bioRxiv preprint doi: https://doi.org/10.1101/2023.02.10.527987; this version posted February 11, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1 Full title: Dynamic recycling of extracellular ATP in human epithelial

2 intestinal cells.
3 Short title: eATP recycling in human epithelial intestinal cells.

4  Authors: Nicolas Andres Saffiotil?2, Cora Lilia Alvarez®, Zaher Bazzil?,
5 Gentilini, Maria Virginia*®, Gondolesi, Gabriel*®, Pablo Julio Schwarzbaum??",

6 Julieta Schachtert:2*,

7 YInstituto de Quimica y Fisico-Quimica Bioldgicas “Prof. Alejandro C. Paladini”,
Universidad de Buenos Aires (UBA), Consejo Nacional de Investigaciones Cientificas y
9 Técnicas (CONICET), Facultad de Farmacia y Bioquimica, Junin 956, Buenos Aires,

10  Argentina.

11 2Universidad de Buenos Aires (UBA), Facultad de Farmacia y Bioquimica,
12  Departamento de Quimica Biolégica, Catedra de Quimica Biol6gica, Junin 956, Buenos

13  Aires, Argentina.
14 3Instituto de Nanosistemas, Universidad Nacional de General San Martin, Argentina.

15 “Fundacion Favaloro Hospital Universitario, Unidad de Insuficiencia, Rehabilitacion

16 y Trasplante Intestinal, Buenos Aires, Argentina.

17 °Instituto de Medicina Traslacional, Trasplante y Bioingenieria (IMETTyB,
18 CONICET, Universidad Favaloro), Laboratorio de Inmunologia asociada al Trasplante,

19 Buenos Aires, Argentina.

20 SUniversidad de Buenos Aires (UBA), Facultad de Ciencias Exactas y Naturales,
21 Departamento de Biodiversidad y Biologia Experimental, Intendente Guiraldes 2160,

22  Ciudad Universitaria, Buenos Aires, Argentina.

23

24 * Corresponding author

25 E-mail: [schachter@gb.ffyb.uba.ar (JS)
26 ** Co-corresponding author

27 E-mail: pjs@qgb.ffyb.uba.ar (PJS)

28


mailto:jschachter@qb.ffyb.uba.ar
mailto:pjs@qb.ffyb.uba.ar
https://doi.org/10.1101/2023.02.10.527987

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.10.527987; this version posted February 11, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

Abstract

Intestinal epithelial cells play important roles in the absorption of nutrients,
secretion of electrolytes and food digestion. The function of these cells is strongly
influenced by purinergic signalling activated by extracellular ATP (eATP) and
other nucleotides. The activity of several ecto-enzymes determines the dynamic
regulation of eATP. In pathological contexts, eATP may act as a danger signal
controlling a variety of purinergic responses aimed at defending the organism

from pathogens present in the intestinal lumen.

In this study, we characterized the dynamics of eATP on polarised and non-
polarised Caco-2 cells. eATP was quantified by luminometry using the luciferin-
luciferase reaction. Results show that non-polarized Caco-2 cells triggered a
strong but transient release of intracellular ATP after hypotonic stimuli, leading to
low micromolar eATP accumulation. Subsequent eATP hydrolysis mainly
determined eATP decay, though this effect could be counterbalanced by eATP
synthesis by ecto-kinases kinetically characterized in this study. In polarized

Caco-2 cells, eATP showed a faster turnover at the apical vs the basolateral side.

To quantify the extent to which different processes contribute to eATP
regulation, we created a data-driven mathematical model of the metabolism of
extracellular nucleotides. Model simulations showed that eATP recycling by ecto-
AK is more efficient a low micromolar eADP concentrations and is favored by the
low eADPase activity of Caco-2 cells. Simulations also indicated that a transient
eATP increase could be observed upon the addition of non-adenine nucleotides
due the high ecto-NDPK activity in these cells. Model parameters showed that

ecto-kinases are asymmetrically distributed upon polarization, with the apical side
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having activity levels generally greater in comparison with the basolateral side or

the non-polarized cells.

Finally, experiments using human intestinal epithelial cells confirmed the
presence of functional ecto-kinases promoting eATP synthesis. The adaptive

value of eATP regulation and purinergic signalling in the intestine is discussed.

Authors summary

Intestinal epithelial cells play important roles in the absorption of nutrients,
secretion of electrolytes and food digestion. When intracellular ATP is released
into the intestinal milieu, either at the lumen or the internal side, the resulting
extracellular ATP can act as an alert signal to engage cell surface purinergic

receptors that activate the immune defence of the organism against pathogens.

We worked with Caco-2 and primary human intestinal cell, and our results
showed that extracellular ATP regulation is a complex network of reactions that
simultaneously consume or generate ATP in whole viable intestinal epithelial
cells. In particular, we created a mathematical model, fitted to experimental data,
that allowed to quantify the degree to which intracellular ATP release and the
activity of a variety of ectoenzymes controlling the concentration of extracellular

ATP in a complex way.
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75 Abbreviations

Abbreviation Meaning

eATP Extracellular ATP

IATP Intracellular ATP

eADP Extracellular ADP

eAMP Extracellular AMP

eUTP Extracellular UTP

eUDP Extracellular UDP

eCTP Extracellular CTP

eCDP Extracellular CDP

eGTP Extracelullar GTP

P2 receptors Purinergic receptor 2

Ecto-NTPDase Ecto-nucleoside triphosphate
diphosphohydrolase

Ecto-AK ecto-adenylate kinase

Ecto-NDPK ecto-nucleoside diphosphate kinase

NDP nucleoside diphosphate

NTP nucleoside triphosphate

mOsm Mili osmol / litre

Pi Inorganic phosphate
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PEP

Phosphoenolpyruvate

Nucleotides expressed in brackets means concentration of that nucleotide, for

example, [eATP] means extracellular ATP concentration.

When the word exogenous is employed, it means that the nucleotide was
added from an external source and not synthetised or released by the cells.
When the word endogenous is employed, it means that the extracellular

nucleotide was release or synthesized by the cells.

76
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78 1.Introduction

79 The surface of the intestine is covered by a layer of cells that form the
80 intestinal epithelium. Intestinal epithelial cells play important roles in the
81 absorption of nutrients, secretion of electrolytes, digestion of food and host
82 defence mechanisms [1,2]. The function of intestinal epithelial cells is strongly
83 influenced by extracellular nucleotides, supporting a complex signalling network
84 that mediates short-term functions such as secretion and motility, and long-term
85 functions like proliferation and apoptosis [3,4]. Among these nucleotides,
86 extracellular ATP (eATP) was found to be an early danger signal response to
87 infection with enteric pathogens that eventually promote inflammation of the gut

88  [4,5].

89 An important source of eATP is the intracellular ATP (IATP) found in the
90 cytosol and vesicles of many cell types [6]. Activation of IATP release was found
91 in subepithelial intestinal fibroblasts, human epithelial cell lines and
92 enteroendocrine cells in response to several stimuli, including agents that elevate
93 CcAMP, such as forskolin and cholera toxin [7], low medium phosphate,
94  hypoosmotic swelling and bacterial infection [7,8]. Currently, several ATP
95 conduits have been postulated to mediate regulated IATP release, including
96 various anion channels, connexins and pannexin-1 hemichannels and the

97 calcium homeostasis modulator 1 [6].

98 Extracellular ATP and other di- and tri-phosphonucleosides can activate
99 purinergic receptors 2 (P2 receptors) unevenly distributed in the small and large
100 intestine [9]. Purinergic signalling is controlled by membrane bound ecto-

101 nucleotidases and ecto-kinases capable of promoting the synthesis and/or
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102 hydrolysis of eATP, and/or its conversion into other extracellular nucleotides and
103 nucleosides. For any cell type and metabolic context, a specific set of ecto-

104 enzymes may control the rate, amount and timing of nucleotide turnover [10].

105 Ecto-nucleoside triphosphate diphosphohydrolases (Ecto-NTPDases) are a
106 family of enzymes promoting the extracellular hydrolysis of eATP, eADP, eUTP
107 and eUDP. One or more members of this family are present in almost every cell.
108 Ecto-NTPDase-1, -2, and -3, which differ regarding the specific preferences for
109 nucleotides, are responsible for the hydrolysis of nucleoside diphosphates
110 (NDPs) and nucleoside triphosphates (NTPs) in various tissues of the
111 gastrointestinal tract [1]. Regarding eATP and eADP hydrolysis, ecto-NTPDase-
112 1 hydrolyses both nucleotides at similar rates, while ecto-NTPDase-2 has a high
113 preference for eATP over eADP and ecto-NTPDase3 is a functional intermediate

114  which preferably hydrolyses eATP [11].

115 The intestinal cell line HT29 cells expressed functional ecto-NTPDase-2
116 displaying high ecto-ATPase activity [12], while Caco-2 cells and their exosomes

117  were reported to exhibit ecto-NTPDases-1 and -2 at the cell membrane [13,14].

118 Extracellular ATP can be also metabolized by ecto-kinases, with ecto-
119 adenylate kinase (Ecto-AK) facilitating the reversible conversion of eADP to
120 eATP and eAMP, and ecto-nucleoside diphosphate kinase (Ecto-NDPK)
121  promoting the exchange of terminal phosphate between extracellular NDPs and
122 NTPs[10]. All these ecto-enzymes, if present and active, should be able to control

123 the concentration of eATP.

124 Up to now, although some ecto-enzymes have been identified in intestinal
125 cells, no attempts have been made to characterize the dynamic interaction of

126 these membrane proteins on eATP regulation of intestinal cells. In this study, we
7
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127 aimed to characterize IATP release and eATP recycling by ecto-enzymes,
128 contributing to eATP regulation in Caco-2 cell line. The Caco-2 cells derive from
129 colorectal adenocarcinoma and easily differentiate into cells exhibiting the
130 morphology and function of enterocytes, the absorptive cells of the small intestine
131 [15]. The experimental studies on eATP dynamics in polarized and non-polarized
132 Caco-2 were complemented with a mathematical model quantifying the complex
133 relationship among the different processes contributing to eATP regulation. Our
134 results provide a quantitative description of the eATP dynamics of human

135 intestinal epithelial cells.

136


https://doi.org/10.1101/2023.02.10.527987

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.10.527987; this version posted February 11, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

137 2.Results

138 In this section we show experimental results on eATP kinetics of non-
139 polarized and polarized Caco-2 cells. To understand the dynamics of the different
140 processes contributing to eATP regulation, a mathematical model was fitted to
141 experimental data, and predictions were made. Finally, for a comparative
142  purpose, we show results of a few experiments made on epithelial cells obtained

143  from intestinal surgical pieces.

144 2.1. Non-polarized Caco-2 cells
145 2.1.1.eATP kinetics after hypotonic shock.

146 The kinetics of eATP accumulation, i.e., eATP kinetics, results from the
147 dynamic balance between iATP release mechanisms and the activities of ecto-
148 enzymes capable of degrading and/or synthetizing eATP. As a first step towards
149 the characterization of eATP kinetics, IATP release was triggered by exposing

150 Caco-2 cells to hypotonic media (Fig 1).
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Figure 1. eATP kinetics of hypotonically-stimulated Caco-2 cells. The time course
of [eATP] from Caco-2 cells after a hypotonic shock was quantified by luminometry
performed at room temperature. (A-C) Cells were maintained in isotonic medium and, at
the times indicated by the arrow, were exposed to isotonic medium (grey) or to hypotonic
media (blue) of 180 mOsm (A), 150 mOsm (B) and 100 mOsm (C). Results are
expressed as means of [eATP] from 4, 3 and 2 independent experiments run in triplicate
for the 180, 150 a 100 mOsm experiments, respectively. (D) Increases in [eATP] from
data in A-C were evaluated as AATP, i.e., the difference between [eATP] at 30 minutes
post-stimulus and basal [eATP]. Cells were exposed to 300 mOsm (light blue bars), 180
mOsm (blue bars), 150 mOsm (dark blue bars) and 100 mOsm (grey bars). Bars show

10
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162 mean values + standard error of the mean (s.e.m) from 2 to 5 independent experiments.
163 Points represent the independents values for each condition.

164

165 Under unstimulated conditions, [eATP] remained stable. Whereas addition of
166 isotonic medium triggered a slight increase of [eATP], hypotonic media (100-180
167 mOsm) activated a stronger iIATP release with different kinetics according to the
168 osmotic gradientimposed (Fig 1A-C). As shown in Fig 1D, [eATP] increased non-

169 linearly with the magnitude of the hypotonic stimulus.

170 The experimental [IATP] amounted to 1.81 mM. By comparing [IATP] with
171 [eATP] along eATP kinetics, it was possible to estimate the energy cost of IATP
172 release. Calculations were made for cells exposed to isotonic or 180 mOsm
173 media, two conditions where no lysis was detected [14]. During the isotonic
174  shock, representing a mechanical stimulus in the absence of osmotic gradient,
175 eATP amounted to 0.33% of iATP, while under 180 mOsm this figure amounted
176 to 3.6%. Thus, the energy cost of eATP production by iIATP efflux was very small
177 (see section 4.9 for further details). No IADP release was detected in the 180

178 mOsm stimulus (S1 Fig)

179 In our previous work, we showed that ecto-nucleotidases present in Caco-2
180 cells catalyse significant rates of eATP hydrolysis, leading to eADP accumulation
181 [14]. In principle, the resulting accumulated eADP could be used by the potential
182 presence of ecto-kinases like ecto-AK and ecto-NDPK, present in several cell
183 types, to synthetize eATP. Thus, in the following experiments the activities of
184 ecto-AK and ecto-NDPK were assessed by quantifying eATP kinetics under

185 different conditions.

11
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186 2.1.2.Ecto-AK activity in Caco-2 cells

187 AK catalyses the following reversible reaction: 2 eADP <> eATP + eAMP and
188 is inhibited by Ap5A [16]. Ecto-AK activity was then assessed by following eATP
189 synthesis when Caco-2 cells were incubated with exogenous eADP (6-48 uM).
190 Non-linear [eATP] increases were proportional to [eADP] (Fig 2A). At 30 minutes
191 post-stimulus, treatment with 10 yM Ap5A, which does not permeate cells,
192 inhibited eATP synthesis by 100 % (6-24 uM eADP) or by 90% (48 uM eADP)
193 (Fig 2B), thus showing the presence of a functional ecto-AK in Caco-2 cells

194 membrane.
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195
196 Figure 2. Synthesis of eATP from eADP in Caco-2 cells. (A) The time course of
197 [eATP] synthetized from exogenous eADP (6-48 uM) in the extracellular medium of intact
198 Caco-2 cells was quantified by luminometry. The cells were incubated with the luciferin-
199 luciferase reaction mix and the [eADP] indicated in the figure were added at the time
200 indicated by the arrow. Data are means of at least 3 independent experiments run in
201  duplicate for each [eADP]. (B) Effect of treatment with Ap5A (adenylate kinase inhibitor)
202  on eATP synthesis from eADP in Caco-2 cells. The cells were treated or not (w/o

203  treatment) with 10 uM Ap5A and the [eATP] at 30 minutes was measured by luminometry

12
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204  under similar conditions as experiments in (A). The bars are means + s.e.m. from at 3-5
205 independent experiments run in duplicate in the absence of Ap5A and 2 independent

206  experiments in the presence of the inhibitor.

207

208 2.1.3.Ecto-NDPK activity in Caco-2 cells

209 NDPK catalyses the transfer of a y—phosphate from NTP to NDP. Thus, in
210 the presence of eADP and a given eNTP, the following reaction: eADP + eNTP
211 <> eATP + eNDP leads to eATP synthesis when eADP is phosphorylated by

212 NDPK.

213 Accordingly, incubation of cells with 100 uM eCTP at different [eADP] (3-12
214  uM)resulted in the rapid synthesis of eATP (Fig 3A). Maximal [eATP] values were
215 obtained 30 minutes after the addition of substrates (Fig 3A). The experiments
216  were conducted in the presence of 10 uM Ap5A to rule out any contribution of

217 ecto-AK to the observed eATP kinetics.

13
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218

219  Figure 3. Extracellular synthesis of eATP from eADP and eCTP, eUTP and eGTP in
220 Caco-2 cells. (A) The time course of eATP synthesis from eCTP (100 uM) and eADP
221  (light blue for 3 uM, blue for 6 uM and grey for 12 uM) in the extracellular medium of
222  Caco-2 cells was quantified by luminometry. Cells were incubated with the reaction mix
223 and eCTP and eADP were added at the time indicated by the arrow. Data are means of
224 3 to 5 independent experiments run in duplicate for each ADP concentration. (B)
225  Production of eATP after 30 minutes exposure of Caco-2 cells to 100 uM eCTP and 12
226  uM eADP. Experiments were run in the presence of 5 mM eUDP (grey bar and squares)
227 or in its absence (blue bar and points). The [eATP] was measured under conditions
228 similar to the experiments in (A). Results are expressed as [eATP] in uM/mg of protein,

229 bars are means * s.e.m from 4 to 7 independent experiments run in duplicate. ** means

14
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230  P-value <0.01 in comparison with the condition without treatment. (C) and (D) The time
231  course of eATP accumulation in the presence of eUTP (C; grey for 100 uM, dark blue
232  for 10 uM, blue for 1 uM) or 100 uM eGTP (D). Data are the means from 4 independent
233 experiments in the case of 100 uM eUTP, 3 in the case of 100 eGTP, uM and 2
234 independent experiments in the case of 10 or 1 uM eUTP. Nucleotides were added at

235 the time indicated by the arrow.

236

237 Addition of 5 mM eUDP, together with 100 uM eCTP and 12 yM eADP,
238 decreased the eATP synthesis by 91% (Fig 3B), a result compatible with high
239 [eUDP] favouring eUDP to eUTP conversion by ecto-NDPK, rather than eATP

240 synthesis from eADP.

241 In separate experiments, addition of increasing [eUTP] (1-100 uM) without
242  the addition of exogenous eADP (only endogenous eADP present), resulted in a
243  concentration-dependent increase of [eATP] (Fig 3C). Because this increase was
244  abolished by 5 mM eUDP (S2 Fig), we hypothesized that eATP synthesis was
245  due to ecto-NDPK activity using exogenous eUTP and endogenous eADP. This
246  is because there is a basal eADP concentration in the extracellular media of 0.77
247 £ 0.47 uyM eADP/mg protein (S3 Fig). A similar experiment using 100 uM eGTP,
248 instead of eUTP, provided qualitatively similar results (Fig 3D). Overall results
249 showed a functional ecto-NDPK activity capable of synthetizing eATP from
250 different y-phosphate donors (eCTP, eUTP and eGTP) in the presence of

251 endogenous and exogenous eADP.
252

253

15
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254 2.1.4.Modelling eATP kinetics of non-polarized Caco-2 cells

255 Caco-2 cells regulate eATP kinetics by iATP release, eATP synthesis by the
256  activities of ecto-AK and ecto-NDPK (as shown in this study), and hydrolysis by
257  ecto-nucleotidases [14]. Thus, to quantify the contribution of these processes to
258  eATP kinetics, we built a mathematical model that was then fitted to experimental
259 data.

260 A scheme of the model is depicted in Fig 4A. In the model, [eATP] can
261 increase by IATP release, by lytic and by non-lytic mechanisms. In addition,

262 [eATP] can be modulated by the activities of ecto-ATPases, ecto-AK and ecto-

263 NDPK.
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264

265  Figure 4. A model of extracellular purinergic regulation in non-polarized Caco- 2
266 cells. (A) The scheme shows a representation of the model created to explain the
267  experimental results in non-polarized cells. The yellow bolt indicates that the Jarp
268 depended on the application of a hypotonic shock. ADO means extracellular adenosine.
269 The green star behind “eATP” indicates that this is the metabolite measured directly
270  during experiments. (B) The plot shows, in red, the model fitting to eATP kinetics
271  exposed to media of different osmolarities (experimental data correspond to those shown
272 in Fig 1A and C). (C) iATP efflux (Jate) predicted by the model upon the hypotonic or

273  isotonic shocks indicated in the figure.
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274 The model provides functions describing each of the fluxes involved in
275 transport and metabolism of extracellular nucleotides (see S1 Table and section
276  4.13.1). Fitting the model to the experimental eATP kinetics under the different
277 conditions allowed to obtain the best-fit values for the parameters of these
278 functions (S1 Table). In that way the contributions of each flux to eATP kinetics

279  were quantified, and several predictions were made.
280 2.1.4.1. IATP release

281 For experiments under iso- and hypotonic media, the model found a good fit
282  to experimental data (continuous lines in Fig 4B), thus allowing to predict the rate
283  of iIATP efflux (Jatp) over time (Fig 4C). Jate was rapid and transient in nature,
284 leading to a 12-fold increase of [eATP] to a maximum in less than 2 seconds
285 under the 180 mOsm shock, followed by rapid inactivation. The magnitude of the
286  Jarp peak depended on the osmotic gradient imposed. Inactivation of Jate was
287  observed under conditions where no lysis was detected (isotonic and 180 mOsm
288 media). On the other hand, a lytic flux (JL) explains the continuous increase of
289 [eATP] at 100 mOsm (Fig 1C and 4B).

290 2.14.2. Ecto-enzymes

291 Another factor shaping eATP kinetics is eATP hydrolysis by ecto-ATPase
292  activity. We have previously observed that, in intact non-polarized Caco-2 cells,
293 ecto-ATPase activity follows a linear function of micromolar concentrations of
294  eATP [14]. Thus, following a stimulus promoting iIATP release, any increase of
295 [eATP] should be at least partially counterbalanced by an increase of ecto-

296 ATPase activity.
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297 Model predictions made at 180 mOsm show that the initial peak of [eATP]
298 increase due to Jatp is about 8-fold higher than the rate of eATP hydrolysis, i.e.,
299  Jarp was 1.2 uM iATP/min/mg of protein (Fig 4C) and eATP hydrolysis was 0.15
300 pM eATP/min/mg of protein at 1.5 uM eATP (S1 Table). Thus, during the first
301 seconds of [eATP] increase, eATP kinetics was mainly governed by IATP
302 release. At later times, however, the Jare inactivated, and the ecto-ATPase
303 activity progressively gained importance in controlling [eATP]. This is illustrated
304 by modelling a change in the amount of ecto-ATPase over a wide range, showing
305 thata 5-fold increase of ecto-ATPase activity could lead to rapid decay of [eATP],
306 while a 5-fold decrease would prolong high levels of [eATP] over the entire
307 incubation period (Fig 5A). However, a similar procedure, i.e, increasing or
308 decreasing 5 times the activity of ecto-AK, had no influence on the [eATP] during
309 the hypotonic shock (not shown). This can be attributed to the sigmoidal kinetics
310 of ecto-AK, whose activity is very low below 3 uM [eADP], but significantly higher
311 above that concentration (Fig 5D). Thus, ecto-AK might influence [eATP] kinetics
312 only when [eADP] is sufficiently high. Figure 5B shows a simulation where the
313 initial [eADP] was raised up to 3 uM. At 3 uM [eADP], eATP degradation was
314 comparable to eATP synthesis by ecto-AK, indicating that ecto-AK can

315 counterbalance ecto-ATPase activity.
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317 Figure 5. Role of ecto-AK, ecto-ATPase and ecto-ADPase activity on eATP
318 dynamics. (A) The simulation shows the [eATP] as a function of time upon a 180
319 hypotonic shock when the ecto-ATPase activity displayed its measured value (0.1,
320 continuous line in blue), a 5-fold increase (0.5, dashed line in grey), and a 5-fold
321 decrease (0.02, dashed line in light blue). The numbers in the plot indicate the kinetic
322  constant of the activity in (uM eATP hydrolized)/(mg prot/ uM eATP/ min) units. (B)
323  The simulation shows the [eATP] as a function of time upon a 180 mOsm shock at
324  different initial [eADP] concentrations: calculated pre-stimulus eADP (0.22 uM
325  continuous line in blue), a 3.5-fold increase (0.8 uM, dashed line in grey), and a 14-fold
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326 increase (3 uM, dashed line in light blue). (C) The simulation shows the [eATP] as a
327  function of time upon addition of 6 uM [eADP] (the corresponding experimental results
328 are shown in Fig. 2A). The plot shows the eATP kinetics under various values of the
329 kinetic constant for ecto-ADPase, i.e, the constant experimentally determined (0.008,
330 continuous line in blue), a 5-fold increase (0.04, dashed line in grey), and a 12-fold
331 increase (0.96, dashed line in light blue). The numbers in the plot indicate the kinetic
332  constant of the activity in (uM eADP hydrolized)/(mg prot/ uM eADP/ min) units. (D)
333 Ecto-ATPase, ecto-AK and ecto-ADPase activites as a function of their respective
334  substrates, eATP for ecto-ATPase and eADP for ecto-AK and ecto-ADPase. The points
335 show the initial velocities for eATP synthesis as a function of [eADP] by ecto-AK
336 calculated from experimental data shown in Fig 2A. The points are means + s.e.m. from
337 3to5independent experiments run in duplicate. The continuous lines represent enzyme

338 activities as a function of their respective substrates (see S1 Table for further details).

339

340 Another factor to consider is ecto-ADPase activity. We have previously
341 shown that Caco-2 cells displays high ecto-ATPase but very low ecto-ADPase
342 activity [14]. Nevertheless, a hypothetical increase of ecto-ADPase activity could
343 negatively modulate ecto-AK activity. For example, an increase of 5- and 12-fold
344  of ecto-ADPase activity would result in a 17% and 33% decrease in the [eATP]

345  production respectively, at 6 uM [eADP] (Fig 5C).

346 Model predictions showed above implied that the expression of ecto-AK in
347 Caco-2 cells may have an important role in [eATP] kinetics. To assess this
348 hypothesis, we compared ecto-ATPase, ecto-ADPase and ecto-AK activities as
349 a function of their respective substrate’s concentrations, that is, [eATP] for ecto-

350 ATPase and [eADP] for ecto-ADPase and ecto-AK (Fig 5D). In Fig. 5D, symbols
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351 of ecto-AK activities represent the initial velocities for eATP synthesis as a
352 function of [eADP] calculated from experimental data shown in Fig 2A, and the
353 continuous line represents the fit to data of the ecto-AK function included in the
354 model (details in S1 Table and in the work of Sheng and collaborators [17]). The
355 ecto-ATPase and ecto-ADPase activities are predictions made from data of our
356 previous work [14]. Ecto-ATPase displayed the highest rate of the three
357 reactions. On the other hand, although at low [eADP], ecto-AK and ecto-ADPase
358 activities are similar and have relatively low values, the sigmoidal kinetics of ecto-
359 AK allows a strong activity increase as [eADP] is raised, thus reaching activity

360 levels well above those of ecto-ADPase activity (Fig 5D).

361 Finally, in the presence of non-adenosine nucleotides, the influence of ecto-
362 NDPK on eATP dynamics was assessed and analysed. Caco-2 cells synthetised
363 eATP by ecto-NDPK activity in the presence of eCTP, eUTP and eGTP as NTP

364 donors, and exogenous and endogenous eADP (Fig 3).

365 The model found a good fit to the experimental [eATP] kinetics in the
366 presence of 100 uM eCTP and different concentrations of eADP (Fig 6A). Model
367 predictions of ecto-NDPK activity at different [eADP] agreed well with initial
368 velocities of experimental ecto-NDPK activities shown in Fig. 3A (Fig 6B). We
369 also studied the effect of eUTP addition without the addition of exogenous eADP
370 (acondition where only endogenous eADP was present, S3 Fig) on the transient
371 rise of [eATP] (Fig 3C, replicated in Fig 6C). To understand the role of eNTPs on
372  ecto-NDPK activity, it is important to recall that ecto-NTPDases of Caco-2 cells
373 can hydrolyse non-adenine nucleotides (S4 Fig). Model predictions show
374 changes in ecto-NDPK and ecto-ATPase activities (Fig 6D), and the

375 corresponding dynamics of [eATP] and [eADP] (Fig 6E), and of [eUTP] and
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376 [eUDP] (Fig 6F). Kinetics of eATP (Fig 6C and E) could be analysed in 3 stages.
377  First, [eATP] increases due to a high an ecto-NDPK/ecto-ATPase activities ratio
378 inthe presence of high [eUTP] and basal eADP (stage 1 in Fig 6D, E and F). The
379 resulting elevated [eATP] activates ecto-ATPase activity, while ecto-NDPK
380 decreases deeply because its substrates (eUTP and eADP) are consumed by
381 ecto-NTPase activity and by ecto-NDPK activity itself. A balance is then
382 established between ecto-NDPK and ecto-ATPase activities in stage 2, where
383 [eATP] is transiently stable. Finally in stage 3, [eUTP] continues decreasing,
384 leading to a high ecto-ATPase/ecto-NDPK activities ratio, causing [eATP] to

385 decrease and [eADP] to rise again (Fig 6E).
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388 Figure 6. Role of ecto-NDPK on eATP dynamics. (A) The plot shows the experimental
389  results of [eATP] dynamics in the presence of 100 uM [eCTP] and various [eADP] (also

390 shown in Fig. 3 A). Model fitting was applied to data and shown as continuous red lines.
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391 (B) The plot shows the ecto-NDPK activity expressed in uM of ATP synthetised per
392  minute per mg of protein. The dots represent the initial velocity of ecto-NDPK (calculated
393 from the experimental data shown in panel A) as a function of [eADP]. Points represent
394 the means * s.e.m. from 3 independent experiments run in duplicate. The continuous
395 line represents the ecto-NDPK activity predicted by the model (details in S1 Table). (C)
396 The plot shows the experimental [eATP] dynamics in the presence of various [eUTP]
397  concentrations (also shown in Fig 3C) and the continuous lines represent the model
398 fitting. (D) The plot shows time changes of ecto-NDPK (blue line) and ecto-ATPase (grey
399 line) activities predicted by the model. In the plot, the zones 1 (white background), 2
400 (grey background) and 3 (white background) represents the [eATP], increase,
401  stabilization and decrease stages respectively. In (E) and (F) the plot shows the model
402  predictions of [eATP] and [eADP], or [eUTP] and [eUDP] respectively as a function of
403 time upon addition of 100 uM eUTP to non-polarized Caco-2 cells. Data is expressed in
404  uM/mg protein, which was calculated by dividing the [eATP] at any time by the average

405 protein mass in the experiments (0.25 mg in average).
406

407 2.2. eATP regulation in polarized Caco-2 cells

408 Because several reports showed differential activities of enzymes and
409 transporters at each side of polarized epithelia [18,19], we speculated that eATP
410 regulation might be different at the apical and basolateral sides of polarized Caco-

411 2 monolayers.

412 We then used polarized Caco-2 cells to test the effect of hypotonic shock on
413 IATP release and resulting eATP kinetics at the apical and basolateral sides.
414  Similarly to the procedure employed for non-polarized cells, we fitted the model

415 shown in Fig 4A to the experimental data to understand quantitatively the
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416 mechanisms involved in [eATP] regulation in differentiated monolayers of Caco-

417 2 cells.

418 Experimental results show that, following a 180 mOsm hypotonic shock,
419 [eATP] increased at both sides of the monolayers, with qualitatively different
420 kinetics. While at both sides the initial rate of [eATP] increase was fast, apical
421 eATP kinetics achieved a maximum at 1.5 minutes, followed by a rapid decay.
422  This was not observed in the basolateral domain, where [eATP] continued
423 increasing at a progressively lower rate, and a very slow [eATP] decay was

424  observed only after 20 minutes (Fig 7A).
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426  Figure 7. Apical and basolateral eATP regulation in Caco-2 monolayers. Results in
427  A-C showed eATP kinetics in the apical and basolateral sides of polarized Caco-2
428 monolayers. Quantification of [eATP] was performed separately on each side of the
429  monolayer. (A) Effect of hypotonic shock on eATP kinetics. At the times indicated by the

430 arrow, cells were exposed to 180 mOsm medium on the basolateral (grey) or the apical
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431  (blue) compartments. Data are the means from 5 independent experiments. (B) Ecto-AK
432 activity. eATP kinetics in the presence of 12 uM eADP added to the basolateral (grey) or
433 apical (blue) compartments. Data are the means from 2 independent experiments. (C)
434  Ecto-NDPK activity. eATP kinetics in the presence of 100 uM eCTP + 12 uM eADP
435 added to the basolateral (grey) or the apical (blue) compartments. Experiments were run
436 in the presence of 10 uM Ap5A (adenylate kinase blocker). Data are the means from 3
437 independent experiments. (D) Ecto-AK initial velocities in polarized Caco-2 cells. Data
438 are means + s.e.m. of 4 independent experiments. * indicates a P-value < 0.05 in
439  comparison with the apical condition. (E) Ecto-NDPK initial velocities in polarized Caco-
440  2cells. Data are means + s.e.m. of 3 independent experiments. (F) Scheme of the results
441  interpretation showing that the increased activity of Ecto-AK, Ecto-NDPK and Ecto-

442 ATPase leads to a faster eATP turnover.

443

444 The two different eATP kinetics suggested different activities of ecto-
445  enzymes present at both sides of the monolayers. Therefore, we determined the

446  activities of ecto-ATPase, ecto-AK and ecto-NDPK.

447 For assessing ecto-ATPase activity, polarized Caco-2 cells were exposed to
448  various [eATP] (0.2 — 7 uM) and eATP hydrolysis was estimated by quantifying
449 [eATP] decay rates (S5 Fig). The initial rate values of [eATP] decay were used to
450 calculate ecto-ATPase activity at each [eATP], so as to build a substrate curve
451 (S5C Fig). Linear fitting to experimental data showed that ecto-ATPase activity

452  was 4-fold higher in the apical than in the basolateral domain.

453 To assess ecto-AK activity, Caco-2 cells were exposed to 12 uM eADP at the
454  basolateral or apical domains. In the apical domain, [eATP] increased rapidly to

455 a maximum, followed by a rapid decay towards pre-stimulated levels, while
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456 basolateral [eATP] increased steadily at a lower rate (Fig 7B). Initial velocity
457  estimations showed that ecto-AK activity was significantly higher in the apical

458 than in the basolateral compartment (Fig 7D).

459 Ecto-NDPK activity was quantified using polarized cells exposed to 100 uM
460 eCTP plus 12 uM eADP in the basal and apical domains. Experiments were run
461 inthe presence of 10 uM Ap5A to block ecto-AK activity. Production of [eATP] by
462 ecto-NDPK was much higher than that observed under conditions used to
463 measure ecto-AK activity, though the domain specific pattern of eATP kinetics
464  was similar when assessing the two ecto-kinases, i.e., a biphasic pattern in the
465 apical domain, and a steady [eATP] increase, at a lower rate, in the basal domain
466 (Fig 7C). The initial velocity of ecto-NDPK was higher in the apical than in the
467 basolateral domain although differences were not significant (p value = 0.1).
468 A good fitting of the model to all experimental data was achieved (red lines
469 in Figs 7 A-C). The model fitting allowed to obtain the ecto-NDPK and ecto-AK
470 maximal velocity (Vmax) and compared them with the ones obtained from non-
471 polarized cells (S6 Fig and S2 Table). Results indicated that the ecto-NDPK
472 maximal activity in the apical compartment is a slightly higher than that of the
473 non-polarized cells and significantly higher than that of the basolateral
474  compartment. On the other hand, the ecto-AK maximal activity is significantly
475 higher compared with the basolateral compartment or the non-polarized cells.
476  Thus, the differences between the apical and basolateral eATP dynamics can be
477  explained by an increase or decrease in ecto-enzymes activities.

478 Altogether experimental results showed significantly higher activities of the
479 ecto-enzymes (ecto-ATPase, ecto-AK and ecto-NPDK) in the apical, as

480 compared to the basolateral domain (Fig 7F).
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481 2.3. Ecto-AK and ecto-NDPK are active in human

482 primary small intestinal epithelial cells

483 Having characterized ecto-AK and ecto-NDPK activities of Caco-2 cells, we
484  wondered whether these ecto-enzymes would be functional in IECs extracted
485 from human small intestine. Accordingly, we used samples obtained from small

486 intestine biopsies from healthy donors (Fig 8).
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488 Figure 8. Ecto-AK and ecto-NDPK activities in IECs. Time course of eATP synthetized
489  from exogenous eADP (A) or eCTP and eADP (B) in the extracellular medium of IECs.
490 (A) The cells were incubated with the luciferase-luciferin reaction mix and 12 yM eADP
491 was added at the time indicated by the arrow in presence (grey) or absence (blue) of 10
492  uM Ap5A (B) 100 uM eCTP plus 12 uM eADP, in the presence of 10 uM Ap5A were
493 added at the time indicated by the arrow. [eATP] was quantified by luminometry. Values

494  are the means of 3 independent experiments run in duplicate.

495

496 Results show that exposure of IECs to both 12 uM eADP (to assess ecto-AK)

497  (Fig 8A) orto 12 uM eADP + 100 uM eCTP (to assess ecto-NDPK, Fig 8B) led to
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498 significant eATP production in the micromolar range. Furthermore, as expected,

499 the presence of ApAb5 totally inhibited the ecto-AK activity (Fig 8A).
500

501
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502 3.Discussion

503 Intestinal epithelial cells can release IATP and express several ecto-enzymes
504 capable of regulating the amount and metabolism of eATP at the cell surface.
505 The main goal of this study was to characterize quantitatively the dynamic
506 interplay of IATP release, eATP hydrolysis and eATP synthesis contributing to
507 the dynamic regulation of [eATP] in Caco-2 cells. Special emphasis was given to

508 the role of ecto-kinases promoting eATP production under different conditions.

509 Since Caco-2 cells undergo spontaneous enterocytic differentiation in
510 culture, we decided to first approach the complexity of eATP regulation using the
511 relatively simpler non-polarized cell model, and later extend the study to fully
512 differentiated cells. These form apical and basolateral poles where morphological

513 and biochemical features are segregated [18].

514 When exposed to hypotonicity, non-polarized Caco-2 cells triggered a strong
515 iATP efflux that rapidly inactivated, leading to low uM eATP accumulation. A
516 number of studies have confirmed that such micromolar [eATP] are capable of
517 activating P2 receptors with high affinity for that nucleotide, such as P2Y2, P2Y11
518 and almost all P2X receptors [20]. In Caco-2 cells, eATP dose dependently
519 activates P2Y receptors involved in the activation of MAPK cascades and

520 transcription factors that promote cell proliferation [21,22].

521 In principle, purinergic activation by eATP should be transient, due to the
522 presence of ecto-nucleotidases, the activities of which promotes strong eATP
523  hydrolysis in Caco-2 cells [14]. Accordingly, our results show that hypotonicity
524 induced IiATP release and concomitant [eATP] accumulation, where [eATP]

525 decay was accelerated by constitutive ecto-ATPase activity. This decay was even
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526 higher for a model predicted upregulation of eATP hydrolysis by one or more
527 ecto-nucleotidases, as occurs in various cells and tissues during pathogen

528 infection [23], cell differentiation [24] or tumorigenesis [25].

529 The above results imply that IATP release and eATP hydrolysis constitute
530 two opposing fluxes shaping eATP kinetics of Caco-2 cells. However, the
531 presence of ecto-kinases found in this study suggest that the dynamic regulation

532 of [eATP] should also take the activities of these enzymes into account.

533 In this respect, addition of exogenous eADP to Caco-2 cells dose
534  dependently increased [eATP]. The fact that eATP synthesis was almost fully
535 blunted by Ap5A, an AK blocker that does not permeate intact cells, suggested
536 the presence of a functional ecto-AK. Results of the mathematical model allowed
537 to envisage the contribution of ecto-AK to eATP kinetics. In the absence of
538 exogenous eADP, the contribution of ecto-AK to eATP kinetics was negligible, so
539 that [eATP] depended mainly on the balance between the rates of IATP release
540 and eATP hydrolysis. This is due to the low endogenous [eADP] present under
541 the experimental conditions. However, due to the sigmoidal nature of the AK
542  reaction, model predictions show that increasing [eADP] in the low micromolar
543 range, suffices to promote significant eATP synthesis by ecto-AK, upregulating
544  eATP kinetics. Thus, under certain conditions, e.g., when cell leak intracellular
545 ADP (iIADP) or eADP is supplied paracrinally by other cell types, eATP synthesis
546 by ecto-AK of Caco-2 cells will transiently stabilize eATP levels, thereby favouring
547  propagation of eATP-dependent purinergic signalling. A similar stabilizing role of
548 ecto-AK on [eATP] has been proposed for HT29 cells, lung epithelial cells and

549 lymphocytes [11,12,26].
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550 Modelling shows that ecto-ADPase activity, which facilitates eADP
551 degradation, may compete with ecto-AK for the available eADP. However, Caco-
552 2 cells -as HT29 cells [12]- displayed a relative low ecto-ADPase activity, in
553 agreement with the presence of a functional ecto-NTPDase 2 in both cell types
554 [12,14], and in addition the intrinsic sigmoidal nature of ecto-AK activity makes

555 ecto-AK more sensitive to [eADP] than ecto-ADPase.

556 Another consequence of ecto-AK activation relates to P1 signalling, since
557 activity of this enzyme will provide eAMP from eADP for further hydrolysis to
558 adenosine by ecto-5'NT present in Caco-2 cells [14], finally leading to

559 extracellular adenosine accumulation.

560 Our model predictions show how increasing [eADP] in the low uM range
561 might lead to substantial adenosine accumulation, which may engage 4 different
562 P1 receptors [27]. The consequences of P1 signalling on proliferation of Caco-2
563 cells and several other intestinal epithelial cell lines have been studied before
564 [28]. In general, the balance between P1 and P2 receptors on epithelial cells
565 regulate intestinal secretion [29—-32] and absorption [33,34]; responses triggered
566 by the P2 receptor stimulation by eATP and other nucleotides are sometimes
567 counteracted by P1 receptor stimulation by adenosine, though the potential role

568 of ecto-AK was not considered in this context.

569 Another factor affecting eATP kinetics is ecto-NDPK. Activity of this enzyme
570 was detected in many cells and tissues such as astrocytoma cells [35],
571 endothelial cells [36,37], lymphocytes [36], keratinocytes [38] and hepatocytes
572 [39]. In general, ecto-NDPK will primarily serve to transfer phosphate groups

573  between different extracellular nucleotides and thus potentially alter the pattern
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574  of P2 receptor activation. This is especially important since P2 receptor subtypes

575 are differentially selective for adenine and uridine eNDPs and eNTPs [40,41].

576 Our results show that ecto-NDPK can use eCTP, eGTP and eUTP to
577 phosphorylate eADP to eATP. As model predictions show, activities of ecto-
578 NDPK (promoting eATP synthesis from eUTP and eADP) and ecto-nucleotidase
579 (promoting eATP and eUTP hydrolysis) change in opposite directions to

580 transiently stabilize [eATP].

581 Results analysed above show that, in non-polarized Caco-2 cells, [eATP] can
582 increase by IATP release and ecto-kinase mediated eATP synthesis and

583 decrease by ecto-nucleotidases mediated by eATP hydrolysis.

584 Next, we studied [eATP] dynamics of polarized Caco-2 cells. These cells
585 differentiate spontaneously into polarized cells, with apical and basolateral
586 domains exhibiting morphological and biochemical features of small intestine
587 enterocytes [18,42]. In particular, the Caco-2 polarized phenotype is
588 characterized by high levels of hydrolases typically associated with the brush
589 border membrane. The fact that in a variety of epithelia several ecto-
590 nucleotidases and ecto-phosphatases preferentially -but not exclusively- locate
591 inthe apical domain [43—45], anticipated a different eATP regulation at both poles

592 of Caco-2 cells.

593 Accordingly, hypotonically induced eATP kinetics had a faster resolution and
594  was more effectively regulated at the apical, than at the basolateral side, a result
595 in agreement with the observed higher apical (than basolateral) ecto-ATPase
596 activity measured in this study. This is in agreement with several reports using

597 intestinal epithelial cell from murine models and human intestinal cell lines,
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598 showing that various isoforms of ecto-NTPDases, ecto-phosphatases and ecto-

599 NPPases are preferentially located in the apical domain [45].

600 A qualitatively similar pattern was observed for ecto-AK and ecto-NDPK of
601 Caco-2 cells, in that apical activities were much higher. Interestingly, the model
602 describing eATP dynamics of non-polarized cells could be successfully fitted to
603 eATP kinetics on each of the polarized domains, thus allowing to calculate the

604 consequences of ectoenzymes sorting on eATP regulation.

605 The fact that the apical domain exhibited a higher turnover of extracellular
606 nucleotides, leading to higher eATP regulation may have adaptive value,
607 considering that IATP release is a common response of epithelial intestinal cells
608 to enteric pathogens [46]. Extracellular ATP may then act as a danger signal
609 controlling a variety of purinergic responses aimed at defending the organism

610 from a variety of pathogens and their toxins present in the intestinal lumen.

611
612 4.Materials and methods
613 4.1. Chemicals

614 All reagents were of analytical grade. Bovine serum albumin (BSA),
615 malachite green, adenosine 5' -triphosphate (ATP), adenosine 5' -diphosphate
616 (ADP), cytidine 5'-triphosphate disodium salt (CTP), adenosine 5' -
617 monophosphate (AMP), uridine 5-triphosphate (UTP), uridine 5’-diphosphate
618 (UDP), guanosine-5’-triphosphate (GTP), phosphate-buffered saline (DPBS), 4-
619 (2-hydroxyethyl)-1-piperazineetahnesulfonic acid (HEPES), ammonium

620 molybdate, Triton X-100, phenylmethylsulphonyl fluoride (PMSF), pyruvate
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621 kinase, phosphoenol-pyruvate (PEP), luciferase, coenzyme A and P1,P5-Di
622 (adenosine-5") pentaphosphate pentasodium salt (Ap5A) were purchased from
623  Sigma-Aldrich (St Louis, MO, USA). D-luciferin was purchased from Molecular

624  Probes Inc. (Eugene, OR, USA).

625 4.2. Solutions

626 In the experiments to measure eATP by luminometry (section 4.5), cells were
627 incubated with isotonic buffer called isosmotic DPBS (300 mOsm) containing:
628 137 mM NacCl, 2.7 mM KCI, 1 mM CacClz, 2 mM MgClz, 1.5 mM KH2PO4 and 8
629 mM Na2HPO4, pH 7.4 at 37°C (assay medium). When applying a hypotonic shock
630 to cells, the medium was changed for other containing the same components but
631 with alower NaCl concentration. Thus, DPBS with 100, 150 and 180 mOsm were
632 prepared. The osmolarity of all media was measured with a vapor pressure

633 osmometer (5100B, Lugan, USA)

634 When measuring phosphate (section 4.8.4) the following medium without
635 phosphate was employed instead of isotonic buffer: 145 mM NacCl, 5 mM KCI, 1

636 mM CaClz, 10 mM HEPES, and 1 mM MgClz, pH 7.4 at 37°C.

637 4.3. Caco-2 cell culture

638 Caco-2 cells (ATCC, Molsheim, France) were grown in Dulbecco’s modified
639 Eagle’s medium (DMEM-F12, Gibco, Grad Island, NY, USA) containing 4.5 g/L
640 glucose (Sigma-Aldrich, St Louis, MO, USA) supplemented with 10% v/v fetal
641 bovine serum (Natocor, Cérdoba, Argentina), 2 mM L-glutamine (Sigma-Aldrich,
642  StlLouis, MO, USA), 100 U/mL penicillin, 100 uyg/mL streptomycin and 0.25 pg/mL
643 fungizone (Invitrogen, Carlsbad, CA, USA) in a humidified atmosphere of 5% CO2

644 at 37°C. For eATP kinetics measurements cells were directly seeded on glass
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645 coverslips. For ecto-nucleotidase activity experiments using the malachite green
646 method, cells were seeded in cell culture 24-well plates (Corning Costar, NY,

647 USA)
648 4.3.1.Polarisation of Caco-2 cells

649 For preparation of polarized Caco-2 monolayers, cells were seeded in permeable
650 supports (inserts) made of polyester (Transwell; 0.1 pm pore size, 1.12 cm? cell
651 growth area; Jet Biofil, China) in 12-well plates at a density of 3 x 10* cells/0.5
652 mL perinsert. The medium was changed after 3 days, and then after every 3 or
653 4 days. The polarized Caco-2 monolayers were used for experiments after the
654 transepithelial electrical resistance reached a plateau (approximately 21 days
655 after seeding). In polarized and non-polarized cultures contamination (including

656 Mycoplasma) was routinely tested.

657 4.4. Human Intestinal Epithelial Cells (IECs) isolation

658 IECs were isolated from ileum biopsies collected from healthy volunteers who
659 were endoscopically evaluated for colon cancer (N = 3) at the Favaloro
660 Foundation University Hospital. Samples of non-tumoral, non-injured intestinal
661 biopsies were collected and transported in ice-cold Hanks’s balanced salt
662 solution (HBSS) for immediate processing. The biopsies were incubated in 5 mM
663 ethylenediaminetetra-acetic acid (EDTA) and 1.5 mM dithiothreitol HBSS with
664 agitation for 25-30 minutes at room temperature to obtain IECs. Cells were

665 pelleted, re-suspended in DPBS and used immediately.

666 The protocol for handling samples was approved by the Institutional Review
667 Board of the Favaloro Foundation University Hospital (DDI [1587] 0621) and has
668 been performed in accordance with the ethical standards laid down in the
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669 declarations of Helsinki and Istanbul. Informed consent was obtained from

670 donors.

671 4.5. ATP measurements

672 The eATP concentration ([eATP]) of non-polarized Caco-2, polarized Caco-
673 2 monolayers or IECs was measured using the firefly luciferase reaction (EC
674 1.13.12.7, Sigma-Aldrich, St Louis, MO, USA), which catalyses the oxidation of
675 D-luciferin in the presence of ATP to produce light [47]. As described below, using
676 this method it was possible to determine eATP kinetics, the iATP content and the
677 activities of ecto-enzymes. Before the experiments, the cells were washed two

678 times with the assay medium (isosmotic DPBS with or without Pi).

679 In this work, the cells’ medium was substituted by the assay medium before
680 any measurement, therefore exoenzymes (enzymes release to extracellular
681 medium not bound to the membrane) were removed and only ecto-enzymes

682 (membrane bound extracellular enzymes) were investigated.

683 4.6. eATP kinetics of non-polarized Caco-2 and IECs

684 Non-polarized Caco-2 cells and IECs were seeded on glass coverslips.
685 Under all conditions cells were mounted in the assay chamber of a custom-built
686 luminometer, as previously described [48]. Because luciferase activity at 37°C is
687 only 10% of that observed at 20°C [49], to maintain full luciferase activity, [eATP]
688 measurements were performed at room temperature. The setup allowed

689 continuous measurements of [eATP] by the luciferin-luciferase reaction.

690 A calibration curve was used to transform the time course of light emission

691 into [eATP] versus time. Increasing concentrations of eATP from 13 to 1000 nM
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692 were sequentially added to the assay medium from a stock solution of pure ATP
693 dissolved in isosmotic or hypotonic medium, according to the experiment.
694  Calibration curves displayed a linear relationship within the range tested. After
695 each experiment, cells were lysed with a solution containing 1 mM PMSF and
696 0.1% of Triton X-100 and the protein contents of each sample were quantified
697 [50]. Results were expressed as [eATP] at every time point of a kinetics curve
698 denoted as “eATP kinetics”, with [eATP] expressed as uM of eATP/mg protein in

699 afinal assay volume of 100 pL.
700 4.7. eATP kinetics of polarized monolayers

701 Polarized Caco-2 cells monolayers were placed in the insert physically
702 separating an apical and a basolateral compartment. Detection of eATP was
703 performed separately on either side, by adding the luciferin-luciferase mixture in
704  one compartment (apical or basolateral) and adding isosmotic DPBS to the other
705 side. In preliminary experiments, we observed that the luciferin-luciferase mix
706 added in one compartment did not cross the monolayer into the other
707  compartment. Thus, luminescence registered when measuring the [eATP] in one
708 compartment was not contaminated by light from the other compartment due to

709 luciferin-luciferase leakage.

710 When an hypoosmotic shock was applied, a luciferin-luciferase mix in DPBS
711  with an osmolarity of 180 mOsm was added to the compartment of interest while,

712 isosmotic DPBS was added to the other side.
713
714

715
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716 4.8. Activities of ecto-enzymes

717 Ecto-ATPase, ecto-AK and ecto-NDPK activities of intact cells were
718 measured by luminometry (section 4.5). Ecto-nucleotidase activities were

719 measured by measuring the inorganic phosphate (Pi) release.
720 4.8.1.Ecto-ATPase activity

721 Cells were exposed to different [eATP] (0.2, 1.2, 4.2 or 7 uyM). Following
722 an acute increase of [eATP], ecto-ATPase activity was estimated from the initial

723  velocity of eATP decay at each [eATP].
724 4.8.2.Ecto-AK activity

725 Cells were exposed to different [eADP] (6, 12, 24 or 48 uM) and the eATP
726  kinetics was quantified in the absence and presence of 10 pM Ap5A (an AK

727  blocker). Ecto-AK initial velocity was estimated as indicated in section 4.12.
728 4.8.3.Ecto-NDPK activity

729 Cells were exposed to different [eADP] (3, 6 or 12 uM) in the presence of
730 eCTP (100 pM), eGTP (100 pM) or eUTP (1, 10 or 100 yM). Then, the eATP
731  kinetics was quantified in the presence of Ap5A to block the eADP to eATP
732  conversion by ecto-AK activity. In some experiments 5 mM eUDP was added to
733  inhibit ecto-NDPK activity. Ecto-NDPK initial velocity was estimated as indicated

734  in section 4.12.
735 4.8.4.Ecto-NTPDase activities

736 Cells were incubated with 500 uM of eCTP, eUTP or eGTP at 37°C. Samples

737 were taken at 30, 60, 90 and 120 minutes after nucleotides addition and, the
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738 inorganic phosphate concentration was measured by the malachite green

739 method [14,51].

740 Activities measured in section 4.8.1 were expressed as pM of eATP
741  hydrolysed per minute, normalized by the cell protein mass in the experimental
742  sample (UM of eATP /mg protein/min). Results from experiments explained in
743  sections 4.8.2 and 4.8.3 were expressed as uM of eATP synthetised per minute,
744  normalized by the cell protein mass in the experimental sample (uM of eATP /mg
745  protein/min). Activities measured in section 4.8.4 were expressed as puM of

746 inorganic phosphate released per minute, normalized by the cell protein mass in

747  the experimental sample (uM of Pi /mg protein/min)

748 4.9. Intracellular ATP measurements.

749 Caco-2 (0-30,000 cells) were laid on coverslips, incubated with 45 pL of
750 luciferin-luciferase reaction mix for 5 minutes and subsequently permeabilized
751  with digitonin (1.6 mg/mL final concentration). Light emission was transformed
752 into eATP concentration as a function of time as indicated in section 4.6. After
753  considering the total volume occupied by Caco-2 present in the chamber, and the
754  relative solvent cell volume (3.66 pl per mg of protein) [52], [IATP] was calculated
755 in mM. To calculate the % of iIATP release, the following equation was employed:

X

756 %IATP = 100A Equation 1

cell

757  where ATPcel represents the [ATP] obtained when iATP from all cells is released
758 into the assay medium. The "x" denotes the [eATP] measured at any time. The

759 value of ATPcen was 66 uM/mg protein and was calculated by multiplying the
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760 [IATP] (1.8 mM, section 2.1.1) by the Caco-2 cell volume (3.66 ul per mg of

761 protein [52]) and diving by the assay volume (0.1 mL).

762 4.10.Extracellular ADP measurements.

763 For detection of extracellular ADP (eADP) of intact Caco-2 cells, 3 U/100 pl
764  of pyruvate kinase and 100 uM PEP were added to the luciferin-luciferase mix.
765 Using PEP as a substrate, pyruvate kinase promotes the stoichiometric
766  conversion of eADP into eATP [53]. The resulting eATP was then measured by

767 light emission using the luciferin-luciferase procedure described above.

768 4.11. Data analysis

769 Statistical significance was determined using the non-parametric Mann-
770  Whitney test. Data were analyzed and graphically represented using GraphPad
771  Prism software v5.0 (Graph Pad Software, San Diego, CA, USA). Each
772 independent experiment was carried out in an independent cell culture or tissue

773 sample in a different day.

774 4.12. Initial velocity estimation

775 To measure the initial velocity of Ecto-AK or Ecto-NDPK, the eATP dynamics
776  were measured as indicated in section 4.8.2 and 4.8.3. Only the values of [eATP]
777 obtained during the first 5 minutes after substrates addition were considered for
778 further analysis. The following equation was fitted to experimental data:

779 [eATP] = A(1 — e~k tme) Equation 2

780 where A and k are parameters, whose value are optimized to achieve a good

781  fitting of Eq. 2 to experimental data. The initial velocity is the derivative of [eATP]
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782 as a function of time at time 0 (the time when substrates were added). Thus, the

783 initial velocity was calculated by multiplying the value of A by the value of k.
784 4.13. Mathematical modelling

785 Chemical models of extracellular nucleotides were built using COPASI
786 (Complex Pathway Simulator) software in version 4.29 (source:
787  https://copasi.org/) [54]. Parameter optimization was performed using COPASI
788  “parameter estimation function” with Hooke & Jeeves, Levenberg-Marquardt, or
789  Evolutionary programming as optimization methods. An initial guess of the
790 parameter value was proposed based on literature data for each kinetic step. A
791 detailed description of the models employed in this work can be found in S1 and
792 S2 Tables. Parameters obtained from the model fitting are expressed as the best
793 value + standard deviation. The COPASI files of the models described in section
794 4.13.1 and 4.13.2 can be found in the data repository (see data availability

795 statement).

796 4.13.1. A model of purinergic homeostasis in non-polarized

797 Caco-2 cells

798 To explain the experimental observations, a data driven mathematical
799 model was created (depicted in Fig. 4A). The model has 7 reactions to explain
800 the chemical fluxes of transformations or transport of extracellular nucleotides in
801 Caco-2 cells: Jatp, Jecto-ATPase, JEcto-ADPase, JEcto-AMPase, JEcto-AK, JEcto-NDPK aNd JEcto-
802 ntPpase. A detailed description of each flux, its mathematical description and
803 parameters can be found in S1 Table. In the model, the concentration of each
804 species as a function of time was calculated from the following differential

805 equations:
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d[eATP)] Cauntion 3
ETa Jarp — Ugcto—arpase + Jecto—ak + Jecto-NDPK) quation
d[eADP] _
T = ]Ecto—ATPase _]Ecto—ADPase +2 *]Ecto—AK +]Ecto—NDPK Equatlon 4
d[eAMP] Eauation 5
o Jecto—appase — Ugcto—ak + Jecto—ampase) quation
0[eADO] _
T = JEcto—AMPase Equat|0n 6
d[eCTP] ,
5r ~ JEcto-nppk Equation 7
d[eCDP] _
o —JEcto-NDPK Equation 8
a[eUTP] .
T Jecto-NDPK — JEcto—NTPase Equation 9
d[eUDP] _
a0 —JEecto-npPk t JEcto-NTPase Equation 10
806 Note that in the equations Jecto-ak and Jecto-noPk Were considered in the

807 direction of eATP consumption, i.e., eAMP + eATP <« 2 eADP for Jecto-ak and
808 eNDP + eATP < eNTP + eADP for Jecto-nopk. The model was written in COPASI
809 4.29 and was fitted simultaneously to all experimental data shown in Fig. 1 A, Fig.
810 1C,Fig.2A, Fig. 3 A and Fig. 3 B. The fitting of the model to experimental data

811 can be seen in Figs. 4B, 5C, 6A and 6C as red lines.

812 Some kinetic parameters of the enzymes catalyzing the reactions were
813 obtained from the literature. Parameters from the Jecto-aTPase aNd Jecto-ADPase Were
814  obtained from our previous work [14]. The Vmax Of the Jecto-ampase reaction was
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815 obtained from our previous work [14], while the Km was obtained from the work
816 of Navarro et al. [55]. Kinetic parameters of the Jecto-ak activity were obtained from
817 the work of Sheng et al. [17]. The equilibrium constant (Keq) and the affinity for
818 ATP (Kmar) of the Jecto-npPk Were obtained from the work of Garces and Cleland
819 [56]. The affinity constants for product inhibition in Jecto-nprk (Kinop @and Kiapp) were
820 estimated from the work from Lascu et Gonin [57]. The rest of the model
821 parameters were obtained from model fitting to experimental data (see S1 and
822 S2 Tables for more details). The shape of the Jatp flux as a function of time was

823 modeled based on findings of a previous work from our group [58].

824

825 4.13.2. A model of purinergic homeostasis in polarized Caco-2

826 cells

827 The model fitted to experimental data from the apical and basolateral
828 compartments data is the same model indicated in section 4.13.1, although the
829 parameters of some reactions were fitted again (S2 Table). The Jarp expression
830 for the 180 mOsm hypotonic shock in the polarized cells was different from the
831 one employed on non-polarized cells (S2 Table). The mathematical expressions
832  of the other 6 reactions were not modified. Four parameters were refitted to the
833 data to account for differences in the ecto-ADPase, ecto-AK and ecto-NDPK
834 activities after polarization (values can be found in S2 Table). Moreover, in the
835 case of ecto-NTPDase, the eCTP hydrolysis could not be neglected in the apical
836 compartment and was necessary to achieve a good fit to experimental data. In
837 contrast the eCTP hydrolysis could be avoided in the basolateral compartment

838 without affecting model fitting. This suggest that the ecto-CTPase activity is
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greater in the apical than in the basolateral compartment, in agreement with the

increased activity of other enzymes on the apical side.

The differential equations for [eCTP] and [eCDP] are modified in the apical side

model to account for the eCTP hydrolysis:

d[eCTP] _
T Jecto-npPK — JEcto—NTPase Equation 11

dleCDP] .
- —Jecto-NpPK t JEcto—NTPase Equation 12

The models for the apical and basolateral compartments were written in COPASI
4.29 and fitted to experimental data shown in Fig. 7A, B and C. The COPASI files

can be found in the data repository (see data availability statement).
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857 Data can be found in the following doi:

858 10.6084/m9.figshare.21938651

859 or temporarily in the following link:

860 https://figshare.com/s/1fablcb9fa543e8520c5
861
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1040

1041 Supporting information

1042 S1 Figure. iIADP release estimation. Increase in [eATP] after a 180 mOsm
1043 hypotonic shock in absence (blue) or presence (grey) of PK (3 U) and PEP
1044 (100 uM) were evaluated as AATP, i.e., the difference between [eATP] at 1
1045 min post-stimulus and basal [eATP].

1046 S2 Figure. Inhibition by exogenous eUDP of ecto-NDPK activity in the
1047 presence of eCTP and eADP. Time course of eATP accumulation in the
1048 presence of 100 eUTP uM in the absence (blue) or in the presence of 5 mM
1049 eUDP (grey). The data showed are the means of 3 independent experiments.
1050 S3 Figure. Measurement of eADP by the conversion to eATP. Caco-2
1051 cells were incubated with luciferin-luciferase and, at the time indicated with
1052 the arrow, PK (3 U) and PEP (100 uM) were added. The value of the [eADP]
1053 in resting conditions was 0.77 + 0.44 uM eADP/mg. Given a usual protein cell
1054 mass of 0.2 mg, the [eADP] in resting conditions is 0.15 + 0.09 uM. The data
1055 showed are the means of 5 independent experiments.

1056 S4 Figure. Ecto-nucleotidase activity of Caco-2 cells. Experiments were
1057 performed in assay medium without Pi at room temperature, and Pi
1058 production was measured by the malachite green method (section 2.8.4).
1059 The time course of Pi accumulation in the extracellular media of Caco-2 cells
1060 was measured and values of enzyme activity were derived from initial rates
1061 of nucleotides hydrolysis for 500 uM of eUTP (grey), eGTP (blue) and eCTP
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1062 (light blue). The data are the means of £ s.e.m. from 3 to 5 independent
1063 experiments.

1064 S5 Figure. Basolateral and apical ecto-ATPase activity of Caco-2 cells.
1065 (A) eATP kinetics of cells exposed to eATP (0.2—7 uM). Levels of [eATP]
1066 were measured by luminometry at the basolateral (A) and apical (B) sides of
1067 the polarized Caco-2 monolayers. Data is the mean of 3 independent
1068 experiments run in duplicate. (C) Ecto-ATPase activity measured from the
1069 eATP kinetics at different [eATP] shown in panels A and B. The initial velocity
1070 of the ecto-ATPase activity was calculated by linear regression to
1071 experimental data obtaining the slope and y-intercept of the line. The slope
1072 represented the eATP hydrolysis as a function of time, i.e. the ecto-ATPase
1073 activity at each [eATP] and in each compartment. The points in the plot
1074 represent the mean £ s.e.m. of 3 independent experiments. The dashed lines
1075 represent a linear regression to the data allowing to obtain the ecto-ATPase
1076 kinetic constant which was 1.70 + 0.08 and 0.36 + 0.22 H‘;”A*‘Tfri‘girftjif’n for
1077 the apical and basolateral compartments respectively.

1078 S6 Figure. Enzyme Vmax calculated from model fitting. The plot shows
1079 the enzymes’ Vmax in the apical and basolateral compartments, and in non-
1080 polarized cells. The ecto-NDPK Vmax were obtained from model fitting to
1081 experimental data and are the same shown in S2 Table (for the apical and
1082 basolateral compartments) and in S1 Table (for the non-polarized cells). The
1083 ecto-AK Vmax was calculated from the model parameters using the following
1084 formula; Zrakk-2a , Where the Ftrak was obtained from the model fitting (S2

—2tky

54


https://doi.org/10.1101/2023.02.10.527987

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.10.527987; this version posted February 11, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1085 Table for the apical and basolateral compartments and S1 Table for the non-
1086 polarized cells). The k-2 and ki parameters value can be found in S1 Table.
1087 S1 Table. Mathematical model of eATP regulation in non-polarised
1088 Caco-2 cells. Numerical values of constants were normalized by the protein
1089 cell mass in the experiments (Mcer), measured by the Bradford method
1090 (section 2,6 in the manuscript). Parameter fitting and simulations were
1091 performed by selecting the average cell mass in the experiments (Mcei=0.2
1092 mg). J. and Jn. represent the lytic and non-lytic IATP release respectively
1093 upon an osmotic shock. The value of these terms was O before shock
1094 application. Jieakage represents a constant and small iATP release observed
1095 in the absence of any stimulus. The parameter values obtained from the
1096 model fitting are expressed as the best value + standard deviation.

1097 S2A Table. JNL parameters obtained from fitting to experimental data at 180
1098 mOsm shock in apical or basolateral compartments in polarized cells. The
1099 same value of kobs was considered for both compartments. Parameters
1100 obtained from the model fitting are expressed as the best value + standard
1101 deviation.

1102 S2B Table. Parameters obtained from model fitting to experimental in
1103 apical or basolateral compartments in polarized cells. The model
1104 equations are the same shown in Table S1, however, some parameters
1105 values were fitted again to experimental data from polarised cells. The
1106 parameters whose value has change in comparison with the model of non-
1107 polarised cells are shown in this file. The rest of the parameters had the same
1108 value for non-polarised cells (shown in S1 Table). The Kabpase and Kntpase
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1109 (for eCTP) were considered 0 in the basolateral compartment. This does not
1110 mean that there is no ecto-ADPase or ecto-NTPase activity in the basolateral
1111 side but, they can be neglected in our experimental conditions. Parameters
1112 obtained from the model fitting are expressed as the best value + standard
1113 deviation.

1114

1115
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