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The plant hormone auxin is transported in a polar manner along the shoot-root 
axis, which requires efflux carriers such as PIN1. Asymmetric localization of 
PlNl develops from a random distribution in Arabidopsis early embryogenesis. 
Coordinated polar localization of PlNl is defective in gnom embryos. CNOM is 
a membrane-associated guanine-nucleotide exchange factor on ADP-ribosyla- 
tion factor C protein (ARF CEF). Thus, CNOM-dependent vesicle trafficking may 
establish cell polarity, resulting in polar auxin transport. 

Polar auxin transport has been implicated in a 
variety of developmental processes, includ- 
ing phototropism, gravitropism, apical domi- 
nance, root formation, and vascular tissue 
patterning (I, 2). These vectorial processes 
require coordinated polar organization of 
cells that is reflected in the localization of 
putative auxin efflux' carrier, PINl, at the 
basal boundary of vascular cells in the axis of 
Arabidopsis plants (3). How this coordinated 
cell polarity originates during development is 
not known but may be presumed to arise 
during apical-basal axis formation in embry- 
ogenesis. Mutations in two Arabidopsis 
genes, MONOPTEROS (MP) and GNOM 

In the course of wild-type embryogenesis, 
PINl expression underwent dynamic changes, 
accompanied by an increasingly polar localiza- 
tion in groups of adjacent cells (Fig. 1). At the 
16cell stage, all cells of the embryo proper 
accumulated PINl at their inner cell boundaries 
(Fig. 1A). PINl first showed polar localization 
at mid-globular stage: The four innermost cells 
in the lower part of the embryo accumulated 
PINl at their basal boundary toward the future 
root tip (Fig. lB, asterisk). PINl expression was 
gradually narrowed d o h  to vascular precursor 
cells, both in the developing cotyledons and in 

the embryo axis (Fig. 1, C and I). From the 
heart stage, the vascular precursor cells accu- 
mulated PINl at their basal boundary facing the 
root pole (Fig. lC, inset). The opposite polarity 
was observed in the epidermal cell layer of 
cotyledonary prirnordia (Fig. ID, inset). 

To determine how the coordinated polar 
localization of PINl is established, we ana- 
lyzed mp and gn embryos, which are defec- 
tive in apical-basal patterning (4, 7). Despite 
early defects in the basal half (4),  mp embry- 
os displayed coordinated polar localization of 
PINl similar to that of wild type, in both the 
basal orientation of inner cells (Fig. 1, K and 
L) and the opposite orientation in the epider- 
mis (Fig. lM), suggesting that the auxin- 
response transcription factor MP is not re- 
quired. In gnom embryos, PINl expression 
developed in a different manner, eventually 
resulting in strong labeling of clusters of 
presumptive vascular precursor cells (Fig. 1, 
E to G, J). PINl localization appeared disor- 
ganized, with no coordinated polar localization 
in inner cells (Fig. 1, F and G). Individual cells 
within the gnom embryo displaying polar PINl 
distribution were not aligned with one another, 
nor with the axis of the embryo (Fig. lG, inset). 
Only the epidermis displayed a more organized 
PINl localization (Fig. 1 H, inset). These re- 
sults suggest that GNOM function is required 
for establishment of coordinated cell polarity in 
embryo axis formation. 

GNOM shows extensive sequence simi- 
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sellschaft. D-50829 Koln. Germany. D, C, H, L, M) mid-heart, and (I and J) earlylmid-torpedo. Asterisk (0) and arrows (insets in C and 
*To whom correspondence should be addressed. E- C) mark polar localization of PIN1. (A to C, E to C, I to L) Internal optical sections; (D, H, M) surface 
mail: gerd.juergens@uni-tuebingen.de views; apical end of embryo is up. Bars, 20 p,m. Images were obtained by confocal microscopy (26). 

316 8 OCTOBER 1999 VOL 286 SCIENCE www.sciencemag.org 



larity to two functionally redundant ARF 
GEFs from budding yeast, Gealp and Gea2p 
(9,lO). Expression of full-length GNOM pro- 
tein (11) rescued geal-19 gea2A tempera- 
ture-sensitive yeast cells (Fig. 2A). Thus, 
GNOM has functional similarity to these two 
yeast ARF GEFs. We determined ARF GEF 
activity of GNOM by an in vitro guanosine 
diphosphatelguanosine triphosphate (GDPI 
GTP) exchange assay (10, 12) (Fig. 2B). 
GNOM protein partially purified from yeast 
stimulated GTP binding to recombinant 

Fig. 2. Molecular characterization of CNOM 
protein. (A) Rescue of gea7-79 gea2A temper- 
ature-sensitive yeast by full-length CNOM pro- 
tein [immunoblot (IS), right]. Growth of inde- 
pendent transformants after 5 days. Vector: 
yeast transformed with empty vector (77). (6 
and C) In vitro CDPICTP exchange assay (72). 
(B) Kinetics of CTPyS loading with or without 
CNOM fraction. Values were corrected for un- 
specific radioactivity binding of fractions with- 
out ARF. (C) Concentration-dependent BFA in- 
hibition of exchange rate after 5 min. Assays 
contained equal amounts of ethanol as intro- 
duced by BFA addition. The experiment was 
repeated giving less than 10% deviation. (D) 
Protein immunoblot analysis of wild-type (Ler) 
and gnom seedling extract (75). Arrow marks 
165-kD CNOM band. (E) Organ distribution of 
CNOM protein (arrow) in wild-type urea ex- 
tracts. fl, flowers; si, siliques; st, stems; le, 
leaves; se, seedlings; sus, suspension cells. (F 
and C) Cell fractionation (75). (F) Membrane 
association of CNOM protein. Samples of su- 
pernatant (510) were centrifuged at 100,000g 
for 1 hour to  give soluble fractions (5100) and 
pellets. Pellets were resuspended in  original 
volumes of homogenization buffer without ad- 
ditives (control); with 1 M NaCl (Na); 0.1 M 
Na,CO (pH 10.9); 1, 2, or 4 M urea; or 1% 
Triton X-100 (TX-100), and after 30 min cen- 
trifuged again at 100,000g for 90 min, giving 
wash fractions 5100' and pellets. This proce- 
dure was repeated to  give washed pellets 
P100". (C) Sucrose density centrifugation. Pel- 
lets (P100) were resuspended in homogeniza- 
tion buffer and centrifuged through a linear 15 
to  45% sucrose gradient at 107,000g at 4OC for 
18 hours. Sucrose concentrations of fractions 
(top) were determined by refractometry before 
protein immunoblot analysis (15). (H and I) BFA 
treatment of suspension cells. (H) Time course. 
BFA (50 p,M) in DMSO; controls, DMSO only. 
Cell fractionation after incubation times is in- 
dicated. Antibody concentrations: anti-CNS 
(aCNS), 1 :4000 and as in (75). (I) Quantitation 
of BFA effect (20). Cells were treated with 100 
p,M BFA for 30 min. Other conditions were as in 
(HI. 

mammalian ARFl about threefold as com- 
pared with a control fraction from vector- 
transformed yeast (13). This stimulation of 
GDPIGTP exchange was in the range report- 
ed for other large ARF GEFs (10) and, fur- 
thermore, was inhibited by the fungal toxin 
brefeldin A (BFA), a specific inhibitor of 
large ARF GEFs (lo), in a concentration- 
dependent manner (Fig. 2C). These results 
suggest that GNOM is a BFA-sensitive ARF 
GEF. 

To gain insight into its in vivo function, 

we analyzed the location of GNOM protein in 
plant tissue. Antiserum raised against the 
Sec7 domain of GNOM (14, 15) detected a 
165-kD band, which was absent from gnom 
alleles with splice site or early stop-codon 
mutations (Fig. 2D) (7, 9, 16). GNOM was 
expressed in different developmental stages, 
organs, and suspension cells (Fig. 2E). gnom 
suspension cells grew as well as wild-type 
cells, and trafficking of compartment-specific 
membrane markers was not altered in gnom 
embryos (1 7), suggesting that GNOM is not 
required for membrane trafficking in general 
cell growth. 

The subcellular localization of GNOM 
protein was examined by differential ultra- 
centrifugation (Fig. 2F). A fraction of GNOM 
was membrane-associated, although the 
GNOM coding sequence gave no indication 
of a membrane-interaction domain (9). 
GNOM was released bv Triton X-100 but not 

6 by high salt concentrkons or alkaline pH, 
suggesting a strong membrane association. In 
contrast to the KNOLLE syntaxin, an integral 
membrane protein (15), GNOM was solubi- 
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Fig. 3. PIN1 localization in BFA-treated devel- 
oping lateral roots of wild-type seedlings. (A) 
Control root showing polar localization of PlNl 
(inset). (B and C) Loss of polar localization of 
PlNl (inset, B) and formation of "BFA compart- 
ments" (arrowhead, inset, C) after (B) 30 min 
and (C) 2 hours of BFA treatment (22). Root tip 
is to  the right. 
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lized with urea in a concentration-dependent 
manner (Fig. 2F). Thus, protein conformation 
appears to be essential for membrane associ
ation of GNOM. Immunolocalization of the 
GNOM protein gave no conclusive results 
(16). However, linear sucrose-density gradi
ent centrifugation revealed GNOM protein in 
all fractions, suggesting association with multi
ple membrane compartments, as well as enrich
ment at the plasma membrane (Fig. 2G). 

BFA and ARF GEF are thought to affect 
membrane trafficking in various organisms, 
including plants (18). We analyzed the sub
cellular distribution of GNOM protein in sus
pension cells treated with BFA (Fig. 2, H and 
I). The amount of cytosolic GNOM was rap
idly reduced relative to the membrane-asso
ciated fraction, whereas partitioning of a con
trol protein, the peripheral membrane protein 
ADL1 (19), was not changed over 2 hours. 
Quantitative analysis (20) indicated that the 
ratio of cytosolic to membrane-associated 
GNOM protein was reversed, in contrast to 
ADL1 (Fig. 21). Thus, BFA had a specific 
effect on cytosolic GNOM, which suggests that 
GNOM is also an in vivo target of BFA action. 

BFA treatment blocks auxin efflux activ
ity (27), and lack of the BFA-sensitive 
GNOM ARF GEF interfered with coordinat
ed polar localization of PIN1. We therefore 
analyzed the effect of BFA on PIN1 localiza
tion in developing lateral roots (22). PIN1 
accumulated at cell boundaries facing the 
newly formed root tip (Fig. 3A). Short-term 
treatment with BFA disrupted PIN1 polar 
localization, resulting in PIN1 being equally 
distributed along the entire cell surface (Fig. 
3B, inset; compare with 3A, inset). The PIN1 
label gradually coalesced into patches inside 
the cell, which was much more pronounced 
after longer treatment, with label persisting 
around the cell surface (Fig. 3C, inset). This 
result suggests that the steady-state polar local
ization of PIN1 involves continuous activity of 
BFA-sensitive ARF GEF (or ARF GEFs). 

Polar auxin flux requires coordinated po
lar organization of cell groups, which is re
flected in the accumulation of the putative 
efflux carrier PIN1 at downstream cell 
boundaries (3). Our results indicate that this 

polar localization is a steady state that re
quires BFA-sensitive membrane trafficking 
for maintenance. Polar localization of PIN1 
along the apical-basal axis is gradually estab
lished from a nonoriented distribution in the 
very young embryo, suggesting a positive-
feedback loop along the lines of the canali
zation hypothesis of Sachs (2). We suggest that 
the BFA-sensitive GNOM ARF GEF regulates 
vesicle trafficking required for the coordinated 
polar localization of auxin efflux carriers which 
in turn determines the direction of auxin flow. 
Failure to establish polar auxin transport would 
thus cause the axis defects observed in gnom 
embryos. Indeed, blocking auxin flow in Bras-
sicajuncea globular embryos results in pheno-
copy of gnom seedlings (23). 
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