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Aminopeptidase M1 (APM1), a single copy gene in Arabidopsis thaliana, encodes a metallopeptidase originally identified via

its affinity for, and hydrolysis of, the auxin transport inhibitor 1-naphthylphthalamic acid (NPA). Mutations in this gene result

in haploinsufficiency. Loss-of-function mutants show irregular, uncoordinated cell divisions throughout embryogenesis,

affecting the shape and number of cotyledons and the hypophysis, and is seedling lethal at 5 d after germination due to root

growth arrest. Quiescent center and cell cycle markers show no signals in apm1-1 knockdown mutants, and the ground

tissue specifiers SHORTROOT and SCARECROW are misexpressed or mislocalized. apm1 mutants have multiple, fused

cotyledons and hypocotyls with enlarged epidermal cells with cell adhesion defects. apm1 alleles show defects in

gravitropism and auxin transport. Gravistimulation decreases APM1 expression in auxin-accumulating root epidermal cells,

and auxin treatment increases expression in the stele. On sucrose gradients, APM1 occurs in unique light membrane

fractions. APM1 localizes at the margins of Golgi cisternae, plasma membrane, select multivesicular bodies, tonoplast,

dense intravacuolar bodies, and maturing metaxylem cells. APM1 associates with brefeldin A–sensitive endomembrane

structures and the plasma membrane in cortical and epidermal cells. The auxin-related phenotypes and mislocalization of

auxin efflux proteins in apm1 are consistent with biochemical interactions between APM1 and NPA.

INTRODUCTION

APM1, an M1 aminopeptidase (AtM1.10.1, MEROPS peptidase

classification) and founding member of the M1 family of metal-

lopeptidases in Arabidopsis thaliana, was originally identified by

its affinity for and hydrolysis of the noncompetitive auxin efflux

inhibitor 1-naphthylphthalamic acid (NPA) (Murphy and Taiz,

1999a, 1999b; Murphy et al., 2000, 2002). APM1 exhibits ami-

nopeptidase (AP) activity against N-terminal neutral/aromatic-

hydroxyl amino acids of peptides but also functions as an

amidase that slowly cleaves the amide bond of NPA (Murphy

and Taiz, 1999a, 1999b;Murphy et al., 2000, 2002). This property

made it possible to purify APM1 by NPA affinity chromatography

from Arabidopsis microsomal and plasma membrane fractions

(Murphy et al., 2002). Hydrolysis by APM1 appears to require

immobilization of NPA by a complex that includes the peripheral

immunophilin-like protein FKBP42/TWD1, and the integral mem-

brane auxin transport proteins ABCB1/PGP1 and ABCB19/

PGP19/MDR1 (Murphy et al., 2000, 2002; Noh et al., 2001;

Geisler et al., 2003; Petrásek et al., 2003; Bouchard et al., 2006,

Blakeslee et al., 2007; Bailly et al., 2008). A role for APM1 in

subcellular protein traffickingwas suggested by its copurification

with b-adaptin subunits of the adaptor trafficking complexes, the

dynamin ADL1a/DRP1a, the HSC70 homolog HSP70p, and an

ortholog of the SEC14 lipid transfer protein (Murphy et al., 2002) .

NPA has been shown to partially inhibit auxin efflux mediated

by PINFORMED (PIN) and ABCB/PGP transporters and to com-

pletely inhibit auxin export when the two types of exporters are

coexpressed in heterologous systems (Petrásek et al., 2003,

2006; Geisler et al., 2005; Blakeslee et al., 2007; Rojas-Pierce

et al., 2007). NPA (1 to 5 mM) inhibits the basal polar auxin flow

required for establishment of embryonic apical/basal polarity

and organogenesis (Weijers et al., 2005; Mravec et al., 2008).

Higher concentrations ($50 mM) of NPA inhibit trafficking and

produce phenotypes observed in PIN1 and other general traf-

ficking components (Gil et al., 2001; Geldner et al., 2001, 2004;

Peer et al., 2004; Růzicka et al., 2007), inducing embryonic

defects in Arabidopsis and other species (reviewed in Friml,

2003; Friml et al., 2003; Weijers et al., 2005; Larsson et al., 2008;
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Hakman et al., 2009), similar to those observed with brefeldin A

(BFA) treatment (Friml et al., 2003). This suggests that NPA at

>5 mM has nonspecific targets, especially as very high con-

centrations approach NPA solubility limits ;280 mM. Results

presented by Murphy and Taiz (1999a) suggest that APM1 is a

target of the 3 to 50 mM range. NPA effects in these concentra-

tions are mimicked by AP inhibition by aminoacyl naphthylamide

conjugates resembling NPA and produce additional phenotypes

not associated with auxin defects.

The pharmacological treatment with NPA phenocopies loss-

of-function lesions in GNOM (GN), MONOPTEROS (MP) (Mayer

et al., 1991, 1993), BODENOLOS (BDL) (Hamann et al., 2002),

quadruple PIN (Friml et al., 2003), and APM1 (presented here).

This suggests that high concentrations of NPA affect more than

just auxin transport and are indeed altering protein targeting or

trafficking. Therefore, there are distinct classes of NPA effects

based on the concentration used. Lower NPA concentrations

inhibit auxin efflux without affecting the subcellular localization of

the transport proteins, while high NPA concentrations alter the

subcellular localization of the transporters and also induced

embryonic and seedlings defects.

We have also shown that APM1 enzymatic activity is sensitive

to NPA (Murphy et al., 2002). NPA inhibition of APM1 activity

occurs in the mid-to-high concentration range corresponding to

non-auxin-related phenotypes, inhibition of trafficking, and de-

fects in embryogenesis (Murphy and Taiz, 1999a; Murphy et al.,

2002). APM1 activity is also sensitive to PAQ22, a phthalimide

inhibitor ofmammalianmicrosomal APs that is structurally similar

to NPA, as well as puromycin, bestatin, and amastatin (Murphy

et al., 2002), which have been shown to inhibit M1 APs in

Arabidopsis and other systems (Constam et al., 1995; Murphy

et al., 2002). Meiotic Prophase Aminopeptidase (MPA1), an M1

AP, is important in meiotic chromosome segregation (Sanchez-

Moran et al., 2004), and long-term exogenous application of

puromycin to wild-type inflorescences results in phenotypes

observed in mpa1 (Sanchez-Moran et al., 2004) and apm1

(presented here) loss-of-function mutants.

Previously, we showed thatAPM1 is expressed at low levels in

all vegetative tissues, at high levels in flowers, roots, and 5-d-old

seedlings, and at intermediate levels in young rosette leaves

(Murphy et al., 2002). This work examines APM1 expression

and protein subcellular localization patterns, the developmental

phenotypes of loss-of-function mutations, and the effect of

loss of APM1 function on the localization of auxin transporters.

Our results indicate that APM1 is a peripheral membrane

protein associated with a noncanonical subcellular compart-

ment, is a target of high concentrations of NPA, and functions

in mechanisms other than meiosis and direct regulation of

auxin transport.

RESULTS

APM1 Expression Is Developmentally Regulated

APM1 expression patterns were analyzed from embryogenesis

through maturity, including gamete development, using native

promoter:reporter fusions ProAPM1:green fluorescent protein

(GFP) and ProAPM1:b-glucuronidase (GUS) (Figure 1). At the

early globular stage, a weak GFP signal was observed through-

out the embryo (Figure 1A), but in the late globular stage, APM1

expression was stronger in the epidermal and adjacent cells

(Figure 1B). At the early heart stage, strong APM1 expression

was observed in the hypophysis and adjacent cells (Figure 1C)

that are the site of root meristem formation (Jürgens, 2001). By

the late heart stage, uniform expression was observed in the

epidermal and ground tissue, root meristem, and suspensor

(Figure 1D) (cell type classifications based on Jürgens, 2001). At

the torpedo stage, the APM1 expression was restricted to the

vascular primordia (Figures 1E and 1F). In the mature embryo,

GFP signals were observed in the vascular primordia throughout

the hypocotyl/root axis and were no longer observed in the

epidermis (Figures 1G and 1H). APM1 expression patterns

during embryogenesis suggest a role in the establishment of

the root primordium, and the expression in the mature embryo

suggests a role in postembryonic vascular development.

Consistent with previous RNA gel blot analyses (Murphy et al.,

2002) and microarray data (see Supplemental Figure 1 online),

APM1 expression was greatest in 5-d-old seedlings, roots,

rosette leaves, and flowers. Strong APM1 expression using

GUS and GFP reporters was observed in the elongation zone

at the root tip (Figures 1I and 1O) and in the vascular tissue at the

root-shoot junction (Figure 1J). APM1 was expressed at the

shoot apex (Figure 1K), discontinuously in the maturing vascu-

lature in the cotyledon (Figure 1K), and in young rosette leaves

and in the upper hypocotyl from 4 to 7 d after germination. In

floral tissues, APM1 was also strongly expressed in the anthers

and ovules (Figures 1L and 1M). An autofluorescence control is

shown in Figure 1N. APM1 was strongly expressed in the

vascular bundle and procambial tissue of 3.5- to 5-d-old root

tips (Figure 1O) but decreased after 5 d to the point that

expression was evident primarily in the provascular tissue (Fig-

ures 1P and 1Q). Moderate APM1 expression was seen in root

cap cells after 5.5 to 6 d (Figure 1P). In dark-grown seedlings,

APM1 expressionwas greatly reduced andwas largely restricted

to the vascular bundle (Figure 1R).

Mutational Analysis of APM1 Function

A pictograph of APM1 shows the promoter, start, exons, and

introns with the position of the T-DNA insertion in the promoter of

apm1-1 and the ethane methanesulfonate (EMS)–generated

mutations in apm1-2 and apm1-3 indicated by arrows (Figure

2A). After extensive backcrossing (five times), the expression of

APM1 in each line was analyzed by quantitation of steady state

mRNA levels by quantitative real-time PCR. Expression of APM1

in apm1-1 homozygotes was 1 to 3%of the wild type (Figure 2B).

apm1-2 is an EMS mutant harboring a C-to-T base change at

nucleotide position 2059, which results in the introduction of a

stop codon at amino acid 687 (APM1R667*), and APM1 expres-

sion in apm1-2 heterozygotes was 40% of the wild type (Figure

2B). The apm1-3 mutant is an EMS mutant with a C-to-T base

change at position 2081 that results in an Ala-to-Val amino acid

change at position 694 (APM1A694V). apm1-3 heterozygotes

expressed a full-length transcript at 36% of wild-type levels

(Figure 2B).
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Figure 1. APM1 Is Strongly Expressed during Embryogenesis, Organogenesis, and in Meristematic Regions.

(A) to (H) ProAPM1:GFP expression during Arabidopsis embryogenesis.

(A) Early globular stage.

(B) Late globular stage.

(C) Early heart stage.

(D) Late heart stage.

(E) Torpedo stage.

(F) Bright-field overlay of (E).

(G) Mature embryo.

(H) Bright-field overlay of (G).

(I) to (M) ProAPM1:GUS expression in the seedlings and flowers: root elongation zone (I), root-shoot transition zone (J), shoot apex (K), flowers(L), and

anthers and ovules (M).

(N) to (R) Confocal laser scanning microscopy images of single sections. ProAPM1:GFP expression in seedlings.

(N) GFP autofluorescence control. The same settings were used for all GFP images.

(O) Five-day-old root tip.
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A pictograph of the APM1 protein is presented in Figure 2C.

The position of the catalytic motifs, protein–protein interaction

motifs, and EMS mutation sites are indicated. Protein gel blot

analysis of apm1 mutants showed a very faint band in apm1-1

(2/2) and faint bands in apm1-1 (+/2) and apm1-3 (2/2), as

would be expected since none of the alleles are knockouts

(Figure 2D; see Supplemental Figure 2 online). In apm1-2 hetero-

zygotes, both a full-length protein and an ;72-kD band

(APM1R667*) consistent with the predicted length of the truncated

protein product were observed (Figure 2D). A loading control

using antisera to the plasma membrane H+ ATPase is in Figure

2D, bottom panel.

Loss of APM1 Function Results in Embryonic Defects

APM1 is highly expressed during embryogenesis, especially in

the hypophysis and vascular primordia (Figure 1; see Supple-

mental Figure 1 online), and developmental defects resulting

from loss of APM1 function were observed during embryogen-

esis. In wild-type Arabidopsis, the first zygotic division gives rise

to apical and basal daughter cells (Figure 3A). Embryonic defects

in apm1 can be observed at this stage with the absence or poor

definition of an apical cell (Figures 3B and 3C). Subsequent

divisions of the apical cell lead to the formation of the embryo

proper, while the cell population derived from the basal cell gives

rise to the filamentous embryo/suspensor (Figure 3D). Defects in

these early divisions can also be observed with anticlinal division

in the suspensor instead of the apical cell or asymmetric divisions

in both apical and basal cells (Figures 3E to 3G). At the late

globular stage, the suspensor cell adjacent to the embryo proper

forms the lens-shaped hypophysis through a series of divisions

and subsequently becomes the center for root meristem initia-

tion in the wild type (Figure 3H). However, in apm1 mutants,

abnormal divisions or absence of divisions were observed in the

hypophysis cells and cells adjacent to the hypophysis (Figures 3I

to 3J). This suggests that the identity of the hypophysis was not

established. More than fifty percent of the apm1-1 and apm1-2

and ;30% apm1-3 embryos collapsed into a dense mass of

tissue at the globular stage, resulting in embryo abortion.

In wild-type embryonic transition to the heart stage, the

hypophysis undergoes another series of specialized divisions

and becomes separate from the suspensor, and anticlinal divi-

sions result in bilateral symmetry in the embryo proper (Figure

3K). At this stage, apm1 mutants became swollen at the base of

the embryo proper, and the center for root meristem initiation

could not be distinguished (Figures 3L and 3M). In;30% of

apm1-1 and apm1-2 mutants, these divisions were interrupted,

giving rise to abnormal cotyledons. While the wild-type embryos

progressed through to the torpedo stage, ;20% apm1-1 and

apm1-2 mutants were arrested at the heart stage and consisted

of undifferentiated, swollen masses of tissue. In some embryos,

these tissues gradually underwent anticlinal divisions at the

upper half to form the cotyledon primordia without forming the

root meristem primordia.

Loss of APM1 Function in Seedlings and Adults

The primary roots of all three apm1 allele mutants, both homo-

zygotes and heterozygotes, stop elongating at 5 d after germi-

nation and the seedlings die, indicating that the mutants are

haploinsufficient (Figures 4A to 4E). The severe apm1-1 and

apm1-2 homozygotes are rootless (Figures 4A to 4E). The weak

apm1-3 (+/2 and2/2) mutant seedlings do not exhibit a rootless

phenotype, consistent with the point mutation in this allele

(APM1A694V). Approximately twenty-five percent of apm1-1

(+/2), apm1-2 (+/2), and apm1-3 (+/2 and 2/2) seedlings can

be rescued by inducing adventitious root formation from the

hypocotyls, although a robust root system does not develop and

the plants are susceptible to stress. However, in all rescued

plants, the primary root does not extend and lateral roots are not

formed, even if the plant grows to maturity. The apm1-1 and

apm1-2 alleles must, therefore, be maintained as heterozygotes.

All three alleles show a similar root arrest phenotype that appears

to originate during embryogenesis, but APM1 appears to also be

required in the seedling for survival.

Homozygous apm1-1 and apm1-2 seedlings also consistently

exhibit a range of asymmetric, triple, cup-shaped, heart-shaped,

and fused cotyledons (Figures 4B to 4E; see Supplemental

Figure 3 online). However, the weaker allele, apm1-3, only shows

a loss of symmetry (Figure 4A) and resembles the postgermina-

tion (nonembryonic) effects of NPA treatment (Murphy and Taiz,

1999a). Overall, the two severe alleles (apm1-1 and apm1-2)

show identical phenotypes, and theweak allele (apm1-3) exhibits

similar but less severe phenotypes observed in the other two

alleles.

Adult phenotypes of all three apm1 alleles include a loss of

apical dominance, reduced stature, delayed flowering (10 to 14 d

after the wild type), small, incompletely filled siliques (due to

Figure 1. (continued).

(P) Six-day-old root tip.

(Q) Seven-day-old root tip.

(R) Four-day-old dark-grown seedling.

For these experiments, three GFP lines with ;50 seedlings per line were examined; nine GUS lines with 50 seedlings per line were examined. These

patterns were observed in >90% of the individuals. The GFP lines showed similar expression tissue-specific patterns, including a line that showed

nuclear envelope localization, shown in (N) to (R), because the line shows the results more clearly in seedling roots than the other lines. The relative

expression is consistent with the microarray data (see Supplemental Figure 1 online). Bars = 100 mm in (A) and (B), 50 mm in (C) to (F), 25 mm in (G) and

(H), 100 mm in (I) and (J), 200 mm in (K), 300 mm in (L), 100 mm in (M), and 50 mm in (N) to (R).

[See online article for color version of this figure.]
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embryonic abortion), and delayed senescence (10 to 14 d after

the wild type) compared with the wild type (Figure 4F). apm1-2

(+/2) shows the greatest loss of apical dominance and stature,

followed by apm1-1 (+/2) and apm1-3 (2/2). apm1-1 alleles had

comparable loss in silique filling (;20 to 30% filled), and higher

growth temperatures resulted in more embryo abortions in

apm1-3. apm1 mutants also showed shorter stature under high

light intensity.

The apm1 seedling root, cotyledon, hypocotyls, and mature

plant phenotypes (stature, apical dominance, silique size, silique

filling, and senescence pattern) were complemented by trans-

formation of apm1-1 with ProAPM1:YFP-APM1 and ProAPM1:

APM1-YFP (Figures 4G and 4H; see Supplemental Figure 3D

online).

Since an arrested root growth phenotype and incompletely

filled siliques were also observed in apm1-1 and apm1-2 hetero-

zygotes and apm1-3 homozygotes, we further analyzed the

apm1 mutants to determine if the mutation was recessive or

dominant and if a meiotic defect was involved as is the case with

mpa1 (Sanchez-Moran et al., 2004). apm1-1 heterozygotes were

selfed, and progeny were genotyped and analyzed for root

extension at 5 d. The expected genotypic ratio of 1 APM1/

APM1:2 APM1/apm1:1 apm1/apm1 for a recessive mutation

was not observed (P < 0.001; Table 1), norwas the expected ratio

for a recessive phenotypic mutation (3 wild type:1 mutant)

observed. Instead, a segregation ratio of 1 wild type:2 mutant

was observed, indicating that the mutation is partially dominant

and that heterozygous individuals are haploinsufficient (P <

0.001; Table 1). Due to penetrance of the apm1-1 (2/2) mutation

(1 to 3% of wild-type APM1 expression in surviving homozygous

individuals), this allele is not 100% lethal. In addition, reciprocal

crosses weremadewith wild-type and apm1 heterozygotes. The

expected ratio for a nonmeiotic mutation (1 APM1/APM1:1

APM1/apm1) was observed in both crosses (P > 0.05; Table 1).

An additional 300 seedlings for each of the three crosses were

scored for the arrested root phenotype, and the ratios of the wild

type to mutant obtained were the same as the genotyped

seedlings. In addition, no abnormal pollen germination or exten-

sion was observed in apm1 alleles (data not shown). Unlike

MPA1 (Sanchez-Moran et al., 2004), APM1 does not appear to

function in meiosis.

Figure 2. APM1 Gene and Protein Maps.

(A) Map of APM1 gene structure and mutation sites. Black boxes

indicate exons, and white boxes indicate introns. The promoter is

indicated N-terminal to the start site (ATG and an up arrow). The

T-DNA insertion site in the promoter for apm1-1 is indicated with an

inverted triangle. The EMS point mutation sites in exon 15 for apm1-2

and apm1-3 are indicated with down arrows.

(B) Quantitative real-time PCR expression analysis in apm1 mutants.

Means and standard deviations from three independent experiments,

true replicates were used, not subsamples (t test,* P < 0.001).

(C) Pictographic representation of the mutational sites for apm1-2 and

apm1-3 (black lines with arrows) in relation to the catalytic (light-gray

boxes with exopeptidase GAMEN and zinc binding HELAH) and protein–

protein interaction (dark-gray box) motifs.

(D) Top panel: protein gel blot using anti-APM1 in wild-type and apm1

alleles. None of the alleles are knockouts. A faint band can be observed

in apm1-1 (�/�) because it has 1 to 3% expression of APM1 compared

with the wild type. Two bands can be seen in apm1-2 (+/�), full-length

and a truncated protein; the epitope that the antibody recognizes is

contained in the truncated protein. apm1-3 contains a point mutation that

does not interfere with antibody recognition. The observed;72-kD band

in apm1-2 heterozygotes is consistent with the predicted length of the

truncated protein product based on the position of the introduced stop

codon. Therefore, apm1-1 has a very low level of full-length protein,

apm1-2 has a truncated protein that contains the catalytic domain but

not the protein–protein interaction domains, and apm1-3 has a full-length

protein with a point mutation in a protein–protein interaction domain

(APM1A694V). Each lane contains 10 mg of total microsomal protein; an

antibody to the C terminus of APM1 was used. Bottom panel: Loading

control for the top panel. Each lane contains 10 mg of total microsomal

protein; polyclonal antisera to the plasma membrane H+ ATPase (PM H+

ATPase) was used.
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Further Analysis of apm1 Root Phenotypes

We further investigated the root phenotype of APM1 loss-of-

function mutants. Lugol’s staining of the starch grains in the root

tip showed that the columella, root cap, and lateral root capwere

not differentiated or organized into cell files in all three apm1

alleles (Figures 5A to 5D). ProcyclinB1;1:GUS activity was not

observed in the rootmeristem region of apm1-1 heterozygotes or

homozygotes (Figures 5E to 5G). Propidium iodide staining of cell

walls also revealed abnormal planes of cell division in apm1-1

roots (Figures 5H and 5I), similar to those observed during

embryogenesis. The disorganization of the cell files and cessa-

tion of cell division suggest that the root meristem had prema-

turely switched to determinate growth, and propidium filling of

meristematic cells indicated that these cells were dead.

Since APM1 is strongly expressed in the root meristem in

embryogenesis and the root cell files in all apm1 mutants are

disorganized, and all alleles (+/2 and 2/2) die at the seedling

stage (unless manipulated to produce adventitious roots), we

examined the quiescent center marker promoter traps QC-104

and QC-25 (Bechtold et al., 1993) in apm1-1. QC-104 GUS

activity was reduced in apm1-1 (+/2), and no GUS signal was

observed in the apm1-1 (2/2) roots (Figures 5J to 5L). Similarly,

no QC-25 GUS activity was observed in apm1-1 (2/2) roots

(Figures 5Mand 5N). This suggests that the disorganized cell files

are a result of a collapsed quiescent center.

APM1 is also strongly expressed in the provasculature and

metaxylem, so we examined root vascular tissue differentiation

using a number ofmarkers. First, we examined apm1mutants for

expression of the SHORTROOT (SHR) and SCARECROW (SCR)

transcription factors required for endodermal differentiation in

root patterning (Sabatini et al., 2003; Cui et al., 2007). SCR

restricts SHR movement, and SHR regulates SCR transcription.

A ProSHR:GFP signal seen in the stele of wild-type roots was

restricted to themeristematic region in apm1-1 (+/2) (Figures 5O

and 5P), but the ProSHR:SHR-GFP protein fusion was not

observed in apm1-1 (+/2) (Figures 5Q and 5R). A ProSCR:GFP

signal visible in the endodermis of wild-type roots was also not

Figure 3. Loss of APM1 Function Results in Embryonic Defects.

Representative images for each stage in embryogenesis are shown to

emphasize that the described defects are common among all three

independent alleles; for brevity, panels of each allele at each stage are

not shown. All alleles were backcrossed at least five times (see

Methods); therefore, it is unlikely that these phenotypes described below

are related to an unlinked gene in each independent allele and because

of the consistency of the defects observed among all the alleles.

(A) to (C) First zygotic division.

(A) Wild-type embryo with apical cell and basal cell.

(B) apm1-1 missing the apical cell.

(C) apm1-1 with poorly formed apical cell and basal cell with early

division.

(D) to (G) Two-cell embryo proper.

(D) Wild-type embryo with symmetric radial division in apical cell.

(E) apm1-3 with anticlinal division in suspensor below apical embryo.

(F) apm1-2 with asymmetric radial division in apical embryo.

(G) apm1-3 with asymmetric radial division in apical embryo and anti-

clinal division in the adjacent suspensor cell.

(H) to (J) Late globular embryo.

(H) Wild-type embryo.

(I) apm1-1 embryo has asymmetric anticlinal division in the hypophysis

and an additional division periclinal to the suspensor.

(J) apm1-3 embryo has asymmetric divisions in the hypophysis, adjacent

suspensor and adjacent epidermal cells.

(K) and (L) Heart-stage embryo.

(K) Wild-type embryo shows bilateral symmetry and cotyledon pri-

mordia.

(L) and (M) apm1-2 shows asymmetric cotyledon primordial and poorly

defined root primordia.

Bars = 5 mm (A) to (J) and 50 mm in (K) to (M). Arrowheads indicate

aberrant planes of cell division.
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observed in apm1-1 mutants (Figures 5S and 5T). However,

ectopic localization of ProSCR:GFP signal was observed in the

epidermis (Figure 5U). This lack of wild-type SCR and SHR

expression is consistent with the absence of lateral roots in apm1

mutants.

BETA-XYLOSIDASE1 (BXL1) is expressed in protoxylem and

xylem parenchyma cells (Goujon et al., 2003). No expression of

ProBXL1-1:GUS activity was observed in apm1-1 (Figures 5V

and 5W). In cross sections, the root vascular tissue in apm1-1

and apm1-2 was observed to be smaller, the cell types less

differentiated, and the xylem poles lacked bilateral symmetry

compared with the wild type (Figure 5X). The vascular tissue in

the weak allele, apm1-3, was less irregular than in the other two

mutants but had increased cell number in the stele (Figure 5X).

These results indicate that APM1 is required for postembryonic

vascular transition and maturation in the seedling root.

Analysis of apm1 Shoot Phenotypes

In addition to the phenotypes noted above, shoot phenotypes

were observed in apm1mutants. Similar to the observationmade

in roots, no ProcyclinB1;1:GUS activity was observed at the

shoot apex in apm1-1 5-d-old seedlings (Figures 6A and 6B).

Although vascular patterning was disrupted in the root, cotyle-

dons and leaves in apm1 appeared to have continuous, but

fewer, wild-type-like vasculature traces (see Supplemental Fig-

ure 8 online). However, aberrant trichome branching was also

noted in apm1-1 and apm1-2 and less frequently in apm1-3

(Figures 6C and 6D).

The most prominent shoot phenotype occurs in the hypo-

cotyls. Hypocotyls of apm1-1 and apm1-2 exhibited enlarged

epidermal cells with apparent cell adhesion defects (Figures 6E

and 6F). However, like the cotyledon defects, the hypocotyl

epidermal cell expansion defect was not observed in apm1-3. A

defect in secretion could underlie this observation, as ruthenium

red staining of mucilage from imbibed seeds is also altered in

apm1 mutants (see Supplemental Figure 3 online).

Inducible Silencing of APM1

The haploinsufficiency observed in apm1mutants suggests that

dosage effects play a role in the observed phenotypes. APM1-

inducible artificialmicroRNAconstructsweremadeusingpOpOff

vectors, and pOpOff lines were generated by floral dip of

Columbia-0 (Col-0) ecotype (see Methods). pOpOff and pOpOn

vectors provide for stringent and quantitative transgene expres-

sion when induced by dexamethasone (Dex) that can be used to

investigate gene expression dosage effects (Craft et al., 2005;

Moore et al., 2006; seeSupplemental Figure 4 online).While 1mM

Dex had no apparent negative effects, seeds germinated and

grown on 2 to 5 mM Dex had reduced primary root length at 5 d

and exhibited asymmetric but not fused or excess cotyledons

(P < 0.05; Figure 7A; see Supplemental Figure 4A to 4C online).

Silencing induced by 6 mM Dex resulted in a root phenotype

similar to the weakest allele of apm1 (apm1-3 heterozygotes).

More severe apm1 root phenotypes were reproduced in seed-

lings grown on 8 or 10 mM Dex (P < 0.001; Figure 7A; Supple-

mental Figure 4 A-C online). The apm1 incompletely filled silique

Figure 4. Loss of APM1 Function in Seedlings and Adults.

(A) Wild-type and apm1 heterozygous and homozygous mutants and

5-d-old seedlings.

(B) apm1-1 (�/�) seedling.

(C) apm1-1 (�/�) seedling.

(D) apm1-2 (�/�) seedling.

(E) apm1-2 (�/�) seedling.

(F) Wild-type and apm1 alleles, 4-week-old plants, and siliques.

(G) Wild type, apm-1-1, and apm1-1 transformed with either ProAPM1:

YFP-APM1 or ProAPM1:APM1-YFP at 5-d, showing complemented root

phenotype.

(H)Wild type, apm-1- 1, and apm1-1 with either ProAPM1:YFP-APM1 or

ProAPM1:APM1-YFP at 2 weeks. apm1-1 and apm1-3 transformed with

ProAPM1:YFP-APM1 or ProAPM1:APM1-YFP displayed a wild-type

phenotype, including secondary root formation. apm1-2 (containing a

truncated protein) did not display full complementation when trans-

formed with either ProAPM1:YFP-APM1 or ProAPM1:APM1-YFP.

Bars = 5 mm in (A), 200 mm in (B) to (E), and 3 cm in (F) to (H).

[See online article for color version of this figure.]

APM1 Affects Embryonic and Seedling Development 1699



(embryonic abortion) phenotype could also be induced with

application of Dex to the pOpOff APM1 transformants and

paralleled the concentration effects observed on the root length

phenotype, with significantly fewer seeds produced after 5 to 10

mM Dex induction (P < 0.05; Figure 7B; see Supplemental Figure

4A to4Conline). Seedlings thatgerminated from thepOpOff plants

with 10 mM Dex treatment showed the abnormal cotyledons

observed in apm1-1 and apm1-2mutants. However, the arrested

root phenotype was only observed if the seedlings were germi-

nated on plates supplemented with Dex. Quantitative real-time

PCR analysis after 8 or 10 mM Dex induction in 5-d-old seedlings

showed that APM1 expression was suppressed to apm1 (+/2)

levels (Figure 2B; see Supplemental Figure 4A to 4C online).

Developmental analyses indicated that APM1 function is re-

quired for both embryonic development and postembryonic root

meristem development. To further refine the developmental time

point at which APM1 gene expression is required for proper root

development, a time course for inducible silencing was con-

ducted (Figures 7C and 7D). The apm1 arrested root phenotype

was observed when APM1 gene expression was silenced for the

first 3 d following germination, consistent with the increase in

APM1 expression that begins at day three and its proposed role

in maintenance of the root meristem. Importantly, the apm1

arrested root phenotype was reproduced when APM1 was

silenced in wild-type seedlings, which have no prior embryonic

defects.

Inducible Expression of APM1

The effects APM1 dosage on apm1 phenotypes were also

investigated using inducible expression. APM1-inducible ex-

pression constructs were made with Dex-inducible pOpOn vec-

tors (Moore et al., 2006), and pOpOn lines were generated by

floral dip of apm1-1 (see Methods). While increased primary root

length was observed at all Dex concentrations, primary root

length was restored to wild-type-like length at 10 mM Dex (P >

0.05; Figure 7E; see Supplemental Figure 4D to 4F online). The

incompletely filled silique phenotype was restored at 8 or 10 mM

Dex (Figure 7F; see Supplemental Figure 4D to 4F online), as was

wild-type senescence. Seedlings (apm1-1 genotype) that

Table 1. Genetic Analysis of apm1-1 Segregation Ratios

Hypothesis

Progeny

Recessive Partial DominanceGenotype

Wild Type apm1-1 (+/�) apm1-1 (�/�) x2 x2

Parents

APM1/apm1 3 APM1/apm1 34 63 3 1:2:1

25.98 a, h

2:1

0b

APM1/apm1 3 APM1/APM1 41 59 1:1

3.242c
1:1

3.242c

APM1/APM1 3 APM1/apm1 46 54 1:1

0.64c
1:1

0.64c

Phenotype

Wild Type apm1 x2 x2

Parents

APM1/apm1 3 APM1/apm1 34 66 3:1

89.65 d, h

2:1

0e

APM1/apm1 3 APM1/APM1 41 59 ‘:0 f

–

1:1

3.242 g

APM1/APM1 3 APM1/apm1 46 54 ‘:0 f

–

1:1

0.64 g

aProbability for a recessive trait calculated by x2 test with 1 APM1/APM1:2 APM1/apm1:1 apm1/apm1 segregation ratio. df = 2. The expected ratio

was not obtained.
bProbability for partial dominant trait calculated by x2 test with 2 APM1/apm1:1 APM1/APM1 segregation ratio. df = 2. The expected ratio was

obtained.
cProbability calculated by x2 test with 1 APM1/APM1:1 APM1/apm1 segregation ratio for a meiotic defect . df = 1. The expected ratio was obtained.

The recessive/partial dominance hypotheses cannot be distinguished in this test.
dProbability calculated by x2 test with 3 wild type:1 mutant segregation ratio. df = 1. The expected ratio was not obtained.
eProbability calculated by x2 test with 2 mutant:1 wild type segregation ratio. df = 1. The expected ratio was obtained.
fAll wild type:no mutant (‘:0) segregation ratio expected. df = 1. The expected ratio was not obtained.
gProbability calculated by x2 test with 1 wild type:1 mutant segregation ratio for a meiotic defect. df = 1. The expected ratio was obtained.
hP < 0.001.

One-hundred seedlings were genotyped using PCR for each cross presented. The expected segregation ratio was not obtained for APM1/apm1 3
APM1/apm1. However, the reciprocal crosses to the wild type showed the expected ratios. Seedlings were also scored for root extension
phenotype.
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Figure 5. Root Phenotypes of APM1 Loss-of-Function Mutants.

(A) to (D) Starch granules in 5-d-old root stained with Lugol’s. Wild type (A), apm1-1 (+/�) (B), apm1-2 (+/�) (C), and apm1-3 (�/�) (D). The columella

cells are disorganized in apm1 mutants.

(E) ProCyclinB1;1:GUS root.

(F) ProCyclinB1;1:GUS in apm1-1 (+/�) root.

(G) ProCyclinB1;1:GUS in apm1-1 (�/�) root. CyclinB is a marker for cell division, and cell division appears to cease in apm1 mutants, consistent with

arrested root growth.

(H) Wild type root stained with propidium iodide.
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germinated from 10 mM Dex-induced pOpOn siliques did not

show the abnormal cotyledons observed in apm1. However, the

arrested root phenotype was observed if the seedlings were

grown without Dex and was rescued when grown on plates

supplemented with Dex. Quantitative real-time PCR analysis

after 10 mM Dex induction in 5-d-old pOpOn seedlings showed

that APM1 expression was at wild-type levels (P = 0.1; see

Supplemental Figure 4D to 4F online).

A time course for inducible expression was conducted (Figures

7G and 7H). The length of the induction period corresponded

to the length of the primary root. The apm1 arrested root

phenotype was rescued when APM1 gene expression was

induced for 5 d (Figure 7G).WhenAPM1 expressionwas induced

at 4 or 5 d after germination, then the root phenotype was

rescued (Figure 7H). As controls, Figure 7I shows 5-d-old wild

type and apm1-1 grown in the presence and absence of Dex.

Wild-type lines transformed with pOpOff GFP did not exhibit the

apm1-1 arrested root phenotype after Dex induction (Figure 7J).

apm1-1 lines transformed with pOpOn GFP did not show a wild-

type root phenotype after Dex induction (Figure 7K).

These inducible silencing and expression data indicate that, in

addition to a function in embryonic development, there is a

critical time point at 3.5 to 4 d after germination where APM1 is

necessary for primary root meristem maintenance.

Auxin-Related Phenotypes of APM1

Loss-of-Function Mutants

APM1 Gene Expression Is Auxin Responsive

Treatment with indole-3-acetic acid (IAA) resulted in enhance-

ment and upward extension of the ProAPM1:GFP signal in the

vascular bundle and a loss of signal in the epidermal and cortical

cells (Figures 8A and 8B). Quantitative real-time PCR indicated a

2.5-fold increase in APM1 expression after a 30-min IAA treat-

ment and a fourfold increase after 2 h (see Supplemental Figure 5

online). Treatment with 2,4-D, a poorly transported artificial

auxin, resulted in a decrease in the vascular ProAPM1:GFP

signal (Figure 8C). Treatment of 5-d-old ProAPM1:GFP seedlings

with 50 mM abscisic acid or 15 mM jasmonic acid for 2 h had no

effect on APM1 expression (data not shown).

Auxin-Induced Gene Expression Is Altered in apm1Mutants

DR5 is an artificial auxin reporter derived from the natural auxin-

responsive promoter GH3 and indicates auxin concentrations in

the 1026 to 1024 mM range (Ulmasov et al., 1997), and the IAA2

reporter contains 425 bp of the auxin-responsive IAA2 promoter

(Swarup et al., 2001). In the wild type, ProIAA2:GUS activity was

observed in the vascular tissue of the primary leaves and shoot

apex, while in apm1, no GUS activity was observed (Figures 8D

and 8E), suggesting decreased auxin production or enhanced

auxin transport out of the shoot apex in apm1. In the wild type,

ProDR5:GUS activity was observed at the quiescent center,

initials, and columella and extended into the vascular tissue

(Figure 8F). Inapm1-2crosseswithProDR5:GUS, increasedGUS

activity was observed in the root apex, although no GUS activity

was seen in the columella as these cell types are poorly defined in

apm1 loss-of-functionmutants (Figure 8G). In apm1-1 crosses to

ProDR5:GFP, the GFP signal in apm1 was enhanced at the root

apex comparedwith thewild type (Figures 8H and8I), suggesting

that basipetal redirection of auxin is impaired in the mutant.

Auxin Transport Is Altered in apm1

Direct measurement of auxin transport is usually performed in

5- to 6-d-old Arabidopsis seedlings (Murphy et al., 2000; Geisler

et al., 2003, 2005; Peer et al., 2004; Terasaka et al., 2005;

Figure 5. (continued).

(I) apm1-1 (+/�) root stained with propidium iodide. Planes of cell division are altered in apm1 seedlings as in apm1 embryos.

(J) QC-104 shows GUS staining in the quiescent center (QC).

(K) QC-104 in apm1-1 (+/�) shows faint staining in the QC.

(L) QC-104 in apm1-1 (�/�) shows no staining in the QC.

(M) QC-25 shows GUS staining in the QC.

(N) QC-25 in apm1-1 (�/�) shows no staining in the QC. The QC appears to be inactive in apm1 mutants.

(O) ProSHR:GFP.

(P) ProSHR:GFP in apm1-1 (+/�) shows restricted expression near the meristematic regions.

(Q) ProSHR:SHR-GFP is expressed in the stele.

(R) ProSHR:SHR-GFP in apm1-1 (+/�) shows no signal.

(S) ProSCR:GFP signal in vascular strands.

(T) ProSCR:GFP in apm1-1 (�/�) shows no signal in the vascular tissue.

(U) Ectopic expression of ProSCR:GFP in apm1-1 (+/�) in epidermal cells. This is also observed in apm1-1 (�/�) (see Supplemental Figure 8 online). The

ground tissue specifiers SCR and SHR are misexpressed/mislocalized in apm1 mutants.

(V) ProBXL1-1:GUS shows staining in the xylem parenchyma.

(W) ProBXL1-1:GUS in apm1-1 (+/�) shows no staining, indicating that these cells have altered cell identity.

(X) Root cross section stained with toluidine blue; arrows point to xylem poles. apm1-1 (+/�), apm1-2 (+/�), and apm1-3 (�/�). The xylem poles are not

opposite each other in apm1 mutants, the vascular tissue appears to have a greater number of smaller cells than does the wild type, and additional

cortical cells are observed. For the ProcylcinB1;1:GUS reporter, 100 seedlings were observed, with the results presented observed in all seedlings. For

the QC:GUS and ProBXL1-1:GUS reporters, 50 seedlings were observed, with the results presented observed in all seedlings. For the GFP reporters

and fusions, 30 seedlings were observed, with the results presented observed in all seedlings.

Bars = 100 mm in (A) to (V) and 50 mm in (X).
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Blakeslee et al., 2007; Peer and Murphy, 2007). In apm1-3,

basipetal auxin transport out of the shoot apex was significantly

enhanced compared with the wild type (P < 0.02; Figure 9A),

while basipetal transport from the root apex was significantly

reduced in the first 2 mm from the root tip (P < 0.01; Figure 9A).

These results are consistent with auxin reporter results and

indicate that APM1 negatively regulates auxin transport in the

shoot apex and positively regulates auxin transport upwards

from the root tip.

Gravitropism Is Altered in apm1

Consistent with APM1-positive regulation of root basipetal trans-

port, gravitropic bendingwasalso slower in the apm1-1 (+/2) and

apm1-2 (+/2) mutants compared with the wild type (P < 0.01;

Figure 9B). Gravitropism in apm1-3 (2/2) was not different from

in thewild type, after 9 h of gravistimulation, but the rate is a result

of decreased linear growth in the apm1-1 and apm1-2 heterozy-

gotes compared with the apm1-3 homozygote. apm1-1 and

apm1-2 heterozygoteswere used for theseexperiments because

the homozygous seedlings do not have roots (Figures 3A to 3E).

After gravitropic stimulus, auxin transported from the root tip to

the elongation zone is asymmetrically redirected to the lower root

surface in reference to the gravity vector (Wisniewska et al.,

2006; Peer and Murphy, 2007). A similar asymmetric change in

APM1 expression was observed after gravity stimulus, with

expression enhanced in the epidermal and cortical cells on the

upper side and absent on the lower side (Figure 9C). These

results are consistent with the loss of APM1 expression seen in

epidermal root cells treated with 10 nM IAA and suggest that

APM1 expression is negatively regulated by IAA levels in epi-

dermal and cortical cells at the root tip and is positively regulated

in vascular tissues in the same region.

APM1 Subcellular Localization by Transmission

Electron Microscopy

Transmission electron microscopy immunolocalization analyses

of high pressure freeze-substituted 5-d-old seedlings was used

to investigate the subcellular localization of APM1 (Figure 10).

Studies were conducted using both the C terminus and peptide

APM1 antisera with identical results. In cortical root cells, APM1

was observed on the margin of Golgi cisternae and plasma

membrane (Figures 10A and 10B) aswell as in discrete regions of

some multivesicular bodies (Figure 10C).

Inmaturing cells, discrete aggregations of APM1were found at

the tonoplast and within electron-dense intravacuolar bodies

(Figures 10D and 10E). APM1 signals were seen at the plasma

membrane in cells adjacent to differentiating vascular tissue

(Figures 10F and 10G). APM1 was also associated with intracel-

lular crosswalls and fragments of collapsing cellular structures in

differentiating metaxylem elements (Figures 10F to 10I), consis-

tent with APM1D (truncated APM1) observation in the cell wall

debris (Murphy et al., 2002). Preimmune serumcontrols using 23
concentration showed very low signal on the cell walls and in the

cytoplasm of the root (see Supplemental Figure 6 online).

APM1 Subcellular Localization by Immunohistochemistry

and Protein Fusions

APM1 has a hydrophobic subdomain characteristic of peripheral

membrane proteins and was previously purified from plasma

membrane, microsomal, and soluble fractions (Murphy et al.,

2002). Previously, it was thought that it was also glycosylated,

but this was due to a comigrating band. Immunolocalizations,

visualization of ProAPM1:YFP-APM1 translational fusions, and

protein gel blot analyses of subcellular fractions all indicate the

presence of APM1 in both cytosolic and endomembrane com-

partments (Figure 11; see Supplemental Figure 2 online). APM1

immunolocalization (with two different purified antisera) and

ProAPM1:YFP-APM1 (and Pro35S:YFP-APM1; see Supplemen-

tal Figure 8 online) signals were seen only in cells and tissues

where expression of APM1 was seen in promoter fusions;

autofluorescence corresponding to Alexafluor 488 or yellow

fluorescent protein (YFP) was not observed in apm1-1 or the

wild type, respectively (see Supplemental Figure 2A and 3

online). However, apm1-1 (+/2) transformed with Pro35S:YFP-

APM1 appeared to grow tomaturity faster than the wild type (see

Supplemental Figure 3D online). APM1-YFP C-terminal fusion

transformants were also analyzed, which showed no signal, but

complemented apm1-1 (see Methods).

Figure 6. Shoot Phenotypes of APM1 Loss-of-Function Mutants.

(A) ProCyclinB1;1:GUS in shoot tip of 5-d-old seedling.

(B) ProCyclinB1;1:GUS in apm1-1 (+/�) shows no staining in 5-d-old

shoot tip.

(C) Wild-type trichomes.

(D) apm1-1 (+/�) trichomes show additional branching and hooking at

the tips.

(E) Wild-type hypocotyls.

(F) apm1-1 (+/�) hypocotyl epidermal cells show cell adhesion and cell

expansion defects.

Bars = 200 mm in (A) and (B), 100 mm in (C) and (D), and 200 mm in (E)

and (F).

[See online article for color version of this figure.]
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Figure 7. Inducible Silencing and Expression of APM1.
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Signals from APM1 immunolocalization and N-terminal YFP

fusions of APM1 were associated with endomembrane struc-

tures and the plasma membrane in cortical and epidermal cells

(Figures 11A to 11L). In roots, APM1 was also observed in the

stele and was abundant in metaxylem and epidermal cells

(Figures 11A to 11C and 11H). This pattern was reiterated in

the lateral roots (Figure 11L). The signal was primarily punctate

and intracellular (Figures 11D to 11F). At the shoot apex where

APM1 is strongly expressed, APM1 signals were observed in the

cytosol and at the plasma membrane of the epidermis, unex-

panded primary leaves, and meristem region, and in epidermal

cells of the hypocotyl (Figures 11I and 11J). In adult plants, APM1

was observed in the transitional meristem (Figure 11K), consis-

tent with microarray data (see Supplemental Figure 1 online).

APM1 was also observed at the cell plate of newly divided cells

in the root and shoot apices (Figures 11B, 11C, 11G, 11J, and

11K).

In order to verify the mixed membrane and cytosolic associ-

ation of APM1,microsomalmembraneswere prepared from 5-d-

oldArabidopsis seedlings, differentially solubilized, and analyzed

by protein gel blot analysis with the APM1 peptide antiserum. As

was seen previously with the C-terminal APM1 antisera (Murphy

et al., 2002), full-length APM1 (103 kD) and a 42-kD APM1

C-terminal degradation product (previously described and se-

quenced inMurphy et al. [2002] as APM1D and sequenced again

here) were detected in the 8000 g and 100,000 g supernatants

and 100,000 g pellets, although only a small amount of the

degradation product was present in the 100,000 g pellet (42 kD)

(see Supplemental Figure 2F online). Consistent with APM1

being associated with the membrane, full-length APM1 (103 kD)

could be released from the 100,000 g microsomes with 0.1 M

Na2CO3, while Triton X-100 and SDS pretreatment enhanced

release of APM1 from the 100,000 g pellet compared with SDS

sample buffer alone (see Supplemental Figure 2F online). By

contrast, the plasma membrane marker AHA2 could only be

displaced from membranes by Triton X-100 and SDS pretreat-

ment, while a soluble protein, APP1, was only found in soluble

fractions, and its localization was not altered by pretreatments

(see Supplemental Figure 2F online). These results indicate that

APM1 is a peripheral membrane (rather than a type II membrane-

anchored) protein and that a subpopulation of APM1 is more

easily displaced from membranes.

Microsomes from 5-d-old wild-type Arabidopsis seedlings

were fractionated on a 14 to 55% linear sucrose gradient and

analyzed by protein gel blots with antibodies against APM1 and

subcellular compartment markers (Figure 11M). APM1 was ob-

served primarily in lighter fractions (23.5 to 24.6% sucrose) but

continued to be detected in all sucrose densities to 43.6%. The

lower quantities of APM1 in higher density fractions partially

overlapped with the endosomal marker Pep12 and, to a lesser

extent, both the vacuolar marker Syp22 and the plasma mem-

brane marker AHA2 (39.2 to 43.6%). APM1 was absent in

fractions containing the endoplasmic reticulum marker Sec12

or the trans-Golgi network marker Syp41. No marker analyzed

exhibited the same sedimentation as the fractions containing the

majority of APM1. This result is similar to that observed with M1

insulin-responsive AP IRAP, which characterizes unique light

membrane fractions in mammals (Lim et al., 2001; Fernando

et al., 2007). The sucrose gradient of the light membrane fraction

was analyzed for lipid content (Kunst et al., 1988) and exhibited

an ;30% increase in C24 and C26 fatty acids compared with

whole microsomal membranes (Table 2), consistent with in-

creased sphingolipid content. In addition, diacyldiglycerol and a

slightly more mobile lipid in thin layer chromatography separa-

tions were depleted in the light membrane fractions compared

with microsomal membranes, similar to decreases reported in

detergent-resistant membranes derived from total plasmamem-

brane fractions (Mongrand et al., 2004).

Trafficking Inhibitors Alter APM1 Localization

Trafficking inhibitors have been used to study the subcellular

localization of proteins to elucidate the membrane compartment

(s) in which they reside. Since APM1, a peripheral membrane

protein with both cytosolic andmembrane association is found in

light membrane fractions, we examined the effects of inhibitors

on its localization. Precedents for using trafficking inhibitors

to support peripheral membrane protein localization were

Figure 7. (continued).

Inducible silencing of APM1 phenocopies apm1.Wild type transformed with the pOpOff artificial microRNA APM1 construct.

(A) and (B) Dosage effect of silencing APM1 in 5-d-old seedling (A) and silique (B) development.

(C) Seeds germinated on plates without 10 mMDex were subsequently transferred to plates supplemented with 10 mMDex for 5, 4, 3, 2, or 1 d to induce

APM1 silencing.

(D) The reciprocal experiment was also performed whereby plants were first germinated on 10 mMDex for 1, 2, 3, 4, or 5 d and then transferred to plates

without the induction medium. Inducible expression of APM1 complements apm1. apm1-1 (+/�) transformed with the pOpOn APM1 construct

(E) and (F) Dosage effect on expressing APM1 in 5-d-old seedling (E) and silique (F) development.

(G) Seeds were germinated on plates without Dex and then transferred to plates supplemented with 10 mM Dex for 5, 4, 3, 2, or 1 d to induce APM1

expression.

(H) The reciprocal experiment was also performed whereby plants were first germinated on 10 mM Dex for 1, 2, 3, 4, or 5 d prior to transfer to plates

without Dex.

(I) Wild type and apm1-1 (+/�) without and with 10 mM Dex for 5 d.

(J) Wild type, apm1-1 (+/�), and wild type transformed with pOpOff GFP grown on with 10 mM Dex for 5 d.

(K) Wild type, apm1-1 (+/�), and apm1-1 (+/�) transformed with pOpOn GFP with 10 mM Dex for 5 d.

Bars = 5 mm in (A), (C) to (E), and (G) to (K) and 3 cm in (B) and (F).

[See online article for color version of this figure.]
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established with ALTERED RESPONSE TO GRAVITY and the

Rab GTPase family (Boonsirichai et al., 2003; Chow et al., 2008).

Treatment with the fungal toxin BFA results in fusion of the trans-

Golgi network with components of the endocytotic pathway/

endomembrane system to form aggregates known as BFA

bodies (Nebenführ et al., 2002; Tse et al., 2006). The size and

shape of BFA bodies has been shown to be tissue specific

(Robinson et al., 2008a; Pan et al., 2009). This effect is reversed

when BFA is washed out of cells, and the fragmented endoplas-

mic reticulum, Golgi, and endomembrane system recover over

time (Saint-Jore et al., 2002; Robinson et al., 2008b). When root

tips were treated with 5 mM BFA for 30 min, ProAPM1:YFP-

APM1 signals were observed in large BFA bodies (see Supple-

mental Figure 7A to 7D online), and localization was restored 2 h

after BFA washout (see Supplemental Figure 7E to 7G online).

The size and number of BFA bodies that contain APM1 differ

according to cell type, and some of those bodies are unlike those

associated with aggregations of known endomembrane

markers. It is also interesting to note that the BFA bodies in

apm1-1 transformed with ProAPM1:YFP-APM1 resemble those

in the sterol mutant fk-J709 transformedwith ProPIN2:PIN2-GFP

(Pan et al., 2009).

PIN2 localization shows cell type–specific BFA or wortmannin

sensitivity (Abas et al., 2006; Jaillais et al., 2006; Shin et al., 2005).

Therefore, we examined the effect of wortmannin on APM1

localization and found that localization was altered in epidermal

cells (see Supplemental Figure 7H to 7K online), the same cells

where PIN2 localization is wortmannin sensitive (Jaillais et al.,

2006). Like wortmannin, the limonoid prieurianin (recently mar-

keted as endosidin) has been shown to affect PIN2, as well as

AUX1 and BRI1 trafficking (Robert et al., 2008). However, treat-

ment with 33 mM endosidin had little effect on APM1 localization

(data not shown).

In contrast with the ABCB integral membrane proteins isolated

by NPA affinity chromatography whose activity is inhibited by

NPA (Bernasconi et al., 1996; Murphy and Taiz, 1999a, 1999b;

Murphy et al., 2000, 2002; Noh et al., 2001, 2003; Geisler et al.,

2003, 2005; Terasaka et al., 2005), an NPA binding peripheral

membrane protein from cucurbits appeared to be associated

with the actin cytoskeleton (Cox and Muday, 1994; Butler et al.,

1998). As APM1 is a peripheralmembrane protein that binds both

free and conjugated NPA (Murphy et al., 2000, 2002; Smith et al.,

2003), we examined the cytoskeletal dependence of APM1

localization. Treatment with the actin depolymerizing agent

latrunculin B resulted in intracellular agglomerations of APM1

signal, while the microtubule depolymerizing agent oryzalin had

little effect (see Supplemental Figure 7L to 7S online), indicating

that the subcellular localization of APM1 is primarily actin, rather

than microtubule dependent.

APM1 and NPA

NPA is used as a pre-emergent herbicide for cucurbit crops that

inhibits weed root growth and prevents seedling establishment.

Resistance of crop plants to NPA appears to correlate with levels

of NPA amidase activity (Makam et al., 2005), and APM1 was

originally identified as the hydrolytic enzyme involved in NPA

hydrolysis in planta (Murphy and Taiz, 1999a; Murphy et al.,

Figure 8. Auxin-Induced APM1 Expression and Responsive Reporters

in apm1 Mutants.

(A) to (C) APM1 expression is auxin responsive.

(A) ProAPM1:GFP signal is observed in 4-d-old root tip.

(B) ProAPM1:GFP signal after 100 nM IAA treatment for 2 h is strongly

enhanced in the stele but reduced in the epidermis. Arrowheads in (A)

and (B) point to the region where the signal is observed in (A) but absent

in (B). See Figure 9C for comparison following gravity stimulus.

(C) ProAPM1:GFP signal after 1 mM 2,4-D treatment for 2 h. A change

seen in the subcellular pattern of the ProAPM1:GFP signal after 2,4-D

treatment is an apparent result of altered reticulation of the endoplasmic

reticulum after 2,4-D treatment.

(D) to (I) Auxin accumulation in 5-d-old wild-type and apm1 seedlings.

(D) ProIAA2:GUS activity in control cotyledon.

(E) ProIAA2:GUS activity is absent in apm1-1 (+/�) cotyledon.

(F) ProDR5:GUS activity in 5-d-old control root.

(G) ProDR5:GUS activity in the apm1-2 (+/�) root is greater than in the

control.

(H) ProDR5:GFP signal in 5-d-old control root.

(I) ProDR5:GFP signal is greater in the 5-d-old apm1-1 (+/�) root than in

the control.

Bars = 100 mm in (A) to (C) and (F) to (I) and 200 mm in (D) to (E).
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2000). This affinity for NPA was subsequently used to purify

APM1 from Arabidopsis membranes, and recombinant APM1

was shown to bind free 3H-NPA (Murphy et al., 2002). Low

concentrations of NPA (0. 1 to 5 mM) routinely used to alter auxin

transport have no observable effects on membrane protein

trafficking, but do phenocopy the elongation defects seen in

abcb1 abcb19 mutants (Murphy et al., 2000; Noh et al., 2001;

Figure 9. Auxin Transport and Gravitropism in apm1 Mutants.

(A) Basipetal auxin transport is significantly reduced in the first 2 mm

from the tip in apm1-3 (�/�). This region coincides with the columella

region, which exhibits the cell differentiation defects, and where the DR5

reporter shows auxin accumulation. Basipetal auxin transport from the

shoot apex of apm1-3 (�/�) is enhanced compared with that of the wild

type. Means and standard deviation from three independent experi-

ments are shown (t test, *P < 0.01). It was not possible to reproducibly

measure shoot basipetal auxin transport in 5-d-old apm1-1 (+/�) or

apm1-2 (+/�) seedlings.

(B) Gravitropic response of apm1-1 (+/�), apm1-2 (+/�), and apm1-3

(�/�) mutants compared with that of the wild type. Angle of curvature is

reduced in the apm1-1 and apm1-2mutant compared with the wild type.

Means and standard deviation from two independent experiments are

shown (n = 50; t test, *P < 0.01).

(C) ProAPM1:GFP signal is not observed on the auxin-accumulating side

of the root after 30 min of gravity stimulus. Bar = 50 mm.

[See online article for color version of this figure.]

Figure 10. Analyses of APM1 Subcellular Localization by Electron

Microscopy.

Immunogold localization of APM1 in high-pressure frozen/freeze-

substituted 5-d-old seedlings. Arrows point to immunogold labeling of

APM1. The experiment was repeated twice with each antibody. See

Supplemental Figure 6 online for preimmune controls. Bars = in 500 nm in

(A) to (F) and 1 mm in (G) to (I).

(B) and (D) to (G) C terminus antibody.

(A), (C), (H), and (I) Peptide antibody.

(A) and (B) Labeling on Golgi stacks (G) and flanking cytoplasm in root

cortical cells.

(C) Labeled multivesicular bodies (MVBs) in root cortical cells.

(D) to (F) Labeling on tonoplast, plasma membrane (PM), and cell walls

(CW) of perivascular root cells. C, cytoplasm, V, vacuole.

(G) to (I) Labeling in metaxylem cells.
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Figure 11. APM1 Subcellular Localization by Confocal Laser Scanning Microscopy and Colocalization with Compartmental Markers in Sucrose Density

Gradients.

APM1 was immunolocalized using purified antisera generated against the C-terminal 30 kD of the protein (Murphy et al., 2002) or against a unique

peptide (E124-C145) derived from the APM1 sequence adjacent to the hydrophobic membrane interaction domain (see Methods). The two antisera

produced identical localization results. In addition, transformants were generated with ProAPM1:YFP-APM1 and ProAPM1:APM1-YFP constructs that

complemented the apm1-1 loss-of-function mutants (see Methods; Figures 4G and 4H; see Supplemental Figure 3 online). APM1 shows plasma

membrane, endomembrane, and cytosolic localizations. Bars = 100 mm in (A), (H), (J), and (K), 50 mm in (B), (C), (G), and (I), 10 mm in (D), and 20 mm in

(E) and (F).

(A) to (L) Subcellular localization of APM1 in 5-d-old seedlings using purified APM1 antisera ([A], [D], and [I]) and ProAPM1:YFP-APM1 ([B], [C], [E] to

[H], and [J] to [L]).

(A) Immunolocalization of APM1 in root tips using the C terminus antibody.

(B) ProAPM1:YFP-APM1 in root tips.

(C) Differential interference contrast (DIC) overlay of (B).

(D) Immunolocalization of APM1 in root tips using the C terminus antibody showing subcellular localization.

(E) Subcellular localization of ProAPM1:YFP-APM1 in root tips.

(F) DIC overlay of (E).

(G) ProAPM1:YFP-APM1 localization at the newly forming cell plate (left) and DIC overlay (right).

(H) Localization of ProAPM1:YFP-APM1 in the root tip and metaxylem (top) and DIC overlay (bottom).
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Geisler et al., 2003, 2005; Terasaka et al., 2005; Blakeslee et al.,

2007). The twd1 mutant shares many abcb1 abcb19 pheno-

types, and NPA has been shown to inhibit interactions between

TWD1 and ABCB1/19 (Geisler et al., 2003; Bouchard et al., 2006;

Bailly et al., 2008). However, even at higher concentrations, NPA

treatment does not produce the twisting phenotype of twd1.

Slightly higher concentrations of NPA have also been shown to

phenocopy pin mutations, suggesting that PIN proteins are

direct or indirect targets of NPA action (Stieger et al., 2002;

Mravec et al., 2008). Saturating NPA concentrations (0.05 to

1 mM) have been shown to alter trafficking of the PIN1 auxin

efflux carriers and other membrane proteins in Arabidopsis

(Geldner et al., 2001, 2003, 2004; Dhonukshe et al., 2005,

2007; Kleine-Vehn et al., 2006). NPA inhibition of APM1 activity

appears to be most evident when NPA is applied in concentra-

tions between these two ranges (Murphy and Taiz, 1999a;

Murphy et al., 2002).

Growth of wild-type seedlings on 30mMNPAphenocopied the

root phenotype of apm1 mutants (Figures 12A to 12C), and

cotyledonary defects are seen in apm1 mutants observed when

embryos develop in the presence of 10 mM NPA (Weijers et al.,

2005); no additional phenotypes were observed when apm1was

grown on 30mMNPA (Figure 12D). A 2-h treatment with sufficient

NPA (10 mM) to eliminate auxin transport from the shoot apex

(Peer et al., 2004) increased ProAPM1:GFP expression in epi-

dermal and cortical cells within the lateral root cap and elimi-

nated expression in the stele. After 30 min treatment with 30 mM

NPA, ProAPM1:YFP-APM1 subcellular localization was not sig-

nificantly altered compared with untreated root tips, but no

APM1 signal was detected after 60min of treatment (Figures 12E

and 12F). However, treatment with 5 mM NPA did not affect

APM1 signal. Some M1 APs function as dimers, and NPA may

affect APM1 stability, as inclusion of NPA in buffers or affinity

matrices increases the presence of a 42-kD APM1 fragment

(Murphy et al., 2002).

Localization of Auxin Transporters in apm1

Since the apm1-1 and apm1-2 mutants exhibited altered auxin

transport and gravitropsim, the effect of apm1 mutations on

auxin transporters was examined. In thewild type, PIN1 localized

to the bottom of cells in the stele and endodermis in immuno-

histochemical analysis (Figure 13A). In apm1-1 roots, PIN1

signals in the root were reduced, but the polar membrane

association was not affected (Figure 13B). In apm1-2 roots,

however, PIN1 was less abundant compared with in the wild

type, and membrane association appeared diffuse (Figure

13C). We also examined PIN1-GFP localization in the apm1-1

background. PIN1 signal was reduced and restricted to the

center of the stele in apm1-1, but polar localization was still

observed (Figures 13D and 13E). These alterations in PIN1

abundance and looser membrane association are similar to

those seen in Arabidopsis transformants overexpressing the

AVP1 H+-pyrophosphatase that exhibit enhanced apoplastic

acidification and transport of shoot-derived auxin to the root

(Li et al., 2005). They also resemble PIN1 abundance and

localization in wild-type seedlings that have had IAA added to

the shoot apex (Peer et al., 2004). In both cases, auxin transport

to the root is increased, and altered PIN1 abundance is an

indirect effect of increased auxin flux/accumulation.

In thewild type, PIN2 signals were on the top of epidermal cells

and at the top and periclinal sides of cortical cells in the root tip in

immunohistochemical analysis (Figure 13F), consistent with

PIN2 function in transporting auxin away from the root tip and

reflux to the quiescent center. In both apm1-1 and apm1-2, the

membrane association of PIN2 showed both associationwith the

membrane and a diffuse signal (Figures 13G and 13H). We also

examined PIN2-GFP localization in the apm1-1 background.

Figure 11. (continued).

(I) Immunolocalization of APM1 in the shoot apical meristem using the C terminus antibody.

(J) ProAPM1:YFP-APM1 localization in the shoot apical meristem and epidermal cells of the hypocotyl. Inset: primary leaf.

(K) ProAPM1:YFP-APM1 localization in the shoot apical meristem of a 3-week-old plant.

(L) ProAPM1:YFP-APM1 localization in a lateral root of a 3-week-old plant. For these experiments, 50 seedlings were observed for immunolocalization

studies, experiments were repeated five times, using both antibodies, and the C terminus antibody is shown here. Approximately fifty seedlings from

each of seven YFP lines were examined. These localizations were observed in >90% of the individuals. Eight ProAPM1:APM1-YFP lines were also

examined; however, YFP fluorescence was not observed, except in one line, which had a cytosolic signal.

(M) Protein gel blot analysis of sucrose density fractionation of Arabidopsis microsomal membranes probed with antisera to APM1, PEP12/SYP21,

AHA-2, SYP22, SEC12, and SYP-41. The membranes were fractionated with a 14 to 55% continuous sucrose (w/w) gradient, and the sucrose

concentration of each fraction was measured by its refractive index. A total of 25 mL of each fraction was loaded per lane. This experiment was repeated

four times using both antibodies (two times each) with similar results. The representative western shown here was with the C terminus antibody.

Table 2. Light Membrane Fraction Lipid Composition

Component

Relative Amount

Light Membrane Fraction:Whole Microsomes

Neutral lipids 3.8 6 0.3

Total sterols 2.1 6 0.45

Glucosylceramidea 18% 6 1.6% total lipids (m/m)

C24 increase 33% 6 12%

C26 increase 28% 6 15%

Total phospholipids <0.4

aNot significant in whole microsomal membranes.

Partial determination of lipid composition of light membranes (24.6 to

28.3% sucrose) from sucrose density gradient fractionation of Arabi-

dopsis microsomes. Composition analyzed via thin layer chromatogra-

phy as by Lefevre et al. (2008) and gas chromatography/liquid

chromatography–mass spectrometry as by Titapiwatanaukun et al.

(2009). Data are means 6 SD, n = 3.
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PIN2 signal was reduced in apm1-1, but the signal was not

sharply localized on the membrane and a diffuse signal was

observed (Figures 13I and 13J). Since the root hair position in the

trichoblasts of apm1was not different from those of thewild type,

it appears that there is not a general defect in cell polarity. PIN2

mislocalization is consistent with APM1 localization in wild-type

epidermal cells (Figure 11) and the alterations in gravitropism and

auxin transport away from the root apex seen in apm1 (Figure 9).

The auxin transport protein ABCB19/PGP19/MDR1 primarily

transports auxin basipetally along the embryonic shoot to root

axis and has a secondary role in remobilization of auxin within the

lateral root cap (Geisler et al., 2005; Blakeslee et al., 2007; Lewis

et al., 2007; Titapiwatanakun et al., 2009). In the wild type,

ABCB19 is symmetrically localized in epidermal, cortical, endo-

dermal, and mature vascular cells and localizes to the bottom of

maturing vascular cells in the stele in immunohistochemical

analysis (Figure 13K). In both apm1-1 and apm1-2, ABCB19

localization from the membrane was partially disturbed (Figures

13L and 13M). We also examined ABCB19-GFP localization in

the apm1-1 background. ABCB19-GFP signal was more diffuse

in the mutant background (Figures 13N and 13O). ABCB19 was

initially copurified with APM1 from Arabidopsis microsomal

membranes (Murphy et al., 2002). However, as ABCB19 polar

localization appears to be linked to secondary cell wall formation

(Blakeslee et al., 2007), altered ABCB19 localization in newly

divided cells may be a result of the disordered growth seen in

apm1 roots. We also examined ProAUX1:AUX1-YFP localization

in apm1-1. Although the AUX1 signal was reduced, the sub-

celluar localization was not altered (data not shown).

FM4-64 Labeling and Uptake Are Altered in apm1

FM4-64 is a styryl dye commonly used to label the plasma

membrane and monitor rates of endocytosis (Illinger and Kuhry,

1994; Betz et al., 1996; Ueda et al., 2001, 2004). Wild-type

seedlings treated with FM4-64 show uptake of the dye within 15

min (Figure 13P). apm1 mutants treated with the dye show

altered staining of the plasma membrane (Figures 13Q to 13S).

FM4-64-treated apm1 seedlings were monitored over a 2-h time

course and showed no increased plasma membrane labeling (all

alleles) and little (apm1-3) or no uptake (apm1-1 and apm1-2) of

this dye (Figures 13Q to 13S). Therefore, plasma membrane

labeling and trafficking of the styryl dye FM4-64 was altered in

apm1 alleles. This suggests that plasma membrane structure

(sterol composition) and trafficking appear to be globally im-

pacted in apm1 mutants unlike that seen in abcb19 mutants

(Titapiwatanakun et al., 2009). This is also consistent with the

altered PIN2 localization observed in apm1 and the sterol de-

pendence of PIN2 localization (Men et al., 2008).

DISCUSSION

APM1 Expression

Although APM1 is expressed ubiquitously throughout the plant

during its life cycle, APM1 has three peaks in expression: during

embryogenesis, in 3.5- to 5-d-old seedlings, and during senes-

cence. During embryogenesis, APM1 is first expressed in the

epidermis, then hypophysis, and then later in the vascular ground

tissue. APM1 expression exhibits both early (within 30 min) and

late (2 h) auxin responses, suggesting that this two-stage re-

sponse may have different targets. In seedling roots, APM1 is

Figure 12. NPA Treatment Produces No Additional Root Phenotypes in

apm1-1 and Results in Loss of APM1 Signal.

(A) Five-day-old wild-type root tip.

(B) Wild type treated with a high concentration of NPA (30 mM) can

phenocopy apm1 roots.

(C) Five-day-old apm1-1 (+/�) seedling showing abnormal primary root.

(D) apm1-1 (+/�) seedling grown on 30 mM NPA.

(E) ProAPM1:YFP-APM1signal isobservedafter30min30mMNPAtreatment.

(F) ProAPM1:YFP-APM1 signal is not observed after 60 min 30 mM NPA

treatment.

Bars = 100 mm in (A) to (D) and 50 mm in (E) and (F).
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expressed in the epidermis, and expression in the stele increases

with auxin treatment, while expression in the epidermis de-

creases. Expression in the stele in 3.5- to 5-d-old seedlings

corresponds to the maturation of the first protoxylem (3 d) and

metaxylem elements (Busse and Evert, 1999a, 1999b). This

suggests that APM1 may have roles in establishment or main-

tenance of ground tissue in both embryos and seedlings. APM1

is also expressed in regions of organ transition, such as the root-

shoot transition zone, shoot apical meristem, and in gynoecia

and anthers, suggesting possible roles in modifying proteins that

Figure 13. Localization of Auxin Transporters Are Altered in APM1 Loss-of-Function Mutants.

(A) to (C) PIN1 immunolocalization.

(F) and (G) PIN2 immunolocalization.

(K) to (M) ABCB19 immunolocalization.

(D), (I), and (N) Functional fluorescent protein fusion controls in the respective mutant background.

(A) PIN1 immunolocalization signal in the wild type.

(B) PIN1 immunolocalization signal in apm1-1 (+/�).

(C) PIN1 immunolocalization signal in apm1-2 (+/�)

(D) PIN1-GFP signal in pin1 transformed with ProPIN1:PIN1-GFP.

(E) PIN1-GFP signal in apm1-1 (+/�). Restricted PIN1 subcellular and tissue-specific localization is consistent with altered auxin levels, an indirect effect

of apm1.

(F) PIN2 immunolocalization in the wild type.

(G) PIN2 immunolocalization in apm1-1 (+/�).

(H) PIN2 immunolocalization in apm1-2 (+/�).

(I) PIN2-GFP signal in eir1 transformed with ProPIN2:PIN1-GFP.

(J) PIN2-GFP signal in apm1-1 (+/�). PIN2 localization is diffuse in apm1 mutants.

(K) ABCB19 localization in the wild type.

(L) ABCB19 localization in apm1-1 (+/�).

(M) ABCB19 localization apm1-2 (+/�).

(N) ABCB19-GFP signal in abcb19 transformed with ProABCB19:ABCB19-GFP.

(O) ABCB19-GFP signal in apm1-1 (+/�). ABCB19 localization is diffuse in apm1 mutants.

(P) to (S) FM4-64 signal in the wild type (P), apm1-1 (+/�) (Q), apm1-2 (+/�) (R), and apm1-3 (�/�) (S).

Bars = 50 mm.

[See online article for color version of this figure.]
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are involved in specifying cell fate. Expression during early

phases of xylem formation and during senescence may indicate

a role for APM1 in programmed cell death.

APM1 Loss-of-Function Phenotypes

Root Meristem and Vasculature

APM1 appears to have two distinctive roles in root meristem and

vascular tissue development and maintenance, one in embryo-

genesis and the other in seedling establishment. APM1 is re-

quired for normal cell division throughout embryogenesis and

plays a role in the establishment of the hypophysis, the progen-

itor of the root meristem. This cell is not properly formed in loss-

of-function mutants. During seedling development, APM1 is

required for primary root meristem maintenance and identity.

Severe apm1 alleles (2/2) produce rootless seedlings. Seedling

establishment does not occur because cell division in the root

and shoot ceases (no cyclinB1;1 expression in apm1), including

in the quiescent center (little or no expression of quiescent center

markers in apm1); therefore, the primary root does not continue

to grow. Arrest in the G2/M phase can eventually induce apo-

ptosis. PLETHORA (PLT) transcription factors are essential for

specifying quiescent center stem cell identity and their position in

the embryo and root (Aida et al., 2004; Galinha et al., 2007). PLT1

and PLT2 are expressed in the quiescent center in seedling

roots, and PLT3 and BABY BOOM (BBM) are expressed in the

hypophysis and provasculature of the embryonic root (Galinha

et al., 2007), as is APM1. We are exploring the hypothesis that

PTL and BBM are targets of APM1 activity.

As a consequence of these meristematic defects, root archi-

tecture is affected. Cell files are not organized, and ground tissue

identity is not properly established, as is exemplified by mis-

expression of SCR and SHR, transcription factors that regulate

root patterning of the ground tissue and cell identity of the

endodermis, in apm1 (Figure 5). SCR is necessary for quiescent

center identity and limits the SHR protein to the endodermis,

where it is necessary for endodermis formation (Wysocka-Diller

et al., 2000; Cui et al., 2007; reviewed in ten Hove and Heidstra,

2008). Whether this is a direct or indirect consequence of loss of

APM1 activity remains to be addressed. It seemsmore likely that

the altered expression of SCR and SHRmay be due to the lack a

functional QC and subsequent cell identity specification, as two

independent QCmarkers are not observed in apm1. APM1 does

not exhibit a nuclear localization. Therefore, it is less likely that

APM1 directly interacts with these transcription factors unless it

is involved in cytosolic/membrane surface processing of these

proteins or their interacting partners (Welch et al., 2007; Cui and

Benfey, 2009).

MP is an auxin response factor (ARF5) transcription factor also

involved in vascular patterning, and APM1 and MP expression

are coincident in the embryo, seedling root, and gynoecia

(Hardtke and Berleth, 1998). Although, apm1 does not exhibit

the severe vascular patterning defects in the cotyledons and

leaves observed in mp, the mp root phenotypes are similar to

those of apm1. BDL is an auxin-induced IAA12 transcriptional

repressor (Hamann et al., 2002) that interacts withMP to form the

hypophysis (Hamann et al., 1999, 2002). Not surprisingly, apm1,

mp, and bdl share similar root phenotypes. APM1 expression

shows both primary and secondary responses to auxin induc-

tion. The possibility thatMP andBDL are targets of APM1 activity

or regulators of APM1 auxin-responsive expression is being

explored.

BXL1-1, a marker for protoxylem and xylem parenchyma cells,

is also not expressed in APM1 loss-of-function mutants (Figure

5). The absence of lateral roots in the mutants is also consistent

with the improper formation of the vasculature. This again

supports a role for APM1 in the development or maintenance

of vascular tissue.

Embryo and Seedling Phenotypes

Aborted, arrested, and malformed embryos, which result in

incomplete silique filling, are observed in siliques of apm1

mutants (Figures 3 and 4). The transverse planes of cell division

and arrested development observed in apm1 embryos are also

observed in tomoz embryos in Arabidopsis (Griffith et al., 2007);

TOMOZ regulates mitotic exit and cytokinesis. Embryos that

survive to maturity produce seedlings that often have fused and

multiple cotyledons, resembling GN and quadruple PIN loss-of-

function embryos and seedlings (Mayer et al., 1991, 1993; Friml

et al., 2003). apm1 and gn mutants also have similar seedling

phenotypes, such as short roots, collapsed root meristems (15 d

for gn), disorganized vasculature, absence of lateral roots, and

agravitropism (Geldner et al., 2004). GN, an ADP-ribosylation

factor G protein guanine-nucleotide exchange factor (Steinmann

et al., 1999) that is a peripheral membrane protein with both

cytosolic and membrane localization, functions in vesicle forma-

tion and secretion and shows BFA-sensitive localization when

associatedwithmembranes (Anders et al., 2008).Whether APM1

interacts with or is epistatic to GN remains to be addressed.

The apm1 phenotypes, APM1 expression data, and inducible

silencing/expression results all indicate that APM1 has distinct

roles during embryogenesis and seedling establishment (Figure

7). Embryonic abortion defects in apm1 can be overcome by

inducing APM1 expression, and the incomplete silique filling and

embryonic cotyledonary defects observed in apm1 can also be

induced by silencing APM1 in wild-type plants.

Consistent with APM1 expression patterns, ;3.5 d is the

critical developmental time point that APM1 activity is required

for normal root development to continue, as wild-type plants

transformed with pOpOff show the arrested root phenotype after

3 or more days of silencing, and pOpOn transformed apm1-1

show a longer root phenotype after 3 or more days of APM1

induction. Importantly, seedling establishment is inhibited by

APM1 silencing in wild-type seedling with no embryonic defects

(Figure 7). Therefore, APM1 activity has at least two distinct

temporal roles, in embryogenesis and seedling establishment.

apm1 mutants appear to have cell adhesion defects in the

hypocotyls and altered secretion of mucilage in germinating

seeds, suggesting that apm1 may have a defect in pectin

secretion, as pectins are important components of cell wall

adhesion (McCann et al., 1992) and mucilage (Western et al.,

2000; Macquet et al., 2007). APM1 activity may be required for

proper processing of the enzymes involved in biosynthesis of cell

wall components. This is consistent with the cell adhesion

defects observed in the hypocotyl but also indicates a role for
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APM1 in the formation of metaxylem elements in the wild type.

Alternatively, pectin fine structure is alteredwhen auxin response

factorDR12 is downregulated in tomato (Solanum lycopersicum;

Jones et al., 2002; Guillon et al., 2008), suggesting that the apm1

cell adhesion defect is an indirect effect due to altered auxin

transport in apm1 and not a direct effect on pectin biosynthesis

or secretion. We are currently investigating if pectin accumula-

tions and depositions are altered in the apm1mutants. Although

GN is most noted for its role in secretion of PIN1 to the plasma

membrane (Geldner et al., 2003; Paciorek et al., 2005), GN

functions in secretion of multiple cargo. For example, abnormal

deposition and secretion of pectins is observed in gn/emb30 (for

embryo defective 30) (Shevell et al., 2000). The BFA-sensitive

recycling of cell wall components, like pectins and xyloglucans,

is important for root meristem maintenance and cytokinesis

(Baluska et al., 2002, 2005). APM1 may function in cycling of cell

wall components, as suggested by the electron-dense bodies

associated with APM1 in electron micrograph results (Figure 10).

Mature Plants

Branched trichomes are observed in severe apm1 alleles and

rarely in the weak allele (Figure 6). Branched trichomes are

usually a result of endoreduplication, and several classes of

genes act as positive and negative regulators of trichome

branching (Guimil and Dunand, 2007). Although the cell cycle is

arrested in apm1, as cyclinB1;1 expression is not observed in the

root or shoot, ectopic expression of cyclinB1;2 was shown to

enhance trichome branching (Schnittger et al., 2002). Since SCR

has ectopic expression in apm1, it may be that other genes are

also ectopically expressed. APM1 appears to be associated with

the cell plate, suggestive of a role in the cell cycle or recycling cell

wall components.

In addition to peak APM1 expression during embryogenesis

and in 3.5- to 5-d-old seedlings, the third time duringArabidopsis

life cycle where APM1 expression is high is in senescing leaves.

The loss-of-functionmutants showdelayed senescence, pOpOn

restored wild-type senescence to apm1, and overexpression of

APM1 enhanced progression through the life cycle. APM1 ap-

pears to have a role in metaxylem formation, as APM1 is

expressed and localized in the metaxylem, and the apm1 mu-

tants have disorganized vasculature. APM1 is also expressed in

anthers. Xylem and anther maturation and senescence are all

forms of terminal differentiation, a type of programmed cell death

(reviewed in Beers, 1997). The roles of proteases in senescence

has received recent attention (reviewed in Reape and McCabe,

2008), and APM1 could be involved in processing proteins for

remobilization, turnover, or degradation.

APM1 in Auxin Responses and Non-Auxin Responses

A more direct role for APM1 with regard to auxin transport is

indicated in the primary root, where APM1 appears to regulate

the basipetal redirection of auxin via PIN2 efflux carriers (Figures

9 and 13). This suggests that APM1 plays a positive role in

regulating PIN2 function. By contrast, it appears that APM1

negatively regulates PIN1 and/or ABCB19 function, although this

regulation appears to be indirect (Figure 9 and 13). The subcel-

lular localization of PIN1 and PGP19/ABCB19 is largely undis-

turbed in apm1 heterozygotes, APM1 expression increases in

vascular tissue of auxin-treated roots, and shoot basipetal auxin

transport increases in apm1-3 (Figures 8, 9, and 13). Discrimi-

nation between interactions with PIN1 and ABCB19 has been

complicated by the inability to recover homozygous double

mutants from crosses of either pin1 or pgp19/abcb19with apm1.

Some of the severe embryonic defects of apm1 may be

attributed to altered auxin transport and accumulation in the

hypophysis. However, APM1 appears to negatively regulate

basipetal auxin transport in the shoot, and PIN2, which exhibits

altered localization in apm1 mutants, plays no obvious role in

embryonic development (Chen et al., 1998; Luschnig et al., 1998;

Müller et al., 1998). As such, the embryonic defects seen in apm1

mutants are less likely to be directly auxin dependent and are

more likely to be related to mitosis and establishment of cell

identity, since the hypophysis does not continue to develop.

APM1 activity may depend on other developmentally important

processes, as the defects observed in apm1 mutants at the late

globular stage coincide with Znmobilization from the endosperm

to the embryo (Otegui et al., 2002) and Zn is required for APM1

activity (Murphy et al., 2002).

High concentrations (5 to 50 mM) of NPA produce multiple

developmental changes in plants that are distinct from the

growth responses seen when lower concentrations (0.1 to 3

mM)of NPAare used to inhibit auxin transport (Okada et al., 1991;

Garbers et al., 1996; Gälweiler et al., 1998; Marchant et al., 1999;

Murphy et al., 2000, 2002; Petrásek et al., 2003; Dhonukshe

et al., 2005). The extent to which NPA phenocopies apm1

developmental, cellular, and biochemical phenotypes is consis-

tent with direct inhibition of APM1 by NPA (Figures 3 and 12).

Inhibition of the endocytosis of preprophase bands and subse-

quent alterations of planes of cell division by high concentrations

of NPA (Dhonukshe et al., 2005) are also consistent with APM1

localization at the cell plate, suggesting a possible role in cell

cycle check points. Cyclin Bs accumulate after the G2 check-

point as the cell enters of mitosis (Colón-Carmona et al., 1999).

The absence of cyclinB1;1 expression in apm1 (Figure 5) sug-

gests that the cells are no longer undergoing mitosis, as is seen

with treatments with high concentrations of NPA. However, a

lack of APM1 localization in the nucleus and a lack of meiotic

defects in apm1 mutants (Figure 11, Table 1) excludes a direct

role in mitosis as is the case with MPA1 in meiosis (Sanchez-

Moran et al., 2004; Pradillo et al., 2007).

APM1 Activity Is More Analogous to Mammalian

Puromycin-Sensitive Aminopeptidase Than

Insulin-Responsive Aminopeptidase

M1 peptidases function within the cell and play essential roles in

embryogenesis, reproduction, cell cycle progression, and cell

viability (Brooks et al., 2003; Lyczak et al., 2006). APM1,

amiopeptidase N (APN/CD13), and the puromycin-sensitive

aminopeptidase (PSA) are all M1 APs with both cytosolic and

membrane localization (Constamet al., 1995; deGandarias et al.,

1997; Murphy et al., 2002; Braccia et al., 2003). The closest

human ortholog to APM1 is PSA, and APM1 is itself puromycin

sensitive (Murphy et al., 2002). Puromycin treatment inhibits the
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cell cycle at the G2/M phase, and PSA localization has both

cytosolic and nuclear localization (Constam et al., 1995). PSA-

deficient mice (2/2) produce less viable embryos, have reduced

litter size, and are smaller and less fertile than the wild type,

indicating that PSA in required for normal growth (Towne et al.,

2008), while another PSA-deficient line was reported to be

infertile (Osada et al., 2001a, 2001b). PSA is important in both

generating and degrading MHC peptides, although this did not

appear to have a bearing on viability of the PSA-deficient mice

(Towne et al., 2008). In Caenorhabditis elegans, the PAM-1 PSA

ortholog has been shown to be necessary for oocyte-to-embryo

transition and establishment of anterior-posterior polarity and is

necessary for cells to exit meiosis (Lyczak et al., 2006). APM1

metallopeptidase activity may be important for processing of

proteins required for general cellular function (housekeeping), by

either activating or deactivating proteins, including proteins

involved in the cell cycle or in recycling cell wall components.

Membrane-anchoredM1 proteins, such as the insulin-respon-

sive aminopeptidase (IRAP), have been shown to process sig-

naling peptides (Tsujimoto et al., 1992; Herbst et al., 1997;

Albiston et al., 2004). Like IRAP, APM1 is found in a unique light

membrane fraction not characterized by other markers (Figure

11). However, the lack of a transmembrane helix, extracellular

enzymatic activity domain, and the unique N-terminal extension

that mediates IRAP-GLUT4 interactions (Tsujimoto et al., 1992;

Herbst et al., 1997; Albiston et al., 2004) indicates that APM1

does not process extracellular peptide hormones or mediate

GLUT4-like trafficking. APN/CD13 functions in cell surface up-

take of cholesterol and cell adhesion to the extracellular matrix

(Kramer et al., 2005; Wulfaenger et al., 2008). APM1 localization

at the plasma membrane suggests that it may have a role in

processing proteins at the cytosolic side of this interface, as

altered sterol labeling and cell adhesion are observed in the

mutants.

APM1 is a single-copy gene, with haploinsufficiency seen in

dominant-negative loss-of-function mutants with embryo- and

seedling-lethal phenotypes. The dominant effects can be ex-

plained by dosage effects (apm1-1) and by the hypothesis that

APM1 acts as a dimer in vivo, based on Tyr AP activity under

reducing conditions and NPA inhibition of protein–protein inter-

actions (Murphy et al., 2002). Therefore, in stoichiometric

amounts, one good copy and one corrupted copy make a

nonfunctional protein. Mammalian type II APs function as ho-

modimers. APN dimerizes through noncovalent bonds (Luan and

Xu, 2007), while APA and TRH-DE are linked by a single disulfide

bond (Hesp and Hooper, 1997; Papadopoulos et al., 2000),

although A-LAP is a monomer (Hattori et al., 2000). Deletion

analysis showed that the C-terminal protein–protein interaction

domain is required for proper localization and that proper local-

ization is required for enzymatic activity of APA, indicating that

the C terminus has chaperonin activity (Ofner and Hooper, 2002;

Rozenfeld et al., 2004). Although apm1-1 produces full-length

wild-type APM1, the protein is present in small quantities, with a

dosage insufficient to confer normal growth. apm1-2 produces a

truncated protein (APM1R667*) that only contains the catalytic

domain, while apm1-3 has a point mutation (APM1A694V) in the

protein–protein interaction domain. Therefore, APM1-APM1,

APM1-APM1R667*, and APM1R667*-APM1R667* may form in

apm1-2 heterozygotes, with two-thirds of the total protein being

nonfunctional and producing a severe phenotype, consistent

with a lack of full complementation, while apm1-3 only has

APM1A694V-APM1A694V and the phenotype is weak and can be

complemented. The dimerization and roles of the catalytic and

protein–protein interaction domains and potential targets of

APM1 activity identified in the proteomics and in yeast two-

hybrid analyses are currently under investigation.

METHODS

Gene Expression Analysis

RNA was extracted with the RNeasy Kit (Qiagen) from 5-d-old seedlings.

cDNAwas prepared from total RNA with Bioscript Reverse Transcriptase

(Bioline). Transcript levels were determined on a Bio-Rad iCycler IQ using

iQSybr Green Supermix (Bio-Rad) in 20-mL reactions. An aliquot of theRT

reaction was used as template. PCR conditions were as follows: 1.5 min

at 958C (one cycle); and 30 s at 958C, 30 s at 548C, and 30 s at 728C (35

cycles). Gene-specific primers used were as follows: 59-TTTTGGCTGA-

TAGGAACACT-39 and 59-GTGAAGTAGCTTGGAAATGG-39. Each RT

sample was assayed in triplicate. Data were further analyzed in Excel.

Transcript levels were normalized to tubulin 6 (primers 59-TGG-

GAACTCTGCTCATATCT-39 and 59-CAGTGAAACCTCATTCCTTTG-39).

Promoter:Reporter Constructs

To generate the ProAPM1:GFP construct, a 500-bp region of genomic

DNA was PCR amplified using the following primers: 59-region,

59-CGGGGTACCTGATGAAGCTACGT-39 ; 39 region, 59-CGGAACTG-

CAGTTTCTATTACTTGCAGAT-39. The PCR fragment was inserted in

the PstI and KpnI sites of the pGreen-GFP plasmid. To generate the

ProAPM1:GUS construct, pGreen Luciferase was digested with NotI and

SmaI to remove the Luciferase gene. The GUS gene was PCR amplified

with the NotI and SmaI sites and introduced into the plasmid. For

ProAPM1:GFP, 11 transgenic lines were obtained on kanamycin plates,

of which nine showed similar expression patterns. These nine lines were

used for all the studies. Five ProAPM1:GUS transgenic seedlings were

obtained with similar expression patterns. The expression pattern of GUS

and GFP was identical, indicating that they reflected correct APM1

expression and had no insertional errors, which was also verified by

sequencing. The GFP lines showed similar expression tissue-specific

patterns, including a line that showed nuclear envelope localization

(shown in Figures 2N to 2R), which was used in seedling roots because

it shows the results more clearly in seedling roots than the other lines.

Although we did not clone and sequence the insertion for this line, we

surmise that a nuclear localization signal from Agrobacterium tumefac-

tionswas inserted into the sequence during transformation or subsequent

rearrangement.

Protein-Reporter Fusion Constructs

To construct ProAPM1:YFP-APM1, the primers 59-CGGGATC-

CATGGCCTCCTCCGAGGACG-39 and 59-CGGAATTCTCCGGACTTG-

TACAGCTCGTCCATGCCGAGA-39 were used to amplify the YFP gene

lacking a stop codon. The resulting PCR fragment was inserted into

BamHI and EcoRI sites of the cassette containing the APM1 promoter

inserted as above. APM1 cDNA was PCR amplified using the following

primers: primer 59-CGGAATTCATGGATCAGTTCAAAGGTG-39 and

59-CGGAATTCCGTTAGTTTGAAGAGAGC-39. ProAPM1:APM1-YFP was

generated in a similar way, except that the APM1 cDNA was inserted at

the BamHI and EcoRI sites before the YFP containing a stop codon. The
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entire fragment was cloned into pGreen 0029 to generate the binary

vector. apm1-1 (+/2) and apm1-2 (+/2) plants were transformed by the

floral dippingmethod (Clough andBent,1998) and selected on kanamycin

plates or by spraying Basta. Eight lines of ProAPM1:YFP-APM1 were

obtained, of which eight showed YPF signal, all with similar tissue-

specific and subcellular localization patterns. Eight lines of ProAPM1:

APM1-YFP lines were obtained, one of which showed a cytosolic YFP

signal. All the transgenic analyses studies were performed with T2

progenies. Twenty Pro35:YFP-APM1 and 15 Pro35S:APM1-YFP lines

were obtained. The Pro35:YFP-APM1 lines showed the same localization

patterns as the native promoter but had more puncta. The lines com-

plemented themutants, except that the plants progressed through the life

cycle more quickly than the wild type. No Pro35S:APM1-YFP lines

showed a signal, and all protein fusion constructs complemented the

mutant phenotype, with the exception of apm1-2, which was not fully

complemented. ProAPM1:APM1-YFP (and Pro35S:APM1-YFP; data not

shown) C-terminal fusion transformants in the apm1-1 background

showed no signal (except one ProAPM1:APM1-YFP line showed cyto-

solic signal), even though the constructs complemented the apm1-1

mutant phenotypes; Figures 4G and 4H); subsequent protein gel blot

analysiswith anti-YFP revealed that the YFPwas cleaved from the fusions

(see Supplemental Figure 8 online).

Inducible Constructs for Silencing and Expression of APM1

A suitable fragment from APM1 cDNA was identified and amplified by

PCR using the primers (59-CACCTGGAGCAGATGCAAATCAAG-39) and

(59-TCCCAACTTACACCGGAAAG-39) and then subcloned into pENTR-D/

TOPO and subsequently into the Gateway binary vector pOpOff2.

Cloning using gateway vectors was done using reagents and protocols

from Invitrogen. The above procedurewas used for generating constructs

using pOpOn 2.1 vector Gateway binary vector using the primers

(59-CACCATGGATCAGTTCAAAGGTGAGCCT-39) and (59-TTAGTTTGA-

AGAGAGCTGAGCAACG-39) to amplify full-length APM1, with either a

YFP tag fused at the N-terminal portion of the gene or an HA tag.

Constructs were introduced into A. tumefaciens C58 pGV3850 by elec-

troporation. Col-0 plants were transformed with the pOpOff construct,

and apm1-1 (+/2) plants were transformed with the pOpOn construct by

the floral dip method (Clough and Bent, 1998). Five independent lines of

each pOpOff and pOpOn were examined, showing identical results.

Resulting transformants were selected on Murashige and Skoog (MS)

plates supplemented with kanamycin (50 mg mL21) and genotyped. Dex

was dissolved in either DMSO or ethanol and kept as a 20 mM stock at

2208C. Unless otherwise stated, 10mMDexwas used. Dexwas added to

quarter-strength MSmedia (pH 5.5, 1% agar) to achieve induction during

seed germination or after seedling transfer in sterile conditions. For

application to soil-grown plants, transgenic plants carrying the inducible

construct were subjected to varying concentrations of DEX (0 to 10 mM)

every 3 d.

Loss-of-Function Mutants

Initially, EMS and T-DNA insertion lines containing mutations in theAPM1

gene (promoter, intron, and exon) from public collections were identified

and analyzed but were found to exhibit wild-type levels of APM1 gene

expression and/or conservative nucleotide substitutions. APM1 loss-of-

function mutants were finally obtained from EMS mutagenesis of the

catalytic region (Till et al., 2003), reasoning that the mutation must be

embryo lethal and a point mutation may survive. Subsequently, a T-DNA

insertion in the promoter region was identified (Alonso et al., 2003) and is

analyzed here. apm1-1 plants were genotyped as follows: PCRwith Lba1

primer 59-TGGTTCACGTAGTGGGCCATCG-39 and 59-TGATGAAGC-

TACGTCCAACATGGCGG-39 were used to determine if the transformant

contained a T-DNA mutation. To determine if the seedling was homozy-

gous for the T-DNA mutation, PCR was performed with primers

59-TGATGAAGCTACGTCCAACATGGCGG-39 and 59-CTTTTATAATAC-

GAGGGTTGTAAGC-39. To determine if the transformant contained

the point mutation (apm1-2 or apm1-3), an amplicon was generated

using gene-specific primers (59-TTCATTGGCGTTTTCCAGTTTGCTG-39

and 59-TTACACCGGAAAGTCCATAAAGTC-39), and the amplicon was

digested with XmnI for apm1-2, which is lost in apm1-2, or AluI for

apm1-3, which is gained in the apm1-3 mutant.

Growth Conditions

Seedlings were grown on 1% phytagar plates, containing quarter-

strength MS basal salts, pH 5.5, at 228C, 14 h at100 mmol m22 s21

except as indicated for specific treatments. apm1 mutants were trans-

ferred to 1% phytagar plates containing quarter-strength MS basal salts,

pH 5.5, supplemented with 1% sucrose at 248C to induce adventitious

root formation from the hypocotyls prior to transfer to soil; however, a

robust root system never formed. The higher growth temperature was

used to enhance auxin production (Gray et al., 2003). Plants on soil were

grown in the greenhouse under natural light conditions, and in the winter,

the daylength was extended to 16 h with HID lights (150 mmol m22 s21).

See http://www.hort.purdue.edu/hort/facilities/greenhouse/hlaTech.

shtml for more information. Inflorescence phenotypes of apm1 alleles

varied under the different light conditions.

APM1 Peptide Antibody

Antisera were generated in two rabbits against the peptide acetyl-

EHNGEKKNMAVTQFEPADARRC-amide, which was derived from the

sequence (E124-C145) in APM1 immediately adjacent (C-terminal) to the

hydrophobic interaction domain by Cambridge Research Biochemicals.

The antiserumwas initially purified against the peptide but exhibited such

high affinity to the peptide that it had to be eluted by unacceptably

extreme changes in salt or pH. The antisera were instead purified against

ProteinA. An antibody previously generated to the C terminus of APM1

(Murphy et al., 2002) was also used.

Immunohistochemical Localization and

Immunofluorescence Studies

Arabidopsis thaliana seedlings (wild type Col-0, apm1-1, and apm1-2)

were grown on 1%phytagar plates, containing quarter-strengthMSbasal

salts, pH 5.5, 228C, and 14 h, at 100 mmol m22 s21, and 5-d seedlings

were prepared for immunolocalization as follows: seedlings were fixed in

4% p-formaldehyde in microtubule stabilizing buffer (MTSB) solution (50

mM PIPES, 5 mM EGTA, and 5 mMMgSO4) and 5% DMSO for 1 h. They

were washed with MTSB + 0.1%Nonidet P-40 for 10min (five times), and

this was followed by 10-min washes (five times) in distilled water. The

seedlings were then digested with 0.5% Pectolyase (Seishin) and 0.1%

macerozyme (cellulose in some cases) for 30 min at 378C for another 30

min at room temperature. They were washed in MTSB and distilled water

(five times each). Digested seedlings were permeabilized for 1 h in 10%

DMSO and 1%Nonidet P-40 and then blocked with 3%BSA in MTSB for

1 h. Seedlings were incubated overnight (378C) with anti-APM1 (1:500),

anti-PIN1 (1:400), or anti-PIN2 (1:250) antibodies in 3% BSA in MTSB.

They were washed for 10min (six times) in 0.1% Triton X-100 and then for

10 min (three times) in MSTB and then incubated for 3 h at 378C in goat

anti-rabbit-Alexafluor 488 (1:250) or anti-rabbit-Cy3 (1:600) in 3% BSA/

MTSB. They were washed in MTSB/0.1% Triton X-100 and then in water

for 10 min each (five times).

Immunofluorescence analysis was performed using a Bio-Rad 2100

confocal laser scanning microscope equipped with argon (488 nm) and

He-Ne (543 nm) lasers or a Carl Zeiss LSM510-META or LSM 710

confocal laser scanningmicroscope. The following settings were used for
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AlexaFluor488 and GFP: 488-nm argon laser power 5%, the pinhole was

at 1 Airy Unit (38 mm), the 488-nm filter, gain 30 to 50 (Bio Rad) or 603

(Zeiss). For YFP: 514-nm argon laser power 10% (LSM510) or 5%

(LSM710), the pinhole was at 1 AU (38 mm), the 458 nm/514 nm dichroic,

emission 520 to 550 nm in ChS1, gain 550 (LSM510) or 603 (LSM710),

pixel dwell time 25.6 ms. For propidium iodide and FM4-64 (N-(3-

triethylammoniumpropyl)-4-(p-diethylaminophenyl-hexatrienyl) pyridinium

dibromide): 594-nm laser 5%, the pinhole was at 1 AU (38 mm), the 488/

594 filter, gain 700 (LSM510) or 603 (LSM710). Zeiss objectives used

were C-Apochromat 340/1.20 W correction UV-VIS-IR M27 and

C-Apochromat 363/1.20 W correction UV-VIS-IR M27. Expression

analyses and subcellular localization studies with GFP and YFP reporter

lines were performed with 3- to 5-d-old seedlings grown in continuous

light. For expression analyses in embryos, siliques at different stages of

development were collected from ProAPM1:GFP plants and the em-

bryos were dissected out from the seed coat under a dissecting scope.

The embryos were mounted on water and imaged with the confocal

microscope. Epifluorescence, brightfield andDIC images were taken with a

Nikon Eclipse 800, mercury arc lamp, ex 488, BA 515-530.

GUS Analyses

Three- to four-day-old seedlings were incubated in staining buffer (0.1 M

NaPO4, pH 7.0, 10 mM EDTA, 0.5 mM K ferrocyanide, and 0.1% Triton

X-100) containing 50 to 100 mg X-gluc per 100 mL. apm1-2 heterozygote

mutants were crossed to plants transformed with the ProDR5:GUS auxin

reporter gene. The apm1-1 mutants were also crossed to ProIAA2:GUS

and ProDR5:GFP auxin-responsive reporters. Lines homozygous for the

reporter were selected on kanamycin plates, and then PCR amplification

followed by restriction digestion analyses was used to select the hetero-

zygous mutant line. The seedlings were stained in the above solution 2 h

at 378C, and seedlings homozygous for the mutation were selected by

their phenotypes and imaged.

Electron Microscopy

Electron microscopy was performed using the two APM1 antibodies and

preimmune antisera, as outlined by Otegui et al. (2002).

Inhibitor Treatments

For inhibitor studies, wild-type and apm1-1 (+/2) seeds were germinated

on 1% phytagar plates with 30 mM NPA. Five-day-old seedlings were

imaged with a Nikon E800 microscope. Five-day-old wild-type and

ProAPM1:YFP-APM1 seedlingswere incubated in 5mMpropidium iodide

(15 min), 1 mM or 5 mMNPA (1 h), 5 mM BFA (30 min), 33 mMwortmannin

(1 h), 10 mM latrunculin B (1 h), or 10 mM oryzalin (1 h) in an eppendorf

tube, washed, and imaged using Zeiss LSM 510. Five-day-old seedlings

were stained in 5 mM FM4-64 for 5 min (wild type) up to 2 h (apm1 alleles)

prior to confocal imaging on a Zeiss LSM 710. Reagents were from

Sigma-Aldrich.

Whole-Mount Embryo Studies

Siliques at different stages of development were fixed in acetic acid and

ethanol 1:9 for an hour and then treated with chloral hydrate:glycerol:

water (8:1:2) overnight at room temperature. Specimens were mounted

on chloral hydrate and observed under the microscope for heart-shaped

embryos. The method described by Truernit et al. (2008) was used for the

remaining embryo study.

Sucrose Gradient Fractionation and Protein Gel Blots

Arabidopsis seedlings (50 g) were homogenized in three volumes of 25

mMHEPESKOH, pH 8.5, 20mMEDTA, 3mMDTT, 290mMsucrose, and

1mMPMSF using amortar and pestle. The homogenate was centrifuged

at 8000g for 15 min to remove the debris, and the microsomal membrane

fraction was pelleted by ultracentrifugation at 100,000g for 50 min. The

pellet was resuspended in 3 mL of gradient buffer (10 mM Tris-MES, pH

7.0, 1 mM DTT, 250 mM sucrose, and 1mM PMSF) and centrifuged at

100,000g for 12 h on a 10-mL continuous gradient of 14 to 55% (w/w)

sucrose in MIB with a 0.5 mL 60% (w/w) sucrose cushion. Fractions (0.5

mL) were carefully collected and stored at 2808C until further analyses.

The density of each fraction was determined by a refractometer. For

protein gel blots, anti-APM1antibodywasusedat 1:500,AHA-2at 1:2000,

Syp22 at 1:1000, Sec12 at 1:2000, Syp41 at 1:500, and Pep12 at 1:2000

dilutions. Horseradish peroxidase–conjugated goat anti-mouse IgG and

goat anti-rabbit IgG antibodies were used at a dilution of 1:10,000.

Five-day-old Arabidopsis seedlings (1 g) were homogenized in 2.5 mL

homogenization buffer (0.29 M sucrose, 25 mM HEPES, pH 8.5, 20 mM

EDTA, 0.5% PVP, 3 mM DTT, and 20 mg/mL complete protease inhibitor

cocktail [Sigma-Aldrich) and centrifuged at 8000g for 5 min at 48C to

obtain microsomal membranes. Then, 0.5 mL of supernatant was centri-

fuged at 100,000g for 1 h at 48C. Pellets were resuspended in homog-

enization buffer or 0.1 M Na2CO3, pH 11.5, and 1% Triton X-100 or 1%

SDS. The resuspended pellets were centrifuged at 100,000g for 1 h at

48C. Samples were run on an 8% SDS-PAGE gel, followed by protein gel

blot analysis using anti-APM1 (1:2000 in 5% skim milk in TBS and 0.1%

Tween 20, 16 h, 48C) followed by incubation with the secondary antibody

(1:5000, 3 h, 48C) and incubation with ECL (Pierce) for 5 min. AHA2 and

APP1 antisera were as previously described (Murphy et al., 2002;

Titapiwatanakun et al., 2009).

Gravitropism Assay

For analyzing the expression pattern of APM1 in response to a gravity

stimulus, 5-d-old ProAPM1:GFP seedlings were gravistimulated by ro-

tating the plate by 908 for 30 min. To analyze the response of apm1

mutants to a gravity stimulus, apm1 seedlings were grown on half-

strength MS media with 1% (w/v) phytoagar, pH 5.2, for 4 d. Plates were

kept in a vertical position. After reorienting the plates by 908, the root tip

position was marked every 3 h over a 24-h time period. The angles of

curvature were measured using the Image J program, and the data were

analyzed by Microsoft Excel. Averages and standard deviations were

calculated from 50 seedlings.

Auxin Transport Assay

Basipetal root and shoot auxin transport assays were performed as

previously described (Geisler et al., 2005). Briefly, for root assays,

Arabidopsis seedlings were grown on half-strength MS media under

constant light for 4.5 to 5dafter germination.Before performing the assay,

10 seedlingswere transferred to vertically discontinuous filter paper strips

saturated in one-quarterMSandallowed toequilibrate for 2hunder yellow

light. Auxin solutions used to measure transport were made up in 0.25%

(w/v) agarose containing 2% (v/v) DMSO and 25 mMMES, pH 5.2. Under

yellow light, a 0.1-mL microdroplet containing 500 nM unlabeled IAA and

500 nM [3H]IAA (specific activity 25 Ci/mmol; American Radiochemicals)

was placed on the root tip of seedlings using amicroliter Hamilton syringe.

Seedlings were then incubated in yellow light for 5 h. After incubation, the

root tips were removed. Three 2-mm sections of filter paper with 2-mm

segment of tissue containing the 2 to 4mm, 4 to 6mm, and 6 to 8mm from

root tip were harvested separately. Additionally, a 4-mm filter paper strip

section containing the remaining part of the seedlingswas also harvested.

Five milliliters of EcoLite scintillation fluid was added to each vial, and the

vials were vortexed for 10 s and incubated for 48 h. The vials were

vortexed 10 s again, andDPMwasmeasured in a scintillation counter. For

shoot assays, radiolabeled IAAwasdepositedat the shoot apex insteadof

the root tip columella, and the seedlings were cut with a razor blade. The
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radioactivity of the cotyledons and upper hypocotyls was counted sep-

arately from the 2-mm paper strip with the root-shot transition zone.

See http://www.hort.purdue.edu/hort/research/murphy/The%20more%

20than%20complete%20 hitchhiker%27s%20guide%20to%20auxin%

20transport.pdf for the complete protocol.

Materials from Other Laboratories

QC-25 and QC-104 markers were kind gifts from Ben Scheres (Bechtold

et al., 1993). SCR and SHR constructs were kind gifts from Phil Benfey

(Wysocka-Diller et al., 2000). CyclinB1;1pro:GUS was a kind gift from

Peter Doerner (Colón-Carmona et al., 1999). BXL1-1pro:GUS was pre-

viously described (Goujon et al., 2003). DR5pro:GUS was a kind gift from

TomGuilfoyle (Ulmasov et al., 1997).DR5pro:GFPwas a kind gift from Jiri

Friml (Friml et al., 2003). IAA2pro:GUSwas a kind gift fromRanjan Swarup

(Swarup et al., 2001). PIN1pro:PIN1-GFP was a kind gift from Jiri Friml

(Benková et al., 2003). PIN2pro:PIN2-GFP was a kind gift from Christian

Luschnig (Abas et al., 2006). ABCB19pro:ABCB19-GFP was previously

described (Blakeslee et al., 2007).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome

Initiative or GenBank/EMBL databases under the following accession

numbers: APM1 (At4g33090), PIN1 (At1g73590), PIN2 (At5g57090),

ABCB19 (At3g28860), AHA2 (At4g30190), Syp22 (At5g46860), Sec12

(NC_001146), Syp41 (At5g26980), Pep12 (NM_001021007), APP1

(At4g36760), AHA2 (At4g30190), cyclinB1 (At4g37490), b-xylosidase

(BXL) (At5g49360), SCR (At3g54220), SHR (At4g37650), and AUX1

(At2g38120).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Microarray Data from Genvestigator and

Arabidopsis eFP.

Supplemental Figure 2. Controls for Autofluorescence, Immunolo-

calization, Protein Gel Blots, and Analysis of APM1 Topology.

Supplemental Figure 3. Additional Images of Mutant Phenotypes

and Complemented Mutants.

Supplemental Figure 4. Quantitative Real-Time PCR Analysis of

Inducible Silencing and Induction of APM1 Expression and Quantita-

tion of Seed Data.

Supplemental Figure 5. Quantitative Real-Time PCR Analysis of

Two-Stage APM1 Expression after IAA Treatment.

Supplemental Figure 6. Electron Micrograph of Preimmune Controls.

Supplemental Figure 7. Trafficking Inhibitors Alter APM1 Localiza-

tion.

Supplemental Figure 8. Leaf Phenotypes, Protein Gel Blot of YFP

C-Terminal Fusions, Additional 35S Overexpression Data, and SCR

Expression in apm1-1 (2/2).
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