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ABSTRACT

Bacteria react to adverse environmental stimuli by
clustering into organized communities called
biofilms. A remarkably sophisticated control system
based on the dinucleotide 3'-5' cyclic diguanylic acid
(c-di-GMP) is involved in deciding whether to form or
abandon biofilms. The ability of c-di-GMP to form
self-intercalated dimers is also thought to play a
role in this complex regulation. A great advantage
in the quest of elucidating the catalytic properties
of the enzymes involved in c¢-di-GMP turnover
(diguanylate cyclases and phosphodiesterases)
would come from the availability of an experimental
approach for in vitro quantification of c-di-GMP in
real-time. Here, we show that c-di-GMP can be
detected and quantified by circular dichroism (CD)
spectroscopy in the low micromolar range. The
method is based on the selective ability of manga-
nese ions to induce formation of the intercalated
dimer of the c-di-GMP dinucleotide in solution,
which displays an intense sigmoidal CD spectrum
in the near-ultraviolet region. This characteristic
spectrum originates from the stacking interaction of
the four mutually intercalated guanines, as it is
absent in the other cyclic dinucleotide 3'-5 cyclic
adenilic acid (c-di-AMP). Thus, near-ultraviolet CD
can be used to effectively quantify in real-time the
activity of diguanylate cyclases and phosphodiester-
ases in solution.

INTRODUCTION

The bacterial signaling molecule 3'-5 cyclic diguanylic
acid (c-di-GMP) (Figure 1) has recently attracted
growing interest because of its central role in modulation
of several cellular processes, including biofilm formation
and drug resistance (1-3). The intracellular levels
of c-di-GMP are modulated by the opposite activity
of diguanylate cyclases (DGCs), which catalyze its synthe-
sis from two GTP molecules, and specific phosphodie-
sterases (PDEs), which hydrolyze it into linear
5'-phosphoguanylyl-(3’-5)-guanosine (pGpG) or to two
molecules of GMP. The central role of these enzymes in
biofilm formation makes them an ideal target for the
development of new anti-biofilm compounds. It is
known that c-di-GMP displays a rich polymorphism in
solution, and that the equilibrium among the monomeric,
dimeric, tetrameric and octameric species is affected by the
presence of metal ions (4-6). However, only the mono-
meric and dimeric forms (Figure 1) have been found
under physiological conditions, whereas higher oligomer
formation occurs only at mM concentration or in presence
of additional aromatic intercalators (7,8). The monomer—
dimer equilibrium is also likely to play a physiological
role, allowing bacteria to sense and control different
local ¢-di-GMP concentrations. Indeed PilZ receptors
binding to c-di-GMP as a monomer or as an intercalated
dimer have been reported (9—11). The dimeric form is also
observed in complex with DGCs, bound to a non-com-
petitive inhibitory site (12-14), whereas PDEs bind
c-di-GMP as a monomer at the active site (15-17).
Despite the great effort in understanding the molecular
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Figure 1. Chemical structure of ¢-di-GMP and 3D structure of mono-
meric and dimeric ¢-di-GMP as observed in the active and inhibitory
site of PleD, respectively (PDB ID: 1w25) (14). The equilibrium in
solution of the two species is affected by the presence of monovalent
or divalent cations (4-6).

basis of the c-di-GMP signaling pathways and the growing
number of groups working in this field, a method for
in vitro detection and quantification of c¢-di-GMP
produced or degraded by DGCs and PDEs is still not
available for reliable real-time measurements. The direct
and indirect methods currently available for c-di-GMP
quantification in enzymatic reactions are summarized in
Table 1, together with the enzyme(s) whose kinetic activity
has been characterized to date using the various methods.

Here, we report the detection and quantification of
¢-di-GMP in solution by circular dichroism (CD) spectros-
copy, a technique routinely used in protein and nucleic acids
characterization. This method is based on the ability of man-
ganese ions to promote c-di-GMP dimerization, giving rise
to an intense CD signal because of the hyperchromic effect
of the four stacked bases. The CD signal linearly depends on
c-di-GMP concentration (even in the low micromolar
range). The crystallographic structure of the c-di-GMP-
manganese complex was also solved and compared with
that of the complex with magnesium, previously available
(36). The CD method presented here, which does not require
the addition of chromophores, can be easily applied to
measure the kinetics of enzymes involved in c-di-GMP
turnover (DGCs and PDEs) in real-time, as supported by
the results reported in this work on two model enzymes
(PleD and RocR). To allow a better comparative evaluation,
we have also highlighted similarities and differences of this
method with other techniques available to date. Given that
we are only starting to appreciate the extent to which DGCs
and PDEs domain-containing proteins are functionally
diversified in bacteria, the availability of a novel biochemical
method able to measure both the DGC and PDE activity in
detail can be strategic in the c-di-GMP field.

MATERIALS AND METHODS
General methods

CD experiments were carried out using quartz cuvettes
(Hellma) with a path length of 1cm on a JASCO J-710
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spectropolarimeter. Spectra were baseline corrected by
subtracting the buffer from the raw data, and the signal
was adjusted to zero at 340nm, as no optical activity
is expected at this wavelength. High-performance li-
quid chromatography (HPLC) analysis was performed
on a 150- x 4.6-mm reverse phase column (Prevail CS,
Grace Davison Discovery Science) at room tempera-
ture on a LabFlow 4000 apparatus (LabService
Analytica). Detection wavelength was 252nm, and
mobile phase was 100mM phosphate buffer pH 5.8/
methanol (98/2, v/v).

Influence of metal ions on c-di-GMP

To verify the influence of metal ions on the c-di-GMP
dimer formation, samples containing 15uM c-di-GMP
(Biolog) in 20mM Tris, pH 8, and 100mM NaCl were
analyzed in the presence of 2.5-10mM of manganese
and/or magnesium chloride. To obtain the calibration
curves, increasing concentrations of ¢-di-GMP (1, 5, 10,
15, 20, 25 and 30 uM) in 20 mM Tris, pH 8, 100 mM NaCl,
10mM MgCl,, 1mM BeCl,, I0mM NaF and 2.5mM
MnCl, (reaction buffer of PleD) were analyzed. The
same profile is obtained in the absence of BeF, (data not
shown). CD analysis was performed in duplicates at 10°C,
25°C and 37°C.

Analysis of manganese affinity for c-di-GMP

Increasing concentrations of MnCl, (0.2-15mM) were
added to a sample containing 15puM c-di-GMP (Biolog)
in 50mM Tris, pH 7.5, 150 mM NaCl and 10 mM MgCl..
CD spectra were recorded at 10°C after allowing the
samples to equilibrate for 10 min. A Kp of 262 + 36 uM
for the c-di-GMP-Mn?" complex was calculated by fitting
the observed CD,g, signal as a function of MnCl,
concentration.

CD spectra of other nucleotides

The CD spectra of 15uM pGpG (Biolog), c-di-GMP,
GMP (Sigma Aldrich) and GTP (Amersham Bioscience)
and c-di-AMP (Biolog) were recorded in 50 mM Tris,
pH 8, 150 mM NaCl, 10mM MgCl, and 2.5mM MnCl,.
The spectra vary slightly with buffer conditions. The con-
centration of stock solutions of GTP and GMP was
determined by measuring the absorption at 253 nm using
13700M'em ™! and 13300 M~'em™ as molar extinction
coefficients.

Kinetic studies

To study the diguanylate cyclase activity of purified
Caulobacter crescentus PleD, a 0.5uM enzyme solution
was incubated for 10 min at room temperature in
20mM Tris, pH 8, 100 mM NaCl, 10mM MgCl,. The
enzyme was then activated by adding 1 mM BeCl, and
10mM NaF and kept at room temperature for 30 min.
The diguanylate cyclase reaction was performed at 20°C in
the presence of 2.5mM MnCl, and was started by adding
100 uM GTP; the time course of the reaction was followed
by directly measuring the CD signal at 282 nm. In parallel,
the reaction was followed under the same experimental
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Table 1. Analytical methods available to measure enzymatic c-di-GMP synthesis and degradation

Method Real-time Advantage Disadvantage Enzyme analyzed References
DGC PDE*
Circular dichroism YES Pre-steady and steady-state ~ Micromolar detection limit ~ PleD RocR Present
kinetics work
Thin layer chromatog- NO Good sensitivity (<pM) Radiolabeled precursors PleD (18-20)
raphy (alfa**P-GTP or required DosCP 2D
3P-C-di-GMP) Enzyme inactivation step Al12874° (22)
required before analysis
CC3396 (23)
PdeB (24)
(HD-GYP)
ENZ.CHECK YES Steady state kinetics Only valid for DGCs WspR (13)
Pyrophosphate detection (DGCO) Upper limit for PPi detec- XCC4471 (12)
kit tion (5 uM/min)
Coupled colorimetric assay Susceptible of Pi PleD (25)
(monitors PPi contamination
production)
Malachite Green NO Enzyme inactivation step PleD® (14)
Coupled colorimetric assay required before analysis
(monitors Pi production) Susceptible of Pi
contamination
Reverse-phase HPLC NO Nucleotides can be Enzyme inactivation step WspR® (13)
Detection of nucleotides analyzed by mass required before analysis PleD (18)
spectrometry AnapPleD® (26)
HemDGC 27)
thermoDGC® (28)
RavR® (29)
RocR (30)
BIrP1 @31
PA2567 (32)
PdeR (33)
RpfG (34)
(HD-GYP)
DYE(S) BINDING to NO Only valid for DGCs WspR (7,8)
c-di-GMP quadruplex Limited Dye solubility
Enzyme inactivation step
required before analysis
Slow kinetics of complex
formation
Fluorescence® YES (PDE) Steady-state kinetics Only valid for PDEs MSDGC-1  (35)

(MANT-c-di-GMP)

“All ¢c-di-GMP phosphodiesterases listed in the Table belong to the EAL-type PDEs, unless specifically indicated in brackets.
°Qualitative attribution of enzymatic activity: catalytic parameters were not determined in the corresponding publication.

‘MANT = N-Methylisatoic anhydride.

conditions, but aliquots were taken at different times (1, 3,
5, 10, 30 and 60 min); samples were boiled for 10 min to
stop the enzymatic reaction, spun down and filtered to
remove the precipitated protein. The samples were then
analyzed both by CD spectroscopy at 20°C and by
Reverse-Phase-HPLC as described earlier in the text.
The experiment was performed in duplicate. PleD was
purified as previously described by Wassmann et al. (25).
The enzymatic activity of beryllium-activated PleD was
found to be 20nmol/min/mg, in good agreement with
the value previously published (18,19).

To study the phosphodiesterase activity of Pseudomonas
aeruginosa  RocR, a 0.5uM enzyme solution was
incubated for 10 min at room temperature in 20 mM
Tris, pH 8, 100mM NaCl, 5SmM MgCl, and 2.5mM
MnCl,. The reaction was performed at 20°C and
was started by adding 30 uM c-di-GMP. The enzymatic

reaction was followed in real-time at 282 nm. In parallel,
aliquots were taken at different times (3, 5, 15, 30
and 45min), and 100mM CaCl, or 25mM ethyle-
nediaminetetraacetic acid, pH 6.0, was added to stop the
enzymatic reaction; samples were boiled for 10 min, spun
down and filtered to remove the precipitated protein.
Samples were then analyzed by CD spectroscopy at
20°C and by Reverse-Phase-HPLC. The experiment was
performed in duplicate. RocR was purified as previously
described by De et al. (13). The turnover number of RocR
was found to be 0.1s™!, somewhat slower than the value
previously published (0.67s™"), in which the activity was
measured by following the production of pGpG at 23°C in
the presence of 25mM MgCl, (30); this difference is not
surprising given the different experimental conditions used
in the present work (lower temperature and MgCl,
concentration).
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Titration of PleD with c-di-GMP

To study the binding of c-di-GMP to PleD, increasing
concentrations of c-di-GMP were added to a sample con-
taining 10puM of PleD in 20mM Tris, pH 8, 100mM
NaCl, 10mM MgCl,, | mM BeCl, and 10mM NaF. CD
spectra were taken at 25°C after equilibration of the
system. The spectra of the samples containing 25, 30, 35
and 40 uM c¢-di-GMP were measured again after the
addition of MnCl, to a final concentration of 2.5mM.
The order of addition of the three components
in the mixture (ie. PleD+c-di-GMP+Mn?" or
c-di-GMP+PleD+Mn*" or c¢-di-GMP+Mn>" + PleD)
did not change the final spectrum (data not shown). The
experiment was performed in triplicate.

Crystallization, data collection and structure solution

Single crystals of [Mn(H,0)4(c-di-GMP),]** complex
suitable for X-ray diffraction were obtained by hanging
drop vapor diffusion method. The best diffracting crystals
grew from drops of 6 pl, obtained by mixing Spul of
c-di-GMP solution (c-di-GMP 4.3 mM; MnCl, 30 mM;
cacodilate, pH 6.5, 50 mM) and 1 pl of reservoir
solution (2-methyl-2,4-pentanediol 50% v/v; cacodilate,
pH 6.5, 50 mM). A crystal (0.5x0.5x0.2 mm®) was
mounted at room temperature on a Bruker-Nonius
Kappa CCD diffractometer equipped with a graphite
monochromatedMoKa radiation (A = 0.71073 A, CCD
rotation images). The crystal was tetragonal with space
group I4, and unit cell parameters: a = b = 20.05,
¢ =39.55A. Semi-empirical absorption correction
(SADABS) was applied. Fourier reflection pairs were
not merged to consider anomalous scattering from man-
ganese and phosphorous atoms. The structure was solved
by direct methods [SIR97 package (37)] and refined by the
full matrix least-squares method on F* against all inde-
pendent measured reflections [SHELXL program of
SHELX97 package (38)].

All non-hydrogen atoms were refined anisotropically.
The final refinement converged to an R-value of 0.0969,
for reflection with I>2c(I). Twinning by merohedry
[180° rotation about (1 1 0)] was detected and contemplated
in the refinement (the calculated twinning fraction was
0.186). Crystal data and refinement details are summarized
in Supplementary Table S1. CCDC 913765 contains the
supplementary crystallographic data for this article.
These data can be obtained free of charge at www.ccdc.
cam.ac.uk/conts/retrieving.html or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (international) +44 1223/336 033.

RESULTS AND DISCUSSION

Formation of the complex between c-di-GMP
and manganese

The method presented here is based on the specific CD
signal displayed by the intercalated dimer of c-di-GMP
and on the ability of manganese ions to promote dimer-
ization of this cyclic dinucleotide. The CD profile of
c-di-GMP shows two peaks in the absence of metal ions,
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Figure 2. Effect of manganese on the dichroic signal of c-di-GMP in
solution. (A) Influence of divalent metal ions on c-di-GMP dimer for-
mation analyzed in 50 mM Tris—HCI, pH 7.5, 150 mM NaCl, at 10°C.
MnCl, and MgCl, were added to a final concentration of 2.5 and
10mM, respectively. (B) CD spectra of c-di-GMP showing the
increase in the intensity of the dimer-specific peaks in the presence of
increasing manganese concentrations, analyzed in 50 mM Tris-HCI, pH
7.5, 150 mM NacCl, at 10°C. (Inset) Plot of the CD signal at 282 nm as
function of Mn?" concentration. Ninety-five per cent of signal satur-
ation is observed at 2.5mM MnCl, (i.e. Kp for ¢-di-GMP-Mn?"
complex formation of 262 + 36 uM). The signal is corrected for the
Mn*"-free signal.

one positive at 255nm and one negative at 282nm
(Figure 2A), similarly to that of left-handed Z DNA and
inverted relative to right handed DNA and RNA (5).
A sigmoidal CD profile is obtained when two or more
identical chromophores are in close proximity (39); in
the case of ¢c-di-GMP, which can form a stable dimer in
solution, a strong hyperchromic effect is observed, as pre-
viously reported (5) because of the stacking of the four
guanine rings. As divalent metal ions are known to shift
the equilibrium towards the dimer (4,5), we have analyzed
the c-di-GMP CD profile in the presence of Mn*>" and/or
Mg**, which are normally added to the reaction buffer of
DGCs and PDEs enzymatic assays. Surprisingly, while the
influence of Mg>" on the spectroscopic signal was not
significative, we found that the intensity of both 255 and
282nm peaks increases in the presence of Mn*"
(Figure 2A). This is because of the formation of a stable
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complex between the intercalated dimer of c-di-GMP and
the man ancse hydrated cation. Titration of c-di-GMP
with Mn*" shows thdt the CD signal at 282 nm reaches a
plateau for Mn?" concentrations above 2.5mM
(Figure 2B, inset), suggesting that the complex is >95%
populated above this threshold.

The different dichroic features of c-di-GMP in the
presence of Mn>" and Mg”>" were unexpected because of
the similarity of many properties between the two cations.
Only two structures of a c-di- GMP 1nterca1ated dimer
were solved, in complex with Mg®" or Co*", respectively,
both in the early 90s (36 40). We have solved the crystal

structure of ¢-di-GMP in complex w1th Mn to establish

whether this cation, compared with Mg”" (36), may induce
any conformational change in the structural organization
of the complex that could account for the different ability
of the two divalent cations to populate the complex in
solution. The crystal structure of the complex
[MH(H20)4(C di- GMP)Z] , determined at 0.9 A reso-
lution, is shown in Figure 3 and further illustrated in
Supplementary Figure S1, Supplementary Movie S1 and
Supplementary Table S1.

The structure shows non-significant differences with
respect to that of the c-di-GMP-Mg>" complex (36),
indicating that the substitution of manganese with magne-
sium does not interfere with the assembly of the
intercalated dimeric structure nor with the binding mode
of the metal ion. On the basis of these data, it seems
reasonable to assign the different effect of Mn>" and
Mg®" on the dichroic spectra of c¢-di-GMP to the
presence of d-electrons in Mn**, which contribute to the
electrostatic interactions between the cation and guanine
bases (41). This interpretation is in agreement with
the order of nucleotlde bmdmg ability of dlvalent
catlons (Mg?" <Co*" <Ni*" <Mn*" <Zn*" < Cd*"
< Cu”") deduced by empirical studies in the late 60s (42)
and with quantum chemical calculations, which suggest
that the different action of Mg®" and Mn*" towards
nucleobases derives from the greater polarization and
charge-transfer effects in the Mn>* complexes (43.,44).
Finally, comparatlve studles of the %uanme hgand bmdmg
properties of Mn”*", Zn*", Ni*" and Mg*" have
demonstrated that the transition metals show higher
affinity for the nucleobase N7. This could determine the
stabilization of the complex in the presence of Mn*" (41).
Accordingly, an enhancement of the CD signal similar to
that observed in the presence of Mn*" was observed also
in the presence of zinc and nickel divalent cations (data
not shown).

The formation of the c-di-GMP-Mn*" complex occurs
rapidly, within 5 min at 10°C and within the mixing time
at 25°C (data not shown). In the presence of 2.5mM
Mn*", the CD signal shows a linear dependence on
¢c-di-GMP concentration; this linearity is maintained at
the different temperatures analyzed (10°C, 25°C and
37°C) (Figure 4). The CD signal of the samples is stable
for at least 4 h in the temperature range needed for
enzymatic reactions (10°C—37°C) and is also reproducible
after a 12h storage at 4°C (data not shown), making this
method adaptable to different protocols (i.e. from
real-time detection to multiple analysis of many stored
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samples). The intense CD signature of the intercalated
dimer is specific, thus c-di-GMP can be detected and
quantified (even in the low micromolar range) in the
presence of all the other nucleotides involved in
¢c-di-GMP turnover. GTP and GMP are spectroscopically
silent in the near-ultraviolet region, whereas pGpG
displays a CD spectrum with a single band at 255nm
that possibly originates from the coupling of the two
guanines, which are in close proximity (Figure 5).
However, as it does not significantly contribute at
282 nm, the presence of pGpG does not hamper the quan-
tification of c¢c-di-GMP at 282 nm (Figure 5).

To assign the spectroscopic signature seen by CD to the
stacking of the guanine bases, we have also measured the
spectrum of another dinucleotide, ie. 3-5 cyclic
diadenilic acid (c-di-AMP): as shown in Figure 5, this
dinucleotide shows a much lower intensity and a different
profile in the presence of Mn ions with respect to
c-di-GMP. The observation that c-di-AMP does not
show the same spectroscopic signature of c-di-GMP
strongly suggests that the sigmoidal CD signal arises
from the stacking of the guanine bases. A comparison of
the chemical structure of ¢c-di-GMP and c-di-AMP high-
lights that the difference in the substituents in position N1
and the absence of the carbonyl group in the purine ring of
c-di-AMP may disfavor the formation of a stacked dimer
by c¢-di-AMP (see Supplementary Figure S2).

Probing the enzymatic activity of DGCs and PDEs

The CD method described here allows measuring
c-di-GMP concentration in the working range typical of
DGCs and PDEs enzymes. We have used the CD analysis
to measure the enzymatic activity of two reference
enzymes, i.e. PleD, a well characterized DGC from
C. crescentus and RocR from P. aeruginosa, an
EAL-type PDE (18,30).

The time course of the reactions catalyzed by these two
enzymes was measured in real-time at 282 nm as shown in
Figure 6 (panels A and B, respectively). The reaction rates
were found to be in good agreement with the published
values (18,19,30) (see ‘Materials and Methods’ section).
As a control, the time course was also measured by
extracting the nucleotides from aliquots of the reaction
mixture taken at given times; these aliquots were then
analyzed in parallel both by CD spectroscopy and by
reverse-phase HPLC chromatography, the most common
method to quantify c-di-GMP (see also Table 1) (45). The
results obtained by CD analysis (point measurements) are
fully consistent with data obtained by reverse-phase
HPLC. The comparison of the kinetics as followed by
real-time measurements with that obtained by point meas-
urements (see Figure 6) clearly shows (more evidently in
the case of RocR) that the real-time approach is an
absolute requirement for an accurate determination of
the time course of the reaction. The time course of the
reaction of RocR was also measured in the absence of
Mn?* (with Mg®" ions alone), and no difference was
observed in the kinetic parameters (data not shown), sug-
gesting that the real-time measurement can be carried out,
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Figure 3. Structure of the [Mn(H,0)4(c-di-GMP),]** complex. Two c-di-GMP molecules (c-di-GMP and c-di-GMP’) are kept together by a man-
ganese ion (cyan), which is six-coordinated by four water molecules (red) and by the N7 and N7’ nitrogen atoms of guanines belonging to two
different molecules. Each of the two axial water molecules is H-bonded to the carbonyl of one central guanine and to the oxygen of the cognate
phosphate. The central base N1 of each molecule is hydrogen-bonded to the sugar phosphate backbone of the other. G-G base pairing interactions
stabilize both the dinucleotides and the overall assembly. Finally, the guanine rings coordinated to Mn>" are forced out of the ideal co-planarity and
seem partially unstacked similarly to the central bases of the complex with Mg*" (36). The crystallographic structure of the complex is further

illustrated in Supplementary Figure SI and Supplementary Movie S1.
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Figure 4. Linear dependence of the CD signal on c-di-GMP concen-
tration. Analysis was performed at three different temperatures, i.e.
10°C, 25°C and 37°C, in the following buffer: 20mM Tris-HCI, pH
8, 100 mM NaCl, 10 mM MgCl,, | mM BeCl,, 10 mM NaF and 2.5 mM
MnCl,. The CD signals at 282 and 255nm show the same profile. The
assays were performed in duplicate.

if needed, also in the presence of Mg?" ions alone (using a
consistent calibration curve).

Interestingly, we have also observed that, in the
presence of the diguanylate cyclase PleD, the CD signal
of ¢-di-GMP increases even in absence of manganese in
the buffer (Figure 7, black circles). This is because of
c-di-GMP binding to the enzyme inhibitory site as an
intercalated dimer (14) with a similar structure of the
c-di-GMP-Mn*"  complex (Figure 3). Accordingly,
titrating PleD with c-di-GMP, the CD signal increases
linearly with ¢-di-GMP concentration until all the inhibi-
tory sites of PleD are saturated (i.e. a PleD:c-di-GMP
binding stoichiometry of 1:2) (Figure 7). Further
addition of c-di-GMP does not correspond to a significant
increase of the signal given that, in the absence of free
binding sites, c-di-GMP is prevalently monomeric.
Addition of manganese to the solution results in a
further increase in the intensity of the signal, which

6 — c-di-GMP
- - GMP
----- GTP
4—. o DGPG
- —— c-di-AMP

[01x 10* (deg M ecm™)
?

T T T T T 1
240 260 280 300 320 340
wavelength (nm)

Figure 5. CD spectra of the nucleotides involved in c¢-di-GMP
turnover. The nucleotides were analyzed at the concentration of
15uM at 10°C in 50mM Tris-HCI, pH 7.5, 150mM NaCl, 10 mM
MgCl, and 2.5mM MnCl,. The spectrum of cyclic-di-AMP is also
shown to compare the behavior of the two cyclic dinucleotides
(c-di-GMP and c-di-AMP).

indicates a shift of the equilibrium of free c-di-GMP
towards the dimeric form (Figure 7, blue triangles). This
result confirms that a sigmoidal CD spectra peaking at 255
and 282nm can be regarded as the spectroscopic finger-
print of the intercalated dimer.

CONCLUSIONS

The method presented here is based on the specific CD
signal displayed by the intercalated dimer of c-di-GMP
and on the ability of manganese ions to promote dimer-
ization of this cyclic dinucleotide. We have observed that
c-di-GMP displays a sigmoidal CD signature, related to
the formation of an intercalated dimer, which is enhanced
in the presence of Mn*", but not Mg”>" ions. The crystal-
lographic structure of the complex of c-di-GMP with
Mn?" clearly shows that c-di-GMP binds to the two
metals with the same geometry; thus, our results suggest
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Figure 6. Time course of the reaction catalyzed by the diguanylate
cyclase PleD (Panel A) and by the phosphodiesterase RocR (Panel B)
as monitored in real-time by following the CD signal at 282 nm at 20°C
(continuous line). As a control, the concentration of c-di-GMP in in-
dividual samples taken at given times during the reaction was
determined separately by CD spectroscopy (black circles) and
reverse-phase HPLC (black squares). The diguanylate cyclase activity
of PleD (0.5uM) was monitored using 100uM GTP (Panel A) in
20mM Tris, pH 8, 100mM NaCl, 10mM MgCl,, 2.5mM MnCl,,
ImM BeCl, and 10mM NaF. The phosphodiesterase activity of
RocR (0.5uM) was monitored using 30 uM c-di-GMP (Panel B) in
20mM Tris, pH 8, 100mM NaCl, SmM MgCl, and 2.5mM MnCl,.
All assays were performed in duplicate.

that the two divalent cations display a different ability to
populate the complex in solution. The present method can
be used to measure the enzymatic rate of c-di-GMP pro-
duction and degradation, as shown by the real-time meas-
urements carried out on two reference enzymes, i.e. PleD
diguanylate cyclase and RocR phosphodiesterase. The CD
signal of ¢-di-GMP at 282 nm is specific of the dimeric
form of the molecule; other nucleotides, such as GTP,
pGpG or GMP, which are present during the reaction
of diguanylate cyclases or phosphodiesterases, do not
show the same signal. Moreover, the observation that
the adenine dinucleotide c-di-AMP does not have the
same spectroscopic signature suggests that the sigmoidal
CD signal can be assigned to the stacking of the guanine
bases.
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Figure 7. Plot of the CD signal at 282nm of samples containing
increasing amounts of c-di-GMP in the presence of 10uM PleD
(monomer) (circles) or 2.5mM MnCl, (squares). Addition of 2.5mM
MnCl, to the samples containing 25, 30, 35 and 40 pM c-di-GMP and
10uM  PleD yields the same CD signal (triangles) of the
manganese-alone samples. Experimental conditions were as follows:
20mM Tris-HCI, pH 8, 100mM NaCl, 10mM MgCl,, I mM BeCl,
and 10mM NaF. The assays were performed in triplicate.

Comparison of the distinctive features of the present
method with those of the other methods available to
measure enzymatic activities (as summarized in Table 1)
underlines that this method is effective to measure
steady-state kinetics of both DGCs and PDEs in
real-time. As shown in Table 1, the kinetic properties of
few enzymes have been studied to date with the methods
already available; on the other hand, it is clear that a deep
understanding of the mechanism controlling the turnover
of ¢-di-GMP requires the biochemistry of its synthesis and
degradation to be fully elucidated. A clear advantage of
the approach presented here is that it allows to detect and
to quantify c-di-GMP directly, without the need of add-
itional chromophores, biosensors or dyes, and it does not
require time-consuming sample preparation. In common
with most methods, the sensitivity of the CD analysis lies
in the micromolar range of c-di-GMP concentrations
(Table 1). As far as real-time measurements are concerned,
only the indirect EnzCheck method is suited to measure
the time course of DGCs in real-time, but this method
cannot be applied to PDEs; on the other hand, the
activity of PDEs can be followed using the fluorescent
MANT-c-di-GMP derivative as proposed by Sharma
et al. (35).

In our opinion, the present experimental approach also
opens novel scenarios and attractive possibilities in the
field of c-di-GMP enzymes. The method will allow to
conceive pre-steady state kinetic experiments, to date un-
explored for these enzymes, but of crucial value to deter-
mine the reaction mechanism of both DGCs and PDE:s.
A detailed knowledge of the mechanistic details of these
reactions is a necessary pre-requisite to design and to
validate effective inhibitors that could be used as anti-
microbial agents able to modulate c-di-GMP levels and
to interfere with the formation of biofilms or with devel-
opment of specific (antibiotic-resistant) phenotypes, such
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as those found in persister cells (46). Moreover, the experi-
mental approach presented here might be used to explore
the interplay of DGCs and PDEs in controlling ¢-di-GMP
levels by allowing to measure the activity of these enzymes
not only individually but also in combination in the same
reaction mixture; this may provide quantitative evaluation
of the interaction of proteins putatively involved in the
same signaling pathway. As suggested by the recent evalu-
ation of the different phenotypic output of the activity of
the DGCs in Vibrio cholerae, the mechanism and rate
whereby each individual DGC produces c-di-GMP
and/or is regulated determine the stringent biological
specificity of c-di-GMP signaling in the cell (47).
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