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ABSTRACT

The dichloromethane extract of the leaves of Bupleurum fruticosum was found to inhibit the
replication of human rhinovirus (HRV) serotypes 14 and 39. Bioassay-guided fractionation led to
the isolation of seven phenylpropenol derivatives (3-9), two polyacetylenes (1-2) and one
monoterpene (10). Compounds 1 and 10 were identified as previously undescribed secondary
metabolites after extensive 1D and 2D NMR experiments as well as high resolution mass
spectrometry. Compounds 2, 4 and 5 showed a selective inhibition of viral replication against
HRYV 39 serotype with 2 and 4 being the most active with ECso values of 1.8 £ 0.02 uM and 2.4
+ 0.04 uM. Mechanism of action studies indicated that 4 behaves not only as a capsid binder,
interfering with the early phases of virus replication, but also as a late-phase replication inhibitor.
Docking experiments were performed to confirm the ability of the antiviral phenylpropenoids to

selectively fit into the hydrophobic pocket of VP1-HRV39.



Human rhinovirus (HRV) is the leading cause of mild upper respiratory illness and is
considered to be among the most frequent infectious agents in humans worldwide.! Although
HRYV infections are often mild and self-limiting they lead to economic burdens in terms of
medical visits and school and work absenteeism.! Furthermore, HRV is also responsible of viral
induced asthma exacerbations and chronic obstructive pulmonary disease (COPD) in children
and adults as well as fatal pneumonia in immunocompromised adults.! COPD is predicted by the
World Health Organization to become the third leading cause of death worldwide by the year
2030.2 Despite the fact that many small molecules have been identified as rhinovirus inhibitors,
none has been approved as an antiviral drug so far. Nevertheless, various compounds have been
submitted to clinical trials and some of them are still under evaluation by U.S. FDA. Among all,
pleconaril is one of the most promising antirhinovirus drugs, and it exhibit good efficacy against
many HRYV serotypes in phase III clinical trials. However, due to the occurrence of drug-drug
interactions and the emerging of drug resistance, FDA did not approve the oral administration of
pleconaril for the treatment of common cold.> However, a phase II trial to evaluate the efficacy
of a spray intranasal formulation of pleconaril in preventing asthma exacerbation and common
cold symptoms in asthmatic participants was concluded in 2007. The results have not been
published until recently.* Pirodavir, a pyridazine analogue of pleconaril, is able to inhibit the
replication of HRV at nanomolar concentrations but no clinical efficacy was found due to its
poor pharmacokinetic properties.® More recently, another molecule named vapendavir, showed
high efficacy for the treatment/prevention of rhinovirus-induced exacerbations of asthma with
favorable pharmacokinetic and toxicological profiles.® All these compounds are known as
“capsid binders”, because they are able to interact with capsid proteins. In particular, a large cleft

(“‘canyon’’) is present on each icosahedral face of the virus and capsid binders are able to fit into



the hydrophobic pocket, underneath the canyon floor. The formation of such a complex induces
conformational changes of the HRV canyon, hinders virus-receptor interactions, and prevents
attachment to host cells and/or virus uncoating.” Various plant extracts, such as from Panax
quinquefolium, Pelargonium sidoides, Allium, Echinacea’ and Bupleurum species® have been
used in the traditional medicine to treat or prevent common cold. Bupleurum fruticosum L.
(Apiaceae) is a shrub distributed in the southern Mediterranean area and particularly in Sardinia.
The traditional medicinal uses of B. fruticosum has been known for millenia. Dioscorides
indicated this plant to be an emmenagogue and useful for treating strangury, urethral straggling,
orthopnoea and epilepsy.® In Sardinia, B. fiuticosum has been used in folk medicine as an
antirheumatic remedy.!® Previous phytochemical studies on the leaves of B. fiuticosum revealed
10-12

as main secondary metabolites phenylpropanoids with anti-inflammatory activity,

triterpenoid saponins'? and coumarins.'?

As part of a continuing research aimed at the discovery of antiviral compounds from higher
plants,'* the CH,Cl, extract of the leaves of Bupleurum fruticosum was studied based on the
antiviral activity against HRV14 and HRV39.The two serotypes differ from each other in amino
acid composition, the shape of the capsid proteins and in the size of the ligand-binding site
within the VP1 capsid protein. The CH2Cl extract of B. fruticosum inhibited the replication of
HRYV 39 and HRV 14 with ECsg values of 3.1 + 0.5 and 12.5 £+ 0.8 ug/mL, respectively, with low
cytotoxicity against HeLa cells (CCso 125 = 31 pug/mL) (Table S1, Supporting Information).
Thus, this CH2Cl2 extract was subjected to a bioguided-fractionation in order to purify the

bioactive compound(s).

RESULTS AND DISCUSSION



The plant CH2Cl; extract was subjected to fractionation by silica gel vacuum-liquid
chromatography (VLC) obtaining six major fractions (F1-F6). Each fraction was then tested
against HRV39 and HRV14. Among all, only F3 was able to inhibit the replication of both
rhinovirus forms with an ECso of 6.2 = 0.6 pg/mL. Furthermore, F3 exhibited low cytotoxicity
towards HeLa cells (CCso 62 + 5 pg/mL) and a Selective Index (SI: CCso/ECso) of 10 (Table S1,
Supporting Information). Pleconaril, a selective capsid binder, was used as reference compound.
F3 was purified by column chromatography (silica gel and Sephadex LH 20) and semi-
preparative NP (normal-phase) or RP (reversed-phase) HPLC to give one polyacetylene (2),
three phenylpropenoids (4, S, 8) and one monoterpene (10). With the aim to developing
preliminary structure-activity relationship information, the chemical composition of fractions F1,
F2 and F4 were investigated, yielding another polyacetylene (1) and further four
phenylpropenoids (3, 6, 7, 9). Compounds 1 and 10 are previously undescribed secondary

metabolites.
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Compound 1 showed an ion peak at m/z 289.1802 [M - H] (calcd 289.1803) in the
HRTOFESIMS, accounting for an elemental composition of C1sH2603. The 'H NMR spectrum
of compound 1 revealed five olefinic proton signals at 6 6.33 (1H, dd, J=5.5, 16 Hz), 5.96 (1H,
ddd, J=17.5, 10.0, 5.0 Hz), 5.78 (1H, d, J=16 Hz), 5.48 (1H, d, J=17.5 Hz) and 5.26 (1H, d,
J=10.0 Hz), two oxygenated methine proton signals at 6 4.97 (1H, d, /= 5.0 Hz) and 4.19 (1H,

dt, J= 6.5 Hz), one oxymethylene group at 6 3.64 (2H, t, /= 7.0 Hz) and two cluster of



methylene proton signals at § 1.54 (m) and 1.30 (m) (Table 1). Analysis of the '*C NMR
spectrum showed 18 signals, of which four quaternary carbons at 6 80.6, 77.4, 73.6 and 70.7
were characteristic of a diyne (Table 1). The HSQC experiments permitted the assignment of
each proton to the corresponding carbon. In turn, the 'H-'"H COSY spectrum showed correlations
between the vinyl proton at 5.96 ppm and the oxymethine at 4.97 ppm and the terminal
methylene protons at 5.48 and 5.26 ppm that, besides the cross-peaks observed in the HMBC
spectrum between the methylene protons at 6 5.48 and 5.26 and the carbons at 136.0 and 63.48
ppm and between the oxymethine at 4.97 ppm and the carbons at 136.0, 117.0, 80.6, 70.7 and
73.6 ppm, permitted the partial structure CH>=CH-CH(OH)-C=C-C=C- to be established (Figure
1). Further HMBC correlations observed from the proton at & 5.78 to 77.4, 73.6, 149.9 and 71.9
ppm, and from the oxymethine at & 4.19 to 149.9, 108.0, 36.7 and 25.1 ppm, were used to locate
the olefinic protons occurring at 6.33 and 5.78 ppm to C-10 and C-11, respectively, and the
secondary alcoholic group resonating at 4.19 ppm, at C-9 (Figure 1). The geometry at the double
bond at C-10 was clearly trans according to the coupling constant between H-10 and H-11 (J10,11
=16 Hz). In the "H NMR spectrum of compound 1, the absence of a methyl group and the cross-
peaks observed in the HMBC spectrum between the oxymethylene protons at & 3.64 (3¢ 62.9)
and C-2 (8¢ 32.6) and C-3 (8¢ 25.6) were used to place the primary alcohol at C-1. The absolute
configuration of 1 could not be determined by NMR experiments. An attempt to assign the
configuration at C-9 and C-16 by the Mosher ester method failed because of the instability of the
molecule. Thus, the structure of 1 was established as trans-10,17-octadecadien-12,14-diyne-

1,9,16-triol, and was named fruticotriol.



OH

N TR

DQF-COSY: —mm HMBC: —x

Figure 1. Main HMBC and DQF-COSY correlations of compound 1

The 'H- and '*C NMR data (Table 1) as well as the 2D NMR experiments (H-'H COSY,
HSQC and HMBC) of compound 10 were in agreement with the structure of eucamalol.'® The
Ji,6 value (9 Hz) between the protons at 6 4.27 (H-1) and & 1.38 (H-6) of compound 10 showed
an axial-axial coupling suggesting a trans disposition of the hydroxy and isopropyl groups. As a
consequence, two stereoisomers were congruent with the experimental data. Satoh et al.!”
reported for the synthesized (+)-eucamalol, possessing a trans disposition, an absolute
configuration 1R, 6R with a specific optical rotation [a]*, + 14.1 whereas its epimer, (-)-1-epi-
eucamalol, showed a specific rotation of -234.6. Since for compound 10 a trans disposition has
found for H-1 and H-6 and an optical rotation of -17.0 measured, compared with (+)-eucamalol,
it must have an absolute configuration 1§, 65 and thus compound 10 was assigned 15,65-(-)-3-
formyl-6-isopropyl-2-cyclohexen-1-ol. Therefore, compound 10 is a previously undescribed

natural compound and which was named (-)-eucamalol.

The spectroscopic (‘H- and '*C-NMR, UV and MS) and physical data (melting point, optical
rotation) of the known compounds cis-9,17-octadecadiene-12,14-diyne-1,16-diol (2),'8 (E)-3-(4-

methoxyphenyl)-2-propen-1-yl (Z)-2-[(Z)-2-methyl-2-butenoyloxymethyl)butenoate (3),'! (E)-3-



(3,4-dimethoxyphenyl)-2-propen-1-yl (Z)-2-[(Z)-2-methyl-2-butenoyloxymethyl)butenoate (4),'!

4-O-methylcinnamyl angelic acid ester (5),' 4-O-methyl-(E)-coniferyl angelic acid ester (6),"°

cinnamyl isovalerate (7

4-methoxycinnamyl alcohol (8)*! and 3,4-dimethoxycinnamyl

alcohol (9)*? were in agreement with the literature data.

Table 1. "H NMR and '*C NMR Spectroscopic Data for Compounds 1 and 10 (CDCls, §in ppm)

compound 1 compound 10
position dc, type ou (J in Hz) dc ou (J in Hz)
1 62.9, CHz 3.64,t(7.0) 69.3, CH 4.30,dd (9.0, 2.5)
2 32.6, CH: 1.55, m 151.3,CH 6.64, brs
3 25.6, CHz 1.29, m° 141.9,C

21.6, CHz 2.39,dd (18, 2.5)
4 29.4, CHy* 1.29, m”
2.03m
5 29.3, Chg? 129, m’ 20.2, CHz 1.81 ddt, (13.5, 5.2, 3.0)
1.28, ddt (13.5, 12.0, 5.5)

6 29.1, CH2 1.29, m® 47.8, CH 1.41, ddt (12.0, 9.5, 3.0)
7 25.1, CHz 1.29, m” 193.9, CH 9.50, s
8 36.7, CHz 1.54, m 26.7, CH 2.09, m
9 71.9, CH 4.19, dt (6.5) 20.9, CH3 1.01,d (7.0)
10 149.9, CH 6.33,dd, (5.5, 16) 16.4, CH3 0.88,d (7.0)
11 108.0, CH 5.78, d, (16)
12 774, C
13 73.6,C
14 70.7, C
15 80.6, C
16 63.5, CH 4.97,d, (5.0)



17 136.0, CH 5.96, ddd, (17.5, 10.0, 5.0)
Ha: 5.48, brd, (17.5)
Hb: 5.26, brd, (10.0)

18 117.0, CHz

“Exchangeable. °Signals were overlapped.

The cytotoxicity against HeLa cells and the antirhinovirus (HRV39 and HRV14) activities of
the isolated compounds are reported in Table 2. Among the phenylpropenoids, the most active
was compound 4 with a ECso value of 2.4 + 0.04 uM against HRV 39 and moderate cytotoxicity
versus HeLa cells (20.3 = 1.8 uM). The SI was 8.4. For compound 4, the substitution of a
methoxy group at C-3 position of the phenyl ring with a hydrogen, as in compound 3, annulled
the activity (ECso> 36.3 uM) and increased the cytotoxicity. The replacement at the same time
of the angeloyl and 3-methoxy groups with a hydrogen atom, as in compound 5, led to a reduced
activity (~ 10 fold). An ester functionality seems essential for the antiviral activity since
compounds 8 and 9 proved to be completely inactive. A 3,4-dimethoxyphenyl ring and an ester
function was necessary but not sufficient since 6, containing a shorter alkyl chain with respect to
4, was not able to inhibit the replication of HRVs. The polyacetylene 2 was the most active
inhibitor of HRV39 replication with a ECso of 1.8 + 0.02 uM but the cytotoxicity was higher
(14.6 £ 0.7 uM) with respect to 4, although the SI was comparable. The new polyacetylene 1 was
not able to inhibit the replication of both HRV serotypes probably due to a greater hydrophilicity
and/or to the different double bond geometry when compared to compound 2. Interestingly, the
compounds are able to inhibit only HRV39 indicating a selective action towards the group A

species.
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Table 2. Cytotoxic and Antirhinovirus Activities of Compounds 1-10

compound CCso” ECso” ECs¢”

uM uM uM (SI°)

HeLa HRV14 HRV39
1 107£0.75 >107 >107
2 14.6+0.7 >14.6 1.8+0.02 (8.1)
3 36.3+2.1 >363 >36.3
4 203+1.8 >20.3 24+0.04 (8.4)
5 248+ 1.5 >248 30.9+0.9 (8)
6 453 +31 >453 >453
7 142+15 >142 >142
8 189+2.5 >189 >189
9 160+2.2  >160 >160
10 47.6+0.7 >47.6 >47.6
pleconaril 131+£12 03+0.01 0.1£0.01

“CCso: cytotoxic concentration for 50% of cell death, measured with MTT assay in HeLa cells;
PECso: Effective concentration for 50% inhibition of each HRV species measured with MTT
assay in HeLa cells; “SI: Selective index, calculated by CCso/ECso

A series of compounds designed by a structure-based approach, able to inhibit the replication
of HRV 14 (thinovirus B), but not HRV2 (rhinovirus A), has been recently reported.?***
Molecular modeling studies also demonstrated that these compounds were able to bind into the
pocket the canyon of the HRV14 VP1 protein. Compound 4, a highly lipophilic compound,
showed similarity with the above-mentioned synthesized compounds but, interestingly, this 3,4-
dimethoxybenzene derivative was selective toward group A serotypes with no activity towards

group B. These differences could be explained by a diverse amino acid composition and shape of
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the two rhinovirus groups. Compound 3, not active in the present assay, was selected by
Rollinger et al.?’ as a virtual HRV16 (rhinovirus A) capsid binder hit from a natural 3D database.
On the basis of these findings, it can be assumed that also compounds 4 and S could be HRV

capsid binders.

In order to elucidate the mechanism of action of the most active and stable compound, its
antiviral activity on the inhibition of HRV39 replication in a time-of-drug addition assay was
evaluated. Despite its interesting activity, compound 2 was not tested due to its chemical
instability. Figure 2 shows the effects of varying the time of addition of compound 4 (5 pg/mL)
on the inhibition of HRV 39 replication. The antiviral activity of compound 4 was assessed in a
multi-cycle, virus-cell-based cytopathic effect (CPE) reduction assay in HeLa cells. Pirodavir (5
pg/mL) was used as reference compound. The treatment of cells with compound 4 prior to
infection reduced by 100% the virus yield, suggesting an ability of this substance to adsorb to the
cell surface in a suitable position to prevent infection. Almost the same level of inhibition (90%)
was observed when 4 was added to cells together with the virus and maintained until the end of
HRV39 multiplication. This behavior was similar to that expressed by pirodavir, and showed that
4 is an antiviral agent that exerts its activity in the early phases of viral replication and behaves
as a capsid binder towards HRV 39. In contrast to pirodavir, addition of 4 to infected HeLa cells
1 h after post binding still resulted in a strong reduction in virus yield (78%). Addition of 4 to the
infected culture medium after 2-3 h post binding was less effective (65% and 50% reduction,
respectively), but still significant. The considerable inhibitory effect of compound 4 when added
after virus binding (1-3 h) strongly suggested the capability of this substance to enter the host
cells and to act with a further mode of action probably based on the uncoating of viral genome or

on inhibition of protein synthesis.
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HeLa cells. Compound 4 and pirodavir were both used at a concentration of 5 pg/mL.
Compounds were added prior to (-1 h), at the time of (0 h), or after viral infection (1-4 h) at the
indicated time points and virus yield inhibition (%) was determined by a virus-cell-based

cytopathic effect (CPE) reduction assay in HeLa cells.

In the light of the experimental results exhibited by the isolated compounds, computational
studies were carried out in order to identify the key residues involved in the interaction with the
enzyme. Since no crystal structure of the coat protein-VP1 HRV39 is available in the Protein
Data Bank (PDB), the structure was built with Swiss model,? a fully automated protein structure
homology-modelling server. The sequence of coat protein VP1 of HRV39 was retrieved from the

Uniprot server (Uniprot code: Q7T625; Figure S7, Supporting Information). This sequence was
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fed into the BLAST search tool. BLAST was able to identify two sequences: VP1 of HRVAI
(i.e., sequence 1R1A, 2HWD, 2HWE, 2HWF; named Group 1) with 76% sequence identity and
VP1 of HRV16 (1AYM, 1AYN, 1QJU, 1QYX, 1QJY, 1C8M, INCR, IND2, IND3; Group 2)
that share a 74% of identity with the target structure. Two representative structures of Group 1
and 2 were aligned in order to analyze the binding pocket and the residues around 4 A of the co-
crystallized ligand were compared with the residues of VP1-HRV39 through the multiple
alignment with Clustal Omega.?’ This analysis highlighted that the binding pocket of HRV16-
VPI1 (IAYM) is more similar to VP1-HRV39 than HRVA1-VP1 (1R1A) (Figure S8, Supporting
Information). Hence the 1AYM?3 crystal structure was used as a template, although no co-
crystalized ligand was accommodated inside the binding pocket. In fact, this crystal structure
showed the best resolution (2.15 A) among the other complexes of Group 2. Indeed, the
alignment of the unbound crystal with the complexes of VP1-HRV 16 did not reveal any relevant
difference with the apoenzyme. The same observation was reported for VP1 of HRVAI1, while in
contrast VP1 of HRV 14 goes through consistent conformational change upon ligand binding.?’
The quality of the homology model was assessed by Swiss Model through the measure of
gmean®’ and through comparison with non-redundant PDB structures (Figure S9, Supporting
Information). subsequently, by ERRAT (Figure S10, Supporting Information)** and
PROCHECK (Figure S11, Supporting Information).’! Therefore, this protein was considered as a
reliable model for the molecular docking of unknown compounds. Since no complexes of VP1-
HRV39 are available, the docking experiment protocol initially was validated by performing
cross-docking experiment by taking into account the VP1 complexes of HRV 16, since the two
proteins are very similar. In particular, the compounds WIN61209 (W01), WIN6934 (W02),

WIN65099 (W03) and pleconaril (WIN63843) were docked inside the crystal structure that was
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used as a template for homology modeling (1AYM). The best results were obtained with the
Quantum-mechanics Polarized Docking protocol (QMPL) (Figure S12, Table S2, Supporting
Information).>> This protocol was then applied to analyze the putative binding mode of the
phenylpropenoids 4 and 5 into the validated model of the VP1-HRV39 structure. These two
compounds appeared as the most interesting since they showed the lowest ECso values against
VP1-HRV39. The best three scored poses of each docked ligand were subjected to a post-
docking protocol based on energy minimization and binding-free energy calculation applying
molecular mechanics and continuum solvation models using the molecular mechanics
generalized Born/surface area method (MM-GBSA)** in order to take into account induced fit
phenomena, which occurs after ligand binding (Figure 3). In parallel with this procedure, the
same protocol was used to dock the new compounds inside the crystal structure of VP1 HRV 14,
having the code INCQ, which is the crystal structure with the best resolution (2.5 A) among the
structures retrieved from the Protein Data Bank (Figure S12, Supporting Information).>*> After a
detailed visual inspection, identification of the key residues involved in the interaction of VP1-
HRV39 with the unknown compounds was carried out. The binding pocket is characterized by
the presence of highly hydrophobic residues. Some of these residues are the same as recognized
by a previous pharmacophore-based virtual screening_ ENREF_7 of compounds targeting VP1-
HRV 16 as hydrophobic features of the pharmacophore.?® In particular, the conserved residues
are Tyrl45, LeulO1, Ile123, Tyr191 and Leul85, while 11237 is substituted by a valine in VP1-
HRV39. In addition to these important interactions, complexes of compounds 4 and 5 were
stabilized by hydrogen bonds with Thr100 and Asn213, with the oxygen of the methoxy group of

the phenyl ring, respectively (Figure 3).
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Figure 3. 3D and relative 2D representation of (a) compound 4 (pink) and (b) compound 5 (light
blue) putative binding mode resulting from the docking experiments into the built model of VP1-

HRV39. The key residues are highlighted in green in the 3D depiction.
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Both compounds 4 and S are able to occupy most of the binding site of VP1-HRV39 but the
major activity of 4 could be explained through the analysis of the number of interactions and
through the measure of the free energy of interaction performed with the post-docking procedure.
In fact, compound 4 is able to deeply occupy the hydrophobic pocket of the protein and showed a
lower value of total energy of interaction (-50.74 kcal/mol, Table S3, Supporting Information)
indicating a major stability of the complex. Compound 5 showed a higher value (-42.54
kcal/mol, Table S3, Supporting Information). This fact can be also explained through the
analysis of the chemical characteristics of the compounds and the binding site. In fact, the VP1-
HRV39 pocket is highly hydrophobic as seen with the software SiteMap?® that generate maps
within the binding site suitable for occupancy by ligand hydrophobic hydrogen-bond donor,
acceptor groups. Compound 4 was well accommodated (Figure 4) and fit nicely the binding
pocket. Furthermore, analysis of the maps gave also information about possible modifications

that could lead to compound optimization.
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Figure 4. Sitemap visualization of active site maps: (a) Regions within the binding site suitable
for occupancy by hydrophobic groups (yellow) or by ligand hydrogen-bond donors (blue),
acceptors (red) of VP1-HRV39; (b) Superimposition of compound 4 docking pose (in orange)

and Sitemap highlighted regions.

The analyzed compounds 4 and 5 showed a good inhibitory activity towards HRV39 while the
lower efficacy towards HRV 14 could be explained by the differently interactions of these
compounds with VP1. In fact, inside INCQ (HRV14) both compounds interact with different
residues because the presence of Tyr128 with its steric hindrance does not allow a proper
accommodation into the hydrophobic binding pocket (Figure S13, Supporting Information). In
VP1-HRV39, this tyrosine is replaced by an isoleucine, which is a key residue in protein-
compound interaction. Furthermore, the lowest activity is well explained by the post-docking
results that showed higher values of total energy of interaction for VP1-HRV 14 with respect to

VP1-HRV39 (Table S3, Supporting Information).

In summary, by means of bioguided-isolation three compounds (2, 4-5) were found responsible
for the antirhinovirus activity of the dichloromethane extract of B. fruticosum. Among all, the
polyacetylene cis-9,17-octadecadiene-12,14-diyne-1,16-diol (2), even if the most active, was
unstable both in polar and apolar solvents. This fact, together with its skin sensitizer action,*’ due
to the conjugated triple bonds,*® would prevent any therapeutic utilization against the common
cold. In contrast, the phenylpropene 4, almost as potent as 2, was stable and behaved as an
antirhinovirus species A selective capsid binder. Furthermore, a time-of-drug addition assay

highlighted the potential of a multi-target action for this compound, which should enhance
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interest in the development and the optimization of new synthetic analogues with better

selectivity indices and/or potencies.

EXPERIMENTAL SECTION

General Experimental Procedures. All melting points were determined on a Kofler
apparatus and are uncorrected. Optical rotations were measured in CHCl3 or MeOH at 25 °C
using a Perkin-Elmer 241 polarimeter. UV spectra were recorded on a GBC Cintra 5
spectrophotometer. NMR spectra of all isolated compounds were recorded at 25 °C on Unity
Inova 500NB high-resolution spectrometer (Agilent Technologies) operating at 500 MHz for 'H
and 100 MHz for °C, respectively. Compounds were measured in CDCls and the spectra
referenced against residual non-deuterated solvents. HRESIMS were measured on a Agilent
6520 Time of Flight (TOF) MS instrument while GC-MS were recorded on a Hewlett Packard
6850 gas chromatograph coupled to a 5973 mass selective detector (Agilent Technologies). The
fused silica capillary column was a DB-5MS column (Agilent Technologies). Electron impact
(70 eV) mass spectra were recorded from m/z 50 to 550. The resulting data were elaborated using
MSD ChemStation software (Agilent Technologies). Elemental analyses were obtained on a
Perkin Elmer 240 B microanalyzer. Analytical data of the isolated compounds were in agreement
within + 0.4 % of the theoretical values. Column chromatography was carried out under TLC
monitoring using silica gel (40-63 um, Merck), and Sephadex LH-20 (25-100 um, Pharmacia).
For vacuum-liquid chromatography (VLC), silica gel (40-63 um) (Merck) was used. TLC was
performed on silica gel 60 F2s4 or RP-18 Fas4 (Merck). LiChrolut RP-18 (40-63 pm) 500 mg,
3mL (Merck) Solid Phase Extraction (SPE) cartridges were also used. Semi-preparative HPLC
was conducted by means of a Varian 920 LH instrument fitted with an autosampler module with

a 1000 uL loop. The peak purities were monitored using a dual-wavelength UV detector settled
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at 254 and 366 nm. The columns were a 250 x 10 mm Spherisorb silica, particle size 5 um

(Waters) and a 250 x 10 mm Polaris C-18-A, particle size 5 um (Varian).

Plant Material. The aerial parts of B. fruticosum were collected in July 2014 at Siniscola
(Nu), Sardinia, Italy. The plant material was identified by Dr. Marco Leonti (University of
Cagliari, Department of Biomedical Sciences). A voucher specimen (No. 0479) was deposited in
the Herbarium of the Department of Life and Environmental Science, Drug Sciences Section,

University of Cagliari.

Extraction and Isolation. Air-dried and powdered aerial parts of B. fruticosum (460 g) were
ground and extracted with CH>Cl> (5 L) by percolation at room temperature to give 23.5 g dried
extract. An aliquot (20 g) of the CH>Cl, extract was subjected to vacuum-liquid chromatography
(VLC) (silica gel, 150 g, 40 - 63 um) using a step gradient of n-hexane/EtOAc/MeOH (7.5:2.5:0
to 0:7.5:2.5, 500 mL each) to yield six main fractions (F1-F6). Fraction F3 (1.7 g) was separated
by column chromatography over silica gel using CH2Cl,-EtOAc (9:1) as eluent giving eight
subfractions (F3.1-F3.8). Fraction F3.1 (56 mg) was identified as compound 5 (11.1 mg). F3.2
(440 mg) was chromagraphed by CC over Sephadex LH-20 using MeOH as eluent to remove
chlorophyll yielding three subfractions (F3.2.1-F3.2.3). Subfraction F3.2.3 (310 mg) was further
purified by RP-18 SPE using acetonitrile as eluent to obtain compound 4 (270 mg). F3.3 (60 mg)
was purified by CC over Sephadex LH-20 using MeOH as eluent to give an impure compound
(12 mg) that was purified by RP-18 solid-phase extraction (SPE) using acetonitrile-H>O (8.5:1.5)
to give compound 8 (7.9 mg). Fraction F3.4 was chromatographed over Sephadex LH-20
(MeOH), followed by SPE (RP-18) using acetonitrile-H>O (9:1) to give compound 10 (12.4 mg).

Fraction F3.8 (120 mg) was purified using Sephadex LH-20 (MeOH) to produce compound 2
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(66.7 mg). F1 (1 g) was subjected to CC over silica gel using n-hexane-EtOAc (9:1) to give eight
subfractions (F1.1-F1.8). F1.5 (70 mg) was purified by Sephadex LH (MeOH) yielding
compound 7 (2.8 mg). F1.7 (250 mg) was purified over Sephadex LH-20 to remove chlorophyll
to give a further fraction. This fraction (70 mg) was further subjected to CC over silica gel, using
toluene-EtOAc (9:1) as eluent, to furnish compound 3 (16.9 mg) as a colorless oil. F4 (2.6 g) was
subjected to CC over silica gel using CH2Cl>-MeOH (9.75:0.25) as eluent, to give eight
subfractions (F4.1-F4.8). F4.2 was purified over Sephadex LH-20 (MeOH), followed by RP-
HPLC, using acetonitrile-H20 (6:4, flow 2.5 mL/min) as eluent to provide compound 9 (2.3 mg,
tr 6.3 min). F4.8 was purified by CC over silica gel using n-hexane-EtOAc (6:4) as eluent to give
compound 1 (110 mg). F2 (1g) was subjected to CC over silica gel, eluted with n-hexane-EtOAc
(8:2) to give eight subfractions (F2.1-F2.8). F2.6 was purified by Sephadex LH-20, using MeOH
as eluent, giving an impure compound that was further chromatographed by RP- HPLC using

CHxCl, : EtOAc (9.75: 0.25, flow 2.5 ml/min) as eluent to give compound 6 (1.7 mg, tr 6.5 min).

Fruticotriol (1): colorless oil; [a]* -20.0 (¢ 0.09, CH,Cl,); 'H (CDCls, 500 MHz) and '*C
(CDCls, 100 MHz) NMR, see Table 1; HRTOFESIMS m/z 289.1802 [M - H]" (calcd for

Ci1sH2603, 290.1803).

(-)-Eucamalol (10): colorless oil; [a]>, -17.0 (¢ 0.07, CH2Cly); 'H (CDCls, 500 MHz) and '3C
(CDCls, 100 MHz) NMR, see Table 1; EIMS m/z 168 [M]** (38), 139 [M - CHOJ" (54), 125 [M
- C3Hy]* (77), 97 [M - CsHii" (89). 69 [CsHo]' (100), 55 [CaHs]" (100); anal. C 71.27, H 9.48%

calcd for CioH1602, C 71.42, H 9.52%.

Homology Modeling. The structure of VP1-HRV39 was built with Swiss-model ProMod3

version 1.0.2.2° The sequence of Coat protein VP1 of HRV39 was retrieved from the Uniprot
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server. The retrieved sequence was fed into the BLAST search tool and the structure used as a
template was 1 AYM?® that shares a 74% identity with our target structure. The multiple
alignment of structures was performed with Clustal Omega.?’” The quality of the model was
assessed by Swiss Model through the measure of qmean>® and through the comparison with non-
redundant PDB structure. In addition, the reliability of the model has been measured with
ERRAT (UCLA-MBI),* a program for verifying the quality of the protein structures through the

analysis of each single residue of the protein and PROCHECK..*!

Ligand Preparation. The ligands were downloaded from the Protein Data Bank (PDB)*° or
built within Maestro GUL*® Their geometry was optimized. In particular, the compounds were
subjected to a minimization protocol with MacroModel version 7.2,*' considering MMFFs*? as a
force field and considering solvent effects by adopting the implicit solvation model Generalized
Born/Surface Area (GB/SA) water.** The simulation was performed allowing 5000 steps Monte
Carlo analysis with Polak-Ribier Conjugate Gradient (PRCG) method and a convergence

criterion of 0.05 kcal/(mol A).

Protein Preparation. Prior to performing docking experiments of known and isolated
compounds, protein preparation was carried out starting from a protein structure model with
PDB code 1AYM,? INCQ* and from the homology model of VP1-HRV39 using the protein

preparation module in Maestro GUIL*® All the water molecules were removed.

Molecular Docking and Post-docking. Docking experiments were performed using
Quantum-mechanical polarized Docking (QMPL).323* The Grid box was centred on the co-
crystallized ligand and all parameters were set up as default. Cross-docking simulations were

carried out in order to validate the protocol. Root-mean square deviation (RMSD) between the
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crystallographic pose and the best binding pose of each compound ranked by Glide score were
calculated. The validated protocol was then applied to compounds 4 and 5. In order to take into
consideration the induced fit phenomena, the best three poses of the two compounds were
subjected to a post-docking procedure based on energy minimization using the molecular
mechanics Generalized Born/Surface Area (MM-GBSA) method.*® Figures were taken with

Maestro GUI*® and Pymol.**

Cells and Viruses. The cytotoxic and antiviral activities of the compounds was studied on
both HeLa cells (Ohio strain) and Hep-2 cells grown in DMEM with 1% non-essential amino
acids, 200 pg/mL streptomycin, 200 units/mL penicillin G and 10% fetal calf serum (Gibco
Laboratories Inc.). Cell lines were kept at 37 °C in a humidified atmosphere with 5% COa.
Rhinoviruses HRV 14 (human rhinovirus species B) and HRV39 (human rhinovirus species A),
were purchased from the American Type Culture Collection (ATCC). For all the above
mentioned viruses, working stocks were prepared as cellular lysates using DMEM with 2% heat

inactivated fetal calf serum.

Cytotoxic Activity. The cytotoxicity of the test compounds was evaluated by measuring the
effect produced on cell morphology and cell growth in vitro. Cell monolayers were prepared in
24-well tissue culture plates and exposed to various concentrations of the compounds. Plates
were checked by light microscopy after 24, 48 and 72 h. Cytotoxicity was scored as
morphological alterations (e.g., rounding up, shrinking, detachment). The viability of the cells
was determined by a tetrazolium-based colorimetric method using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bro-mide (MTT), as previously described.***¢ The 50% cytotoxic dose
(CCsp) is the concentration of the compound that reduced the absorbance of the control sample

by 50%.
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Inhibition of Virus Multiplication. The rhinovirus inhibition assay was evaluated by a one-
step viral infection of cell monolayers, followed by virus yield titration in an agar-plaque assay.
HeLa cell monolayers were prepared in 24 multiwell plates and were infected by the rhinoviruses
at a MOI of 1. Next, serial dilutions of the test compounds were added and after 24-36 h of
incubation at 33 °C and 3% CO», when the cytopathic effect in the control cells was almost total,
the monolayers were frozen and thawed and the viruses in the supernatant were titrated by the
plaque assay method. The antiviral activity assay on the rhinoviruses was carried out in a multi-
cycle, virus-cell-based cytopathic effect (CPE) reduction assay in HeLa cells.*” Pleconaril was
used as reference compound. The compound concentration required to inhibit the CPE by 50% is
expressed as the 50% inhibitory concentration (ECso), and calculated by dose—response curves

and linear regression.

Time-of-drug Addition Assay. Time-of-drug addition studies were performed on cell

1.7 The compounds were added

monolayers grown in 24 well plates, as indicated by Lacroix et a
to the cells from h -1 to h +6 after viral infection. The cells were incubated in a CO> atmosphere
for 24-36 h, washed twice with HBSS, after which virus yield inhibition (%) was determined by
virus-cell-based cytopathic effect (CPE) reduction assay in HeLa cells. Pirodavir (5 pg/mL) was

used as positive control.
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