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The ever expanding role of aquaglyceroporins

Confirmation of protein-facilitated boron transport
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he exact mechanism of transport

of boron (B) entering the plant cell
as boric acid B(OH),, has become hotly
debated with evidence for both passive
and protein facilitated transport. Here we
put the controversy to rest by confirming
that boron influx into plants can be par-
tially controlled by opening and closing
of channel-like transport proteins. Using
treatments that were likely to inhibit
membrane transporters capable of facili-
tating B transport, we confirmed that at
least 50% of B transport could be con-
tributed by a transporter of some type in
barley roots. Based on the physiochemical
similarities between B(OH), and other
solutes that were known to be transported
via aquaglyceroporins, we hypothesised
that aquaglyceroporins would be likely
candidates to facilitate B(OH) , transport
into the cytoplasm. We demonstrated
using functional yeast complementation
that two barley root aquaglyceroporins,
HvPIP1;3 and HvPIP1;4, were both
capable of facilitating B transport. This
finding has demonstrated yet another
function of aquaglyceroporins.

The major intrinsic protein (MIP) super-
family contains aquaporins and the related
‘aquaglyceroporins’  (AQGP),  whose
numbers and functionality are rapidly
expanding.! These transport proteins are
responsible for not only the bidirectional
transport of water and glycerol, but also
for the transport of other small neutral
uncharged solutes. Based on their size, net
charge and volume compared to the diam-
eter of the aquaglyceroporin pore, it was
predicted that a range of other molecules
such as arsenite (AsIII) and silicic acid
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Si(OH), would also permeate aquaglycer-
oporins, and this has been confirmed.*” It
has long been argued that because of the
strong similarity with H,O, it could rea-
sonably be assumed that H,S would cross
membranes via aquaporins. However, it
has very recently been demonstrated that
membrane fluxes of H,S were insensitive
to treatments that inhibited influx of H,O,
leading to the conclusion that H,S simply
passed through the phospholipid bilayer
and not through a protein transporter.®

Boron (B), available to plants as boric
acid, B(OH),, can be classed as a small
neutral uncharged molecule based on
physiochemical similarities to glycerol
and arsenite.” Like H,S, the research sur-
rounding B transport across biological
membranes has been highly debated and
the literature contains conjecture about the
exact mode of transport with evidence for
both passive and active transport. Several
studies have demonstrated substantial
passive B movement through both lipid
bilayers and plant membranes, consistent
with measurements indicating that B has
high lipid solubility which would favor
permeation through such membranes.®'?
These data suggested that protein-medi-
ated transport into cells would be redun-
dant and would be shortcircuited by the
passive leak pathway. However, other
reports have indicated that B transport
may have an active transport component
when plants were grown under B deficient
conditions.'*® The presence of protein-
assisted passive transport has proved hard
to establish.

Our recent work has focused on put
ting this controversy to rest by attempt-
ing to modify B uptake using treatments
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that should not affect B transfer through
the lipid phase of the membrane.” Firstly,
we hypothesized that aquaglyceroporins
may be involved in the transport of B
and examined influx, eflux and concen-
tration-dependence of B uptake in batley
roots using inhibitors known to cause the
closure of aquaporins though cytoplasmic
acidification (butyric acid) or metabolic
inhibition (sodium azide). Results from
these experiments demonstrated that a sig-
nificant component of both B influx and
efflux was responsive to these treatments.
Metabolic inhibition by sodium azide
reduced influx and efflux by 40-50%,
while  cytoplasmic
butyric acid reduced influx to a lesser but

acidification with

still significant degree.”

Secondly, in order to elucidate which
transport proteins may be involved, we
hypothesised more specifically that the
PIP1 subgroup may be able to facilitate
the movement of B(OH), based on the
location of such proteins on the plasma
membrane. This had previously been
suggested by Dordas et al."
that a maize aquaporin ZmPIP1 when

who showed

expressed in Zenopus oocytes could account
for at least 25% of B uptake. We selected
two aquaglyceroporins isoforms previ-
ously characterised from barley roots,”"”
HvPIP1;3 and HvPIP1;4, and functionally
expressed these in a Saccharomyces cerevisiae
mutant containing a deletion of the yeast
native aquaglyceroporin, FPS1. Expression
of these PIP1 constructs caused the yeast to
become sensitive to B toxicity. Influx mea-
surement revealed that both HvPIP1;3 and
HvPIP1;4 were capable of transporting B
as indicated by increases of up to 40% in
the rate of B uptake. Activation in yeast of
some plant Nod 26-like intrinsic proteins
(NIPs) that also function as aquaglyc-
eroporins, requires truncation of the
N-terminal sequence, presumably because
this region contains a control domain. In
our yeast experiments, a truncated version
of HvPIP1;3 (HvPIP1;3t) was engineered
to determine the effect of the removal
of the first 44 amino acids from the
N-terminal tail on the expression and sub-
sequent B transport capacity. Surprisingly
truncation of HvPIPI;3 had little effect on
either the expression or transport capacity
of HvPIP1;3.
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Asaresultof this study it has been firmly
established that boron entry into plants
can be partially controlled by opening and
closing of channel-like transport proteins.
Specifically, we have demonstrated that
B can be transported via two aquaglyc-
HvPIP1;3 and HvPIP1;4.
However, we suspect that most of the
HvPIP1 subgroup, which contains another
3 members, may all have some capacity to

eroporins,

transport B based on high sequence homol-
ogy amongst the PIP1 subgroup.

The confirmation of the ability of
PIPIs to transport B contributes greatly
to the overall understanding of B trans-
port in the plant system. Recently other
aquaglyceroporins NIP5;1 and NIP6;1
have also been shown to be involved in
B influx'®*" while a separate class of non-
aquaglyceroporins, that are structurally
related to anion exchangers, are involved in
the active efflux of B under toxicity condi-

21,22

tions®"?? or xylem loading under deficiency

conditions.??

Aquaglyceroporins may have evolved to
facilitate transport of beneficial and essen-
tial nutrients such as Si(OH),,> B(OH),,
urea and ammonia® but other toxic mol-
ecules with similar physiochemical charac-
teristics such as AslIl and Sb(OH), may
have ‘piggy backed’ on the process allowing
these toxins to also enter the plant system.
An understanding of selectivity mecha-
nism that allows both essential and toxic
elements to pass through the aquaglycer-
oporin pore and into the cytoplasm may
have important implications for research
into the potential bioremediation of toxic
substances. It seems highly probable that
other small molecules will be shown to be
transported by aquaglyceroporins. There is
still much to be learnt about the roles of
other classes of MIPs, in particular NIPs,
small basic intrinsic proteins (SIPs)?® and
tonoplast intrinsic proteins (TIPs) in the
movement of these molecules into and
within cells. No doubt the roles and func-
tions of aquaglyceroporins within the plant
system will continue to grow.
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