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mobility and yield a charge of 12 T 2 e– per tubulin
dimer under physiological conditions. This value
may be important to elucidate the effect of in
vivo electric forces on microtubules. Endogenous
physiological electric fields, with a typical value
up to 103 V/m, are shown to be involved in cell
division, wound healing (35), and embryonic cell
development (36), but their microscopic effect
has so far not been understood. The application
of biomotors in nanofabricated environments is
an exciting development, offering novel possibilities for future developments in lab-on-chip
sorting or purification applications.
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Jan Petrášek,1,2 Jozef Mravec,3 Rodolphe Bouchard,4 Joshua J. Blakeslee,5 Melinda Abas,6
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Intercellular flow of the phytohormone auxin underpins multiple developmental processes in plants.
Plant-specific pin-formed (PIN) proteins and several phosphoglycoprotein (PGP) transporters are
crucial factors in auxin transport–related development, yet the molecular function of PINs remains
unknown. Here, we show that PINs mediate auxin efflux from mammalian and yeast cells without
needing additional plant-specific factors. Conditional gain-of-function alleles and quantitative
measurements of auxin accumulation in Arabidopsis and tobacco cultured cells revealed that the action
of PINs in auxin efflux is distinct from PGP, rate-limiting, specific to auxins, and sensitive to auxin
transport inhibitors. This suggests a direct involvement of PINs in catalyzing cellular auxin efflux.
uxin, a regulatory compound, plays a
major role in the spatial and temporal
coordination of plant development (1–3).
The directional active cell-to-cell transport controls asymmetric auxin distribution, which underlies multiple patterning and differential
growth processes (4–7). Genetic approaches in

A
914

Arabidopsis thaliana identified candidate genes
coding for regulators of auxin transport, among
them permease-like AUX1 (8), plant-specific
PIN proteins (9) (fig. S1), and homologs of human multiple drug resistance transporters PGP1
and PGP19 (10, 11). PGP1 has been shown to
mediate the efflux of auxin from Arabidopsis
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protoplasts and heterologous systems such as
yeast and HeLa cells (12). Similarly, PIN2 in
yeast conferred decreased retention of structural
auxin analogs (13, 14). Plants defective in PIN
function show altered auxin distribution and
diverse developmental defects, all of which can
be phenocopied by chemical inhibition of auxin
efflux (1, 4–7, 9). All results demonstrate that
PINs are essential components of the auxin
transport machinery, but the exact mechanism
of their action remains unclear.
Studies of the molecular function of PINs
have been hampered mainly by the technical inability to quantitatively assess auxin flow across
the plasma membrane (PM) in a multicellular
system. We therefore established Arabidopsis
cell suspension culture from the XVE-PIN1 line,
in which we placed the PIN1 sequence under
control of the estradiol-inducible promoter (15).
Treatment with estradiol led to the activation of
PIN1 expression as shown by the coexpressed
green fluorescent protein (GFP) reporter and
reverse transcription polymerase chain reaction
(RT-PCR) of PIN1 in seedlings (Fig. 1A) and
cultured cells (fig. S2). In estradiol-treated
XVE-PIN1 cells, the overexpressed PIN1 was
localized at the PM (Fig. 1, B and C). The syn-
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thetic auxin naphthalene-1-acetic acid (NAA)
enters cells easily by diffusion and is a poor substrate for active uptake but an excellent substrate
for active efflux (16). Therefore, change in accumulation of radioactively labeled NAA inside
cells provides a measure of the rate of auxin
efflux from cells. Untreated XVE-PIN1 cells as
well as nontransformed cells displayed E3H^NAA
accumulation kinetics indicative of saturable
auxin efflux and sensitive to a well-established
(1, 9) noncompetitive inhibitor of auxin efflux:
1-naphthylphthalamic acid (NPA) (Fig. 1D).
Estradiol did not influence control cells but led to
substantial decrease of E3H^NAA accumulation in
XVE-PIN1 cells (Fig. 1, D and E). This
demonstrates that PIN1 overexpression leads
to the stimulation of efflux of auxin from
Arabidopsis cultured cells.
Arabidopsis cultured cells are not sufficiently
friable to be useful in transport assays. Instead,
we used tobacco BY-2 cells, a well-established
model for quantitative studies of cellular auxin
transport (17). PIN7, the most representative
member of the subfamily including PIN1, PIN2,
PIN3, PIN4, PIN6, and PIN7 (fig. S1), was
placed under the control of a dexamethasone
(DEX)–inducible system (18) and stably transformed into BY-2 cells. The resulting line
(GVG-PIN7) showed up-regulation of PIN7 expression as early as 2 hours after DEX treatment and the up-regulated PIN7 protein was
detected at the PM (Fig. 2A). Nontransformed
cells displayed saturable, NPA-sensitive E3H^NAA
efflux, which was unaffected by DEX (Fig. 2B).
Induction of expression of PIN7 or its close
(PIN4) and the most distant (PIN6) homologs
(fig. S1) resulted in a decrease in E3H^NAA accumulation, to roughly half of the original level
(Fig. 2C). The kinetics of NAA efflux after the
initial loading of BY-2 cells (Fig. 2D), as well
as displacement curves using competitive
inhibition by nonlabeled NAA (fig. S3A),
clearly confirm that PIN7 overexpression stimulates saturable efflux of auxin from cells. The
efflux of other auxins—such as synthetic 2,4dichlorophenoxyacetic acid (2,4-D) or natural1
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Fig. 1. PIN1-dependent auxin efflux in Arabidopsis cultured cells. (A) Up-regulation of PIN1
expression in XVE-PIN1 Arabidopsis seedlings after estradiol (EST) treatment (1 mM, 4 hours). The
expression of coupled GFP reporter (green) and RT-PCR of PIN1 [PGP19 expression was used as a
control (cont.)] are shown. Scale bars, 3 mm. (B and C) Anti-PIN1 immunostaining (red) at the PM
of XVE-PIN1 cultured cells after EST treatment (1 mM, 24 hours) (C). There was no signal in the
untreated control (B). Nuclear counterstain is shown in blue. Scale bars, 10 mm. (D) Auxin
accumulation in Arabidopsis wild-type cells. NPA (10 mM) increased [3H]NAA accumulation inside
cells, demonstrating inhibition of auxin efflux. EST treatment (1 mM, 24 hours) had no effect on
[3H]NAA accumulation. (E) [3H]NAA accumulation kinetics in XVE-PIN1 cells, demonstrating PIN1dependent stimulation of NAA efflux after PIN1 overexpression. Error bars show SEM (n 0 4); where
error bars are not shown, the error was smaller than the symbols.
ly occurring indole-3-acetic acid (IAA), but not
its precursor tryptophan—was also stimulated
(Fig. 2, E and G). The PIN7-dependent efflux of
all auxins was NPA sensitive (Fig. 2G),
competitively inhibited by nonlabeled NAA,
and unaffected by the structurally related but
biologically inactive weak organic acid, benzoic
acid (BeA) (fig. S3B). Furthermore, the
increasing levels of induced PIN7, as achieved
with the use of different concentrations of DEX
for induction, and monitored by dot blot, clearly
correlated with the gradual increase in E3H^NAA
efflux (Fig. 2F). These data imply that different
PIN proteins are rate-limiting factors in NPAsensitive, saturable efflux of auxins from BY-2
cells. This similarity in the molecular function of
PINs, together with the diversity in their regulation, provides a basis for their complex functional redundancy observed in planta (6, 19, 20).
The evidence from cultured cells shows that
PIN proteins are key rate-limiting factors in
cellular auxin efflux. This approach, however,
cannot distinguish whether PINs play a catalytic
role in auxin efflux or act as positive regulators
of endogenous plant auxin efflux catalysts. To
address this issue, we used a nonplant system:
Human HeLa cells contain neither PIN-related
genes nor auxin-related machinery and allow
efficient heterologous expression of functional
eukaryotic PM proteins (21). We transfected
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HeLa cells with PIN7 and its more distant
homolog PIN2. Transfected cells showed strong
PIN expression (Fig. 3A), which resulted in a
substantial stimulation of net efflux of natural
auxin E3H^IAA, compared with empty vector
controls (Student_s t test: P G 0.001) (Fig. 3B).
Efflux of E3H^BeA was also stimulated but to a
lesser extent. These data show that PIN proteins
are capable of stimulating cellular auxin efflux
in the heterologous HeLa cell system, albeit
with decreased substrate specificity.
To test the role of PIN proteins in another
evolutionarily distant nonplant system, we used
yeast (Saccharomyces cerevisiae). PIN2 and
PIN7 were expressed in yeast and showed localization at the PM (Fig. 3A). Kinetics of relative
E3H^IAA retention demonstrated that expression
of the PINs led to a substantial increase in IAA
efflux (Fig. 3C). Efflux assays in conjunction with
control experiments, including testing metabolically less active yeast in the stationary phase, or
after glucose starvation (Fig. 3D), confirmed an
active PIN-dependent export of IAA and, to a
lesser extent, of BeA from yeast (Fig. 3C and fig.
S4B). To test the requirements of the subcellular localization for PIN2 action in yeast, we
performed a mutagenesis of the PIN2 sequence
to isolate mistargeted mutants. One of the mutations, which changed serine-97 to glycine
(pin2Gly97), led to the localization of pin2Gly97
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Fig. 2. PIN-dependent auxin efflux in BY-2 tobacco
cultured cells. (A) Inducible PIN7 expression in GVG-PIN7
tobacco cells. PIN7 immunostaining (green) is shown at
the PM after DEX treatment (24 hours; 1 mM) but not in
the untreated control; RT-PCR of PIN7 was conducted
within 24 hours of DEX treatment (1 mM). Nuclear
counterstain is shown in blue. Scale bars, 40 mm. (B)
Auxin accumulation in BY-2 control cells. NPA (10 mM)
increased [3H]NAA accumulation inside cells, demonstrating inhibition of auxin efflux. DEX treatment (1 mM, 24
hours) had no effect on [3H]NAA accumulation. (C)
[3H]NAA accumulation kinetics in GVG-PIN4, GVG-PIN6,
and GVG-PIN7 cells demonstrating PIN4-, PIN6-, and
PIN7-dependent stimulation of NAA efflux. Noninduced
control is shown only for PIN7; those for PIN4 and PIN6 were within the
range T8% of the values for PIN7. Data are expressed as a percentage of
noninduced control at 30 min after application of labeled [3H]NAA. (D)
Induced GVG-PIN7 cells showed decreased retention of [3H]NAA compared
with noninduced control. (E) Accumulation kinetics in induced GVG-PIN7
cells revealed PIN7-dependent stimulation of [3H]IAA and [3H]2,4-D efflux.
(F) Treatments with increasing concentrations of DEX led to gradually higher
in intracellular compartments (Fig. 3A). When
tested in the E3H^IAA efflux assay (fig. S4A),
pin2Gly97 failed to mediate auxin efflux but rather
increased E3H^IAA accumulation inside cells (Fig.
3D). This shows that pin2Gly97 is still functional
but fails to mediate auxin efflux, suggesting
importance of PIN localization at PM. Overall,
the results suggest that in yeast as well, PMlocalized PIN proteins mediate, although with
decreased specificity, a saturable efflux of auxin.
A role in auxin efflux has also been reported
recently for PGP1 and, in particular, PGP19
proteins of Arabidopsis (12). PIN and PGP
proteins seem to have a comparable effect on
mediating auxin efflux in yeast and HeLa cells,
but the genetic interference with their function
in Arabidopsis has distinctive effects on development. All aspects of the pin mutant phenotypes can be mimicked by chemical interference
with auxin transport (4–7, 9). In contrast, pgp1/
pgp19 double mutants show strong but entirely
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levels of PIN7 in GVG-PIN7 cells, as determined by dot blot (top) and to
concomitant decrease of [3H]NAA accumulation. (G) NPA inhibition of both
endogenous and PIN7-dependent efflux of [3H]NAA, [3H]2,4-D, and
[3H]IAA. PIN7 overexpression or NPA treatment did not affect accumulation
of related compound, [3H]Trp. Open bars, noninduced cells; gray bars,
induced cells. For all experiments, error bars show SEM (n 0 4); where error
bars are not shown, the error was smaller than the symbols.

different defects (10, 11), which cannot be phenocopied by auxin transport inhibitors.
To compare the roles of PINs and PGPs in
auxin efflux, we constructed the GVG-PGP19:HA
(hemagglutinin) cell line of BY-2. DEX treatment led to the up-regulation of PGP19:HA protein, which was detected at the PM (Fig. 4A), and
to a decrease in E3H^NAA accumulation, similar
to that observed in the GVG-PIN4, GVG-PIN6,
and GVG-PIN7 lines (Fig. 4B, compare with Fig.
2C). BeA did not interfere with E3H^NAA accumulation and E3H^Trp accumulation did not
change after DEX treatment. However, compared
with PIN-mediated auxin efflux, the PGP19mediated NAA efflux was notably less sensitive
to NPA. Whereas PIN-mediated transport was
completely inhibited by NPA, about 20% of
PGP19-dependent transport was NPA insensitive
(Fig. 4C).
To address whether PIN action in planta
requires PGP1 and PGP19 proteins, we analyzed
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effects of PIN1 overexpression on plant development in pgp1/pgp19 double mutants. PIN1
overexpression in XVE-PIN1 led to pronounced
defects in root gravitropism, which could be
detected within 4 hours after estradiol treatment. Quantitative evaluation of reorientation
of root growth revealed that PIN1 overexpression in pgp1/pgp19 had the same effects (Fig.
4D). These data show that PIN1 action on plant
development does not strictly require function
of PGP1 and PGP19 proteins, and they suggest
that PINs and PGPs molecularly characterize
distinct auxin transport systems. This is also
supported by evidence that PIN2 mediates
auxin efflux in yeast, which is known to lack
homologs to Arabidopsis PGP proteins (21). It
is still unclear whether these two auxin transport machineries act in planta entirely independently or in a coordinated fashion.
Rate-limiting, saturable, and specific action
of PIN proteins in mediating auxin movement
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Fig. 3. PIN-dependent auxin efflux in mammalian and yeast
cells. (A) PIN2:HA and PIN7:HA expression in HeLa and yeast.
Anti-HA immunostaining detected PIN2:HA and PIN7:HA at
the PM of transfected but not control (empty vector) HeLa
cells (top). Anti-PIN2 immunostaining detected PIN2 at the
PM and pin2Gly97 in intracellular compartments, compared
with empty vector controls (bottom). Scale bars, 2 mm. (B)
Transfected HeLa cells display PIN2- and PIN7-dependent net
efflux of [3H]IAA and to a smaller extent also of [3H]BeA.
dpm, disintegration per minute. (C) The kinetics of [3H]IAA
efflux. PIN2 stimulated saturable [3H]IAA efflux in yeast
JK93da strain. (D) [3H]IAA retention measured 10 min after
loading: PIN2 and PIN7 mediated [3H]IAA efflux; pin2Gly97
failed to mediate efflux but increased [3H]IAA retention. Yeast
in stationary phase or without glucose showed much less
[3H]IAA efflux. Error bars show SEM (n 0 4).

Fig. 4. Requirement of PGP function for PIN role in auxin
efflux. (A) Inducible PGP19 expression in GVG-PGP19:HA
tobacco cells. PGP19:HA immunostaining (red) at PM after
DEX treatment (24 hours, 1 mM) is shown; no PGP19:HA
immunostaining was present in the untreated control. An
anti-HA immunoblot was conducted after 24 hours of DEX (1
mM) treatment. Nuclear counterstain is shown in blue. Scale
bars, 40 mm. (B) [3H]NAA accumulation decreased upon
PGP19 expression, revealing function in auxin efflux in BY-2
cells. (C) Different sensitivities of PIN7- and PGP19dependent [3H]NAA efflux to NPA treatment (10 mM, 20
min) in GVG-PIN7 and GVG-PGP19:HA cells (23). (D) Root
gravitropism in XVE-PIN1 seedlings. PIN1 overexpression (4
hours, 4 mM EST) led to gravitropic defects in pgp1/pgp19
mutants in contrast to gravitropic growth of EST-treated
nontransformed wild-type (WT) and pgp1/pgp19 seedlings. Root
gravitropism was scored 12 hours after gravity stimulation (n 9
40). Scale bar, 3 mm. For (B) and (C), error bars show SEM (n 0
4); where error bars are not shown, the error was smaller than
the symbols.

across the PM out of plant cells largely clarifies a role of PIN proteins in intercellular auxin
transport. Furthermore, the polar, subcellular
PIN localization provides a vectorial component
to the directional auxin flow (22). Therefore,
transport function of PINs together with their
asymmetric subcellular localization defines directional local auxin distribution underlying
different developmental processes.
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Oceanographic Basis of the
Global Surface Distribution of
Prochlorococcus Ecotypes
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By using data collected during a continuous circumnavigation of the Southern Hemisphere, we
observed clear patterns in the population-genetic structure of Prochlorococcus, the most abundant
photosynthetic organism on Earth, between and within the three Southern Subtropical Gyres.
The same mechanisms that were previously invoked to account for the vertical distribution of
ecotypes at local scales accounted for the global (horizontal) patterns we observed. Basin-scale and
seasonal variations in the structure and strength of vertical stratification provide a basis for
understanding large-scale horizontal distribution in genetic and physiological traits of
Prochlorococcus, and perhaps of marine microbial communities in general.
rochlorococcus is the smallest and most
abundant phytoplankter in the global
ocean and contributes significantly to
the primary productivity of tropical and subtropical oceans (1). That the genus thrives throughout a wide range of photic zone conditions has
been explained by the discovery of genetically
and physiologically distinct populations, commonly referred to as high light (HL)– and low
light (LL)–adapted ecotypes (2). Prochlorococcus ecotypes partition themselves according to
depth in a stratified water column (3); however,
the coexistence of multiple ecotypes (2) and
phylotypes (4–6) has also been reported and
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Laboratorio de Procesos Oceanográficos y Clima, Departamento de Oceanografı́a, and Centro de Investigación
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attributed to vertical mixing in response to local
physical forcing. But the effect of physical forcing on Prochlorococcus ecotypes at the global
scale has not been explored. By using data collected during a circumnavigation of the Southern
Hemisphere, we investigated whether the genetic
structure of Prochlorococcus populations changes
in response to vertical mixing within and between the major ocean basins of the world.
Samples were collected during the Blue
Earth Global Expedition (BEAGLE) (Fig. 1A).
The 7-month expedition spanned the southern
Pacific (winter), Atlantic (late spring), and
Indian (summer) Oceans (7); covered several
biogeochemical provinces (8); and provided a
rare opportunity to study physical forcing of
phytoplankton at the global scale. We used the
depth of the surface mixed layer (zm) and the
strength of the vertical density gradient (N ) as
indicators of the physical state of the water
column (9). The three ocean basins differed
markedly in these properties (Fig. 1B). The
basin-scale variations in the vertical structure
of the water column observed in the BEAGLE
data are partly due to seasonal and latitudinal
differences in the sampling of the three ocean
basins. Mixed-layer–depth climatology reveals
strong seasonality in zm, with high values of zm
occurring during the Austral winter in all three
ocean basins, and relatively uniform and shallow zm values in the summer months (fig. S1).
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However, differences among basins are also
found. Thus, spatial differences in vertical
mixing as indexed by zm observed during the
BEAGLE have a seasonal as well as a geographical component.
Prochlorococcus cell abundance was determined by flow cytometry, and the concentration
of divinyl chlorophyll a (DV Chla), a pigment
marker for this genus, was measured by high
performance liquid chromatography (HPLC). A
clear difference between the geographic patterns of these two indices of abundance was
found (Fig. 2A). Prochlorococcus abundance
has a minimum in the well-mixed, mesotrophic
waters of the Western Pacific Basin and a
maximum in the strongly stratified oligotrophic
waters of the Indian Ocean, a pattern that is
consistent with our current understanding of the
distribution of this genus (1, 10, 11). However,
the concentration of divinyl chlorophyll a is
high in the Pacific Basin (except near 140-W)
and low in the Atlantic and Indian Basins. This
is perhaps counterintuitive; it can be explained
as follows. Because all samples were collected
within the top 10 m of the water column,
vertical mixing would be an important mechanism altering the growth conditions (light and
nutrients) of the phytoplankton cells. Thus, the
high divinyl chlorophyll a concentrations in the
Pacific may arise from photoacclimatory (physiological) or photoadaptive (genetic) response
of the cells to a decrease in mean light intensity. Basin-scale patterns in the intracellular
concentration of divinyl chlorophyll a (Ci) for
Prochlorococcus are evident (Fig. 2B), with
low Ci values observed in the strongly stratified
Indian Ocean during the summer (averaging
0.14 fg DV Chla per cell), consistent with those
found in the surface waters of the subtropical
North Atlantic (12), and high values observed
in the well-mixed Archipelagic Deep Basins
Province (8) during the winter (averaging 1.00
fg DV Chla per cell), similar to those typically
found deeper in the water column in subtropical
gyres (12).
Because light decreases exponentially with
depth, phytoplankton cells mixed deeper in the
water column would experience a lower mean
daily irradiance than if they remained at the sea
surface. Phytoplankton respond to this reduction
in irradiance by increasing the concentration of
pigment per cell. An inverse relation between Ci
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