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Staphylococcus aureus is an important pathogen of humans and animals, and antibiotic resistance is a public
health concern. Biofilm formation is essential in virulence and pathogenesis, and the ability to resist antibiotic
treatment results in difficult-to-treat and persistent infections. As such, novel antimicrobial approaches are of
great interest to the scientific, medical, and agriculture communities. We recently proposed that modulating
levels of the cyclic dinucleotide signaling molecule, c-di-GMP (cyclic diguanylate [3',5'-cyclic diguanylic acid],
c¢GpGp), has utility in regulating phenotypes of prokaryotes. We report that extracellular c-di-GMP shows
activity against human clinical and bovine intramammary mastitis isolates of S. aureus, including methicillin-
resistant S. aureus (MRSA) isolates. We show that chemically synthesized c-di-GMP is soluble and stable in
water and physiological saline and stable following boiling and exposure to acid and alkali. Treatment of S.
aureus with extracellular c-di-GMP inhibited cell-to-cell (intercellular) adhesive interactions in liquid medium
and reduced (>50%) biofilm formation in human and bovine isolates compared to untreated controls. c-di-
GMP inhibited the adherence of S. aureus to human epithelial HeLa cells. The cyclic nucleotide analogs cyclic
GMP and cyclic AMP had a lesser inhibitory effect on biofilms, while 5'-GMP had no major effect. We propose
that cyclic dinucleotides such as c-di-GMP, used either alone or in combination with other antimicrobial
agents, represent a novel and attractive approach in the development of intervention strategies for the

prevention of biofilms and the control and treatment of infection.

Staphylococcus aureus is an important human and animal
pathogen (2, 21, 27, 57). S. aureus is found on the skin and
mucosal surfaces of humans, particularly in the anterior nares.
Approximately 20% of the human population are persistent
carriers; 60% are intermittent carriers, while 20% of the pop-
ulation will never be colonized (45). S. aureus is a common
cause of both community-acquired and hospital-acquired nos-
ocomial infections. Patients with indwelling medical devices,
patients on hemodialysis, patients who use intravenous drugs,
and patients with dermatologic disease and diabetes mellitus
have higher rates of colonization than the general population
(26, 59, 60), and S. aureus isolates causing infection are often
endogenous in origin (16, 28, 39, 62, 64). According to the
National Nosocomial Infection Surveillance System of the
Center for Disease Control and Prevention, S. aureus is the
most common cause of surgical site infection and the second
most common cause of nosocomial bacteremia (38). Infections
caused by multiple-antibiotic-resistant S. aureus strains (e.g.,
methicillin-resistant S. aureus [MRSA]) are particularly diffi-
cult to treat, and MRSA infections are often associated with
higher mortality and increased healthcare costs compared to
methicillin-sensitive strain infections (10). S. aureus is also a
common cause of intramammary infections (IMI) in lactating
females; such infections often result in chronic mastitis, with
annual losses associated with subclinical mastitis in dairy cows
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across the United States being estimated at approximately $1
billion (43).

Biofilm formation is a key factor in the establishment and
persistence of staphylococcal infections in humans and ani-
mals, and biofilm formation on tissues or on medical devices is
an important first step in the pathogenesis of S. aureus infec-
tion in humans (8, 9, 12-14, 19, 22, 27, 33, 36, 45, 46, 49). It is
thought that upwards of 60% of all nosocomial infections in-
volve biofilms; these biofilm-based infections can increase hos-
pital stays by up to 2 to 3 days and can result in upwards of $1
billion per year in added costs. Another compelling reason to
prevent colonization and biofilm formation is to prevent the
transmission of S. aureus to others (37). Therefore, novel in-
tervention strategies that prevent biofilm formation are
needed.

Cyclic nucleotides, such as cyclic AMP (cAMP) and cyclic
GMP (cGMP), are well recognized as important low-molecu-
lar-weight signaling molecules in eukaryotes. In bacteria,
cAMP has a role in alleviating glucose catabolite repression
(23, 40), and cGMP has been shown to act as a signaling
molecule in Synechocystis cyanobacteria (41, 42). Another
novel guanosine nucleotide, the cyclic dinucleotide GMP
(c-di-GMP; cyclic diguanylate [3',5'-cyclic diguanylic acid],
cGpGp) (Fig. 1), has been reported to be an intracellular
bacterial signaling molecule whose structure is known and con-
sists of two cGMP molecules joined by a 3',5’-phosphodiester
bond (24, 53). c-di-GMP was first identified in Acetobacter
xylinum (renamed Gluconacetobacter xylinus) and was shown to
regulate cellulose production in this species (1, 31, 53, 54) in
which c¢-di-GMP binds to and activates the cellulose synthase
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FIG. 1. Structure of the cyclic dinucleotide, c-di-GMP.

BesB. Cellulose production is modulated by the opposing ef-
fects of two proteins with GGDEF domains, diguanylate cy-
clase (Dgc) and c-di-GMP phosphodiesterase (PdeA), each
controlling the level of ¢c-di-GMP in the cell. Thus, c-di-GMP
is thought to be a signaling molecule.

Judging on the basis of studies by us and others, it is now
increasingly reported that biofilm formation by many patho-
gens, including Vibrio cholerae, Yersinia pestis, Salmonella en-
teritidis serovar Typhimurium, and Pseudomonas aeruginosa, is
associated with GGDEF proteins and, therefore, might be
regulated by c-di-GMP (7, 15, 25, 51). On the basis of the
results of our studies in V. cholerae, we recently proposed that
modulation of c-di-GMP levels might have applications in reg-
ulating various phenotypes in bacteria such as biofilm forma-
tion and virulence (47).

The increasing emergence of antimicrobial resistance in bac-
terial pathogens and the importance of biofilms in the infection
process requires that alternate antimicrobial strategies be de-
veloped. We explored a novel approach in which c-di-GMP
treatment can be used as a novel intervention strategy to con-
trol S. aureus biofilm formation and virulence. We present
evidence that c-di-GMP is a stable molecule and that extracel-
lular treatment inhibits biofilm formation in both human and
bovine S. aureus clinical isolates, including MRSA strains.

MATERIALS AND METHODS

¢-di-GMP, cGMP, and 5'-GMP nucleotides used. The c-di-GMP used in these
studies was chemically synthesized in pure form by the use of a recently described
novel synthesis method that produces a pure and high-yield preparation of
¢-di-GMP diammonium salt (20). Before use, the purity and stability of lyophi-
lized c-di-GMP were determined by first resuspending the molecule in 0.9%
NaCl, creating a 2 mM solution; the results were then confirmed by high-
performance liquid chromatography (HPLC) analysis and electrospray ioniza-
tion (ESI)-time of flight (mass spectrometry). The cGMP (guanosine 3',5"-cyclic
monophosphate; Sigma catalog no. G7504), cAMP (adenosine 3',5'-cyclic mono-
phosphate; Sigma catalog no. A-9501), and 5'-GMP (GMP; TCI, Tokyo Kasei
Kogyo Co.) nucleotides were also used. Unless otherwise stated, a 4 mM stock
solution of each nucleotide in 0.9% NaCl was prepared and stored at 4°C until
needed.

Bacterial strains and growth media used. Clinical isolates of S. aureus used in
this study were stored at —70°C in 50% glycerol. S. aureus strain DK825 was
isolated in 2003 from the blood culture of a patient at the Veterans Affairs
Medical Center (approximately 200 acute care beds) in Baltimore, Md. Strain
DKS825 was isolated by the diagnostic microbiology laboratory at the Veterans
Affairs Medical Center and was confirmed as methicillin-resistant S. aureus
(MRSA) by the use of standard plating techniques and latex agglutination using
a BactiStaph Latex 150 test kit (Remel) for the detection of coagulase and by
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antibiotic susceptibility tests (Sensititre plates; Microbiology Systems). S. aureus
strain 15981 is a highly adherent hyperbiofilm human clinical strain that was
isolated in 1999 from an otitis patient by the clinical laboratory at the Univer-
sitaria de Navarra, Pamplona, Spain (Ifiigo Lasa, personal communication) (61).
S. aureus 15981 is a natural agr mutant and is susceptible to methicillin, amoxi-
cillin, clindamycin, erythromycin, doxycycline, fosfomycin, vancomycin, and cip-
rofloxacin and is resistant to gentamicin. The wild-type bovine mastitis strains
used in this study were V329 (hyperbiofilm strain) (12), V299 (bap negative and
icaADBC positive) (14), and V315 (bap negative and icaADBC negative) (14). S.
aureus strain M556 (an isogenic transposon insertional bap mutant of V329) was
also used (12), Unless otherwise noted, S. aureus strains were grown at 37°C on
sheep blood agar plates or in tryptic soy broth (TSB; Difco) supplemented with
0.25% glucose.

c-di-GMP stability tests. Although the term c-di-GMP is used here, c-di-GMP
diammonium salt (and not the free diphosphoric acid) was used for these sta-
bility tests. (i) A 2 mM solution of c-di-GMP was prepared in boiling water by
dissolving 2.42 mg (3.3 pmol) of c-di-GMP in 1.65 ml of ion-exchanged, ion-free
water (prepared by passing distilled water through ion-exchange resins). This
solution was heated at 100°C for 10 min and then concentrated under reduced
pressure. The resulting residual was subjected to the HPLC analysis under the
conditions described below. (ii) A total of 500 wl of the 2 mM c-di-GMP aqueous
solution described above (containing 1 pM of ¢-di-GMP) was dissolved in 20 ml
of 1 mM HCI to produce a pH 3 solution. The resulting solution was stirred at
room temperature for 1 h and then neutralized by the addition of 200 ml of 0.1
mM NaOH. Water was evaporated under reduced pressure, and the resulting
residue was subjected to HPLC analysis. (iii) A total of 500 pl of the 2 mM
¢-di-GMP aqueous solution described above (containing 1 wM of c-di-GMP) was
dissolved in 200 ml of a 0.1 mM NaOH aqueous solution to produce a pH 10
solution. The resulting solution was stirred at room temperature for 1 h. The
reaction was quenched by addition of 20 ml of a 1 mM HCI. Concentration of the
resulting neutral solution under reduced pressure gave a residual material that
was subjected to the HPLC analysis. The HPLC analysis was performed on a
Waters 2695 separation module with a Waters 2996 photodiode array detector
under the following conditions: column, Nacalai Tesque COSMOSIL 5C18-
AR-II column (4.6 mm in diameter by 250 mm in length); detection, 254-nm UV
light; temperature, 40°C; eluent A, 0.9% NaCl; eluent B, a 20:80 mixture of
water:acetonitrile; flow rate, 1 ml/min; during min 0 to 10, the eluent A linear
gradient value was 100%; during min 10 to 60, linear gradient values for eluent
A and eluent B changed from 100 and 0% to 40 and 60%, respectively.

Effect on growth rate of S. aureus. S. aureus DK825 was subcultured from
glycerol stocks onto a blood agar plate and incubated at 37°C for 18 h. A single
colony was then inoculated into 5 ml of TSB (supplemented with 0.25% glucose)
and incubated at 37°C for 24 h with shaking at 250 rpm. From a 10~ dilution of
the overnight culture a 100-pl aliquot was inoculated into tubes containing 5 ml
of TSB, resulting in an initial cell count of 10° CFU/ml (confirmed by plating).
For “treated” samples, an appropriate aliquot of c-di-GMP was added to give
200 wM (final concentration) c-di-GMP. As a negative (untreated) control, tubes
containing TSB and a similar volume of 0.9% NaCl were included in the studies.
At time 0, 50 .l from each sample diluted appropriately was plated on blood agar
plates to determine the initial number of CFU/ml. The tubes were then incu-
bated at 37°C for 8 h under shaking conditions, with aliquots being plated every
30 min from all tubes following appropriate dilution.

Tube agglutination assay and light microscopy. Colonies from an 18-h blood
agar plate were inoculated into 1 ml of phosphate-buffered saline (PBS) to
achieve a 0.5 McFarland standard containing ~5 X 10® CFU/ml. A 5-pl aliquot
from the 0.5 McFarland standard was then inoculated into 5-ml polystyrene
tubes containing 1 ml of TSB representing ~10° CFU/ml. These tubes containing
1 ml of TSB were inoculated with 50 pl of c-di-GMP to give a 200 M c-di-GMP
final concentration representing a treated sample or with 50 ul of 0.9% NaCl as
an untreated control. Cultures were incubated at 37°C for 24 h statically. Fol-
lowing incubation, these cultures were examined macroscopically and microscop-
ically (Zeiss Axioskop) for the presence or absence of visible cell-to-cell clump-
ing.

Effect of c-di-GMP on S. aureus biofilm formation. S. aureus strains were
subcultured from glycerol stocks onto blood agar plates and incubated at 37°C
for 18 h. A single colony was inoculated into 5 ml of TSB with a sterilized loop
and incubated at 37°C for 18 h with shaking at 250 rpm and until the optical
density at 660 nm (ODgg) reached 3.0, as measured spectrophotometrically
using a spectrophotometer (SpectraMAX 250; Molecular Devices). Following
incubation, the culture was diluted 1:250 with fresh TSB and a 200 pl of the
diluted culture was transferred into wells of a flat-bottom polystyrene microtiter
plate (Evergreen Scientific). To test the effect of c-di-GMP treatment on biofilm
formation, a series of treated samples containing 10-fold dilutions of c-di-GMP
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were set up in TSB which contained the following final concentrations of c-di-
GMP: 0, 2, 20, and 200 pM. In these biofilm experiments, similar volumes of
0.9% NaCl were added to a set of different wells representing the untreated
control samples. The microtiter plates were then incubated statically at 37°C for
24 or 48 h. Following incubation, the supernatant was carefully discarded and the
wells were washed twice with 260 wl of PBS. The plate was then kept for drying
on a paper towel for 30 min, after which 260 pl of 0.1% crystal violet was added
to each well and the plates were incubated at room temperature for 30 min. The
crystal violet was discarded, and the plate was washed gently with water, the wells
were allowed to dry for 30 min, and then 260 pl of dimethyl sulfoxide was added
to each well and gently agitated for 1 h and the ODs,, was measured by using a
spectrophotometer (SpectraMAX 250; Molecular Devices). The results of these
biofilm assays were based on data obtained from at least three independent
colonies tested in duplicate.

Effect of c-di-GMP on preformed S. aureus biofilms. S. aureus DK825 was
subcultured from glycerol stocks onto blood agar plate and incubated at 37°C
statically. A single colony was inoculated into 5 ml of TSB (containing 0.25%
glucose) and incubated at 37°C overnight with shaking at 250 rpm until the
culture reached an ODgq of ~3.0. Following incubation, the culture was diluted
to 1:250 with fresh TSB, 200 .l of the diluted culture was transferred into each
well of microtiter plate, and the plate containing wells with S. aureus cultures was
incubated statically at 37°C for 24 h. After 24 h, an appropriate volume of
c-di-GMP was added to give a final concentration of 200 wM; this represented
the treated sample. As an untreated control, an identical volume of 0.9% NaCl
was added to independent wells. The plates were then incubated statically at
37°C for an additional 24 h. Following incubation, the culture was discarded and
the microtiter plate was washed twice with 1X PBS. An equal volume (260 wl) of
1x PBS was added to each well for washing. The plates were then kept for drying
on paper towel for ~30 min. A total of 260 pl of 0.1% crystal violet was added
to each well to stain the cells in the biofilm, and the plates were incubated at
room temperature for 30 min. The crystal violet was discarded, and the plate was
gently washed with tap water and kept on a paper towel to dry for 30 min. A total
of 260 pl of dimethyl sulfoxide was added to each well and gently rocked for 1 h.
To quantitatively assay the amount of biofilm, the ODs,, was measured with a
spectrophotometer (SpectraMAX 250; Molecular Devices). The results were
based on experiments with at least three independent colonies tested in dupli-
cate.

Epithelial cell assay. HeLa cells (ATCC CCL2) were grown to confluence in
complete medium (10% FBS [Sigma], Dulbecco’s modified Eagle’s medium
[DMEM]-F12 with glutamine [Invitrogen], 50 pg of gentamicin/ml) and were
trypsinized with 0.1% trypsin-EDTA. Approximately 10° HeLa cells were seeded
in each well of a chamber slide, and then the HeLa cells were incubated at 37°C
in 5% CO, for at least 18 h until they were 85% confluent. Prior to infection, the
HeLa cells were washed twice with warm PBS and then 500 wl of warm FMEM-
F12 was added to each well. For the bacterial adherence assay, a fresh colony of
S. aureus strain DK825 was grown overnight in 5 ml of Luria-Bertani broth at
37°C with shaking at 250 rpm. Following incubation, 1 ml of the overnight culture
was pelleted, washed twice with PBS, and resuspended in 1 ml of PBS. The HeLa
cells in the wells were washed twice with 500 wl of HBSS, and aliquots of DMEM
with the desired final concentration of c-di-GMP (0, 2, 20, or 200 nM) were
prepared. DMEM (500 pl) containing the respective concentrations of c-di-GMP
was inoculated into the wells containing HeLa cells followed by the addition of
10 pl (~107 cells) of S. aureus (multiplicity of infection: HeLa:bacteria ~ 1:100).
The epithelial cell assay mixture was incubated in CO, for 45 min. Following
incubation, the cells were washed twice with 500 pl of PBS and fixed with 2%
formalin for 20 min. The cells were again washed twice with PBS and stained with
Giemsa stain for 10 s and washed three times with PBS, and then the cells
covered with 40 wl of 90% glycerol in water and a coverslip was placed. The slides
were observed under a light microscope (Zeiss Axioskop) at X630 magnification.
The level of bacterial adherence to 100 individual HeLa cells was calculated for
each duplicate treatment, and the average was determined.

RESULTS AND DISCUSSION

Identification of GGDEF domains in S. aureus suggests a
link to c-di-GMP. c-di-GMP is associated with proteins con-
taining GGDEF protein domains (3, 24, 44, 50, 53, 55). The
GGDEF domains are ~180-amino-acid protein fragments that
have an adenylate cyclase-like fold and work as a cyclic digua-
nylate synthetase. These domains have a conserved GG(D/
E)EF motif but also many other conserved residues (17, 18).
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GGDEEF proteins are increasingly being found to be important
in the regulation of bacterial exopolysaccharide and biofilm
formation (7, 15, 25, 51). The presence of GGDEF proteins is
widespread in bacteria (17, 18), suggesting that a broad range
of species and phenotypes might be potentially targeted and
modulated by c-di-GMP. Interestingly, a search of the COG
database shows that S. aureus has only one protein (SA0701
[COG2199]) with a C-terminal GGDEF domain and another
protein (SA0013 [COG3887]) with a modified GGDEF do-
main (58). According to a Pfam analysis (http:/pfam.wus-
tl.edu), the N-terminal fragment of SA0701 is predicted to be
an integral membrane sensor domain of the STM-5STMR_LYT
type (five predicted transmembrane segments; Pfam entry
PF07694) and therefore is predicted to be a membrane recep-
tor with a diguanylate cyclase output domain. Unfortunately,
the role of these putative signal transduction proteins in S.
aureus and whether they are potentially linked to c-di-GMP,
whether c-di-GMP is made by S. aureus, and whether the
regulatory effects of c-di-GMP are similar in all species are not
yet known but should be studied.

c-di-GMP treatment prevents S. aureus cell-to-cell interac-
tions. Our initial experiments on the effect of c-di-GMP on S.
aureus examined whether c-di-GMP had any effect on the
growth rate of S. aureus. Hourly examination of the growth
rate for up to 8 h showed that 200 M c-di-GMP had no
obvious effect on growth rate. We then tested whether c-di-
GMP treatment affected the macroscopic growth and appear-
ance of S. aureus cells after 24 h of static incubation in liquid
culture. Following incubation, the treated and untreated cul-
tures were visually examined for visible cell-cell clumping and
aggregation. The results seen with S. aureus DK825 showed
that the 200 pM c-di-GMP-treated culture exhibited no obvi-
ous visible cell aggregation or pellet at the bottom of the tube
whereas the untreated culture showed obvious cell aggregation
and a pellet (Fig. 2). Plating of c-di-GMP-treated and un-
treated cultures showed no difference in final cell counts (6 X
10® CFU/ml) between the cultures, further suggesting that the
inhibition of cell-to-cell interactions is not due to major differ-
ences in growth rate or final cell numbers. Similar effects on
cell aggregation at the bottom of the tube in response to
c-di-GMP were observed with several independent wild-type S.
aureus bovine mastitis strains (V329, V299, and V315) (data
not shown).

The regulatory mechanisms involved in S. aureus biofilm
formation are not fully understood. However, S. aureus biofilm
formation is known to be mediated through the production of
the extracellular polysaccharide intercellular adhesin (PIA/
PNAG/PSA) that is synthesized by the icaADBC genes and
also has a role in cell aggregation (11, 29, 32). The SarA
regulator has been shown to be important for biofilm forma-
tion (5, 6, 61), as has the Bap protein (12, 13). A recent study
by Cucarella et al. (12) resulted in the report that accumulation
of cell aggregates at the bottom of the tube was macroscopi-
cally only observed for wild-type V329 and not with the iso-
genic bap mutant M556. While we observed much less visible
clumping with strain M556, our results clearly suggested that
c-di-GMP treatment inhibits cell aggregation of M556 cell at
the bottom of the tube compared to untreated culture results
(Fig. 2). It is also important to note that strain M556, while
being a bap mutant, is ica positive (12). Two possibilities that
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FIG. 2. Effect of c-di-GMP on S. aureus cell-to-cell aggregation. (A
and B) Results for a 24-h culture of strain DK825 treated with 200 pM
c-di-GMP (A) and for an untreated control (B) are shown. (C and D)
The results of Gram staining of c-di-GMP treated cells (C) and un-
treated cells (D) are shown. (E and F) The results obtained with a
c-di-GMP-treated culture of bap mutant M556 (E) and an untreated
control (F) are shown. Magnification in panels C and D is X630.

might explain the findings in these two studies are that the
results of Cucarella et al. (12) were obtained on the basis of
shaking cultures and that TSB obtained from different sources
might influence cell growth and cell interactions. Inhibition of
cell aggregation was consistent and was observed following
similar c¢-di-GMP treatment in which the c-di-GMP used was
independently synthesized. The results from this macroscopic
analysis indicate that S. aureus cells respond to extracellular
c-di-GMP and that c-di-GMP treatment inhibits S. aureus cell
aggregation in human and animal isolates.

To further study the basis underlying the macroscopic dif-
ference observed between treated and untreated cultures de-
scribed above, the cells in these cultures were vortexed, Gram
stained, and visualized by light microscopy. The name “Staph-
ylococcus” is derived from Greek and means “bunch of
grapes.” However, examination of the strain DK825 c-di-
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GMP-treated cultures after Gram staining revealed dramati-
cally fewer cell-to-cell interactions and clumping in liquid me-
dium compared to untreated cell results, which showed typical
grape-like clusters (Fig. 2). Consistent with these findings,
fewer intercellular interactions and less clumping was observed
by Gram staining and light microscopy for the wild-type bovine
mastitis strains (V329, V299, and V315) (data not shown).
Note that wild-type strain V329 is bap positive and icaADBC
positive, while wild-type strain V299 is bap negative and
icaADBC positive and wild-type strain V315 is bap negative
and icaADBC negative (14). While most bovine mastitis iso-
lates appear to be bap negative, as the bap gene seems to be
only present in a small percentage of bovine mastitis isolates,
bap appears to be absent from human isolates (12). In our
studies, although cell aggregation in the isogenic bap mutant
strain M556 was much less than that seen with its parent V329
strain, the data suggest that c-di-GMP treatment inhibits cell
clumping in mutant strain M556 (Fig. 2). These data from
analyses of wild-type and mutant strains seem to imply that the
inhibition of cell interactions is independent of the presence of
bap and the icaADBC gene clusters. Importantly, the results of
the microscopic analysis correlated with the macroscopic ob-
servations and further indicate that c-di-GMP treatment can
inhibit S. aureus cell-to-cell (intercellular) adhesive interac-
tions in human and bovine isolates.

c-di-GMP inhibits biofilm formation in human and bovine
S. aureus. Given that c-di-GMP treatment inhibits S. aureus
cell-to-cell interactions, we speculated that c-di-GMP could
inhibit biofilm formation. The biofilm results showed that c-di-
GMP treatment inhibits S. aureus DK825 biofilm formation on
abiotic polystyrene surfaces at 24 h in a dose-dependent man-
ner (Fig. 3). The inhibitory effect of extracellular c-di-GMP
was seen at 20 uM (~50% reduction), 200 uM (~65% reduc-
tion), and 400 pM (~85% reduction). A similar difference in
biofilm formation results between treated and untreated cul-
tures was observed after measurement at 48 h, suggesting that
selection for resistance to treatment did not occur (data not
shown). Our results also showed similar results for c-di-GMP
inhibition of biofilm formation at 24 h in the highly adherent
hyperbiofilm S. aureus strain 15981 at the concentrations tested
(Fig. 3). Although coagulase has been shown to be important
for S. aureus colonization of host tissues, we did not find any
difference in coagulase production (bound or free) for strain
DK825 between treated and untreated cells (data not shown).
The biofilm results correlate with the macroscopic and micro-
scopic cell-to-cell aggregation data, suggesting that extracellu-
lar c-di-GMP inhibits cell interactions and biofilm formation in
human isolates.

Our quantitative biofilm analysis also demonstrated that c-
di-GMP inhibits biofilm formation of bovine mastitis strains
(Fig. 4). The wild-type bovine strain V329 was previously
shown to be a strong biofilm producer on polystyrene surfaces,
whereas the isogenic bap mutant M556 was attenuated in this
biofilm ability (12). Our analysis supports this finding but also
importantly shows that in similarity to human isolate results,
c-di-GMP dramatically inhibits biofilm formation (~50 to 70%
reduction) in these wild-type and mutant bovine strains as well
as in the wild-type bap-negative strain V299 and the wild-type
bap-negative icaADBC-negative strain V315, which formed
very low levels of biofilm (Fig. 4). Together, these results pro-
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FIG. 3. Effect of c-di-GMP on the ability of S. aureus human clin-
ical isolates to form biofilms on a polystyrene surface. The results were
obtained using microtiter plates. (A) Inhibition of biofilm formation in
S. aureus strain DK825 in TSB-0.25% glucose treated with various
concentrations of c-di-GMP for 24 h and stained with crystal violet.
(B) Quantitative analysis of the inhibition of biofilm formation in
hyperbiofilm S. aureus strain 15981 treated with c-di-GMP. Error bars
represent * standard errors.

vide further compelling evidence to indicate that c-di-GMP
treatment inhibits S. aureus cell-to-cell interactions and cell-
to-surface interactions involved in biofilm formation. While
the exact mechanism of action remains to be determined, our
results for strain 15981 suggest the mechanism might be inde-
pendent of the presence of agr and our earlier studies with the
bovine isolates suggested that the mechanism might be inde-
pendent of the presence of bap and icaADBC. These findings
also suggest that cyclic dinucleotides such as c-di-GMP might
be useful in preventing biofilms on clinically relevant surfaces
such as medical devices and, potentially, in the control of
human and animal infection.

Effect of nucleotide analogs, cations, and EDTA on biofilm
formation. Proceeding on the basis of the observed effects for
strain DK825 with the cyclic dinucleotide c-di-GMP, we then
tested whether treating cultures with extracellular cyclic nucle-
otide analogs such as cGMP (guanosine 3',5’-cyclic monophos-
phate), cAMP (adenosine 3',5'-cyclic monophosphate), and
5'-GMP at 200 or 400 uM could inhibit S. aureus biofilm
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formation. These experiments were performed to test the spec-
ificity of c-di-GMP as a biofilm blocker and to rule out the
possibility that the effects on biofilms we observed were merely
due to the presence of extracellular nucleotides in general or to
that of cyclic mononucleotide (guanosine or adenosine) ana-
logs in particular. The two nucleotides 5'-GMP and cGMP
were also chosen, as the structure of c¢-di-GMP is somewhat
similar to those of the two cGMP molecules, being linked by a
3'-5" phosphodiester bond, and as 5'-GMP is a known break-
down product of c-di-GMP (53).

As expected, while addition of 200 uM c-di-GMP signifi-
cantly blocked biofilm formation in strain DK825, the addition
of 200 pM cGMP and cAMP to the growth medium inhibited
biofilm formation, albeit to a much lesser extent (Fig. 5A and
B). Similar results were observed with the other strains tested,
strain 15981 (human) and strain V329 (bovine) (data not
shown). The data showed that the presence of 200 uM 5'-GMP
had no major effect on biofilm formation (Fig. SA). In addi-
tion, we compared a dose response to the presence of 200 uM
c-di-GMP to that of 400 pM cGMP and 400 pM cAMP. We
did this primarily because 200 uM c-di-GMP has twice as much
of a “cGMP module” as ¢cGMP, and we wanted to know
whether doubling the concentration of these cyclic nucleotide
analogs would result in a biofilm blocking activity similar to
that of c-di-GMP. The results shown in Fig. 5B, which are
based on two independent experiments performed in triplicate,
clearly demonstrate that doubling the concentration of the
c¢GMP and cAMP cyclic nucleotides to 400 wM does not
greatly affect their ability to inhibit biofilm formation in DK825
compared to 200 uM c-di-GMP. Similar results were also ob-
served with strains 15981 and V329 (data not shown). These
findings show that in contrast to the results seen with cGMP,
cAMP, and 5'-GMP, the significant inhibitory effect observed
with c-di-GMP is not due to the molecule merely having a
guanosine base or merely being cyclic in nature but is somehow
unique and specific to its cyclic dinucleotide structure.

Given its unusual structure, it is possible that the hydroxyl-
phosphodiester ring of c-di-GMP might form physical com-
plexes with some extracellular material, such as metal cations
(e.g., MgCl, and CacCl,), that is needed or promotes biofilm
formation by S. aureus. However, repeated experiments
showed that addition of 200 and 800 pM MgCl, or CaCl, in
combination with c-di-GMP did not prevent the inhibition of
biofilm formation by c-di-GMP. Furthermore, the addition of
200 M EDTA alone to TSB caused a dramatic (fourfold)
increase in biofilm formation (Fig. 5C). Under these conditions
and with the concentrations tested, these results indicate that
the mechanism of action of c-di-GMP with respect to inhibi-
tion of S. aureus biofilm formation does not appear to be due
to a general sequestering ability or to involve a general che-
lating effect. These results highlight the importance, novelty,
and perhaps specificity and affinity of c-di-GMP in its mecha-
nism of action and effect on the cell.

Effect of c-di-GMP treatment on S. aureus preformed bio-
films. Since our data showed that c-di-GMP treatment inhib-
ited biofilm formation in §. aureus strains DK825 and 15981,
we tested the hypothesis that extracellular c-di-GMP has an
effect on preformed established biofilms. Our results showed
that c-di-GMP treatment (200 wM) of a 24-h preformed bio-
film blocks further biofilm development (~75% reduction)
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FIG. 4. Quantitative analysis on the effect of c-di-GMP on the ability of S. aureus bovine mastitis isolates to form biofilms on a polystyrene

surface.

compared to the untreated control results (Fig. 6). Judging on
the basis of these data, it appears that c-di-GMP inhibits both
the initial formation of biofilms and further development of
preformed biofilms.

c-di-GMP treatment inhibits S. aureus adherence to human
epithelial cells. Studies examining the adherence of S. aureus
to epithelial cell monolayers and the effect of potential thera-
peutic agents to inhibit adherence have been performed pre-
viously (4, 13, 30, 34, 35, 48, 63). The data from our studies
showed that treatment with 2 and 20 pM c-di-GMP did not
show any obvious effect on adherence. However, compared to
untreated control results, treatment with 200 uM c-di-GMP
reduced the numbers of S. aureus cells adhering to HeLa cells
(Fig. 7). The data indicated that c-di-GMP treatment results in
an average reduction in adherence from 12 bacteria/cell to 4
bacteria/cell (~66% reduction). Experiments examining the
effects of various concentrations (0, 25, 50, 100, 200, and 400
uM) of c-di-GMP on HeLa cells prepared in complete me-
dium (but in the absence of bacteria) as described above
showed no obvious visible effect on HeLa cell morphology
examined microscopically at 12, 24, and 48 h of incubation.
While the molecular basis for ¢-di-GMP inhibition of S. aureus
epithelial cell adherence is not yet understood, these in vitro

data are clearly consistent with our previous biofilm results
obtained using polystyrene (abiotic) surfaces and suggest that
c-di-GMP can also be used to inhibit biofilm formation of
epithelial cell (biotic) surfaces.

Stability of c-di-GMP. The stability of c-di-GMP under var-
ious physical conditions and treatments is not well understood
and so if c-di-GMP is to be used as part of an antimicrobial
strategy or therapeutic agent, its stability needs to be better
studied. We determined the stability of c-di-GMP under sev-
eral storage and various exposure conditions, including heat,
acid (pH 3), and alkali (pH 10) treatment.

Initially, we determined the stability of chemically synthe-
sized undiluted (powdered form) c-di-GMP following several
days of storage at —78°C. Immediately prior to analysis, the dry
compound was resuspended in ion-free distilled water (water
prepared by passing distilled water through an ion-exchange
resin column) to produce a 2 mM stock. HPLC analysis of the
2 mM stock c-di-GMP indicated that storage of the undiluted
form of c-di-GMP for several days at —78°C resulted in the
formation of aggregate molecules whose structure is unknown
at present but is being determined (data not shown). Further-
more, storage of a 2 mM stock solution in water at ambient
temperature (10 to 20°C) for several days resulted in the for-
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mation of an aggregated product, interestingly, however, ad-
justment of the solution to a 0.9% concentration of NaCl was
found to cause the aggregated molecules to revert to the mo-
nomeric form, as determined by HPLC and ESI-time of flight
(mass spectrometry) (data not shown). c-di-GMP was stable in
a 100 mM phosphate buffer for at least 1 month at —78, 4, and
25°C and did not undergo any structural changes (data not
shown). HPLC analysis showed that c-di-GMP was very stable
in a 0.9% NaCl solution with respect to the monomeric struc-
ture following storage at —78, 4, or 25°C for at least 3 months.
We found that c-di-GMP was also stable in a 100 mM ammo-
nium acetate buffer for at least 1 month at —78, 4, and 25°C
and did not undergo any structural changes. These results
suggest that stock solutions of c-di-GMP should be prepared in
0.9% NacCl such that c-di-GMP will be stable and remain in
monomeric form for at least several months.
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Consistent with a previous study by Ross et al. (52), our
HPLC analysis demonstrated that chemically synthesized c-di-
GMP is stable following 10 min of exposure at 100°C. That
study found that (as measured by cellulose-activating activity)
c-di-GMP is labile after treatment in relatively strong alkali
(0.2 N NaOH [~pH 13.5] at 37°C for 24 h), and our HPLC
analysis suggests that c-di-GMP is stable following treatment in
mild alkali (0.0001 N NaOH [pH 10] at 20 to 25°C for 1 h).
Consistent with the findings from the previous study by Ross et
al. (52), our data showed that chemically synthesized c-di-GMP
is stable following acid treatment (0.001 N HCI [pH 3] at 20 to
25°C for 1 h). Judging on the basis of the results of these
studies and the physicochemical properties of the molecule,
c-di-GMP is a stable and soluble low-molecular-weight mole-
cule that possesses antimicrobial activity against S. aureus.

Possible mechanism of action of c-di-GMP on S. aureus.
Studies of the gram-negative bacterial species G. xylinus
showed that c-di-GMP is an intracellular signaling molecule.
Judging on the basis of our findings obtained with S. aureus, a
gram-positive species, we speculate that S. aureus can respond
to the presence of extracellular c-di-GMP. It is still possible
that c-di-GMP might form complexes with or sequester certain
extracellular molecules that are important for S. aureus biofilm
formation. Another possibility, however, is that c-di-GMP does
not enter cells and that extracellular c-di-GMP treatment and
the inhibition of cell-to-cell interactions and biofilm formation
could involve c¢-di-GMP binding to a surface receptor which
then might trigger signaling events modulating gene and pro-
tein expression. c-di-GMP has been reported to be able to
enter eukaryotic cells (56), and no published reports have
described the ability or inability of c-di-GMP to act extracel-
lularly on bacteria or bind to or enter cells. Therefore, another
possibility is that c-di-GMP might be able to enter S. aureus
and trigger changes in protein expression. Regardless of the
molecular mechanism involved, which is presently being inves-
tigated by us, our findings clearly indicate that c-di-GMP treat-
ment inhibits biofilm formation in S. aureus. This ability would
be a valuable auxiliary property for present antimicrobial treat-
ments, as it might potentially increase the availability of the
bacterial target site to the antibiotic.
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FIG. 7. Effect of c-di-GMP treatment on S. aureus DK825 adherence to HeLa epithelial cells. (A) Graph showing level of epithelial cell
adherence. (A and B) Photographs of Giemsa-stained untreated (B) and treated (C) S. aureus cells adhering to HeLa cells.

Conclusion. A recent review by Jenal states that “we are only
beginning to understand the role of c-di-GMP signaling in
bacteria; indeed, several important issues remain to be ad-
dressed” (24). That review also raises the following question:
“Does c-di-GMP act exclusively intracellularly or could the
compound, similar to cAMP, also be used for extracellular
signaling?” The evidence presented in this report strongly sug-
gests that extracellular c-di-GMP inhibits S. aureus cell-to-cell
(intercellular) adhesive interactions and biofilm formation.
The ability of c-di-GMP to inhibit cell-to-cell interactions and
potentially act as a “biofilm blocker” was observed for a variety
of human and animal pathogenic strains, suggesting that the
mechanism of action might be independent of S. aureus host
specificity. The mechanism of action is still not yet understood
but is being studied by us; these studies include the identifica-
tion of genes and proteins that could be differentially expressed
by extracellular c-di-GMP as well as potential surface receptors
that might potentially lead to future antimicrobial drug targets.

Since the structure of c-di-GMP is known and so analogs can
be synthesized and since the molecule shows several ideal
drug-like properties, cyclic dinucleotides potentially represent
a drug platform for use against a variety of diseases. Judging on

the basis of our in vitro results presented here, further studies
with c-di-GMP and testing in animal models seem warranted.
We propose that treatment with cyclic dinucleotides, such as
c-di-GMP, used either alone or in combination with other
antimicrobial agents, represents an innovative approach that
might be developed as a novel antimicrobial strategy to combat
biofilm formation and infection of certain bacterial pathogens.
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