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Abstract: PA4608 is a single PilZ domain protein from Pseudomonas aeruginosa that binds to

cyclic dimeric guanosine monophosphate (c-di-GMP). Although the monomeric structure of

unbound PA4608 has been studied in detail, the molecular details of c-di-GMP binding to this
protein are still uncharacterized. Hence, we determined the solution structure of c-di-GMP bound

PA4608. We found that PA4608 undergoes conformational changes to expose the c-di-GMP

binding site by ejection of the C-terminal 310 helix. A dislocation of the C-terminal tail in the
presence of c-di-GMP implies that this region acts as a lid that alternately covers and exposes the

hydrophobic surface of the binding site. In addition, mutagenesis and NOE data for PA4608

revealed that conserved residues are in contact with the c-di-GMP molecule. The unique structural
characteristics of PA4608, including its monomeric state and its ligand binding characteristics,

yield insight into its function as a c-di-GMP receptor.
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Introduction

Bis-(30-50)-cyclic dimeric guanosine monophosphate

(c-di-GMP) is a recently discovered bacterial second

messenger. c-di-GMP is involved in various cellular

functions that promote cell to cell communication

and biofilm formation, inhibit cellular motility, and

repress bacterial virulence.1–3 The synthesis of c-di-

GMP is regulated by diguanyl cyclase and its degra-

dation by phosphodiesterase.4 Diguanyl cyclase

contains the GGDEF domain, whereas phosphodies-

terase contains the EAL domain.5 Although the role

of GGDEF and EAL domains was discovered several

years ago, there is little information on c-di-GMP-

mediated signaling pathways. Amikam and Galperin

identified the PilZ domain in the sequence of bacte-

rial cellulose synthase through bioinformatics analy-

sis and suggested that c-di-GMP binds to PilZ domains.6

However, the molecular mechanism of c-di-GMP signal-

ing remains to be determined.

Recently, two crystal structures of PilZ domain

proteins have been solved. The structures of Vibrio

cholera VCA0042 and Pseudomonas putida PP4397

illustrate the molecular details for complexes of c-di-

GMP and PilZ domains. Both VCA0042 and PP4397
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are composed of two domains, a YcgR-N domain at

the N-terminus and a PilZ domain at the C-termius.

The YcgR-N domain in these proteins has weak

sequence homology with the N-terminal domain of

YcgR, and its tertiary structure is similar to that

of the PilZ domain of YcgR. The crystal structures of

both holo-VCA0042 and holo-PP4397 showed that

c-di-GMP binding triggers a change in the interdo-

main orientation, inducing the PilZ domain to move

close to the YcgR-N domain. However, the binding

stoichiometry and domain orientations are substan-

tially different for each protein: PP4397 undergoes a

dimer-to-monomer transition upon binding of two

c-di-GMP molecules to one PP4397 molecule, whereas

VCA0042 remains a dimer during binding of one c-di-

GMP molecule to one VCA0042 molecule.7 These dif-

ferences in binding stoichiometry and oligomeric state

are expected to play a role in generating diverse

forms of c-di-GMP-mediated regulation.8

This manuscript describes the molecular charac-

terization of c-di-GMP binding to Pseudomonas

aeruginosa PA4608. PA4608 is a single PilZ domain

protein whose NMR structure (PDB ID, 1YWU)

was determined previously by Ramelot.9 Here, we

studied the conformational differences between the

unbound and c-di-GMP bound forms of PA4608

using NMR spectroscopy. The conformation of c-di-

GMP in complex with PA4608 was analyzed with
15N-filtered NOESY, and the role of phylogenetically

conserved residues was investigated by mutational

studies. Using these multiple approaches, our data

demonstrate that the detachment of the 310 helix at

its C-terminal region exposes the binding site for

c-di-GMP, and suggest that PA4608 is a single-

domain c-di-GMP receptor.

Results and Discussion

Overall structure of c-di-GMP bound PA4608
1H, 13C, and 15N resonances were assigned for all

residues of PA4608 (1–125) except Ile69 and Glu109-

Glu113. Amide resonances for these residues were

not observed on the NMR timescale. The 20 final

structures of c-di-GMP bound PA4608 were calculated

from 1584 NOE restraints, 44 hydrogen bond

restraints, 116 backbone dihedral angle restraints, and

55 RDC restraints (Table I). The restraints of c-di-

GMP were not included in the calculation due to the

ambiguity of c-di-GMP peak assignments. The quality

of the structures was validated using PROCHECK.10

The structure of c-di-GMP bound PA4608

includes a six-stranded anti-parallel b-barrel, which

is commonly found in hydrophobic ligand binding

proteins, as well as one long a-helix and one short

310 helix at the C-terminus (Fig. 1). The secondary

structures of c-di-GMP bound PA4608 are arranged

b-b-b-b-b-b-a-310, which is similar to the order of

unbound PA4608 except that one short 310 helix

(109–113) is missing from the C-terminal region.

The structure of residues 109–113 was not converged

because the amide resonances on residues 109–113

are not observed on 1H-15N-HSQC. The c-di-GMP

binding site, which was previously predicted by chem-

ical shift perturbation,11 is the surface that is sur-

rounded by the RxxxR motif (residues 10–13) and the

DxSxxG motif (residues 35–40 in the b2–b3 turn).

Conformational changes upon c-di-GMP binding

Although the b-barrel structures of unbound9 and

c-di-GMP bound PA4608 are very similar, a compari-

son between the unbound and c-di-GMP bound

PA4608 structures reveals conformational changes

induced by c-di-GMP binding (Fig. 2). The 310 heli-

ces in the C-terminal region undergo the most

marked conformational changes. Although we do not

have structural information about the first 310 helix

(residues 109–113) in the c-di-GMP bound PA4608

structure (because 15N-based resonances of residues

Table I. NMR and Refinement Statistics
for Protein Structures

NMR distance and dihedral constraints

Distance constraints
Total NOE 1567
Intra-residue 418
Inter-residue

Sequential (|i�j| ¼ 1) 471
Medium-range (|i�j| < 4) 203
Long-range (|i�j > 5) 475

Hydrogen bonds 44

Total dihedral angle restraints 178
Phi 89
Psi 89

Total RDCs(NH)a 55
Q-factor 0.068 6 0.003

Structure statistics
Violations (mean and s.d.)
Distance violation (>0.3Å) 0
Dihedral angle violation (5�) 0

Energies
Total energy (kcal/mol) �4925.76 6 58.30

Average pairwise r.m.s.d.b (Å)
Heavy 1.31 6 0.12
Backbone 0.63 6 0.09

Ramachandran statistics All residues Ordered
regionc

Most favored regions 74.3 90.4
Additional allowed regions 22.1 9.4
Generously allowed regions 2.6 0.2
Disallowed regions 0.9 0.0

a Tensor axiality (Da): -3.688 6 0.009e-4, Tensor rhombici-
ty(Dr): -1.517 6 0.023e-4.
b Pairwise r.m.s.d. was calculated among 20 structures
with residues 14–104.
c Ordered regions: 14–24, 27–37, 40–44, 57–61, 69–79, 82–
87, 92–104, and 116–120.
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109–113 were not observed), a large dislocation of

the second 310 helix (residues 117–120) is observed

between the unbound and c-di-GMP bound PA4608

structures. Opening of this 310 ‘‘lid’’ substantially

alters the shape of the c-di-GMP binding site.

In the free form, the binding site was not exposed

to solvent, but became fully exposed by the 310
lid opening. The binding pocket has enough space

to accommodate the two mutually intercalated c-di-

GMP molecules.

The RxxxR motif in the N-terminal region of

PA4608 also undergoes a structural change upon

c-di-GMP binding. This motif moves to the binding

surface that is exposed by the 310 lid opening in the

c-di-GMP bound structure. In unbound PA4608, the

surface of the binding site is blocked by two 310 heli-

ces (residues 109–113 and 117–120), but in c-di-GMP

bound PA4608, the N- and C-terminal tails switch

positions, allowing c-di-GMP to enter the binding

site (Fig. 2).

NMR relaxation data (Fig. 3) show the changes

in internal mobility upon c-di-GMP binding. The av-

erage 15N-NOE value of residues 11–16, including

the Arg-rich motif, increased from 0.70 to 0.84, but

R2 values were similar upon c-di-GMP binding, indi-

cating that the internal mobility of residues 11–16 is

decreased without a noticeable conformational fluc-

tuation. Although residues 8–13 are not converged

in Figure 1, because c-di-GMP bound PA4608 struc-

tures were calculated using only intramolecular

NOEs of protein, intermolecular NOEs at guanidine

group of Arg8 and Arg10 (Supporting Information

Fig. 2) suggest that residues 8–13 are fixed by c-di-

GMP molecule. Significant changes are observed

in the 310 lid (residues 109–120), which covers the

c-di-GMP binding site. Although the backbone

amide resonances of residues 109–113 were not be

observed, R2 values around 108–116 were increased

upon c-di-GMP binding, suggesting that this stretch

of residues, which includes the first 310 helix, under-

goes conformational fluctuation induced by c-di-

GMP binding. The other change was observed at

residues 117–120, whose NOE values decreased

noticeably, but whose R2 values were similar upon

c-di-GMP binding. Thus, the internal mobilities of

residues 117–120, which includes the second 310 he-

lix, are increased upon c-di-GMP binding, but their

Figure 1. Structure of c-di-GMP bound PA4608.

Superposition of the final 20 energy-minimized structures. The

structures are superimposed for minimal mutual deviation of

the backbone atoms. The secondary structures are color

coded as follows: helices (green) and b sheets (blue).

Figure 2. Conformational changes of PA4608 upon c-di-GMP binding. Ribbon representation of unbound PA4608 (left) and c-

di-GMP bound PA4608 (right). Residues are colored as follows: RxxxR motif (red), DxSxxG motif/binding pocket (blue), and

310 helix (green).
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tumbling is still significantly restricted by the rest

of protein.

To confirm the participation of the 310 lid in

c-di-GMP binding, we prepared the deletion mutant

D116–125. Shorter constructs of PA4608 (D113–125,
D109–125) were very unstable or not expressed at

all. The imino peaks on the 1D spectrum of the com-

plex, indicative of the interaction between deletion

mutant D116–125 and c-di-GMP, were similar to

those of the native complex (Supporting Information

Fig. 3). This result indicates that the detached 310

helix (117–120) is not necessary for c-di-GMP

binding.

Two mutually intercalated c-di-GMP

molecules bind to PA4608

To investigate the binding ratio between PA4608

and c-di-GMP, we monitored the titration of PA4608

with c-di-GMP using 15N-HSQC spectra (results not

shown). The cross peaks of PA4608 were observed to

be in slow exchange until the ratio of PA4608 to

c-di-GMP was 1:2 and showed no change at higher

Figure 3. NMR relaxation data of PA4608. 15N relaxation parameters are shown for (A) unbound PA4608 and (B) c-di-GMP

bound PA4608. In both panels, R1 results are in the top graph, R2 results in the middle, and 1H-15N NOE results in the

bottom graph.
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ratios. Titration results confirmed that the dissocia-

tion constant between PA4608 and c-di-GMP was less

than 50 nM, as previously reported,11 and showed

that the binding ratio of PA4608:c-di-GMP was 1:2.

To investigate the structure of c-di-GMP when

bound to PA4608, we conducted a 1D NMR titration

of c-di-GMP with PA4608 protein. Four imino peaks

were observed on the 1D proton spectra upon com-

plex formation between c-di-GMP and PA4608, and

some cross peaks with sugar ring protons on the 2D
15N-filtered NOESY were observed upon binding of

unlabeled c-di-GMP to 15N, 13C-labeled PA4608. The

cross peaks were seen on the three imino peak

resonances, but not on the peak at 13.3 ppm (Sup-

porting Information Fig. 4). These cross peaks imply

that two c-di-GMP molecules bind to PA4608 with a

mutually intercalated conformation similar to that

of holo-PP4397.8 Thus, based on this information

and the chemical shift perturbation experiment,11 a

model structure for PA4608 in complex with c-di-

GMP was generated (Fig. 4). This model structure

suggests that c-di-GMP is located in the binding

pocket.

Mutagenesis studies reveal that conserved
residues are critical to c-di-GMP binding

To determine the PA4608 residues that are critical

for c-di-GMP binding, we prepared alanine substi-

tuted mutant proteins for conserved residues Arg9,

Arg13, Asp35, Ser37, and Gly40 (Supporting Infor-

mation Fig. 5), which were previously investigated

by PSI-BLAST studies.6 There were problems pre-

paring NMR samples of the D35A and S37A

mutants because of difficulties with overexpression

and concentration. 15N-HSQC spectra of the R9A,

R13A, and G40A mutants were obtained, and their

peak dispersion and pattern were similar to those of

native PA4608 (Fig. 5). This result demonstrates

that alanine substitution of these conserved residues

does not disturb the tertiary structure of the protein.

No chemical shift perturbations were observed dur-

ing titration of any of the alanine mutants with c-di-

GMP, suggesting that the guanidinium groups of

arginines 9 and 13 are important for c-di-GMP bind-

ing. In the case of the G40A mutant, the lack of per-

turbation indicates that the additional CH3 group of

the alanine residue prohibits c-di-GMP from binding.

These titration results agreed with intermolecular

NOEs from the NOESY-HSQC of the PA4608:c-di-

GMP complex (Supporting Information Fig. 2). Several

intermolecular NOEs of the Arg8 and Arg9 sidechain

amide atoms indicate that the guanidine groups are

directly involved in c-di-GMP binding. The intermolec-

ular NOEs with moderate intensity near Gly40 sup-

port that the pocket for c-di-GMP binding is defined

by this residue. The mutagenesis and intermolecular

NOE results agree with the results of the previously

Figure 4. Model of PA4608: c-di-GMP complex. Surface

representation of the model structure of PA4608 complexed

with c-di-GMP. The c-di-GMP molecules are shown using a

stick representation. The surface of PA4608 is rendered

with electrostatic surface potentials using PyMOL (DeLano

Scientific).

Figure 5. 1H-15N HSQC spectra of PA4608 alanine mutants. (A) Overlapping 1H-15N spectrum of unbound native PA4608

before (red) and after (blue) addition of c-di-GMP. (B) PA4608 R13A mutant before (red) and after (green) addition of

c-di-GMP. (C) PA4608 G40A mutant before (red) and after (green) addition of c-di-GMP.
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reported chemical shift perturbation experiment of

PA4608 with c-di-GMP.11

Structure comparison among PilZ domains

The second messenger c-di-GMP, which has many

cellular functions, binds to effector proteins and

allosterically changes their structure. PilZ domain

proteins are c-di-GMP receptors that seem to be

altered by c-di-GMP binding. They presumably func-

tion with downstream partner proteins that remain to

be identified. The PilZ domain is usually detected in

multidomain proteins such as Pseudomonas putida

protein PP4397 and Vibrio cholera protein VCA0042,

which have the combination of a YcgR-N domain in

their N-terminal region and a PilZ domain in their

C-terminal region. The tertiary structures of the PilZ

domains of apo-PA4608 (PDB code 1YWU),9 apo-

VCA0042 (PDB code 1YLN: Zhang, R., Zhoi, M., Moy,

S., Collart, F., Joachimiak, A.), and apo-PP4397 (PDB

code 2GJG: Joint Center for Structural Genomics) ex-

hibit very similar six-stranded b-barrel core structures

with one a-helix. However, the C-terminal regions

after the a-helix have no sequence similarity (Support-

ing Information Fig. 5) and no common tertiary struc-

ture (Fig. 6). Apo-PA4608 has two 310 helices in the

C-terminal region, which is located at one face of the

b-barrel [Fig. 6(A)]. Unlike apo-PA4608, apo-PP4397

has no additional secondary structures at its C-termi-

nus, but does include a very extended a-helix after the

b-barrel [Fig. 6(B)]. Apo-VCA0042 has an additional

b-turn that is located on top of the b-barrel [Fig. 6(C)].
In the case of PP4397, the dimeric structure of

the apo form shows that the c-di-GMP binding sur-

face is protected by dimerization at the PilZ domain.

Binding of two c-di-GMP molecules induces a dimer-

to-monomer transition, and the monomeric structure

of holo-PP4397 shows that the YcgR-N domain cov-

ers the c-di-GMP binding site in the monomeric

state.8 In contrast to apo-PP4397, the dimeric inter-

face of apo-VCA0042 is located in the YcgR-N

domain; VCA0042 retains its dimeric state before

and after binding of a single c-di-GMP molecule. The

binding surface of the VCA0042 PilZ domain is not

covered by the YcgR-N domain in the absence of

c-di-GMP, whereas it is tightly covered as a result of

the inter-domain reorientation between the YcgR-N

and PilZ domains in the presence of c-di-GMP.7 The

b-turn of the PilZ domain seems to stabilize the

altered inter-domain orientation by inter-subunit

hydrophobic interactions.

The two different conformational changes exhib-

ited by the PP4397 and VCA0042 PilZ domains hint

at an explanation of the conformational changes in

PA4608 upon c-di-GMP binding. Although PA4608

retains its monomeric state upon c-di-GMP binding,11

the conformational change of PA4608 that occurs upon

c-di-GMP binding is similar to that of PP4397. In

PP4397, dimerization covers the c-di-GMP binding

surface in the unbound form, whereas in PA4608, the

310 lid covers the c-di-GMP binding surface in the

unbound form. When complexed with c-di-GMP, the

N-terminal region of PA4608 covers that surface, just

as the YcgR-N domain of PP4397 does. This similarity

of conformational change implies that the c-di-GMP

binding mode of PA4608 is similar to that of PP4397.

Also, the stabilization of the altered holo-VCA002

inter-domain orientation by a b-turn interaction sug-

gests that the hydrophobic 310 lid, which is detached

from the c-di-GMP binding site upon c-di-GMP bind-

ing, would be a possible interface for interaction with

a downstream protein partner. Although we found

that the 310 lid of PA4608 does not participate in c-di-

GMP binding in vitro, frameshift mutations in the

C-terminal region of DgrA, a PA4608 homolog, induce

motile dgrA loss-of-function,11 indicating that the

C-terminal region is likely to be involved in interac-

tions with downstream partners in vivo.

In conclusion, our biochemical and structural

studies of PA4608 identified the binding site for c-di-

GMP, which includes conserved residues. We also

Figure 6. Structural comparison between PilZ domain proteins PA4608 and PP4397. (A) Ribbon representation of apo

PA4608 (1YWU). Residues are colored as follows: RxxxR motif (red), DxSxxG motif (blue), and 310 helices (green). (B) Ribbon

representation of apo PP4397 (2GJG). Residues are colored as follows: RxxxR motif (red), DxSxxG motif (blue), and long

a helix in the C-terminal region (green). (C) Ribbon representation of apo VCA0042 (1YLN). Residues are colored as follows:

RxxxR motif (red), DxSxxG motif (blue), and b-turn (green).
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identified a role for the 310 lid in the C-terminal tail

in covering the c-di-GMP binding site in the

unbound form. The findings suggest that c-di-GMP

binding to the single PilZ domain protein PA4608 is

similar to that of PP4397. Furthermore, the 310 lid

is a potential binding surface for unknown down-

stream proteins.

Materials and Methods

Expression and purification of PA4608
PA4608 (125 a.a) was cloned into the pET-15b expres-

sion vector, which encodes an additional 18 amino

acids, including a six-histidine affinity tag (His-tag) at

the N-terminus of the inserted sequence. The recombi-

nant protein was expressed in BL21 (DE3) pLysS cells.

The recombinant PA4608-expressing bacteria were

grown in minimal M9 medium containing 15NH4Cl

(to obtain 15N-labeled protein) or 13C-glucose/15NH4Cl

(to obtain 15N, 13C-labeled protein) at 37�C until the

optical density reached 0.6–0.8 at 600 nm. Protein

expression was induced with 0.4 mM IPTG for 3 h

at 30�C. The recombinant protein was purified using

Ni-NTA affinity chromatography. The His-tag was

removed by thrombin digestion, and the protein was

purified by ion-exchange chromatography and gel fil-

tration chromatography. Three times molar excess of

c-di-GMP was added to PA4608; residual c-di-GMP

was removed by gel filtration chromatography. The

PA4608 concentration in the final NMR sample was

about 1.2 mM in a buffer of 20 mM sodium phosphate

(pH 7.0), 10 mM magnesium chloride, and 10 mM

DTT in 90%/10% H2O/D2O.

Structure calculation of c-di-GMP
bound PA4608

All NMR data were obtained at 298 K using Varian

INOVA 600 MHz or Bruker Avance 900 MHz spec-

trometers. 1H-15N HSQC, HNCACB, CBCA(CO)NH,

HNHA, HNCO, HN(CA)CO, (H)CC(CO)NH, H(CC)

(CO)NH, HCCH-COSY, HCCH-TOCSY, CCH-TOCSY,

2D 15N-filtered NOESY (sm ¼ 150 msec), 3D
15N-edited NOESY-HSQC (sm ¼ 100 msec), and 3D
13C-edited NOESY-HSQC (sm ¼ 100 msec) spectra

were acquired for the structure analysis. All FIDs

were processed by NMRPipe.12 All spectra and

assignments were manually analyzed with Sparky.13

Backbone dihedral angle restraints were derived from

chemical shifts of the backbone atoms using TALOSþ.14

Hydrogen bond restraints were determined by recording
1H-15N HSQCs with H-D exchange experiments. Resid-

ual dipolar coupling (RDC) restraints were measured

with 1H-15N IPAP HSQCs using PF1 phage. Structure

calculations were performed using CYANA 2.1.15 To

improve the qualities of structures, RDC and explicit

water refinement16,17 were achieved using Xplor-NIH

2.9.6.18 RDC quality was checked using the program

PALES19 and plotted in Supporting Information Figure

1. The final 20 energy-minimized structures with the

lowest target function energy were selected for further

analysis. The restraints used for the final structure

refinement are listed in Table I.

Molecular modeling of PA4608 complex

with c-di-GMP

A structural model of the PA4608/c-di-GMP complex

was generated using the software Discovery Studio

2.1 (Accelrys). The structure of c-di-GMP from the

c-di-GMP/holo-PP4397 complex (PDB code 3KYF)

was used as the initial structure of the ligand. Based

on the contact points from previous chemical shift

perturbation data,11 this c-di-GMP structure was

manually docked into the binding site of our solution

structure of c-di-GMP bound PA4608. To eliminate

steric clashes, energy minimization of the modeled

structure was performed until 0.01 kcal/mol/Å. The

CHARMM forcefield was employed for energy mini-

mization of the complex. Figures were prepared with

the software Chimera20 and Pymol.21

NMR dynamics
15N relaxation measurements were made using two-

dimensional, proton-detected heteronuclear NMR

experiments in Varian Biopack. T1 and T2 relaxa-

tion were recorded with spectral widths of 9000 Hz

sampled over 1024 complex points in the w2 (1H)

dimension, and 1700 Hz over 128 complex points in

the w1 (15N) dimension, with 12 scans for each

increment in the indirect dimension. The relaxation

delay for T1 and T2 measurements was 2 sec. T1

values were measured in a series of spectra with

relaxation delays of 50, 100, 150, 200, 250, 300, 400,

500, 700, and 900 msec. T2 measurements were

made with relaxation delays of 10, 30, 50, 70, 90,

110, 130, and 150 msec. The heteronuclear steady-

state NOE spectra were acquired with a spectral

width of 9000 Hz over 1024 complex points in the

w2 (1H) dimension and 1700 Hz over 128 complex

points in the w1 (15N) dimension. The proton satura-

tion period was 5 sec. All the spectra were processed

and analyzed with NMRPipe and Sparky.

NMR titration experiments with PA4608 mutants

PA4608 alanine substituted mutants (R9A, R13A,

D35A, S37A, and G40A) were prepared using the

Quick-Change protocol (Stratagene). Like the wild-

type protein, the PA4608 alanine mutant proteins

were expressed in BL21 (DE3) pLysS cells. Strains

were cultured, protein expression was induced, and

proteins were purified as described above. The pro-

tein concentration was 0.2 mM in 500 lL of a buffer

containing 90% H2O/10% D2O, 20 mM sodium phos-

phate (pH 7.0), 100 mM sodium chloride, and 1 mM

DTT. Titration samples were prepared with pro-

tein:c-di-GMP ratios of 1:0, 1:1, and 1:2. All 1H-15N

HSQC spectra were recorded at 25�C on Varian
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INOVA 600 MHz spectrometers equipped with triple-

resonance (1H/13C/15N) probes. A PA4608 C-terminal

deletion mutant (D116–125) was amplified from the

original PA4608 expression vector using appropriate

primers, cloned into the pET-15b expression vector,

and expressed and purified as described above. The

protein concentration was 0.1 mM in 500 lL of a

buffer containing 90% H2O/10% D2O, 20 mM sodium

phosphate (pH 7.0), 100 mM sodium chloride and

1 mM DTT. 1D spectra with water suppression by

echo-antiecho pulse were acquired for the PA4608

C-terminal deletion mutant by adding c-di-GMP with

protein:c-di-GMP ratios of 1:0, 1:1, and 1:2.
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