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DOI: 10.1039/x0xx00000x 2-Oxoglutaric acid (2-OG) has gained considerable attention because of its newly discovered

www.rsc.org/ signalling roles in addition to its established metabolic functions. With the aim of further
exploring the signalling function of 2-OG, here we present a structure-activity relationship
study using 2-OG probes bearing different carbon chain lengths and terminal groups. Our
results highlight the importance of the five-membered carbon molecular skeleton and of the
two carboxylic terminals in maintaining the signalling functions of the parent molecule 2-OG.
These findings provide valuable information for designing new, effective molecular probes

able to dissect and discriminate the newly discovered, complex signalling roles of 2-OG from

its canonical activity in metabolism.

Introduction

2-Oxoglutaric acid (2-OG, Scheme 1), one of the key intermediates
in Krebs cycle, constitutes an important precursor in the synthesis of
biomolecules and in the production of cellular energy. Beyond its
canonical functions in metabolism, 2-OG has recently gained
considerable attention as a key signalling molecule in different
organisms.'” Indeed, several studies indicate that 2-OG plays critical
roles in many signalling pathways such as, among others, regulation
of balance of carbon/nitrogen metabolism,*® epigenetic regulation
mediated by 2-OG-dependent oxygenases,” and generation of the
“onco-metabolite” 2-hydroxyglutarate via misregulated metabolism
in various cancers.'” Over the past few years, we have been
particularly interested in studying the signalling function of 2-OG in
regulating the coordination of carbon/nitrogen metabolism in
Anabaena, cyanobacteria able to fix the molecular nitrogen in air in
the absence of a combined nitrogen source. Since 2-OG can be
rapidly metabolized in vivo, it is difficult to discriminate its
signalling roles from its metabolic functions. Thus, we synthesized
various non-metabolisable 2-OG mimics (Scheme 1) to specifically
investigate 2-OG signalling roles. Previous results obtained with
DFPA and 2-MPA, two 2-OG mimics bearing modifications at the
carbonyl group at the C2 position, demonstrated for the first time the
signalling role of 2-OG in sensing nitrogen starvation in
Anabaena.>'" Further structure/activity relationship analysis using 2-
OG mimics harbouring structural variations at the C4 position led us
to the discovery that DFMPA and DMPA are also able to mimic 2-
OG signalling role in Anabaena.'>'* These surprising yet interesting
findings demonstrated that stringent structural alterations at the C2
and C4 positions can be tolerated in 2-OG analogues, endowing
these molecules with the regulatory function of 2-OG in Anabaena
via binding the corresponding receptor.

This journal is © The Royal Society of Chemistry 2013
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Scheme 1 2-Oxoglutaric acid (2-OG) and its mimics previously
developed by us. >3

In order to gain further insight into the structure/activity
relationship of 2-OG analogues in mimicking 2-OG biological
functions, we questioned whether the two terminal carboxylic
functionalities and the length of the molecular carbon skeleton also
constituted essential structural requirements for the signalling role of
2-0G. Although these molecular features already characterized some
2-0G probes previously developed for studying the signalling role of
2-0G,*""™ no direct experimental evidence has revealed or proven
the significance/prerequisites of these structural elements in the 2-
OG signalling functions so far. With the goal of providing a clear-cut
and straightforward answer to this question, we then designed four
new 2-OG probes 1-4 (Scheme 2) bearing chemical variation both at
the carboxylic functionalities and the carbon skeleton. All new
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probes feature a vinyl group at the C2 position which, besides acting
as a mimic of the carbonyl functionality in 2-OG, allows easy and
convenient chemical synthesis and imparts sufficient chemical and
biological stability. Probes 1 and 2 were specifically devised to
investigate the significance of the two carboxylic acid terminals in 2-
OG. Probe 1 features two tetrazole rings as bioisosteres'> of the
carboxylic acid functionalities in 2-OG. Since the lipophilicity of the
planar tetrazole cycle is reported to be higher than that of the
carboxylic group," this will likely favour the penetration of probe 1
across the negatively charged cellular membrane under physiological
conditions. With the same goal of increasing cell membrane
penetration, probe 2 contains two lipophilic methyl ester groups in
place of the carboxylic terminals. Notably, probe 2 can be
considered as a prodrug of 2-OG: indeed, we expected that probe 2
could be hydrolysed by cellular enzymes to yield 2-OG which,
eventually, might exert the corresponding signalling function. Probes
3 and 4 are characterized by a molecular scaffold of 4 and 6 carbon
atoms, respectively; these compounds were conceived to explore the
importance of the carbon skeleton length in 2-OG analogues.
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Scheme 2 New 2-OG probes 1-4 studied in this work.

Here we report the detailed synthesis and biological evaluation of
all new probes 1-4. Our studies revealed that the two carboxylic acid
terminals and the 5-member carbon skeleton in 2-OG are both
essential to retain its signalling function, even minor structural
alteration or modification not being tolerated for mimicking the
signalling role of 2-OG. These findings are important per se and
instrumental for the design of new, effective and high affinity 2-OG
probes that facilitate the process of deciphering the signalling
pathway of 2-OG.

Results and discussion

We prepared probe 2 using our previously developed protocol,'" and
purchased 3 from a commercial source. The synthesis of 1 and 4 was
successfully achieved using the strategies presented in Scheme 3.
Treating 2-methyleneglutaronitrile with NaN; via Huisgen
cycloaddition afforded probe 1.''"® To synthesize 4, we first
obtained the corresponding its ethylester precursor by condensing
ethyl 4-bromobutyrate, triethyl phosphonoacetate and formaldehyde
via an Horner—Wadsworth—-Emmons (HWE) reaction® before
alkaline hydrolysis to deliver 4.

2| J. Name., 2012, 00, 1-3
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Scheme 3 Synthesis of probes 1 and 4.

With all four probes at hand, we assessed their ability to mimic
the signalling function of 2-OG in sensing nitrogen starvation in
cyanobacteria Anabaena. Anabaena represents an excellent
biological model to investigate the signalling role of 2-OG in
nitrogen metabolism since, in response to combined-nitrogen
deprivation,”"” # they produce morphologically distinct heterocysts
which can be easily observed and identified under a microscope. In
addition, this heterocyst differentiation can be repressed at early
stages if a combined nitrogen source such as ammonium or nitrate is
supplied to the growth medium. In previous studies, we clearly
showed the 2-OG-mimicking capacity of non-metabolisable 2-OG
analogues such as DFPA, 2-MPA, DFMPA and DMPA in inducing
heterocyst formation even under repressive conditions (i.e., in the
presence of high ammonium concentration).> !'"'* However, none of
the new probes 1-4 could trigger heterocyst formation (data not
shown). Moreover, probe 2 seemed to be toxic for Anabaena and
induced rapid cell death through an as yet unclear pathway.” Due to
our concerns over the toxicity of 2, this probe was no longer
considered in further studies.

In order to understand why 1, 3 and 4 could not trigger heterocyst
differentiation, we next examined their cellular uptake using KGTP,
a recombinant strain of Anabaena that expresses the 2-OG permease
KgtP. This was expected to facilitate the uptake of 2-OG and its
probes (all negatively charged under physiological conditions)
across the cell membrane.*''"'***%> To monitor the uptake of these
probes by the KGTP strain, we used 'H High Resolution Magic
Angle Spinning (HRMAS) NMR, an excellent non-destructive
method for in vivo analysis of the metabolic profiles of the whole
cells.?® For each probe, we inspected the characteristic '"H NMR
signals associated with the vinyl group around 5-6 ppm. As seen in
Fig. 1, probe 1 showed poor cellular uptake compared with the
positive control 2-MPA, suggesting that this molecule could
probably not be recognized by the 2-OG permease. This is somewhat
not surprising as the tetrazole heterocycle, though bioisostere of the
carboxylic functionality, might considerably shift the molecular
conformation of 1 from that of 2-OG. Accordingly, the structural
deviation of 1 from 2-OG alongside with its inability to cross the cell
membrane could be the main reasons underlying the failure of this
molecule in inducing heterocyst formation in Anabaena. Conversely,
probes 3 and 4 showed notable cellular uptake. This might be
ascribed to the effective recognition of 3 and 4 by the 2-OG
permease and their subsequent, favoured cell penetration. These
results definitely ascertain the major role played by the two 2-OG
carboxylic groups in determining its effective cellular uptake.

Although 3 and 4 displayed good uptake in Anabaena, once
internalized, they could not induce heterocyst formation. In order to
formulate a plausible rationale for these findings, we went on to
study the effect of 3 and 4 on the DNA binding activity of the 2-OG
receptor NtcA, a transcription factor which regulates nitrogen
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Fig. 1 '"H HRMAS NMR study on the uptake of 1, 3 and 4 in the
KGTP strain compared to the control reference 2-MPA.

metabolism in Anabaena.>'™" NtcA is essential for the
initiation of heterocyst differentiation, and 2-OG enhances the
DNA binding affinity of NtcA (Fig. 2). As clearly shown in
Figure 2, the binding of NtcA to DNA was enhanced by
increasing concentrations of 2-OG and its active mimic 2-MPA.
On the contrary, neither 3 nor 4 could increase DNA/NtcA
binding, suggesting that a low affinity for NtcA could underlie
the inability of 3 and 4 to trigger heterocyst differentiation in
Anabaena.
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Fig.2 DNA binding affinity of NtcA at various concentrations
of 2-OG, 2-MPA, and probes 3 and 4. Co: DNA fragment
without NtcA.

To further substantiate the NtcA binding failure of probes 3
and 4, we carried out atomistic molecular dynamics (MD)
simulations of the corresponding NtcA/probe complexes.”’! In
our previous studies,'>"® we found that, for 2-OG and all
successful 2-OG mimics including 2-MPA, two efficient salt
bridges between the two charged carboxylic groups of 2-OG
and the NtcA side chains of Arg88 and Argl29, respectively,
constitute the main stabilizing contribution towards their
binding to NtcA. Our current modelling data show that, in the
case of the new derivatives 3 and 4, these stabilizing
interactions can occur only if the vinyl moieties in these
compounds adopt a reverse orientation with respect to 2-OG
within the NtcA binding site (Fig. 3). However, by assuming
this different binding pose, the network of four H-bonds
anchoring 2-OG (and 2-MPA) to the NtcA residues Phe75,
Gly76, Val77, and Leu78, drastically reduced to two stabilizing
H-bond interactions the case of 3 and 4. The ultimate
consequence is a considerably lower affinity of 3 and 4 for
NtcA, as shown by the values listed in Table 1. Specifically, the
NctA binding free energy (AGyiyg) value of 3 is -9.5 kJ/mol,
whilst that of 4 is -9.2 kJ/mol. With a corresponding decrement
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in AGy,g amounting to approximately to 6 kJ/mol compared
with 2-OG, these two new derivatives are substantially weaker
binders (Table 1).

Fig 3. Equilibrated MD snapshot of 3 and 4 in complex with
NtcA. Zoomed view of 3 (A) and 4 (B) within the NtcA
binding pocket. Compounds 3 and 4 are shown as atom-
coloured balls-and-sticks (O, red; C, grey). The H-atoms of the
methylene group(s) are highlighted in white. Black lines denote
hydrogen bond and salt bridge interactions. NtcA residues
directly involved in binding 3 and 4 are shown as labelled,
coloured sticks: Phe75 (light blue), Gly76 (yellow), Val77
(green), Leu78 (dark green), Arg88 and Argl29 (both in blue).
(C) Superposition of NtcA/2-OG (red) and NtcA/3 (gold)
binding modes. (D) Superposition of NtcA/2-OG (red) and
NtcA/4 (sienna) binding modes. In all panels, water molecules,
ions, and counterions are omitted for clarity.

Table 1 Enthalpy (AHy,q), Entropy (-TASy;,q) and Total Free
Energy of Binding (AGy;,g) for 3 and 4 in Complex with NtcA.“

Compound 3 4 2-0G 2-MPA
AHping -44.4(0.5)  -452(0.5) -50.7 (0.4) -48.3 (0.5)
-TASping 34.9(0.9) 36.0 (0.7) 35.2(0.8) 35.0(0.9)
AGpina 9.5(1.1) -9.2 (0.9) -15.5(0.9) -13.4 (1.0)

“All values are in kJ/mol. Errors are given as standard error of the
mean. Relevant data for 2-OG and 2-MPA are also reported for
comparison.'?

To analyse in further detail the mode of binding of 3 and 4 to
NtcA, the enthalpic term (AHy;,g) of overall free energy of binding
was deconvoluted into individual ligand-residue pairs to create the
NtcA/residue interaction spectra shown in Fig. 4. These confirmed
that the major stabilizing contributions in both complexes are indeed
afforded by the salt bridges between the carboxylic acid moieties of
the probes and the guanidinium groups of Arg88 and Argl29 in
NtcA. They also clearly showed that these contributions are
considerably less favourable in both 3 and 4, than those observed for
2-0G and 2-MPA (Fig. 4 and Table 2). Further evidence of weak
receptor binding by 3 and 4 is shown by the substantial reduction in
the enthalpic stabilization offered by all other main NtcA residues
involved in compound binding (i.e., Phe75, Gly76, Val77, and
Leu78) (Table 2 and Fig. 4). Altogether, our results confirm that the
carbon skeleton of 2-OG with 5 carbon atoms is essential for its
signalling function. Structural alteration with either longer or shorter
skeleton length is not tolerated with regards maintaining the
signalling role of 2-OG.
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Fig. 4 Per-residue enthalpy contribution to the binding (AHy;,q)
of 2-0OG, 2-MPA, 3 and 4 to NtcA. All values are in kJ/mol.

Table 2 Per-residue enthalpy contribution to the binding
(AHping) of 2-OG, 2-MPA, 3 and 4 to the NtcA.”

PHE75 GLY76 VAL77 LEU78 ARG88 ARGI29
2-0G -2.72 -2.47 -3.05 -2.59 -3.26 -4.22
2-MPA  -2.17 -2.01 -1.80 -2.13 -3.01 -3.89
3 -1.71 -1.21 -1.63 -1.59 -2.68 -1.96
4 -0.38 -0.13 -1.71 -1.46 -2.55 -3.43

?All values are in kJ/mol. Errors are in the range 0.01-0.03.

Conclusions

In this work, we conceived and synthesised the novel series
of 2-OG probes 1-4 with the purpose of increasing our
understanding of the structure/activity relationship of 2-OG
analogues in mimicking the signalling role of 2-OG. Instead of
the original two carboxylic groups in 2-OG, compounds 1 and 2
bear tetrazole and methyl ester functionalities, respectively.
Thus, 1 and 2 are the probes of choice to examine the
importance of the two carboxylic acid terminals in 2-OG in its
signalling role. Compared with 2-OG, probes 3 and 4 feature a
shorter and a longer molecular skeleton, respectively;
accordingly, they were devised to assess the importance of 2-
OG carbon chain length in its signalling function. Among all
these probes, 2 was endowed with substantial cellular toxicity
for reasons yet unknown, while 1 could not be efficiently
internalized by the cells. On the contrary, compounds 3 and 4
were efficiently taken up by cells; however, they failed to
promote DNA binding to the 2-OG receptor NtcA.
Consequently, all these new probes failed to mimic 2-OG in
triggering heterocyst formation in Anabaena. Notwithstanding
these seemingly negative aspects, taken together these results
yield important information on the structural requirements of 2-
OG analogues to mimic the signalling role of 2-OG. Indeed, for
the first time, this study unequivocally confirms that the two
carboxylic acid terminals and the 5 carbon atom chain in 2-OG
are both essential in for 2-OG signalling function, with even
minor structural alteration or modification not being tolerated.
Such insights into the structure/activity relationship of 2-OG
mimics may be instrumental in conceiving effective, high
affinity 2-OG probes with the ultimate goal of studying the

4| J. Name., 2012, 00, 1-3

complex yet intriguing signalling roles of 2-OG and its related
signalling pathways.

Experimental section

General: All the reactions were carried out under argon.
Compound 2 was synthesized according to the literature'' and
compound 3 was purchased from Sigma Aldrich. Anhydrous THF
was distilled in the presence of sodium-benzophenone with a deep
blue colour being persisted. All the other reagents were purchased
from Sigma-Aldrich (China) or Acros Organics (China) without any
further purification. Silica gel (200-300 mesh) used for flash
chromatography was purchased from Qing Dao Hai Yang Chemical
Industry Co. in China. 'H NMR and “C NMR spectra were
recorded at 300 MHz and 75 MHz respectively on a Varian
Mercury-VX300 spectrometer. 'H HRMAS NMR spectra were
recorded at 400 MHz on a Bruker Avance spectrometer. Chemical
shifts are reported in parts per million (ppm). HRMS were
determined by Waters Micromass GCT Premier.
Procedure for the preparation of 1: To a solution of 2-
methyleneglutaronitrile (0.220 mL, 2.00 mmol) in toluene (12.0 mL)
was added Et;N-HCI (1.37 g, 10.0 mmol) and NaN; (650 mg, 10.0
mmol). The reaction mixture was refluxed for 9 h, and then was
allowed to cool down to room temperature, followed by the addition
of water (15.0 mL) and 1.0 M NaOH solution. The water phase was
washed with ethyl acetate (3x15.0 mL), successively acidified to pH
= 1-2 with 10% HCI and extracted with ethyl acetate (3x15.0 mL).
The organic layers were combined, dried over MgSQO,, filtered and
concentrated to give 1 as a pale yellow solid (288.6 mg, 75%). 'H
NMR (300 MHz, D,0), § 5.85 (s, 1H, C=CHH), 5.49 (s, lH,
C=CHH), 3.17 (t, J = 7.4 Hz, 2H, CH,), 2.96 (t, J = 7.4 Hz, 2H,
CH,); *C NMR (75 MHz, D,0), 5 153.5, 153.0, 127.6, 120.7, 28.4,
19.3; HRMS: calcd. for C¢HgNg 192.0872, Found 192.0874.
Procedure for the preparation of 4: To a suspension of NaH (60%,
240 mg, 6.00 mmol) in freshly distilled THF (5.00 mL) was added
triethyl phosphonoacetate (1.21 mL, 6.00 mmol) in freshly distilled
THF (5.00 mL) over a period of 30 min at 0 °C. The reaction mixture
was stirred at room temperature for 30 min. After complete
consumption of NaH, 4-bromobutyl acetate (0.730 g, 5.00 mmol) in
freshly distilled THF (10.0 mL) was added into the reaction mixture
over a period of 20 min at 0 °C. The solution was then refluxed for 3
h before quenching by the addition of a saturated NH,Cl1 (10.0 mL),
followed by extraction with ethyl acetate (3x10.0 mL). The
combined organic layers were dried over anhydrous MgSQO,, filtered
and concentrated under reduced pressure to obtain a crude residue.
To the solution of this crude residue in THF (7.50 mL) was added 37
% formaldehyde solution (5.00 mL, 60.0 mmol) and 25% K,COs
solution (3.50 mL, 7.00 mmol). The reaction mixture was refluxed
for another 3 h, then was allowed to cool down to room temperature,
followed by the addition of water (15.0 mL). The water phase was
extracted with ethyl acetate (3x15.0 mL), the organic layers were
combined, dried over MgSQO,, filtered and concentrated to obtain the
crude residue. The crude residue was purified by flash
chromatography using petroleum ether/ethyl acetate (8:1, v/v),
yielding the diethyl ester intermediate as a colourless oil (891 mg).
To a solution of this diethyl ester precursor (423 mg, 2.00 mmol)
in acetone (10.0 mL) at 0°C was added 10.0 mL 2.5 M LiOH
solution slowly. After stirring for 45 min at room temperature, the
acetone was evaporated and the aqueous phase was washed with
ethyl ether (3x15.0 mL). Then the aqueous phase was acidified to
pH = 1-2 with 1.0 M HCI and extracted with ethyl acetate (3x15.0
mL). The organic layers were combined, dried over MgSO,, filtered
and concentrated to give 4 as a white solid (271 mg). The total yield
of the two-step reaction is 71%. 'H NMR: (300 MHz, D,0), & 6.01
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(s, 1H, C=CHH), 5.54 (s, 1H, C=CHH), 2.22 (t, J = 7.2 Hz, 2H,
CH,CH,CH,), 2.16 (t,J= 7.2 Hz, 2H, CH,CH,CH,), 1.60 (q, J = 7.2
Hz, 2H, CH,CH,CH,); *C NMR: (75 MHz, DMSO-dj), & 174.91,
168.6, 141.1, 125.1, 33.6 , 31.3 , 23.9; HRMS: calcd. for C;H,,O4
158.0579, Found 158.0585.

Culture of the cyanobacterium Anabaena PCC 7120: The KGTP
strain of Anabaena PCC 7120, expressing the 2-OG permease from
E. coli, was constructed and cultured as described.?* Cells were
grown in BG11 medium in the presence of 5 mM ammonium as the
nitrogen source. During the exponential phase of cell growth, CuCl,
was added to 0.8 M final concentration to induce the kgtP
expression. After 18 h, 1 mM 2-OG analogue was added and
heterocysts were observed under an optical microscope 24 h later.
HRMAS NMR: For HRMAS NMR measurement, cells from KGTP
strain with O.D. = 0.4, grown under BG11 medium with ammonium,
were incubated with 1 mM 2-OG analogues, collected at specific
times by centrifugation and rinsed twice in BG11 with ammonium to
remove the excellular 2-OG analogues.

All HRMAS NMR spectra were recorded on 400 MHz Bruker
Avance spectrometer operating at a 'H resonance frequency of 400.1
MHz. 'H experiment were performed with a commercial 4 mm
HRMAS 'H-"’F/*C probe head. About 2 mg of cell sample was add
to 50 puL of D,0O, to provide a deuterium lock, and sealed into 4 mm
Zirconia rotor. To improve the resolution, samples were spun at
Magic Angle and the spinning rate was set at 4000 Hz. All
experiments were recorded at room temperature.

'H HRMAS NMR spectra were acquired using a CPMG spin-echo
pulse sequence [90-(t-180-1),-Acquisition] as a T, filter to remove
the broad signals from large macromolecules. We used n = 150 to
obtain a total spin-spin relaxation delay of 2nt = 75 ms. A 4.8 ps 90°
pulse, with 1024 scans and a recycle time of 3 s were used. Chemical
shift were referenced to TMS (at 0 ppm).

DNA binding activity of NtcA: A 170 bp DNA fragment
corresponding to the gind promoter region was amplified by PCR
with the primers 5' GGATTTTATGTCAAAGTTGACCCC 3' and 5'
CGAAACAAAGTTGATGAC 3'. The NtcA protein was purified
and the binding shift assay was performed as previously described
using 0.18 pg DNA and 0.14 pg protein in 20 pL assay system.*2
The DNA bands were visualized after staining with ethidium
bromide.

Computational details: The entire computational recipe involved
the following program packages: AutoDock 4.2 Amber 12,**
Discovery Studio (v.2.5, Accelrys Inc., San Diego, CA, USA), and
in-house developed codes (stand-alone and add-on to the commercial
software). The extensive, parallel molecular dynamics analyses were
performed using running on the EURORA-GPU and FERMI
supercomputers at the CINECA supercomputer center (Bologna,
Italy).

The X-ray structure of NtcA in complex with 2-OG (PDB entry
codes 3LA2.pdb)** were used as reference complexes. The model
structures of the ligands were generated with Discovery Studio. All
molecules were subjected to an initial energy minimization, with the
convergence criterion set to 10 kcal/(mol A). A conformational
search was carried out using a well-validated, ad-hoc developed
combined molecular mechanics/molecular dynamics simulated
annealing (MDSA) protocol, as previously described.'*'?

The optimized structures of the test compounds were docked into the
binding site of NtcA by applying a consolidated procedure.'*"

Each best substrate/NtcA complex resulting from the automated
docking procedure was further refined in Amber 12 using the
quenched molecular dynamics (QMD) method.'>'*?7*% In this case,
1 ns molecular dynamics (MD) simulation at 310 K were employed
to sample the conformational space of the ligand-NtcA complex in
the GB/SA continuum solvation environment. The integration step

This journal is © The Royal Society of Chemistry 2012

Organic & Biomolecular Chemistry

was equal to 1 fs. After each ps, the system was cooled to 0 K, the
structure was extensively minimized, and stored. To prevent global
conformational changes of the protein, the backbone of the protein
binding site were constrained by a harmonic force constant of 100
kcal/A, whereas the amino acid side chains and the ligands were
allowed moving without any constraint.

The best energy configuration of each complex resulting from the
previous step was allowed to relax in an 80A x 80A x 80A box of
TIP3P water molecules.*® The resulting system was minimized with
a gradual decrease in the position restraints of the protein atoms.
Finally, to achieve electroneutrality and to reach the physiological
150 mM ionic strength, a suitable number of Na™ and CI” counterions
were added to the system. Each hydrated complex system was
gradually heated to 310 K in three intervals, allowing a 2 ns interval
per each 100 K, and then equilibrated for 5 ns at 310 K, followed by
20 ns of data collection runs, necessary for the estimation of the free
energy of binding (vide infra). The MD simulations were performed
at constant T = 310 K using the Berendsen et al. algorithm.*” The
particle mesh Ewald method was used to treat the long-range
electrostatics. For the calculation of the binding free energy between
NtcA and each compound in water, a total of 2000 snapshots were
saved during the MD data collection period described above.

The binding free energy AGy,;,q of each protein/ligand complex in
water was calculated according to the procedure termed Molecular
Mechanic/Poisson-Boltzmann Surface Area (MM/PBSA), originally
proposed by Srinivasan et al*® and described in details in the
original papers by Peter Kollman and his group.*’

A per residue binding free energy decomposition was performed
exploiting the MD trajectory of each given compound/NtcA complex,
with the aim of identifying the key residues involved in the ligand-
receptor interaction. This analysis was carried out using the
MM/GBSA approach,*®*! and was based on the same snapshots used
in the binding free energy calculation.

The entire MM/PBSA computational procedure was optimized by
integrating AMBER 12 in modeFRONTIER,* a multidisciplinary
and multi-objective optimization and design environment.
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