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Butylated Hydroxytoluene (BHT) Inhibits PIN1 Exocytosis From BFA Compartments in Arabidopsis Roots
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The activity of polarly localized PIN-FORMED (PIN) auxin efflux carriers contributes to the formation of auxin gradients which guide plant growth, development, and tropic responses. Both the localization and abundance of PIN proteins in the plasma membrane depend on the regulation of PIN trafficking through endocytosis and exocytosis and are influenced by many external and internal stimuli, such as reactive oxygen species, auxin transport inhibitors, flavonoids and plant hormones. Here, we investigated the regulation of endosomal PIN cycling by using a Brefeldin A (BFA) assay to study the effect of a phenolic antioxidant ionol, butylated hydroxytoluene (BHT), on the endocytosis and exocytosis of PIN1 and PIN2. BHT is one of the most widely used antioxidants in the food and feed industries, and as such is commonly released into the environment; however, the effect of BHT on plants remains poorly characterized. Preincubation of Arabidopsis seedlings with BHT before BFA treatment strongly enhanced the internalization of PIN1 into BFA compartments. After the simultaneous application of BHT and NAA, the NAA effect dominated PIN internalization suggesting the BHT effect occurred downstream to that of NAA. Washing seedlings with BHT after BFA treatment prevented the release of PIN1 from BFA compartments back to the plasma membrane, indicating that BHT application inhibited PIN1 exocytosis. Overall rates of PIN2 internalization were less pronounced than those of PIN1 in seedlings pre-incubated with BHT before BFA treatment, and PIN2 exocytosis was not inhibited by BHT, indicating a specific activity of BHT on PIN1 exocytosis. Comparison of BHT activity with other potential stimuli of PIN1 and PIN2 trafficking [e.g., H2O2 (ROS), salt stress, reduced glutathione (GSH), dithiothreitol (DTT), and flavonoids] showed that BHT has a new activity distinct from the activities of other regulators of PIN trafficking. The findings support BHT as a potentially interesting pharmacological tool for dissecting PIN trafficking and auxin transport.
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INTRODUCTION

Environmentally responsive plant growth requires the integration of diverse physiological responses. Many environmental stresses induce the formation of reactive oxygen species (ROS), the response to which often includes the biosynthesis of antioxidants that influence growth and development through their effect on plant hormones. Among these, auxins are prominently involved through their formation of instructive concentration gradients. These gradients are generated by PIN-FORMED (PIN) auxin efflux facilitator proteins, which may be asymmetrically localized to various sides of the cell, but always in the direction of auxin flux (Adamowski and Friml, 2015). This polar membrane localization of PINs and their abundance on the plasma membrane are established through the continuous circulation of PIN-containing endocytic vesicles from the plasma membrane to endosomes (endocytosis) and from the endosomes to the plasma membrane (exocytosis) (Geldner et al., 2001).

In Arabidopsis, the PIN gene family is represented by eight members whose protein products show a partially overlapping expression pattern that builds a dynamic network to allow differential regulation of auxin distribution among different cell types (Blilou et al., 2005; Paponov et al., 2005). Two PIN genes, PIN1 and PIN2, were first identified and characterized based on their distinct phenotypes: pin1 mutants formed a pin-like inflorescence stem without lateral organs (Okada et al., 1991; Gälweiler et al., 1998), while pin2 mutants gave rise to agravitropic roots (Müller et al., 1998; Blilou et al., 2005). Despite the strong pin1 phenotype observed in the shoot, a weak root phenotype with slight growth reduction was found (Blilou et al., 2005). However, the double mutant pin1pin2 displayed stronger root phenotype when compared with either of the single mutants; this difference was explained by a significant degree of redundancy among members of the PIN family (Blilou et al., 2005; Paponov et al., 2005; Vieten et al., 2005). Therefore, the available evidence indicates that both PIN1 and PIN2 are important for root growth.

In the root, PIN1 and PIN2 are expressed mostly in non-overlapping domains: PIN1 is mostly expressed in stele and endodermis cells, while PIN2 is expressed in epidermis, cortex, and lateral root cap cells; PIN1 and PIN2 expression domains overlap in the cortex cells of the root apical meristem (Omelyanchuk et al., 2016). Nevertheless, PIN1 and PIN2 can show ectopic expression, expanding into the expression domain of the other in knock-out plants, partially replacing the missing function (Vieten et al., 2005). Importantly, the polar localization of the ectopically expressed PINs still reflects the localization of the missing PINs in the direction of expected polar auxin transport (Blilou et al., 2005; Paponov et al., 2005; Vieten et al., 2005).

Despite this apparent redundancy between PIN1 and PIN2, different processes regulate their expression and localization. Asymmetrical transport of PIN1 is regulated by a specific guanine-nucleotide-exchange factor that controls the ADP-ribosylation factor G-protein exchange factor (ARF-GEF), GNOM, by activation of an ADP-ribosylation factor (Steinmann et al., 1999). The localization of PIN1 proteins is thus regulated by GNOM (Geldner et al., 2003), but recycling of PIN2 is regulated by additional partially Brefeldin A (BFA)-sensitive ARF GEF(s) and by a retromer complex (Kleine-Vehn et al., 2008).

Different factors have been proposed to be involved in the regulation of cycles of PIN endocytosis and exocytosis. One of the first candidates for the regulation of PIN endocytosis was auxin itself, based on a positive feedback loop between auxin concentration and auxin transport (Paciorek et al., 2005) and a receptor role for ABP1 in this process (Robert et al., 2010). However, analysis of new abp1 mutants (Gao et al., 2015) showed that the auxin response was independent of ABP1 (Paponov et al., 2019a). Most importantly, the natural auxin IAA only had a very weak influence over this process when compared to the artificial analog 1-NAA, the form of auxin most often used in experiments on the inhibition of endocytosis by auxin (Paponov et al., 2019b). The low activity of natural auxin with respect to PIN endocytosis emphasizes the importance of investigating other possible signals that may regulate the orchestration of the PIN network under different conditions. Indeed, several other signals have been identified including cytokinin (Marhavy et al., 2011), GOLVEN peptides (Whitford et al., 2012), and salicylic acid (Du et al., 2013).

In contrast to endocytosis, the process of exocytosis has received less attention. One of the most widely used chemical tool to inhibits exocytosis is a fungal toxin BFA which inhibit six of eight ARF-GEFs, essential regulators of vesicle trafficking (Anders and Jurgens, 2008). The earliest investigations of PIN1 trafficking indicated a role for two auxin transport inhibitors, NPA and TIBA, in the inhibition of both endocytosis and exocytosis (Geldner et al., 2001). Interestingly, flavonoids, which compete for NPA binding sites, also inhibited polar auxin transport, but they did not modulate PIN1 or PIN2 trafficking in wild-type Arabidopsis plants (Peer et al., 2004). More recently, the small molecule Endosidin2 was discovered to inhibit exocytosis and endosomal recycling in both plant and human cells and to enhance plant vacuolar trafficking (Zhang et al., 2016).

PIN trafficking may be regulated by ROS: ubiquitous and widely integrated stress-induced factors (Zwiewka et al., 2015; Yokawa et al., 2016). The discovery of the stimulatory effect of ROS on endocytosis and their inhibitory effect on exocytosis (Zwiewka et al., 2015) raises the question of whether ROS scavengers and antioxidants regulate PIN trafficking. Investigations with flavonoids showed that these naturally occurring antioxidants do not perturb PIN trafficking (Peer et al., 2004). Our recent investigation with a synthetic phenolic antioxidant, butylated hydroxytoluene (BHT) showed that BHT strongly stimulated PIN1 internalization in a BFA assay and had a weaker effect on PIN2 internalization (Paponov et al., 2019b). This enhanced PIN1 internalization might occur due to the stimulation of endocytosis and/or the inhibition of exocytosis. BHT, as one of the most widely used antioxidants in the food and feed industries, has been found as a pollutant in natural environments (Nieva-Echevarria et al., 2015). However, few investigations have examined the effect of BHT on plant cell physiology. As ROS affects PIN internalization, we hypothesize that BHT activity might modulate the level of ROS in cells. Here, we elucidated the effect of BHT on PIN1 and PIN2 endocytosis and exocytosis and compared the responses to BHT with those elicited by other antioxidants and ROS.



RESULTS


Dose-Dependent Response of PIN Internalization to BHT

To identify the minimal BHT concentration which saturated PIN1-GFP internalization, we performed a dose-dependent response internalization assay. The lowest BHT concentration which was sufficient to induce PIN1-GFP internalization was 0.018 mM, while the PIN1-GFP internalization response was saturated at 0.18 mM BHT after 30 min (Figure 1). Because a BHT concentration of 0.18 mM was sufficient to saturate PIN internalization, the following experiments were carried out at 0.2 mM to minimize any secondary effects of BHT that might be induced at higher concentrations. The application of BHT alone (in the absence of BFA) had no effect on the distribution of PIN1 and PIN2 between the plasma membrane and endomembrane compartments (Figure 2) indicating that the enhanced accumulation of PINs in BFA compartments was not due to a direct inhibition of exocytosis by BHT. The application of BHT alone decreased the intensity of the signal in the plasma membrane for PIN1 but not for PIN2, indicating a differential regulation of cellular trafficking routes by BHT. The reduction in PIN1 signal intensity might reflect an increased rate of endocytosis and/or a reduced rate of exocytosis. The absence of a BHT effect on PIN internalization in the absence of BFA led us to next test whether the application of BHT alone was sufficient to modulate the root growth response.
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FIGURE 1. Dose-response of PIN1-GFP internalization in BHT. (A) PIN1-GFP localization under control conditions. (B) BFA (50 μM) induced PIN1-GFP internalization. Effect of 30 min pre-treatment with BHT supplied at 0.0018 mM (C), 0.018 mM (D), 0.18 mM (E), and 1.8 mM (F) on PIN1-GFP internalization. Scale bars represent 10 μm. (G) Percentage of PIN1-GFP internalization extracted by quantification of the data represented in (B–F). The column represents the level of PIN1-GFP internalization under control conditions (A). Data are the means of 7–10 seedlings.
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FIGURE 2. Effect of BHT on PIN localization. (A,E) PIN1 and PIN2 localization under control conditions. (B,F) Application of 200 μM BHT for 60 min in the absence of BFA did not change the localization of PIN1 and PIN2. Scale bars represent 5 μm. (C,G) Percentage of PIN1 and PIN2 internalization extracted by quantification of data presented in (A,B,E,F). (D,H) Signal intensity of PIN1 and PIN2 at the plasma membrane in (A,B,E,F). Data are the means of 6 seedlings; error bars represent SD. Means with the same letters are not statistically significant (p < 0.05).




Dose-Dependent Response of Root Growth to BHT

The root growth response to BHT (Figure 3) correlated closely with the dose-dependent response of PIN1-GFP internalization to BHT, indicating that, despite the qualitative maintenance of PIN localization and distribution, BHT might nevertheless affect the function of auxin transporters.
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FIGURE 3. Dose-response of root growth in to BHT. Root growth after 24 and 48 h for Arabidopsis seedlings cultivated on media with different concentrations of BHT. Data are the means of 14–19 seedlings; error bars represent SD. Means with the same letters are not statistically significant (p < 0.05).




BHT Affects PIN Internalization by Acting Downstream of NAA

In the BFA assay, BHT increased the rate of PIN internalization, whereas NAA inhibited it. Importantly, the application of different BFA concentrations was able to separate the processes which are involved in PIN internalization and PIN stability. For PIN2, a relatively low concentration of BFA (25 μM) preferentially inhibits recycling, whereas a high concentration (50 μM) also stops the targeting of vesicles to the vacuole for degradation (Kleine-Vehn et al., 2008). Thus, by understanding the effect on PIN internalization at low BFA concentrations we may accommodate the potential effects of BFA on the targeting of vesicles to the vacuole (Robert et al., 2010).

In agreement with experiments which used 50 μM BFA (Paponov et al., 2019b), the effect of BHT was stronger on PIN1 than it was on PIN2 internalization (Figure 4). However, at a low BFA concentration (25 μM), PIN2 was more sensitive to BHT, indicating that BHT could also be involved in PIN2 vacuolar targeting. The simultaneous application of BHT and NAA resulted in a level of PIN internalization more similar to that achieved after treatment with NAA alone than with BHT alone, suggesting that the BHT effects on PIN internalization are not due to an enhancement of PIN1 internalization but rather may be due to events occurring downstream of NAA. This observation is consistent with a hypothesis in which NAA inhibits PIN internalization, increasing the amount of PIN1 at the plasma membrane, and masking the downstream activity of BHT. The activity of BHT cannot be explained by changes which it induces in cellular redox status as the application of reduced glutathione did not lead to a similar effect on PIN1 and PIN2 internalization. Although PIN1 internalization was weakly increased, the opposite effect was observed for PIN2 (Figure 4). Taking into account that BHT acted downstream of NAA, we next investigated the effect of BHT on exocytosis.
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FIGURE 4. The effect of NAA, BHT, and GSH on PIN1 and PIN2 internalization. (A,G) PIN1 and PIN2 localization under control conditions. (B,H) BFA (25 μM) induced PIN1 and PIN2 internalization. (C,I) NAA (10 μM) inhibited BFA-induced PIN1 and PIN2 internalization. (D,J) BHT strongly increased internalization of PIN1, with a weaker effect on PIN2. (E,K) Simultaneous application of BHT and NAA weakly stimulated BFA-induced internalization for PIN1 but did not affect the internalization of PIN2. (F,L) GSH weakly increased the internalization of PIN1 and weakly decreased internalization of PIN2. Scale bars represent 5 μm. (M,N) Percentage of PIN1 and PIN2 internalization extracted by quantification of the data presented in (A–L). Data are the means of 5–10 seedlings; error bars represent SD. Means with different letters are statistically significant (p < 0.05).




BHT Specifically Inhibits Exocytosis of PIN1 in a ROS-Independent Manner

By visualizing PINs after the washing out of BFA, we observed that the application of BHT stopped the release of PIN1 from BFA compartments to the plasma membrane, leading us to hypothesize that BHT inhibited exocytosis (Figure 5). However, BHT treatment did not inhibit the release of PIN2 from BFA compartments, suggesting that the observed BHT activity was specific to PIN1. It must be remembered here that BHT did not enhance the accumulation of PINs in the endosome compartments in the absence of BFA. BHT therefore does not appear to directly stop exocytosis. Instead, it is active in inhibiting exocytosis from the BFA compartments. We next tested whether the activity of BHT on PIN1 exocytosis was related to its being an antioxidant by comparing the effect of BHT on PIN exocytosis by applying either ROS (H2O2) or a ROS-induced stress (salt stress). One mM H2O2 inhibited the exocytosis of both PIN1 and PIN2 (Figure 5), indicating that the inhibition of PIN1 exocytosis by BHT might be due to its prooxidative rather than its oxidative properties. BHT did not, however, inhibit PIN2 exocytosis, therefore the activity of BHT cannot be explained solely by its antioxidant or prooxidant activity. Incubation with a reductant, DTT (Kovacik et al., 2009), did not affect exocytosis (Figure 6), further supporting the idea that the decrease in cellular ROS abundance is not sufficient to change PIN trafficking. Treatment with the natural flavonoids, quercetin and kaempferol, also did not affect the rate of PIN exocytosis (Figure 6), further supporting a unique type of inhibitory action of BHT on PIN1 exocytosis.
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FIGURE 5. The effect of BHT and H2O2 on exocytosis of PIN1 and PIN2. (A,G) PIN1 and PIN2 immunolocalization after incubation for 45 min with BFA followed by 120 min of drug washout. (B,H) Washout with BHT strongly increased the PIN1 signal in BFA vesicles but had a weak effect on the PIN2 signal. (C,I) Washout with H2O2 prevented the disappearance of both PIN1 and PIN2 from the BFA-vesicle. (D,E,J,K) Washout with NaCl had a similar effect to that observed with H2O2. (F,L) Control treatment with continuous BFA treatment. Scale bars represent 5 μm. (M,N) Percentage of PIN1 and PIN2 internalization extracted by quantification of the data presented in (A–L). Data are the means of 7–10 seedlings; error bars represent SD. Means with different letters are statistically significant (p < 0.05).
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FIGURE 6. Effect of antioxidants on exocytosis of PIN1. (A) PIN1 immunolocalization after incubation for 45 min with BFA followed by 120 min of drug washout. (B) Washout with DTT did not increase PIN1 signal in BFA vesicles. (C) PIN1 immunolocalization by maintenance incubation of seedlings with BFA (E) PIN1 localization after incubation for 45 min with BFA followed by washing with half-strength Murashige and Skoog salts. (F) PIN1 localization after 120 min washing with 20 μM BHT, (G) with 20 μM quercetin, (H), and with 20 μM kaempferol. (I) PIN1 localization by maintenance of incubation of seedlings in 50 μM BFA. Scale bars represent 5 μm. (D) Percentage of PIN1 internalization extracted by quantification of the data from the DTT experiment presented in (A–C). (J) Percentage of PIN1 internalization extracted by quantification data from antioxidant experiment (E–I). Data are the means of 6–8 seedlings; error bars represent SD. Differences between means with different letters are statistically significant.




DISCUSSION

The PIN-dependent regulation of auxin distribution is one of the most important mechanisms for the initiation and maintenance of growth-coordinating auxin gradients. The abundance and localization of PINs on the plasma membrane depend on rates of both PIN endocytosis and exocytosis, as indicated by previous investigations that used specific drugs to perturb PIN activity (Doyle et al., 2015). New small molecules which can interfere with endocytosis and exocytosis are important tools for further investigations into the regulation of PIN trafficking (Huang et al., 2019). In the present work, we report that a phenolic ional antioxidant (BHT, E-321) is a promising chemical agent for studying PIN cycling, as it specifically inhibits the exocytosis of PIN1 but not PIN2.


BHT Differs in Its Inhibition of PIN1 and PIN2 Exocytosis From BFA Compartments

The main finding of the present study is that BHT stops PIN1 exocytosis from BFA compartments without affecting PIN2 exocytosis. This regulation is ROS-independent. We cannot exclude the possibility that BHT also enhanced endocytosis, because a reduction in the signal of PIN1 on the plasma membrane and an increased PIN1 internalization during pre-incubation by BHT might occur due to a combination of inhibition of exocytosis and stimulation of endocytosis. Previous experiments with cycloheximide (CHX) showed that PIN1 was internalized in to BFA compartments and, upon withdrawal of BFA, PIN reappeared at the plasma membrane in a manner which was independent of protein synthesis (Geldner et al., 2001). Because the effect of BHT on PIN1 synthesis is unknown, we cannot exclude the possibility that a BHT-induced increase in PIN1 internalization was due to increased de novo PIN1 biosynthesis. However, the fact that the PIN1 signal in the cell did not increase after BHT treatment (Figure 2), and that the PIN1 level was reduced on the plasma membrane, suggests that the main mechanism of BHT action is related to inhibition of exocytosis. Taken together, the evidence presented here indicates that BHT might directly affect PIN1 trafficking by interacting with as yet unidentified targets, rather than acting through the regulation of ROS abundance.

BHT is one of the most widely used antioxidants in the food industry and has been extensively investigated in animal systems and in terms of human health (Nieva-Echevarria et al., 2015); however, plant responses to BHT have received less attention. Nevertheless, several interesting and unusual activities of BHT have been discovered in plants, such as an induction of shoot branching (Grochowska and Buta, 1985). At the cellular level, BHT induces large structural changes in the Golgi apparatus and the endoplasmic reticulum (Bakeeva et al., 2001), suggesting that BHT not only blocks exocytosis of PIN1 but also interferes with other cell functions.

We suggest three alternative hypotheses to explain the modulation of PIN trafficking by BHT observed in our investigation. The first hypothesis is that BHT acts as an antioxidant and indirectly regulates PIN trafficking by ROS scavenging. The second hypothesis is that BHT acts as a prooxidant to produce ROS that then affect PIN trafficking. The third hypothesis is that BHT acts directly on some as yet unidentified molecular targets to modulate PIN trafficking.



BHT Action Differs From That of Other Antioxidants

If our first hypothesis—that BHT acts as a ROS scavenger in modulating PIN trafficking—were correct, we would expect that BHT effects counteract ROS effects. However, BHT and ROS both inhibited PIN1 exocytosis; they also had unrelated actions with respect to PIN2 trafficking (Figure 5), BHT did not change PIN2 exocytosis, whereas H2O2 inhibited exocytosis (Zwiewka et al., 2015).

A different pattern of activity for PIN1 and PIN2 trafficking was also indicated by our experiment with the reduced form of glutathione (GSH) (Figure 4) and the reducing agent DTT (Figure 6), both of which are known to reduce ROS concentration in plants (Kovacik et al., 2009; Yin et al., 2017). These results indicated that the specific effect of BHT on PIN trafficking cannot be explained exclusively by the modulation of ROS concentration. Interestingly, GSH and BHT showed different activity patterns, differentially modulating PIN1 and PIN2 internalization. GSH enhanced PIN1 internalization, possibly by stimulation of PIN1 endocytosis and/or inhibition of exocytosis. This GSH activity cannot be explained by the antioxidant properties of GSH because ROS showed the same activity on PIN1 internalization. However, GSH acted as an antioxidant, decreasing PIN2 internalization in a reverse response to that induced by ROS (Zwiewka et al., 2015; Figure 5). The antioxidant effects of GSH on PIN2 internalization but not on PIN1 internalization might be related to the localization of PIN2 in the outermost layers of the roots (epidermis and cortex), as these layers are more sensitive to external stimuli and exogenous GSH application. This difference in GSH responses further supports the importance of redox status in the regulation of polar auxin transport. However, the transcriptional regulation of PIN expression seems to be the main mechanism regulating PIN activity under oxidative conditions in Arabidopsis roots (Koprivova et al., 2010; Yu et al., 2013).



BHT Does Not Act as a Pro-oxidant

The second hypothesis—that BHT acts as a pro-oxidant that affects PIN trafficking—is supported by the observation that BHT and H2O2 act in a similar manner on PIN1 exocytosis (Figure 5). Pro-oxidant activity is possible for BHT since some antioxidants do behave as pro-oxidants under certain circumstances (Valko et al., 2004). Indeed, BHT can interact with oxygen in aqueous media (aerobic conditions) to generate O2*– (superoxide) (Smirnova et al., 2002), whereas inside the seedlings, BHT acts as a ROS scavenger (Smirnova et al., 2002).

Based on the potential for the production of ROS in an aqueous medium at the root surface and the fact that ROS inhibit exocytosis (Zwiewka et al., 2015 and as shown in Figure 5), this hypothesis predicts that BHT would inhibit the exocytosis of PIN2, which is expressed in the epidermis, but not of PIN1, which is expressed in the endodermis and central cylinder. However, the observed BHT response was opposite to this expectation: BHT inhibited PIN1 exocytosis and had no effect on PIN2 exocytosis (Figure 5). Thus, the different patterns of exocytosis of PIN1 and PIN2 in response to BHT and H2O2 do not support the idea that the activity of BHT on PIN trafficking is not related to its potential prooxidant activity.

Interestingly, hydrogen peroxide inhibits exocytosis but also stimulates endocytosis, as observed by its effects in the absence of BFA (Zwiewka et al., 2015). By contrast, BHT did not enhance endocytosis, as the application of BHT alone did not affect PIN internalization (Figure 2). This difference between H2O2 and BHT activities provide further support for the conclusion that the mode of BHT action cannot be explained by its pro-oxidant activity.



BHT Action Differs From That of the Auxin Transport Inhibitors NPA and TIBA

The inhibitory effect of BHT on PIN1 exocytosis resembles that of the auxin transport inhibitors NPA and TIBA. Early studies on the PIN trafficking machinery showed that TIBA and NPA blocked the transfer of PIN1 from the BFA compartments to the membrane that occurred during cell washing after BFA treatment (Geldner et al., 2001). However, the pattern of BHT activity on PIN trafficking differs from the activity of the transport inhibitors, because TIBA and NPA inhibit both exocytosis and endocytosis (Geldner et al., 2001). By contrast, pre-treatment with BHT stimulated PIN internalization, indicating that BHT did not inhibit endocytosis (Paponov et al., 2019b; Figures 1, 4).

The activity of auxin transport inhibitors on auxin transport activity has been attributed to their binding to the multi-drug resistant ABCB type transporters, a plasma membrane aminopeptidase, and other proteins (including PINs themselves) (Teale and Palme, 2018). The sensitivity to NPA is lower for PIN trafficking than that for polar auxin transport, indicating that inhibition of auxin transport is not due to blocking of PIN trafficking (Petrasek et al., 2003). By contrast, the dose responses of PIN internalization and root growth to BHT treatment (Figure 3) showed similar sensitivities, indicating that the inhibition of root growth by BHT might be due to the blocking of PIN trafficking. The identified differences in activities between NPA/TIBA and BHT indicate that the mechanism of action of BHT is likely to differ from that of auxin transport inhibitors.



Differences Between BHT and Flavonoid Action

In contrast to BHT, flavonoids did inhibit PIN1 exocytosis (Figure 6), indicating that the mechanism of BHT action is also different from that of these naturally occurring antioxidants. The inability of flavonoids to inhibit PIN1 exocytosis agrees with previously published data for wild-type plants (Peer et al., 2004). This action of flavonoids differs from that of auxin transport inhibitors, although flavonoids and NPA share binding sites on NPA-interacting proteins (Jacobs and Rubery, 1988). Interestingly, although flavonoids do not inhibit PIN1 exocytosis in wild-type Arabidopsis, flavonoids inhibit PIN1 exocytosis in the flavonoid-deficient mutant, tt4 (Peer et al., 2004). In contrast to PIN1 trafficking, PIN2 trafficking was not affect by flavonoids in the tt4 mutant (Peer et al., 2004), further supporting different mechanisms for the regulation of PIN1 and PIN2.



Differences Between BHT and BFA

The application of BHT alone did not induce PIN internalization, supporting the existence of different targets of BHT and BFA actions. Inhibition of PIN exocytosis in BFA wash-out experiments indicates BHT interference with cell recovery after the removal of BFA from cells.



Differences Between BHT and Endosidin2

Endosidin2 has also shown an ability to inhibit the recovery of PIN trafficking from the BFA compartment to the plasma membrane (Zhang et al., 2016). However, this drug inhibits PIN2 recovery from the BFA compartment, and endosidin2 application also reduced PIN2 abundance on the membrane. Our finding that BHT did not affect PIN2 recovery from BFA compartments and did not reduce the abundance of PIN2 on the membrane indicates that endosidin2 activity differs from that of BHT.

Based on our BFA assay, we identify BHT as a chemical which is able to inhibit PIN1 exocytosis. This activity suggests that BHT might be a promising pharmacological tool for the investigation of PIN trafficking regulation under different genetic and environmental conditions and can be potentially used as a tool to study membrane trafficking in other organisms.



MATERIALS AND METHODS

Arabidopsis thaliana (L.) Heynh. Columbia (Col-0) and PIN1:PIN1:GFP (Benkova et al., 2003) seeds were surface sterilized for 10 min in 80% ethanol, 5% w/v calcium hypochlorite and 0.1% Triton X-100. After three washes in 80% ethanol and one in 100% ethanol, seeds were left to dry under sterile conditions. Seeds were sown on plates containing Arabidopsis medium [AM: half-strength Murashige and Skoog (MS) salts and 1% sucrose, pH 5.7] and 15 g l–1 agar-agar (Merck). After stratification overnight at 4°C in darkness, plates were transferred to a growth chamber (16 h light/8 h darkness, 21°C, 100 μM m–2 s–1) for seed germination and maintained in a vertical position. Experiments were performed on 4-day-old seedlings in 24-well cell-culture plates in liquid AM medium. For the evaluation of BFA-induced PIN internalization, Arabidopsis seedlings were pre-treated for 30 min in AM containing 10 μM 1-NAA, 200 μM BHT, or 1mM GSH. Pre-treatments were followed by 45 min of concomitant treatment with chemicals and 25 μM or 50 μM BFA. BFA was initially dissolved in dimethylsulfoxide (DMSO) at 50 mM. Control treatments contained an equal amount of DMSO. For the evaluation of the direct effect of BHT on PIN endocytosis, seedlings were treated for 30 min in AM containing 200 μM BHT. For the evaluation of PIN exocytosis from BFA-bodies to the plasma membrane (exocytosis), 4-day-old Arabidopsis seedlings were pretreated with 50 μM BFA (dissolved in the liquid 0.5 MS salt medium) for 45 min. BFA was removed by washing for 2 h with 0.5 MS medium containing appropriate chemicals (1 mM H2O2, 1 mM DTT, 200 μM BHT, 50 μM BFA, 150 mM NaCl, or 200 mM NaCl).

Immunolocalization of Arabidopsis roots was carried out as described previously (Friml et al., 2003). Rabbit anti-PIN1 (Gälweiler et al., 1998) and guinea pig anti-PIN2 (Tromas et al., 2009) were diluted 1:500. Alexa 488- and Alexa 555-conjugated anti-rabbit (for PIN1) and anti-guinea pig (for PIN2) secondary antibodies were diluted 1:400. Solutions were changed during the immunolocalization procedures were changed using a pipetting robot (Insitu Pro; Intavis).

Confocal images were taken using a Zeiss LSM 510 NLO confocal laser scanning microscope. Alexa Fluor 488 and GFP were excited with a 488 nm argon laser line in combination with a 500–550 band-pass filter. Alexa Fluor 555 was excited with a helium-neon 543 nm laser (HeNe laser) in conjunction with a 575-long-pass filter. The confocal microscopy images were quantitatively analyzed using Imaris 7.5.6 software (Bitplane AG). The fluorescence signal was detected using the “create surface” tool, and the fluorescence signal was calculated at the plasma membrane and in the BFA bodies. The level of signal internalization (the signal in the BFA bodies) was calculated as the ratio between intensity of the intracellular fluorescence signal and the intensity of the total fluorescence signal and expressed as a percentage. For every root, the estimation of the level of PIN internalization was based on 20–32 and 10–18 cells for PIN1 and PIN2, respectively. Quantification of PIN1 and PIN2 signal in plasma membrane was performed along defined linear region of interest (ROI) drawn crossing cells using ImageJ. We used 5–10 roots for every treatment. Averages for every root were used for statistical analysis.

For root length measurements Arabidopsis seedlings were grown on vertically oriented plates in a growth chamber under the standard conditions described above. Seedlings were grown for three days on control medium and then transferred onto new plates containing the same medium with a reduced percentage of agar (0.8% instead of 1.5%) and supplemented with BHT at 0, 10, 100, 500, or 1000 μM. The seedlings were then grown for another two days and the length of the main root was measured by scanning at 24 h and 48 h after seedling transfer and using ImageJ software (Wayne Rasband, National Institute of Health, United States).

Data were statistically analyzed by analysis of variance (one-way ANOVA). When significant treatment effects were identified by ANOVA, Fisher’s protected LSD test was used to compare the individual means (Statistica for Windows, version 13).



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/supplementary material.



AUTHOR CONTRIBUTIONS

IP and KP conceived the project. IP, MP, and WT wrote the manuscript. VB performed the experiments and analyzed the data.



FUNDING

This work was supported by the Bundesministerium für Bildung und Forschung (BMBF 031B0556, 031B0503), the Excellence Initiative of the German Federal and State Governments (EXC 294) and German Research Foundation (DFG SFB746, INST 39/839,840,841) and Deutsche Agentur für Luft- und Raumfahrt (DLR 50WB1522). The authors declare that no competing interests exist.

ABBREVIATIONS

BFA, brefeldin A; BHT, butylated hydroxytoluene; GSH, reduced glutathione; DTT, dithiothreitol; 1-NAA, 1-naphthaleneacetic acid.


REFERENCES

Adamowski, M., and Friml, J. (2015). PIN-dependent auxin transport: action, regulation, and evolution. Plant Cell 27, 20–32. doi: 10.1105/tpc.114.134874

Anders, N., and Jurgens, G. (2008). Large ARF guanine nucleotide exchange factors in membrane trafficking. Cell. Mol. Life Sci. 65, 3433–3445. doi: 10.1007/s00018-008-8227-7

Bakeeva, L. E., Zamyatnina, V. A., Shorning, B. Y., Aleksandrushkina, N. I., and Vanyushin, B. F. (2001). Effect of the antioxidant ionol (BHT) on growth and development of etiolated wheat seedlings: control of apoptosis, cell division, organelle ultrastructure, and plastid differentiation. Biochem. Moscow 66, 850–859. doi: 10.1023/a:1011996517746

Benkova, E., Michniewicz, M., Sauer, M., Teichmann, T., Seifertova, D., Jurgens, G., et al. (2003). Local, efflux-dependent auxin gradients as a common module for plant organ formation. Cell 115, 591–602. doi: 10.1016/s0092-8674(03)00924-3

Blilou, I., Xu, J., Wildwater, M., Willemsen, V., Paponov, I., Friml, J., et al. (2005). The PIN auxin efflux facilitator network controls growth and patterning in Arabidopsis roots. Nature 433, 39–44. doi: 10.1038/nature03184

Doyle, S. M., Vain, T., and Robert, S. (2015). Small molecules unravel complex interplay between auxin biology and endomembrane trafficking. J. Exp. Bot. 66, 4971–4982. doi: 10.1093/jxb/erv179

Du, Y. L., Tejos, R., Beck, M., Himschoot, E., Li, H. J., Robatzek, S., et al. (2013). Salicylic acid interferes with clathrin-mediated endocytic protein trafficking. Proc. Natl. Acad. Sci. U.S.A. 110, 7946–7951. doi: 10.1073/pnas.1220205110

Friml, J., Benkova, E., Mayer, U., Palme, K., and Muster, G. (2003). Automated whole mount localisation techniques for plant seedlings. Plant J. 34, 115–124. doi: 10.1046/j.1365-313x.2003.01705.x

Gälweiler, L., Guan, C., Müller, A., Wisman, E., Mendgen, K., Yephremov, A., et al. (1998). Regulation of polar auxin transport by AtPIN1 in Arabidopsis vascular tissue. Science 282, 2226–2230. doi: 10.1126/science.282.5397.2226

Gao, Y., Zhang, Y., Zhang, D., Dai, X., Estelle, M., and Zhao, Y. (2015). Auxin binding protein 1 (ABP1) is not required for either auxin signaling or Arabidopsis development. Proc. Natl. Acad. Sci. U.S.A. 112, 2275–2280. doi: 10.1073/pnas.1500365112

Geldner, N., Anders, N., Wolters, H., Keicher, J., Kornberger, W., Muller, P., et al. (2003). The Arabidopsis GNOM ARF-GEF mediates endosomal recycling, auxin transport, and auxin-dependent plant growth. Cell 112, 219–230. doi: 10.1016/s0092-8674(03)00003-5

Geldner, N., Friml, J., Stierhof, Y. D., Jurgens, G., and Palme, K. (2001). Auxin transport inhibitors block PIN1 cycling and vesicle traficking. Nature 413, 425–428. doi: 10.1038/35096571

Grochowska, M. J., and Buta, G. J. (1985). The antioxidant BHT — A new factor disturbing plant morphogenesis? Sci. Hortic. 26, 217–224. doi: 10.1016/0304-4238(85)90108-6

Huang, L., Li, X. H., and Zhang, C. H. (2019). Progress in using chemical biology as a tool to uncover novel regulators of plant endomembrane trafficking. Curr. Opin. Plant Biol. 52, 106–113. doi: 10.1016/j.pbi.2019.07.004

Jacobs, M., and Rubery, P. H. (1988). Naturally occurring auxin transport regulators. Science 241, 346–349. doi: 10.1126/science.241.4863.346

Kleine-Vehn, J., Dhonukshe, P., Sauer, M., Brewer, P. B., Wisniewska, J., Paciorek, T., et al. (2008). ARF GEF-dependent transcytosis and polar delivery of PIN auxin carriers in Arabidopsis. Curr. Biol. 18, 526–531. doi: 10.1016/j.cub.2008.03.021

Koprivova, A., Mugford, S. T., and Kopriva, S. (2010). Arabidopsis root growth dependence on glutathione is linked to auxin transport. Plant Cell Rep. 29, 1157–1167. doi: 10.1007/s00299-010-0902-0

Kovacik, J., Klejdus, B., and Backor, M. (2009). Nitric oxide signals ROS scavenger-mediated enhancement of PAL activity in nitrogen-deficient Matricaria chamomilla roots: side effects of scavengers. Free Radic. Biol. Med. 46, 1686–1693. doi: 10.1016/j.freeradbiomed.2009.03.020

Marhavy, P., Bielach, A., Abas, L., Abuzeineh, A., Duclercq, J., Tanaka, H., et al. (2011). Cytokinin modulates endocytic trafficking of PIN1 auxin efflux carrier to control plant organogenesis. Dev. Cell 21, 796–804. doi: 10.1016/j.devcel.2011.08.014

Müller, A., Guan, C., Gälweiler, L., Tänzler, P., Huijser, P., Marchant, A., et al. (1998). AtPIN2 defines a locus of Arabidopsis for root gravitropism control. EMBO J. 17, 6903–6911. doi: 10.1093/emboj/17.23.6903

Nieva-Echevarria, B., Manzanos, M. J., Goicoechea, E., and Guillen, M. D. (2015). 2,6-Di-tert-butyl-hydroxytoluene and its metabolites in foods. Compr. Rev. Food Sci. F. 14, 67–80. doi: 10.1111/1541-4337.12121

Okada, K., Ueda, J., Komaki, M. K., Bell, C. J., and Shimura, Y. (1991). Requirement of the auxin polar transport system in early stages of Arabidopsis floral bud formation. Plant Cell 3, 677–684. doi: 10.1105/tpc.3.7.677

Omelyanchuk, N. A., Kovrizhnykh, V. V., Oshchepkova, E. A., Pasternak, T., Palme, K., and Mironova, V. V. (2016). A detailed expression map of the PIN1 auxin transporter in Arabidopsis thaliana root. BMC Plant Biol. 16 (Suppl 1):5. doi: 10.1186/s12870-015-0685-0

Paciorek, T., Zazimalova, E., Ruthardt, N., Petrasek, J., Stierhof, Y. D., Kleine-Vehn, J., et al. (2005). Auxin inhibits endocytosis and promotes its own efflux from cells. Nature 435, 1251–1256. doi: 10.1038/nature03633

Paponov, I. A., Dindas, J., Król?, E., Friz, T., Budnyk, V., Teale, W., et al. (2019a). Auxin-induced plasma membrane depolarization is regulated by auxin transport and not by AUXIN BINDING PROTEIN1. Front. Plant Sci. 9:1953. doi: 10.3389/fpls.2018.01953

Paponov, I. A., Friz, T., Budnyk, V., Teale, W., Wust, F., Paponov, M., et al. (2019b). Natural auxin does not inhibit Brefeldin A induced PIN1 and PIN2 internalization in root cells. Front. Plant Sci. 10:574. doi: 10.3389/fpls.2019.00574

Paponov, I. A., Teale, W. D., Trebar, M., Blilou, K., and Palme, K. (2005). The PIN auxin efflux facilitators: evolutionary and functional perspectives. Trends Plant Sci. 10, 170–177. doi: 10.1016/j.tplants.2005.02.009

Peer, W. A., Bandyopadhyay, A., Blakeslee, J. J., Makam, S. I., Chen, R. J., Masson, P. H., et al. (2004). Variation in expression and protein localization of the PIN family of auxin efflux facilitator proteins in flavonoid mutants with altered auxin transport in Arabidopsis thaliana. Plant Cell 16, 1898–1911. doi: 10.1105/tpc.021501

Petrasek, J., Cerna, A., Schwarzerova, K., Elckner, M., Morris, D. A., and Zazimalova, E. (2003). Do phytotropins inhibit auxin efflux by impairing vesicle traffic? Plant Physiol. 131, 254–263. doi: 10.1104/pp.012740

Robert, S., Kleine-Vehn, J., Barbez, E., Sauer, M., Paciorek, T., Baster, P., et al. (2010). ABP1 mediates auxin inhibition of clathrin-dependent endocytosis in Arabidopsis. Cell 143, 111–121. doi: 10.1016/j.cell.2010.09.027

Smirnova, E. G., Lyubimov, Y. I., Malinina, T. G., Lyubimova, E. Y., Alexandrushkina, N. I., Vanyushin, B. F., et al. (2002). Ionol (BHT) produces superoxide anion. Biochem. Moscow 67, 1271–1275. doi: 10.1023/a:1021357506703

Steinmann, T., Geldner, N., Grebe, M., Mangold, S., Jackson, C. L., Paris, S., et al. (1999). Coordinated polar localization of auxin efflux carrier PIN1 by GNOM ARF GEF. Science 286, 316–318. doi: 10.1126/science.286.5438.316

Teale, W., and Palme, K. (2018). Naphthylphthalamic acid and the mechanism of polar auxin transport. J. Exp. Bot. 69, 303–312. doi: 10.1093/jxb/erx323

Tromas, A., Braun, N., Muller, P., Khodus, T., Paponov, I. A., Palme, K., et al. (2009). The AUXIN BINDING PROTEIN 1 is required for differential auxin responses mediating root growth. PLoS One 4:e6648. doi: 10.1371/journal.pone.0006648

Valko, M., Izakovic, M., Mazur, M., Rhodes, C. J., and Telser, J. (2004). Role of oxygen radicals in DNA damage and cancer incidence. Mol. Cell Biochem. 266, 37–56. doi: 10.1023/b:mcbi.0000049134.69131.89

Vieten, A., Vanneste, S., Wisniewska, J., Benkova, E., Benjamins, R., Beeckman, T., et al. (2005). Functional redundancy of PIN proteins is accompanied by auxindependent cross-regulation of PIN expression. Development 132, 4521–4531. doi: 10.1242/dev.02027

Whitford, R., Fernandez, A., Tejos, R., Perez, A. C., Kleine-Vehn, J., Vanneste, S., et al. (2012). GOLVEN secretory peptides regulate auxin carrier turnover during plant gravitropic responses. Dev. Cell 22, 678–685. doi: 10.1016/j.devcel.2012.02.002

Yin, L., Mano, J., Tanaka, K., Wang, S., Zhang, M., Deng, X., et al. (2017). High level of reduced glutathione contributes to detoxification of lipid peroxide-derived reactive carbonyl species in transgenic Arabidopsis overexpressing glutathione reductase under aluminum stress. Physiol. Plant. 161, 211–223. doi: 10.1111/ppl.12583

Yokawa, K., Kagenishi, T., and Baluska, F. (2016). UV-B induced generation of reactive oxygen species promotes formation of BFA-induced compartments in cells of Arabidopsis root apices. Front. Plant Sci. 6:1162. doi: 10.3389/fpls.2015.01162

Yu, X., Pasternak, T., Eiblmeier, M., Ditengou, F., Kochersperger, P., Sun, J. Q., et al. (2013). Plastid-localized glutathione reductase2-regulated glutathione redox status Is essential for Arabidopsis root apical meristem maintenance. Plant Cell 25, 4451–4468. doi: 10.1105/tpc.113.117028

Zhang, C. H., Brown, M. Q., van de Ven, W., Zhang, Z. M., Wu, B., Young, M. C., et al. (2016). Endosidin2 targets conserved exocyst complex subunit EXO70 to inhibit exocytosis. P. Natl Acad. Sci. U.S.A. 113, E41–E50. doi: 10.1073/pnas.1521248112

Zwiewka, M., Nodzynski, T., Robert, S., Vanneste, S., and Friml, J. (2015). Osmotic stress modulates the balance between exocytosis and clathrin-mediated endocytosis in Arabidopsis thaliana. Mol. Plant 8, 1175–1187. doi: 10.1016/j.molp.2015.03.007


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Paponov, Budnyk, Paponov, Teale and Palme. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fpls-11-00393-g001.jpg
HT+BFA

Internalization (%)

0 0.001 0.01 0.1 1
BHT, mM





OPS/images/fpls-11-00393-g004.jpg
Control

D
o
L

PIN1 internalization (%)
N
o

PIN2 internalization (%)

1

oo
-
1+
} -
B -
-
- -






OPS/images/fpls-11-00393-g005.jpg
PIN1 - D
Control BHT H202 150mM NaCl 200mM NaCl BFA
PIN2 J

60

Q

O

[0

II
= | |
®) O \

Yo






OPS/images/fpls-11-00393-g002.jpg
m o © © < N
1ons] Aes
(@)
(4 S — A
%
%
© oﬁ«\
0.
o]
o (e} o

(%) uonezijeussyul LNId

a1]

o o o o o

o
N o © © < N
|1oA8] Aein
O
© N7
%
%
© @w«\
0.
o]
o w o

(%) uonezijeussjul gNId






OPS/images/fpls-11-00393-g003.jpg
Root length, mm

10






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Butylated Hydroxytoluene (BHT) Inhibits PIN1 Exocytosis From BFA Compartments in Arabidopsis Roots



		INTRODUCTION



		RESULTS



		Dose-Dependent Response of PIN Internalization to BHT



		Dose-Dependent Response of Root Growth to BHT



		BHT Affects PIN Internalization by Acting Downstream of NAA



		BHT Specifically Inhibits Exocytosis of PIN1 in a ROS-Independent Manner







		DISCUSSION



		BHT Differs in Its Inhibition of PIN1 and PIN2 Exocytosis From BFA Compartments



		BHT Action Differs From That of Other Antioxidants



		BHT Does Not Act as a Pro-oxidant



		BHT Action Differs From That of the Auxin Transport Inhibitors NPA and TIBA



		Differences Between BHT and Flavonoid Action



		Differences Between BHT and BFA



		Differences Between BHT and Endosidin2







		MATERIALS AND METHODS



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
frontiers
In Plant Science

Butylated Hydroxytoluene (BHT)
Inhibits PIN1 Exocytosis From
BFA Compartments
in Arabidopsis Roots









OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-11-00393-g006.jpg
A B C

Control DTT BFA

E F G H

Control BHT Quercetin Kaempferol BFA






