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NEWS AND VIEWS

Biofilms strike back

George A O'Toole & Philip S Stewart

Sublethal concentrations of antibiotics increase bacterial drug tolerance by promoting biofilm formation.

Excessive use of antibiotics has increased resis-
tance of many microbes to these drugs. In a
recent issue of Nature, Hoffman et al.! show
that too little antibiotic can also be detrimen-
tal. They demonstrate that subinhibitory levels
of the aminoglycoside-class antibiotic tobra-
mycin increase biofilm formation by various
isolates of the bacterial pathogen Pseudomonas
aeruginosa. This finding may lead to new ther-
apies against persistent infections stemming
from biofilm formation.

A biofilm is a dense aggregation of micro-
bial cells bound together by a slimy extracel-
lular matrix of polysaccharide and protein.
When bacteria group together in these mul-
ticellular communities, they are able to toler-
ate antimicrobial challenges that no rmally
eradicate free-floating individual cells?. Given
the safe haven offered by biofilm formation,
it is perhaps not surprising that bacteria have
evolved to respond to low concentrations of
biocides or antibiotics by inducing biofilm
formation. Hoffman et al. provide molecular
clues regarding the mechanisms underlying
this response.

P. aeruginosa is a primary culprit in infec-
tions associated with cystic fibrosis, burn
wounds and the use of catheters. The authors
discovered that low levels of tobramycin stim-
ulated biofilm formation by surface-attached
bacteria. Other aminoglycoside antibiotics

=" also increased the number of bacterial cells in

the biofilm. Furthermore, similar effects were
seen with Escherichia coli, suggesting that this
effect was not specific to P. aeruginosa.

In fact, previous studies have shown that
several bacteria respond to antibiotic treat-
ment by increasing polysaccharide synthesis
or biofilm formation®. Perhaps this response
is an evolutionary adaptation of bacteria that
must defend against various microbially pro-
duced antibiotics (Fig. 1). Although clinical
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Figure 1 Biofilm formation as a stress response. Environmental stress induces planktonic bacteria
(blue) to form a biofilm. In the model system of P. aeruginosa challenged with tobramycin, the
aminoglycoside antibiotic is the stress. Of the cells induced to produce biofilm (green), a subpopulation
(purple) develops tolerance of chemical challenges by virtue of physiological differentiation and/or the
altered microenvironment. In P. aeruginosa, arr is required to respond to low levels of tobramycin. The
ndvB gene product contributes to the protection of cells.

use of antibiotics has been routine for only
a few decades, bacteria have been subject
to a continual onslaught of antimicrobial
agents produced by fungi and other bacteria
throughout their evolutionary history. One
response to the pressure of surviving these
antibiotic wars may be the formation of pro-
tected biofilm communities.

To gain insight into the mechanism of bio-
film induction, Hoffman et al. investigated
the role of cyclic-di-GMP in this process. A
number of recent studies have implicated
cyclic-di-GMP in multicellular behaviors of
bacteria, especially in the synthesis of extra-
cellular polysaccharides that may mediate
biofilm or pellicle formation*. Benziman
and colleagues first described this small
metabolite, synthesized from two molecules
of GTP, in their study of cellulose synthe-
sis by Gluconacetobacter xylinus (formerly
Acetobacter xylinum)®. Cyclic-di-GMP was
shown to stimulate the activity of the cellu-
lose synthase enzyme activity up to 200-fold.
Proteins that catalyze the synthesis of cyclic-
di-GMP have a conserved core GGDEF amino
acid motif and are referred to as diguanylate
cyclases. Enzymes that degrade this metabo-
lite to either a linear molecule or two GMP
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molecules, called phosphodiesterases, are
characterized by the presence of an EAL tri-
amino acid motif.>

The P. aeruginosa genome has ~40 proteins
with either a GGDEF or EAL motif, or both.
The availability of a library of transposon
mutants disrupted in every nonessential gene
of P. aeruginosa © allowed Hoffman et al. to
test mutants lacking each of these GGDEF/
EAL-containing proteins for reduced biofilm
synthetic capacity in response to sub-inhibi-
tory levels of tobramycin. A mutation in one
such gene product, a predicted inner mem-
brane protein called Arr (PA2818), resulted in
a P. aeruginosa strain in which biofilm forma-
tion was no longer increased in the presence
of low levels of aminoglycoside antibiotics.
This mutant makes a normal biofilm in the
absence of antibiotics. Membranes isolated
from a strain lacking Arr showed ~50% less
phosphodiesterase activity than the wild-type
strain, and a mutation in the key E residue
of the EAL domain rendered the protein
nonfunctional. Taken together, these data
suggested that Arr does indeed participate in
cyclic-di-GMP metabolism.

Here it is worth remarking that the con-
nection between biofilm formation and
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cyclic-di GMP observed by Hoffman et al. is
the opposite of that observed in most prior
studies. The prevailing, though not exclusive
view, is that elevated intracellular levels of
cyclic-di-GMP are associated with increased
synthesis of extracellular polysaccharides and
enhanced autoaggregation or biofilm accu-
mulation. Hoffman and colleagues acknowl-
edge this discrepancy and suggest that the
regulatory function of cyclic-di-GMP is com-
plex. Given this complexity, it may be prema-
ture to prescribe therapeutic manipulation of
cyclic-di-GMP for managing infections.

How might Arr contribute to biofilm for-
mation and biofilm biology? A mutation
in arr does not appear to influence biofilm
development via effects on flagella or pili,
two types of surface appendages involved in
biofilm formation by P. aeruginosa. Nor does
arr appear to alter the rate of formation of
small colony variants, another factor that can
contribute to biofilm formation and biofilm
antibiotic resistance’. The authors demon-
strated no apparent contribution of the poly-
saccharide alginate, but they did not rule out
the possibility that Arr regulates the produc-
tion of extracellular polysaccharide matrix
encoded by two recently discovered loci®®. It
is also possible that tobramycin stimulates a
previously uncharacterized biofilm produc-
tion pathway in P. aeruginosa—a hypothesis
that remains to be tested.

Mutation of arr has no apparent effect on
the ability of P. aeruginosa to form a biofilm,
at least as assessed in a static model of bio-
film formation. Interestingly, in addition
to the lack of stimulation in the arr strain

la.l upon treatment with low levels of antibi-
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otic, the biofilm produced by an arr mutant

= was ~100-fold more susceptible to killing by
high levels of tobramycin than the biofilm
formed by the wild-type bacterium. There
was no difference in planktonic resistance of
the wild-type bacterium and the arr mutant.
Therefore, arr provides a second example of
a gene involved in a biofilm-specific path-
way of antibiotic resistance!®. In contrast
with the ndvB locus, which encodes a gluco-
syltransferase required for the synthesis of
periplasmic glucans, it is not clear how Arr
mediates this resistance.

The widespread use of implants in mod-
ern medicine means that addressing the issue
of biofilm-based infections is of increasing
importance. Although little is known regard-
ing mechanisms of biofilm tolerance, it is
becoming increasingly clear that the mecha-
nisms underlying this protection are distinct
from classical mechanisms of antibiotic resis-
tance described for planktonic cells. As long as
large pharmaceutical companies continue to
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abandon their anti-infective programs and
medical device companies are reluctant to invest
in novel anti-infective coatings, it will remain
the purview of small, innovative biotechnol-
ogy companies to discover new approaches to
eliminating biofilm-based infections.
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A classic assembly of

nanobiomaterials

Andreas Mershin, Brian Cook, Liselotte Kaiser & Shuguang Zhang

A recent multidisciplinary conference in Crete underscored advances in
protein and peptide self-assembly in a variety of biotechnological applications.

In antiquity, Crete was known as the cross-
roads of the Mediterranean. Minoan culture
was enriched and invigorated by its diverse
mix of cultures and thriving commerce
with Africa, Europe and Asia. This ancient
crossroads was somewhat fitting therefore
as a backdrop for a conference that sought
to bring together scientists from several dif-
ferent disciplines—biology, chemistry, phys-
ics and engineering—and from different
continents to discuss diverse aspects of self-
assembling biomaterials'. The result was
very much more than the sum of the parts.
And despite the nascent nature of the field,
already several tangible applications appear
within reach in areas as diverse as materials
and biological patterning, adhesives, antimi-
crobial agents and hydrogels.

In order for peptide self-assembly? to be
better understood, it will be important to
understand how small proteins fold in vivo
and in vitro. One means of accomplishing
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this is to obtain atomic resolution structures
of the entire folding pathway from the dena-
tured state, through to the intermediate and
transition states, to the final, native state by
incorporating nuclear magnetic resonance
(NMR), systematic mutational analysis and
molecular dynamics simulation. This com-
bination of methods makes it possible to
ascertain protein folding conformations even
though most transitional states are fluctuat-
ing rapidly and can be so short-lived that they
cannot be observed by NMR alone. Using this
multidisciplinary approach, the structure
of an unfolded protein can be determined
under physiological (nondenaturing) con-
ditions—an essential step for understand-
ing how proteins unravel in the cell (Alan
Fersht, University of Cambridge, Cambridge,
UK). Because most diseases involving pro-
tein misfolding result from a native protein
that first unfolds and then refolds incor-
rectly or aggregates, the application of this
approach to small self-assembling peptides
may facilitate the design of drugs that inhibit
unfolding and therefore stabilize the native
form of the protein. Thus far, there has been
excellent agreement between experimental
benchmarks and previous simulations>. In a
related area, parallel studies on folding and
assembly of natural triple-B-stranded pro-
teins extracted from viruses have led to the
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