
position and anisotropy of the UHE CR 
flux to be measured, which would provide 
additional information on its origin. 
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Selective Trafficking of KNOTTED1 
Homeodomain Protein and Its mRNA 

Through Plasmodesmata 
William J. Lucas,* Sabine Bouche-Pillon, David P. Jackson, 

Lynda Nguyen, Lucian Baker, Biao Ding,? Sarah Hake 

Plasmodesmata are intercellular organelles in plants that establish cytoplasmic continuity 
between neighboring cells. Microinjection studies showed that plasmodesmata facilitate 
the cell-to-cell transport of a plant-encoded transcription factor, KNOTTED1 (KN1). KN1 
can also mediate the selective plasmodesmal trafficking of knl sense RNA. The emerging 
picture of plant development suggests that cell fate is determined at least in part by 
supracellular controls responding to cellular position as well as lineage. One of the 
mechanisms that enables the necessary intercellular communication appears to involve 
transfer of informational molecules (proteins and RNA) through plasmodesmata. 

C e l l  fate in higher plants is determined by 
position rather than by lineage (I) .  Al- 
though environmental and hormonal sig- 
nals could act in a cell-autonomous manner 
to control cell fate, clonal analysis of devel- 
opmental mutants has indicated that cell- 
to-cell transport, as part of a longer chain of 
signaling events, may be involved in the 
orchestration of develo~mental events (2 ) .  . . 
For example, expression of the gene Flori- 
caula (to produce K O ) ,  which affects meri- 
stem identity in Antiwhinum majus (snap- 
dragon) in only the outer (epidermal) layer 
(L1) of the meristem. activates downstream . , 

genes involved in flbwer development (3) 
in adjacent cell layeis. Similarly, the geno- 
type of the inner layer (L3) of the tomato 
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Fig. 1. Serial sections of a 
maize vegetative shoot apex 
processed for in situ hybrid- 
ization for kn 1 rnRNA (A) and 
imrnunolocalization of KNl 
(B) reveal the presence of 
KN1 in L1 cells in which its 
mRNA is not detected. The 
shoot apical meristern 
(SAM) is flanked by leaf pri- 
rnordia [I and 2 in (A)] and 
older expanding leaves in 
which knl rnRNA and KN1 
are not detected. Regions in 
the SAM that lack KN1 [un- 
labeled arrows in (B)] predict 
the position of leaf primordial 
development. L1, outer cell 
layer of the SAM. Note that 

floral meristem controls development of the 
outer layers (L2 and L1) (4). These findings 
are consistent with the hypothesis that FL0 
and the fasciated gene product of tomato 
potentiate cellular interactions among the 
three layers of the floral meristem. 

Although such intercellular control may 
be mediated by cell surface receptors and sol- 
uble ligands, it may also involve the selective 
cell-to-cell transport of proteins through plas- 
modesmata, the specialized, plasma mem- 
brane-lined cytoplasmic pores that maintain 
cytoplasmic and endomembrane continuity 
between many cells in the plant (5). These 
pores are the route by which viral movement 
proteins, which are essential for the spread of 
infection in plants (6), mediate trafficking of 
viral RNA and DNA (6-8). The viral move- 
ment proteins seem to interact with an endo- 
genous plasmodesmal macromolecular traf- 
ficking pathway. 

Here we report an analysis of movement of 
the protein and RNA encoded by the maize 
knotted1 (knl) homeobox gene (9). Ectopic 
expression of knl in the vascular tissue of 

KNl is present in a few cells 
across the base of each developing leaf (arrowheads). Scale bar, 100 ILrn. 
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developing maize leaves alters cell differenti- 
ation within adjacent mesophyll and epider- 
mal layers, which suggests that a signal moves 
from one cell layer to another. In situ and 
immunolocalization studies of the maize shoot 
apical meristem (10) demonstrated that knl 
mRNA was detected only within the interior 
(L2) cells of the meristem, whereas KN1 was 
detected in the L2 cells and in the epidermal 
(Ll) layer [Fig. 1, A and B (1 1 )I. These results 
suggested that, despite the fact that KN1 is a 
nuclear-localized transcription factor, the 
KN1 protein itself might be the signal that is 
transported from L2 into L1, as well as be- 
tween cell layers in knotted leaves. 

Eschenchia coli-expressed KN 1 labeled 
with fluorescein isothiocyanate (FITC-KN1 ) 
(12) was microinjected into the cytoplasm of 
plant cells (1 3). The small size of the cells in 
the maize shoot apical meristem precluded us 
from performing microinjection experiments 
on such tissues. Instead, we used developing 
maize leaves and microinjected mesophyll 
cells connected to the vascular bundle, as this 
was the site where ectopically expressed knl 
had been shown to alter cell fate (9). FITC- 
KN1 injected into the cytoplasm of these 
mesophyll cells moved into bundle sheath 
cells and surrounding mesophyll cells (Table 
1). Thus, KN1 must be capable of interacting 
with plasmodesmata to potentiate its own 
movement from cell to cell. Tobacco offers 
another system in which to study KN1, as 
ectopic meristems are also obtained when 
KN1 is overexpressed in tobacco (14). FITC- 
KN1 microinjected into mesophyll cells of 
tobacco (Nicotianu tubacum cv. Samsun) 
leaves also moved to neighboring cells (Fig. 
2A and Table 2). Cell-to-cell movement of 
injected Lucifer yellow CH (molecular 

Table 1. KNl interacts with plasmodesmata to 
increase the SEL of maize mesophyll cells and 
potentiates its own cell-to-cell transport. The nor- 
mal SEL of plasmodesmata in such plant cells is 
800 to 100 daltons (5). The largest material known 
to pass through mesophyll plasmodesmata is a 
viral movement protein of 35 kD (6). Developing 
maize leaves (1 to 2 cm in width) from young 
seedlings (1 4 days after germination) were used in 
these experiments. 

Microinjections 

Injected material Move- Total ment' 
("1 [n (%)I 

Lucifer yellow CH 12 11 (92) 
FITC-KN1 12 lO(83) 
9.4-kD FITC-dextran 12 1 (8) 
KNl + 9.4-kD FITC-dextran 11 9 (82) 

'Number of injections [see (13)j and percent of total in- 
jections in which the fluorescently labeled probe moved 
from the injected cell into surrounding tissue. Fluores- 
cence was detected with a Leitz Orthoplan epi-illumina- 
tion microscope coupled with a Hamamatsu model 
(21966-20 analytical system, and permanent images 
were recorded on videotape. 

weight, 457), a membrane-impermeant fluo- 
rescent probe, established that plasmodesmata 
in the injected tissues displayed normal char- 
acteristics (15) (Tables 1 and 2). Furthermore, 
the lack of movement of FITC-labeled bacte- 
rial proteins established that KN1 movement 
was not an artifact of the preparative tech- 
niques used (Table 2). 

An increase in the plasmodesmal size ex- 
clusion limit (SEL) is required for cell-to-cell 
transport of viral movement proteins (6-8). 
An increase in plasmodesmal SEL is also as- 

sociated with KN1 cell-to-cell movement in 
maize'and tobacco (Tables 1 and 2). Micro- 
injection of 9.4 or 20 kD of FITC-labeled 
dextran alone did not result in movement out 
of the injected cell (Fig. 2C), but coinjection 
of these FITC-dextrans with unlabeled KN1 
gave rise to the same spread of fluorescence as 
was detected when FITC-KN 1 was introduced 
into the cell (Fig. 2, A and D, and Tables 1 
and 2). This KN1-induced increase in plas- 
modesmal SEL also permitted the cell-to-cell 
movement of a labeled, coinjected, 20-kD 

Fig. 2. Cell-to-cell transport of 
FITC-KNl and its effect on plas- 
modesmal SEL in tobacco meso- 
phyll cells. KN1 and its mutant de- 
rivative, M6 (see Fig. 3), were ex- 
pressed in E. coli and extracted 
proteins were labeled with FITC be- 
fore being used in microinjection 
studies. Immediately after being in- 
troduced into a tobacco mesophyll 
cell, FITC-labeled KNl moved into 
surrounding cells as indicated by 

I 
false-color imaging (A) obtained 
with a Hamamatsu model C1966 
analytical system (7, 8). (B) Contain- 
ment of FITC-labeled M6, 15 min 
after injection into the cell. (C) In- 
jected 20-kD FITC-dextran re- 
mained indefinitely (60 min after in- , 
jection) within the target cell. (D) 
Coinjection of 20-kD FITC-dextran 
and unlabeled KNl resulted in ex- 
tensive movement (image taken 2 
min after injection). Arrows identify injected cells; IAS, intercellular air space. Color bar: background is 
black, and pale blue and yellow represent the higher intensity of fluorescence observed (the bar is 
common to Figs. 2 and 4). Scale bar in (A), 25 pm; (B), 20 pm; (C), 25 pm; and (D), 50 pm. 

Table 2. KNl interacts with plasmodesmata to increase the SEL of tobacco mesophyll cells and 
potentiates its own cell-to-cell transport. 

lnjected material 

Microinjections 

Total Movement' 
(n) [n (%)I 

Lucifer yellow CH 54 49 (91) 
FITC-KN1 33 29 (88) 
FITC-labeled bacterial proteins 10 0 (0) 
9.4-kD FITC-dextran 35 3 (9) 
KN1 + 9.4-kD FITC-dextran 38 29 (76) 
20-kD FITC-dextran 11 1 (9) 
KN1 + 20-kD FITC-dextran 19 16 (84) 
KN1 + 39-kD FITC-dextran 25 5 (20) 
20-kD FITC-soybean trypsin inhibitor 15 2 (13) 
KN1 + 20-kD FITC-soybean trypsin inhibitor 10 10 (1 00) 
FITC-KNl (M6)t 15 1 (7) 
KNl (M6) + 9.4-kD FITC-dextran 16 3 (19) 
KNl (MI) + 9.4-kD FITC-dextran 11 8 (73) 
KNl (M2) + 9.4-kD FITC-dextran 8 6 (75) 
KNl (M3) + 9.4-kD FITC-dextran 8 6 (75) 
KN1 (M4) + 9.4-kD FITC-dextran 12 8 (75) 
KNl (M5) + 9.4-kD FITC-dextran 9 9 (100) 
KN1 (M7) + 9.4-kD FITC-dextran 7 6 (86) 
KN1 (M8) + 9.4-kD FITC-dextran 8 6 (75) 
KN1 (M9) + 9.4-kD FITC-dextran 16 10 (63) 

'Number of injections [see (13)) and percent of total injections in which the fluorescently labeled probe moved from the 
injected cell into surrounding tissue. Movement of fluorescently labeled knl mRNA or of CMV RNA was detected as 
described in Table 1. ?Details on the amino acid changes engineered for each KN1 mutant are given in Fig. 3. 
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soybean cytosolic protein, soybean trypsin in- 
hibitor (Table 2). Occasionally, KN1 permit- 
ted the movement of a 39-kD FITC-dextran, 
and so the upper plasmodesmal SEL associat- 
ed with KN1 transport is greater than 20 kD 
and close to 39 kD. 

Protein domains essential for KN1 cell-to- 
cell movement were investigated with the use 
of a series of alanine scanning mutants (I 2) 
(Fig. 3). Of the nine mutants studied, only 
one (M6) showed a substantial reduction in 
ability to move from cell to cell (Fig. 2B and 
Table 2). The M6 mutation resides in a po- 
tential nuclear localization sequence that is 
present in the NH,-terminal region of the 
homeodomain ( 1  6). Determination of wheth- . , 

er this reflects homology between nuclear and 

plasmodesmal transport systems must await 
the identification and characterization of oth- 
er transcriptional regulators that also have the 
capacity for plasmodesmal transport. 

Although the other mutants of KN1 re- 
tained the capacity to dilate plasmodesmata 
and potentiate their own cell-to-cell transport 
(Table 2), the rate and extent of movement of 
each mutant KN1 was reduced as compared 
with those of wild-type KN1. FITC-KN1 was 
routinely detected in neighboring cells 1 to 2 
s after its injection into a mesophyll cell, with 
further movement through 5 to 10 surround- 
ing cells seen in approximately 30 s. Although 
the period before each mutant FITC-KN1 
could be detected in the neighboring cells was 
also short (a few seconds), subsequent move- 

Fig. 3. KN1 alanine scanning and so 
deletion mutants generated to iden- MEEITQHFGVGA~SHGHGHG 

tify the protein domain or domains M ~ A  
100 essential for KN1 -plasmodesmal GLPLTLNT"mGNsGGsGNPVLQLANGGGLLDAC~PSSSSPYAGD 

interaction 112). Amino acid resi- 
dues (20) changed to alanines are 150 
marked with black boxes, with the VEAIKAKIISHPHYYSLLTAYLECNKVGAPPEVSARLTEIAQE~QRT 

assigned number of each mutant 
M3 200 indicated above the site. Deletion 

_GG~TEPmmurHEMLVKFREELTRPLQEAMEFMRRVESQLN mutant M2 was generated by the 
removal of a nine-histidine stretch 

M4 M5 250 from positions 22 to 30. The resi- ~ L ~ I ~ G R ~ L R N I L S S G S S ~ E G S G G E T E L P E V D A H ~ H L L K K  
dues associated with the KNl ho- 
meodomain (16) are underlined. ~6 ~7 300 
The domains affected by these mu- YSGYLSSLKQELS GKLHB@+RQQLLSWWDQHYKWPYPSETQKVAL 
tations are as follows: MI and M2. 

M8 M9 350 
histidine-rich region of ~r~known AESTGLDLKQINNWFINQ~WKPS~LMMDGYHTTNAFIHFI 
function: M3 and M4, reaions con- 
served between certain k;7 7 -related 359 
genes; M5, the "ELK" region, NDGGLYRLG 
which is conserved in all KN1-like 
homeodomain proteins (76); M6, potential nuclear localization sequence; M7, homeodomain first helix; 
M8, homeodomain third helix; and M9, COOH-terminal border of homeodomain (16). 

Fig. 4. KNl protein-mediated cell- I 
to-cell transport of kn7 RNA-TOTO. 
(A) Coinjection of KNl and knl 
sense RNA-TOT0 into a tobacco 
mesophyll cell revealed movement . . 

cells in thevicinity of the injected cell 
I of the knl sense RNA-TOT0 into ' 

(arrow) after 1 min. IAS, intercellular 
air space. (B) Kn7 antisense RNA- 
TOT0 failed to move out of the tar- 
get cell when coinjected with KN1. 
The false-color image was taken 15 
min after coinjection, at which time 
fluorescence had accumulated in 
what appeared to be the nucleus 
(arrowhead). (C) Tobacco meso- 
phyll cell coinjected with KNl and 
CMV RNA-TOT0 (78) after 15 min. 
Fluorescence remains confined to 
the injected cell. Although KN1 
would presumably have trafficked 
into surrounding cells, it failed to 
transport the CMV RNA-TOTO. (D) - 
Coinjection of CMV 3a movement 
protein and knl sense RNA-TOT0 into a tobacco mesophyll cell (arrow) resulted in extended CMV 3a 
movement protein-mediated transport of the kn1 sense RNA-TOT0 into the surrounding cells 2 min after 
injection. Scale bar in (A), 35 pm; (B), 20 pm; (C), 25 pm; and (D), 50 p,m. 

ment into the second layer of cells required 
from 3 to 5 min. Furthermore. rarelv did we 
detect fluorescence beyond this second layer 
of mesophyll cells. Analysis of plant viral 
movement proteins (6-B), on the other 
hand, showed that alanine scanning mu- 
tants either exhibited normal movement or 
were incapable (0% movement) of cell-to- 
cell transport. The varied response of KN1 
mutants may reflect the presence of multi- 
~ l e  domains involved in mediatine efficient - 
plasmodesmal transport or interaction with 
the plasmodesmata. 

Having established that KN1 interacts 
with plasmodesmata to increase SEL and 
mediate in its own cell-to-cell transDort. . . 
characteristics that are held in common 
with many viral movement proteins ( 6 4 ,  
we next investigated whether KN1 could 
also mediate trafficking of nucleic acids, al- 
though the results in Fig. l suggest no such 
ability. Sense knl RNA was TOTO-labeled 
(RNA-TOTO) (17) and coinjected into 
mesophyll cells with unlabeled KN1. In the 
presence of KN1, the fluorescence associat- 
ed with knl sense RNA-TOT0 moved as 
rapidly and extensively from cell to cell as 
did FITC-KN1 when it alone was injected 
into this tissue (Fig. 4). Control microinjec- 
tion experiments involving knl sense RNA- 
T O T 0  alone, knl antisense RNA-TOT0 
alone, or unlabeled KN1 plus knl antisense 
RNA-TOT0 established the specificity of 
KN 1-mediated knl RNA transport, because 
in each of these cases the fluorescent probes 
remained in the injected cell (Fig. 4B and 
Table 3). The M6 mutant of KN1, which 

Table 3. KN1 can selectively traffic its own 
mRNA through plasmodesmata. MP, movement 
protein. 

Microinjections 

Injected material Total E$i ("1 [n (%)I 

kn 1 sense RNA-TOT0 25 1 (4) 
kn 1 sense RNA-TOT0 22 20 (91) 

plus KN1 
kn 7 sense RNA-TOT0 10 0 (0) 

plus KN1 M6 
kn7 antisense 10 2 (20) 

RNA-TOT0 
kn 7 antisense 10 0 (0) 

RNA-TOT0 
plus KNl 

CMV RNA-TOT0 15 13 (87) 
plus CMV 3a MP 

CMV RNA-TOT0 15 3 (20) . . 
plus KN1 

knl sense RNA-TOT0 15 1 2 (80) 
plus CMV 3a MP 

~ ~ 

'Number of injections and percent of total injections in 
which h7 mRNA or CMV RNA moved from target cell 
into surrounding tissue. Movement of fluorescently la- 
beled knl mRNA or of CMV RNA was detected as de- 
scribed in Table 1. 
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was least able to transport itself, did not 
potentiate the cell-to-cell transport of knl 
sense RNA-TOTO (Table 3). 

KN1 was selective in terms of the RNA 
that it would traffic, as shown by coinjec-
tion of TOTO-labeled cucumber mosaic vi
rus (CMV) single-stranded sense RNA (18) 
and KN1 (Fig. 4C, Table 3). The CMV 
movement protein, in contrast, potentiated 
cell-to-cell transport both of its own RNA 
and of knl RNA (Fig. 4D, Table 3), which 
is consistent with the known nonspecificity 
of viral movement proteins (6-8). 

Our finding that KN1 has the capacity 
to move from cell to cell provides a possible 
explanation for the lack of cell autonomy 
seen with the dominant Knl mutation as 
well as with other developmental mutations 
(3, 4, 19). How such plasmodesmal trans
port is controlled to create developmental 
domains (5) remains to be elucidated. The 
extent to which a transcription factor can 
move within a tissue may be controlled by 
the presence of proteins that regulate its 
plasmodesmal and nuclear pore transport. 
This might explain why, in the maize mer-
istem, KN1 was present in both LI and L2 
nuclei (Fig. 1), whereas in tobacco meso-
phyll cells, microinjected FITC-KN1 
moved preferentially through plasmodesma-
ta rather than into nuclei. 

In any event, our studies on KN1 pro
vide insights into some of the molecular 
events that orchestrate developmental pro
cesses in plants and identify one possible 
explanation for the plasticity of cell fate in 
the plant meristem (2). 
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Interaction of Tobamovirus Movement Proteins 
with the Plant Cytoskeleton 

Manfred Heinlein, Bernard L. Epel,* Hal S. Padgett,t 
Roger N. Beachyi 

The movement protein of tobacco mosaic tobamovirus and related viruses is essential for 
the cell-to-cell spread of infection and, in part, determines the host range of the virus. 
Movement protein (MP) was fused with the jellyfish green fluorescent protein (GFP), and 
a modified virus that contained this MP:GFP fusion protein retained infectivity. In pro
toplasts and leaf tissues, the MP:GFP fusion protein was detected as long filaments 
shortly after infection. Double-labeling fluorescence microscopy suggests that the MP 
interacts and coaligns with microtubules. The distribution of the MP is disrupted by 
treatments that disrupt microtubules, but not by cytochalasin B, which disrupts filamen
tous F-actin. Microtubules may target the MP to plasmodesmata, the intercellular chan
nels that connect adjacent cells. 

JVlost, if not all, plant viruses direct the 
synthesis of one or more MPs required for 
the spread of infection from the initial site 
of infection to adjacent cells. It is generally 
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thought that plant viruses circumvent the 
cell wall by exploiting plasmodesmata, spe
cialized gatable channels that provide con
tinuity between the cytoplasm of contigu
ous cells (1). 

The most thoroughly studied virus-en
coded MP is that of tobacco mosaic virus 
(TMV) (2, 3). In plants infected with TMV 
or transgenically expressing MP, the MP is 
associated with plasmodesmata and increas
es their size exclusion limit (4, 5). MP is 
targeted to the cell wall but is also found 
associated with the plasma membrane and 
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