
(20). A yeast gene capable of encoding a
120-kD putative RNA helicase protein res-
cued the mutant phenotype of a conditional
yeast mutant defective in export of polyad-
enylate RNA (21). Given the RNA-bind-
ing and shuttling ability of helicase A, it is
conceivable that it participates in certain
cellular RNA export pathways. Simian ret-
roviruses have likely tapped into this path-
way and use helicase A as a cofactor in
nuclear export of CTE-containing RNA by
means of a specific RNA-protein interac-
tion. It will be interesting to determine
whether helicase A also plays a role in the
replication cycle of other retroviruses, in-
cluding complex retroviruses such as HIV.
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Induction of Leaf Primordia by the Cell Wall
Protein Expansin

Andrew J. Fleming,* Simon McQueen-Mason, Therese Mandel,
Cris Kuhlemeier†

Expansins are extracellular proteins that increase plant cell wall extensibility in vitro.
Beads loaded with purified expansin induced bulging on the leaf-generating organ, the
apical meristem, of tomato plants. Some of these bulges underwent morphogenesis to
produce leaflike structures, resulting in a reversal of the direction of phyllotaxis. Thus,
expansin can induce tissue expansion in vivo, and localized control of tissue expansion
may be sufficient to induce leaf formation. These results suggest a role for biophysical
forces in the regulation of plant development.

Leaves form by reiterative organogenesis
from a specialized organ, the shoot apical
meristem (1). Although spatial domains of
transcription factor activity can dictate
where and when a leaf is initiated, the
mechanism by which this information is
transduced into morphogenesis is un-
known (2). One model predicts that the
regulation of epidermal cell wall extensi-
bility controls tissue expansion and thus
the initial steps of primordium formation

(3). Recently, a family of cell wall proteins,
expansins, that modulate cell wall extension
in vitro has been characterized, although the
ability of these proteins to induce cell expan-
sion in vivo was not demonstrated (4). We
now show that the localized application of
expansin to the apical meristem induces ex-
pansion in living tissue and that the result-
ant bulging is sufficient to induce primordi-
um formation.

In the tomato plant, leaves are initiated
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in a spiral in which the youngest primordi-
um is designated P1, the next oldest P2, and
so on in a developmental gradient (Fig. 1, A
and B). The position of the cells from
which the next leaf primordia (I1 and I2)
arise can be predicted. Biophysical analysis
suggests that the outermost cell layers of the
apical meristem are under tension, whereas
the inner cell mass is subjected to compres-
sion (3), in which case a localized increase
in cell wall extensibility in the outer cells of
the meristem should result in expansion
and accompanying bulging out of the tissue
(3). To test this hypothesis, we placed beads
loaded with purified expansin onto the I2
position (5) and indeed observed the for-
mation of a bulge (I92) at the position of
the bead during the subsequent plastochron
(Fig. 1, C and D). At the same time, the
formation of a primordium at position I1
was suppressed.

In a first series of experiments, 37 of the
122 apices analyzed showed some effect 5
days after treatment, with a broad spectrum
of changes observed (Table 1). Confocal
laser-scanning microscopy (6) indicated
that several of the expansin-induced bulges
were incomplete, with internal areas devoid
of tissue surrounded by an intact surface
layer (Fig. 1E). Most of the component cells
of these bulges were not substantially en-
larged, suggesting that expansin-induced
tissue expansion was accompanied by cell
division. In seven apices, intact primordia
were observed at the I2 position where the
expansin-loaded beads had been positioned.

In a second series of experiments, in which
the apices were analyzed 14 days after expan-
sin treatment, 9 of the 70 apices examined
generated leaflike organs at the I2 position
(Fig. 2A and Table 1). These organs were
green, produced trichomes, and had intact
internal tissue (Fig. 2B). However, cytological
differentiation was aberrant, with no vascular
differentiation apparent. Nevertheless, in situ
hybridization (7) revealed the expression of
an rbcS gene previously shown to be a positive
marker for leaf differentiation and a negative
marker for the apical meristem (8) (Fig. 2C).
Some of the expansin-induced primordia were
more elongated (Fig. 2D) and, in addition to
lacking appropriate cellular differentiation
(Fig. 2E), did not express the rbcS marker gene
(Fig. 2F).

Analysis of apices in which beads loaded
with various substances (boiled expansin,

buffer, bovine serum albumin, cellulase, and
oligogalacturonic acid) were placed at the
I2 position did not reveal any induction of
primordia, indicating that the effects ob-
served with the expansin-loaded beads were
specific (Table 1).

The generation of a primordium at the
I2 position after expansin treatment result-

ed in a reversal of the subsequent phyllo-
taxis of the plant. The formation of a struc-
ture (I92) at position I2 suppressed the ini-
tiation of the primordium at position I1
(Fig. 3, A and B). Thus, the anticlockwise
order of leaf initiation from P4 to P1 be-
came reversed to clockwise for P1 to I92
(Fig. 3, C and D). This reversal of phyllo-
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Fig. 1. Induction of pri-
mordia by expansin. (A)
Tomato apex showing
phyllotaxis. (B) Diagram
of apex in (A). The meris-
tem has generated pri-
mordia P6 to P1. The
next leaves will arise at
position I1 and then I2.
(C) Apex of a plant 5
days after the placing of
expansin-loaded beads
(5) at I2. (D) Diagram of
apex in (C). A bulge, I92,
on the apical meristem is
present adjacent to an
expansin-loaded bead.
(E) Confocal laser-scan-
ning microscopy section
(6) through an incom-
plete bulge at the I2 po-
sition induced by expan-
sin. Samples (A) and (C)
were stained with safranin red to reveal cut surfaces, shown
as hatched areas in (B) and (D). Scale bars: 50 mm (A and C)
and 20 mm (E).

E

A

C

B

D

A B C

D E F

G H

Fig. 2. Induction of leaf-
like structures by expan-
sin. (A) An intact leaflike
organ 14 days after posi-
tioning of expansin-load-
ed beads on the I2 posi-
tion. (B) Section (7 )
through (A). (C) In situ hy-
bridization (7) of (B) with
an antisense probe for
the leaf marker gene
rbcS. Signals (red dots)
are apparent throughout
the structure. (D) An elongated leaflike organ 14
days after positioning of expansin-loaded beads
on the I2 position. (E) Section through (D). (F) In
situ hybridization of part of (E) with an antisense
probe for rbcS. No signal is apparent within the
structure, although an intense signal is visible in
the subepidermal stem cell layers. (G) Longitudi-
nal section through a vegetative apex showing the meristem (M) and primordium (P). (H) In situ
hybridization of (G) with an antisense probe for expansin (15). A relatively high signal is apparent in the
emerging leaf primordium. Scale bars: 200 mm (A through F ) and 25 mm (G and H).
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taxis was maintained during subsequent
generation of leaf primordia by the meri-
stem (Fig. 3, E and F). Thus, the formation
of leaf primordia around the meristem after
the formation of an I92 structure appeared
to follow the classical rules by which the
site of leaf primordium initiation is influ-
enced by the adjacent preexisting leaf pri-
mordia (9). In this context, the I92 struc-
tures functioned as leaves.

We suggest that, in our experiments,
expansin induces changes in the cell wall
that lead to an altered physical stress pat-
tern in the meristem, so that tissue bulging
occurs and, as a result, cells gain “primordi-
um” identity (2, 3). The observed frequency
of incomplete leaf structures is consistent
both with a requirement for endogenous
factors in the correct completion of leaf
development (10) and with a spatiotempo-

ral specificity of expansin action. A role for
endogenous expansin in leaf initiation is
indicated by in situ hybridization analysis
showing not only that expansin genes are
expressed in the apical meristem, but also
that transcript abundance is highest in cells
forming a primordium bulge (Fig. 2, G and
H).

Our data add to a growing body of evi-
dence that the physical environment influ-
ences morphogenesis and differentiation (3,
11), that signaling events (of either a chem-
ical or physical nature) occur within the
meristem (1, 3), and that cell-wall compo-
nents are determinantal for development
(12). Although, in a few instances, extra-
cellular proteins have been identified that
can affect plant morphogenesis, such as ar-
abinogalactan proteins (13) and cell wall
enzymes (14), the mechanism by which
these effects are transduced is unclear. We
have now described specific morphogenetic
effects of a defined gene product that are
consistent with both the expected bio-
chemical action of the protein (4) and es-
tablished biophysical theories of leaf initia-
tion (3). Our data suggest that cell wall
structure plays a regulatory role in plant
morphogenesis.
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analyzed
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No. of
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surface

Intact
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organs

Expansin 122 37 7 70 11 9
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Fig. 3. Reversal of the direc-
tion of phyllotaxis by expan-
sin-induced primordia. (A)
Distal view of an apex that has
generated an organ at the I2
position 5 days after expansin
treatment. (B) Diagram of (A).
Phyllotaxis P4 to P1 is anti-
clockwise. Primordium I92 is
clockwise from P1. (C) Side
view of apex in (A). (D) Dia-
gram of (C). The insertion
point of the I92 primordium lies
distal and clockwise to that of
P1. (E) View along the stem of
a plant that has generated
several primordia subsequent
to the production of the struc-
ture at I92. (F) Diagram of (E).
Phyllotaxis P2 to P1 is clock-
wise. Twenty-one days after
the induction of the I92 leaflike
structure, phyllotaxis of the
subsequent leaves (I93 to I95)
is anticlockwise. In (A), (C),
and (E), primordia have been
cut to reveal the meristem and
the tissue stained with safra-
nin red to reveal cut surfaces
[shown as hatched areas in
(B), (D), and (F)]. Scale bars:
50 mm (A and C) and 500 mm
(E).
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STAT3 as an Adapter to Couple
Phosphatidylinositol 3-Kinase to the IFNAR1

Chain of the Type I Interferon Receptor
Lawrence M. Pfeffer,*† Jerald E. Mullersman, Susan R. Pfeffer,

Aruna Murti, Wei Shi, Chuan He Yang*

STAT (signal transducers and activators of transcription) proteins undergo cytokine-
dependent phosphorylation on serine and tyrosine. STAT3, a transcription factor for
acute phase response genes, was found to act as an adapter molecule in signal trans-
duction from the type I interferon receptor. STAT3 bound to a conserved sequence in
the cytoplasmic tail of the IFNAR1 chain of the receptor and underwent interferon-
dependent tyrosine phosphorylation. The p85 regulatory subunit of phosphatidylinositol
3-kinase, which activates a series of serine kinases, bound to phosphorylated STAT3 and
subsequently underwent tyrosine phosphorylation. Thus, STAT3 acts as an adapter to
couple another signaling pathway to the interferon receptor.

Interferons (IFNs) are cytokines that block
the viral infection of cells, inhibit cell pro-
liferation, and modulate cell differentiation.
Type I IFNs (IFN-a, -b, and -v) compete
with each other for binding to a common
cell surface receptor (IFN-R), distinct from
the receptor for type II IFN (IFN-g) (1).
The IFN-R is composed of IFNAR1 and
IFNAR2 chains (2–4). The IFNAR1 chain
undergoes rapid ligand-dependent tyrosine
phosphorylation and acts as a species-spe-
cific transducer for the actions of type I
IFN, which suggests that it has a central
role in signaling through the IFN-R (5–7).
IFNs cause transduction of a signal to the
nucleus that results in selective stimulation
of the IFN-stimulated genes (ISGs) (8–10).
Transcriptional activation of ISGs is medi-
ated by the protein tyrosine kinase–depen-
dent phosphorylation of the STAT latent
cytoplasmic transcriptional activators (11,
12). Upon tyrosine phosphorylation, IFN-
a–activated STATs (STAT1, STAT2, and
STAT3) form homo- and heterodimers.

Although tyrosine phosphorylation of
STATs and IFN-R are important early events
in IFN signaling, serine phosphorylation

events are also necessary for the induction of
IFN action (13–16). Here, IFN-a induced the
rapid tyrosine phosphorylation of the regula-
tory 85-kD (p85) subunit of phosphatidylino-
sitol 3-kinase (PI 3-kinase), an upstream ele-
ment in a serine kinase transduction cascade
(17, 18). IFN-a–dependent recruitment of
p85 to the IFNAR1 chain of the IFN-R re-
quired the tyrosine phosphorylation of the
YSSQ and YSNE motifs that are present in
the conserved IRTAM (IFN receptor ty-
rosine activation motif) cytosolic sequence
KYSSQTSQDSGNYSNE in IFNAR1 (19).
The IRTAM functions in the signaling
through the IFN-R by specifically acting as
a docking site for cytoplasmic proteins con-
taining the Src homology 2 (SH2) domain
(6, 20). Interaction of p85 with IFNAR1
required STAT3 phosphorylation at Tyr656

[a YXXM motif (21), a known consensus
binding site for the SH2 domains of p85].

The IFNAR1 chain undergoes IFN-de-
pendent tyrosine phosphorylation, and sev-
eral tyrosine-phosphorylated proteins copre-
cipitate with the IFNAR1 chain (6, 22). To
determine whether p85 interacts with
IFNAR1, we precipitated proteins from ly-
sates of control and IFN-treated Daudi cells
with an IFNAR1-specific antibody and ana-
lyzed them by blotting with antiserum to p85
(Fig. 1A). Although similar amounts of
IFNAR1 chain were immunoprecipitated

from treated or untreated cells (23), only
precipitates from IFN-a–treated cells con-
tained p85. Maximal association was ob-
served at 5 min after IFN addition and de-
creased rapidly thereafter. IFNAR1 and
STAT3 also coprecipitated with p85 in ly-
sates from IFN-a–treated cells (Fig. 1B).

These results led us to investigate whether
the tyrosine-phosphorylated IFNAR1 chain
bound p85. The phosphorylation of conserved
motifs present in the IFNAR1 subunit may
create sites for high-affinity interactions with
cytoplasmic proteins containing SH2 and
phosphotyrosine binding (PTB) domains (17,
18, 24, 25). STAT3 directly binds to the ty-
rosine-phosphorylated IFNAR1 chain through
its SH2 domain (22); thus, the IFNAR1 chain
might also interact with the SH2 domains of
p85. We prepared glutathione-S-transferase
(GST) fusion proteins that encompassed the
NH2-terminal (Np85), COOH-terminal
(Cp85), or both SH2 domains of p85
(N1Cp85). Lysates from IFN-a–treated Daudi
cells were incubated with GST fusion proteins
bound to glutathione-agarose beads. The pre-
cipitated material was analyzed by blotting with
anti-IFNAR1. The fusion protein containing
both SH2 domains of p85 precipitated much
greater amounts than did fusion proteins con-
taining only one SH2 domain (Fig. 2). The
N1Cp85 fusion protein did not precipitate
IFNAR1 from lysates from control cells or
cells pretreated with the tyrosine kinase in-
hibitor genistein, which demonstrated that
tyrosine phosphorylation is required for inter-
action of IFNAR1 with p85 fusion proteins.
IFNAR1 did not interact with GST protein
alone (22). N1Cp85 also precipitated ty-
rosine-phosphorylated STAT3 from lysates
prepared from IFN-a–treated cells.

These results led us to determine whether
STAT3 or IFNAR1 could directly interact
with p85, as measured by direct blotting with
the N1Cp85 fusion protein. Although
N1Cp85 did not directly bind to tyrosine-
phosphorylated IFNAR1, it did bind to
tyrosine-phosphorylated STAT3 (Fig. 2C).
These results suggest that a strong interaction
of p85 with IFNAR1 requires both SH2 do-
mains of p85 and that such an interaction is
indirect because p85 binds directly to STAT3
but not IFNAR1. However, additional adapt-
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