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Abstract

Polar auxin transport through plant tissue strictly requires polarly localized PIN pro-

teins and uniformly distributed ABCB proteins. A functional synergy between the

two types of membrane protein where their localizations overlap may create the

degree of asymmetric auxin efflux required to produce polar auxin transport. We

investigated this possibility by expressing ABCB4 and PIN2 in human embryonic kid-

ney cells and measuring whole-cell ionic currents with the patch-clamp technique

and CsCl-based electrolytes. ABCB4 activity was 1.81-fold more selective for Cl�

over Cs+ and for PIN2 the value was 2.95. We imposed auxin gradients and deter-

mined that ABCB4 and PIN2 were 12-fold more permeable to the auxin anion (IAA�)

than Cl�. This measure of the intrinsic selectivity of the transport pathway was

21-fold when ABCB4 and PIN2 were co-expressed. If this increase occurs in plants,

it could explain why asymmetric PIN localization is not sufficient to create polar auxin

flow. Some form of co-action or synergy between ABCB4 and PIN2 that increases

IAA� selectivity at the cell face where both occur may be important. We also found

that auxin stimulated ABCB4 activity, which may contribute to a self-reinforcement

of auxin transport known as canalization.

1 | INTRODUCTION

A special mechanism for directing auxin through tissues to its sites of

action was recognized even before the chemical structure of this

important plant hormone was deduced (Went & Thimann, 1937). So-

called polar auxin transport was hypothesized to result from channels

releasing the auxin anion (IAA�) across the plasma membrane, down a

large thermodynamic gradient, more so at one end of the cell than the

other (Goldsmith, 1977; Raven, 1975; Rubery & Sheldrake, 1974).

Mathematical models indicated that a twofold higher permeability of

the membrane to auxin at one end of each cell in a file would produce

the auxin transport rates and high degree of directional bias through

tissues (Goldsmith et al., 1981; Mitchison, 1981). The breakthrough

discovery of PIN-FORMED (PIN) proteins accorded well with the the-

ory because their sequences are consistent with a solute transport

function, they are localized at the plasma membrane predominantly at

the downstream ends of auxin-transporting cells, and mutant analysis

showed them to be required for polar auxin transport (Chen

et al., 1998; Gälweiler et al., 1998; Křeček et al., 2009; Okada

et al., 1991; Wisniewska et al., 2006). When PIN proteins were shown

to reduce the amount of radioactive auxin retained in non-plant cells
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engineered to express them, indicating they were capable of

auxin transport (Chen et al., 1998; Petrášek et al., 2006), the mecha-

nism of polar auxin transport through tissues appeared to be well

understood. However, a PIN-only explanation became insufficient

when members of the B subfamily of ATP-Binding Cassette (ABCB)

transporters were also shown to be essential for polar auxin transport

(Noh et al., 2001; Terasaka et al., 2005), and also capable of promoting

auxin efflux as indicated by auxin retention assays (Blakeslee

et al., 2007; Cho et al., 2007; Geisler et al., 2005; Petrášek

et al., 2006; Yang & Murphy, 2009). Of the two types of proteins

required for polar auxin transport, only PIN proteins are localized pre-

dominantly at one end of cells. Yet the uniformly distributed ABCB

proteins are also required for directionally biased release of auxin

from cells. It is important to understand how the ABCB transporters

play an essential role in the polar auxin transport mechanism. The

twd1 mutation prevents multiple auxin-related ABCB transporters

from reaching the plasma membrane (Wu, Otegui, et al., 2010). The

twd1 mutation does not affect the polar localization of PIN trans-

porters in the same cells, yet it severely impairs polar auxin transport

(Bouchard et al., 2006). Thus, asymmetrically placed PIN proteins

appear insufficient to produce polar auxin transport through tissues.

ABCB proteins at the plasma membrane are also required. An explana-

tion of this requirement is needed in order to understand the polar

auxin transport mechanism.

One published explanation of the requirement for ABCB proteins

in polar auxin transport (Noh et al., 2003) required substantial modifi-

cation after further investigation. Mutations in ABCB genes apparently

do not grossly affect the localization of PIN proteins, but they appear

to make PIN protein localization more sensitive to disruption by the

Triton X-100 detergent, indicating that ABCB proteins may stabilize

PIN proteins in some particular membrane contexts (Titapiwatanakun

et al., 2008).

A different potential explanation for why ABCB and PIN proteins

are required for polar auxin transport is that they function differently

when together than either does separately. This synergistic effect

would occur where the two protein types co-reside at the down-

stream face of each cell. Consistent with this synergistic function idea,

ABCB and PIN proteins have been shown to interact physically

(Blakeslee et al., 2007). For a critical review of the topic of ABCB and

PIN functional cooperativity and its implications for polar auxin trans-

port, see Geisler et al. (2017).

A functional synergy, or a new transport property that manifests

when ABCB and PIN proteins are co-expressed, may be difficult to

detect with an auxin retention assay. A method that directly measures

auxin movement across the membrane while controlling the variables

that affect transport may be more effective. The electrophysiological

patch-clamp technique can be such a method if the transported sub-

stance bears an electric charge. At the pH of cytoplasm, essentially all

of the auxin is IAA�, and release of the IAA� from cells is thermody-

namically passive (Goldsmith, 1977; Raven, 1975; Spalding, 2013).

Therefore, ABCB and PIN proteins are expected to be electrogenic,

meaning their transport activities should produce an electric current

that the patch-clamp method may be able to measure. This approach

is considered to be a rigorous method for characterizing the functions

of plant electrogenic transporters (Dreyer et al., 1999).

A previous report established the feasibility of using heterologous

expression and patch clamping to study plant ABCB protein activity

(Cho et al., 2014). The ABCB19 protein from Arabidopsis was

expressed in human embryonic kidney (HEK) cells. Whole-cell patch

clamp analyses using NaCl-based electrolytes demonstrated that

ABCB19 produced electrogenic transport activity. The ABCB19 cur-

rents were carried more by Cl� than Na+. The Cho et al. (2014) study

was not designed to measure transport of IAA�. The present paper

extends the approach of Cho et al. (2014) to determine if the patch-

clamp technique can directly measure IAA� transport by ABCB and

PIN proteins and if some synergy resulting from their co-expression

can be detected. The experiments used ABCB4 and PIN2 because

these members of the two protein families are expressed in the same

outer cell layers of the Arabidopsis root; both are required for

shootward polar auxin transport through the root epidermis (Band

et al., 2014; Kubeš et al., 2012), and both participate in the root

gravitropism response (Abas et al., 2006; Lewis et al., 2007). They are

a logical pair of proteins to study separately and together with elec-

trophysiological methods in order to advance our understanding of

the polar auxin transport mechanism.

2 | RESULTS

2.1 | ABCB4 and PIN2 display weakly anion-
selective electrogenic activity

To test the hypothesis that ABCB4 and PIN2 transport activities are

electrogenic and therefore may be studied with the patch clamp tech-

nique, cDNA encoding one or the other of these proteins was

expressed in cultured HEK cells, which are commonly used for elec-

trophysiological characterization of cloned membrane proteins

(Lemtiri-Chlieh & Ali, 2013). The bi-cistronic transfection vector also

encoded a fluorescent protein marker in order to determine which

cells in a field were appropriate subjects. The principal cation in the

pipette and bath electrolytes was Cs+, present at a concentration of

140 mM. Cs+ was chosen to preclude currents from the small amount

of endogenous sodium and potassium channel activity in HEK cells.

Cl� (140 mM) was the principal anion. In response to a voltage-step

protocol, cells expressing ABCB4 or PIN2 displayed time-independent

inward and outward currents that were at least threefold greater than

currents recorded from controls cells transfected with a vector con-

taining only the fluorescent marker (Figure 1a,b). Current–voltage

(I–V) relationships in these symmetric CsCl conditions were approxi-

mately linear (Figure 1c). They reversed (I = 0) between �8 and

�11 mV. A reversal potential (Erev) of 0 mV was expected in this case

of equal CsCl concentrations on either side of the membrane. An

uncorrected junction potential (Neher, 1992) or some type of active

transport process in the HEK cell may have caused this offset. We did

not subtract or otherwise remove this offset in any of the analyses

because it was similar in all cells.
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To determine whether Cs+ or Cl� carried the currents in cells

expressing ABCB4 and PIN2, we imposed a concentration difference

by shifting the bath solution, measured the resulting shift in reversal

voltage of the I-V curve (ΔErev), and then used the Goldman-Hodgkin-

Katz (GHK) equation (Equation 1) to measure the membrane’s perme-

ability to Cl� (PCl) relative to Cs+ (PCs) as explained by (Hille, 2001).

ΔErev ¼RT
F
ln
PCs Csþ

� �
oþPCl Cl

�½ �i
PCs Csþ

� �
iþPCl Cl

�½ �o
ð1Þ

R, T, and F have their usual thermodynamic meaning.

Reducing the CsCl concentration in the bath solution from 140 to

14 mM shifted the average reversal voltage (Erev) of control cells by

�11 mV (Figure 2a,d), but this difference was not statistically signifi-

cant (p = 0.052). The same shift of the bath solution shifted the aver-

age Erev of ABCB4-expressing cells significantly in the opposite

direction by 12.2 mV (Figure 2a,d). Using Equation 1, a ΔErev of

12.2 mV indicates the plasma membrane of cells expressing ABCB4

was 1.81 times as permeable to Cl� as it was to Cs+, that is, PCl:PCs

= 1.81. PIN2-expressing cells displayed a ΔErev of 21.6 mV,

corresponding to a PCl:PCs = 2.95 (Figure 2b,d). When ABCB4 and

PIN2 were co-expressed, the PCl:PCs of the membrane was also 2.95

(Figure 2c,d).

2.2 | Assumptions

The above analyses and those that follow depend on a framework of

assumptions.

1. The activity of the expressed protein is much greater than any sim-

ilar activity inherent in the expression system. The currents in cells

transfected with ABCB4 or PIN2 were at least threefold above the

control cell (background) and endowed the membrane with a sig-

nificant degree of an anion selectivity not observed in the control

cells. Therefore, this assumption is probably valid. If the heterolo-

gous proteins did not completely dominate the membrane conduc-

tance, the selectivity values will be underestimated. The biological

conclusions would probably not be affected.

2. The measured activity is not a secondary effect of the plant pro-

tein on a HEK cell transporter. HEK cells were chosen as an

expression system because they have been called “a host of choice

for transient heterologous expression of membrane proteins” in

part because of low endogenous transporter expression (Ooi

et al., 2016). The activities measured here are probably not a HEK

cell transporter that responds to a foreign protein because ABCB4

and PIN2 share no structural features, yet both produced anion-

selective activities, which may be expected of proteins that trans-

port IAA�. It seems unlikely that two structurally dissimilar pro-

teins would create a similar artifact. Also, this assumption was

tested in a previous study of ABCB19-dependent currents in HEK

cells. Mutating a single conserved amino acid in ABCB19 produced

a null phenotype in a plant and prevented the protein from produc-

ing any currents in the HEK cell (Cho et al., 2014). A spurious sec-

ondary effect would probably not be eliminated by changing one

amino acid in this very large protein. Pharmacological evidence

also indicates this assumption is valid. The anion channel blocker

5-nitro-2-(3-phenylpropylamine)-benzoic acid (NPPB) completely

blocked the ABCB19 activity in HEK cells. Briefly pretreating seed-

lings with the same low concentration of NPPB also blocked polar

F I GU R E 1 Electrogenic activities of ABCB4 and PIN2 proteins
expressed in HEK cells. (a) Diagram of the whole-cell patch clamp
technique employing Cs+ and Cl� as principal charge carriers. The
amplifier controlled (clamped) the membrane potential (Vm) while the
transmembrane electric currents (I) were measured. The cells were
transfected with a vector carrying only EGFP or DsRED cDNA
(control), ABCB4 and EGFP cDNA in separate reading frames, or PIN2

and DsRED cDNA in separate reading frames. (b) Example recordings
of transmembrane currents elicited by step-wise changes in Vm

recorded from control cells and cells transfected with ABCB4 or PIN2.
(c) I–V curves represent mean current � SE at each membrane
potential measured in control cells (n = 5), ABCB4-expressing cells
(n = 6), and PIN2-expressing cells (n = 6). The pipette and bath
solutions contained 140 mM CsCl
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auxin transport in Arabidopsis roots to the same extent as the

abcb19 mutation and impaired gravitropism without affecting root

growth rate (Cho et al., 2014). Thus, genetic and pharmacological

results link the activity generated in HEK cells with in planta func-

tions of the ABCB protein. We successfully used this platform to

study the transport and gating functions of plant GLR proteins

(Vincill et al., 2012, 2013). The results matched their in planta func-

tions. No evidence of an artifactual activity was found.

3. Permeant ions act independently with respect to the conduction

pathway. The GHK analysis assumes that the Cs+ ions do not

affect the permeation of Cl�, and vice versa. If this assumption is

not fully valid, the accuracy of the permeability ratios would be

affected, but probably not the biological interpretations of the

results to be presented.

Accepting these assumptions leads to the conclusion that ABCB4 and

PIN2 perform thermodynamically passive, electrogenic transport.

ABCB4 and PIN2 were found to be approximately twofold and three-

fold selective for Cl� over Cs+, respectively. Whether these ions are

natural transport substrates depends on their in vivo cytoplasmic con-

centrations and the concentrations of other potentially permeant ions.

Cs+ is not present in cells at a concentration that could be physiologi-

cally relevant, but Cl� would be. Whether the proteins preferentially

transport another natural substrate, namely, IAA�, was addressed by

the next set of experiments.

2.3 | ABCB4 and PIN2 conduct IAA�

Imposing an auxin gradient will positively shift Erev if the expressed

protein transports IAA�. Our ability to detect a ΔErev due to IAA�

transport will depend on the magnitude of the IAA� gradient across

the membrane, the concentrations of other permeant ions (Cs+ and

Cl� in this case), and the selectivity of the transporter for IAA�

F I GU R E 2 Current–voltage analysis of ABCB4, PIN2, and co-expressed ABCB4 + PIN2 in symmetrical and asymmetrical conditions
demonstrates anion preference. (a) ABCB4 and control cell I–V relationships recorded with 140 mM CsCl in the bath and pipette (symmetrical)
and after switching the bath to 14 mM CsCl (asymmetrical). Plotted are the mean currents � SE at each voltage obtained from four separate cells
for each condition. (b) Same as (a) but for cells expressing PIN2. The control cell curves are re-plotted from (a). (c) Same as (b) but for cells co-
expressing ABCB4 and PIN2. (d) The reversal potential (Erev) values determined by linear regression performed on a limited portion of the I–V
curve and displayed in a box plot. The positive shift in mean Erev (white square symbol within box) between symmetric and asymmetric conditions
was used to calculate Cl� to Cs+ permeability ratios (PCl:PCs) with Equation 1 for ABCB4 (1.91), PIN2 (2.95), and ABCB4 + PIN2 (2.95). Notations
on the bottom of the graph indicate whether the differences in Erev between the symmetrical and asymmetrical CsCl were not statistically
significant (n.s.) or significant with *p < 0.05 or **p < 0.01
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relative to other permeant ions (PIAA:Px). We set the first and

second of these at levels that should improve the ability to measure

the third. We lowered the CsCl concentration to 50 mM and

increased the concentration of auxin in the pipette solution from

0.1 μM to 1 mM IAA. Then, we measured I–V relations (Figure 3a,b).

Failure of the glass/membrane seal was frequent in these low

ionic strength conditions, but we successfully patch-clamped 57 cells

to complete a set of experiments that directly tested for electrogenic

transport of IAA� by ABCB4 and PIN2. The results in Figure 3c show

that significant positive shifts in Erev were observed in cells expressing

ABCB4, PIN2, and ABCB4 + PIN2 but not in control cells. These

IAA-dependent shifts in Erev establish that ABCB4 and PIN2 transport

IAA� across the membrane. No such activity could be detected in

control cells. An artifactual activity resulting from a secondary effect

of ABCB4 or PIN2 on an endogenous HEK cell protein (see above

assumptions) would not be expected to respond to an auxin gradient.

This is not the first example of a plant membrane protein that

transports organic and inorganic anions. ALMT1 transports malate

and Cl� as shown by I–V analysis of the protein in Xenopus

oocytes. ALMT1 is activated by Al3+ and negatively regulated by

gamma-aminobutyric acid (Piñeros et al., 2008; Ramesh et al., 2015).

2.4 | Synergistic effect of co-expression on IAA�

selectivity

Evidence of an interaction between ABCB4 and PIN2 was found by

analyzing the IAA-dependent shifts in Erev with a GHK-based model of

the experiment (Equation 2). The result appears to help explain the

mechanism of polar auxin transport.

ΔErev ¼RT
F
ln
PCs Csþ

� �
oþPCl Cl

�½ �iþPIAA IAA�½ �i
PCs Csþ

� �
iþPCl Cl

�½ �oþPIAA IAA�½ �o
ð2Þ

The values used to parameterize the GHK model (Equation 2)

were derived from the data in Figure 2d. PCl:PCs was 1.81 for ABCB4,

2.95 for PIN2, and 2.95 for ABCB4 + PIN2. The curves for PIN2 and

ABCB4 + PIN2 overlap because their PCl:PCs ratios were identical.

The resulting curves plotted in Figure 4 show that a high degree of

IAA� selectivity equates with a shift in Erev of only a few millivolts.

The model shows that large shifts in Erev should not be expected in

these ionic conditions, consistent with the measured values of 3.7 mV

for ABCB4, 4.2 mV for PIN2, and 6.9 mV for ABCB4 + PIN2. The

model shows these shifts reflect a PIAA:PCl of 12 for ABCB4, 12 for

PIN2, and 21 for ABCB4 + PIN2. The results in Figures 3 and 4

F I GU R E 3 IAA� permeability
demonstrated by current–voltage
analysis. (a) I–V curves obtained in
symmetrical 50 mM CsCl conditions
with 0.1 μM IAA in the pipette, that
is, on the cytoplasmic side. (b) I–V
curves obtained as in (a) but with
1 mM IAA in the pipette. The number
of independent cells measured per
condition was between 4 and 14.
(c) Reversal potentials (Erev) of I–V
curves obtained with either 0.1 μM
IAA (low) or 1 mM IAA (high) in the
pipette displayed in box plots with
the means denoted by white square

symbols. The Erev value for each trial
(independent cell) was determined by
linear regression performed on a
limited portion of the I–V curve.
Notations on the bottom of the graph
indicate whether the differences in
Erev between the low and high auxin
concentrations were not statistically
significant (n.s.), or significant with
*p < 0.05 or **p < 0.01
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demonstrate that ABCB4 and PIN2 proteins transport IAA� with a

12-fold preference over Cl�. The co-expression results indicate that

the permeation pathway becomes even more selective for IAA� over

Cl� when both proteins are present. Co-expression did not increase

the amount of activity; the magnitude of current did not increase

(Figure 3b). Instead, the apparent increase in PIAA:PCl from 12 to

21 indicates that co-expressing ABCB4 and PIN2 approximately

doubled the contribution of IAA� ions to the transported current

(Figure 4). The results are evidence of a synergism between the two

types of proteins that increase the selectivity of the transport

pathway for IAA� at least with respect to Cl�.

2.5 | Auxin stimulates the activity of ABCB4

Increasing the auxin concentration on the cytoplasmic side increased

the magnitude of the currents in cells expressing ABCB4, which can

be seen by comparing the I–V curves in Figure 3a,b. The increase in

negative currents could be explained by there being a higher concen-

tration of a selectively transported substrate, IAA�, on the cytoplas-

mic side. However, the increased positive currents cannot be

explained by more IAA� substrate on the cytoplasmic side. Instead,

the results indicate that auxin stimulated the activity of ABCB4, in

addition to being an electrogenically transported substrate. Additional

experiments were performed to investigate the potential for auxin

regulation of an auxin transporter’s activity, which is a fundamentally

different topic than the effects of the auxin gradient on Erev. Figure 5a

shows that increasing IAA concentration in the pipette from 0.1to

1 μM increased the negative and positive currents in

ABCB4-expressing cells by approximately 30% but did not affect con-

trol cells. Increasing it further to 1 mM further increased the negative

currents again by 30%, but the positive currents did not increase. One

possible explanation for the lack of increase in positive currents when

auxin was increased from 1 μM to 1 mM is that ABCB4 becomes

more selective for IAA� when auxin concentrations increase. Positive

currents due to Cs+ efflux or Cl� influx were possibly limited by a

more stringently selective ABCB4 at the highest auxin concentration.

The effect of increasing auxin to 1 mM on the currents in

F I GU R E 4 ABCB4 and PIN2 are highly selective for IAA� over
Cl�, and the selectivity approximately doubles when the two are co-
expressed. The Goldman-Hodgkin-Katz model of membrane transport
was parameterized with values of Cl� permeability (PCl) relative to
Cs+ permeability (PCs) calculated from the results in Figure 2D to
determine the permeability of IAA� relative to Cl� (PIAA: PCl) based on
the ΔErev values presented in Figure 3D

F I GU R E 5 Auxin stimulates ABCB4 activity. (a) I–V relationships for ABCB4 obtained with different concentrations of IAA� in the pipette.
(b) I–V curves for PIN2 obtained with different concentrations of IAA� in the pipette. The pipette and bath solutions contained 50 mM CsCl. The
same control data are plotted in (a) and (b); the 0.1 μM IAA and 1 mM IAA data are replotted from Figure 3. The 1 μM IAA data are mean currents
� SE obtained from six control cells, four ABCB4 cells, and five PIN2 cells. The increase in negative currents in ABCB4-expressing cells is
evidence of auxin-stimulated IAA� transport. PIN2 did not display this regulatory behavior
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PIN2-expressing cells could be explained by an increase in substrate

(permeant ion) concentration. There is less evidence in I–V curves of

an activity-stimulating effect of auxin. The negative currents did not

increase when auxin concentration increased from 0.1 to 1 μM, and

none would not be expected if auxin was only a transport substrate

and not also an activator. Only at the highest concentration did auxin

increase the negative and possibly also the positive currents. This

effect would be expected if the transporter were presented with a sig-

nificant concentration (relative to Cl�) of a permeant, transportable,

substrate. In contrast to ABCB4, there appears to be no evidence of

auxin stimulating PIN2 transport activity within the presumed physio-

logically relevant range of 0.1–1 μM (Figure 5b).

Benzoic acid (BA) is often used as a control compound in polar

auxin transport assays. It did not stimulate ABCB4 or PIN2 channel

activity (Figure 6a,b). Auxin is structurally related to the amino acid

tryptophan (Trp), which did not stimulate activity like auxin (Figure 6a,b).

These results demonstrate that auxin activates ABCB4 and PIN2

transport, but another weak acid with an aromatic ring (BA) and a

biosynthetic precursor (Trp) did not. Activation specifically by auxin

would not be expected of an artifactual activity, further evidence in

favor of one of the underlying assumptions discussed above.

These experiments also showed that BA and Trp were not trans-

ported by ABCB4 because Erev did not shift significantly when 0.1 μM

IAA in the pipette was replaced with 1 mM BA or Trp (Figure S1). In

this set of experiments, 1 mM IAA served as a positive control, and it

served as a second test of IAA� transport. Again, 1 mM IAA shifted

Erev significantly to a more positive voltage in cells expressing ABCB4

(Figure S1). We conclude that ABCB4 transported IAA� but not Trp

or BA. Very similar results were obtained for PIN2. The only

exception is that PIN2 transported BA, consistent with a previous

report (Geisler et al., 2005).

2.6 | NPPB but not NPA inhibits ABCB4 and PIN2
activity

NPPB is used to block anion channels including those encoded by

mammalian ABC transporters (Csanády & Töröcsik, 2014; Wang

et al., 2005), and it reversibly blocks Cl�-permeable channels in the

Arabidopsis plasma membrane (Cho & Spalding, 1996). It displays a

half-inhibition concentration of approximately 5 μM (Noh &

Spalding, 1998). The Arabidopsis ABCB19 gene was originally isolated

by screening for NPPB-induced genes (Noh et al., 2001). ABCB19 was

shown to possess NPPB-inhibited activity when expressed in HEK

cells (Cho et al., 2014). NPPB also blocks polar auxin transport in roots

as effectively as null abcb19 mutations (Cho et al., 2014). Consistent

with these results, 20 μM NPPB completely blocked ABCB4 channel

activity (Figure 6c). The chemical N-1-naphthylphthalamic acid (NPA)

is widely used in the low micromolar range to inhibit polar auxin trans-

port and has been reported to bind to ABCB19 (Kim et al., 2010), but

F I GU R E 6 Activation specificity
and pharmacology of ABCB4 and
PIN2 activity. (a) Neither the indole-
based amino acid Trp nor the
aromatic benzoic acid (BA) activates
ABCB4 similarly to IAA. The dashed
line shows the 0.1 μM IAA ABCB4
baseline copied from Figure 5a.
(b) Same as (a) but for PIN2. The
dashed line shows the 0.1 μM IAA
PIN2 baseline copied from Figure 5B.
(c) ABCB4 activity in auxin-stimulated
conditions is blocked by 20 μM NPPB
but not 10 μM NPA applied by

switching the bath solution. Neither
treatment significantly affected the
control cell currents. (d) Same as
(c) but for PIN2. Plotted is mean
current � SE at each voltage for n = 4
or 6 independent cells for each
treatment. The pipette and bath
contained 50 mM CsCl. Untreated
control cell data are replotted from
Figure 5a
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it did not inhibit ABCB19 currents in HEK cells (Cho et al., 2014).

Figure 6c shows that 10 μM NPA did not inhibit ABCB4 activity

either. PIN2 currents displayed the same pharmacological profile.

NPPB but not NPA was an effective inhibitor (Figure 6c,d). The lack of

an inhibitory effect of NPA on PIN2-mediated currents carrying IAA�

is consistent with a recent report (Abas et al., 2021) that NPA binds to

PIN proteins at a dimerization interface, considered to be “distinct
from IAA substrate-binding sites” and therefore probably not part of

the intrinsic transport pathway.

HEK cells possess an anion channel that could potentially con-

found the heterologous expression approach used in the present

study (see Section 2.2). However, the HEK cell must be swelled in

hypotonic conditions to observe this endogenous activity and 100 μM

NPPB is required to suppress it (Hélix et al., 2003). Therefore, this

endogenous volume-regulated anion channel (VRAC) probably did not

contribute to the present results.

The Dataset S1 contains the 191 individual I-V data sets used to

generate the results in Figures 1–6. Each entry is an independent trial

obtained from a separate transfected HEK cell.

3 | DISCUSSION

Previous studies demonstrated that ABCB19 and PIN1 physically

interact strongly enough to enable coimmunoprecipitation of the pair

(Blakeslee et al., 2007). Mravec et al. (2008) concluded that ABCBs

and PINs “interact intermolecularly at the PIN-containing polar

domain.” The PIAA:PCl measurements in Figure 4 indicate an important

functional effect can be expected as a result of the interaction. Where

ABCB4 and PIN2 co-reside, they form an electrogenic transport activ-

ity that is 21-fold more selective for IAA� over Cl�, compared to

12-fold for either protein by itself. The large increase in auxin selectiv-

ity is a fundamentally different effect than the increase in transport

capacity that Blakeslee et al. (2007) measured when ABCB and PIN

proteins were co-expressed in yeast and HeLa cells. In that case, co-

transfection with ABCB and PIN genes may have produced the

observed greater transport activity by producing more transporters

compared to cells transfected with only one gene. In the present

study, co-expression of ABCB4 and PIN2 enhanced an intrinsic prop-

erty of the conduction pathway in a way that cannot be explained by

a difference in the number of proteins present. The results in Figure 4

show that ABCB4 and PIN2 co-acted, or synergized, to make a more

selective transport mechanism. Blakeslee et al. (2007) found PIN2

could transport BA and that co-expression of ABCB1 reduced that

activity. This could be interpreted as evidence of an ABCB protein

increasing the selectivity of a PIN protein, consistent with the bio-

physical evidence shown here.

The co-action of ABCB4 and PIN2 would be expected where

both proteins reside, which is at the shootward ends of epidermal and

lateral root cap cells. There the currents they facilitate would be

enriched approximately twofold for IAA� relative to currents across

the membrane at other cell faces, according to the analysis shown in

Figure 4. The magnitude of this enrichment matches the twofold per-

meability difference between opposite cell ends that mathematical

models have shown will produce the measured rate and directional

bias of auxin transport through cell files (Goldsmith et al., 1981;

Mitchison, 1981). The special accumulation of PIN2 at the shootward

end of these root cells is required for polar auxin transport. It should

increase the capacity for IAA efflux at this cell face. The new perme-

ability analyses presented here indicate that the presence of ABCB4

in this membrane domain would increase selectivity for IAA�. The

enhanced selectivity effect of ABCB4-PIN2 interaction at one end of

the cell may be a key aspect of the cellular asymmetry underpinning

the polar auxin transport phenomenon. This could explain why prop-

erly positioned PIN proteins in the absence of ABCB proteins is not

sufficient to produce polar auxin transport. A diagram summarizing

this explanation is shown in Figure 7.

If one accepts that ABCB4 and PIN2 did not enhance endogenous

HEK cell conductances to create artifactual currents and that the gen-

uine background HEK cell currents were small enough to ignore, then

analyzing reversal potentials with an equation (GHK) derived from

electrodiffusion theory is the standard way to quantify a heterologous

F I GU R E 7 Diagram summarizing how the
intrinsic and synergistic properties of ABCB4
and PIN2 measured by patch clamping may
produce the twofold asymmetry in PIAA across
a cell that results in polar auxin transport

through tissues. The diagram shows that ion
flux across the end of a cell containing ABCB4
and PIN2 is twofold enriched for IAA�

compared to faces of the cell that do not have
both components. A synergy or co-action
between ABCB4 and PIN2 that enhances
selectivity for IAA� could explain why the
phenomenon of polar auxin transport requires
ABCB4 in addition to polarly localized PIN
proteins
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protein’s intrinsic permeability ratios (Hille, 1991). The GHK model

showed ABCB4 and PIN2 each selected IAA� over Cl� by a factor of

12. Inferring physiological function from these values requires knowl-

edge of the natural concentrations of potential substrates. An upper

limit for the concentration of IAA� in the cytoplasm of Arabidopsis

seedling cells is approximately 100 nM. This estimate is based on 19.4

picograms of free IAA per milligram (fresh weight) of Arabidopsis

seedling (Wu, Cameron, et al., 2010), and IAA binding constants for

the TIR1-AUX/IAA receptors in the range of 10 to 100 nM (Calder�on

Villalobos et al., 2012). Cytoplasmic Cl� concentration, on the other

hand, is at least 104-fold greater (Lorenzen et al., 2004). Despite an

intrinsic high selectivity for the hormone, a relatively high concentra-

tion of Cl� means it will also be transported. Thus, in a natural cellular

context, ABCB4 and PIN2 will conduct a current carried by IAA�, Cl�,

and other potentially permeant ions.

It may be a mistake to consider the transport of inorganic ions by

ABCB and PIN proteins as a purposeless and unavoidable conse-

quence of relatively low auxin concentration. The transport of Cl� and

potentially other permeant ions may be physiologically important, as

may be the case in the best-studied human ABCB transporter,

the multidrug-resistance P-glycoprotein (Fletcher et al., 2010;

Higgins, 1995; Hoffman et al., 1996; Roepe, 2000; Valverde

et al., 1992). One possible function for the currents in addition to car-

rying IAA� is to balance other electrogenic activity at the membrane.

By convention in the field of cell physiology, negative membrane cur-

rents are those carried by anions moving out of the cytoplasm or cat-

ions moving in to the cytoplasm (Bertl et al., 1992). The opposite is

true for positive currents. For example, a H+-ATPase pumping proton

outward across the plasma membrane creates a positive current. All

currents in a circuit must sum to zero according to Kirchoff’s laws, and

ionic currents across a membrane are no exception. Thus, the positive

current created by a plasma membrane H+-ATPase must be offset by

an equal amount of negative current. Auxin increases the activity of

plasma membrane H+-ATPases to promote cell expansion (Du

et al., 2020). Auxin also stimulates the activity of ABCB4 (Figure 5).

Auxin-stimulated ABCB4 activity may facilitate the negative currents

that balance the positive currents resulting from auxin-stimulated H+

-ATPase activity. NPPB is a potent inhibitor of ABCB19 (Cho

et al., 2014) as well as an inducer of its expression (Noh et al., 2001).

NPPB also inhibits ABCB4 and PIN2 (Figure 6c,d), and anion channels

of unknown molecular composition that can depolarize the membrane

in Arabidopsis plasma membranes (Cho & Spalding, 1996). NPPB

could be used to test the role of balancing currents mediated by

ABCB and PIN proteins in auxin-stimulated proton pumping. The

results may show that auxin transport and auxin response are not

completely independent processes. They may both depend on the

electrogenic transport activity of ABCB and PIN proteins.

Auxin stimulation of ABCB4 activity (Figure 5a), especially if it

occurs in other members of the ABCB family, would also contribute

to the positive reinforcement of auxin transport by auxin transport

itself. Self-strengthening auxin transport is a key feature of canaliza-

tion, the phenomenon thought to create auxin distribution patterns

that guide many aspects of development (Bennett et al., 2014; Sauer

et al., 2006; Stoma et al., 2008; van Berkel et al., 2013). The present

findings of auxin-stimulated ABCB4 transport activity and increased

selectivity due to ABCB4 and PIN2 interactions would combine with

auxin promotion of PIN expression to produce canalization (Bayer

et al., 2009; Kramer, 2008; Smith & Bayer, 2009; van Berkel

et al., 2013).

The results reported here establish a new category of evidence

indicating that ABCB4 and PIN2 directly transport IAA� across a cell

membrane. Similar approaches based on voltage-clamp measurements

of charge movement and membrane transport theory could determine

if other ABCB proteins associated with auxin transport through

tissues, such as ABCB1, ABCB6, ABCB19, and ABCB20 (Noh

et al., 2001; Zhang et al., 2018), directly transport IAA� and synergisti-

cally affect IAA� selectivity when co-expressed with appropriate PIN

proteins. The experimental methods established here could be used to

study ABCB protein structure–function relationships. One structure–

function question to address is whether or not the proposed IAA

binding sites in ABCB4 (Yang & Murphy, 2009) are responsible for

auxin activation of its transport function (Figure 5a). Another is the

role of predicted NPA binding sites (Kim et al., 2010) in transporter

function, and if a D/E-P motif (Hao et al., 2020) is important to the

IAA� selectivity measurable by electrophysiological methods. The

measurement platform could also be used to investigate the regula-

tory effects of co-expressed kinases (Weller et al., 2017; Zourelidou

et al., 2014). Especially important will be biophysical investigations of

how enhanced selectivity apparently results from the interaction of

ABCB4 and PIN2. The phenomenon may be analogous to the interac-

tion between mammalian ABCC8 and the Kir6 (KATP) potassium chan-

nel which results in regulation not evident in either individual protein

(Bryan & Aguilar-Bryan, 1999; Burke et al., 2008). All of the above

would benefit from improvements to the platform such as increasing

expression of the plant proteins in HEK cells and finding ways to

achieve larger auxin gradients across the membrane. The former

would increase the activity to be measured and the latter would cre-

ate larger shifts in Erev and therefore increase the precision with which

IAA� selectivity could be measured. The resulting improved under-

standing of how auxin transport proteins create directionally biased,

self-reinforcing auxin flow would lead to more accurate mechanistic

models of how auxin influences plant growth and development.

3.1 | Materials and methods

3.1.1 | HEK cell culture and transfection

HEK293T cells from American Type Culture Collection were cultured

in Dulbecco’s modified Eagle’s medium-GlutaMAX (Invitrogen) with

10% fetal bovine serum, 100 IU ml�1 penicillin, and 100 μg ml�1

streptomycin in an incubator set at 37�C with 95% air and 5% CO2.

Prior to transfection, trypsin-treated HEK293T cells (5 � 105 cells per

well) were plated into six-well tissue culture plates containing

collagen-coated glass cover slips 12 to 24 h before being transfected

with 1 μg of the indicated plasmid DNA using FuGENE 6 transfection
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reagent (Promega) following the manufacturer’s protocol. In the case

of cotransfections, a plasmid ratio of 1:1 (0.5 μg + 0.5 μg) was used.

All experiments were performed 36 to 48 h after transfection and

imaged live at room temperature.

3.1.2 | DNA cloning

For HEK293T cell expression and electrophysiology experiments, full

length ABCB4 and PIN2 cDNA was amplified from total RNA by RT-

PCR as described in Vincill et al. (2012) using the following primers:

50-ATCTGTCGACATGGCTTCAGAGA GCGGCTTA-30 and 50-AATT

CCCGGGTCAAGAAGCCGCGGTT-30. PCR products were then

digested and inserted into the SalI and XmaI sites of the pIRES-

Enhanced Green Fluorescent Protein (EGFP) bicistronic vector used

by Vincill et al. (2012) such that a single mRNA would separately code

ABCB4 and EGFP. PIN2 was amplified from cDNA template using the

following primers: 50-TATTTGTCGACATGATCACCGGCAAA GAC-30

and 50-ATCACCCGGGTTAAAGCCCCAAAAGAAC-30. PCR products

were digested and inserted into the SalI and XmaI sites of the

pIRES2-DsRed bicistronic vector.

3.1.3 | Electrophysiology

The methods and procedures used in this study were similar to those

used in previous studies of ABCB19 and glutamate receptor channels

expressed in HEK cells (Vincill et al., 2013; Cho et al., 2014. For

whole-cell recording, a coverslip with cells was placed in a recording

chamber mounted on the fixed stage of an upright fluorescence

microscope (Olympus BX51WI) mounted on an antivibration table

equipped with a micromanipulator that controlled the head stage of

the patch-clamp amplifier (Axopatch 200A; Molecular Devices; www.

moleculardevices.com). A 40X dipping objective lens was used to view

the cells in bright-field or fluorescence mode in the chamber, which

was being continuously perfused with a bath solution containing

140 mM CsCl, 2 mM CaCl2, 2 mM MgCl2, 5 mM KCl, and 10 mM

HEPES, adjusted to pH 6 with CsOH. The pipette was filled with

140 mM CsCl, 1 mM CaCl2, 2 mM MgCl2, 5 mM EGTA, 10 mM D-Glc,

10 mM HEPES, and 3 mM Mg-ATP, adjusted to pH 7.2 with CsOH.

For experiments using 50 mM CsCl, 190 mM sorbitol was added to

maintain osmolarity. Bath solutions containing only 14 mM CsCl solu-

tions were supplemented with 252 mM sorbitol. When auxin gradi-

ents were imposed, the bath solution always included 0.1 μM IAA and

the pipette contained the indicated auxin concentration. Cells dis-

playing strong EGFP or DsRed fluorescence were selected for whole-

cell patch-clamp analysis using micropipettes pulled from borosilicate

glass. Micropipette resistance was between 5 and 8 megaohms when

filled. After achieving a gigaohm seal, the patch was ruptured to

obtain the whole-cell configuration. After the baseline current stabi-

lized, a voltage clamp protocol was administered by pCLAMP 10.2

software (Molecular Devices). The measured membrane currents were

low-pass filtered at 5 kHz and digitized at 10 kHz using a Digidata

1440A A/D converter (Molecular Devices). Steady-state currents at

each clamp voltage were measured with Clampfit 10.2 (Molecular

Devices) software.

3.1.4 | I-V curve analysis

To obtain accurate and objective measurements of Erev (reversal

potential), linear regression was used to fit a straight line to the I-V

data between �20 and 25 mV for each separate trial (cell). This typi-

cally linear region of the I–V curve always included the I = 0 point.

The x intercept of the fitted line was taken as the value of Erev. Stu-

dent’s t tests were used to determine the statistical significance of dif-

ferences where indicated. The GHK model of the IAA� permeability

experiment was parameterized by setting PCl to 1, using the PCl:PCs

values derived from the data in Figure 2c to obtain a relative value for

PCs, and then plotting the result obtained when PIAA was varied

(swept) across the range shown using the Origin 2020 (Origin Lab

Corp) software package. This was done separately for ABCB4, PIN2,

and ABCB4 + PIN2. The ΔErev due to the imposed auxin gradient,

determined from Figure 3c, was used to obtain the corresponding

PIAA:PCl value from the plotted model curves by using the Origin 2020

data reader tool.
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