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A series of 23 nitroxides (5-27) was tested for biofilm modulatory activity using a crystal

violet staining technique. 3-(Dodecane-1-thiyl)-4-(hydroxymethyl)-2,2,5,5-tetramethyl-1-
pyrrolinoxyl (22) was found to significantly suppress biofilm formation and elicit dispersal
events in both Pseudomonas aeruginosa and mixed-culture biofilms. Twitching and swarming
motilities were enhanced by nitroxide 22, leaving the planktonic-specific swimming motility
unaffected and suggesting that the mechanism of 22-mediated biofilm modulation is linked to
the hyperactivation of surface-associated cell motilities. Preliminary structure-activity
relationship studies identify the dodecanethiyl chain, hydroxymethyl substituent and the free
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radical moiety to be structural features pertinent to the anti-biofilm activity of 22.

Introduction

Bacterial biofilms are notoriously problematic in many diverse
areas such as medicine, food and water treatment.! Moreover,
the growth of biofilms and the production of harmful
metabolites by microorganisms cause considerable aesthetic
and structural damage to culturally significant materials.” In
the
aeruginosa, one of the most extensively studied model

addition, gram negative Dbacterium Pseudomonas
organisms for bacterial biofilm formation, has been identified
to be associated with biodeterioration of cultural materials.’
Conventional methods for the control of biofilm formation and
for the remedial treatment of biodeteriorated materials have
largely focused on biocidal and antibacterial approaches,®
however these strategies have limited effectiveness due to the
refractory nature of biofilms and the development of
resistance.’

The growth of biofilms and their tolerance toward
exogenous physiochemical pressures represent remarkable
adaptations by microorganisms to managing changing and often
hostile environmental parameters. As a consequence, the
propensity of microorganisms to exist as sessile cells within the
physically-protective environment of a biofilm is more
probable than the free swimming planktonic phenotype.® This is
most likely a result of the 1000-fold increased sensitivity of
planktonic bacteria, in comparison to their sessile counterparts,
to conventional biocidal and antibiotic treatments.” This
increased sensitivity can be attributed to both the increased
physical protection afforded by the glycocalyx (a matrix of
biomolecules secreted by colonizing bacteria) in addition to the
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higher metabolic activity of planktonic cells.® Significant
differences in structure, function and gene expression between
planktonic and biofilm cells, therefore translate into differences
in biocidal and antibacterial sensitivity.

Pivotal to the continual maintenance of a community of
microorganisms is the microbial cell-to-cell communication
system, quorum sensing (QS). Utilizing biochemical messenger
molecules (autoinducers), QS allows the population to function
in unison by initiating

concentration-dependent  signal

transduction cascades that culminate
9

in population wide
changes in gene expression.” Dispersal events, which are
suspected to be QS controlled and
characterized by the transformation of sessile cells into

synchronized, are

planktonic bacteria. In recent years there has been an
abundance of research focusing on the manipulation of QS, and
the use of anti-biofilm compounds, as strategies for controlling
biofilm formation with enhanced effectiveness, less selective
pressure and decreased resistance. '

Anti-biofilm compounds, such as N-acyl homoserine
lactone (AHL) analogues (1 — 3),'' have been found to prevent
biofilm formation and/or induce dispersal events through the
manipulation of intrinsic bacterial processes. By initiating
cellular change and movement of microorganisms away from
the protective barrier produced by the glycocalyx, anti-biofilm

MH% W%OLHD M%OLOYO\ZO

2 3

J. Name., 2013, 00, 1-3 | 1



Organic & Biomolecular Chemistry

compounds have been found to increase the effectiveness of
antimicrobial agents.'?

Another anti-biofilm compound that has been shown to
modulate biofilm development is the signalling molecule, nitric
oxide (NO)."> The wuse of NO donors, such as
diazeniumdiolates, provide useful methods for introducing NO
into biological systems. These donors have been employed
successfully to prevent the formation of P. aeruginosa biofilms
while effecting their dispersal.'* Although NO-donor
compounds offer a controlled method of NO application, their
half-lives (which range from seconds to hours), in addition to
their cost, render them impractical for many applications."’

Nitroxides are related compound that are electronically
similar to NO,'® and as such, it has been suggested that they
may offer a more viable alternative to NO for the control of
biofilms.!” Nitroxides are also readily prepared and handled,
and, as a consequence, the chemical and biological reactivity,
cell permeability and solubility of these compounds can be
tailored for the desired application.

The biological potential of nitroxides was first recognized in
1964 by Emmerson and Howard-Flanders when they reported
that nitroxides sensitized bacteria to subsequent treatment with
radiation.'® They speculated that given other free radical
species
sensitizers, so too should nitroxides.

such as oxygen and NO behaved as radiation

During the course of our work, a report appeared describing
the use of nitroxides as anti-biofilm agents against P.
aeruginosa."” The authors described the use of three nitroxides
to inhibit the initial stages of biofilm formation and initiate
dispersal events in pre-established wild-type P. aeruginosa."’
Furthermore, they showed that these nitroxides were able to
restore swarming motility in a mutant strain of P. aeruginosa
deficient in nitrite reductase (and therefore deficient in NO)."
The authors went on to suggest that nitroxides are able to
mimic the swarming activity response elicited by NO and as a
consequence mimic other biological effects of NO, including
biofilm dispersal.

We are aware of only one other report describing molecules
capable of dispersing preformed P. aeruginosa biofilms;
identified that the antibiotic
skyllamycins are inhibitors of biofilm formation as well as
Very
recently, these same authors reported the development of
benzo[1,4]oxazines (eg. 4) as biofilm inhibitor and dispersal
agents against Vibrio cholerae.”® In this communication 4 is

Linington and co-workers

inducers of biofilm detachment in P. aeruginosa."

described as being among "just a handful of compounds
capable of inducing the dispersal of mature surface-associated
biofilms".*’

Herein we report our investigations into nitroxides as
compounds that control the development of P. aeruginosa and

mixed-culture biofilms.
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Results and Discussion

To assess nitroxides as a class of anti-biofilm agent, a library of
nitroxides was constructed comprising molecules with varying
charges and hydrophilicities in order to target extracellular,
intracellular and intermembrane cellular localizations.?' The
approach adopted involved the design and synthesis of 23°
nitroxides (5 — 27) which were then screened for biofilm
modulatory activity using a crystal violet staining technique.?

Nitroxide design and synthesis

Nitroxides have been studied previously in biological systems
as antioxidants® or as spin labels.'® Through the use of EPR
experiments nitroxides such as 3-carboxy-2,2,5,5-tetramethyl-
1-pyrrolinoxyl (6) were shown to pass through the membrane
into the cytoplasmic space.?’ With this in mind, intracellular-
targeted nitroxides 5 — 18 were prepared in order to determine

This journal is © The Royal Society of Chemistry 2012
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if nitroxides in this cellular environment confer anti-biofilm
activity. In addition to the preparation of nitroxides 5§ — 14
(prepared by well-established procedures),* we sought to take
advantage of the improved solubility and cellular targeting of
carbohydrate-based molecules, and explore the impact of
monosaccharide-linked nitroxides on biofilm modulation.
Carboxylic acids 8 and 13 were tethered to the glucosyl donor
28%° through an anomeric 1-O-acyl linkage furnishing the
protected glucosyl nitroxides 29 and 30 in moderate yields
(49% and 40% respectively). Deacetylation of 29 and 30 with
sodium methoxide gave the corresponding free glycosides 15
and 16 (Scheme 1). To investigate the impact of replacing
natural D-glucose with unnatural L-glucose on biological
activity, the L-glucosyl nitroxides 17 and 18 were also
prepared.t

Due to the paramagnetic nature of nitroxides, NMR analysis
of this class of compound typically results in peak broadening
which limits the elucidation of detailed structural information.
Nitroxides 29 and 30 were therefore characterized as their
ethoxylamine derivatives (29a and 30a), prepared by the action
of triethyl borane in the presence of oxygen (Scheme 1).

Nitroxides that carry a charge are unable to diffuse freely
through the phospholipid bi-layer and so are expected to reside
in the extracellular space.’’ Four charged nitroxides were
prepared — sodium carboxylates 24 — 26 and the quaternary
ammonium chloride 27 — in order to target the extracellular
space. Carboxylic acids 6, 8 and 13 were converted to their
sodium carboxylates using one equivalent of sodium hydride in
anhydrous THF. Nitroxide 27 was prepared following a
literature procedure.?¢

Nitroxide probes with long hydrocarbon “tails” are able to
localize within, and interact with, the cellular membrane.?’” For
example, nitroxides based on fatty acids, such as doxyl
stearates”® are found to localize within the membrane bi-layer
with their polar carboxyl group at the surface and their long
hydrocarbon chains inserted into the hydrophobic phospholipid
bilayer.?'*® On the other hand, nitroxides with a charged head

group such as quaternary ammonium salt 19, should localize at

This journal is © The Royal Society of Chemistry 2012
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the surface of the membrane with only its hydrocarbon tail
penetrating into the lipophilic portion of the membrane. As
such, we also endeavoured to synthesize a range of nitroxides,
(19 — 23) with dodecyl substituents, both charged and
uncharged in order to target the intermembrane space. 4-(N-
dodecyl-N, N-dimethyl)ammonio-2,2,6,6-tetramethyl-1-

piperidinoxyl chloride (19) was prepared using procedures

described elsewhere.?”’
OH O(CHy)11CH3
1-bromododecane
20
NaH
N ’ N
0. 1 OEt 20a
Scheme 2.

Treatment of 4-hydroxy-2,2,6,6-tetramethyl-1-piperidinoxyl
(11) with sodium hydride in THF followed by 1-
bromododecane afforded 4-dodecyloxy-2,2,6,6-tetramethyl-1-
piperidinoxyl (20) in 27% yield after heating at 70°C for 48
hours (Scheme 2). The ethoxylamine adduct 20a was obtained
in modest yield (39%) from 20 by radical ethylation, as
described for the preparation of 29a and 30a.

0O O
A LR
N
31 H o

The synthesis of dodecanethiyl-substituted pyrrolinoxyl
radicals 20 — 22 has been described in a previous
communication.*® Installation of the dodecyl chain onto the
pyrrolinoxyl "core" not only drives the nitroxide to localize
within and interact with the hydrophobic phospholipid bilayer,
but also creates compounds that bear structural similarity to the
native /as-dependent AHL autoinducer of P. aeruginosa, N-(3-
oxododecanoyl)-l-homoserine lactone (31).*

In addition to its implication in the activation of phenotypes
such as glycocalyx production, virulence factor production and
motility, AHL 31 is also thought to be involved in the
differentiation stage of biofilm development.*> A number of
studies have demonstrated that exogenously applied AHL 31
increases biofilm formation in a range of bacterial species.*® As
such, antagonists of the 31-mediated QS system, for example
N-(2-oxocyclohexyl)-3-oxododecamide (1), have been shown
to inhibit the development of biofilms."'®

Effect of nitroxides 5 — 27 on biofilm formation and dispersal in
P. aeruginosa

Nitroxides 5 — 27 were initially screened for biofilm inhibiting
and dispersing activity against P. aeruginosa using an
adaptation of the traditional crystal violet biofilm assay** the
details of which are described in the ESI.¥ The anti-biofilm
activity of the nitroxides were assessed at concentrations in the
range 500 nM to 5 mM and changes in the amount of
planktonic and biofilm masses in response to added compound
were determined quantitatively by comparing the optical

J. Name., 2012, 00, 1-3 | 3
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density (OD) of treated cells to DMSO-treated controls using a
microplate fluorimeter.”? This approach enabled us to identify
eight nitroxides (5, 6, 9, 14, 17, 18, 22 and 26) that suppressed
biofilm formation in P. aeruginosa at 5 mM as determined by
both a decrease in biofilm biomass and a concomitant increase
in planktonic biomass. Two nitroxides (20 and 22) elicited
biofilm dispersal events (Fig. 1 and Table 1) (20 -mediated
biofilm dispersal at 500 uM only - not shown). With the
17 and 18, that
interestingly performed better as anti-biofilm agents than their

exception of the L-glucosylnitroxides

D-isomers (15 and 16) there seemed to be no structural

correlation between the remaining biologically active

nitroxides.
Table 1 Nitroxides with anti-biofilm activity at 5 mM.

% enhancement in

Nitroxides % biofilm suppression dispersal
5 15 not observed
6 14 not observed
9 13 not observed
14 11 not observed
17 14 not observed
18 12 not observed
204 not observed 21
22 70 57
26 28 not observed

420-mediated dispersal was observed at 500 uM only.

To our delight, nitroxide 22 displayed superior biological
activity towards P. aeruginosa biofilms effectively, repeatedly,
and across a wide concentration range suppressing biofilm
formation and eliciting dispersal (Fig. 2). The greatest effect
was observed at 5 mM in which biofilm biomass was reduced
by 60-70% and planktonic biomass increased by 50-120%. This
concomitant increase in planktonic biomass is consistent with a
transition of sessile biofilm cells to the planktonic phase and
furthermore suggests that 22 is acting through a non-biocidal
mechanism.

During the course of our experiments we noted that the anti-
biofilm activity of 22 was dependent on a number of structural
features. Nitroxide 7 which lacked a dodecanethiyl group at
position 3 on the pyrroline ring was found to neither inhibit
biofilm formation nor disperse a pre-established biofilm. Anti-
biofilm activity is also lost by exchanging the hydroxymethyl
substituent at position 4 of the pyrroline ring with an aldehyde
(21) or a methoxymethyl substituent (23) suggesting that the
biofilm modulatory capacity of 22 is not due to a surfactant
effect. To determine the importance of the free radical moiety
for biological activity of 22, P. aeruginosa was treated with the
ethoxylamine derivative of 22. Ethoxylamine 22a was unable to
suppress biofilm formation but did induce dispersal at 5 mM as
evidenced by the 41% decrease in biofilm biomass and a
concomitant 28% increase in planktonic biomass compared to
the DMSO control (data not shown). As such, the free radical
moiety in 22 is likely to be important to the ability of 22 to
inhibit biofilm formation and in the efficacy of 22-induced
dispersal of P. aeruginosa biofilms.

4| J. Name., 2012, 00, 1-3

Nitroxide added at t = 0 hr to inhibit biofilm formation
g’ Nitroxide added at t = 24 hr to induce dispersal

T T T T
100 80 60 40 20 0 0 50 100 150 200 250

Decrease in biofilm biomass (%)  Increase in planktonic biomass (%)

Fig. 1 Collective results of nitroxide candidates 5-27 which showed
decreases in biofilm biomass and increases in planktonic biomass at 5 mM
in the crystal violet biofilm assay. P. aeruginosa was grown in 24 well
plates in the presence of nitroxide (5 mM) for 24 hr to examine nitroxide-
mediated biofilm inhibition. Alternatively, the nitroxide candidate was
added as a 30 min treatment to 24 hr old biofilms to examine nitroxide-
induced dispersal.  Planktonic biomass was quantified by ODgy,
measurements and biofilm biomass by crystal violet staining and
subsequent ODsqy. *, **, *** denote statistically significant differences
compared to DMSO control wells where p<0.05, 0.01 and 0.001,
respectively (Mann-Whitney t-test: two-tailed, unpaired, equal variance, n
= 8); the results of one representative experiment are presented, each was
repeated twice.

This journal is © The Royal Society of Chemistry 2012
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Effect of 3-(dodecane-1-thiyl)-4-(hydroxymethyl)-2,2,5,5-
tetramethyl-1-pyrrolinoxyl (22) on biofilm formation and
dispersal of mixed-culture biofilms

P. aeruginosa

0.4 .

P. aeruginosa biofilm biomass (OD 5g)
P. aeruginosa planktonic biomass (OD gq9)

mixed culture - CMO

0.207

0.15

0.10

0.05

CMO biofilm biomass (OD 5¢¢)
CMO planktonic biomass (OD gqg)

» Hl 22 added att=0hr
to inhibit biofilm formation

*-# 22 added att=0hr
to inhibit biofilm formation

*-0- 22 added att=24 hr
to induce dispersal

* 22 added att =24 hr
to induce dispersal

Fig. 2 Nitroxide 22 has anti-biofilm activity, inhibiting biofilm formation
and inducing dispersal of P. aeruginosa and mixed-culture CMO biofilms.
P. aeruginosa or CMO was grown in 24 well plates in the presence of 22
for 24 hr to examine 22-mediated biofilm inhibition. Alternatively, 22 was
added as a 30 min treatment to 24 hr old biofilms to examine 22-induced
dispersal. Planktonic biomass was quantified by ODg,, measurements and
biofilm biomass by crystal violet staining and subsequent ODsg,. *, **,
*** denote statistically significant differences compared to DMSO control
wells where p<0.05, 0.01 and 0.001, respectively (Mann-Whitney t-test:
two-tailed, unpaired, equal variance, n = 8); the results of one
representative experiment are presented, each was repeated twice.

To extend our investigation into the biofilm modulatory effects
of 22 and to confirm their relevance to the treatment of mixed
biofilms that may be encountered outside the laboratory, in
particular those found in association with biodeteriorated
cultural heritage, we sought to determine whether or not
nitroxide 22 also exhibited anti-biofilm activity towards
Standardized
samples of stone, paper and canvas were removed from a
collection of sacrificial cultural objects and sonicated in saline
solution to retrieve surface-associated microorganisms. To
increase cell numbers and cell viability, aliquots of the saline

organisms derived from cultural materials.

This journal is © The Royal Society of Chemistry 2012
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solution were incubated in a series of media. The resulting
cultures were then pooled to create a ‘Cultural Materials
Organisms (CMO) broth.** § This mixed-culture of CMO was
used in the crystal violet biofilm assay in place of P.
aeruginosa. A decrease in CMO biofilm biomass of 30-40%
was observed in response to 5 mM 22 indicating that nitroxide
22 has greater anti-biofilm activity towards P. aeruginosa
biofilms (which decreased biofilm biomass by 60-70% under
the same experimental conditions) than the more complex
mixed-culture CMO biofilms (Fig. 2). This may be attributed to
the more complex composition of organisms present in the
CMO, compared with the anexic model biofilms. These
organisms likely have varied growth rates, metabolic processes,
nutrient requirements and glycocalyx composition that alter
their sensitivity to 22.

Effect of 3-(dodecane-1-thiyl)-4-(hydroxymethyl)-2,2,5,5-
tetramethyl-1-pyrrolinoxyl (22) on cell motility

Cell motility - swimming,** twitching,’® and swarming®’ - are
integral cellular functions during biofilm formation in many
bacterial species such as P. aeruginosa. Loss of motility
appendages, such as flagella and type IV pili, in mutant P.
aeruginosa confers significant reductions in surface attachment
rates.”® Contrastingly motility has also been suggested to be
linked to the dispersal of single organisms from biofilms.* We
therefore sought to investigate if 22 elicits its anti-biofilm
activity by interfering with cellular motility by determining the
impact of 22 on normal swimming, twitching and swarming
motility in P. aeruginosa and in CMO.

Utilizing modified motility procedures,’® M9 minimal
media doped with 22 (500 uM and 5 mM) were solidified with
agar (0.2% for swimming, 0.5% for swarming and 2% for
twitching assays).t P. aeruginosa or CMO were inoculated at
the centre of the plate and the distance travelled by the
microorganisms in response to 22 was compared to DMSO
controls.

Table 2 Does 22 interfere with normal swimming, twitching and swarming
motility in P. aeruginosa and CMO?

Swimming Twitching Swarming
P. aeruginosa no yes yes
CMO no not observed? yes

@ CMO did not exhibit twitching motility under these assay conditions.

Swimming motility, dominant in the planktonic mode of
growth was unaffected by nitroxide 22 in either microorganism
community (Table 2). Alternatively surface-associated
twitching motility in P. aeruginosa was enhanced by 18% and
22% in response to 500 uM and 5 mM 22 respectively (Fig.
3A). Twitching plates (not shown) also showed characteristic
concentric rings corresponding to periodic rounds of colony
expansion and consolidation.*® In plates doped with 22, a
longer period of colony expansion was observed as indicated by
light growth radiating from the centre inoculation point, with a
single area of consolidation at the twitch-advancing edge. For

J. Name., 2012, 00, 1-3 | 5
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reasons that may be related to nutritional status, cell density or
specific intracellular signals,*’ CMO did not exhibit twitching
motility under these assay conditions.

>

Sw arming
g CMO
x
- 3004 *%
©
@O
=
o
L 200
g
& Sw arming
Z 1004 Twitching P. aeruginosa
2 P. aeruginosa -
g *% *% *
Q
R s o

500 uM 5 mM 500 yM 5 mM 500 yM 5 mM
[22]
Control 5 mM 22

P. aeruginosa

Fig. 3 (A) Nitroxide 22 more strongly enhances swarming than twitching
in P. aeruginosa and 22-induced CMO swarming is up to 4-fold more
enhanced compared to the DMSO control than 22-induced P. aeruginosa
swarming. (B) Nitroxide 22 enhances swarming motility behaviour in both
P. aeruginosa and CMO. 22 (500 uM and 5 mM) was added to swarming
motility assay agar (0.5%) plates in triplicate. Migration pattern diameters
were measured after 5 days of swarming under ambient conditions. *, **
denote statistically significant differences compared to DMSO control
plates where p<0.05 and 0.01 respectively (Mann-Whitney t-test: two-
tailed, unpaired, equal variance). Average +/- standard deviation.
Representative images shown are of 2 independent swarming experiments
performed per condition.

The diameter of swarm-mediated motility was significantly
lengthened by 22 in a concentration-dependent manner in both
organism types during a 5 day incubation period under ambient
conditions (Fig. 3). In comparison to untreated controls, P.
aeruginosa displayed a 28% and 53% increase in swarm spread
in response to 500 uM and 5 mM 22 respectively (Fig. 3A).
Furthermore, the same concentrations of 22 induced a spread-
zone increase of 139% and 227% in CMO (Fig. 3A). Under
these experimental conditions, the P. aeruginosa swarming
colonies display a concentric pattern instead of the familiar
dendritic pattern often displayed by wild-type P. aeruginosa,
with
corresponding to the attached bacteria differentiating into

regions of dispersal and biofilm consolidation

motile and non-motile subpopulations respectively (Fig. 3B).*?

6 | J. Name., 2012, 00, 1-3

Journal Name

In comparison to P. aeruginosa, CMO swarm plates formed
branched fractal patterns radiating out from the initial
inoculation point in response to 22 (Fig. 3B). This difference in
CMO swarming pattern, and the more pronounced swarming by
CMO exhibited in response to 22 compared to anexic model
organism, P. aeruginosa, is speculated to be attributed to an
increased sensitivity of the organisms present in CMO to the
biological action of 22.

The action of 22 on surface-associated motilities, twitching
and swarming, offers insight into the anti-biofilm mechanism of
22 observed using the crystal violet biofilm assay. Surface-
associated motility has been implicated in biofilm architecture,
with limited surface motility resulting in increases in biofilm
biomass and more extensive three dimensional architectures.*
The ability of 22 to suppress biofilm formation may be
explained by an overstimulation of twitching and swarming
motilities leading to hypermotile cells that are unable to form
aggregates or other complex biofilm architectures such as
mushroom caps or pillars. Furthermore, 22-induced dispersal
can also be explained by the overstimulation of twitching and
swarming motilities leading to detachment of sessile cells from
the established biofilm community.** The presence of a dodecyl
substituent on nitroxide 22, a structural characteristic shared
with the native /as autoinducer 31, and antagonists of LasR
such as 1, suggests that 22 may elicit its biological effects
through the modulation of /las-specific QS systems.*> The
importance of the free radical moiety in the biological activity
of 22 however also suggests a NO-mimetic mechanism may be
at play.

Conclusions

A chemically diverse library of 23 nitroxides was prepared and
screened utilizing a crystal violet biofilm assay, in an attempt to
discover novel anti-biofilm agents capable of suppressing
biofilm formation and inducing dispersal of pre-established
biofilms. One nitroxide, 3-(dodecane-1-thiyl)-4-
(hydroxymethyl)-2,2,5,5-tetramethyl-1-pyrrolinoxyl (22) was
shown to possess the desired anti-biofilm activity - biofilm
inhibition and dispersal - in both P. aeruginosa and mixed-
culture biofilms derived from cultural material (CMO). Cell
motility assays revealed that surface-associated cell motilities —
twitching and swarming - closely linked to the biofilm
phenotype, were exclusively enhanced by lead nitroxide 22,
leaving the planktonic-specific swimming motility, unaffected.
The capability of 22 to selectively enhance twitching and
swarming motilities over swimming motility, a vital process for
cell survival, may result in less selective pressure and therefore
decreased resistance in response to 22. We speculate that the
anti-biofilm activity of 22 is a consequence of motility
enhancement, creating hypermotile cells that i) are unable to
form surface-associated microcolonies, and ii) are able to more
easily detach from pre-formed biofilms. The results presented
here have revealed new biological features of nitroxides and
highlighted their potential as anti-biofilm agents that can inhibit

This journal is © The Royal Society of Chemistry 2012
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biofilm formation and trigger dispersal. While the exact anti-
biofilm mechanism of lead nitroxide 22 remains unclear, our
findings provide us with insight that will guide further chemical
modifications of, and microbiological studies with, 22 and
analogues of 22.

Experimental

(2,3,4,6-Tetra-O-acetyl-p-D-glucopyranosyl)-3-carboxy-
2,2,5,5-tetramethyl-1-pyrrolidinoxyl (29)

To anhydrous CH,Cl, (30 ml) and 4A molecular sieves under
added 1-bromo-2,3,4,6-tetra-O-acetyl-o-D-
glucopyranose (28)*° (2.38 mmol, 979 mg) and 3-carboxy-
2,2,5,5-tetramethyl-1-pyrrolidinoxyl (8) (2.86 mmol, 532 mg).
After stirring at room temperature for 30 minutes, silver

argon  was

carbonate (2.62 mmol, 722 mg) was added and the reaction
mixture was stirred in the dark at room temperature for a
further 24 hours.
through a wet celite pad and the filtrate was washed with sat.
aq. NaHCO; (1 x 15 ml) and sat. aq. NaCl (1 x 15 ml). The
organic phase was dried (Na,SO,) and concentrated in vacuo.
The purified by flash
chromatography (EtOAc/Pet. spirits, 1:1) to give the title

The reaction mixture was then filtered

crude material was column
compound 29 as a sticky yellow syrup (602 mg, 49%). R; 0.31
(EtOAc/Pet. spirits, 1:1); MS (ESI) m/z 539 [M + Na]’; IR
(neat): Vinax 2977, 1745, 1366, 1210, 1031, 906 cm™'; [0]% 55 -
5.3 (c. 1.0, CHCl3); EPR (CH,Cly): triplet, g = 2.0061, ay =
14.56 G; HRMS (ESI") calc. for C;3H3sNO,, 518.22320 [MH +
H]', found 518.22320; HPLC purity analysis: >99% pure,

retention time: 27.86 min.

(2,3,4,6-Tetra-O-acetyl-pB-D-glucopyranosyl)-4-Carboxy-
2,2,6,6-tetramethyl-1-piperidinoxyl (30)

Compound 30 was prepared by using the procedure described
for 29 1-Bromo-2,3,4,6-tetra-O-acetyl-o-D-
glucopyranose (28) (2.39 mmol, 983 mg), 4-carboxy-2,2,6,6-

above.

tetramethyl-1-piperidinoxyl (13) (2.87 mmol, 574 mg) and
silver carbonate (2.63 mmol, 725 mg) in CH,Cl, (30 ml)
followed by flash column chromatography (EtOAc/Pet. spirits,
1:1) furnished the title compound 30 as a sticky orange syrup
(514 mg, 40%). R¢ 0.46 (EtOAc/Pet. spirits, 1:1); MS (ESI")
m/z 553 [M + Na]’; IR (neat): v 2974, 2937, 1747, 1442,
1371, 1215, 1164, 1060, 1033, 915 cm™; [a]**s50 -1.6 (c. 1.0,
CHCl,); EPR (CH,CL,): triplet, g = 2.0063, coupling constant
ay = 15.73 G; HRMS (ESI") calc. for Cp4H3¢NO,Na 553.21297
[M + Na]", found 553.21283; HPLC purity analysis: 94% pure,
retention time: 23.19 min.

(2,3,4,6-Tetra-O-acetyl-pB-D-glucopyranosyl)-3-carboxy-1-
ethoxy-2,2,5,5-tetramethylpyrrolidine (29a)

To a solution of nitroxide 29 (0.58 mmol, 300 mg) in
anhydrous THF (3 ml) was added triethylborane (1.0 M in
THF, 1.7 ml). The solution was allowed to stir under a saturated
oxygen atmosphere for 15 minutes. The reaction mixture was
concentrated in

vacuo, and purified by flash column

chromatography (EtOAc/Pet. spirits, 1:1) to give the title
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compound 29a as a colourless syrup (143 mg, 45%). R 0.76
(EtOAc/Pet. spirits, 1:1); MS (ESI) m/z 546 [M + H]"; IR
(neat): vy 2974, 1749, 1365, 1211, 1032, 905 cm™; [0]®sg0 -
4.1 (c. 1.1, CHCL); '"H NMR (CDCl;, 500 MHz): 8y 5.72 (1H,
d, J = 8.2 Hz), 5.27-5.08 (3H, m), 4.27 (1H, ddd, J = 4.7, 12.5,
17.5 Hz), 4.10 (1H, ddd, J = 2.3, 4.4, 12.7 Hz), 3.86-3.80 (1H,
m), 3.75 (2H, tt, J = 5.4, 10.6 Hz), 2.08 (3H, s), 2.05 (3H, s),
2.02 (3H, s), 2.01 (3H, s), 2.00 (3H, s), 1.31 (3H, s), 1.24 (3H,
s), 1.20 (3H, s), 1.13 (6H, td, J = 2.7, 7.1 Hz); *C NMR
(CDCl,, 125 MHz): &, 171.3, 170.73, 170.67, 170.3, 170.2,
169.53, 169.47, 169.3, 169.2, 91.7, 91.6, 73.2, 73.0, 72.8, 72.7,
72.3, 70.3, 70.2, 682, 67.8, 61.7, 61.5, 20.84, 20.79, 20.73,
20.71, 14.4; HRMS (ESI") calc. for C,sH30NO,Na 568.23645
[M + Na]", found 568.23625

(2,3,4,6-Tetra-O-acetyl-p-D-glucopyranosyl)-4-Carboxy-1-
ethoxy-2,2,6,6-tetramethylpiperidine (30a)

Compound 30a was prepared by using the procedure described
for 29a above. Nitroxide 30 (0.22 mmol, 114 mg) and
triethylborane (1.0 M in THF, 0.67 ml) in THF (3 ml) followed
by flash column chromatography (EtOAc/Pet. spirits, 1:1)
afforded the title compound 30a as a colourless syrup (87 mg,
72%). Ry 0.79 (EtOAc/Pet. spirits, 1:1); MS (ESI") m/z 560 [M
+ H]"; IR (neat): v, 2971, 1755, 1742, 1376, 1229, 1209,
1172, 1116, 1080, 1034, 962 cm’"; [a]**550 -2.0 (c. 1.0, CHCl,);
"H NMR (CDCls, 500 MHz): 8, 5.72 (1H, d, J = 8.3 Hz), 5.42
(1H, t, J = 9.4 Hz), 5.16-5.10 (2H, m), 4.29 (1H, dd, J = 4.5,
12.5 Hz), 4.10 (1H, dd, J = 2.2, 12.5 Hz), 3.84 (1H, ddd, J =
2.3, 4.5, 10.1 Hz), 3.75 (2H, q, J = 7.1 Hz), 2.66 (1H, tt, J =
3.5,12.7 Hz), 2.08 (3H, s), 2.02 (3H, s), 2.01 (3H, s), 2.00 (3H,
s), 1.73-1.49 (4H, m), 1.18 (3H, s), 1.16 (3H, s), 1.11-1.08 (9H,
m); *C NMR (CDCl;, 125 MHz): §, 173.7, 170.7, 170.2,
169.5, 169.2, 91.8, 72.9, 72.8, 72.5, 70.3, 68.0, 61.6, 59.2, 59.1,
41.7, 41.0, 34.9, 32.90, 32.86, 20.9, 20.72, 20.70, 20.65, 20.4,
20.3, 13.7; HRMS (ESI") calc. for C,sH,;NO;Na 582.25210
[M + Na]", found 582.25202.

3-Carboxy-(B-D-glucopyranosyl)-2,2,5,5-tetramethyl-1-
pyrrolidinoxyl (15)

To a cooled (0°C) solution of 3-carboxy-(2,3,4,6-tetra-O-
acetyl-B-D-glucopyranosyl)-2,2,5,5-tetramethyl-1-
pyrrolidinoxyl (29) (0.58 mmol, 300 mg) in anhydrous CH;OH
(10 ml) was added sodium metal (2.44 mmol, 56 mg) portion-
wise. The solution was then stirred at room temperature for 15
minutes and quenched with Amberlite resin (H" form) until the
solution was acidic (pH 1). The reaction mixture was filtered
through celite, evaporated in vacuo and purified by flash
column chromatography (EtOAc/CH;0H/H,0, 7:2:1) to give
the title compound 15 as an orange syrup (73 mg, 36%). R;0.26
(EtOACc/CH;0H/H,0, 7:2:1); MS (ESI") m/z 350 [MH + H]";
IR (neat): Viax 3298, 1661, 1399, 1030 cm’'; [0]%sg9 +65.2 (c.
0.7, CH;0H); EPR (CH,Cl,): triplet, g = 2.0061, ay = 14.84 G;
HRMS (ESI") calc. for C;sH,sNOg 350.18094 [MH + HJ',
found 350.18086; HPLC purity analysis: 97% pure, retention
time: 9.95 min. Data are in agreement with the literature.*’
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3-Carboxy-(B-L-glucopyranosyl)-2,2,5,5-tetramethyl-1-
pyrrolidinoxyl (17) was prepared from 1-bromo-2,3,4,6-tetra-
O-acetyl-a-L-glucopyranose in identical fashion to that for 15.
All characterization data for 17 - including IR spectra, ESI-MS,
high resolution ESI-MS and EPR spectra - are identical to 15.
[a]*s50 =59.4 (c. 1.0, CH;0H)

4-Carboxy-(B-D-glucopyranosyl)-2,2,6,6-tetramethyl-1-
piperidinoxyl (16)

Compound 16 was prepared by using the procedure described
for the preparation of 15. 4-Carboxy-(2,3,4,6-tetra-O-acetyl-p-
(30)
(0.39 mmol, 209 mg) and sodium metal (1.66 mmol, 38 mg) in

D-glucopyranosyl)-2,2,6,6-tetramethyl-1-piperidinoxyl

CH;0H (10 ml) followed by flash column chromatography
(EtOAc/CH3;0H/H,0, 7:2:1) furnished the title compound 16 as
an orange syrup (39 mg, 27%). R 0.27 (EtOAc/CH;0H/H,0,
7:2:1); MS (ESI") m/z 385 [M + Na]"; IR (neat): v 3299,
2927, 1360, 1007 cm™; [a]*ss0 +37.2 (c. 1.0, CH;0H); EPR
(CH,Cl,): triplet, g = 2.0060, ay = 14.07 G; HPLC purity
analysis: 97% pure, retention time: 11.15 min.

4-Carboxy-(B-D-glucopyranosyl)-2,2,6,6-tetramethyl-1-
piperidinoxyl (18) was prepared from 1-bromo-2,3,4,6-tetra-O-
acetyl-a-L-glucopyranose in identical fashion to that for 16. All
characterization data for 18 - including IR spectra, ESI-MS,
high resolution ESI-MS and EPR spectra - are identical to 16.
[a]*550 —40.9 (c. 1.0, CH;0H)

4-0-Dodecyl-2,2,6,6-tetramethyl-1-piperidinoxyl (20)

To 4-hydroxy-2,2,6,6-tetramethyl-1-piperidinoxyl —(11)**&2
(2.9 mmol, 500 mg) in anhydrous THF (15 ml) was added NaH
(60 % mineral oil, 5.8 mmol, 140 mg). The reaction mixture
was refluxed for 30 minutes, at which time 1-bromododecane
(4.4 mmol, 1.0 ml) was added. After refluxing for 48 hours, the
solvent was removed in vacuo and the resultant residue was
dissolved in CH,Cl,, washed with H,O, dried (Na,SO,) and
concentrated. Preparatory TLC (10% EtOAc in hexane)
afforded 4-O-dodecyl-2,2,6,6-tetramethyl-1-piperidinoxyl (19)
as a red oil (263.5 mg, 27%). R 0.29 (hexane/EtOAc, 4:1); MS
(ESI") m/z 341 [M + H]"; IR (neat): vy, 29245, 2854, 1739,
1461, 1375, 1363, 1218, 1178, 1102, 722, 681 cm™'; EPR
(CH,Cl,): triplet, g = 2.0063, ay = 15.62 G; HPLC purity
analysis: >99% pure, retention time: 19.64 min.

4-0-Dodecyl-1-ethoxy-2,2,6,6-tetramethylpiperidine (20a)

Compound 20a was prepared by using the procedure described
for 29a above. Nitroxide 20 (0.28 mmol, 95 mg) and
triethylborane (1.0 M in THF, 0.84 mmol, 0.8 ml) in THF (10
ml) and purification by preparatory TLC (EtOAc/hexane, 1:9)
afforded the title compound 20a as a colourless oil (40 mg,
39%). Ry 0.72 (EtOAc/hexane, 1:9); MS (ESI )" m/z 370 [M +
H]'; IR (neat): vy 2924, 2854, 1457, 1372, 1360, 1102, 1040,
961, 804, 726 cm™'; "H NMR (CDCls, 500 MHz): 8, 3.76 (2H,
q,J=7.1 Hz), 3.50 (1H, tt, J = 4.1, 11.3 Hz), 3.39 2H, t, J =
6.8 Hz), 1.84-1.79 (2H, m), 1.56-1.50 (2H, m), 1.39 (2H, t, J =
11.9 Hz), 1.32-1.25 (18H, m), 1.17 (6H, s), 1.13 (6H, s), 1.10
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(3H, t, J=7.1 Hz), 0.88 (3H, t, J = 7.0 Hz); *C NMR (CDCl;,
125 MHz): 8¢ 72.4, 70.5, 68.4, 59.9, 45.2, 33.4, 32.1, 30.4,
29.82, 29.80, 29.76 (2C), 29.6, 29.5, 26.4, 22.8, 21.2, 14.3,
13.8.

Acknowledgements

We thank the Australian Research Council through the Centre
of Excellence Schemes and the Albert Shimmins Memorial
Fund for generous financial support.

Notes and references

“ ARC Centre of Excellence for Free Radical Chemistry and
Biotechnology, Australia.

® School of Chemistry and Bio21 Molecular Science and Biotechnology
Institute, The University of Melbourne, Victoria, 3010, Australia. Fax:
+61 3 9347 8189; Tel: +61 3 8344 2432; Email: carlhs@unimelb.edu.au.

T  Electronic Supplementary Information (ESI) available: General
synthetic information; HPLC traces and EPR spectra for compounds 29,
30, 15, 16 and 20; 'H and *C NMR spectra of compounds 29a, 30a and
20a; biological materials and methods. For ESI in electronic format see
DOI: 10.1039/6000000x/

§ 2,2,6,6-Tetramethyl-1-piperidinoxyl (TEMPO) 9 was obtained from
commercial sources (Sigma).

1 Motility media vary in agar concentration depending on the motility of
interest: 0.2% (w/v) for swimming, 0.5% (w/v) for swarming and 1%
(w/v) for twitching motilities.

1. G. Lear and G. D. Lewis, eds., Microbial Biofilms: Current
Research and Applications, Caister Academic Press, Norfolk, UK,
2012.

. O. Ciferri, Appl. Environ. Microbiol., 1999, 65, 879-885.

3. F. Cappitelli and C. Sorlini, Appl. Environ. Microbiol., 2008, 74,
564-569.

4. G. Caneva, M. P. Nugari and O. Salvadori, eds., Plant Biology for
Cultural Heritage: Biodeterioration and Conservation, The J. Paul
Getty Trust, Los Angeles, 2008.

5. K. Drlica and D. Perlin, Antibiotic Resistance: Understanding and
Responding to an Emerging Crisis, FT Press, Upper Saddle River,
N.J.2011.

6. J. W. Costerton, Z. Lewandowski, D. E. Caldwell, D. R. Korber
and H. M. Lappin-Scott, Annu. Rev. Microbiol., 1995, 49, 711-745.

7. T. B. Rasmussen and M. Givskov, Int. J. Med. Microbiol., 2006,
296, 149-161.

8. K. Lewis, in Bacterial Biofilms, ed. T. Romeo, Springer, Dordrecht
2008, vol. 322, pp. 107-131.

9. M. B. Miller and B. L. Bassler, Annu. Rev. Microbiol., 2001, 55,
165-199.

10. a) J. Njoroge and V. Sperandio, EMBO Mol. Med., 2009, 1, 201-
210; b) R. J. Worthington, J. J. Richards and C. Melander, Org.
Biomol. Chem., 2012, 10, 7457-7474.

11. a) K. M. Smith, Y. Bu and H. Suga, Chem. Biol., 2003, 10, 81-89;
b) T. Ishida, T. Ikeda, N. Takiguchi, A. Kuroda, H. Ohtake and J.
Kato, Appl. Environ. Microbiol., 2007, 73, 3183-3188; ¢) C. Kim,
J. Kim, H.-Y. Park, H.-J. Park, J. Lee, C. Kim and J. Yoon, Appl.
Microbiol. Biotechnol., 2008, 80, 37-47.

This journal is © The Royal Society of Chemistry 2012

Page 8 of 9



Page 9 of 9

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Organic & Biomolecular Chemistry

M. Hentzer, H. Wu, J. B. Andersen, K. Riedel, T. B. Rasmussen,
N. Bagge, N. Kumar, M. A. Schembri, Z. Song, P. Kristoffersen,
M. Manefield, J. W. Costerton, S. Molin, L. Eberl, P. Steinberg, S.
Kjelleberg, N. Hoiby and M. Givskov, EMBO. J., 2003, 22, 3803-
3815.

N. Barraud, D. J. Hassett, S. Hwang, S. A. Rice, S. Kjelleberg and
J. S. Webb, J. Bacteriol., 2006, 188, 7344-7353.

a) N. Barraud, B. G. Kardak, N. R. Yepuri, R. P. Howlin, J. S.
Webb, S. N. Faust, S. Kjelleberg, S. A. Rice and M. J. Kelso,
Angew. Chem. Int. Ed., 2012, 51, 9057-9060; b) R. J. Barnes,
Biofouling, 2013, 29, 203-212; c) B. J. Nablo, A. R. Rothrock and
M. H. Schoenfisch, Biomaterials, 2005, 26, 917-924.

M. R. Miller and I. L. Megson, Brit. J. Pharmacol., 2007, 151,
305-321.

a) J. F. W. Keana, Chem. Rev., 1976, 78, 37-64; b) J. F. W. Keana,
in Spin Labelling 1I: Theory and Applications, ed. L. J. Berliner,
Academic Press, Inc., New York 1979, pp. 115-172.

C. de la Fuente-Nufez, F. Reffuveille, K. E. Fairfull-Smith and R.
E. W. Hancock, Antimicrob. Agents Chemother., 2013, 57, 4877-
4881.

a) P. T. Emmerson and P. Howard-Flanders, Nature, 1964, 1005-
1006; b) P. T. Emmerson and P. Howard-Flanders, Radiat. Res.,
1965, 26, 54-62.

G. Navarro, A. T. Cheng, K. C. Peach, W. M. Bray, V. S. Bernan,
F. H. Yildiz and R. G. Linington, Antimicrob. Agents Chemother.,
2014, 58, 1092-1099.

C. J. A. Warner, A. T. Cheng, F. H. Yildiz and R. G. Linington,
Chem. Comm. 2015, 51, 1305-1308.

N. Kocherginsky and H. M. Swartz, Nitroxide Spin Labels:
Reactions in Chemistry and Biology, CRC Press Inc., Florida 1995.
G. A. O'Toole and R. Kolter, Mol. Microbiol., 1998, 28, 449-461.
N. V. Jani, J. Ziogas, J. A. Angus, C. H. Schiesser, P. E.
Macdougall, R. L. Grange and C. E. Wright, Eur. J. Pharm., 2012,
695, 96-103.

a) E. G. Rozantsev, Free Nitroxyl Radicals, Plenum Press, New
York 1970; b) C. Sandrix and G. Quarisson, Bull. Soc. Chim.
France, 1958, 345; ¢) S. W. Stork and M. W. Makinen, Synthese,
1999, 8, 1309-1312; d) R. 1. Zhdanov, ed. Bioactive Spin Labels,
Springer-Verlag, New York, 1992; e) L. A. Krinitskaya and L. B.
Volodarskii, B. Acad. Sci. USSR Ch., 1983, 32, 352-355; f)
Zakrzewski, Beilstein J. Org. Chem., 2012, 8, 1515-1522; g) T.
Miyazawa, T. Endo, S. Shiihashi and M. Okawara, J. Org. Chem.,
1985, 50, 1332-1334; h) R. Kulasekharan, N. Jayaraj, M. Porel, R.
Choudhury, A. K. Sundaresan, A. Parthasarathy, M. F. Ottaviani,
S. Jockusch, N. J. Turro and V. Ramamurthy, Langmuir, 2010, 26,
6943-6953.

N. Floyd, B. Vijayakrishnan, J. R. Koeppe and B. G. Davis, Angew.
Chem. Int. Ed., 2009, 48, 7798-7802.

E. J. Rauckman, G. M. Rosen and W. W. Hord, Org. Prep. Proced.
Int., 1977,9, 53-56.

W. L. Hubbel, J. C. Metcalfe, S. M. Metcalfe and H. M. McConnel,
Biochim. Biophys. Acta, 1970, 219, 415-427.

W. J. Newhall, F. W. Kleinhans, R. S. Rosenthal, W. D. Sawyer
and R. A. Haak, J. Bacteriol., 1979, 139, 98-106.

R. N. Icke and B. B. Wisegarver, in Organic Syntheses, J. Wiley &
Sons, inc., New York 1955, vol. 3, p. 723.

This journal is © The Royal Society of Chemistry 2012

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.
42.

43.

44,

45.

46.

47.

S.-A. Alexander, C. P. Kyi and C. H. Schiesser, Chem. Comm.,
2015, 51, DOI: 10.1039/c4cc08390c.

W. C. Fuqua, S. C. Winans and E. P. Greenberg, J. Bacteriol.,
1994, 176, 269-275.

a) R. S. Smith, S. G. Harris, R. Phipps and B. Iglewski, J Bacteriol,
2002, 184, 1132-1139; b) D. G. Davies, M. R. Parsek, J. P.
Pearson, B. H. Iglewski, J. W. Costerton and E. P. Greenberg,
Science, 1998, 280, 295-298.

a) F. Nievas, P. Bogino, F. Sorroche and W. Giordano, Sensors,
2012, 12, 2851-2873; b) J. M. Han, S. Y. Huang, E. H. Lee and Y.
Xu, JEMI, 2010, 14, 79-84.

C. Kyi, R. J. Sloggett and C. H. Schiesser, AICCM Bulletin, 2014,
35, 1-9.

T. Kohler, L. K. Curty, F. Barja, C. van Delden and J.-C. Pechére,
J. Bacteriol., 2000, 182, 5990-5996.

A. B. T. Semmler, C. B. Whitchurch and J. S. Mattick, Microbiol.,
1999, 145, 2863-2873.

S. Aendekerk, B. Ghysels, P. Cornelis and C. Baysse, Microbiol.,
2002, 148, 2371-2381.

V. B. Tran, S. M. J. Fleiszig, D. J. Evans and C. J. Radke, 4ppl.
Environ. Microbiol., 2011, 77, 3644-3652.

a) K. Sauer, A. K. Camper, G. D. Ehrlich, J. W. Costerton and D.
G. Davies, J. Bacteriol., 2002, 184, 1140-1154; b) B. Purevdorj-
Gage, W. J. Costerton and P. Stoodley, Microbiol., 2005, 151,
1569-1576.

S. Chow, K. Gu, L. Jiang and A. Nassour, JEMI, 2011, 15, 22-29.
L. L. Burrows, Annu. Rev. Microbiol., 2012, 66, 493-520.

M. Klausen, A. Heydorn, P. Ragas, L. Lambertsen, A. Aaes-
Jorgensen, S. Molin and T. Tolker-Nielsen, Mol. Microbiol., 2003,
48, 1511-1524.

O. E. Petrova and K. Sauer, J. Bacteriol., 2012, 194, 2413-2425.

C. L. Haley, C. Kruczek, U. Qaisar, J. A. Colmer-Hamood and A.
N. Hamood, Can. J. Microbiol., 2014, 60, 155-166.

Y. Oppenheimer-Shaanan, N. Steinberg and I. Kolodkin-Gal,
Trends Microbiol., 2013, 21, 594-601.

a) N. Michihata, Y. Kaneko, Y. Kasai, K. Tanigawa, T. Hirokane,
S. Higasa and H. Yamada, J. Org. Chem., 2013, 78, 4319-4328; b)
X. Nie and G. Wang, J. Org. Chem., 2005, 70, 8687-8692.

G. Sosnovsky, N. U. M. Rao, J. Lukszo and R. C. Brasch, Z.
Naturforsch. B, 1986, 41, 1293-1305.

J. Name., 2012, 00, 1-3 | 9



