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Abstract. Rice (Oryza sativa L.) phloem sieve tubes
contain RPP13-1, a thioredoxin h protein that moves
around the plant via the translocation stream. Such
phloem-mobile proteins are thought to be synthesized in
the companion cells prior to being transferred, through
plasmodesmata, to the enucleate sieve-tube members. In
this study, in-situ hybridization experiments confirmed
that expression of RPPI3-1 is restricted to companion
cells within the mature phloem. To test the hypothesis
that RPP13-1 enters the sieve tube, via plasmodesmata,
recombinant RPP13-1 was expressed in Escherichia coli,
extracted, purified and fluorescently labeled with fluo-
rescein isothiocyanate (FITC) for use in microinjection
experiments into tobacco (Nicotiana tabacum L.) meso-
phyll cells. The FITC-RPP13-1 moved from the injected
cell into surrounding cells, whereas the E. coli thiored-
oxin, an evolutionary homolog of RPP13-1, when
similarly labeled and injected, failed to move in this
same experimental system. In addition, co-injection of
RPP13-1 and FITC-dextrans established that RPP13-1
can induce an increase in plasmodesmal size exclusion
limit to a value greater than 9.4 but less than 20 kDa.
Nine mutant forms of RPP13-1 were constructed and
tested for their capacity to move from cell to cell; two
such mutants were found to be incapable of movement.
Crystal-structure prediction studies were performed on
wild-type and mutant RPP13-1 to identify the location
of structural motifs required for protein trafficking
through plasmodesmata. These studies are discussed
with respect to plasmodesmal-mediated transport of
macromolecules within the companion cell-sieve tube
complex.

Abbreviations: FITC = fluorescein isothiocyanate; LYCH = Lu-
cifer yellow CH; RPP = rice phloem protein; SEL = size exclu-
sion limit; TMV-MP = tobacco mosaic virus movement protein;
TRX = thioredoxin
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Introduction

In higher plants, the phloem functions as a special
conduit for the long-distance transport of carbohy-
drates, amino acids, and other nutrients from source to
sink tissues. In addition, macromolecules such as
proteins and nucleic acids have been detected in the
phloem sap and a range of enzymatic activities have
been shown to be associated with phloem exudate
collected from a number of plant species (Eschrich and
Heyser 1975; see also Komor et al. 1996). These
observations indicated that the proteins present within
the phloem sap may be involved in the catalysis of
biochemical reactions required for sieve-tube function.
However, this hypothesis has been challenged on the
basis that the collected phloem exudate was contami-
nated by proteins released from surrounding cells that
were damaged in the process of collecting the exudate.
Pure phloem sap can be collected from plants using
either an insect laser (Kawabe et al. 1980) or micro-
cautery (Fisher et al. 1992) technique. The existence of
many proteins (over 100) within wheat and rice phloem
sap, collected from severed insect stylets, was established
using two-dimensional polyacrylamide gel electrophore-
sis (Fisher et al. 1992; Nakamura et al. 1993). A partial
amino acid sequence of an abundant protein present as a
rice phloem protein, RPP13-1, enabled the identification
of this specific RPP as a member of the thioredoxin h
(TRX h) gene family (Ishiwatari et al. 1995). Thiored-
oxins are ubiquitous low-molecular-mass proteins that
function to reduce disulfide bonds on target proteins
(Holmgren 1985). In higher plants, two forms of TRX
have been characterized (Johnson et al. 1987); the
chloroplastic TRXs (type m and f) are involved in
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activating a number of chloroplast enzymes, and the
cytoplasmic TRXs (type h), which are reduced by an
NADPH-dependent TRX reductase, similarly appear to
be involved in the activation of a number of cytosolic
enzymes. Based on the known functions of TRX h
within the cytoplasm of plant cells, Ishiwatari et al.
(1995) proposed that RPP13-1 is involved in disulfide
reduction within the sieve tubes. For example, RPP13-1
may be essential for the repair of oxidatively damaged
proteins in sieve tubes, as TRX has been shown to
regenerate proteins that have been inactivated by
oxidative stress in-vitro (Pigiet and Schuster 1986) or
in-vivo (Fernando et al. 1992).

The molecular identification of RPP13-1, obtained
from pure rice phloem sap, as a TRX h, provided strong
support for the above-stated hypothesis that specific
proteins, present within the phloem sap of higher plants,
mediate biochemical events required for phloem func-
tion. It is well known that mature sieve elements of
higher plants lack nuclei, and ribosomes are either
absent or present in extremely low numbers. As the
enucleate sieve tubes remain functional from days to
months, it is logical to assume that routine maintenance
functions must be performed by the neighboring com-
panion cells. Ultrastructural studies have established
that individual sieve-tube members are connected to
companion cells by specialized plasmodesmata (Lucas
et al. 1993). Thus, proteins like RPP13-1 (TRX h) (and
presumably metabolic substrates like ATP, NADPH,
etc.) required for sieve-tube repair/function could be
synthesized in the companion cell and then transported,
through the connecting plasmodesmata, to the lumen of
the functional sieve tube (Raven 1991). Indirect exper-
imental support for this hypothesis has been provided by
Fisher et al. (1992) who demonstrated that, in wheat
plants, [*>SJmethionine-labeled proteins located within
the functional sieve tubes underwent rapid turnover,
with the label being confined primarily to the companion
cell-sieve tube complex.

Direct evidence that higher-plant plasmodesmata
have the capacity to mediate cell-to-cell trafficking of
proteins has recently been provided by studies perform-
ed on plant viral movement proteins and endogenous
transcription factors (Lucas et al. 1995; Mezitt and
Lucas 1996, and references therein). In these studies,
protein trafficking through plasmodesmata was found to
correlate with an induced increase in molecular size
exclusion limit (SEL) from a control value of approx.
1 kDa to a value above 10 kDa but less than 40 kDa.
Microinjection experiments have also been used to
established that the SEL of the plasmodesmata connect-
ing the companion cell-sieve tube complex in the stem of
Vicia faba is above the 1-kDa value detected for normal
plant cells, being greater than 10 kDa (Kempers et al.
1996). This finding is consistent with the observation
that the plasmodesmal SEL undergoes an increase
during cell-to-cell trafficking of macromolecules (pro-
teins and protein-nucleic acid complexes; Gilbertson and
Lucas 1996). Finally, recent studies on source leaves of
potato, tobacco and tomato have provided strong
evidence that at least one mRNA can enter the
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plasmodesmata that interconnect the companion cell-
sieve tube complex (Kiihn et al. 1997). Presumably the
trafficking of this mRINA, encoding the 100-kDa sucrose
transporter which is an integral membrane protein
located within the sieve-tube plasma membrane, occurs
as a ribonucleoprotein complex.

In the present study, RPP13-1 was employed as a
representative member of the rice phloem proteins to
determine whether it has the capacity to mediate its own
cell-to-cell movement. Consistent with its role in phloem
function, in-situ experiments revealed that RPP13-1
mRNA was expressed only in the companion cells of
the rice phloem. Although technical difficulties prevent-
ed us from performing microinjection experiments on
rice phloem cells, we were able to obtain direct proof
that RPP13-1 has the capacity to increase plasmodesmal
SEL and mediate its own trafficking through tobacco
mesophyll plasmodesmata. Mutational analysis per-
formed on RPP13-1 and parallel microinjection studies
carried out with bacterial TRX confirmed that structural
motifs on the RPP13-1 are critical for this cell-to-cell
movement. These findings are discussed in terms of the
evolution and function of macromolecular trafficking
between the companion cells and the functional sieve-
tube system of higher plants.

Materials and methods

Plant material. Rice plants (Oryza sativa L. cv. Kantou) were
grown under hydroponic culture conditions at controlled temper-
ature as described by Nakamura et al. (1993). Tobacco plants
(Nicotiana tabacum L. cv. Turkish Samsun NN) were grown in a
greenhouse under natural sunlight (average midday irradiance of
1000 pmol - m™> - s™!) and day/night temperatures of 26 °C/18 °C,
respectively. Plants were watered with half-strength Hoagland’s
solution (Hoagland and Arnold 1938) twice daily. Five-week-old
plants were transferred to a controlled-environment chamber for
preconditioning (7 d) prior to use in microinjection experiments.

In-situ hybridization procedures. Digoxigenin-labeled antisense and
sense RNA probes were synthesized using T3 RNA polymerase
(Ambion, Austin, Tex., USA) and partially hydrolyzed with
sodium carbonate. The basal region (5 mm length) of three-week-
old rice plants was excised and fixed in 4% (w/v) paraformaldehyde
and 0.25% (w/v) glutaraldehyde in 50 mM sodium phosphate
buffer (pH 7.2). Tissue was then dehydrated and embedded in
paraffin wax as described by Kouchi and Hata (1993). Thick
sections (10 um) were cut using a microtome and then transferred
to glass slides that had been treated with 3-aminopropyltriethoxysi-
lane. In-situ hybridizations with antisense and sense probes were
carried out following the method of Kouchi and Hata (1993).

Production of wild-type and mutant RPP13-1 in E. coli. A fragment
containing the open reading frame encoding RPP13-1 was excised
from cRPP13-1 (described in Ishiwatari et al. 1995) with Eael and
EcoRI. The pMAL-c2 vector (New England Biolabs, Beverly,
Mass., USA) was digested with EcoRI. The fragment and the
PMAL-c2 vector were ligated after being blunt-ended with Klenow
enzyme. This construct was verified, via sequence analysis, prior to
being introduced into E. coli TB1 strain. A fusion protein,
consisting of maltose-binding protein and the RPPI3-1 with
additional amino acids at the N-terminus, was produced in E. coli.

For RPP13-1 mutant proteins, the 5" untranslated sequence of
the cDNA encoding RPP13-1 was first mutated by site-directed
mutagenesis using an oligonucleotide primer to generate a new
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BstXI site. Further mutations were engineered into this cDNA by
using nine primers to generate both alanine scanning and deletion
mutants. Wild-type RPP13-1 has seven clusters of charged amino
acid residues and these were each, separately, changed to alanines.
Two deletion mutations were engineered; in the first, five amino
acid residues were deleted from the N-terminus, while in the
second, seven amino acid residues were deleted from the C-termi-
nus. The seven alanine scanning mutants and the C-terminal
deletion mutant were digested with BstXI and then blunt-ended by
T4 DNA Polymerase (Takara Shuzo Co., Otsu, Japan); subsequent
digestion with EcoRI produced the other ends. The fragment
containing the N-terminal deletion mutant was digested at the
Smal site, which was introduced within the open reading frame, to
generate one end, while the other end was made by digestion with
EcoRI. The fragments so produced were ligated to the linearized
vector pMALc-2h, that was then linearized by digestion with Xmmnl
and EcoRI. The recombinant plasmids were introduced into E. coli
XL1-Blue strain.

The fusion proteins were expressed and purified following the
manufacturer’s instructions (New England Biolabs). Fusion pro-
teins were then cleaved with factor Xa protease (New England
Biolabs) to remove all additional residues from wild-type and
mutant forms of RPP13-1, which were then separated from the
excised maltose-binding protein and concentrated by filtration with
Centriprep concentrators (Amicon, Beverly, Mass., USA).

Microinjection protocol. A tobacco leaf was fixed, adaxial side up,
onto a glass plate that was attached to the stage of a Leitz
Orthoplan epi-illumination microscope. A small portion of the
lower epidermis was peeled off to provide access to mesophyll cells.
Distilled water, or 0.1 M mannitol, was immediately applied to the
exposed region of the leaf. Details regarding the instrumentation
and procedures for pressure-mediated microinjection were as
previously described (Ding et al. 1992). Purified RPP13-1 and the
engineered RPP13-1 mutant forms were labeled with fluorescein
isothiocyanate (FITC) using the method of Noueiry et al. (1994).
Before being employed in microinjection experiments, FITC-
labeled protein solutions were subjected to SDS-PAGE to ensure
that they were free from unincorporated molecules of FITC. To
monitor mesophyll plasmodesmal function and SELs, Lucifer
yellow CH (LYCH; 457 Da), 9.4-kDa and 20-kDa fluorescein-
conjugated dextrans (FITC-dextran), all at 1 mM, were prepared in
5 mM KHCOs;, filtered through a 0.1-pm-pore polyvinylidenedi-
fluoride membrane filter (Ultrafree C3 VV; Millipore, Bedford,
Mass., USA), and stored at 4 °C until used in injection experi-
ments. Protein concentrations (wild-type and mutants) used in
microinjection experiments were between 1.0 and 3.0 mg - ml™".

Tobacco mosaic virus movement protein (TMV-MP) was
prepared and FITC-labeled using the strains and protocols
described in Nguyen et al. (1996).

Wild-type and mutant RPP13-1 structure predictions. The BLASTP
program (version 1.3.11) of Altschul et al. (1990) was applied to the
ExPDB-modified PDB database of protein sequences to identify
known crystal structures having the highest level of sequence
identity to RPP13-1. Three such crystal structures representing
human (1ERT), Chlamydomonas (1TOF) and E. coli (1XOA)
TRXs were selected and employed, separately and jointly, as a
foundation for the construction of homologous RPP13-1 crystals
using the Swiss Model server which makes use of ProMod
(PROtein MODeling tool, Peitsch 1996). Wild-type and mutated
sequences of RPPI3-1 were used in these structure-prediction
studies.

Results

In-situ localization of rice RPP13-1 mRNA. To confirm
that the mRNA encoding RPP13-1 is expressed within
the companion cells of the rice phloem, in-situ hybrid-
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ization experiments were performed using digoxigenin-
labeled antisense RPP13-1 h RNA as a probe. Ishiwatari
et al. (1995) collected pure rice phloem sap containing
RPPI13-1 from severed stylets of brown planthoppers
that were feeding on the leaf sheath and stem of young
rice plants. In-situ studies performed on equivalent leaf
sheath tissue revealed that RPPI3-1 mRNA accumula-
tion occurred only in the phloem tissue, and specifically
in companion cells (Fig. 1A,E). Similar experiments
performed on rice stem tissues indicated that expression
of the RPPI3-1 mRNA was also restricted to the
companion cells within the mature phloem (Fig. 1C,F).
Rice tissues incubated with RPP13-1 sense RNA probe
established the specificity of these results (Fig. 1B,D).
These data are consistent with the hypothesis that the
RPP13-1 is first synthesized in the companion cell before
being transported into neighboring sieve elements, via
plasmodesmata.

RPPI3-1 has the capacity to traffic from cell to cell. The
RPP13-1 expressed in E. coli was extracted, purified and
fluorescently labeled with fluorescein isothiocyanate
(FITC-RPP13-1). It was our intention to pressure-inject
FITC-RPP13-1 directly into the companion cells located
within the phloem of the rice leaf sheath. Earlier
microinjection studies had established the feasiblility of
this approach, but, with one exception, these experi-
ments were conducted on special phloem tissues located
within stems (see Kempers et al. 1996 and references
therein). Preliminary experiments revealed that it was
almost impossible to gain access to the leaf sheath
tissues, as it was extremely difficult to remove the lower
epidermis of this monocot without damaging the
underlying tissues. Furthermore, the technical difficulties
associated with performing injections into exposed
vascular tissues clearly indicated the need to seek an
alternative experimental tissue in which to perform these
microinjection studies. As Lucas et al. (1995) had
established that KNOTTEDI, a homeobox domain
protein that functions in the meristem of maize, has
the capacity to traffic through plasmodesmata located in
other maize tissues (mesophyll), as well as plasmodes-
mata in heterologous tissues (tobacco mesophyll), a
similar heterologous system was employed for the
present studies.

Introduction of FITC-RPP13-1 into tobacco meso-
phyll cells resulted in the spread of fluorescence from the
injected cell into the neighboring cells within less than
one min. In Fig. 2A we present a typical example from
such a microinjection experiment in which the fluores-
cence associated with FITC-RPP13-1 can be seen within
the surrounding mesophyll cells. We next injected an
evolutionary homolog of RPP13-1, namely TRX from
E. coli. In all cases, the FITC-labeled TRX from E. coli
failed to move out of the injected cell (Fig. 2B; Table 1).
Given that both proteins were prepared using identical
procedures, the inability of E. coli FITC-TRX to move
from cell to cell confirms that the observed spread of
fluorescence in FITC-RPP13-1 injections reflects bone
fide movement-dependent properties associated with this
rice phloem protein. It is also important to stress that,
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Fig. 1A-F. Presence of mRNA encoding RPPI3-1 in companion
cells of mature phloem within the leaf sheath and stem tissues of rice
(Oriza sativa L.). In-situ hybridizations performed on rice leaf sheath
(A, B, E) and stem (C, D, F) cross-sections. Tissues were hybridized
with digoxigenin-labeled antisense (A, C, E, F) or sense (B, D)
riboprobes generated from RPP13-1 cDNA. Note the presence of
strong hybridization signal associated with the companion cells (CC)
located in the leaf sheath (A, E) and stem (C, F) phloem and the
absence of label in the sense controls (B, D). STM, sieve tube member.
Bars = 20 pm

prior to injecting either FITC-RPP13-1 or E. coli FITC-
TRX, the injection solutions were first analyzed to
establish the purity of the protein and to confirm that
these preparations were indeed free of unincorporated
FITC molecules (Fig. 3).

The frequency with which microinjected FITC-
RPP13-1 moved in this heterologous tissue (65%;
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Table 1) was lower than that observed for FITC-
KNOTTEDI injected into similar tobacco mesophyll
cells (88%, Lucas et al. 1995). Control experiments
performed with the small, membrane-impermeable
fluorescent probe, LYCH, indicated that these meso-
phyll plasmodesmata were not affected by tissue
preparation, as cell-to-cell movement of dye occurred
in almost every case (Tables 1, 2). Experiments per-
formed with FITC-labeled movement protein of tobac-
co mosaic virus (TMV-MP) provided an internal
standard for the expected efficiency of cell-to-cell
movement in this plant tissue. In these experiments
the TMV-MP moved in 90% of the injection experi-
ments (Table 1).

In the process of cell-to-cell movement, all viral
movement proteins tested thus far (in mesophyll micro-
injection experiments), as well as KNOTTEDI, induce
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Fig. 2A-F. Cell-to-cell movement of FITC-labeled RPP13-1 and its effect on plasmodesmal SEL in tobacco mesophyll cells. Wild-type and
mutant (MT1, MT9) forms of RPP13-1 were expressed in E. coli and extracted, purified, proteins were labeled with FITC prior to being used in
microinjection studies. Shortly after being pressure-injected into a mesophyll cell, FITC-RPP13-1 moved into surrounding cells as indicated by
false-color images obtained with an Hamamatsu model C1966-20 analytical system (background was black, and white represented the highest
intensity employed; see color bar in F.) All images presented were collected 5 min after microinjection into a target cell (identified by an arrow). A
Microinjection of FITC-RPP13-1 into tobacco mesophyll cell. B Escherichia coli FITC-TRX failed to move from the target cell. C, D Co-injection
of unlabeled RPP13-1 and 9.4- and 20-kDa FITC-dextran, respectively, into a tobacco mesophyll cell. E Cell-to-cell movement of FITC-RPP13-1
MT9. F Containment of FITC-RPP13-1 MT1 within mesophyll cell. Bar = 50 um (common for A-F)
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Table 1. Rice phloem protein 13-1 interacts with plasmodesmata
to increase the SEL of tobacco mesophyll cells and potentiates its
own cell-to-cell transport. RPP13-1 was overexpressed in E. coli (as
a fusion to a maltose-binding protein), extracted from inclusion
bodies, purified and conjugated to fluorescein isothiocyanate
(FITC-RPP13-1) as described in Materials and methods prior to use
in microinjection experiments performed on tobacco mesophyll
cells. Fluorescent images were detected and recorded using a Ha-
mamatsu model C1966-20 analytical system

Injected material Microinjections
Total (N) Movement?*
(N [%])
LYCH" 20 19 (95%)
9.4-kDa FITC-dextran 20 1 (5%)
FITC-RPP13-1 20 13 (65%)
E. coli FITC-TRX 15 0 (0%)
RPPI13-1 + 9.4-kDa 24 13 (54%)
FITC-dextran
RPP13-1 + 20-kDa 20 2 (10%)
FITC-dextran
TMV FITC-MP 10 9 (90%)

“Number of injections and percent of total injections in which the
fluorescently labeled probe moved from the injected cell into the
surrounding mesophyll tissue

At the commencement of each experiment, the status of plasmo-
desmata within the tobacco mesophyll was tested with LYCH and
9.4-kDa FITC-dextran

an increase in plasmodesmal SEL (Lucas and Gilbertson
1994; Mezitt and Lucas 1996). As expected, when
9.4-kDa FITC-dextran was microinjected on its own
into mesophyll cells, fluorescence remained within the
injected cell (Table 1). However, co-injection of this 9.4-
kDa FITC-dextran with unlabeled RPP13-1 resulted in
the movement of fluorescence from the injected cell into
the surrounding mesophyll (Fig. 2C). The increase in
plasmodesmal SEL induced by RPP13-1 was found to be
greater than 10 kDa but less than 20 kDa, as co-
injection of RPP13-1 and 20-kDa FITC-dextran did
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Fig. 3A,B. Analysis of FITC-labeled RPP13-1 and E. coli TRX by
SDS-PAGE. Both FITC-RPP13-1 and bacterial FITC-TRX were
prepared as described in Materials and methods prior to being
analyzed on a 15% SDS-polyacrylamide gel. Equal quantities (3 pg)
of RPP13-1 and E. coli TRX were loaded onto the gels. Protein
molecular-weight markers are indicated to the left. A Gel image
visualized by Coomassie Blue staining. B Gel image visualized using a
UV-transilluminater. Lanes are as follows: /, undialyzed FITC-
RPP13-1; 2, undialyzed E. coli FITC-TRX; 3, dialyzed FITC-RPP13-
1; 4, dialyzed E. coli FITC-TRX

not result in the spread of fluorescence from the injected
mesophyll cell (Fig. 2D, Table 1).

Analysis of RPPI13-1 mutant proteins. To analyze the
structural aspects of the RPP13-1 required for plasm-
odesmal trafficking, a number of mutations were engi-
neered in this rice phloem protein. In comparison with
E. coli TRX, RPP13-1 contains additional amino acids
at both its N- and C-termini (Fig. 4). To test whether the
additional amino acid residues on RPP13-1 are involved
in forming a structural motif that permits cell-to-cell
movement of this protein, RPPI13-1 mutants were
engineered in which five and seven amino acid residues
were deleted from the N- and C-terminus, respectively.
In addition, using site-directed mutagenesis, seven
alanine scanning mutants were also engineered for

Table 2. Ability of RPP13-1 mutants to
traffic cell to cell through tobacco
mesophyll tissue

Injected material®

LYCH

9.4-kDa FITC-dextran

FITC-RPP13-1

FITC-RPP13-1 MT1¢

FITC-RPP13-1 MT2
FITC-RPP13-1 MT3
FITC-RPP13-1 MT4
FITC-RPP13-1 MT5
FITC-RPP13-1 MT6
FITC-RPP13-1 MT7
FITC-RPP13-1 MT8
FITC-RPP13-1 MT9

Microinjections Extent of movement®
Total (N) Movement® (N [%])

59 59 (100%) ++ +

54 0 (0%) -

66 41 (62%) Fot++
20 0 (0%) -

21 7 (33%) +o+++
19 8 (42%) o+t +
20 8 (40%) +—-+++
22 8 (36%) +o+++
20 10 (50%) +—=+++
20 6 (30%) +—=+++
20 2 (10%) +

20 8 (40%) +—+++

“Experimental details as in Table 1

*Number of injections and percent of total injections in which the fluorescently labeled probe
moved from the injected cell into the surrounding mesophyll tissue

“Extent of cell-to-cell movement for the various probes was as follows:- no movement out of
the injected mesophyll cell; + movement restricted to neighboring cells; + + + extensive
movement throughout the field of view (approx. 30 cells)

9Details on the amino acid changes engineered for each RPP13-1 mutant are given in Fig. 4
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experimental testing. The sites of the engineered muta-
tions within the RPPI3-1 gene are indicated in Fig. 4.
Microinjection experiments performed using the
RPP13-1 mutant MT1, in which the N-terminal 5 amino
acids had been deleted, indicated that this protein was
incapable of moving from cell to cell (Fig. 2F, Table 2).
Interestingly, the C-terminal seven-amino-acid deletion
form of the RPP13-1 (MT9) was still capable of moving
through mesophyll plasmodesmata (Fig. 2E), albeit at a
reduced level of efficiency (Table 2).

Microinjection experiments performed on the seven
RPP13-1 alanine scanning mutants (MT2-MT8) re-
vealed that all but one (MTS) retained the capacity to
interact with tobacco mesophyll plasmodesmata to
mediate their own cell-to-cell transport (Table 2). The
only detectable difference between wild-type protein and
these mutant forms of the RPP13-1 was in the efficiency
of movement out of the injected cell; for the mutant
proteins, this ranged from 30 to 50% in comparison with
62% for wild-type RPP13-1. As indicated by the data
presented in Table 2, when they did move from the
injected cell into the surrounding tissue, the extent of
movement of alanine scanning mutants MT2-MT7 was
similar to that observed for wild-type RPP13-1.

Influence of mutations on the predicted crystal structure of
RPPI3-1. Mutations engineered within RPP13-1 could
influence its capacity to move from cell to cell by
deleting/altering residues essential for binding to cellular
components involved in delivery and/or transport
through plasmodesmata. Alternatively, such mutations

v FDSHE A
Tom e e Fspki1 THLTDES/FDED VL K@D G
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Fig. 4. Comparison of the predict-
ed amino acid sequence for the
protein encoded by cRPP13-1
(RPP13-1) and other TRXs. Se-
quences were aligned using the
pileup program, Wisconsin package
version 9.0, Genetics Computer
9 Group (Madison Wis., USA). Ar-
04 abidopsis h (Rivera-Madrid et al.
;3 1995), tobacco h1 (Marty and
a1 Meyer 1991), tobacco h2 (Brugidou
et al. 1993), Chlamydomonas h
MT6 (Stein et al. 1995), human ¢ (Qin et
al. 1994), pea f (Lepiniec et al. 1992)
and m (Lopez-Jaramillo et al. 1994)
— note sequences for f and m were
truncated to conserve space, yeast 1
(Gan 1991), E. coli (Holmgren
1985; Katti et al. 1990; Jeng et al.
1994). Shaded boxes highlight those
residues that have similarity or
identity with RPP13-1, based on the
PAM250 Dayhoff matrix. RPP13-1
deletion and alanine scanning mu-
tants generated to identify protein
domains required for RPP13-1-
plasmodesmal interaction are indi-
cated by horizontal boxes, with the
assigned number of each mutant
indicated above the site. Deletion
mutants were generated by the
removal of the residues located
below the boxed regions

could significantly alter the tertiary structure of RPP13-1
thereby rendering it inactive. As RPP13-1 MTI and
MTS8 were unable to move out of the injected cell, we
used the BLASTP and ProMod programs to explore the
likely influence of these changes on the overall predicted
structure of RPP13-1. For these studies, three TRXs
(human, Chlamydomonas and E. coli) having the highest
level of sequence identity to RPP13-1 (see Fig. 4) and for
which known crystal structures are available were used
as a foundation for the construction of homologous
RPP13-1 crystals.

Based on our structural prediction analyses, deletion
of the N-terminal five residues from RPP13-1 (MT1)
would have had little influence over the backbone
structure of the protein (Fig. 5SA). Note that the
predicted locations of the active-site cysteines in the
wild-type and the MT1 form of RPP13-1 were identical.
Furthermore, biochemical studies performed with wild-
type and mutant forms of RPP13-1 confirmed their
dithiol reductase activity, in that they were able to
catalyze the reduction of insulin disulfide (data not
shown). Thus, the important structural difference be-
tween these two proteins appears to be that the
N-terminus of MT1 does not project into the interior
of the protein and, probably more importantly, the two
charged residues (Glus-Glus) that are predicted to
project out from the surface of the wild-type protein
(see also Fig. 5C) are absent in the RPPI13-1 MTI1
mutant protein. Note also that the MT1 N-terminal
residues (Gly;-Val,) do not project out from the surface
of the protein and, in this configuration, the protein was
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Fig. 5A-D. Predicted ribbon structures for wild-type (C, red) and
mutant (A, B, D, yellow) forms of RPP13-1. Alanine replacements are
shown in light blue, the active-site cysteines are shown in yellow ball
and stick. Mutant structures are shown overlaying the wild-type
structure in A, B and D and coincident residues appear copper in
color. A Residues Gluy-Glus of wild-type RPP13-1 depicted in red ball
and stick, whereas RPP13-1 MT1 N-terminal residues 1-2 (i.e., wild-
type residues Glyg-Val;) are depicted in light-blue ball and stick.
B Residues Alag-Alas of RPP13-1 MT?2 are depicted in light-blue ball
and stick. C A rotated view of RPP13-1 showing ribbon structure with
residues Glug-Glus and Argjgi-Lys;02-Aspioz-Aspios depicted in red
ball and stick. D Wild-type residues Glug-Glus and MT8 residues
Ala|01-A1a102-A13103-Ala|04 depicted in red and llght—blue ball and
stick, respectively. Predicted position of N- and C-termini indicated by
white darts and location of alpha helices by H; to Hy. (See text for
details relating to methods and programs used to generate these
predicted structures.)

unable to mediate its own cell-to-cell transport through
plasmodesmata. Replacement of Gluy-Glus with Alay-
Alas also appeared to cause little modification to the
backbone structure of RPP13-1 (Fig. 5B; MT2). The
presence of these alanine residues on the surface of the
protein appeared to potentiate a limited interaction
between RPP13-1 MT2 and plasmodesmata (Table 2).
These analyses support the hypothesis that the structural
motif located in the N-terminus (presumably centred on
residues Gluy-Glus) of the wild-type RPP13-1 is neces-
sary, but not sufficient, for transport through mesophyll
plasmodesmata.
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Microinjection experiments established that the MT8
form of RPP13-1 was also dysfunctional in terms of
mediating its own cell-to-cell transport (Table 2). Here
the substitution of the surface charge cluster (Argig-
Lys102-Aspi1o3-Aspios) With Alajgi-Alajor-Alajs-Alajos
similarly had little or no influence on the predicted
tertiary structure of RPP13-1 (Fig. 5D). Thus, it would
appear that two clusters of charged residues, Glus-Glus
and Argio;-Lysiox-Aspioz-Aspios4, predicted to project
from the surface of RPP13-1, function in some way to
mediate in the binding and/or transport of this protein
through mesophyll and, presumably, companion cell-
sieve tube complex plasmodesmata.

Discussion

In higher plants, enucleate sieve-tube members establish
the conduit for long-distance translocation of photosyn-
thate, amino acids and mineral nutrients. Although the
longevity of an individual sieve tube can vary, they
appear to remain functional for many weeks. In the
absence of nuclei within individual sieve-tube members,
the responsibility for cellular maintenance may have
been transferred to neighboring companion cells (Raven
1991). If this were the case, expression of specific genes
within individual companion cells should give rise to the
presence of the encoded protein within the sieve tube



20

(member), via protein transport through the intercon-
necting plasmodesmata.

The results of the present study provide strong
support for this concept. First, we show that the
RPPI3-1 mRNA, encoding a rice TRX h, is localized
to companion cells of the mature phloem located within
the rice leaf sheath and stem. Second, phloem sap
extracted from this same region of the plant was shown
previously to contain a number of proteins, including
RPP13-1 (Nakamura et al. 1993; Ishiwatari et al. 1995).
Third, although we could not conduct experiments on
rice companion cells, our microinjection experiments did
establish that RPP13-1 has the capacity to interact with
tobacco mesophyll plasmodesmata to induce an increase
in SEL and mediate its own transport from cell to cell.
The inability of E. coli TRX, an evolutionary homolog,
to display these plasmodesmal-specific properties, as well
as the loss of function associated with two mutant forms
of RPP13-1, is consistent with the hypothesis that unique
structural motifs are required for the observed protein
trafficking through tobacco mesophyll plasmodesmata.
Clearly, these studies can only provide indirect support
for the hypothesis that RPP13-1 has the capacity to
traffic, via plasmodesmata, from the rice companion cell
into the sieve-tube member. At this point we should also
stress that the plasmodesmata of companion cells and
sieve-tube members may exhibit special characteristics
that are absent from tobacco mesophyll plasmodesmata.

Studies performed on the phloem of wheat (Fisher
et al. 1992), rice (Nakamura et al. 1993), curcurbits
(Bostwick et al. 1992) and Ricinus communis (Sakuth
et al. 1993; Schobert et al. 1995) now provide irrefutable
evidence that the translocation stream (sieve-tube sap)
contains a large number of proteins. Whether each
individual protein has the capacity to interact with
companion cell-sieve tube complex plasmodesmata, to
gain entry into the phloem translocation stream, has yet
to be determined. As RPP13-1 was able to interact with
and traffic through tobacco mesophyll plasmodesmata,
it is possible that such supracellular transport is
controlled at several levels. Proteins that have the
capacity to traffic through plasmodesmata (proteins
within the phloem sap, specific plant transcription
factors and viral movement proteins) may contain a
common motif essential for actual transport through the
plasmodesmal micro-channels. Additional cell-specific
factors appear to be involved in regulating (inhibiting or
facilitating) protein trafficking through specific plas-
modesmata (Mezitt and Lucas 1996).

Rice companion-cell-specific factors are unlikely to be
present within tobacco mesophyll cells, which could
account for our finding that the RPP13-1 was not as
efficient as the tobacco mosaic virus movement protein
(TMV-MP) in terms of its transport through tobacco
mesophyll plasmodesmata. Possible insight into the
nature of these regulatory elements can be gained from
a recent study in which the genes encoding two TRX h-
like proteins were isolated. The yeast two-hybrid system
was employed to show that these TRX-like proteins
specifically interacted with the protein kinase domain of
the S-locus receptor kinase (Bower et al. 1996). Thus, it
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is possible that a motif on the RPP13-1 might interact
with a specific protein kinase(s) that regulates, for
example, the SEL of plasmodesmata. This regulatory
aspect of companion cell-sieve tube complex plasm-
odesmal function will be addressed in future studies.

The [*°S]-methionine-labeling studies performed on
wheat (Fisher et al. 1992) established that protein
transport through the companion cell-sieve tube complex
plasmodesmata can occur in both directions, in that 33S-
labeled proteins were detected in the companion cells
downstream of the site of phloem loading. At present
there is little information available as to the mechanism by
which proteins within the translocation stream are trans-
ported into the companion cells. The presence, within the
phloem sap, of ubiquitin, chaperones (Schobert et al.
1995) and protein kinases (Nakamura et al. 1993, 1996)
indicates that protein phosphorylation and chaperones
may be involved in this process. In this regard, it is worth
noting that a kinase associated with tobacco mesophyll
secondary plasmodesmata can phosphorylate the TMV-
MP (Citovsky et al. 1993). However, the effect of this
phosphorylation on the capacity of the TMV-MP to
mediate its cell-to-cell transport has yet to be determined.

It was fortuitous that RPP13-1 was a member of the
TRX gene family, as the three-dimensional structure of
this protein has been well characterized (Holmgren,
1985). The three-dimensional structures of E. coli,
Chlamydomonas and human TRXs have been deter-
mined using X-ray diffraction and nuclear-magnetic-
resonance techniques (Katti et al. 1990; Jeng et al. 1994;
Qin et al. 1994; Stein et al. 1995; Weichsel et al. 1996;
Mittard et al. 1997). Our structure-prediction studies
indicated that, as expected, RPP13-1 appears to contain
all of the structural elements identified in the bacterial,
algal and human TRXs (Fig. 5). Thus, RPP13-1 appears
to be a model protein for exploring the structural motifs
required for plasmodesmal transport. The sequence
comparisons presented in Fig. 4 indicate the close
evolutionary relationship between RPP13-1 and TRX
genes cloned from Arabidopsis, tobacco and Chlamydo-
monas (Brugidou et al. 1993; Rivera-Madrid et al. 1995;
Stein et al. 1995). The cytoplasmic TRX of Chlamydo-
monas would not be expected to possess the structural
motifs required for cell-to-cell trafficking, as this alga
is unicellular in form. On this same note, the f and m
forms of the pea chloroplast TRX (Lepiniec et al. 1992;
Lopez-Jaramillo et al. 1994), containing the expected
N-terminal transit-peptide sequences for import into this
organelle, display a similar level of sequence divergence
in the MT1 and MTS regions of the protein.

It is interesting to note that the five N-terminal
residues shown to be important in RPP13-1 cell-to-cell
transport are absent from the cytoplasmic TRX of
Chlamydomonas. Furthermore, there is also sequence
divergence in the essential MT8 region of RPP13-1 and
the Chlamydomonas TRX. Interestingly, these residues
are conserved in the Arabidopsis and tobacco TRX
sequences, indicating that these plant proteins may also
have the capacity to traffic from cell to cell through
plasmodesmata. Future microinjection experiments with
these proteins will be performed to test this prediction.
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In addition, molecular manipulation of the Chlamydo-
monas TRX, in combination with microinjection exper-
iments will provide a direct test for the involvement of
the MT1 and MTS8 regions of RPP13-1 in mediating
protein trafficking through plasmodesmata. Ultimately,
it should be possible to transfer the required plasm-
odesmal trafficking motifs to the chloroplastic f amd m
forms of TRX to redirect them for cell-to-cell trafficking
rather than import into the chloroplast. (Presumably this
would require the removal of the N-terminal TRX m/f
transit peptide sequences.)

Studies on TRXs in animals and bacteria indicate
that these proteins normally act as general disulfide
reductases (Holmgren 1985) and they can regenerate
proteins that have been inactivated by oxidative stress
in vivo (Fernando et al. 1992) or in vitro (Pigiet and
Schuster 1986). The phloem TRX of rice may carry out
similar, essential, functions within the sieve tube. In
addition, these sieve-tube disulfide reductases may also
be involved in regulating ion channel and transporter
(sucrose and amino acid) activity across the sieve-tube
plasma membrane. Finally, as RPP13-1 moves with the
rice phloem translocation stream, we should not over-
look the possibility that it, and any of the other 100 or
more phloem proteins, may function as a long-distance
signaling molecule.
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