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Abstract

Cyclic dimeric guanosine monophosphate (c-di-GMP) is an important second messenger in bacteria.
It regulates a wide range of bacterial functions and behaviors including biofilm formation that causes
chronic infections and antibiotic resistance. C-di-GMP being as a signal transducer in bacteria is
known to exist in monomer and dimer form. Recent studies also discover that c-di-GMP can form
higher-order oligomers, such as tetramer and octamer, which may have physiological roles in
bacterial cells. Moreover, the tetrameric c-di-GMP structure was reported to link two subunits of a
transcription factor (BldD), which controls the progression of multicellular differentiation in
sporulating actinomycete bacteria and then mediates the dimerization process. Current
understanding on higher-order oligomers of c-di-GMP is relatively limited compared to its monomer
or dimer structure. To probe and visualize the higher-order structure of c-di-GMP and its associated
biofunctions in live bacterial cells with fluorescence techniques for mechanistic study and cellular
investigation is important. Nonetheless, the sensitive and selective fluorescent probe with a rapid
signal response for higher-order oligomers of c-di-GMP is currently lacking. In the present study, a
series of fluorescent probes that preferentially interacted with tetrameric c-di-GMP and generated
red fluorescence signal promptly were synthesized and investigated. The interaction mechanism was
studied with '"H NMR and molecular docking. In addition, the ligand was demonstrated as an
excellent molecular fluorescent probe for bioimaging of tetrameric c-di-GMP structure and
monitoring of biofilm formation on both biotic and abiotic surfaces with pathogenic bacteria

including Pseudomonas aeruginosa PAO1 and Bacillus subtilis 168.
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1. Introduction

Bis-(3'-5")-cyclic dimeric guanosine monophosphate (c-di-GMP) discovered in 1987 has been
known as a very important bacterial nucleotide-based second messenger [1] and exists universally
in bacteria [2, 3]. This small biomolecule not only regulates bacterial life-style transitions from
motile to sessile phase, but also plays crucial roles in many bacterial functions such as cell division,
exopolysaccharide synthesis, virulence and biofilm formation [4-6]. It is generally believed that the
disruption of c-di-GMP homeostasis in bacteria may influence bacterial growth and survival [7, §].
Due to the high importance of c¢-di-GMP to many bacterial functions, the detection, visualization,
and monitoring of intracellular c-di-GMP for the study of its biological functions are significant.
The investigation of intracellular c-di-GMP may also provide vital information for the discovery of
effective compounds to reduce bacterial virulence, inhibit biofilm formation and address the
antimicrobial resistance [9-11].

Despite c-di-GMP analysis mostly relays on LC-MS techniques, the fluorescence-based method
that can be used for real-time detection, imaging and monitoring of c-di-GMP within bacterial cells
is more attractive and useful for mechanistic studies in live bacterial cells [12]. Some recent
examples developed include the fluorescent protein or luciferase fused reporter sensors [13-16],
riboswitch-based biosensors [17-22], split-protein reporters [23, 24], FRET-based biosensors [25-
30], chemiluminescent biosensors [31] and bioluminescence resonance energy transfer-based
biosensors [32]. All these biosensing systems are targeting monomeric c-di-GMP; however,
structural analysis of c-di-GMP showed that, in addition to the monomeric form of ¢-di-GMP, a
stable dimer with stacked self-intercalated guanine residues was also found [5, 33]. Interestingly,
both forms were found in crystal structures of c-di-GMP-binding and c-di-GMP-metabolizing

proteins [34-41]. Furthermore, c-di-GMP was found able to form stable higher-order oligomers such
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as tetramers and octamers [33]. At present, whether these c-di-GMP oligomers taking physiological
roles in bacterial cells is still unclear.

Molecular biosensors developed based on small organic molecules for bio-recognition and
sensing of c¢-di-GMP are not commonly found in literature, particularly the biosensor targeting
higher-order structures of c-di-GMP. It was reported that c-di-GMP was able to form tetramolecular
and octamolecular complexes in vitro upon c-di-GMP molecules interacting with monovalent
cations [42] such as K" ion and some small-sized probes including thiazole orange (TO) [43],
acriflavine [44], diminazene aceturate [45], A18 [46], Sh [47]. In addition, CDy11 [48] was found
targeting bacterial amyloid (Figure 1). Moreover, recent studies have proposed an interesting
strategy of inducing the formation of dysfunctional higher-order c-di-GMP oligomers [44, 47]. This
approach may possibly interrupt the monomeric c-di-GMP signal pathway and thus interfere with

its normal bacterial functions in bacterial growth and survival.
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Figure 1. The structure of monomeric c-di-GMP and its proposed structures of dimeric, tetrameric
and octameric form, and the recently reported ligands capable of interacting with bacterial c-di-GMP

or amyloid.



To probe and visualize the formation of higher-order oligomers of ¢-di-GMP, such as tetramer
and octamer, in live bacterial cells with fluorescence techniques is important for mechanistic study
and cellular investigations. Sensitive and selective fluorescent probes can provide useful chemical
tools for exploring the unknown physiological roles of these special structures in live bacterial cells
with confocal microscopes. A recent report disclosed that c-di-GMP was able to assemble into a
tetramer that mediates the dimerization of an effector protein (the transcription factor, BldD), which
controls the progression of multicellular differentiation in sporulating actinomycete bacteria [49].
More importantly, the study via structural and biochemical analyses revealed that the second
messenger c-di-GMP activated BIdD DNA binding by driving a unique form of dimerization.
Interestingly, the dimerization was mediated by a tetrameric form of c-di-GMP but not the monomer
and dimer. However, the highly selective and sensitive fluorescent tool for recognition and imaging
of cellular tetrameric c-di-GMP structure is currently lacking [12]. In the present study, we
synthesized a series of red fluorescent probes that was able to interact with the higher-order
tetrameric c-di-GMP structure selectively. The specific interaction rendered the instant generation
of intensive and red fluorescence signal both in vitro and in cellulo. The molecular probe is small-
sized, fast response, highly sensitive and selective toward the tetrameric c-di-GMP structure, and
highly stable against photo-bleaching, and generally exhibits low toxicity toward human kidney and
epithelial cells. Our mechanistic study with NMR spectroscopy also showed that the probe was able
to induce the monomeric c-di-GMP molecule to form a stable tetramer and followed by producing
fluorescence signal. In addition, molecular docking study illustrated that the probe interacted with
the tetrameric c-di-GMP structure via the n-n stacking mode with the guanine residue and hydrogen

bond interaction with the amide group of the guanine residue.



2. Experimental Section

All chemicals and reagents were purchased from commercial in AR grade and were used
without further purifications. C-di-GMP and GMP were purchased from Sigma-Innochem. Deoxy-
ribonucleoside triphosphates including dATP, dGTP, dCTP, and dTTP were purchased from New
England Biolab. Ribonucleoside triphosphates including rGTP, rATP, rCTP, and rUTP were
purchased from New England Biolab. cGMP was purchased from GLPBIO. Bruker Avance III 300
MHz Superconducting Fourier Nuclear Magnetic Resonance Spectrometer was used to record 'H
and '3C NMR in deuterated solvent (DMSO-d6) at 24 °C using TMS as the reference. High-
resolution mass spectrometry (HRMS) was obtained by Aglient 7250 TOF. High performance liquid
chromatography (HPLC) analysis was performed with SHIMADZU LC-16 system using Diamonsil
C18 column (250 x 4.6 mm, 5 pm) at UV 225 nm detection for analyzing the purity of the
compounds. All compounds synthesized were characterized with '"H NMR, '3C NMR, HRMS and
HPLC before using in assays. Scanning electron microscopy analyses for the probes were conducted
with a TESCAN MIRA LMS scanning electron microscope and an Apreo 2 SEM scanning electron
microscope (Thermo Fisher). The detailed synthesis and characterization of the fluorescent probes

1-3 and methods for in vitro assays were given in Supporting Information.

3. Results and Discussion
3.1 Synthesis of probes and the study their interaction specificity with c-di-GMP

The red fluorescent probes targeting c-di-GMP tetramer were synthesized via a three-step
preparation as shown in Scheme 1 by adopting the reported procedures [50]. The pure compounds
were obtained by recrystallization in ethanol under room temperature conditions. The

characterizations performed with NMR, HRMS and SEM (Figure S1-S4) were found consistent
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with literature [50]. We then used ultraviolet-visible absorption analysis to study the molecular
interaction characteristics between the probe and c-di-GMP. The probe was designed to be flexible
and the free rotation of the molecule in solution resulted in almost no emission. Nonetheless, when
the probe interacts with its binding target, c-di-GMP, the freedom of molecular rotations is restricted
and then the intensive emission signal corresponding to the interaction is generated [S1]. The
intensive emission signals were observed instantly upon mixing the probe with c-di-GMP under
room temperature conditions and the maximum intensity was achieved in 5 min (Figure S5A). As
shown in Figure 2A, when increasing c-di-GMP concentration in the titration, the intensity of
absorption bands of the probe in the range from 325 to 450 nm was generally decreased, while a
new peak at about 470 nm was clearly observed. Interestingly, for probe 3, an isosbestic point
appears at approximately 448 nm, which may indicate the in-sifu formation of a unique and stable
c-di-GMP-3 adduct and there is no intermediate formed during the titration. In the fluorescence
titration, the probes in their free rotation status showed very weak background emission signal in
buffer solution without adding c-di-GMP substrates. However, after the addition of c-di-GMP, as
shown in Figure 2B, the red fluorescence signal (Aem = 636 nm) was generated markedly upon
excited at 422 nm. The emission intensity was increased with respect to the amount of c-di-GMP
added in the titration experiments. A large Stokes shift (194 nm) and good fluorescence quantum
yield (®f: 0.1-0.18) were observed. The fluorescence lifetime measured was found in the range of

1.67—-1.83 ns (Table 1 and Figure S6-S7).
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Scheme 1. The synthetic route to fluorescent probes 1-3.

Table 1. The spectroscopic properties of the fluorescent probes.

Aex Aem Stokes shift Fluorescence lifetime

P a dfP
robe (nm) (nm) (nm) (ns)
1 442 636 194 0.10 (0.05) ¢ 1.67 (1.55)¢
2 442 636 194 0.12 (0.04)°¢ 1.75 (1.38)¢
3 442 636 194 0.18 (0.03)¢ 1.83 (1.27)¢

? The concentration of the probes used was 5.0 uM and the final concentration of c-di-GMP was
10.0 uM. The buffer used for assays was Tris-HCI (10 mM, pH 7.5) containing 60 mM KCI.

b Absolute fluorescence quantum yield of each fluorescent probe combined with c-di-GMP (dfx)
and the absolute fluorescence quantum yield of fluorescein sodium combined with c-di-GMP (®fg
= 35.12) was measured. Relative fluorescence quantum yield calculated by ®f = ®fa/Dfs.

¢ Numbers shown in parenthesis were obtained under the conditions without c-di-GMP.
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Figure 2. (A) UV-vis titration of 1-3 (15 puM) with c-di-GMP (0-50 puM). (B) Fluorescence

spectroscopy of 1-3 (5 uM) with c-di-GMP (0-42 puM) in buffer solution. (C) Naked-eye



visualization of 3 (5 uM) complexed with c-di-GMP (10 uM) in buffer solution under a portable
blue LED illuminator (470 nm, 30 W); A commercial dye TO (5 pM) was tested for comparison.
(D) Selectivity and competition study of 3 (5 uM) with c-di-GMP (10 uM) and other nucleotides
including GMP, cGMP, deoxy-ribonucleoside triphosphates (dATP, dGTP, dCTP and dTTP) and
ribonucleoside triphosphates (rGTP, rATP, rCTP and rUTP); the concentration of each nucleotide
was 10 uM; Aex= 442 nm. Buffer solution used for titrations and competition assays was Tris-HCl

(10 mM, pH 7.5) containing 60 mM KCI.

The instant and intensive red fluorescence signal for the interaction of 3 and c-di-GMP upon
mixing in buffer solution was readily observable by naked-eye under a portable blue LED
illuminator (excitation at 470 nm) (Figure 2C). In addition, other analogue nucleotides including
GMP, c¢GMP, deoxy-ribonucleoside triphosphates (dATP, dGTP, dCTP and dTTP) and
ribonucleoside triphosphates (rtGTP, rATP, rCTP and rUTP) examined were not able to induce
fluorescence signal. The results indicate that probe 3 is specific to c-di-GMP. A commercial dye,
thiazole orange (TO), reported capable of interacting with c-di-GMP [43], was also tested in the c-
di-GMP-TO interaction study under the same conditions for comparison because its molecular
structure is similar to 3. However, TO could only give yellow emission signal with much weaker
intensity compared with that of 3. Taken together, the results suggest that 3 possesses excellent
target-specificity and signal response toward c-di-GMP.

To demonstrate further the selectivity of 3 toward c-di-GMP, competition assays with a panel
of analogue nucleotides including GMP, cGMP, dATP, dGTP, dCTP, dTTP, rGTP, rATP, rCTP and
rUTP was performed in buffer solution. From Figure 2D, the fluorescence signal was markedly

induced upon c-di-GMP interacting with 3. Then, the addition of all these 10 analogue nucleotides
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(at 10 uM each) together to compete with c-di-GMP (10 uM) did not show significant reduction of
the fluorescence signal. This may imply that the binding affinity of 3 toward c-di-GMP is much
stronger than that of the analogue nucleotides in solution. We thus speculate that 3 may interact with

a higher-order structure of c-di-GMP such as tetramer, but not the monomeric form [49].

3.2 Determination of sensitivity (LOD), binding affinity (Kp) and binding stoichiometry of the
probe with c-di-GMP

We analyzed the sensitivity of probes in determination of the c-di-GMP in buffer solution with
fluorescence technique. In the fluorescence titration experiments, as shown in Figure 3A, the
fluorescence intensity of probes examined was found increased with the increase of c-di-GMP
concentration and a linear range for c-di-GMP detection was found in the range of 0.285 — 20.0 pM.
An excellent linear relationship with respect to the fluorescence signal enhancement of c-di-GMP-
3 interaction was established as shown in Figure 3B. The limit of detection (LOD) and equilibrium
binding constants (K.,) of the probes were estimated based on the intensity of the fluorescent signal
obtained in the titration experiments. The calculation method was performed by following the
previously reported procedures [51]. The LOD values for 1-3 were found to be 64.3, 59.9 and 28.9
nM, respectively. Furthermore, the equilibrium binding constant (K.,) estimated was in the range of
2.4x10° — 3.6x10° M™! (Figure S8). The binding affinity, in terms of dissociation constants Kp,
measured by isothermal titration calorimetry (ITC) shown in Figure S9 was determined in the range
of 13.7 — 16.5 uM (Table 2). The binding affinity of the ligands determined was comparable and

was in micro-molar level.
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Figure 3. (A) The fluorescence titration of 1-3 (5 uM) with stepwise addition of ¢c-di-GMP (0—42.0
uM). Fo represents the fluorescence intensity without c-di-GMP and F represents the fluorescence
intensity after adding c-di-GMP. (B) Linear relationship curve fitting of the emission intensity of 1-
3 (5 uM) with the concentration of c-di-GMP added. The buffer solution used for titrations was Tris-

HCI (10 mM, pH 7.5) containing 60 mM KCI.
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c-di-GMP was 20 uM. The buffer used for titration was Tris-HCI (10 mM, pH 7.5) containing 60

mM KCI. Aex= 442 nm, Aem= 636 nm.

Table 2. The molecular binding property of the fluorescent probes in sensing of c-di-GMP tetramer.

Probe®  F/Fo L.d (uM) ® LOD (nM) © R2 Kp (uM) ¢
1 11.39 0.285-16.0 64.3 0.99539 16.5
2 13.85 0.285-20.0 59.9 0.99416 13.7
3 26.81 0.285-20.0 28.9 0.99519 15.6

# The concentration of probes used was 5.0 uM and the final concentration of c-di-GMP was 42.0
uM. Buffer solution used for assays was Tris-HCI (10 mM, pH 7.5) containing 60 mM KClI.
® Linear concentration range for the detection of c-di-GMP.

¢ Limit of detection for c-di-GMP.

4 Dissociation constant of the probe interacting with c-di-GMP determined with isothermal titration

calorimetry at 25 °C.

We speculated that the binding species of c-di-GMP with the probe could be a higher-order
tetrameric structure that was found existing in nature and being as an important bacterial secondary

messenger that mediates the dimerization of a transcription factor (BldD), which controlled the
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progression of multicellular differentiation in sporulating actinomycete bacteria [49]. We then used
Job plot to determine the stoichiometric ratio of the in-situ formed c-di-GMP-ligand complex. The
Job plot results shown in Figure 4 indicate that the stoichiometric binding ratio of ligands 1-3 to c-
di-GMP are all 1:4. Therefore, the determined stoichiometric binding ratio may support that the
ligand complexed with a higher-order c-di-GMP structure that most likely is a tetramer, which is
assembled with four monomeric c-di-GMP molecules (Figure 1) to form a guanine (G) quartet-like
structure that can be stabilized by cationic ions or small molecules [43, 44]. The structures of G-
quartet or G-quadruplex can be imaged selectively for real-time visualization in live cells with
fluorescent probes [52-54]. The cellular biofunctions may also be disrupted via the molecular
interactions [55, 56].

It was reported that the higher-order tetrameric structure of c-di-GMP showed a distinctive and
positive circular dichroism (CD) absorption peak at 300-320 nm region [42]. We thus used CD
spectroscopy to investigate the interaction of 3 with c-di-GMP and to study if tetrameric structure
formed in-situ at micromolar concentration condition. From Figure 5A, c-di-GMP under the
conditions without K" ion, the CD absorption was found negative in that range; however, with the
addition of 50 mM K" ion, the CD absorption in that region was markedly increased to be more
positive. The finding is in accord with literature reports that K* ion and cationic small molecules can
stabilize the tetrameric c-di-GMP structure [42, 43]. For the addition of 3 at 30 uM to the c-di-GMP
solution with 50 mM K" ion, the CD absorption was also increased remarkably and a positive peak
at 307 nm was appeared. Further increasing the concentration of K ion enhances the CD absorption
signal at 307 nm, which may indicate the formation of higher order tetrameric c-di-GMP structure.
The result obtained is consistent with the 1:4 binding stoichiometry determined with Job plot

analysis for 3 interacting with c-di-GMP in solution (Figure 4).
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Figure 5. (A) Circular Dichroism of c-di-GMP alone and c¢-di-GMP-3 complexes. [c-di-GMP] = 70
uM, [3] =30 uM. Buffer: Tris-HCI (10 mM, pH 7.5) containing KCl at various concentrations. (B)-
(D) Melting point change of fluorescent probes after binding with c-di-GMP. [c-di-GMP] = 70 puM,

[3] =30 uM. Buffer: Tris-HCI1 (10 mM, pH 7.5) containing 60 mM KCI.

To investigate the ability of the probe in the stabilization of the higher-order tetrameric c-di-
GMP structure upon interaction, melting point assays were conducted. Figure SB-D showed the
normalized CD signal profile of c-di-GMP-probe complexes during the melting process. We found
that the stabilization ability of these probes was comparable and the AT obtained was in the range
of 6.3-7.4 °C. Nonetheless, 3 showed a slightly better AT value (7.4 °C) probably due to terminal
hydroxyl group of the amino side chain extended at the 2-position of the 1-methylquinolinium

scaffold that may be able to provide extra hydrogen bond interaction with the residues of the c-di-
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GMP tetramer. The photostability of the probes was also investigated and found that they were

highly robust against photo-bleaching over a period of 1 h excited at 442 nm (Figure S10).

3.3 Investigation of the interaction of the probe with c¢-di-GMP using proton NMR
spectroscopy and molecular docking study

Our results obtained thus far support that the probe may probably interact with the higher-order
tetrameric c-di-GMP structure in solution. To have better understanding on the molecular interaction,
we thus investigated the in-situ complex of c-di-GMP formed with 3 using 1D proton NMR
spectroscopy analysis. As shown in Figure 6A, c-di-GMP at 1 mM showed a number of proton
signals for the H8 and H1’, indicating several oligomeric species formed including the intercalated
dimer, tetramer and octamer [33, 42]. It was found that c-di-GMP under the condition with 60 mM
K" was able to form some higher-order structures including tetramer and octamer; however, the
major forms were monomer and dimer. We then introduced 3 at different concentrations to the
solution and studied its influence on the proton signals (Figure 6B). For the first addition (3 at 100
uM), the proton signal of the c-di-GMP anti-form tetramer (Ta) and both anti- and syn-form
octamers (Os, Qa) disappeared. Interestingly, the signal of syn-form tetramer (Ts) was retained but
the chemical shift was moved to downfield. Further increasing the concentration of 3 (at 200 uM),
the proton signal of the c-di-GMP monomer and dimer was reduced markedly and the two originally
merged peaks (M and D) were completely separated. More importantly, the proton signal for syn-
form tetramer (Ts) was significantly increased and further shifted to downfield, and became the
major peak of the spectrum. The NMR titration results support that the probe may primarily interact

with the syn-form tetramer (Ts) and then stabilize the 3-tetramer complex.
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Figure 6. 1D '"H NMR spectra of c-di-GMP under different titration conditions with 3. (A) HS, and
H1’ resonances of 1 mM c-di-GMP. The proton NMR assignments for tetramers (Ta, Ts) and
octamers (Oa, Oa’, Os) were taken from literature [33, 42]. (B) H8 region of the spectrum of 1 mM
c-di-GMP in the presence of K ion and 3. (C) Schematic diagram of the structure of ¢-di-GMP

monomer M; dimer D; tetramers Ts, Ta; octamers Os, Oa.

To obtain more information about the interaction mode of 3 with c-di-GMP tetramer, molecular
docking study was performed with the probe and an X-ray crystal structure of tetrameric c-di-GMP
(PDB ID: 40ay) [49]. The docking result was showed in Figure 7 and revealed that 3 was in complex
with the tetrameric c-di-GMP structure (binding energy = -5.1 kcal/mol). The 1-methylquinolinium

scaffold of 3 stacked on the c-di-GMP structure mainly via n-n stacking with the guanine residue.
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Moreover, the oxygen atom from the hydroxyl group of the probe is forming hydrogen bond
interactions with the amide group of the guanine residue of c-di-GMP. These interactions may
stabilize the complex. It is supported by its markedly increased melting point (Figure 5D, ATy, =
7.4 °C) of the adduct. The interaction also restricts the free rotation of the probe and thus leads to

intensive red fluorescence signal of the complex upon excited at 442 nm.
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D Conventional Hydrogen Bond - Pi-Pi Stacked

Figure 7. Molecular docking study: (A) top view and (B) side view of 3 in complex with tetrameric
c-di-GMP structure from molecular docking study and their interactions. The binding energy of the
best docked result = -5.1 kcal/mol. The c-di-GMP tetramer is shown in stick while 3 is shown in

green ball and stick. (C) An illustration of the predicted interaction sites of 3 with c-di-GMP tetramer.

3.4 Confocal microscopy imaging of c-di-GMP tetramer in live bacterial cells and monitoring
of biofilm formation

Real-time tracking and imaging of c-di-GMP in any form in living bacteria are very significant
because c-di-GMP is recognized as one of the most important and widespread second messengers
in bacteria [49]. In bacterial cells, potassium ion (K") is one of the major intracellular cations. For
example, Staphylococcus aureus maintains a high intracellular concentration of K* ion in the range
of 0.5-1.5 M [57]. Since 3 has excellent red fluorescence enhancement upon interaction with c-di-
GMP tetramer, we therefore utilize confocal microscopy to study its bioimaging performance in live

Pseudomonas aeruginosa PAO1 (Figure 8 A-D) and Bacillus subtilis 168 (Figure 8 E-I). The

18



bacteria in their division stage were used for imaging study because the bacterial morphology was
easy to be observed. The maximum fluorescence intensity for staining PAO1 was achieved in 5 min
(Figure S5B). From live cell images, the blue area stained by DAPI was the nucleoid region that
was located in the middle of the bacteria, while 3 (red fluorescent staining) was mainly located in
the cytoplasm. The merged images showed clearly no observable co-localization for 3 and DAPI in
both live PAO1 and Bacillus subtilis cells. The results may indicate that 3 has excellent selectivity
for c-di-GMP. The results demonstrated that 3 was able to induce c-di-GMP to form tetramer and
the molecular interaction generated intensive red fluorescence signal both in vitro and in live
bacterial cells; however, due to the complicated sensing environment in live cells, the possibility of

the probe interacting with monomer, dimer and higher-order oligomers cannot be eliminated.

DAPI Ligand 3
7x—=405 nm Aex=560 nm

Bright field Merged

Figure 8. Fluorescent staining of live bacterial cells targeting c-di-GMP in the cell division stage
(cells were stained with 10 uM 3 and 1 uM DAPI for 5 min). (A)-(D) in live Pseudomonas

aeruginosa PAOL; (E)-(I) in live Bacillus subtilis 168.
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Figure 9. Monitoring of biofilm formation with 3 (10 uM). The 3D images of biofilm of
Pseudomonas aeruginosa PAO1 grown for (A) 4 h; (B) 6 h; (C) 8 h and (D) 18 h. A video for the

visualization of biofilms was attached (Video 1).

Since the probe exhibited excellent sensing performance targeting c-di-GMP, we thus attempted
to make use of this unique feature to monitor and visualize the bacterial biofilm formation. Probe 3
was co-incubated with Pseudomonas aeruginosa PAO1 and the 3D fluorescence distribution was
observed by confocal microscopy when bacteria were grown for 4 h, 6 h, 8 h and 18 h, respectively.
The 3D images were shown in Figure 9. A video recording the growing process was also given
(Video 1). It was clear to observe that, in the early stage of bacterial growth (0-4 h), only weak and
scattered red fluorescence was observed in the field of view (Figure 9A), indicating that a few
biofilms were started to form at these locations. With the gradual growth of bacteria (6 - 8 h), the
red fluorescence staining in the field of view was found increased markedly (Figure 9B and C).
After growing for 18 h, the red fluorescence staining spread over the entire field of view and the red
fluorescence was very intensive (Figure 9D). Therefore, 3 is an excellent and novel fluorescence

turn-on biosensor targeting c-di-GMP tetramer. It may have potential applications for monitoring
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and visualizing of biofilm formation on both biotic and abiotic surfaces [58]. It is particularly
significant to utilize fluorescent sensors such as 3 to track and visualize biofilms that persist on
medical device surfaces and on patient’s tissues causing persistent infections. Furthermore, the co-
staining assays for the biofilm of PAO1-GFP shown in Figure 10 confirmed that the fluorescence
signal of 3 was well co-localized with the green fluorescence emitted from GFP. The live cell
imaging results support that 3 is able to track and image biofilm formation in real-time by targeting

c-di-GMP 1in live bacterial cells.

GFP 3
Aex— 488 nm Aex= 560 nm Merged

Figure 10. The 3D images of the biofilm of PAO1-GFP grown for 18 h. (A)-(C): Control
experiments; GFP-tagged P. aeruginosa (PAO1-GFP) biofilm without staining. (D)-(F): The

biofilm co-stained with 10 uM ligand 3 for 5 min.
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(A) Urinary catheters

(B) Bones of chicken wings
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Figure 11. Real-time imaging of biofilms formed on abiotic and biotic surfaces. The red
fluorescence signal observed by naked eye under the irradiation with a portable blue LED
illuminator (470 nm; 30 W). (A) The urinary catheters and (B) Bones of cooked chicken wings.
Experiment conditions for a-i: a. No treatment; b. PAO1 only; ¢. PAO1 + 3 (10 uM); d. PAOI +3
(10 uM) + 0.05 pg/mL ceftazidime; e. PAO1 + 3 (10 uM) + 0.25 pg/mL ceftazidime; f. PAO1 + 3
(10 uM) + 0.5 pg/mL ceftazidime; g. PAO1 + 3 (10 uM) + 2.0 pg/mL ceftazidime; h. PAO1 + 2.0

pg/mL ceftazidime; i. 2 pg/mL ceftazidime + 3 (10 pM).

To demonstrate further probe 3 capable of imaging biofilms formed on abiotic and biotic
surfaces, naked-eye visualization of PAO1 biofilms grew on the surface of urinary catheters and
chicken wing bones under different conditions were studied. The real-time imaging results were
shown in Figure 11. Under the irradiation with a portable blue LED illuminator at 470 nm, for the
experimental conditions: ¢, d, e, and f, the red fluorescent signal can be clearly observed by naked-
eye for surfaces of urinary catheters and chicken wing bones with biofilms attached. For condition

¢ without treating with ceftazidime (an effective antibiotic inhibiting the growth of biofilms), the
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intensity of the red fluorescence enhanced was the strongest. When increasing the concentration of
ceftazidime in the assays from 0.05 to 2.0 pg/mL (conditions: d, e, f, and g), the enhanced
fluorescence was weakened markedly and no fluorescence was observed with 2.0 pg/mL
ceftazidime (condition: g). Nonetheless, controls showed that no red fluorescent staining signal was
observed for the surface with no biofilm attached. These results indicate that with 3 may provide
instant, real-time imaging and tracking of biofilms attached on both biotic and abiotic surfaces.

In addition, the cytotoxicity of 3 against two human cell lines (HK-2 and 16HBE) were
evaluated. The cell viabilities of 3 at 10 uM were found higher than 75% (Figure S11), which
indicated that the compound generally exhibited low toxicity toward human kidney and epithelial
cells. Therefore, the compound may show potential for practical applications in imaging and
monitoring of bacterial biofilms growth on the medical devices and implants [59-61], which have a

high risk of causing biofilm-related infections clinically.

Conclusion

In conclusion, a series of red fluorescent probes was demonstrated for rapid sensing and imaging of
tetrameric c-di-GMP structure both in vitro and in live bacterial cells. A limit of detection (LOD)
down to 28.9 nM for the biosensor was achieved. The probe was found highly specific binding to
the tetramer of c-di-GMP (a G4-structure) and forming a stable complex. This was supported by the
'H NMR study and competition assays in which a panel of other nucleotides, including GMP, cGMP,
deoxy-ribonucleoside triphosphates (dATP, dGTP, dCTP and dTTP) and ribonucleoside
triphosphates (rGTP, rATP, rCTP and rUTP), were not able to compete with the c-di-GMP tetramer
to interact with 3. The molecular docking study also suggests that the probe may mainly interact

with the tetramer via n-m stacking with the guanine residue. Moreover, the molecular interaction
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may be further enhanced by the oxygen atom from the hydroxyl group of the probe that forms
hydrogen bond with the amide group of the guanine residue of c-di-GMP. Furthermore, the c-di-
GMP tetramer upon stained with the probe in live Pseudomonas aeruginosa PAO1 and Bacillus
subtilis 168 could be visualized under a confocal microscope. The real-time monitoring and imaging
of bacterial biofilm formation on both biotic and abiotic surfaces (observed by naked-eye) can also

be achieved with the probe under the irradiation with a portable blue LED illuminator.
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