRCO;D = 2:1, 100 MHz)

0 177.8, 174.3, 164.5, 158.6, 155.1, 146.3, 13438.71, 134.6, 129.6, 129.5, 128.0, 126.9,
125.9, 119.5, 106.1, 105.9, 76.7, 70.7, 69.6, @48, 50.3, 21.8, 17.6; HRMS (ESI) calcd

for CyeH33N4Og: 545.2248, foundn/z 545.2249 [M + H]

5.3.8. Ethyl
4-acetamido-5-(2- (tert-butoxycar bonyl)-3-octanoyl )guani dino-3- (pentyl -3-oxy)cyclohex-1-en
e-1-carboxylate (16a)

To a suspension of Tamiflu capsule (985 mg, 2.4@Mmand NaHCQ (1007 mg, 11.99
mmol) in THF/HO (10 mL/10 mL) was added (Be€ (720uL, 3.13 mmol). The mixture
was stirred at room temperature for 5 h. The oémyer was collected, and the aqueous
layer was washed with EtOAc. All organic phase wasibined, dried over MgSQfiltered,
and purified by silica gel chromatography (EtOAc/ee = 3.7 to 4:6) to afford the
Boc-protecting oseltamivit5 (907 mg, 92%). [31]
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To a solution of compountb (128 mg, 0.31 mmol) in Ci€l, (2 mL) was added TFA (2
mL). The mixture was stirred at room temperature Xoh, and then concentrated under
reduced pressure to give the corresponding amihe. dmine product was dissolved in
CH.Cl; (4 mL), and compound2a (98 mg, 0.31 mmol), Hggl(92 mg, 0.34 mmol), and
EtN (216 uL, 1.55 mmol) were added. The mixture was stirredoam temperature under
argon for 6 h, filtered through Celite, and concatetd under reduced pressure. The residue
was diluted with EtOAc and washed with 1 M kg saturated NaHC£q, and brine. The
organic phase was dried over MgS@ltered, and purified by silica gel chromatogngp
(EtOAc/hexane = 2:3 to 1:1) to afford the couplprgductl6a (141 mg, 77%)C3oHs:N4O7;
white foam; TLC (EtOAc/hexane = 1:8 = 0.48; p]*’s —=65.1 € = 1.0, CHCL); IR Umax
(neat) 3280, 2929, 1722, 1614 ¢mH NMR (CDChk, 400 MHz, two tautomers (4:1))
12.18 (0.8 H, s), 12.12 (0.2 H, s), 9.19 (0.8 H] d,8.4 Hz), 8.65 (0.2 H, d,= 7.6 Hz), 6.75
(0.2 H, s), 6.71 (0.8 H, s), 6.42-6.31 (1 H, mB9%44.25 (1 H, m), 4.14-3.89 (4 H, m), 3.27
(1 H, quin,d = 5.6 Hz), 2.71 (1 H, dd} = 17.6, 5.2 Hz), 2.32-2.19 (3 H, m), 1.82 (0.6s},
1.80 (2.4 H, s), 1.61-1.48 (2 H, m), 1.48-1.31K{13n), 1.27-1.10 (11 H, m), 0.84-0.69 (9
H, m);**C NMR (CDCE, 100 MHz, two tautomers (4:1))187.6, 174.3, 170.2, 170.1, 165.8,
165.7, 163.2, 156.4, 155.9, 152.5, 137.6, 137.8,8,.2428.5, 82.9, 82.6, 82.2, 79.4, 75.3, 75.2,
60.69, 60.66, 53.6, 53.0, 47.9, 41.2, 37.6, 31153,330.0, 29.5, 29.1, 29.0, 28.62, 28.59, 28.0,
27.9, 27.7, 25.88, 25.85, 25.5, 24.3, 23.0, 22%4,22.3, 13.9, 13.82, 13.77, 9.4, 9.3, 9.14,

9.08; HRMS (ESI) calcd for $Hs3N4O7: 581.3914, foundn/z 581.3912 [M + HI.

5.3.9. Ethyl 4-acetamido-5-(2-(tert-butoxycarbonyl)-
3-(2-(6-methoxynaphthal en-2-yl) propanoyl )guani di no- 3-(pentyl-3-oxy)cycl ohex- 1-ene-1-carb
oxylate (16b)

According to the procedure similar to that for cauapd 16a, compoundl5 (157 mg,
0.38 mmol) was treated with TFA to give the cormgting amine, which reacted wifl2a
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(151 mg, 0.38 mmol) in the presence of Hg(@l4 mg, 0.42 mmol) and & (265uL, 1.90
mmol) to afford the coupling produdeb (225 mg, 89%). &Hs0N4Osg; white foam; TLC
(EtOAc/hexane = 1:1f = 0.40; p]**5 —101.1 ¢ = 1.0, CHCL,); IR vmax (neat) 3287, 2933,
1722, 1606 crt; *H NMR (CDChk, 400 MHz, two tautomers (3:2)12.28 (0.4 H, s), 12.02
(0.6 H, s), 9.09 (0.4 H, d, = 8.4 Hz), 8.52 (0.6 H, dl = 8.0 Hz), 7.67-7.57 (3 H, m), 7.41
(0.6 H, d,J = 9.6 Hz), 7.29 (0.4 H, d = 9.6 Hz), 7.07-6.98 (2 H, m), 6.70 (0.4 H, 7.
(0.6 H, s), 6.34 (0.4 H, d,= 8.8 Hz), 5.37 (0.6 H, d,= 9.2 Hz), 4.31-4.01 (3.4 H, m), 3.95—
3.85 (1 H, m), 3.82-3.69 (4 H, m), 3.51-3.46 (0,61, 3.28-3.22 (0.4 H, m), 2.98-2.92 (0.6
H, m), 2.72-2.62 (1 H, m), 2.32-2.22 (1 H, m), 1(8® H, s), 1.53 (3 H, d] = 7.2 Hz),
1.45-1.33 (9.4 H, m), 1.30-1.13 (8.4 H, s), 0.843@4.2 H, m), 0.63 (1.8 H, §,= 7.6 Hz);
%C NMR (CDCB, 100 MHz, two tautomers (3:29)187.8, 175.1, 170.1, 169.9, 165.5, 162.9,
157.5, 157.2, 156.7, 156.1, 152.3, 137.6, 137.9,.313133.8, 133.7, 133.0, 129.0, 128.8,
128.7, 128.6, 128.4, 127.4, 126.8, 126.3, 126.3,6&2 125.55, 118.8, 118.7, 105.3, 83.1,
82.6, 82.1, 79.2, 76.1, 75.1, 60.6, 60.5, 54.98%5453.9, 53.3, 51.0, 48.2, 48.1, 47.8, 29.7,
27.8, 27.6, 25.8, 25.6, 25.5, 25.3, 22.8, 22.58,1177.0, 13.9, 9.2, 9.0, 8.8; HRMS (ESI) calcd

for CsgHs1N4Os: 667.3707, foundmz 667.3702 [M + HI.

5.3.10.  4-Acetamido-3-(pentyl-3-oxy)-5-(3-octanoyl guanidino)cycl ohex-1-ene-1-carboxylic
acid (8a)

To a solution of compountiba (47 mg, 0.081 mmol) in Ci€l, (1 mL) was added TFA
(1 mL). The mixture was stirred at room temperatiorel h, and then concentrated under
reduced pressure. The residue was dissolved yCAH1 mL) and then added 1 M KQ
(1 mL). The mixture was stirred at room temperafiore30 min, acidified by adding TFA,
and concentrated under reduced pressure. The eesidis purified by reversed-phase
chromatography (RP-18; elution with gradients ofQitein H,O (0-75%)) to afford the
desired compoun8a (22 mg, 60%). The purity da was > 99% as shown by HPLC on an
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HC-C18 column (Merck, 4.6 x 100 mm, 2 um particie)} tr= 11.1 min [MeOH/(0.1% TFA
aqueous solution) = 3:2] at a flow rate of 0.5 midnC,3H4oN4Os; white foam; §]%%5 —9.6 €

= 1.0, MeOH); IRumax (neat) 3273, 2931, 1683 cn'H NMR (CD;OD/CRCO:D = 2:1, 400
MHz) 5 6.88 (1 H, s), 4.27-4.20 (1 H, m), 4.16—4.01 (2, 3.39 (1 H, quinJ = 5.6 Hz),
2.84 (1 H, ddJ = 17.6, 4.0 Hz), 2.50-2.35 (3 H, m), 1.98 (3 H,1s$7-1.55 (2 H, m), 1.55—
1.42 (4 H, m), 1.36-1.18 (8 H, m), 0.92—0.78 (9n); *C NMR (CD;OD/CRCO.D = 2:1,
100 MHz)$ 176.8, 174.1, 168.6, 154.5, 138.0, 128.8, 83.8,%4.1, 50.4, 37.2, 31.9, 29.4,
29.2, 29.1, 26.4, 26.0, 24.6, 22.7, 21.9, 13.3, 8.8; HRMS (ESI) calcd for £H41N4Os:

453.3077, foundmz 453.3074 [M + H.

5.3.11.
4-Acetami do-3-(pentyl-3-oxy)-5-(3-(2-(6-methoxynaphthal en-2-yl ) propanoyl )guanidino)cyclo
hex-1-ene-1-carboxylic acid (8b)

According to the procedure similar to that for camuapd8a, compoundl6b was treated
with TFA in CHCI; to remove the Boc group and subsequently sapdniith 1 M KOHag)
in CHsCN to give the desired compouBt (159 mg, 88%). The purity &b was 97.3% as
shown by HPLC on an HC-C18 column (Merck, 4.6 x b@, 2 um particle size)z= 8.9
min [MeOH/(0.1% TFA aqueous solution) = 3:2] atl@anf rate of 0.5 mL/min. &H3gN4Og;
amorphous colorless solidg]f*o —17.8 ¢ = 1.0, MeOH); IRvmax (neat) 3274, 2934, 1684
cm ™’ 'H NMR (CD;OD/CRCO,D = 2:1, 400 MHz)S 7.71-7.61 (3 H, m), 7.36-7.25 (2 H,
m), 7.13-7.05 (2 H, m), 6.85 (1 H, s), 4.18-4.16(In), 4.10-3.97 (2 H, m), 3.92-3.85 (1 H,
m), 3.82 (3 H, s), 3.36-3.28 (1 H, m), 2.82—2.7(H(Im), 2.37 (1 H, ddJ = 17.6, 6.8 Hz),
1.86 (3 H, s), 1.49 (1L H, d,= 7.2 Hz), 1.47-1.31 (4 H, m), 0.80 (3 HJt& 7.6 Hz), 0.74 (3
H, t,J = 7.2 Hz);*C NMR (CD;OD/CRCO:D = 2:1, 100 MHz) 177.5, 174.0, 168.5, 154.5,
137.8, 134.83, 134.76, 134.6, 129.7, 129.5, 12828,1, 126.9, 125.8, 119.6, 105.9, 83.6,
74.5, 54.9, 53.7, 50.0, 29.0, 26.3, 26.0, 21.74,18.82, 8.79; HRMS (ESI) calcd for
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CagH39N4Os: 539.2870, foundm/z 539.2872 [M + HJ.

5.4. Determination of influenza virus TCIDsg

The TCID;o (50% tissue culture infectious dose) was deterchimeserial dilution of the
influenza virus stock onto 100L MDCK cells at 1 x 18 cells/mL in 96-well microplates.
The infected cells were incubated at°87under 5.0% C©for 48 h and added to each wells
with 100 uL per well of CellTiter 96® Aqueous Non-Radioacti@ell Proliferation Assay
reagent (Promega). After incubation at’87for 15 min, absorbance at 490 nm was read on a

plate reader. Influenza virus TCID50 was determingidg Reed—Muench method.

5.5. Determination of neuraminidase activity by fluorescent assay

The neuraminidase activity was measured using atllatlantoic fluid harvested from
influenza A/WSN/1933 (H1N1) infected embryonatedsd? fluorometric assay was used to
determine the NA activity with the fluorogenic strage
2’-(4-methylumbelliferyl)e-D-N-acetylneuraminic  acid (MUNANA; Sigma). The
fluorescence of the released 4-methylumbelliferasas measured in Envision plate reader
(Perkin-Elmer, Wellesley, MA) using excitation amehission wavelengths of 365 and 460 nm,
respectively. Neuraminidase activity was determim@d200 uM of MUNANA. Enzyme
activity was expressed as the fluorescence increlaseg 15 min incubation at room

temperature.

5.6. Determination of 1Csg values

NA inhibition was determined by mixing inhibitor @meuraminidase for 10 min at room
temperature followed by the addition of 2QM of substrate. Inhibitor 1§ values were
determined from the dose-response curves by pipttie percent inhibition of NA activity
versus inhibitor concentrations using Graph PasnP4.
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5.7. Determination of ECso and CCsg values

The anti-flu activities of neuraminidase inhibitavere measured by the Efralues that
were the concentrations of NA inhibitor for 50% feation of the virus infection-mediated
cytopathic effects (CPE). Fifty microliter of died influenza virus at 100 TCi{pwere mixed
with equal volumes of NA inhibitors at varied contiations. The mixtures were used to
infect 100uL of MDCK cells at 1 x 1®cells/mL in 96-wells. After 48 h incubation at 32
under 5.0% Cg the CPE were determined with CellTiter 96 Aqueblofi-Radioactive Cell
Proliferation Assay reagent as described abovebitoh EGsy value were determined by
fitting the curve of percent CPE versus the comegions of NA inhibitor using Graph Pad

Prism 4.

5.8. Cell permeability study

MDCK cells (2.5 x 18 cells) were grown overnight on 10-cm cell cultdighes (Greiner
Bio-One) at 37°C under 5% C@ After washed with PBS buffer, the cells were tedawith
70 pL DMSO (MOCK) or 70ul of 10 mM test compound4(or 8a, 100 uM as the final
concentration) in 7 mL 2% fetal bovine serum (FB#co) for 48 h. The cells were washed
with PBS buffer twice, collected, and lysed by RIBdffer (Thermo Fisher Scientific). The
cell lysates (34uL) of the cells treated with the test compoundsenmixed with 66ulL of
methanol and the mixtures were incubated at —800fCG30 min. The precipitated proteins
were removed by filtration using AmicbohUltra Filters (molecular cutoff of 10 KDa, Merck)
and the filtrate was then subjected to LC-MS anslys determine the concentrations of
guanidine 4) and acylguanidine8g). The calibration curves were established by usimg
cell lysates of the MOCK spiked with the test comnpd @ or 8a) at final concentrations of
300, 30, 3, 0.3, and 0.gaV (34 pL) followed with the methanol precipitation andurtion
as described above. The quantitation4ofor 8a in the samples were performed with
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LC-ESI-MS/MS analysis by using an Agilent 1100 8erbinary high-performance liquid
chromatography pump (Agilent Technologies) equipmath a Famos auto sampler (LC
Packings) and a Velos Pro mass spectrometer (Théistwer Scientific) equipped with
standard electrospray ionization (ESI) ion sourGeanomics Research Center, Academia
Sinica). The samples were run on an XBridge BEH Ca&imn (1.0 mm x 150 mm, 3.5 um,
Waters) with a linear gradient from 2% acetonitieé.1% formic acid to 98% acetonitrile in
0.1% formic acid in 15 min with a flow rate of 1QQ/min. The targetnwz values (327 and
453 for the protonated ions of and 8a, respectively) were sequentially isolated for
collision-induced dissociation (CID) with the ragdan mode. The signals in the rangex

100-500 were collected in a full-scan mode withasrded resolution for quantitation.

5.9. Stability test

Stock solution (20 mM) of tested sample in DMSO weaspared and diluted to 1 mM
with appropriate buffer or plasma. The reactiontomi& was shaken at 1000 rpm at°87 At
different time intervals, 5QL of reaction mixture was taken to quantitate tbeaentration of
tested sample by HPLC on an HC-C18 column (Agilérg,x 250 mm, 5 um patrticle size or
Merck, 4.6 x 100 mm, 2 um particle size) using aggesolution or mixed solvents A/B,
whereas solvent A was MeOH and solvent B wa® idr 0.1% TFA aqueous solution, at a
flow rate of 0.5 or 1.0 mL mirt with detection at 214 or 254 nm wavelength. A gbthe
concentration of tested sample versus the reatiio® was drawn based on HPLC results,
and the half-life of hydrolysis was calculated htyirfg the plot with the pseudo-first order

rate law.

5.10. Molecular modeling
The model of a specific compound in complex witlke tdA was constructed through
docking this compound to the crystallographic dtricee of N1 neuraminidase (PDB codes:
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3B7E for wild-type and 3CLO for H275Y mutant). [3Bly modifying the 3D structure of
zanamivir , from PDB code: 3B7E) and oseltamivir carboxyk@ie, from PDB code: 2HU4)
with SYBYL 8.0 program (Tripos Associates, St. L§uvO), the 3D structure of compounds
(8a and8b) was built up. GOLD 4.0.1 was used to dock the poumd onto the protein with
flexible docking option turned on. [38, 39] Kollmaiall atom charges [40] were assigned to
the protein atoms, and Gasteiger—Huickel chargdsndfe assigned to ligand atoms using the
SYBYL 8.0 program. Initial 1000 independent genetigorithm cycles of computation were
carried out with ligand torsion angles varying betw-180 and 180 The search efficiency
was set at 200% to ensure the most exhaustivehséarthe docking conformational space.
All other parameters were kept the same as thallefettings. The docking processes were
distributed to a 40-processor Linux cluster withel(R) Xeon(TM) CPU 3.00 GHz CPUs.
The resultant liganeprotein complex structures were ranked with the GECORE scoring

function to determine the top 1000 hits.

5.11. Mice experiments

Female BALB/c mice (4-5 weeks old) were anesthdtiagth zoletil and inoculated
intranasally with 25uL of infectious influenza virus. Synthetic composnand ZA or OS
were administered to groups of 10 mice at spediisages by intranasal instillation (for ZA,
7a and 7b) or oral administration (for GOC3a and 8b) twice daily for 5 days. Control
(placebo) mice received PBS on the same schedale. ltours after the first dose of drug,
mice were inoculated with 10 ML of influenza virus [A/WSN/1933 (H1N1)]. Mice were
observed daily for 14 days for survival. Survivahes were generated and compared by the

Log-rank (Mantel-Cox) test using Prism 5.0b.

5.12. Ethical regulation of laboratory animals
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This study was conducted in accordance with theayab of the Institutional Animal
Care and Use Committee, Academia Sinica, Taiware Wbrk was done in the BSL-3

Laboratory of Genomics Research Center, Academmig&iTaiwan.
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Table 1. Neuraminidase inhibition (l§), anti-influenza activity (E€) and calculated
lipophilicity.

Table 2. Stability tests of acylguanidine compounds.

Fig. 1. Chemical structures of influenza neuraminidaseibitdrs and acylguanidine
derivatives

Fig. 2. Schematic representations of molecular modelingoofipounds8a (a) and8b (b) in

the open-form neuraminidase (N1 subtype, PDB c2H&l0).

Fig. 3. Survival rates of virus-infected mice on treatmeith ZA acylguanidines. The

administered dosage of each compound wasni@/kg/day (a) and 2.dmol/kg/day (b).

Compounds were administered by intranasal instltaand continued twice daily for 5

days. BALB/c mice were intranasally challenged with LDsy of A/WSN/1933 (H1N1)

viruses. The animal experiments were conducted Wtmice per group. ***P<0.0001.

Fig. 4. Survival rates of virus-infected mice on treatme&ith GOC acylguanidineBa.

Compounds were administered by oral gavage andnceat twice daily for 5 days. The

administered dosage of each compound wasud®l/kg/day. BALB/c mice were

intranasally challenged with 10 Isp of A/WSN/1933 (H1N1) viruses. The animal

experiments were conducted with 10 mice per grtip<0.0001. **P<0.001.

Scheme 1. Synthesis of acylguanidine derivativés 7b, 8a and8b.
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Research highlights

« ZA and GOC acylguanidines are potent influenaaraminidase (NA) inhibitors.

* Alkyl chain of acylguanidine improves lipophiligiand fits NA 150 & 143-cavities.

« ZA and GOC acylguanidines as prodrugs undergodhysis in physiological conditions.
» ZA octanoylguanidine is better than ZA to tredtuenza-infected mice in low dosage.

* GOC octanoylguanidine treats mice well by orahadstration against influenza.



