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ABSTRACT

Macrocyclic bis(bibenzyl)-type phenolic natural products, found exclusively in bryophytes, exhibit
potent antibacterial activity towards methicillin-resistant Staphylococcus aureus (anti-MRSA activity).
Here, in order to identify the minimum essential structure for cell membrane leakage-mediated anti-
MRSA activity of these compounds, we synthesized acyclic fragment structures and evaluated their
anti-MRSA activity. The activities of all of the acyclic fragments tested exhibited similar characteristics
to those of the macrocycles, i.e., anti-MRSA bactericidal activity, an enhancing effect on influx and efflux
of ethidium bromide (EtBr: fluorescent DNA-binder) in Staphylococcus aureus cells, and bactericidal activ-
ity towards a Staphylococcus aureus strain resistant to 2-phenoxyphenol (4). The latter result suggests
that they have a different mechanism of action from 4, which is a Fabl inhibitor previously proposed
to be the minimum active fragment of riccardin-type macrocycles. Thus, cyclic structure is not a neces-
sary condition for cell membrane leakage-mediated anti-MRSA activity of macrocyclic bis(bibenzyl)s.

© 2016 Elsevier Ltd. All rights reserved.

We have previously reported that macrocyclic bis(bibenzyl)-
type phenolic natural products, such as riccardin C (RC: 1) and iso-
plagiochin D (2), which are found exclusively in bryophytes,'?
exhibit potent antibacterial activity towards methicillin-resistant
Staphylococcus aureus (anti-MRSA activity), comparable to that of
the clinically used drugs vancomycin and linezolid.>~> Structural
development studies of these macrocyclic bis(bibenzyl)s,
prompted us to identify some synthetic bis(bibenzyl) derivatives
such as 3, which exhibited more potent anti-MRSA activity. In
studies to identify the minimum essential structure of these
macrocyclic bis(bibenzyl)s for anti-MRSA activity, we previously
prepared three fragments of RC, i.e., 4-6 (Fig. 1). Compound 6 is
identical with lunularin,® which is a precursor in the biosynthetic
pathway of bis(bibenzyl)-type cyclic phenolic natural products.
Among these fragments, only the northern fragment, 2-phe-
noxyphenol (4) exhibited substantial anti-MRSA activity, with an
MIC (minimum inhibitory concentration) of 8 pg/mL, while 5 and
6 were inactive (Table 1).

However, it turned out that the antibiotic activity of 4 is distinct
from that of the macrocyclic bis(bibenzyl)s. For example, survival
assay indicated that an excess concentration of 1 (4 x MIC concen-
tration) shows potent bactericidal activity towards MRSA strains
(survival rate is less than 1/10,000).” On the other hand, an excess
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concentration of 4 (4 x MIC concentration) did not decrease the
survival of these strains.” In other words, 4 exhibited bacteriostatic
activity, not bactericidal activity. 1 affected the inflow and outflow
of ethidium bromide (EtBr) through Staphylococcus aureus mem-
brane, whereas 4 did not.” Therefore 4 is not a true minimum
essential structure for the activity of the macrocyclic bis(biben-
zyl)s.

To confirm the difference in mode of antibacterial action, we
selected an MRSA mutant resistant to 32 mg/L 4 from Staphylococcus
aureus strain N315, for which the genome has been fully
sequenced.” We found that the macrocyclic bis(bibenzyl) 1 still
exhibited potent activity towards this strain, whereas the activity
of 4 was greatly reduced, as expected.” Based on these experiments,
we concluded that the northern fragment 4 is not the minimum
essential structure of 1 for potent anti-MRSA activity. In addition,
our genetic studies indicated that the mutation in the 4-resistant
strain was located in the enoyl-acyl carrier protein reductase gene
fabl, i.e., the molecular target of 4 is Fabl.” The molecular target of
the parent macrocyclic bis(bibenzyl) derivative 1 remains to be
identified, but is clearly different from Fabl.

In continuing studies to identify the minimum essential struc-
ture of the macrocyclic bis(bibenzyl) derivatives, aimed at develop-
ing a new lead structure for anti-MRSA agents, we further
synthesized two larger acyclic fragment structures, 7 and 8 and
evaluated their anti-MRSA activities. These results are presented
here.
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Figure 1. Chemical structures of the macrocyclic bis(bibenzyl)s (1-3) and their fragments (4-8), including those synthesized here (7, 8).

Table 1
Anti-MRSA activities of macrocyclic bis(bibenzyl) derivatives and their fragments

Compd MIC (pg/mL) S. aureus
N-315 0M481 Compd 4-resistant strain
1 2 2 2
3 0.5 0.5 0.5
4 8 8 >128
5 >128 >128 >128
6 >128 >128 >128
7 8 8 8
8 16 16 16
Vancomycin 1 1 N.T.

Compounds 7 and 8 were prepared basically by Suzuki coupling
to construct the biphenyl framework, and subsequent Wittig
reaction to attach the side chain phenethyl group.® Wittig reaction
of (2/,4-dimethoxy-4'-(methoxycarbonyl)[1,1’-biphenyl]-2-yI)
methyl)triphenyl-phosphonium bromide (9) with benzaldehyde
in the presence of K,COs; and 18-crown-6 ether afforded the stil-
bene derivative (10) as a mixture of geometrical isomers. This mix-
ture was hydrogenated to afford the phenethyl derivative (11). The
methoxycarbonyl group of 11 was reduced with lithium aluminum
hydride to obtain the hydroxymethyl derivative (12). The hydrox-
ymethyl derivative was treated with triphenylphosphine HBr, fol-
lowed by Wittig reaction, and finally hydrogenation to afford the
bis(phenethyl) derivative (15). Demethylation with BBr3 gave the
target compound 7.

The hydroxyl group of methyl 4-hydroxy-3-methoxybenzoate
(16) was treated with trifluoromethanesulfonic anhydride, and
subsequent Suzuki coupling with (4-methoxy-2-methylphenyl)
boronic acid afforded methyl biphenylcarboxylate derivative 18.
18 was reduced with lithium aluminum hydride to obtain the
hydroxymethyl derivative (19). 19 was treated with triph-
enylphosphine HBr, followed by Wittig reaction, and finally hydro-
genation to afford the phenethyl derivative (22). Demethylation
with BBr3 gave the target compound 8 (Scheme 1).

Anti-MRSA activities were determined by the liquid microdilu-
tion method, and are expressed in terms of minimum inhibitory

concentration (MIC, ug/mL).” The MRSA strains used for the
evaluation were OM481 and N315. OM481 is a clinical isolate
from Okayama University Hospital Japan, and N315 is a MRSA
strain isolated in 1982 in Japan as a prototype of Japanese
hospital-associated MRSA strains.' The activity of these
compounds towards a compound 4-resistant MRSA strain was also
measured. The results are summarized in Table 1.

The inflow of EtBr to energized S. aureus N315 cells was evalu-
ated as the increase in fluorescence intensity after addition of the
test compounds (excitation 530 nm and emission 600 nm).” The
outflow of EtBr from ethidium-loaded S. aureus N315 cells was
evaluated in terms of decrease in fluorescence intensity (excitation
530 nm and emission 600 nm).”

Measurement of intracellular ion concentrations were per-
formed with the inductively coupled plasma optical emission spec-
trometry (ICP-OES) analysis with a VISTA-PRO (Seiko Instruments
Inc.).”

These results are summarized in Figures. 2 and 3.

All of the new acyclic fragments exhibited substantial anti-
MRSA activity. Although these compounds were less potent than
macrocycles such as 1, their activity was comparable to that of 4.
However, it is very important to note that 4 exhibited decreased
activity towards the 4-resistant mutant strain compared to the
parent MRSA strain, as expected, whereas 7 and 8 exhibited com-
parable activities towards both MRSA strains. This result suggested
that the mechanism of action of 7 and 8 might be distinct from that
of 4, i.e., the activities of 7 and 8 might not be mediated through
inhibition of Fabl.

Encouraged by this result, we evaluated the effects of these
fragments on influx and efflux of EtBr in S. aureus N315 cells. The
results are summarized in Figure 2. When the fragments were
added to energized S. aureus N315 cells, the fluorescence of EtBr
immediately increased (Fig. 2A and C), indicating increased intra-
cellular binding of EtBr to N315 DNA. We also investigated the
effect of the acyclic fragments on outflow of EtBr from EtBr-loaded
S. aureus cells. Addition of the fragments caused a rapid decrease in
EtBr-mediated fluorescence (Fig. 2B and D). These results indicate
that all the acyclic fragments tested, increase the permeability of
the cytoplasmic membrane of S. aureus.
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Scheme 1. Synthetic routes to compounds 7 and 8. Reagents and conditions: (a) benzaldehyde, K,CO3, 18-crown-6-ether, CH,Cl,, reflux, 11.5 h (90%); (b) 10%-Pd/C, 0.35 MPa
H,, EtOAc, rt, 0.5 h (90%); (c) LAH, THF, 0 °C to rt, 14 h (95%); (d) P(Ph)3HBr, CH3CN, reflux, 13 h (94%); (e) benzaldehyde, K,COs, 18-crown-6-ether, CH,Cl,, reflux, 14 h (90%);
(f) 10%-Pd/C, 0.35 MPa H,, EtOAc, MeOH, rt, 2 h (78%); (g) BBr3, CH,Cl,, —78 °C to rt, 3 days (quant); (h) Tf,0, Py, CH,Cl,, 0 °C to rt, 1.5 h (94%); (i) 4-methoxy-2-methylphenyl
boronic acid, Pd(PPhs), K3PO,4, DMF, 100 °C, 15.5 h (92%); (j) LAH, THF, 0 °C to rt, 14 h (95%); (k) PPhsHBr, CH3CN, reflux, 4 h (quant); (1) benzaldehyde, K,COs, 18-crown-6-
ether, CH,Cl,, reflux, 21.5 h (99%); (m) 10%-Pd/C, EtOAc, 0.31 MPa H,, rt, 1 h (quant); (n) BBr3, CH,Cl,, —78 °C to rt, 6 h (69%).
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Figure 2. Effects of 7, 8 on the inflow (left) and outflow (right) of EtBr in S. aureus N315 cells.

We have previously reported that macrocyclic bis(bibenzyl)s,
such as 1 and 3 exhibited rapid EtBr inflow and outflow. Two pos-
sibilities were considered for the increase of fluorescence intensity
observed in intracellular EtBr. One was the increase of membrane
permeability, and the other was the inhibition of multidrug efflux
pumps that extrude EtBr. However we would be able to omit latter
possibility, for, 1 and 3 caused a rapid decrease in EtBr fluorescence

from EtBr-loaded S. aureus N315 cells. If 1 and 3 inhibited efflux
pumps, we would not be able to detect any changes in fluorescence
in the EtBr outflow assay. These results strongly suggested that 1
and 3 increased the permeability of the cytoplasmic membrane
of S. aureus.

Thus, both the inflow and outflow of EtBr suggest that 7 and 8
may not be an inhibitor of efflux pumps.
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Figure 3. Effect of the representative fragment 7 on intracellular Na* and K* concentrations (A, B), and survival of S. aureus N315 (C).
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Figure 4. Schematic illustration of the putative molecular targets and target sites of
bis(bibenzyl) derivatives and their fragments for anti-MRSA activity.

We further confirmed the effect of 7 on membrane permeability
by analyzing changes in the intracellular concentrations of Na* and
K" (Fig. 3A and B). When S. aureus cells were treated with 7, intra-
cellular Na* concentration was increased (Fig. 3A), while K* con-
centration was decreased (Fig. 3B).

Figure 3C shows the results of survival assay of S. aureus N315.
When 7 was added at the concentration of the MIC, the number of
viable cells was reduced by at least three orders of magnitude,
while a concentration of 4 times the MIC rapidly killed essentially
all the cells. These results are consistent with the idea that 7 and 8
exhibit bactericidal (not bacteriostatic) activity by disrupting the
membrane of S. aureus.

In conclusion, we synthesized acyclic fragment structures of
macrocyclic bis(bibenzyl) derivatives, and evaluated their antibac-
terial activities towards methicillin-resistant Staphylococcus aureus
in order to identify the minimum essential structure for cell mem-
brane leakage-mediated anti-MRSA activity. The results showed
that cyclic structure is not necessary for anti-MRSA activity. In con-
trast to the previously reported fragment 2-phenoxyphenol (4),
which exhibited bacteriostatic anti-MRSA activity by inhibiting
the function of Fabl, the present compounds 7 and 8 appear to
directly permeabilize the cell membrane of methicillin-resistant
Staphylococcus aureus in a similar manner to the macrocyclic bis
(bibenzyl)s, which cause membrane leakage mediated directly or

indirectly through the formation of mesosomes, intracellular struc-
tures formed by invagination of the cell membrane (Fig. 4).”
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