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FIG. 4. 1,3'-Bipyrrole derivatives of marinopyrrole.

Activity in the presence of human serum. In order to deter-
mine the potential for marinopyrrole A as a systemic thera-
peutic, we investigated the MIC in the presence of normal
human serum. The MIC of marinopyrrole A in the presence of
20% serum was ~96 wg/ml, approximately 256-fold higher
than the MIC in the absence of serum. This property, presum-
ably reflecting a high degree of protein binding, greatly reduces
the activity of marinopyrrole and compromises its prospects as
a therapeutic to treat systemic bacterial infections.

Activities of marinopyrrole derivatives. Following the dis-
covery that the potent anti-MRSA activity of marinopyrrole A
was effectively abolished in serum, derivatives of the marin-
opyrrole A scaffold were tested for the ability to bypass this
inherent pharmacologic limitation. A set of 16 derivatives of
marinopyrrole A, whose preparation is described in detail else-
where (13), were analyzed. These derivatives include semisyn-
thetic and synthetic analogs, in addition to a range of minor
metabolites produced by the streptomycete strain CNQ-418.
Two distinct chemical scaffolds were explored here. The first
group consisted of derivatives that contain the 2,2'-salicyloyl-

1,3"-bipyrrole structure of the parent compound (Fig. 4, MPA),
produced semisynthetically or isolated from culture (Fig. 4, D1
to D8). The second group of derivatives were completely syn-
thetic and include pyoluteorin-like compounds (Fig. 5, M1 to
MG6), as well as two 1,3'-bipyrroles lacking salicyloyl substitu-
ents (Fig. 5, 15 and 16).

The 16 marinopyrrole A derivatives (Fig. 4, D1 to D8, and 5,
M1 to M6, 15, and 16) were tested for activity against CA-
MRSA TCH1516, HA-MRSA Sanger 252, and vancomycin-
resistant E. faecalis. Many of these structural analogs retained
potent activities against the three bacterial strains tested in the
low pwg/ml range. However, the marked inhibitory effect of 20%
human serum on the activity of marinopyrrole A could not
be overcome with any of the structural modifications (Fig. 4
and 5).

Similar to marinopyrrole A, the majority of the semisyn-
thetic bipyrrole-containing analogs in Fig. 4 (MPA, D1, D6,
and D8) showed concentration-dependent killing (Fig. 6A).
For two pyrrole derivatives, bromomonodeoxypyoluteorin
(Fig. 5, M2) and iodomonodeoxypyoluteorin (Fig. 5, M3), a
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In vitro MICs (ug/ml) of pyoluteorin derivatives and bipyrrole derivatives.
#  Identification Description TCH 1516 Sanger VRE
0% serum 20% serum 252
M1 CNQ-418.255 monodeoxypyoluteorin >96 =96 >96 12
M2 CNQ-418.255(333) brome . 1.5 248 1.5 24
monodeoxypyolutoerin
M3 CNQ-418.255(381) 10d°- . 1.5 248 1.5 24
monodeoxypyolutoerin
M4 CNQ-418.255(207) O-2cety] . 12 48 12-48 >96
monodeoxypyoluteorin
M5 CNQ-418.255(375) O-acetyl, bromo- 3 248 48 48
monodeoxypyoluteorin
M6 CNQ-418.255(253) chromeneone >96 >96 >96 >96
15 CNQ-418.276(S) bipyrrole ester >96 >96 >96 >96
16 CNQ-418.588(s) (ctrabrominated 6 >96 6-24 >96

bipyrrole ester

FIG. 5. Pyoluteorin derivatives and synthetic 1,3'-bipyrrole derivatives of marinopyrrole.

noticeable phenomenon of time-dependent killing was ob-
served. For these compounds, treatment of MRSA at 10X and
1x MIC initially inhibited its growth without significant bacteri-
cidal activity (Fig. 6B). Within 24 h, however, these compounds
displayed significant bactericidal activity at 10X MIC. An inter-
esting time-kill kinetic was shared by O,0’-diacetyl marinopyrrole

A (Fig. 4, D3) and O-acetyl bromomonodeoxypyoluteorin (Fig. 5,
MS). Both O-acetylated derivatives allowed an initial increase in
bacterial growth in the in vitro assay but ultimately inhibited fur-
ther bacterial growth (Fig. 6C). This effect can likely be attributed
to the gradual hydrolysis of the phenolic esters to their free phe-
nolic counterparts, which are bactericidal.
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FIG. 6. In vitro kinetics of the marinopyrrole analogs against MRSA (TCH1516). (A) Concentration-dependent kinetics of marinopyrrole
analogs (Fig. 4). (B) Kinetics of pyoluteorin analogs (Fig. 5). (C) Kinetics of two acetylated marinopyrrole A derivatives (the compounds are shown

in Fig. 4 and 5). Data indicate means * SD.
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FIG. 7. The tendency for marinopyrrole A to adsorb to plastic was tested by incubating plastic and glass test tubes for 22 h with increasing
concentrations of marinopyrrole A. After incubation, methanol extraction was used to remove any adsorbed marinopyrrole A. (A) UV spectro-
metric quantification. Shown are the average absorbances (324 nm) by the plastic and glass tubes at increasing multiples of the MIC. Marinopyrrole
A adsorbs to plastic tubes, but not glass. (B) The average concentration of marinopyrrole A removed from plastic tubes via methanol extraction
increases as the compound concentration is increased. Data indicate means * SD.

Marinopyrrole A adsorption to plastic. Our initial studies of
marinopyrrole A in the macrodilution assay (described above)
showed the MIC was 2- to 4-fold lower in glass test tubes than
in polystyrene tubes (e.g., 0.094 wg/ml for TCH1516 with glass
tubes). We hypothesized that marinopyrrole A in solution was
partially binding to plastic, a phenomenon described for other
antibiotics, including doxycycline and minocycline (4). This
event, called sorption, can occur when a drug is initially ad-
sorbed and subsequently absorbed by its plastic container (4,
15), which may be ascribed to the very hydrophobic and slightly
acidic nature of marinopyrrole A. To examine this possibility,
the loss of marinopyrrole A to the walls of polystyrene versus
glass tubes was measured by methanol extraction of adsorbed
drug and UV spectrometric quantification at 45,,. Our results
(Fig. 7A) showed that the amount of marinopyrrole A that
adsorbed to plastic increased in a linear fashion as the tested
concentration increased from 1 to 2, 5, and 10 times the MIC,
from 0.0046 * 0.0010 (1x MIC) to 0.0316 *= 0.0007 (10X
MIC). At the tested concentrations greater than 10X MIC, the
absorbances seem to plateau, possibly indicating saturation of
binding (Fig. 7A). Conversely, the absorbance results show
that the glass tubes did not retain marinopyrrole A at any of
the tested concentrations (Fig. 7A). The resulting amounts
(ng) of marinopyrrole A recovered by methanol extraction
from plastic tubes were calculated from the measured absor-
bances (Fig. 7B) and similarly showed a linear increase in
adsorbed compound with saturation after 10X MIC.

DISCUSSION

We have shown that the recently discovered marine natural
product marinopyrrole A (1) possesses potent in vitro antimi-
crobial activities against both HA and CA strains of MRSA
and VRE at submicromolar levels. Furthermore, marinopyr-
role A maintained similar submicromolar MICs against gly-
copeptide-intermediate and vancomycin-resistant S. aureus
strains, such as VRSA from Pennsylvania and Michigan, VISA
strains HIP5836 and PC-3, and hetero-GISA A5940. Marin-
opyrrole A is also active against H. influenzae, but its Gram-
negative spectrum does not extend to P. aeruginosa or E. coli.
Compared to vancomycin and linezolid, marinopyrrole A dem-
onstrated potent concentration-dependent bactericidal kinet-

ics against MRSA, with a 4 log,, increase in bacterial killing at
20X versus 1X MIC. In contrast, vancomycin showed time-
dependent kinetics in which all three concentrations tested
(1X, 10X, and 20x MIC) yielded equal quantities of surviving
MRSA at 6 h. Such delayed killing kinetics of vancomycin
against MRSA have been previously described (16).

Marinopyrrole A also displayed a concentration-dependent
PAE profile (Fig. 2), giving a significantly more favorable PAE
(4 to 6 h) than either vancomycin or linezolid at concentrations
10X to 20X their respective MICs. At 10X MIC, the concen-
tration of marinopyrrole A, 3.75 pg/ml, is still ~2X less than
the ICs, against 1.929 cells (8 to 32 pg/ml) and ~8X less than
the ICs, against HeLa cells (32 to 64 pg/ml). From these
results, we can conclude that high doses of marinopyrrole A
that may cause minimal mammalian in vitro toxicity can retard
the regrowth of MRSA for a prolonged period. Furthermore,
marinopyrrole A showed sustained and potent MIC activities
in serial-passage experiments (Fig. 3). Despite repeated serial
passage in sub-MIC concentrations of marinopyrrole A,
TCH1516 failed to develop resistance over a 10-day period,
and the MIC of Sanger 252 increased by only 1-fold (Fig. 3).
Beyond these favorable pharmacokinetic parameters, marin-
opyrrole A displayed the potential for a reasonable therapeutic
index, since mammalian-cell cytotoxicity was observed only at
concentrations in excess of 20X the MIC. Further, marinopyr-
role A showed sustained and potent MIC activities in serial
passage.

Although the mechanism of action of marinopyrrole A re-
mains undefined, the potent and rapid killing kinetics, as well
as a low but detectable cytotoxicity profile against mammalian
cells, suggests that the compound may nonspecifically kill tar-
get bacteria. Although not detailed in this paper, the results of
preliminary metabolic-labeling studies indicate that marinopyr-
role A acts in a general manner without specifically targeting
DNA, RNA, protein, or cell wall synthesis (data not shown).
However, it is also possible that marinopyrrole A may specif-
ically target a bacterial process not studied in the metabolic-
labeling assay (e.g., fatty acid biosynthesis), and this possibility
is currently under investigation.

However, marinopyrrole A was found to have a critical de-
ficiency in its pharmacological profile that will likely prevent its
use as a systemic antibacterial therapy, namely, marked inhi-
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bition of antibiotic activity by serum. Therefore, we analyzed a
series of 16 structural analogs (Fig. 4 and 5) of marinopyrrole
A, some retaining the 1,3-bipyrrole scaffold and others pos-
sessing a single pyrrole resembling the pyoluteorin structure.
While many of these derivatives retained potent anti-MRSA
and anti-VRE activity, none was able to overcome the inhibi-
tory effect of serum.

It is conceivable that marinopyrrole A could be used as a
topical agent or in local therapy of device-related Gram-posi-
tive bacterial infections, which are increasingly common in
inpatient settings. In the latter case, e.g., as an antibiotic-lock
agent, the affinity of marinopyrrole A for binding to plastic
surfaces could prove advantageous, and serum inactivation
would limit the potential for systemic toxicity. Further medic-
inal chemistry analysis of the structure-activity relationships of
this potent and rapidly acting bactericidal marine natural-
product antibiotic will be required to illuminate its potential
therapeutic utility.
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