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Abstract

Prodiginines and tambjamines are anion-selective ionophores capable of facilitating the transport of
anions across the plasma membrane in mammalian cells. One of the potential applications of these
anionophores is the possibility of employing them as a substitutive therapy for pathologies
involving anion channels, as in cystic fibrosis. We have studied the interaction of a large anion as
gluconate with three prodiginine- and two tambjamine-like compounds. Apparent dissociation
constants for the chloride, iodide and gluconate complexes were estimated from iodide influx
experiments in mammalian cells exposed to different extracellular anion combinations. Our
experiments indicate that gluconate is not transported by the prodiginines, leaving the anionophores
free to transport chloride and iodide. Conversely, gluconate would be transported to some extent by
the tambjamines, competing with halides for the anionophores, and consequently reducing their
flux. This might be related to the different structural features of both families of compounds. These
data have important implications for the selection of impermeable anions in the analysis of the
anionophore mechanism.
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1. Introduction

Anionophores are natural molecules produced by living organisms capable of facilitating anion
transport through the cell membrane. Among the different molecules able to carry anions, we have
focused on some prodiginine and tambjamine derivatives. Prodiginines take their name from
Prodigiosin, a red bacterial pigment secreted by Serratia marcescens (Yip et al. 2019), whereas
tambjamines are secondary metabolites isolated from soft-bodied marine gastropod mollusks. Both
groups of molecules play an important role in defense mechanisms (Carté and Faulkner 1986).
Inspired by their characteristics, a large number of anionophores has been developed and reported
in the literature (Hernando et al. 2018; Gale, Davis, and Quesada 2017; Carreira-Barral et al. 2019).
In our laboratories, we have demonstrated that prodiginine- and tambjamine-like compounds can
transport biologically relevant anions, such as chloride and bicarbonate, through artificial
phospholipid bilayers and mammalian cell membranes (Cossu et al. 2018; Hernando et al. 2018;
Davis, Okunola, and Quesada 2010; Fiore et al. 2019; Caci et al. 2020). Among the potential
applications of these anionophores perhaps the most striking one is the possibility of employing
them as a new therapeutic approach for pathologies involving anion channels or transporters, as it
happens in cystic fibrosis. Indeed, we have proven that both prodiginine- and tambjamine-like
molecules can transport anions (chloride, iodide and bicarbonate) across the plasma membrane in
mammalian cells in amounts comparable to the wild-type CFTR protein. Furthermore, we have also
observed that some of these derivatives possess low cytotoxicity, thus indicating them as eligible for
further development as drugs (Fiore et al. 2019; Caci et al. 2020).

We have previously reported that the interaction of large hydrophilic anions, such as gluconate, with
prodiginines and tambjamines, is remarkably different (Fiore et al. 2019). In this work, we have
investigated the transport properties of five different anionophores belonging to those families by
iodide influx experiments in mammalian cells. Anion substitutions in the extracellular solution
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allowed us to propose a kinetic model for the binding of the studied anions (chloride, iodide and
gluconate) to the carriers, suggesting important differences about anion interaction in both families
of compounds. This investigation is complemented with a structural study both of the anionophores
and the anionophore-anion complexes, conducted by means of computational calculations.

2. Methods
2.1 Anionophores

We assayed three prodiginines, prodigiosine, PRG (Rapoport and Holden, 1962), Obatoclax, OBX,
(Diaz de Grefiu et al., 2011) and EH130 (Hernando et al., 2018), and two tambjamines, MM3
(Hernando et al., 2014) and RQ363 (Fiore et al., 2019). Pure (>98%) anionophores were dissolved
in DMSO at a concentration of 345 mM and kept at -20 °C. A fresh aliquot of the anionophore
solution was diluted in the working solution immediately before the experiment.

2.2 Todide influx assay

Fisher Rat Thyroid (FRT) cells stably transfected with a halide-sensitive yellow fluorescence
protein, H148Q/I152L-YFP (Galietta, Haggie, and Verkman 2001), were grown at 37 °C and 5%
CO; in modified F12 Coon's medium with addition of 10% FBS, 2 mM of glutamine, 1 mg/ml of
penicillin and 100 pg/ml of streptomycin. Besides, hygromycin was added as a selective agent for
stable YFP-transfected clones. Cells were seeded in 96-well microplates at a density of 40,000 cells/
well. The experiments were carried out 48 hours after seeding.

To determine the transport activity of the selected anionophores, we measured the influx of iodide
that caused the quenching of the YFP inside the cell. The fluorescence of the YFP was monitored
using a fluorescence plate reader (Tristar2 S, Berthold Technologies, Bad Wildbad, Germany)
equipped with 485 nm excitation and 535 nm emission filters (Fiore et al. 2019). Cells were
incubated for 30 minutes at 37 °C in a solution containing (in mM): KNO; 4.5, Ca(NO3), 1.2,
MgSO, 0.2, Glucose 5, HEPES 20, pH 7.4, NaCl 136. To obtain different concentrations of the
anions, NaCl was isomolarly replaced by NaGluconate. The incubation solution also contained 2
EM of the corresponding anionophore or the vehicle DMSO (<0.5% v/v), in a final volume of 60

pL.

After recording the fluorescence for 5 seconds (baseline), 100 pL of a solution where NaCl (or
NaGluconate) had been replaced by Nal were injected in the wells, and the emission was monitored
for 60 seconds more. In this way, the final concentration of Nal was 85 mM, and the sum of the
NaCl and NaGluconate concentrations was 51 mM. Measurements were performed at 37 °C, and
the fluorescence during the experiments was recorded every 0.2 seconds.

The fluorescence time course was normalized to the average of the fluorescence of the baseline
recorded before Nal injection. The initial rate of fluorescence decay (QR) was derived by fitting the
signal to a double exponential function. The QR is an indicator of the iodide influx, and therefore of
the anionophores activity (Fiore et al. 2019; Galietta, Haggie, and Verkman 2001). Measurements
were repeated 5 to 9 times at each experimental condition.
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2.3 Structure analysis

Calculations of the electronic molecular structures were performed using the Gaussian 09 program
(Frisch et al. 2016). The geometries of all species were fully optimized at the B3ALYP/DGTZVP
level. Optimizations were carried out assuming the environmental parameters describing the
corresponding molecule in water, taken into account by the Polarisable Continuum Model (PCM)
using the CPCM model (Cossi et al. 2003; Barone and Cossi 1998). The nature of all optimized
structures was determined by using harmonic frequency analysis as true minima with no imaginary
frequencies.

3. Results

The iodide transport to the intracellular compartment was measured as the initial fluorescence
quenching rate (QR) in FRT cells expressing the halide-sensitive YFP. This preparation is well
standardized for halide transport measurement (Galietta et al 2001), and has been previously used
for determine the transport characteristics of anionophores (Cossu et al. 2018, Hernando et al.
2018, Fiore et al 2019). Iodide transport in cells incubated with 0.5% DMSO, the vehicle used for
the anionophores, was very small, and it is probably due to endogenous mechanisms present in FRT
cells (Figure 1A). Differently, when cells were incubated in solutions with 2 pM of the
anionophores we observed a significant iodide influx, as shown in Figures 1B-F. Interestingly, as
displayed in Figures 1B-D, for the three prodiginines assayed the substitution of chloride (black
trace) by gluconate (red trace) causes an increase of the iodide influx. However, when it comes to
the tambjamines such replacement leads to a reduction of the influx (Figures 1E-F).

Anion competition model

We hypothesized that the anionic composition of the extracellular solution influences the
anionophore-driven transport due to a competition of the different anion species for the carrier’s
binding site. Consistently with what is observed in Figures 1B-D, when chloride is replaced by
gluconate, there is an increase of iodide transport in those cells incubated with prodiginines PRG,
OBX and EH130. These phenomena can be interpreted as the competition of two anions, chloride
and iodide, for a single binding site in the anionophore:

Cl

ACl
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where A is the free, unbound anionophore and ACI and Al represent the anionophore-chloride and
anionophore-iodide complexes, respectively. In this scheme, gluconate does not interact with the
anionophore. The apparent dissociation constants, K¢ and Kj, for the two complexes are defined by:

:CIXA_K:IXA
cdacl PP AI

s A+Al+ACI=1 (1)

As iodide has a significantly higher affinity for the H148Q/1152L-YFP than chloride (reference), we
assume that the QR is reflecting mostly the iodide influx, and therefore it should describe the
formation of the AI complex. Thus, solving the equations in (1) for AI we have:

_IXA

K, Al

)

where Al is the maximum QR expected in the absence of chloride.

On the contrary, as displayed in Figures 1E-F, when cells are incubated in the presence of
tambjamine derivatives MM3 and RQ363, the replacement of chloride by gluconate in the
incubation solutions drives to a reduction of the iodide influx. These data cannot be explained by
considering a simple competition between chloride and iodide, as for prodiginines; thus, another
player is required. In this case, we could hypothesize that gluconate (Gluc) binds to the
anionophore. Therefore, the binding scheme would be:

AClI
K¢
Cl
+
K;
[ + A = > Al
+
KGluc
Gluc
AGluc

where AGluc represents the anionophore-gluconate complex. In this system the apparent
dissociation constants are defined as:

_ClxA
a-ac

_IxA _Glucx A
Al ¢ AGluc

K K, ;A +Al+ACl +AGluc=1 (3)
where K. is the apparent dissociation constant of the anionophore-gluconate complex. Solving the

equations in (3) for AI, we have:

AI=AI L

max

1+Cl %+Gluc K ik, (4)

Cl Gluc
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Thus, we measured the anionophore-driven iodide influx in cells incubated with different
concentrations of NaCl, replaced by isomolar concentrations of NaGluconate. Figure 2 shows the
QR value, evaluated for different concentrations of chloride, from 51 mM (and no gluconate) to
zero (and 51 mM of gluconate), for each anionophore. These data were normalized to the QR value
obtained in 51 mM chloride (and without gluconate). The continuous lines in Figure 2 represent the
best fit of data with equation (4), and the fitting parameters are reported in Table 1. Observe that, for
very high values of Kgi, the term Ki/Kgn in equation (4) tends to zero, therefore becoming
identical to equation (2). Indeed, the fit of the data obtained for the prodiginine-like derivatives with
equation (2) results indistinguishable from the fit with equation (4).

4. Discussion

Our experiments indicate that a large anion such as gluconate does not interfere with the iodide
transport driven by our prodiginines, but it seems to reduce the iodide transport by the tambjamines
(Figure 1). We have previously speculated that this result could be explained on the grounds of the
fact that gluconate does not bind to the prodiginines, leaving the anionophore free to transport
chloride and iodide. On the contrary, gluconate would bind to the tambjamines, competing with
iodide for the anionophores, and consequently reducing the flux (Fiore et al. 2019). The data
presented here support this hypothesis, since the apparent dissociation constants K, obtained for
the prodiginine-gluconate complexes are very high, whereas those corresponding to the
tambjamine-gluconate complexes are remarkably lower; interestingly, in the case of prodiginines,
Ko is about three orders of magnitude higher than Kg and K; (Table 1). Although in our
preparations we have not been able to detect the entry of gluconate into the cells nor the presence of
tambjamine-gluconate complexes, we cannot exclude it a priori. The values of the apparent
dissociation constants obtained for the prodiginine-halide complexes are comparable although
slightly lower for the prodiginine-chloride ones, revealing that these compounds possess a
somewhat higher affinity for chloride than for iodide (Ko <K;<Kgc). In the case of the tambjamine
derivatives, the trend is the opposite (Kciu<Ki<Kcq), Ko being about one order of magnitude higher
than K; (Table 1). Taken together, these results suggest that prodiginines might be more effective
when transporting chloride than tambjamines.

These apparent equilibrium constants are the result of various steps. We have proposed a transport
mechanism for the anionophores that can be summarised as a three-step mechanism: binding of the
anion — movement of the complex across the membrane — release of the anion (Cossu et al. 2018).
According to this scheme, the anion flux is mainly determined by two mechanisms, the binding-
unbinding of the anion and the diffusion of the anionophore-anion complex across the membrane.
Therefore, the apparent dissociation constants estimated here are the product of the binding constant
and the rate constant of the anionophore-anion (anion = chloride, iodide and gluconate) complex
when moving across the membrane.

Given this, it was necessary to find a physical explanation for these differences by comparing some
structural features of the anionophore-anion complexes. The anion binding site of these compounds
is formed by three N-H groups (Figures 3 and S1) (Garcia-Valverde et al. 2012; Hernando et al.
2018; Cossu et al. 2018; Iglesias Hernandez et al. 2012; Hernando et al. 2014; Diaz de Grefiu et al.
2011). There are some important differences between the prodiginines and the tambjamines’ anion
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binding site. Firstly, they possess a different type of ionizable N-H fragment, an azafulvene in the
prodiginines, and an imine group in the tambjamines, which influences their acidity (Cossu et al.
2018). Secondly, the different geometry of the anion binding site: for the prodiginines, the angle
formed by the hydrogen atoms of the three hydrogen-bond donors is, on average, of 124.5°,
whereas in the case of the tambjamines such angle is about 15° wider, on average of 139.3° (see
Table S1). The three hydrogen-bond donors form the putative anion binding site (see figure S1), and
a dissimilar geometry of this site between the two group of anionophores may imply differnt
bibnding properties. In light of these results, it seems that a large anion such as gluconate fits better
in the tambjamine’s binding pocket than in the prodiginine’s one; this, together with the higher
acidity of the former, would eventually lead to more stable complexes, which is in agreement with
the values of K (Table 1). Even so, the different wideness of the binding site observed for the two
anionophore families does not modify substantially the distances between the anion and the
hydrogen atoms of the N-H fragments, yielding an average of 2.4 to 2.6 A for the prodiginines and
2.3t0 2.7 A for the tambjamines (see Table S1).

We speculate that gluconate is not transported by prodiginines, as reported elsewhere (Wu et al.
2016), but we cannot exclude that they may transport gluconate at a very slow rate. Conversely,
tambjamines may probably carry gluconate across the membrane at a relatively high rate. Further
experiments to determine the actual gluconate transport are necessary to confirm this hypothesis.

The results obtained here imply that tambjamines could transport relatively large hydrophilic
anions, such as gluconate, and be less efficient when transporting chloride. This could have an
important implication both for the selection of apparently impermeable anions in the design of
experiments to describe the anionophore mechanism and for the development of compounds to be
used for biological purposes, as the transport of large anions is not always desired for such
biological applications.
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Table 1. Results of the fitting of the data presented in Figure 2. Al is the expected maximum
iodide influx; K;, Ko and Kgi, are the apparent dissociation constants (expressed in mM) for the
iodide, chloride and gluconate complexes, respectively. Data represents the fitting results + the
standard deviation of each parameter.
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K; 4.59 + 0.68 3.79£0.22 4.36 £ 0.16 1.98 £ 0.07 2.11 £0.07
Ka 2.47 +£0.43 2.76 £0.18 4.02 £0.16 10.68 £ 2.63  20.69 + 9.96
Kaiuc > 1000 > 1000 > 1000 0.64 £ 0.02 0.57 £0.02
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270 site for each compound. The angle formed by the hydrogen atoms of the three N-H fragments is
271 indicated in each panel.

272
273
274

12



Supplementary material for online publication only
Click here to download Supplementary material for online publication only: EJP-suppl.pdf


http://ees.elsevier.com/ejp/download.aspx?id=1006632&guid=6742fe0e-6d89-4d41-9d5b-84e67770dee3&scheme=1

*Author Agreement

All authors of this work have seen and approved the final version of the manuscript being
submitted. We warrant that the article is the authors' original work, hasn't received prior publication
and isn't under consideration for publication elsewhere.



Figurel
Click here to download high resolution image

A B
& I~
e 0.6 ~ ra
0.4 ~
10s 10s
0.2+ —_— 02+~ —
C D
u.o lLo
e e
0.4 -
10s 10s
0.2+ (r—— 0.2~ D
E F
i <
| &
w“ -

0.4~

10s

0.2+ e e



http://ees.elsevier.com/ejp/download.aspx?id=1006612&guid=5a03b114-37a3-406c-8abd-09756ea310bc&scheme=1

Figure2
Click here to download high resolution image

136.2°


http://ees.elsevier.com/ejp/download.aspx?id=1006613&guid=d8a32234-d8c4-476b-9bc0-8a652e1da29d&scheme=1

FigurelS
Click here to download high resolution image

chloride lodide gluconate

o bt bt e
v e e
o o
o o o
o ot oo B


http://ees.elsevier.com/ejp/download.aspx?id=1006614&guid=040fdfda-2e8b-49b0-a225-f22fb26eeea1&scheme=1



