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AtNHX5 and AtNHX6: Roles in protein transport
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ABSTRACT
AtNHX5 and AtNHX6, endosomal NaC,KC/HC antiporters in Arabidopsis, are localized in the Golgi, trans-
Golgi network, and prevacuolear compartment. It becomes evident that AtNHX5 and AtNHX6 play an
important role in protein transport toward the vacuole. Studies have shown that AtNHX5 and AtNHX6
regulate the transport of seed storage proteins as well as the biogenesis of the protein storage vacuoles.
Three distinct mechanisms have been revealed for the roles of AtNHX5 and AtNHX6 in protein transport.
AtNHX5 and AtNHX6 control: (i) the binding of VSR to its cargoes; (ii) the recycling of VSRs; and
(iii) subcellular localization of the SNARE complex. Moreover, it has been found that the endosomal pH
homeostasis maintained by AtNHX5 and AtNHX6 is critical for the transport of seed storage proteins.
Taken together, AtNHX5 and AtNHX6 regulate the trafficking of seed storage proteins into the vacuole; the
HC leak pathway conducted by AtNHX5 and AtNHX6 is critical for protein transport.
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AtNHX5 and AtNHX6 are endosomal NHXs in Arabidopsis.1-3

They are localized in the Golgi, trans-Golgi network (TGN),
and prevacuolear compartment (PVC).4-6 Studies have shown
that AtNHX5 and AtNHX6 facilitate ion and pH homeostasis,
and are crucial for growth and development.4-6 Accumulating
evidence indicates that AtNHX5 and AtNHX6 play an impor-
tant role in protein transport.5,7-9

AtNHX5 and AtNHX6 have diversified roles
in protein transport

Reguera et al. examined the role of AtNHX5 and AtNHX6 in
protein transport.5 They found that nhx5 nhx6 produced large,
heavy seeds with a dark coat. Additionally, protein storage
vacuoles (PSVs) were smaller but their number was increased
in nhx5 nhx6. The precursors of seed storage proteins, 2S albu-
min and 12S globulin, were missorted to the apoplast in nhx5
nhx6. The interaction was reduced between VSR2;1 and its car-
goes in nhx5 nhx6. Luminal pH was reduced in the VSR com-
partments, TGN and PVCs in nhx5 nhx6.5 These results
indicate that AtNHX5 and AtNHX6 may regulate protein
transport by controlling the binding of VSR to its cargoes.
These results also suggest that endosomal pH homeostasis is
central to the trafficking of seed storage proteins.5

Ashnest et al. confirmed the notion that AtNHX5 and
AtNHX6 regulate the transport and processing of seed storage
proteins as well as the biogenesis of the PSVs.7 In addition,
they found that nhx5 nhx6 accumulated in the seeds a high
level of the 52 kDa precursor of bVPE, a vacuolar processing
enzyme. The catalytic activity of bVPE was reduced in nhx5
nhx6. Moreover, they found that AtNHX6 interacted via its C-
terminal with SNX1, a component of the Retromer. Retromer

is the cellular sorting machinery that recycles VSRs back to the
TGN from the PVC.7 Therefore, these findings suggest that
AtNHX5 and AtNHX6 regulate protein transport by control-
ling the recycling of VSRs.7

A recent study by Wu et al. examined the role of AtNHX5
and AtNHX6 in regulating a SNARE complex and its function
in protein trafficking.8 This SNARE complex, which is com-
posed of VAMP727, SYP22, VTI11 and SYP51, is important
for protein transport and PSV biogenesis in Arabidopsis.10 The
SNARE complex directs membrane fusion between the PVC
and vacuole, and thus it facilitates protein transport to the vac-
uole. Wu et al. found that the nhx5 nhx6 syp22 triple mutant
was defective in seedling growth and seed development.8 The
triple mutant had short siliques, reduced seed sets and larger
seeds. They further found that the triple mutant accumulated
the precursors of seed storage proteins and had numerous
smaller PSVs. In addition, they showed that a large amount of
SYP22 and VAMP727 was trapped in the Golgi and TGN in
nhx5 nhx6, indicating repression of the localization of SYP22
and VAMP727 in the PVC. However, AtNHX5 and AtNHX6
do not interact physically with the SNARE complex. They
showed that 3 conserved acidic residues, D164, E188, and D193
in AtNHX5 and D165, E189, and D194 in AtNHX6, were nec-
essary for the transport of the storage proteins, indicating the
importance of exchange activity in protein transport.6,8,9 These
results suggest that AtNHX5 and AtNHX6 may regulate pro-
tein transport by controlling subcellular localization of the
SNARE complex.8

The studies mentioned above by 3 groups demonstrate that
AtNHX5 and AtNHX6 regulate protein transport. However,
these studies revealed 3 distinct mechanisms underlying
AtNHX5 and AtNHX6’s action (Fig. 1): (i) controlling the
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binding of VSR to its cargoes;5 (ii) controlling the recycling of
VSRs;7 and (iii) controlling subcellular localization of the
SNARE complex.8

Why do AtNHX5 and AtNHX6 have so diversified roles in
protein transport? In plants, seed storage proteins are trans-
ported into the PSVs to convert to mature forms after they are
synthesized as precursors in the endoplasmic reticulum
(ER).11-13 Proteins are transported into the vacuole via a vesi-
cle-mediated trafficking pathway, including the ER, Golgi,
TGN, and MVB/PVC.14 Therefore, the Golgi, TGN and MVB/
PVC are sorting stations in protein transport pathway.15,16

Since AtNHX5 and AtNHX6 are localized to the Golgi, TGN
and PVC,4-6 where they overlap with the protein transport
pathway, they thus may regulate the protein transport activities
carried out in these organelles, including the function of the
SNARE complex and the receptor protein VSR.

HC leak is vital for protein transport

Cellular or organelle pH is vital for protein transport in both
the secretory and endocytic pathways.17-20 In the exocytic or
endocytic pathways, the organelles become more acidic along
the process of maturation.17,18,21 In plants, the acidic pH of the
organelles is maintained by the proton pumps V-ATPases and
pyrophosphatase.20,21 Studies have shown that AtNHX5 and
AtNHX6 may act as a HC-leak pathway to counter the luminal
acidification.21 Reguera et al. found that the endosomal pH
homeostasis maintained by AtNHX5 and AtNHX6 is critical
for the transport of seed storage proteins.5 Consistently, Wu

et al. found that the exchange activity of AtNHX5 and AtNHX6
was crucial for protein transport, indicating the importance of
pH homeostasis regulated by AtNHX5 and AtNHX6 in protein
transport.8 Therefore, these results demonstrate that HC leak
pathway plays an important role in protein transport in plants.
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