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The importance of cyclic di-GMP (c-di-GMP) and its control of biofilm matrix assembly and production has been a focal point of
researchers in recent history. In this issue, Cooley et al. (Cooley RB, Smith TJ, Leung W, Tierney V, Borlee BR, O’Toole GA, Son-
dermann H, J Bacteriol 198:66 –77, http://dx.doi.org/10.1128/JB.00369-15) demonstrate that two c-di-GMP controlled features of
Pseudomonas aeruginosa, the periplasmic protease LapG and the surface adhesin CdrA, are linked. CdrA is shown to be a sub-
strate of LapG, with LapG activity controlled by intracellular c-di-GMP levels. This commentary discusses the significance of this
finding.

The last decade has seen much research directed toward under-
standing the mechanisms by which microbes form and main-

tain communities called biofilms (1, 2). A common feature of
these communities is an extracellular matrix that holds individual
bacteria together. The composition of the matrix is usually com-
plex, consisting of exopolysaccharides, proteins, and nucleic acids
(2, 3). Regulation of matrix production and assembly is an area of
key focus in the field.

Several common themes have emerged spanning a range of
organisms that have been studied in the laboratory. In many
Gram-negative species, one prevalent theme involves the intracel-
lular signaling molecule cyclic di-GMP (c-di-GMP), which is
known to promote biofilm formation by inducing the production
of secreted biofilm matrix polysaccharides and proteins (4–6). In
addition, c-di-GMP negatively impacts motility, which has led to
c-di-GMP being called the “switch” that controls the transition
between sessile and motile lifestyles. Another emerging common-
ality is the importance of secreted adhesins that provide a variety
of functions such as mediating attachment of cells to a surface as
well as providing structural integrity to the biofilm matrix itself
(7–9). In the model species Pseudomonas aeruginosa, c-di-GMP is
known to promote the transcription and synthesis of two matrix
polysaccharides, Pel and Psl, as well as the biofilm matrix adhesin
CdrA (7, 10). CdrA specifically binds to Psl in the matrix, which
can stabilize biofilm structure. All three have been shown to con-
tribute to biofilm formation in this species.

In the current issue of the Journal of Bacteriology, Cooley et al.
demonstrate that a periplasmic protease, LapG, controls proteol-
ysis of CdrA in response to low cellular c-di-GMP levels (11).
LapD is the protein directly responsive to c-di-GMP and, in turn,
controls LapG activity. By cleaving CdrA, LapG releases this ad-
hesin from the outer membrane, presumably disrupting associa-
tion of the cell with the matrix polysaccharide Psl. This is a signif-
icant finding for a few reasons. First, LapG was initially
characterized in the related species Pseudomonas fluorescens. In P.
fluorescens, LapG was found to act on a large surface-associated
adhesin called LapA (12). This adhesin bears no structural simi-
larity to CdrA; thus, this appears to be a conserved but modular
mechanism utilized by some of the pseudomonads (i.e., this pro-
tease that responds indirectly to c-di-GMP can act on variable
targets). This study highlights the presence of LapG and LapD-like
orthologs in a number of proteobacteria known to form biofilms,
indicating a common mechanism regulating biofilm develop-
ment. Second, it demonstrates that c-di-GMP can impact CdrA

functionality posttranscriptionally, providing an additional level
of control. Conceptually, this is a key advance. Biofilm formation
is not a dead end. Under the right environmental conditions, we
now see that cells have a mechanism by which they sever their
association with the biofilm matrix and reenter the planktonic
state.

The Lap system was first characterized in Pseudomonas fluore-
scens (for key references, please see references 12 to 18). In this
system, LapD is a cell membrane protein that acts as an intracel-
lular c-di-GMP sensor. Under conditions of high c-di-GMP,
LapD is activated, recruiting the periplasmic protease LapG, con-
straining its reach. When c-di-GMP levels drop, LapG is released
from LapD and acts by cleaving the N terminus of the large cell
surface-associated adhesin LapA. Intact, uncleaved LapA contrib-
utes to cell-surface interactions at the early stages of biofilm for-
mation by promoting irreversible attachment to a surface. LapA is
very large (�520 kDa), has a type I secretion signal sequence, and
belongs to the RTX family of adhesins/toxins. Three other pro-
teins encoded by genes adjacent to lapA, LapB, LapC, and LapE,
are homologous to ABC-type transporters. Thus, release of the cell
from LapA through this process inhibits biofilm formation. An
initial search of the P. aeruginosa genome identified LapG and
LapD orthologs but failed to identify any LapA-like candidates.
The current study begins by identifying a LapG target substrate in
P. aeruginosa, CdrA.

The cdrAB genes were initially identified in P. aeruginosa as a
bicistronic operon that was induced under conditions of elevated
c-di-GMP (7, 19). Subsequent studies linked their expression to
biofilm formation (20). Borlee et al. demonstrated that these
genes likely belonged to a two-partner secretion system (TPSS;
type Vb secretion system) (7). CdrB is a predicted barrel-form-
ing protein that forms a pore in the outer membrane serving as
the conduit through which the large adhesin CdrA is secreted.
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CdrA also harbors a pair of C-terminal cysteine residues that
have been implicated in other TPSS adhesins in linking to the
outer membrane. Borlee et al. (7) went on to show that CdrA
specifically interacts with the matrix exopolysaccharide Psl.
This interaction was key for stabilizing matrix integrity, with
cdrA mutant strains displaying aggregates with loosely associ-
ated Psl and showing biofilms with compromised integrity.
CdrA initially was predicted to be translated as an �220-kDa
protein that was found to be cell associated and also as a pro-
cessed form (�150 kDa) in the supernatant of cultures overex-
pressing it. The resulting model was that under conditions of
high c-di-GMP, P. aeruginosa induced biofilm formation
through the simultaneous expression of matrix polysaccha-
rides and matrix-binding adhesins.

There are some obvious questions raised by this study. The
first relates to the context of this mechanism as it relates to the
biology of the organism. When and where is LapG-mediated
proteolysis of CdrA important during biofilm formation? This
work surely implies that a primary feature of the mechanism
would allow the detachment of cells from an existing biofilm.
This process has been termed dispersion and has been previ-
ously linked to c-di-GMP signaling (21). Dispersion has been
described as cells within the interior of a biofilm aggregate
exhibiting increased motility until the cells eventually escape
the aggregate by active swimming. Two implied prerequisites
of this process would be the liberation of cells firmly embedded
in the biofilm matrix and activation of swimming motility.
LapG cleavage of CdrA and lowered c-di-GMP would enable
both to occur. There are some obvious experiments that could
test this hypothesis, involving select mutant strains and condi-
tional depletion/synthesis of c-di-GMP.

Another question relates to the functionality of CdrA. The pre-
sented data, viewed with P. fluorescens LapA in mind, might indi-
cate this as a mechanism that primarily influences attachment/
surface association. There is a possibility that the cell-associated
and released forms of CdrA both serve important purposes. Ma et
al. demonstrated that Psl forms a discrete “shell” around a grow-
ing aggregate in a biofilm (22). Could proteolyzed CdrA still func-
tion extracellularly to cross-link polymer strands of Psl—inde-
pendently of the cells themselves? Can CdrA-CdrA interactions
mediate intercellular interactions? Or is proteolyzed CdrA non-
functional? Potential models for CdrA function are depicted in
Fig. 1. Note that these models are not mutually exclusive and that
LapG activity could potentially have a profound effect on these
different scenarios. Finally, it will be interesting to see if there are
specific environmental sensors involved in c-di-GMP signaling
that specifically interface with LapD.

Another interesting implication of this research is the potential
that it represents a common mechanism used by several different
species to control surface-associated adhesins. Some of these or-
ganisms (listed in Table S1 of the study by Cooley et al. [11]) are
verified to utilize c-di-GMP signaling. Additionally, there are sev-
eral other two-partner secretion system adhesins (such as Borde-
tella pertussis FHA and Haemophilus influenzae MW1) that might
be potentially regulated posttranscriptionally through proteolysis.
This, of course, might involve proteases distinct from LapG; how-
ever, the general theme/concept could be much more widespread
than we appreciate. Much work is needed to address this impor-
tant question.

In summary, the work of Cooley et al. has made a number of
important contributions as well as raising a number of additional
questions. Perhaps the most important finding is the implied
widespread importance of this mechanism in a range of species.
This may not be surprising, as it mirrors the ubiquity of organisms
that utilize c-di-GMP signaling. Another exciting aspect of the
work pertains to filling in a gap in our understanding of how
organisms transition between free-swimming and biofilm life-
styles. That planktonic bacteria are capable of initiating biofilms
and that biofilm bacteria can return to the planktonic mode of
growth are widely accepted. Perhaps the most poorly understood
aspect of this is the mechanism underlying how biofilm bacteria
can mobilize into planktonic cells. The use of LapG to cleave CdrA
and release a cell tethered to the matrix may be a key step in
defining this process.
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