
what the stability and lifetimes of the resulting 
electronic devices will be. The answers to these 
questions will determine whether, and how 
quickly, the technology can be adopted for 
use in everyday electronic devices.
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The plant hormone auxin exists in different 
forms, of which the most common is indole-
3-acetic acid (IAA). Auxin regulates a range 
of crucial plant processes, including embryo 
development, organ formation, the branch-
ing of side shoots from the main stem, and 
directed (tropic) growth in response to stim-
uli such as light or gravity. Friml et al.1 offer 
fresh insights on page 575 into how auxin is 
perceived at the cell surface. This process 
involves a receptor that mediates a signal-
ling response, and a co-receptor protein that 
binds to auxin and also to the signal-mediating 
receptor. 

Most aspects of auxin signalling involve 
a well-characterized mechanism in the cell 
nucleus. In the resting state in the absence of 
auxin, AUX/IAA proteins (which can function 
as auxin co-receptors) bind to proteins called 
ARFs to repress transcription of a set of genes. 
Auxin synthesized in the cell or transported 
from elsewhere promotes the association of 
AUX/IAA proteins with a receptor protein of 
the TIR/AFB family (TIR1, AFB1, AFB2, AFB3 
or AFB4) to initiate a process leading to deg-
radation of the AUX/IAA  proteins. The result 
is derepression of ARF-dependent gene  
tran s        cription to activate auxin-dependent 
gene expression.

However, some auxin responses, most 
notably those that rapidly activate cell 
expansion and auxin movement by activat-
ing proton pumps called H+-ATPases in the 
cell membrane, seem to be at least partially 

independent of this system involving nuclear 
co-receptors. A decrease in electrical poten-
tials at the cell membrane and an influx of 
calcium ions occur within seconds of IAA appli-
cation. These processes depend both on the 
protein AUX1, which enables auxin import, and 
on intracellular TIR1/AFB receptors2. Auxin 
inhibition of root growth in response to gravity 
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The hormone auxin regulates plant growth through 
nuclear co-receptors. A rapid response also occurs at the 
cell surface after auxin is perceived by the receptor TMK1 
and a co-receptor protein. Is ABP1 this co-receptor? See p.575 

occurs by a mechanism3 that is independent 
of the mechanism that Friml et al. propose. 
Other phenomena, such as auxin-dependent 
regeneration of the fluid-conducting vascular 
tissue after wounding, are residually present 
in mutants of the plant Arabidopsis thaliana 
that lack components of the TIR1/AFB system.

For 50 years, the main candidate co-receptor 
for auxin on the surface of cells has been 
auxin-binding protein 1 (ABP1), which was 
discovered in maize (corn) and subsequently 
identified in many other plant species. How-
ever, inconsistencies in the evidence relating  
to its co-receptor status have generated 
scepticism about its role in relation to auxin. 
(See ref. 4 for an in-depth discussion of ABP1 
function. Written by a researcher who has 
spent much of the past 35  years studying 
the structure and function of ABP1, it offers 
an excellent summary of the settled and 
unsettling history of ABP1 research.)

It is generally accepted that ABP1 contains 
an amino-acid sequence that targets it for 
residency in the endoplasmic reticulum, an 
organelle in which IAA, versions of IAA called 
IAA-amido conjugates and ABP1 are abun-
dant5. ABP1 can bind strongly to an artificial, 
membrane-permeable auxin called NAA and 
to a ‘minor’ natural auxin, phenylacetic acid, 
under acidic conditions, comparable to those 
that exist in extracellular regions (the cell 
wall and the cell surface). However,despite 
being almost exclusively localized to the 
endoplasmic reticulum, ABP1 does not bind 
strongly to these molecules at the neutral 
pH characteristic of that organelle6. Another 
reason for ABP1 not being considered an auxin 
co-receptor is that a ‘loss of function’ mutation 
of the gene encoding ABP1 is not associated 
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Figure 1 | A role for ABP1 in an auxin-mediated pathway. a,  Auxin (IAA) enters cells through the protein 
AUX1 and binds to a protein of the TIR1/AFB family. This leads to rapid ion flow (within seconds) through the 
protein AHA and a calcium channel. b,  Auxin is also perceived at the cell membrane by the receptor protein 
TMK1. Some aspects of this system were known, but whether the protein ABP1 or proteins of the ABP1-like 
(ABL) family act as a co-receptor that binds to TMK1 and auxin was unknown. TMK1 has a kinase domain that 
enables it to add phosphate groups (P) to target proteins10 such as TAA1 or AHA. When cleaved from TMK1, 
the kinase domain moves to the nucleus and stabilizes two proteins  that repress  transcription (not shown). 
Friml et al.1 report that ABP1 is a co-receptor for TMK1. ABL proteins might have a role, too. The authors 
report a large number of sites that are phosphorylated when TMK1 and ABP1 interact.
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with developmental defects, or with problems  
associated with common environmental 
responses, as might be expected if auxin  
signalling was disturbed7. Friml et al. set out to 
place the role of ABP1 in relation to a subset of 
auxin responses at the cell surface.

Paving the way for Friml and colleagues’ 
study was the emergence of the protein TMK1 
as a receptor involved in auxin responses that 
is proposed to have ABP1 as a co-receptor, 
and the possibility that TMK1 might partner 
with co-receptors that are related proteins 
in the same family as ABP1 (known as the 
cupin family) that are more abundant than 
ABP1 at the cell surface8. TMK1 functions as 
a type of enzyme, called a kinase, that regu-
lates auxin responses at the cell membrane 
and in the nucleus through phosphorylation 
— the addition of phosphate groups to target 
proteins (Fig. 1). TMK1 can directly activate 
the cell-membrane H+-ATPase and drive the 
cellular elongation that occurs after auxin sig-
nalling9. It also functions in the maintenance 
of structures that develop when A. thaliana 
seedlings are grown in the dark — both by 
repressing the enzyme TAA1, which catal-
yses auxin synthesis in the cytosol, and by  
stabilizing two AUX/IAA transcriptional 
repressor proteins in the nucleus10.

Friml and colleagues set out to establish 
where ABP1 resides and to investigate 
auxin binding at the cell surface. Using two 
approaches, they show that ABP1 binds to IAA 
at extracellular pH 5.5 and not at intracellular 
pH 7.0, although with considerably less affinity 
than it does to NAA. The authors conjecture 
that the higher affinity for IAA observed in 
plants compared with  in vitro conditions prob-
ably depends on other factors, which might 
include a co-receptor at the cell membrane.

Using a technique called transmission  
electron microscopy immunostaining, the 

authors demonstrate the presence of a small 
amount of ABP1 clustered in the extracellular 
region of roots and shoots. They specifically 
addressed two common technical issues that 
might influence the results. One is that the 
experimental localization or inactivation of 
ABP1 using antibodies might be affected by the 
presence of other cupin-family members. The 
other is that experimental manipulations that 
result in above-normal levels of the protein of 
interest, or that generate a modified, ‘tagged’ 
version of the protein, can result in abnormal 
protein accumulations. 

Most of the experiments described did 
use an engineered version of ABP1 fused to 
fluorescent proteins for tracking purposes 
— and this fusion protein was expressed at 

higher-than-normal levels because of the 
DNA sequence (known as a promoter) that was 
harnessed to drive high expression of the pro-
tein. However, the authors demonstrated that 
similar extra cellular clusters of ABP1 could be 
found after expression of the protein using its 
normal promoter, or with the fluorescent tags 
inserted in different parts of an ABP1 fusion 
protein. The authors report differences in 
abundance in these contexts, but not incon-
sistencies in the cellular locations observed 
using the various experimental conditions and 
approaches.

Friml and colleagues report an impressive 
data set of phosphorylation targets of ABP1–
TMK1, which include the protein myosin  
and the cell-membrane H+-ATPase. These 

phosphoryl ation events can be identified two 
minutes after exposure to auxin. Phosphoryl-
ated targets in tmk1, tmk3 and tmk4 mutants 
and in abp1 mutants were largely absent, and 
the missing targets in tmk1 and abp1 par-
tially overlapped. The authors convincingly 
show that ABP1–TMK1 is necessary both for 
vascular regeneration after wounding (Fig. 2), 
and for the related phenomenon of dynamic 
‘canalization’ of flowing streams of auxin — a 
process, monitored by tracking the protein 
PIN1, which is required for new vasculariza-
tion and organ formation. The two phenomena 
occur over time frames of hours or days, the 
authors show. Therefore, although the auxin 
and ABP1–TMK1 interactions probably occur 
at the cell surface, the observed time frame 
suggests that nuclear signalling, and perhaps 
the endoplasmic reticulum, might also be 
involved. Theoretically, intracellular com-
ponents, even perhaps a cleaved portion of 
TMK1 in the cytosol, might enhance IAA–ABP1 
interactions in the endoplasmic reticulum.

The report thus addresses two outstand-
ing issues regarding ABP1 biochemistry (in 
relation to binding of natural and artificial 
auxins) and subcellular distribution. It also 
identifies a range of targets that are directly 
or indirectly phosphorylated after auxin per-
ception by ABP1–TMK1, and points to vascular 
regeneration and canalized auxin flows as test 
beds for functional analyses of ABP1–TMK1. 
These findings therefore enable researchers to 
pursue studies of processes with this putative 
co-receptor system with confidence. TIR1-like 
proteins are yet to be fully explored, and the 
phosphorylation targets of ABP1–TMK1 that 
Friml and colleagues describe are diverse, 
so the information provided yields a wealth 
of opportunities for future research. And, of 
course, we still need to ascertain what the 
vast majority of ABP1, which is located in 
the endoplasmic reticulum, is doing.
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“The authors set out  
to investigate  
auxin binding  
at the cell surface.”
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Figure 2 | A role for ABP1 in an auxin-mediated pathway. Friml et al.1 studied stem wounding. During this 
process, auxin activity stimulates the production of new fluid-conducting vasculature. The genes encoding 
ABP1 and TMK1 were expressed (purple) and new vasculature was generated in wounded wild-type plants. 
The application of auxin in the form of IAA to a wild-type plant, or to one with a mutation in the abp1 gene 
that was engineered to also have a normal copy of this gene (an ‘ABP1 rescue’ plant), drove the expression 
of genes (such as the gene that encodes the PIN1 protein; not shown) that are associated with responses 
to auxin signalling (orange), and new vasculature formed. However, plants with mutations in the genes 
encoding ABP1 and TMK1 had a defective response. This finding is consistent with the proposed model that 
ABP1 and TMK1 function in this auxin-mediated response.
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