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Preface 

Growth and development of plants are controlled by various environmental 
cues that are sensed by the plant via various signal transduction pathways 
coupled to specific responses. The complexities of these pathways have begun 
to unfold as many genes have been identified and some of them isolated and 
characterized in recent years. Some of these pathways are conserved from 
yeast to plants, being regulated by various kinases and phosphatases. In addi
tion, plants have many unique pathways that transduce specific signals such as 
light, phytohormones, and oligosaccharides. The latter act as elicitors of patho
genic responses or inducers of new organs such as flower and root nodules. 
This group of signal molecules are unique as they not only act as mitogenic 
regulators to initiate cell division but also control full organ formation and 
thus should be considered as morphogens. This suggests that plants have 
evolved some unique receptors and signal transduction pathways which allows 
these organisms to respond to specific stimuli from the environment or plant 
pathogens and symbionts. 

This volume highlights some of the examples of the plant signal transduc
tion machinery, opening new vistas in research on plant growth and develop
ment. This field of research is rapidly moving forward and many new insights 
are being revealed. The new technologies including the use of bacteria, yeast, 
and Arabidopsis as functional complementation systems are providing proof of 
function of many of the proteins that show homology to those from other 
organisms. Several new frontiers remain to be crossed in this field that may 
require development of new tools. For example, understanding of plant 
embryogenesis, organogenesis, flower initiation, and defense mechanisms 
cannot be studied in heterologous systems. Moreover, many basic processes in 
plants such as cytokinesis, cell wall formation, and lignification require further 
attention in light of the basic architecture of plants. These studies will eventu
ally lead to the improvement of crops and the use of plants as new resources 
for producing desirable products to meet the growing needs of mankind. 

Desh Pal S. Verma 
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I. Introduction 

Living organisms have evolved various mechanisms for the modulation of 
specific cellular or metabolic processes in response to specific extracellular 
signals. These regulatory mechanisms generally involve a cascade of biochem
ical events called signal transduction pathways. Based on a number of well
characterized signal transduction pathways in animal systems, a paradigm of 
signaling mechanisms primarily consisting of transmembrane receptors, GTP

binding proteins, second messengers, and protein kinases has been established. 
Signal transduction pathways conforming to this paradigm are found in 
various eukaryotes as diverse as fungi and mammals. The conservation of 
these mechanisms raises the possibility that signal transduction pathways in 
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plants may also follow this signaling paradigm. Indeed, recent studies using 
biochemical, molecular and genetic approaches have revealed the existence 
and physiological function of many conserved signaling proteins in plants. The 
genetic approach has also led to the discovery of several novel plant regulatory 
proteins. The purpose of this chapter is to provide a comprehensive review on 
structure and function of both conserved and novel plant signaling proteins 
with emphasis on their role in signal transduction controlling specific develop
mental processes in plants. This review is not intended to be exhaustive but 
rather to reflect the major themes of the exciting research in the area of plant 
signal transduction. 

D. Signal Transduction Paradigm 

Most of our knowledge of the mechanism for cellular communication comes 
from studies using animal model systems such as C. elegans, Drosophila, 
Xenopus oocytes and mammalian cell lines. The intricate cellular communica
tion in animals involves numerous kinds of signals, including peptidyl hor
mones, soluble small molecules, gaseous chemicals, steroids and other lipids, 
extracellular matrix, and physical factors such as light and temperature. In 
spite of the diversity of stimuli and corresponding responses, most well
studied signal transduction pathways are consistent with a paradigm as illus
trated in Fig. 1. Upon stimulation by an extracellular signal, a plasma 
membrane receptor activates a GTP-binding protein. The GTP-binding protein, 
existing as two interchangeable conformational states (GOP- and GTP-bound), 
serves as a molecular switch controlling the signal transduction pathway. It is 
turned on when the bound GOP is replaced with GTP and off when the bound 
GTP is hydrolyzed back to GOP by the intrinsic GTPase activity. The activated 
GTP-binding protein either directly regulates a cascade of protein kinases or 
indirectly modulates the activity of second messenger-dependent protein 
kinases. The latter involves one or more effectors of GTP-binding proteins, 
which typically is an enzyme responsible for the generation of second messen
gers. The protein kinases alter the phosphorylation status of a specific set of 
proteins such as transcriptional factors leading to specific changes in gene 
expression, metabolic and/or cellular processes. 

Two best-characterized families of transmembrane receptors are transmem
brane receptor kinases (TRKS) with a single transmembrane domain and an 
intracellular tyrosine kinase domain and G protein-coupled receptors (GCRS) 
that typically contain seven transmembrane domains but no kinase domain. 
GCRS directly modulate the heterotrimeric GTP-binding protein (commonly 
called G protein) composed of a, ~, and 'Y subunits. The a subunit of G protein 
directly interacts with the receptor and contains GTP/GOP binding and GTPaSe 
activities (Hepler and Gilman, 1992). These activities are regulated by its 
interaction with the receptor as well as with ~ and 'Y subunits. The het
erotrimeric G protein complex is inactive; its interaction with the receptor 
releases ~ and 'Y subunits from the a subunit, which in turn activates the 
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Fig. 1. Signal transduction paradigm. Schematical presentation of a general pattern of most 
signal transduction pathways found in animal and fungal systems. An extracellular signal (S) 
binds to a transmembrane receptor (R), which in turn activates a GTP-binding protein (A). The 
GTP-binding protein either regulates a cascade of protein kinases (B' -D') or a G protein effector 
(B) leading to changes in levels of intracellular signals called second messengers (C). The 
second messenger is required for the activity of specific protein kinases (D). The protein kinases 
are responsible for the modulation of distinct regulators (E) controlling transcription and 

translation of specific proteins, cytoskeletal structures, and metabolic activities 

G protein effector. Thus, the specificity of G protein activation and effector reg
ulation primarily resides in the a. subunit, consistent with the existence of a 
large family of diverse a. subunits. However, recent work demonstrates that 
there are also multiple forms of ~ and y subunits that may function to modulate 
the activity of effector proteins (Hepler and Gilman, 1992). Major G protein 
effectors include ion channels, phospholipases, and enzymes involved in the 
metabolism of cyclic nucleotides. The effectors are responsible for the regula
tion of intracellular concentration of second messengers including CAMP, CGMP, 
DAG, IP3, and Ca++. These second messengers then modulate the activity of 
specific protein kinases or phosphatases known as second messenger-depen
dent protein kinases or phosphatases. 

TRKS often modulate the activity of the monomeric small GTP-binding 
protein called Ras. Ras is biochemically and structurally similar to the a. 
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MAP kinase cascade 

Fig. 2. Regulation of the Ras small GTP-binding protein by receptor tyrosine kinase. Binding of 
ligand (e.g., EGF, epidermal growth factor) to a tyrosine kinase receptor induces autophosphory
lation on a tyrosine residue. Binding of the complex of adaptor protein Grb2/Sos (Ras GTP/GDP 

exchanger) to the phosphotyrosine of the receptor results in the activation of Sos which replaces 
GDP on inactive Ras with GTP. Active Ras then turns on the MAP kinase cascade 

subunit of the heterotrimeric G protein. Compared to the a subunit, the activa
tion of the Ras small GTP-binding protein requires two additional factors, an 
adaptor (Grb2) and a GDP/GTP exchanger (also called Ras activator). The 
adaptor contains an SH2 domain that interacts with the auto-phosphorylated 
receptor and two SH3 domains that bind the GDP/GTP exchanger. This 
exchanger activates Ras by replacing bound GDP with GTP (Fig. 2). The intrin
sic GTPaSe activity in Ras is much weaker but can be activated by GTPaSe acti
vating proteins (GAP). In animal systems, activated Ras directly turns on a 
cascade of protein kinases, typically composed of MAP kinase kinase kinase, 
MAP kinase kinase, and MAP kinase or their respective homologs (see below for 
more details). In the budding yeast, however, Ras mediates the activity of 
adenylate cyclase. 

It should be pointed out that there are numerous signaling mechanisms that 
are exceptions to this paradigm. One extreme example is the signaling of 
steroid hormones. These hormones bind to intracellular receptors with a ligand 
binding domain and a transcriptional activation domain (Evans, 1988). Upon 
excitation, the receptor is translocated into the nucleus to directly regulate 
gene expression. Another example is the existence of alternative signaling 
pathways for the transmembrane receptors. The same tyrosine kinase receptors 
are also known to directly activate several other signaling proteins than Ras, 
including phospholipase C, phosphatidylinositol-3-kinase and phosphotyrosine 
phosphatase. This suggests that the TRK-mediated signaling is more compli
cated than just the linear Ras-modulated MAP kinase cascade. On the other 
hand, the MAP kinase cascade can also be mediated by other signalling proteins 
than Ras such as trimeric G proteins, protein kinase C and protein kinase A 
(Wilson, 1994). It is not uncommon that a specific signaling protein can 
mediate multiple signaling proteins and vice versa. More complexity of signal 
transduction mechanisms arises from the very key nature of signaling proteins 
per se-the ability to be down-regulated or negatively regulated. Protein 
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kinases that phosphorylate and thus inactivate receptors, GAPS that activate Ras 
GTPase, CAMP or CGMP phosphodiesterases that lower the level of CAMP or CGMP, 
and protein phosphatases that dephosphorylate protein kinases are just a few 
examples of such negative regulators. This complex nature of signaling mech
anisms provides opportunities for any given signal transduction pathway to 
cross-talk with other pathways. In conclusion, although the linear signal trans
duction pathway is the key to the specificity of stimUlus-response, there exist 
mechanisms required for networking between different signaling pathways. 

ill. Conserved Signaling Proteins in Plants 

In contrast to animal systems, signal transduction mechanisms in plants are 
poorly understood. No plant signaling pathway has been fully elucidated 
although increasing number of conserved signaling proteins have been 
identified in plants by various approaches. Based on the sequence conservation 
of their genes, many of these proteins have been identified by molecular strate
gies such as peR amplification and DNA hybridization with animal or yeast DNA 

probes. However, the function for most of the conserved proteins thus 
identified remains elusive. The second most common approach relies on the 
biochemical study of specific activities of conserved signaling proteins. This 
approach, usually involving the direct determination of enzymatic activities or 
the use of specific agonists or antagonists, has revealed important functions 
for several key signaling proteins such as G proteins and calmodulins. 
Unfortunately, this biochemical approach had also resulted in some controver
sial conclusions regarding the existence and the function of certain signaling 
proteins in plants. The controversy primarily arose from inability to link 
changes in activity to specific plant signal transduction pathways as well as 
from difficulty in purifying such proteins. Finally, recent advances in func
tional cloning of Arabidopsis genes involved in signal transduction have 
significantly contributed to the discovery of conserved signaling proteins in 
plants. This approach establishes the biological function of the gene products 
homologous to signaling proteins found in other systems, but the biochemical 
activity of many of these genes remains to be determined. This section focuses 
on the discussion of key conserved signal transducing proteins found in plants 
using these three different approaches. 

A. Plant Transmembrane Receptors 

Like animal cells, plant cellular communication involves numerous extracellu
lar signals such as growth regulators, light, peptides, gaseous chemicals, 
oligosaccharides, extracellular matrix, and mechanical stimuli. The molecular 
mechanism for the perception of most of these signals is poorly understood. 
Although considerable efforts have been devoted to the biochemical character
ization of the receptors for several growth hormones and fungal elicitors, the 
identity ofthese receptors is largely unknown (Estelle, 1992). Perhaps the only 
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well-established plant receptors are the photoreceptors, phytochromes (Bowler 
and Chua, 1994). The existence of the typical tyrosine receptor kinases and G 
protein-coupled receptors is still obscure in plants. Nonetheless, genes encod
ing putative receptors with structural features similar to the animal Serffhr 
receptor kinase and the prokaryotic two-component regulator have recently 
been cloned. 

1. Receptor-like SerfThr Kinases 

The first receptor-like Serffhr kinase (RLK) from plants, maize ZmPK1, was 
cloned by a peR strategy based on conserved protein kinase domains (Walker 
and Zhang, 1990). Subsequently, a number of genes encoding protein kinases 
with structures similar to ZmPK1 have been isolated (Chang etal., 1992; 
Goring and Rothstein, 1992; Stein etal., 1991; Tobias etal., 1992). Although 
overall sequence similarities among different RLKS can vary considerably, they 
share many topological features that are characteristic of transmembrane 
receptor kinases. First, all have an N-terrninal hydrophobic domain that is 
thought to function as signal peptide. Second, all RLKS contain a single 
internal putative transmembrane domain that is flanked by the N-terrninal 
extracellular domain and the C-terrninal cytoplasmic kinase domain. Third, the 
extracellular domain contains putative N-linked glycosylation sites like the 
extracellular domain of the animal kinase receptor. The glycosylation is 
thought to be important for ligand binding (Ulrich and Schlessinger, 1990). 
The extracellular domains of all plant RLKS can be classified into two groups, 
those that have similarity to SLG proteins involved in self-incompatibility and 
those that contain a leucine-rich repeat sequence (LRR). The sLG-homologous 
domain also contains a cysteine rich region possibly involved in the formation 
of secondary and tertiary structure required for ligand-binding. LRR are found 
in many proteins and play a central role in protein-protein interaction (Kobe 
and Deisenhofer, 1994). Thus, LRR may be involved in the oligomerization of 
receptor polypeptides, which is shown to be essential for ligand binding or 
receptor activation (Massagne etal., 1994; Ullrich and Schlessinger, 1990). 
Finally, they all have a cytoplasmic domain characteristic of Serffhr kinase. 
Sertrhr kinase activity has been demonstrated for most of the plant RLKS 

(Chang etal., 1992; Goring and Rothstein, 1992; Hom and Walker, 1994; Stein 
and Nasrallah, 1993). This kinase domain is reminiscent of the Sertrhr kinase 
domain of the animal TFG-~ receptors (X. Lin etal., 1991; Massague etal., 
1994). The animal receptor Serffhr kinases represent a growing family of 
kinase receptors that regulate many cellular processes including cell growth, 
differentiation, motility, organization, and death in diverse animals such as 
mammals, frogs and flies (Massague etal., 1994). 

Among all cloned RLKS, several are involved in self-incompatibility in 
Brassica. These RLKS originally called S-proteins are closely related to each 
other within both the SLG domain and the kinase domain (Nasrallah and 
Nasrallah, 1993). Mutations in these RLKS do not affect other aspects of growth 
and development, suggesting that the Brassica RLKS have evolved specific 
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function in the control of self-incompatibility. Consistent with their function, 
they are specifically expressed in stigma and pollen. Physiological function of 
other RLKS is not clear. Three Arabidopsis RLKS ARK 1 , ARK2, and ARK3 
share striking sequence homology with S-proteins, but obviously have no self
incompatibility function since a self-incompatibility system does not exist in 
this plant. Promoter:GUS fusion expression indicates that ARK2 is exclusively 
expressed in above-ground tissues (cotyledons, leaves, and sepals) while 
ARK3 expression is limited to small groups of cells in the root-hypocotyl tran
sition zone and at the base of lateral roots, auxiliary buds and pedicels (Dwyer 
etal., 1994). Two other Arabiodopsis RLKS (RLKI and RLK4) related to SLGS 
show distinct expression patterns (Walker, 1993), RLKI is specifically 
expressed in rosette leaves while expression levels for RLK4 are much higher 
in roots than in rosettes leaves. Two Arabidopsis RLKS (TMKI and RLK5) 
with LRR sequences do not seem to have differential expression in different 
organs (Chang eta!., 1992; Walker, 1993). The multiplicity, diversity and 
complex expression pattern of RLK genes suggest that members of the RLK 
family have diverse cellular functions. 

The structural features described above suggest that the plant RLKS are 
involved in perception and transmission of extracellular signal but their 
specific function in signal transduction pathways has not been elucidated. 
Especially, lack of knowledge of the nature of ligands for these RLKS renders 
the study of their function in signal transduction particularly difficult. Self
incompatibility may provide a useful assay system for the identification of 
ligands involved in the activation of SLG receptor kinases. The presence of LRR 
sequence in the extracellular domain suggests that RLKS may function as 
dimers or oligomers. The animal TGF-~ receptors are able to bind ligands as 
monomers but require heterodimer or heteromultimers for receptor activation. 
Molecular cloning of genes based on protein-protein interaction is a powerful 
technique for identifying signaling proteins and may be useful for identifying 
peptide ligands and downstream components of RLK-mediated signal transduc
tion pathways. Recently, a type 2C protein phosphatase (KAPP) interacting with 
RLK5 has been cloned by screening an E. coli expression CDNA library using 
32P-Iabeled RLK5 kinase domain fused to glutathione-S-transferase (Stone 
etal., 1994). Whether this is a downstream component or an enzyme that 
desensitizes the receptor remains to be determined. It appears that the mecha
nism for activating downstream component of the TGF-~ receptors is different 
from that for tyrosine kinase receptors (Massague eta!., 1994; Wieser eta!., 
1993). The cytoplasmic Serffhr kinase activity is required for signaling of the 
TGF-~ receptors, but no substrates of these Serffhr kinases have been identified 
(Massague eta!., 1994; Wieser eta!., 1993). Interestingly, KAPP has been 
shown to be phosphorylated by RLK5 although the physiological significance 
of this phosphorylation is not clear (Stone eta!., 1994). Further studies of the 
RLK5-interacting protein phosphatase may provide important insight into the 
mechanism for the action of Serffhr receptor kinases. 
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2. A Two-Component Sensing System in Plants 

Arabidopsis ETR1 protein involved in early steps of ethylene signal transduc
tion resembles the bacterial two-component system (Chang etal., 1993). The 
two-component system, composed of a transmembrane sensor protein and a 
response regulator, is responsible for regulating adaptive responses to environ
mental and nutritional cues in prokaryotes. The sensor protein has topology 
analogous to the eukaryotic transmembrane receptor kinase in that it has an N
terminal variable sensor domain situated in periplasmic space and a cytoplas
mic histidine kinase domain. Instead of a single transmembrane domain, the 
bacterial sensor protein has two transmembrane domains flanking the sensor 
domain. Activation of sensor domain leads to the autophosphorylation of histi
dine residue on kinase domain, which in tum activates the regulator protein by 
phosphorylation of a conserved asparate residue within the regulator. In 
several instances, the sensor and the regulator are contained in a single 
polypeptide (see references in Chang et al., 1993). The deduced protein 
sequence of the ETR1 gene cloned by chromosome walking has primary 
sequence and topology similar to the single polypeptide two-component 
system (Chang etal., 1993). ETR1 protein contains a variable N-terminal 
domain that has no apparent sequence similarity to any known proteins and 
might be involved in ethylene perception. This is followed by one or more 
potential transmembrane domains, a cytoplasmic histidine kinase-like domain 
and a C-terminal regulator-like domain. The putative kinase domain has 
5 motifs including a histidine phosphorylation site that are characteristic of the 
bacterial histidine kinase domain. The putative regulator domain has all criti
cal conserved residues including an aspartate residue (site of phosphorylation) 
and predicted three dimensional structure found in the bacterial regulator 
domain (Chang etal., 1993). Because of the topological similarity to the two
component regulator and of the involvement in early steps of ethylene signal 
transduction, it was suggested that ETR1 protein might be an ethylene receptor 
(Chang etal., .1993). Although this is an intriguing possibility, there is no 
direct evidence for its function as a receptor. Further studies on its biochemical 
and structural properties and downstream effector protein are necessary to 
assess the biochemical role of ETR1 in ethylene signal transduction. 

B. GTP-binding Proteins 

GTP-binding proteins belong to a large group of structurally related but func
tionally versatile regulatory proteins that are involved in virtually every key 
cellular process in eukaryotes. One of the most conspicuous functions of GTP
binding proteins is to serve as molecular switch in the signal transduction 
pathway. The role of both heterotrirneric G proteins and small GTP-binding pro
teins in signal transduction has been demonstrated essentially in all eukaryotic 
organisms studied including fungi, slime molds, worms, flies, frogs and 
mammals. There is a growing body of evidence that GTP-binding proteins are 
also key players in many signal transduction pathways in plants. Recently, 
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genes encoding both groups of GTP-binding proteins have been identified in 
plants. 

1. Heterotrimeric G Proteins 

Biochemical evidence for role in signal transduction. Studies involving 
G protein agonists or antagonists indicate that G proteins are involved in light 
signal transduction (Neuhaus etaL, 1993; Romero and Lam, 1993; Warpeha 
etal., 1991) and the regulation of K+ channel opening (Farley-Grenot and 
Assmann, 1991; Li and Assmann, 1993) in plant cells. Understanding of the 
physiological role of G proteins in animal cells is facilitated by two bacterial 
toxins, cholera and pertussis toxins, that act as specific G protein agonist and 
antagonist, respectively. Cholera toxin ADP-ribosylates a cysteine residue of 
GTp-bound a subunit locking G protein in active state while pertussis toxin 
ADP-ribosylates an arginine residue of GDP-bound a subunit locking it in inac
tive state. Using isolated guard cell protoplasts and patch clamp techniques, 
Farley-Grenot and Assmann (1991) showed that G protein agonists (cholera 
toxin and GTpYS) decrease inward K+ current in the protoplasts, suggesting 
G protein modulates the reduction of guard cell K+ uptake and stomatal closure 
mediated by abscissic acid. 

Several studies have implicated G protein involvement in light signal trans
duction (Neuhaus etaL, 1993; Romero and Lam, 1993; Warpeha etal., 1991). 
A blue light-regulated G protein activity was observed on the plasma mem
brane isolated from apical buds of dark grown pea seedlings (Warpeha etaL, 
1991). A 40 kDa polypeptide of an a subunit of G protein in the membrane 
fraction was ADP-ribosylated by cholera toxin only in the excited state (i.e., in 
the presence of both GTP and blue light) but by pertussis toxin in absence of 
GTP and blue light. Photoaffinity labeling of this polypeptide by a nonhydrolyz
able GTP analog was also regulated by blue light. These results indicate that the 
40kDa polypeptide is the a subunit of the blue light-mediated G protein asso
ciated with the plasma membrane (Warpeha etal., 1991). Blue light activation 
of the G protein in isolated membrane system implies that the membrane frac
tion contains both blue light receptor and G protein, thus suggesting that the 
G protein might be regulated through a G protein-coupled receptor. 

Using microinjection techniques, Neuhaus et aL (1993) show that G protein 
antagonists (GDPPS and pertussis toxin) inhibit phytochrome A-mediated 
responses including activation of photoregulated gene expression, chloroplast 
development and anthocyanin biosynthesis in wild type tomato cells. Injection 
of agonists (cholera toxin, GTP')'S, and GMP-PNP) into phytochrome A-deficient 
tomato cells restore all these phytochrome A-mediated responses, as does 
the introduction of tomato phyA protein. However, Ca++ or calmodulin only 
partially rescues phyA- phenotypes by stimulating photoregulated gene ex
pression and partial chloroplast development (Neuhaus et aI., 1993). A 
combination of CGMP and Ca++ resulted in fully developed chloroplasts and 
anthocyanin biosynthesis (Bowler etaL, 1994). Based on these results, it was 
proposed that an early step of phyA-mediated signal transduction is het-
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erotrimeric G protein(s) that acts upstream of two branch pathways respec
tively mediated by CGMP and Ca++/calmodulin (Bowler etal., 1994). These 
studies did not distinguish if phy A regulates a single or multiple G proteins. 
G-protein-coupled receptors in animal cells typically belong to a family of 
transmembrane receptors that directly interact with G proteins (Boldwin, 
1994). Assuming G protein is indeed an early step in the phytochrome sig
nal transduction, the regulation of phytochrome-mediated G protein appears 
not to follow the classical example of receptor-G protein interactions in an
imal cells since there is no evidence that phytochrome is a transmembrane 
or membrane-associated protein (Quail, 1991). To address whether one or 
more G proteins are involved in the phytochrome signal transduction and 
how phytochrome mediates G protein activity, it is essential to identify spe
cific G proteins involved in the phytochrome responses. 

Molecular cloning and characterization of G proteins. The biochemical 
evidence for the involvement of G proteins in plant signal transduction is sup
ported by cloning of genes encoding G protein subunits from plants. Genes 
encoding homologs of the G protein a subunit have been isolated from 
Arabidopsis (GPA1) and tomato (TGA1) (Ma etal., 1990, 1991). More 
recently, homologs of a G protein ~ subunit have also been cloned from both 
Arabidopsis (AGB1) and maize (ZGB1). Genes for 'Y subunit have not been 
identified from any higher plant species. In animal systems, a large number of 
G proteins have been described (Hepler and Gilman, 1992). Based on sequence 
comparison, these plant homologs of both a and ~ subunits are distinct from 
respective subunits of all known G proteins (Ma etal., 1990; Weiss etai., 
1994). It is not clear whether the G protein-dependent signal transduction path
ways in plants described above are regulated by a single or several different 
G proteins. Nonetheless, the G protein involving GPAI or its homologs appears 
to be different from the light-regulated G proteins described above since GAP1 
does not have a C-terminal cysteine residue required for ADP-ribosylation by 
cholera toxin, suggesting that mUltiple kinds of G proteins exist in plants (Ma 
etai., 1990; Weiss etai., 1994). Whether GPAI and AGBI belong to the same 
G protein is not clear, neither is their physiological role in plant signal trans
duction. Analysis of the temporal and spatial patterns of GPAI expression 
during Arabidopsis life cycle shows that GPAI is distributed in all organs 
except mature seeds (Weiss etal., 1993). Higher levels of expression were 
observed in meristematic tissues and elongating cells. GPAI is more abundant 
in young tissues than mature tissues where GPAI is primarily found in vascu
lar system and specific cells of particular organs (e.g., mesophyll cells of 
leaves and epidermis of petals). This complex pattern of GPA1 suggests that 
GPA1 is likely to be involved in various signal transduction pathways during 
plant development (Weiss etai., 1993). To understand the role of GPA1, 
AGB1, and their homologs in signal transduction pathways, it is necessary to 
elucidate their physiological function using more direct approaches such as 
alteration of their expression in specific cells or tissues and to identify their 
effectors and the extracellular signals that regulate their activity. 
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2. The Ras Superfamily of Small GTP-binding Proteins 

Structural and functional conservation. The ras superfamily of small GTP
binding proteins are key regulators of diverse cellular processes such as cell 
growth and differentiation, establishment of cell polarity, and intracellular 
trafficking. Based on amino acid sequence similarity, the Ras superfamily is 
divided into at least three major families: Ras, rho, and rab/YPT. Each family 
generally has distinct cellular functions (Hall, 1990, 1994; Kahn etal., 1992; 
Takai etal., 1992) (see Table 1). Among the three families, the regulatory 
functions of the Ras proteins are best understood. Ras functions as a molecular 
switch in signal transduction pathways controlling cell proliferation and differ
entiation in a number of divergent organisms including mammals, worms, 
insects, and fungi. The role of the rho proteins is distinct in that they are key 
components of the signal transduction pathway regulating the organization of 
the actin cytoskeleton. The rab/YPT proteins play an essential role in the intra
cellular vesicle trafficking. Additional families of small GTP-binding proteins 
have been described, including nucleus-localized RanlTC4 involved in the 
checkpoint control of mitotic cell cycle (Lounsburry et aI., 1994; Moore and 
Blobel, 1993) and Sar/Arf involved in the control of vesicle trafficking (Verma 
eta1.,1994). 

The small GTP-binding proteins contain conserved structural motifs required 
for GTP/GDP binding, GTPase activity, membrane anchoring (via isoprenylation) 
and interaction with downstream effector molecules (Bollag and McCormick, 
1991; Downward, 1992; Takai eta1., 1992). Point mutations within these 
motifs are known to affect signal transducing activity of the small GTP-binding 
proteins. Noticeably, mutations in residues corresponding to Gly-12, Ala-59, 
Gln-61 and Glu-63 of the mammalian p2Fas result in impaired GTPaSe, and 
thus the signal transduction pathway is permanently on, even in the absence of 

Table 1. Structural and functional comparisons between Ras, rho, and rabIYPT 

Family Function Crribosylationa C-terrninusb Isopreny lationC 

Ras cell growth! no CAAX FTase 
differentiation 

Rho actin cytoskeletal yes CAAL GGTase I 
organization 

CC 
RablYPT vesicle trafficking no CXC GGTase II 

CCXX 

a C3 an exoenzyme from Clostridium botulinum 
b C-terrninal signature sequence for protein isoprenyltransferase. C, cysteine; A, aliphatic 

amino acid; X, any amino acids; L, leucine 
C Enzymes responsible for C-terrninal isoprenylation: FTase, protein famesyltransferase; 

GGTase, protein geranylgeranyltransferase 
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signals (Bollag and McConnick, 1991; Downward, 1992; Takai etal., 1992). 
These so-called dominant positive mutations account for the oncogenicity of 
Ras oncoproteins. A second group of mutations (Gln-61 plus Cys-186, or Ser-
17) are dominant inhibitory; they interfere with the function of endogenous 
wild type proteins by sequestering an upstream activator or downstream effec
tor. These dominant mutations have served as instrumental tools for studying 
the functions of small GTP-binding proteins in signal transduction (Bollag and 
McConnick, 1991). The activities of these mutations are conserved in various 
eukaryotes including mammals, insects, worms, slime mold and fungi (Esch 
etal., 1993; Lev, 1993; Wigler, 1993). 

Identification in plants. The rho, rab, and ranffC4 small GTP-binding pro
teins have been identified in plants (Terryn etal., 1993; Verma etal., 1994; 
z. Yang and Watson, 1993). To date, no plant Ras proteins have been found 
although they exist in all other eukaryotes including mammals, insects, worms, 
slime molds and fungi (Chardin, 1993). Members of the rab family of small 
GTP-binding proteins have been characterized from various plant species and 
there is evidence that they are involved in the control of vesicle transport path
ways as the fungal and animal rab proteins (Bednarek etal., 1994; Cheon etal., 
1993; Verma etal., 1994). The plant rab proteins have been extensively 
reviewed recently (Terryn etal., 1993; Verma etal., 1994). Only the rho family 
of small GTP-binding proteins from plants is discussed in this chapter. 

The first plant rho gene, RoplPs, has recently been isolated from pea 
(Z. Yang and Watson, 1993). RoplPs contains all conserved structural features 
found in small GTP-binding proteins as well as those unique to the rho proteins. 
The presence of conserved domains for GDP/GTP binding and GTPase activity 
suggests that Rop IPs is a GTP-binding protein. This is confirmed by the 
specific GTP-binding activity of the E. coli-expressed RoplPs protein (Z. Yang 
and Watson, 1993). The effector-binding domain in RoplPs is also conserved, 
suggesting that the plant rho effectors are similar to those present in other 
systems. RoplPs has a C-tenninal CSIL confonning to the signature sequence 
CAAL of the rho proteins (C, cysteine; A, aliphatic amino acids; and L, leucine) 
required for posttranslational isoprenylation by protein geranylgeranyltrans
ferase I (*GGTaSe I) (Reiss etal., 1991). In fact, E. coli-expressed RoplPs is 
geranylgeranylated in vitro (J. Zhu and Z. Yang, unpubl. results). In addition, 
RoplPs contains a rho-specific residue Asn-42, the site for rho-specific ADP
ribosylation by the C3 exoenzyme toxin from Clostridium botulinum (Aktories 
etal., 1989; Sekine etal., 1989). The C3 toxin has been a useful tool for study
ing the cellular function of the rho proteins in animal cells and thus may also 
be used to assess their functions in plants. 

In plants, rho is encoded by a multiple gene family with at least six iso
genes in pea (Z. Yang and Watson, 1993) and three in Arabidopsis thaliana 
(H. Li and Z. Yang, unpubl. data). CDNA clones for two Arabidopsis rho iso
genes, RoplAt and Rop2At, have been isolated and sequenced (H. Li and 
Z. Yang, unpubl. data). Sequence comparison shows that RoplAt is 95% iden
tical to RoplPs and 88% identical to Rop2At at amino acid level. Phylogenetic 
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analysis suggests plants have evolved a unique subfamily of rho proteins; this 
may reflect their distinct role in controlling the organization of the unique 
actin arrays in plants. Plant cells have a wide range of distinct actin cytoskele
tal arrays that vary with cell types and stages of cell cycle. These include 
nucleus-surrounding filaments (positioning the nucleus), subcortical actin 
cables (controlling cytoplasmic streaming), cortical fine filaments (interacting 
with microtubules), preprophase band filaments (controlling the site of cell 
division), and phragmoplast filaments (directing division plane formation). 
The existence of the multiple rho gene family raises an interesting possibility 
that each rho may have a distinct role in mediating one or more of these 
specific actin arrays. Multiple rho isoforms are also found in both mammals 
and yeast (Aktories etal., 1989; Matsui and Toh-e, 1992; Sekine etal., 1989). 
In both systems, different members of the rho family have distinct cellular 
functions. In human cells, Rac 1 mediates actin filament accumulation on the 
plasma membrane leading to membrane ruffling in fibroblasts while rhoA reg
ulates the assembly of actin stress fibers and focal adhesions induced by 
growth factors (Ridley and Hall, 1992; Ridley etal., 1992). In the budding 
yeast, CDC42Sc is essential for the asymmetrical distribution of actin 
filaments and thus controls the establishment of cell polarity whereas Rh03 
and Rh04 regulate directional bud growth (Johnson and Pringle, 1990; Matsui 
and To-he, 1992; Ziman etal., 1990). Interestingly, both human and C. elegans 
homologs of CDC42 are able to complement temperature-sensitive mutation in 
yeast, indicating that the function of this protein in controlling actin organiza
tion and cell polarity is conserved in evolutionarily divergent organisms (Chen 
etal., 1993; Shinjo etal., 1990). CDC42Sc and Rhol are colocalized with 
asymmetrically distributed actin filaments in the bud site, suggesting that the 
rho proteins may directly interact with or in proximity with the actin binding 
proteins to regulate the actin organization. Analysis of colocalization of the 
plant rho proteins with the plant actin arrays may provide important clues as to 
their function in regulating the organization of specific actin arrays. 

Another possible reason for the existence of multiple rho isogenes is that 
each is involved in a specific developmental process as a result of develop
mentally regulated rho gene expression. RNA blot hybridization analysis indi
cates that RoplPs is preferentially expressed in apical buds and root tips of pea 
seedlings (Z. Yang and Watson, 1993) and Western blot analysis using poly
clonal antibodies against RoplPs shows that rho proteins are more abundant in 
apical buds and root tips of seedlings (Y. Lin and Z. Yang, unpubl. results). 
Our results suggest that Rop 1 ps may playa role in regulating cell division in 
pea. In flowers, rho is most abundant in anthers and pollinated styles, raising 
an interesting possibility that rho is required for pollen germination (Y. Lin 
and Z. Yang, unpubl. data). Using indirect immunofluorescence involving 
RoplPs antibody, we show that rho is preferentially localized to the apex of 
pollen tubes, suggesting that it is involved in the regulation of the actin-depen
dent tip growth of pollen tubes. Since the polyclonal antibody is likely to react 
with different rho isoforms, the role of a specific isoform in the accumulation 
of rho proteins observed by Western blots is not clear. In Arabidopsis, RoplAt 
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and Rop2At are differentially expressed in different organs and stages of 
development as indicated by RNA blot hybridization analysis (H. Li and Z. 
Yang, unpubl. results). RoplAt appears to be specifically expressed in mature 
flowers and siliques while Rop2At mRNA is found in all organs but more abun
dant in young flowers than other organs. More detailed analysis of temporal 
and spatial expression patterns for various rho isogenes may provide evidence 
for distinct developmental function of rho isoforms. Transgenic expression of 
rho isoforms containing dominant mutations described above may be a power
ful tool for understanding the role of rho proteins in signal transduction con
trolling plant development. Specific function of rho isoforms in developmental 
control may also depend on specific actin cytoskeletal structures and cellular 
process(es) mediated by the respective rho isoforms. In conjunction with 
analyses of rho differential expression and subcellular localization, thorough 
analyses of such transgenic plants at molecular, cytoskeletal, cellular, and 
organismal levels may provide important insight into the signal transduction 
mechanisms that coordinate the control of actin cytoskeletal organization with 
the spatial control of cell growth and division throughout plant development. 

3. Membrane Association of GTP-binding Proteins via Isoprenyl Moieties 

Membrane association is a prerequisite for signaling activity of several pro
teins such as GTP-binding proteins in the early events of signal transduction 
pathways. Thus, the mechanism controlling membrane association may play 
an important role in signal transduction. Membrane anchoring of both het
erotrimeric and small GTP-binding proteins involves posttranslational modi
fication through covalent attachment of one or more hydrophobic moieties 
such as isoprenyl, myristoyl and palmitoyl groups (Casey, 1994). The a sub
unit of G proteins is myristoylated while the y subunit is isoprenylated. All the 
three major families of small GTP-binding proteins are also isoprenylated 
(Glomset and Farnsworth, 1994). Protein isoprenylation, first discovered in 
yeast and animals, is covalent attachment of an isoprenyl group (either 
farnesyl or geranylgeranyl) to the cysteine residue of the C-terminal consen
sus sequence (-cxxx) of specific proteins. Isoprenylation is not only required 
for membrane association of GTP-binding proteins by increasing their 
hydrophobicity but also for interaction with G protein-coupled receptor or Ras 
regulators (Kisselev etal., 1994; Orita eta!., 1993). Three distinct enzymes 
catalyzing isoprenylation reactions have been identified in fungal and animal 
systems (see Table 1). In general, each enzyme modifies a specific group of 
proteins with unique C-terminal signature sequence cxxx recognized by 
respective transferases (see Table 1). 

Recent studies demonstrate that protein isoprenylation also occurs in plants 
(Biermann etal., 1994; Randall etal., 1993; Z. Yang etal., 1993; Zhu eta!., 
1993). Using yeast Rasl protein containing C-terminal CAlM or CAlL for an in 
vitro enzyme assay, it was shown that plant cells have both Frase and GGTaSe I 
(Randall etal., 1993). As mentioned above, the plant rho proteins contain C
terminal signature sequence CAAL for GGTaSe I and are specifically geranylger-
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anylated in an in vitro assay, suggesting that isoprenylation may also playa 
role in plant signal transduction involving the rho proteins. To understand the 
role of protein isoprenylation in plant signal transduction, we have cloned 
genes encoding protein farnesyltransferase subunits from plants. A CDNA 
encoding a pea homolog of the Frase 13 subunit was isolated using a RT-PCR 

strategy based on the conserved amino acid sequences found in yeast and 
mammalian Frase 13 subunits (Z. Yang eta!., 1993). Using a similar PCR 

approach, we have cloned a CDNA encoding a pea homolog of the Frase ex. 
subunit (D. Qian eta!., unpub!. results). Different Frases from yeast, mammals 
and plants have different substrate specificity (Randall etal., 1993). Although 
the pea homologs of Frase ex. and 13 subunits are more similar to mammalian 
Frase sequences than to the yeast sequences, the plant 13 subunit is quite unique 
in that it has an additional sequence of about 50 amino acid residues that is 
absent in both yeast and mammalian enzyme. The plant Frase appears to have 
higher specificity for substrates with CAIM than with CVLS (Randall etal., 
1993). It would be interesting to determine if this unique sequence contributes 
to the substrate specificity of plant Frase or unique regulatory mechanisms that 
may be present in plant Frase. Plant Frase may be involved in the cell cycle 
control since our preliminary studies suggest that Frase mRNA is preferentially 
expressed in cells actively dividing both in tobacco BY-2 suspension cell 
culture and in pea seedlings (J. Katsuta etal., unpubl. results). Identification of 
Frase substrate proteins may facilitate our understanding of the physiological 
function of Frase. The only known substrates of plant Frase are homologs of a 
chaperonine Dnal and a family of novel proteins whose biochemical and phys
iological functions are unknown (Biermann eta!., 1994; Randall etal., 1993; 
Zhu eta!., 1993). In animal and yeast systems, 'Y subunits of G proteins and the 
Ras small GTP-binding proteins are specifically farnesylated, however, these 
proteins have not been discovered in plants. 

C. G Protein Effectors 

There is biochemical evidence that the three major classes of G protein effec
tors (ion channels, phospholipases, and enzymes that metabolize cyclic 
nucleotides) are present in plants. Several different ion channels including 
Ca++, K, and Na+ channels are known to be directly regulated by G proteins in 
animal cells. Using whole-cell patch clamp techniques, it was shown that the 
inward K+ current in guard cells and outward K+ in mesophyll cells are regu
lated by G proteins (Farley-Grenot and Assmann, 1991; Li and Assmann, 
1993). However, it is not clear if these channels are direct effectors of G pro
teins or are indirectly regulated by G proteins through other second messengers. 
Evidence for G protein-regulated activity for other plant ion channels is lacking. 

Phosphoinositide-specific phospholipase C (PLC) plays a key role in animal 
and fungal signal transduction pathways (Berridge, 1993; Rhee etal., 1989; 
Yoko-o eta!., 1993). PLc hydrolyzes phosphoinositide into diacylglycerol 
(DAG), an activator of protein kinase C (PKC), and inositol trisphosphate (IP3), a 
key second messenger that mobilizes intracellular Ca++ storage. Very little is 
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known about the role of DAG in plant signal transduction although there is evi
dence that it may be involved in the regulation of mitotic progression (Larsen 
and Wolniak, 1990). Further, typical protein kinase C found in animals and 
yeast has not been identified in plants. However, IP3 releases Ca++ from vac
uoles of plant cells through Ca++ channels as shown by patch clamp studies 
and photolysis of caged IP3 induces transient increases in Ca++ levels leading 
to inactivation of K+ channel and stomatal closure in guard cells (reviewed in 
Cote and Crain, 1993). Although these studies using exogenous IP3 indicate 
the involvement of IP3 in plant signal transduction, its physiological role has 
not been established. Nonetheless, the existence of PLC activities has been 
shown in several plant species (reviewed in Cote and Crain, 1993). As in 
animal cells, both membrane-associated and soluble PLC activities are found in 
plant cells. Based on biochemical properties of membrane-associated PLC 
activities, it appears that there exist mUltiple forms of membrane-associated PLC 
as well. In mammals, there are four PLC subfamilies, PLC-U, PLC-P, PLC-,¥, and 
PLc-3 (Berridge, 1993; Rhee etal., 1989). Only members of PLC-P subfamily 
are shown to be regulated by G proteins (Berridge, 1993; Thomas etal., 1991). 
Recently, it was found that PLC activity increases transiently prior to H20 2 pro
duction in response to polygalacturonic acid, an elicitor of the oxidative burst 
in cultured soybean cells (Legendre etal., 1993). This transient increase in PLC 
activity can also be promoted by the G protein agonist, mastoparan, which also 
induces the oxidative burst in soybean cells. These results suggest that a G 
protein regulated PLC may be involved in the signal transduction leading to the 
oxidative burst in plant cells. In spite of these biochemical studies indicating 
the existence of mUltiple forms of PLC including a G protein-regulated PLC, 
establishing their role in plant signal transduction awaits molecular 
identification of plant PLCS. 

The most common G protein effectors are adenylate or granulate cyclases 
and cyclic nucleotide phosphodiesterases that mediate the level of intracellular 
cAMP or CGMP. The established role of CAMP in signal transduction is found in a 
diversity of organisms ranging from bacteria through fungi and slime molds to 
animals (Barritt, 1992). In E. coli and other bacteria, CAMP is involved in meta
bolic regulation. In yeast, level of CAMP, a key second messenger in the signal 
transduction pathways controlling growth and differentiation, is mediated by 
CAMP adenylate cyclase, the effector of the Ras small GTP-binding proteins. 
cAMp works both as extracellular signal and intracellular messenger in the reg
ulation of slime mold development. In animals, CAMP is present in almost all 
cell types and functions as a key second messenger in a great number of cellu
lar processes. Direct regulation of adenylate cyclase by G proteins is a princi
pal mechanism for mediating the level of CAMP in animals. In some cases, 
CAMP phosphodiesterase can be direct effector of G proteins (Barritt, 1992). 

There is considerable evidence for the existence of components of CAMP
mediated signaling system in plants although its role in plant signal transduc
tion has not been unequivocally resolved. cAMP, adenyl ate cyclase, and CAMP 
phosphodiesterase have been detected in plants (Carriate etal., 1988; Lusini 
etal., 1991). A kinase that has similar properties to animal CAMP-dependent 
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protein kinase was partially purified from petunia, suggesting CAMP may act as 
a second messenger in plant cells (Polya etal., 1991). The role of CAMP regula
tory system in plant signal transduction is further supported by recent studies 
by Li and colleagues (1994a). Using whole cell patch clamp techniques, they 
showed that introduction of 1 to 5 mM of CAMP increases outward K+ current 
in Vicia jaba mesophyll cells. The outward current is reduced by specific 
inhibitors of CAMP-dependent protein kinase (PKA) but enhanced by the cat
alytic subunit of PKA from bovine brain. One should be cautious with these 
results since the effective concentrations of exogenously applied agents are 
much greater than physiological concentrations found in animal cells (Li et aI., 
1994a). Unfortunately, neither the physiological significance of CAMP level and 
activity of adenylate cyclase and CAMP phosphodiesterase nor the molecular 
identify of these enzymes has been demonstrated in plants. One difficulty in 
determining the physiological role of CAMP, as suggested by Trewavas and 
Gilroy (1992), could be that CAMP is confined to only specific cell types such 
as guard cells. Direct demonstration of cAMP-mediated signal transduction in 
plants may have to rely on molecular and genetic approaches. Cloning of 
adenylate cyclase and CAMP phosphodiesterase based on sequence conserva
tion may prove to be fruitful, as shown for protein kinases discussed below. 
Genetic approaches in Arabidopsis and other plants might lead to identi
fication and subsequent cloning of genes involved in CAMP regulation. 

In contrast, much less effort has been devoted to understanding the role of 
CGMP in plant signal transduction. cGMP was detected in plants but no work on 
its role in signal transduction was conducted until recent elegant experiments 
by Chua's group (Bowler etal., 1994). By using microinjection techniques, 
they found that CGMP promotes the phytochrome-regulated anthocyanin 
biosynthesis in tomato cells (au rea mutant) deficient in phytochrome A while 
CGMP antagonists inhibit these processes in wild type cells. The effective CGMP 
concentrations were between 30 and 80 IlM, similar to the physiological con
centrations found in animal cells. More interestingly, their results also indicate 
that CGMP acts downstream of G proteins and that CGMP together with Ca++ 
induces a full spectrum of processes including chloroplast development and 
anthocyanin synthesis that they previously showed to be mediated by G protein 
alone (Neuhaus etaI., 1993). By analogy to G protein-mediated CGMP signaling 
in animal photoperception systems, these results suggest that either guanylate 
cyclase or CGMP phosphodiesterase may be the effector of a phytochrome
activated G protein. In mammalian retina, CGMP phosphodiesterase is the effec
tor of transducin (G protein). Transducin, upon activation by rhodopsin (pho
toreceptor protein), in tum activates CGMP phosphodiesterase leading to the 
reduction of CGMP levels (Barritt, 1992). In Drosophila photoreceptor cells, 
activation of transducin results in an increase in CGMP levels. The increase in 
CGMP levels as a result of G protein-mediated activation of guanylate cyclase is 
found in several other G protein-cGMP signaling systems (Barritt, 1992). Thus, 
the phytochrome-activated CGMP signaling might involve guanylate cyclase as 
G protein effector. To date, the molecular identities of guanylate cyclase and 
CGMP phosphodiesterase from plants remain obscure. 
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D. Calmodulin and Related Ca++ -binding Proteins 

The role of Ca++ as a key second messenger in plant cells is well established. 
Ca++ signaling is implicated in a vast number of cellular and developmental 
processes in plants, including polarized cell growth, mitosis, cytoplasmic 
streaming, and processes mediated by light, growth regulators, mechanical 
stimuli and gravity force (Gehring etal., 1990; Hepler and Wayne, 1985; 
Knight etal., 1992; Trewavas and Gilroy, 1992). The ability of this universal 
molecule to regulate such a diversity of specific responses is probably, to a 
great extent, attributed to spatiotemporal distribution of specific Ca++ effectors. 
Ca++ can directly activate protein kinases or calmodulins that in turns activate 
protein kinases or other regulatory proteins. Calmodulin (CaM) is a ubiquitous 
Ca++-binding protein that activates caMlCa++-dependent protein kinases and 
phosphatases. Typical CaMS contain four EF hand Ca++ -binding domains whose 
sequences are highly conserved. Many CaMS and related proteins have been 
identified through molecular cloning from plants yet their role in specific 
signal transduction pathways is largely unknown (Braarn and Davis, 1990; 
Jena etal., 1989; Ling and Zienlinski, 1989; Perera and Zienlinski, 1992; Toda 
etal., 1985). A CaM gene (TCH1) and two caM-related genes (TCH2 and 
TCH3) were isolated from Arabidopsis based on the induction of their mRNAS 
by touch or other mechanical stimuli such as wind and rain (Braam and Davis, 
1990). Five additional CaM genes and 6 more CaM-related genes were cloned 
from Arabidopsis, of which at least three were touch-inducible (reviewed in 
Sistrunk etal., 1994). Interestingly, it was shown that wind also induces a rapid 
increase in Ca++ levels in tobacco (Knight etal., 1992). These results suggest 
that Ca++/caM signaling has an important role in the regulation of plant 
responses to mechanical stresses. It is not clear why multiple CaM and related 
proteins are induced by these stresses and what function each of these 
inducible Ca++-binding proteins has in stress responses. Ca++/caM has also 
been implicated in other signal transduction pathways including phytochrome
mediated signal transduction in tomato cells (Neuhaus etal., 1993) and regula
tion of K+ activity in guard cells (Luan etaL, 1993). However, it is not known 
which CaM isoforms are involved in these pathways, neither is the effector of 
plant CaMS and related proteins. 

E. Second Messenger-dependent Protein Kinases 

In animal cells, protein kinases are the most common targets of second mes
sengers. These include CAMP-dependent protein kinase (PKA), cGMP-dependent 
protein kinase, Ca++/DAG-regulated protein kinase (PKC) and Ca++/caM-depen
dent kinases. Although conclusive evidence for the existence of these kinases 
in plants is lacking, the presence of the second messengers and their implica
tion in plant signal transduction as discussed above suggests these kinases may 
also be key signal transducing proteins in plants. This is supported by the dis
covery of a rising number of plant genes encoding protein kinases with struc
tural similarity to the animal second messenger-dependent protein kinases. 
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While the classical second messenger-dependent protein kinases have not been 
clearly demonstrated, a novel family of second messenger-dependent protein 
kinases, Ca++ -dependent protein kinases, are shown to be Ubiquitous in plants 
(D. Roberts, 1993; D. Roberts and Harmon, 1992). 

1. Ca++ -dependent Protein Kinases 

Ca++-dependent protein kinases (CDPK), first discovered in plants, is different 
from Ca++/caM-dependent kinase and PKC in that its activity is independent of 
CaM or phospholipids (Harper etal., 1991; Putnam-Evans etaI., 1990). CDPKS 
contain a calmodulin-like Ca++-binding domain that is linked to the N-terminal 
kinase domain by a junction domain (Harper etal., 1991, 1994). It is shown 
that the junction domain acts as pseudo substrate-type autoinhibitor that proba
bly binds to the kinase active site of CDPK in the absence of the activator, Ca++ 
(Harper et aI., 1994). Upon binding of Ca++ to the calmodulin-like domain, the 
pseudosubstrate could be released from kinase active site, leading to the acti~ 
vation of kinase. The analogous autoinhibitory regulatory mechanism is 
common in all the animal second messenger-dependent protein kinases and 
phosphatases (Kemp and Person, 1991; Newton, 1993). The similarity of the 
regulatory mechanism between this novel Ca++ -dependent protein kinase and 
the animal second messenger-dependent protein kinases suggests a mechanis
tic conservation for diverse second messenger-dependent protein kinases in 
plants and animals. 

CDPKS are widespread in both lower and higher plants. and have recently 
been found in protists (see references in Harper etaI., 1994; D. Roberts and 
Harmon, 1992). Plants contain a large family of CDPK genes (Harper etaI., 
1994; D. Roberts and Harmon, 1992). Several CDPK genes have been cloned 
from various plant species including soybean, Arabidopsis, carrot, rice and 
com (see references in Harper etal., 1994; D. Roberts and Harmon, 1992). In 
spite of their widespread distribution and well-characterized biochemical prop
erties, their physiological function and role in signal transduction are still not 
well understood. Identification of CDPK substrates may provide clues to its 
function. To date, the only known CDPK substrate is nodulin 26, a transmem
brane protein that is proposed to play a role in metabolite transport across the 
symbiosome membrane in legume root nodules (D. Roberts, 1993). Another 
putative substrate is the plasma membrane H+ -ATPase pump but its in vivo 
phosphorylation by CDPK has not been reported (D. Roberts, 1993; 
D. Roberts and Harmon, 1992). Perhaps, the most significant finding related to 
the function of plant CDPKS is its association and colocalization with actin 
cytoskeleton. Immunocytochemical studies show that CDPK is colocalized with 
actin microfilaments in Tradescantia pollen tubes and internodal cells of 
Chara (McCurdy and Harmon, 1992; Putnam-Evans etaI., 1989). In both cells 
a Ca++-dependent actomyosin is implicated in the directional movement of 
organelles or vesicles (D. Roberts and Harmon, 1992). In vitro phosphoryla
tion of the regulatory light chain of smooth muscle myosin by plant CDPKS was 
observed (D. Roberts, 1993; D. Roberts and Harmon, 1992). Moreover, a 
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recent study indicates that a maize pollen-specific CDPK is required for pollen 
germination and tube growth (Estruck etal., 1994). These studies together 
suggest that CDPK plays a role in the regulation of actinomyosin-mediated 
vesicle transport required for cell growth. 

2. Protein Kinases with Similarity to Second Messenger-dependent Kinases 

Using PCR or homologous probing strategies, several homologs of non-recep
tor SerfThr protein kinases have been cloned from different plant species 
(Biermann etal., 1990; Lawton etal., 1989; X. Lin and Watson, 1992; X. Lin 
etal. , 1991). These kinase homologs show strongest sequence similarity to the 
animal second messenger-dependent protein kinase, especially cyclic 
nucleotide-dependent protein kinases and PKCS. For instance, a pea homolog, 
PsPK5, has 36% and 31 % sequence identity to bovine CAPK and PCK, respec
tively. PsPK5 has higher sequence similarity to other plant homologs of 
similar kinases (46% identity to bean PVPK-l), suggesting that plants have 
evolved a family of protein kinases related to the second messenger depen
dent-protein kinase. In pea, a suite of five transcripts encoding these kinase 
homologs (PsPKI to PsPK5) were identified by RT-PCR and expression of these 
transcripts is differentially regulated by light (X. Lin etal., 1993). During 
light-mediated greening of etiolated seedlings, PsPK3 and PsPK5 transcripts 
are down-regulated while PsPK2 and PsPK4 transcript are up-regulated. The 
accumulation of PsPKI and transcripts remains constant. Of these light
regulated PsPK genes, PsPK5 is most interesting (R. Khanna and J. C. Watson, 
pers. comm.) since PsPK5 ffiRNA is more abundant in hooks than in apical 
buds but undetectable in other parts of dark-grown seedlings including stems, 
roots and root tips. The hook region is the most photoresponsive portion of an 
etiolated seedling and contains highest levels of phytochrome. Furthermore, 
PsPK5 ffiRNA decreases rapidly in response to continuous white light 
(detectable within 20 min) but does not respond to pulses of red or blue light. 
However, decreases in PsPK5 ffiRNA can be induced by continuous red or blue 
light, suggesting that PsPK5 gene regulation follows a high irradiance 
response regulated by phytochrome B. Although the function of these kinase 
homologs is not clear, the complex patterns of PsPK expression suggest that 
multiple kinase may be involved in the light-mediated developmental 
processes. Whether any of these pea putative kinases playa role in light signal 
transduction remains to be determined. Delineation of biochemical properties 
of these kinases such as the regulation of kinase activity may provide impor
tant functional information as to whether they are true second messenger
dependent protein kinases in plants. 

F. MAP Kinase Cascade 

In yeast and animal systems, a cascade of protein kinases called the MAP 

(mitogen-activated protein) kinase cascade plays a central role in signal trans
duction pathways (Crews and Erikson, 1993; Nishida and Gotoh, 1993). As 
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shown in Fig. 1, this cascade involves three key protein kinases, MAP kinase 
kinase kinase (also called Raf or Mek kinase), MAP kinase kinase (or Mek), 
and MAP kinase. The MAP kinase cascade is responsible for controlling an array 
of diverse growth and developmental processes in various eukaryotic organ
isms, including growth factor-mediated processes in mammals, eye develop
ment, and differentiation of embryo terminal system in Drosophila, vulval 
development in C. elegans, and osmosensing, pheromone-mediated mating 
process and cell enlargement in yeast (Cooper, 1994; Nishida and Gotoh, 
1993; Wilson, 1994). In animal systems, the MAP kinase cascade is modulated 
by receptor tyrosine kinase and the Ras small GTP-binding protein. Genetic 
studies show that this linear signaling pathway simply functions as a common 
switch to control processes mediated by specific ligands in different organisms 
or cells (Cooper, 1994; Nishida and Gotoh, 1993; Wilson, 1994). However, 
biochemical studies indicate that the MAP kinase cascade cross-talks with other 
signaling proteins including G proteins, protein kinase C, and protein kinase 
A (Wilson, 1994). In yeast, three distinct MAP kinase cascades (HOG1, 
FUS3IKSS1, and MPK1) respectively control the osmosensing, pheromone
mediated mating process and cell enlargement (Cooper etaI., 1994). Each 
cascade is distinctly regulated: the HOG 1 pathway by a prokaryote-type 
two-component regulator, FUS3/KSS1 by receptor-linked G protein, and 
MPK1 by protein kinase C. G protein- and protein kinase C-mediated MAP 
kinase cascade are also found in mammals (Nishida and Gotoh, 1993). 

The striking conservation and versatility of the MAP kinase cascade suggest 
that this signaling mechanism also operates in plants. Indeed, all components 
of this kinase cascade have been discovered in plants (reviewed in Heberle
Bors and Hirt, 1994). Genes encoding MAP kinase have been cloned from 
alfalfa, Arabidopsis, pea, and tobacco. Plants contain a family of at least five 
different MAP kinases (Heberle-Bors and Hirt, 1994), analogous to the multi
plicity of MAP kinase in yeast and animals. The function of these MAP kinases 
in plants is not clear. The transcript level of an alfalfa MAP kinase fluctuates in 
a cell cycle-dependent manner (Heberle-Bors and Hirt, 1994). Further, the 
activation of Arabidopsis MAP kinase is induced by auxin and is correlated 
with the auxin-induced activation of cell division in tobacco cell cultures 
(Mizoguchi etal., 1994). These results together suggest a plant MAP kinase 
cascade may be involved in the control of cell proliferation, similar to one of 
the roles of the mammalian MAP kinase cascade. MAPKK homologs have also 
been found in tobacco but their function is unknown. A tobacco MAPKKK, 
NPK1, is able to specifically complement a yeast mutant defective in BCK1, a 
MAPKKK of the MPK1 cascade controlling cell wall construction and prolifera
tion (Banno etal., 1993). This suggests that the mechanism regulating the 
activity of NPK1 and BCK1 might be conserved. As discussed below, a 
MAPKKK homolog CTR1 has been shown to be negative regulator of ethylene 
responses (Kieber et aI., 1993). Therefore, evidence is accumulating that the 
MAP kinase cascade is also a key signal transduction mechanism in plants. 

Identification of an Arabidopsis gene, CTRl, encoding a MAPKKK in the 
ethylene signal transduction pathway indicates that the MAP kinase cascade 
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may be central to this pathway (Kieber et al., 1993). CTRI has a C-terminal 
kinase domain that shows strong sequence similarity to a mammalian Raf 
MAPKKK, Raf. The N-terminal region of CTRI does not have the typical motif 
found in the N-terminal regulatory domain of Raf, although sequence similar
ity also extends to the N-terminal regulatory domain. The Raf N-terminal 
domain functions as negative regulator; it binds to activated Ras leading to 
activation of Raf. The component immediately upstream of CTRI is unknown. 
Recent studies with animal Raf indicate that the biochemical significance of 
Ras-Raf interaction is to recruit Raf to the intracellular side of the plasma 
membrane since a modified Raf that is able to associate with the plasma mem
brane through isoprenylation has constitutive Raf activity independent of Ras 
(Leaves etal., 1994; Stokoe etal., 1994). Although the universality of such 
Raf regulatory mechanism has yet to be shown, these studies suggest that 
direct regulators of Raf can be diverse, consistent with the fact that several dis
tinct regulators mediate the MAP kinase cascade both in fungi and animals. 
There is no evidence that G protein is involved in the ethylene signal transduc
tion pathway, and Ras and protein kinase C have not yet been identified in 
plants. Chang etal. (1993) suggest that ETRI (a putative two-component regu
lator, see above) may be the direct regulator of CTRI since genetic studies 
place ETRI upstream of CTRI and ETRI has a domain that shows topological 
similarity to Ras. In fact, a MAP kinase cascade regulate3 by a two-component 
regulatory system has recently been found for yeast osmosensing (Maeda 
etal., 1994). In the osmosensing system, low osmotic conditions activate phos
phorylation of histidine kinase within the osmotic sensor SNL1, resulting in 
phosphorylation of aspartate residue of the regulator domain of SNLI and a 
second separate regulator SSKI. The phosphorylation of SSKI causes inhibi
tion of the osmosensing MAP kinase, HOG1, leading to reduced glycerol syn
thesis. It is possible that a MAP kinase cascade involving CTRI is similarly 
regulated by ETRI either directly or indirectly through a separate regulator 
like SSKI. A model for ETRlICTRI-mediated ethylene signal transduction 
pathway has recently been proposed (Bowler and Chua, 1994). An alternative 
model, as illustrated in Fig. 3, is the one analogous to the yeast osmosensing 
system. This model may explain how the negative regulator CTRI is involved 
in signal transduction controlling the inhibition of cell expansion and elonga
tion mediated by ethylene. According to this model, MAPKKK activity of CTRI 
is negatively regulated by ethylene as a result of phosphorylation induced by 
ETRI. This is consistent with the fact that CTRI works as a negative regulator 
of ethylene responses. This model also predicts that the activation of CTRI 
induces cell expansion or elongation which is dependent on the remodeling of 
cell wall, that appears to be suppressed by ethylene (Kieber etal., 1993). 
Interestingly, the yeast MPKI kinase cascade is known to regulate cell wall 
remodeling and cell enlargement (Cooper etal., 1994). The CTRI kinase 
cascade might be a central regulatory mechanism controlling cell growth mod
ulated by various signals in plants. For instance, a stimulatory growth hormone 
such as auxin might activate the kinase cascade resulting in increased cell 
expansion or elongation. Auxin is shown to activate an Arabidopsis MAP 
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Fig. 3. A possible model for ethylene signal transduction pathway regulating the inhibition of 
cell growth and elongation. Ethylene is perceived by a prokaryote-type two-component system 
ETRl; binding of ethylene to sensor domain of ETRI causes phosphorylation of histidine 
residue (H) of the cytoplasmic histidine kinase domain. The activation of histidine kinase 
domain results in the phosphorylation of a aspartate residue CD) on the regulator domain, which 
either directly or indirectly through an unknown regulator (X) inhibits CTRI activity possibly 
through phosphorylation. This inhibition turns off the CTRI-mediated MAP kinase cascade 
required for cell expansion and elongation. Other signals such as auxin stimulate cell expansion 
and elongation by positively regulating the MAP kinase cascade. Solid symbols and arrows indi-

cate steps that have been identified. Dotted symbols and arrows indicate hypothetical pathway 

kinase (Mizoguchi etal., 1994), but whether it would be the one invovled in 
the CTRI-mediated cascade has yet to be determined. In addition to the Ras
mediated activation, the mammalian MAPKKK is also positively regulated by 
PKC or negatively by PKA, suggesting that phosphorylation of MAPKKK plays an 
important role in coordinating cross-talks of the Ras-mediated pathway with 
other pathways. The phosphorylation state of the MAPKKK (CTR1) might have 
a similar role in the networking of various signaling pathways in the regulation 
of cell expansion or elongation. Moreover, CTRl, when inactive as a regulator 
of the kinase cascade, might have function(s) in the regulation of other ethyl
ene responses unrelated to cell growth. Although highly speculative, this alter
native model shown in Fig. 3 provides a possible mechanism for opposing 
effects of certain plant growth regulators on cell growth. 

G. Protein Phosphatases 

Since most signal transduction pathways involve activation of protein kinases 
(either receptor kinases or second messenger-dependent kinases), protein 
phosphatases have been traditionally thought to play a key role in down
regulation or desensitization of signal transduction. A large number of protein 
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phosphatases (pps) have been characterized in animal cells. They are classified 
into two groups, type-l and type-2, based on substrate specificity and sensitiv
ity to endogenous inhibitors (Shenolikar, 1994). Type-2 PPs are further divided 
into three subgroups, 2A, 2B, and 2C, depending on structure, substrate spec
trum, and regulation by divalent cations (Shenolikar, 1994). All four types of 
PPs are composed of a catalytic subunit and regulatory subunit and are con
served in all eukaryotes investigated. Although protein kinases are important 
negative regulators in signal transduction in animal cells, recent studies have 
revealed a number of phosphatases that are key positive regulators 
(Shenolikar, 1994). Further, the activity of several PPS is also dependent on 
second messengers. For instance, PP2B type phosphatase (ca1cineurin) is 
specifically activated by Ca++/calmodulin. Therefore, PPS provide an important 
revenue for cross-talks between signal transduction pathways (Shenolikar, 
1994). 

Protein phosphatases are also emerging as important components of signal 
transduction pathways in plants. All four types of PPS have been identified and 
genes encoding PP-l, PP2A, and PP2C cloned from several plant species 
(Ferreira etaI., 1993; Luan etaI., 1993; MacKintosh etal., 1990, 1991; Smith 
and Walker, 1991, 1993). Arabidopsis contains a family of five genes encoding 
the catalytic subunit of PP-l; at least one of these, like yeast PP-l, appears to 
be involved in the cell cycle control (Ferreita etaI., 1993; Smith and Walker, 
1993). Studies using PP inhibitors suggest that several different PPS including 
PP-l, PP2A and PP2B are involved in the regulation of K+ influx in guard cell 
(Li et aI., 1994b; Luan et aI., 1993). Cyclophilin-cyclosporin A, specific 
inhibitor of ca1cineurin, blocks Ca++-induced inactivation of K+ influx chan
nels (Luan etal., 1993), suggesting that a ca1cineurin-like, Ca++-dependent PP 
plays a role in the regulation of Ca++-mediated K+ influx and stomatal closure 
in guard cells. Stomatal closure is triggered by elevated ABA levels but ABA 
also regulates many other aspects of developmental processes and stress 
responses. ABA signal transducing mutants that have pleotropic effects on the 
ABA-controlled processes have been identified and one gene corresponding to 
such a mutant, ABU, encodes a PP2C-like protein (Leung etaI., 1994; Meyer 
etaI., 1994). Interestingly, ABU has some novel structural features that are not 
present in typical PP2C protein. Although the C-terrninal part shows strong 
sequence similarity (35% identity, 55% similarity) to the catalytic subunit of 
the yeast and rat PP2C, the N-terrninal portion contains an EF hand motif-Ca++
binding site. The unique structural features suggest that the N-terrninal domain 
of ABU may have a regulatory role possibly involving Ca++. A similar PP 
(rgdC) with a Ca++ -binding domain fused to catalytic domain is found in 
Drosophila and plays a role in phototransduction (Steele et aI., 1992). Whether 
ABU corresponds to the ca1cineurin-like activity found in Vida guard cells 
has not been investigated. 

The fact that ABU has pleotropic effect indicates that ABU takes part in 
an early step in the ABA signal transduction pathway. Evidence for the role of 
PPS in the early steps of signal transduction is also found in animal cells 
(Shenolikar, 1994). Recently, another PP2C-like protein, KAPP, was identified 
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in Arabidopsis by cloning of CDNAS encoding protein that interacts with an 
Arabidopsis receptor-like protein kinase, RLK5 (Stone etal., 1994). Similarly, 
KAPP contains a PP2C catalytic domain fused to an N-termina1 RLK5-binding 
domain (Kl domain) that has no apparent homology to known proteins. The 
binding of Kl domain to RLK5 depends on the autophosphorylation of RLK5. 
This is analogous to the animal protein tyrosine phosphatases with SH2 
domains that bind to phosphotyrosine of tyrosine kinase receptor. Such tyro
sine phosphatases are implicated in signaling from the tyrosine kinase recep
tor, suggesting that KAPP might also play an important role in an early step of 
signaling from RLK5 (Stone et al., 1994). Elucidation of the physiological 
function of RLK5 may facilitate the understanding of the role of KAPP in signal 
transduction, and vice versa. 

H. Phosphatidylinositol Kinases 

Phosphatidylinositol kinases (PIKS) phosphorylate hydroxyl groups on the 
inositol ring of phosphotidylinositides. Several PIKS phosphorylating specific 
positions on the inositol ring have been characterized, including phosphatidyl
inositol-3-kinase (PI3K), PI4K, and PI5K. Among these, the role of PI3K in 
signal transduction is best understood. PI3K, composed of a catalytic and a 
regulatory subunit, is involved in signal transduction pathways mediated by 
several extracellular signals such as insulin, IGF, PDGF and EGF, and lysophos
phatidic acid in mammalian cells (see references in Hong and Verma, 1994). In 
yeast, PI3K is involved in the regulation of protein targeting to vacuoles (see 
references in Hong and Verma, 1994). The specific function of PI3K is 
reflected in its association with various cellular components. PI3K is known to 
directly interact with tyrosine kinase receptors through SH2 domain in the reg
ulatory subunit (Kotani etal., 1994). PI3K is also associated with the actin 
cytoskeleton (Payastre etal., 1991) and appears to be a downstream compo
nent of rho in the signal transduction pathway controlling actin cytoskeletal 
organization (Kumagai etal., 1993; Zhang etal., 1993). There is evidence that 
PI5K is also downstream of rho in the signaling pathway controlling PDGF and 
thrombin-mediated cell adhesion (Chong etal., 1994). 

Both PI3K and PI4K have been identified in plants (Hong and Verma, 
1994; Xu eta!., 1992; W. Yang eta!., 1993). PI4K is associated with cytoskele
ton in plant cells (Xu etal., 1992) and a PI4K activator is also found to directly 
interact with polymerized actin (W. Yang eta!., 1993), suggesting that PI4K 
may play an important role in the signal transduction modulating the 
cytoske1etal structure in plant cells. A gene encoding the catalytic subunit of 
PI3K was recently cloned from soybean (Hong and Verma, 1994). The 
soybean PI3K is encoded by a small gene family and the expression of a dis
tinct isoform of PI3K is activated during membrane proliferation in young 
nodules, suggesting that this PI3K plays a role in the development of the 
peribacteroid membrane (Hong and Verma, 1994). PI3K activity is predomi
nantly present in membrane fraction but it is not known if it is also associated 
with cytoskeleton. The fact that the cytoskeleton dynamically interacts with 



26 Zhenbiao Yang 

membrane systems through phosphoinositide association and association of 
PI kinases with membrane and cytoskeleton suggests that PI kinases may 
provide an important link to signal transduction pathways controlling 
cytoskeleton. 

IV. Novel Plant Signaling Mechanisms 

A. A Lesson from Light-mediated Signal Transduction 

Plant growth and development fundamentally differ from animals in many 
aspects. One distinct feature of plant development is plasticity, typified by its 
ability to regenerate from a somatic cell of most parts of the plant and to alter 
developmental course in response to environment cues. Among various envi
ronmental factors, light has the most dramatic effect on plant development. 
Several photoreceptor systems including phytochrome and blue light receptors 
are known to modulate various developmental processes. Phytochromes 
appear to be unique to plants since similar signaling molecules have not been 
discovered in other organisms and the reversibility of red and far-red absorb
ing forms of phytochrome is unparalleled in any other photoreceptor systems. 
In spite of the distinct properties of the photoreceptor in plants, current evi
dence indicates that early steps of signal transduction pathways mediated by 
phytochrome bear striking similarity to the signaling paradigm found in 
animals. Nevertheless, genetic studies in phytochrome signal transduction 
have also led to identification of novel proteins (Detl and Cop9, Copll) regu
lating phytochrome-mediated morphogenesis (Deng, 1994). 

A series of genes (cop and det genes) involved in photomorphogenesis 
were identified by screening for mutants that show constitutive photomorpho
genesis (cop) or de-etiolated (DET) phenotypes (Chory, 1993; Deng, 1994). 
Several of these genes, including cop], cop9, copll and det] genes, have been 
cloned (Castle and Meinke, 1994; Deng etal., 1992; Pepper etaI., 1994; 
Wei etaI., 1994). All except cop] encode novel proteins that show no 
significant sequence similarity to any known proteins. Cop 1 is a novel fusion 
of a Zn++ -binding domain and a WD-40 repeat domain known to be involved 
in protein-protein interaction (Deng etaI., 1992). The novelty of these signal
ing proteins suggests that plants may have evolved unique regulatory mecha
nisms for the control of plastic developmental programs. However, it remains 
to be seen whether or not similar proteins are present in non-plant systems. 
The biochemical mechanism for the action of these proteins in signal transduc
tion is not clear. Detl is a nuclear-localized protein but does not directly bind 
DNA, suggesting that it may interact with transcriptional factors in regulating 
gene expression (Pepper etaI., 1994). Cop9 is a component of a large func
tional complex whose formation is probably mediated by light (Wei et aI., 
1994). Interestingly, the formation of this complex also requires Cop8 and 
Copll. Such a signaling complex may provide a mechanism for the cross-talk 
between light signal and other signal transduction pathways. Copl contains at 
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least three recognizable structural domains: an N-terminal Zn++ -binding motif 
followed by a putative coiled-coil region and mUltiple WD-40 repeats homolo
gous to the ~ subunit of the G protein. Genetic analyses indicate all three 
domains are important for the function of Cop1 (McNeillis etal., 1994). 
Interestingly, a recent study indicates that Cop 1 nUcleocytoplasmic partition
ing is regulated by light (von Arnim and Deng, 1994). In both hypocotyl cells 
of Arabidopsis seedlings and epidermal cells of onion bulbs, Gus-Cop1 fusion 
protein is only present in the cytoplasm in the light but enriched in the nucleus 
in the dark. The level of the nuclear GUS-COp 1 is correlated with the extent of 
repression of photomorphogenic development. In root cells, Cop1 is constitu
tively nuclear, independent of light. These results indicate that Cop1 acts in the 
nucleus, possibly as a transcriptional repressor, to suppress photomorphogene
sis in the dark and in roots. 

The tissue-specific regulation of Cop 1 nucleocytoplasmic partitioning is 
consistent with the hypothesis that light-mediated signal transduction inte
grates with signaling pathways mediated by internal developmental signals. 
Further support for this hypothesis comes from the analysis of other cop and 
det mutants. A series of fusca genes involved in embryo development have 
been identified by screening for mutants that have excess anthocyanin produc
tion in embryo. These mutants also exhibit many other phenotypes including 
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Fig. 4. A model for the integration of signaling pathways mediated by different light receptors 
and internal signals. Plants have unique extracellular signals or receptors that modulate con
served signaling pathways involving G proteins, second messengers and second messenger
dependent protein kinases. The conserved signaling mechanism regulates a battery of novel 
global regulators that integrate information from different upstream pathways to control devel
opmental processes. Such an integrative mechanism allows plant development to be plastic. The 
global regulators may either form a complex or a cascade in which at least one regulator 
receives signals from upstream pathways and probably more than one regulators act as tran
scriptional regulators to control expression of genes involved in developmental processes 

mediated by light and cytokinin 
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constitutive photomorphogenesis, limited cell expansion, ectopic expression of 
trichomes and chloroplasts, and adult lethality (Castle and Meinke, 1994; 
Misera et aI., 1994). In fact, many of the fusca genes are allelic to the cop and 
det genes (Castle and Meinke, 1994; Misera etal., 1994; Pepper etal., 1994; 
Wei etal., 1994). For instance, detl, copl, cop9, and copll are allelic tofus2, 
Jusl, Jus7, and Jus6, respectively. Epistasis analysis indicates that these gene 
products are common downstream components of different signal transduction 
pathways mediated by various photoreceptors including phytochromes and 
blue light receptors (Castle and Meinke, 1994; Misera etal., 1994; Pepper 
etaL, 1994; Wei etaL, 1994). In addition, it is shown that det mutants have 
enhanced sensitivity to cytokinin and that the detl phenotype can be mimicked 
by addition of cytokinin to wild type seedlings, suggesting that cytokinin may 
be an internal signal regulating det activity (Chory etaL, 1994). On the basis 
of these observations, it has been suggested that the copldetljusca gene 
products define a global regulatory mechanism through which various signal 
transduction pathways mediated by internal and environmental signals con
verge in the regulation of development (Castle and Meinke, 1994; Misera 
etaL, 1994; Wei etal., 1994). In the case of light signal transduction, upstream 
of this novel global regulatory system are likely to be the conserved signaling 
molecules such as G proteins, CGMP, and Ca++/caM (Bowler and Chua, 1994). 
Although how the conserved signaling proteins interact with the global regula
tors remains to be determined, such integrative signaling system might be a 
key molecular mechanism controlling developmental plasticity in plants (see 
Fig. 4). 

B. Extracellular Matrix in Signal Transduction 

Another significant difference in plant development from animals is the lack of 
cell movement and the critical role of cell position rather than lineage in the 
modulation of development. This underscores the importance of the mecha
nism controlling the direction of cell growth and division throughout plant 
development. Apparently, the regulation of cytoskeletal structures is a key to 
the spatial control of cell growth and division. The conserved elements such as 
the rho GTP-binding proteins and microtubule- and actin-binding proteins are 
expected to be crucial components of the signal transduction pathways con
trolling the cytoske1etal organization in plant cells. However, the mechanism 
that defines the positional information is likely to be unique to plants. 
Evidence is emerging that the plant extracellular matrix may play a pivotal 
role in conveying such spatial information (K. Roberts, 1994). In particular, 
extracellular arabinogalactan-proteins (AGPS) may be critical regulators of cell 
growth and division, especially the directional growth and division, as indi
cated by several recent studies. First of all, secreted AGPS from embryonic 
carrot cell line can convert a non-embryonic to an embryonic line (Krenger 
and van Holst, 1993). Further, using antibody against specific epitopes of 
AGPS, it was shown that these epitopes are expressed in specific spatial patterns 
in the root and that these AGPS are the markers for cell positions rather than cell 
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types (Knox etaL, 1989, 1991). Finally, preliminary studies using AGP ligands 
(Yariv phenylglycosides) indicate that AGP is involved in controlling the direc
tion of cell expansion in Arabidopsis root epidermal cells (J. Zhu, pers. 
comm.). The mechanism of action for AGP is totally unknown. In animals, 
extracellular matrix plays an important role in cell signaling through a family 
of transmembrane proteins called integrins that provide linkage between ECM, 
actin cytoskeleton, and signal transduction pathways mediated by other extra
cellular signals. There is evidence for the existence of integrins in plant cells 
(see review in Shibaoka and Nagai, 1994), suggesting that integrins may also 
be involved in the signaling of plant ECM such as AGPS. Recent cloning of 
genes encoding AGP protein backbone (Du etaL, 1994) may provide a useful 
tool for understanding the role of AGPS in plant signaling and biochemical 
mechanism of the ECM-mediated signaling processes. 

V. Conclusions and Future Challenges 

Plant signal transduction mechanisms bear striking similarity to those in animal 
and fungal systems. A battery of conserved signaling molecules are found in 
plants, including receptor-like protein kinases, heterotrimeric G proteins, small 
GTP-binding proteins, phospholipase C, cyclic nucleotides, Ca++/calmodulin, 
and various signal transducing protein kinases and phosphatases. The role of 
some of these molecules in plant signal transduction has been demonstrated by 
biochemical or genetic studies. However, several key conserved signaling pro
teins are still obscure in plants. Further, plant signal transduction pathways 
involving the conserved signaling proteins have yet to be elucidated. 

Conserved signaling proteins not yet identified in plants include G protein
coupled transmembrane receptors, receptor tyrosine kinase, the Ras family of 
small GTP-binding proteins and their regulators (GTP/GDP exchangers and 
GTPaSe activating proteins), adenylate and guanylate cyclases and cAMP and 
CGMP phosphodiesterases, and typical PCK, PKA and Ca++/caM-dependent 
protein kinases. Cloning of genes involved in signal transduction using molec
ular genetic approaches in Arabidopsis is expected to expand the list of the 
conserved signaling proteins in plants. Molecular techniques such as homolo
gous probing and PCR and biochemical approaches such as the use of specific 
antagonists and agonists will continue to play an important role in discovering 
additional conserved regulatory proteins from plants. 

One major challenge has been and will remain to be the elucidation of the 
function of conserved regulatory proteins identified in plants. The biochemical 
activity for most of the signaling proteins discovered by genetic approaches 
has not been studied. Furthermore, numerous genes encoding the conserved 
regulatory proteins have been isolated using molecular approaches, but few 
have known function in plant signal transduction. Although antisense RNA 
technology has been used to study the function of non-regulatory proteins in 
plants, it has not been particularly useful for signaling proteins probably 
because of their instability and low abundance. Nonetheless, several other 
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genetic approaches are potentially more powerful. These include transgenic 
expression of genes containing dominant positive or inhibitory mutations, 
identification of Arabidopsis lines tagged with T-DNA inserted into genes of 
interests and gene knock-out by homologous recombination. 

Delineation of plant signal transduction pathways involving conserved sig
naling proteins will not only provide insight into the evolution of signal trans
duction mechanisms but the molecular and biochemical mechanisms of plant 
growth and development. Since many signaling proteins physically interact 
with upstream or downstream components, genes encoding new components 
may be cloned using recently developed strategies based on in vivo or in vitro 
protein interaction (e.g., using the yeast two hybrid system). Such strategies 
are also useful for identifying factors involved in cross-talks between signaling 
pathways. Genetic studies such as screening for novel mutants in signal trans
duction and epistasis analysis of signal transduction mutants will continue to 
be a pivotal tool in furthering our understanding of plant signal transduction. 
These molecular and genetic approaches together with biochemical analyses of 
catalytic or regulatory features of signaling proteins will be necessary for deci
phering a clear picture of signal transduction pathways. In addition to the mol
ecular and genetic strategies, microinjection techniques, widely used to study 
signal transduction in animal systems, has also proven to be useful in plant 
systems (Bowler etal., 1994; Neuhaus etal., 1993). These techniques are espe
cially powerful when used in junction with a well defined genetic system such 
as plant mutants that are deficient in specific signaling proteins. 

Perhaps the most interesting and challenging question is how and why the 
conserved signaling proteins or pathways are involved in the modulation of the 
unique developmental processes in plants. Recent studies of light signal trans
duction have provided some hints for the answer to this question. These 
studies are consistent with the model that the conserved signaling molecules 
(e.g., G proteins, CGMP and Ca++) function as intermediate steps of the plant 
signal pathways to integrate unique early and downstream signaling compo
nents in controlling specific plant processes. The fact that the novel signal pro
teins (Cop/Det/Fusca) are required for transduction of intrinsic signal(s) 
besides light suggests these novel proteins may provide key mechanisms for 
networking between signaling pathways. Such networking may be fundamen
tal for the regulation of plasticity in plant development. Future research 
directed at understanding how the conserved pathways interface with the 
unique signaling mechanism will provide important insight into the mecha
nism controlling developmental plasticity in plants. 
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I. Introduction 

A diversity of GTP-binding proteins is found in living organisms. These include 
small G proteins involved in vesicle trafficking and secretion (e.g., rab pro
teins), cytoskeleton organization (e.g., rho and rac proteins), and cell growth 
and differentiation (e.g., the proto-oncogenic ras proteins), as well as tubulins, 
signal-recognition particles (SRPs), translation factors, and the signal-transduc
ing heterotrimeric G proteins (Kaziro etal., 1991; Marsh and Goode, 1993; 
Boguski and McConnick, 1993). Common to all of these proteins is a mecha
nism in which the protein is activated upon binding of GTP and inactivated by 
subsequent GTP hydrolysis. This chapter focuses on the signal-transducing 
G proteins (reviewed in Gilman, 1987; Neer and Clapham, 1988; Simon etal., 
1991) and their roles as regulators of plant ion channels. Other plant members 
of the GTPase superfamily are discussed in detail by Yang (1996) as well as in 
recent reviews (Kaufman, 1994; Ma, 1994; Terryn etal., 1993). 

Signal-transducing heterotrimeric G proteins are composed of a, ~, and 'Y 
subunits, with respective molecular weights of approximately 35-55 kDa, 
35-40kDa, and 7-lOkDa (Hepler and Gilman, 1992; Kaufman, 1994). These 
G proteins are associated with receptor proteins containing seven membrane 
spanning domains. Activation, e.g., by light or a hormone, of the relevant 
receptor molecule in tum activates the G protein, resulting in the exchange of 
GTP for GOP at a site on the a subunit of the G protein. The a subunit dissoci
ates from the ~'Y subunit pair and interacts with a downstream effector protein, 
thereby activating it. In unusual cases the ~y subunit pair may be the activator; 
for example, a class of cardiac K+ channels is regulated by the ~'Y subunit pair 
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(Logothetis et al., 1987). Endogenous GTPase activity of the a subunit eventu
ally hydrolyses the bound GTP to GDP. GTP hydrolysis returns the a subunit to 
its inactive, GDP-bound form and results in reassociation of the a and the py 
subunits. This reassociation also terminates any activity of the py dimer. 
Because the G protein remains active as long as GTP is bound, G-protein activa
tion can result in amplification of the original signal, with the rapidity of GTP 
hydrolysis determining the extent of signal amplification. In some cases, 
GTPase-activating proteins (GAPs) interact with the G protein, resulting in an 
accelerated rate of GTP hydrolysis (McCormick, 1993; Wittinghofer etal., 
1993). The GAP is often an ancillary protein (Boguski and McCormick, 1993), 
but there are also cases where the GAP and the effector protein are one and the 
same entity. For example, the L-type Ca2+ channel of rat frontal cortex appears 
to accelerate GTPase activity of its regulatory G protein, Go (Sweeny and 
Dolphin, 1992). Some G proteins, notably ras proteins, also have associated 
with them other regulatory proteins (Boguski and McCormick, 1993): 
guanine-nucleotide-releasing proteins (GNRPS), guanine-nucleotide-dissocia
tion inhibitors (GDIS), and guanine-nucleotide-dissociation stimulators (GDSS). 

The complexity of G-protein signalling pathways is still being unravelled. 
There are examples of different receptors activating the same G protein, and of 
one receptor regulating more than one G protein (Birnbaumer, 1992, and refer
ences therein). Different subtypes of an effector enzyme may be activated, 
inhibited, or unaffected by py dimers (Birnbaumer, 1992; Camps etal., 1992a). 
In some cases, specific py dimers are required for the activity of a particular 
Ga. For example, microinjection of antisense oligonucleotides to two specific 
p subunits interfered with Go-mediated Ca2+ channel modulation in a rat pitu
itary cell line, but antisense oligonucleotides to two other p subunits had no 
effect (Kleuss et al., 1992). In other cases py subunits of different G proteins 
appear functionally interchangeable (Gautam and Simon, 1990; Camps etal., 
1992b; Katz etal., 1992; Birnbaumer, 1992). How all of this crosstalk occurs 
while still maintaining the specificity of stimulus-response coupling is one of 
the major questions in G-protein research (Neer and Clapham, 1988; 
Birnbaumer, 1992; Hepler and Gilman, 1992). 

n. G-Protein RegUlation of Animal Ion Channels: Background 
and Methodology 

Ion channels are one of the primary targets of G-protein action in animal cells 
(Dunlap etal., 1987; Brown and Birnbaumer, 1990). G-protein regulation of 
ion channels comprises part of numerous signal transduction pathways, includ
ing those mediating vision, taste, and smell (Stryer, 1986; Dhallan etal., 1990; 
McLaughlin etal., 1992; Hepler and Gilman, 1992). Ion channels are distinct 
from many of the targets of G-protein action (the classic example is adenyl ate 
cyclase, the enzyme which catalyses production of CAMP) in that their activity 
is not assayed by standard enzymological methods. Assessment of whether an 
ion channel is regulated by G proteins typically requires the application of 
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electrophysiological techniques. Since the study of o-protein regulation of ion 
channels in plant cells employs methods and criteria developed from studies 
on animal systems, it is of use to begin by briefly describing that methodology, 
and the functional definitions of o-protein regulation that arise from it. 

Ion channels are regulated proteinaceous pores which span the cellular and 
organellar membranes of cells (Hille, 1992). Ions move through channels 
down their electrochemical gradient, which is determined according to the 
Nemst equation by two factors: the concentration difference for that particular 
ion across the membrane and the membrane potential difference or membrane 
voltage. To a first approximation, ion channels exist in either an open confor
mation, which allows the passage of ions, or a closed conformation, in which 
ion flux is curtailed. The majority of ion channels exhibit a selectivity for ionic 
species which is confered by the molecular structure of the channel polypep
tide(s), and channels are typically "named" after their permeant ion, e.g., "K+ 
channels" or "Ca2+ channels." 

Since the early 1980s, the premier electrophysiological approach for the 
study of ion channels has been the patch clamp technique (Hamill et aI., 1981; 
Neher and Sakmann, 1992). A glass microelectrode or "micropipette" with a 
tip aperture of about 1 /lm is filled with an ionic solution as is required for 
electrical conductivity and brought in contact with the cell membrane by use 
of a micromanipulator. In the case of plant cells, this requirement for mem
brane contact necessitates the use of protoplasts. Gentle suction is applied to 
the back of the pipette through a port in the pipette holder, resulting in the for
mation of a tight seal between the rim of the pipette and the cell membrane. 
This tight seal dramatically reduces electrical noise, and ensures that ionic cur
rents flowing through open ion channels in the enclosed patch of membrane 
are detected by the patch clamp amplifier. The amplifier converts the current 
signal to a voltage which can be displayed on an oscilloscope or digitized by 
an analog to digital converter for storage on computer disk. 

Patch clamping can be performed in several different configurations 
(Fig. 1). The configuration initially obtained is called the "cell attached patch." 
If additional suction or high voltage is applied to the patch it can be ruptured, 
allowing diffusional equilibration between the solution in the patch pipette and 
the cell cytoplasm. Because the volume of pipette solution far exceeds that of 
the cytosol, the ionic composition of the cytosol in this "whole cell configura
tion" is largely determined by the pipette solution, with the exception of ionic 
species for which the cell may have strong or localized buffering capacities. 
Electrical data recorded in the whole cell configuration represent the net 
current flowing through all ion channels and carriers of the cell membrane. 
Thus, to separate out and observe current through a particular type of channel 
requires a judicious choice of solutions. For example, in order to observe 
current through K+ channels (Fig. 2), one might employ relatively high con
centrations of K+ as a salt of an impermeant (and therefore non-current pro
ducing) anion. 

Studies seeking to document G-protein action on ion channels typically 
involve the introduction of G-protein regulators to the cytosol via the pipette 
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Fig. 1. Membrane configurations used in patch clamping. P, micropipette; C, cell 

Fig. 2. Whole cell K+ currents from a guard cell protoplast of Viciafaba. A, Voltage protocol 
applied to the cell. Voltage pulses were applied sequentially in time and are superimposed for 
purposes of illustration. B, Inward (downward) and outward (upward) K+ currents from the pro
toplast in response to the voltage protocol shown in A. Current responses were obtained sequen
tially in time and are superimposed for purposes of illustration. The external K+ concentration 
was 13.8mM and the internal (pipette and cytosol) concentration was 107mM. C, Absence of 
K+ currents when K+ in the bath and pipette solutions is removed and replaced with the imper-

meant cation N-methyl glucamine. Reproduced from Fairley-Grenot and Assmann (1991) 

solution, and the monitoring of subsequent current response. For example, 
GTP)'S and GDP~S, hydrolysis-resistant analogs of GTP and GDP, can be intro
duced to the cytosol via the whole cell configuration. GTPys locks G proteins 
into their active state, while GDP~S locks G proteins into their inactive state. As 
described in a recent methodological review (McFadzean and Brown, 1992), 
these nucleotides should be included in the pipette solution at concentrations 
of 100-500I1M for whole cell experiments, in order to achieve successful 
competition against endogenous guanine nucleotides. Because GDP~S is com
peting with endogenous GTP for binding, and does not bind irreversibly, it is 
sometimes necessary to apply even higher (mM) concentrations of this 
nucleotide in the whole cell configuration to see an effect (Brown, 1990; 
McFadzean and Brown, 1992). If guanine nucleotide analogs do affect the 
current response, it is important to determine the nucleotide specificity of this 
response to verify G-protein involvement. Whereas other enzymes such as 
nucleoside diphosphate kinases can utilize GTP or ATP as substrates (Reid
buchel etal., 1992), G proteins are typically highly selective for GTP over ATP. 
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For example, the affinity of ras for GTP is six orders of magnitude higher than 
its affinity for ATP (Wittinghofer etal., 1993). 

Two natural G-protein regulators, the bacterial toxins cholera toxin (CTX) 

and pertussis toxin (PTx), are also useful as experimental tools which can be 
introduced via the patch pipette. Both of these toxins catalyse the ADP-ribosy
lation of G proteins (Gierschik, 1992). A given G protein may be ADP-ribosy
lated by one, both, or neither of the toxins; for example, transducin and tu
bulin can be ADP-ribosylated by both toxins (Hepler and Gilman, 1992; Bums 
et al., 1993). The site of ADP-ribosylation promoted by CTX is an arginine 
residue that appears to be present in all Ga's (Gierschik and Jakobs, 1990). 
However, only some G proteins appear susceptible to ADP-ribosylation by this 
toxin (Ui, 1990). Ribosylation at this site blocks GTPase activity, leaving the G 
protein in a permanently activated state (Cassel and Selinger, 1977; Hepler and 
Gilman, 1992). Prx catalyzes ADP-ribosylation at a cysteine site (West etal., 
1985) that is present near the C-terminus of some G proteins (Ui, 1990). 
Ribosylation at this site results in a G protein that is no longer responsive to 
activation by the receptor protein (Gilman, 1987; Hepler and Gilman, 1992). 
Although there are cellular effects of PTX other than ADP-ribosylation of G pro
teins, these effects are observed at PTX concentrations of 1-10 f.lg/ml (Ui, 
1990). Therefore, effects of PTX occurring at lower concentrations provide 
good evidence of G-protein involvement (McFadzean and Brown, 1992). 

Observation of opposite effects of GTP')'S vs. GDP~S on channel activity, 
absence of effects of corresponding adenine analogues, and regulation by low 
concentrations of one or both of the bacterial toxins is good initial evidence for 
G-protein involvement, which can then be further confirmed by biochemical 
dissection of the signal transduction pathway. Such dissection may also 
involve electrophysiological techniques. For example, one can administer via 
the patch pipette an antibody to the implicated G protein, and determine if the 
signalling response is thereby nullified (Yatani etal., 1988; Brown, 1990). 
Alternatively, G proteins may be first implicated in ion flux regulation by in 
vitro biochemical techniques, and electrophysiological techniques may subse
quently be employed to study the dynamics and kinetics of such regulation in 
the living cell. 

Whole cell analyses with non-hydrolysable nucleotide analogues alone can 
give indication of G-protein involvement, but give relatively little information 
on the pathway of G-protein action. Additional information can be garnered by 
repeating such studies on isolated membrane patches. If G-protein regulators 
alter ion channel function in the whole cell configuration but have no effect in 
the isolated patch configuration, then the implication is that G-protein regula
tion of channel behavior is cytosol-dependent, that is, involves a signal trans
duction cascade that includes cytosolic partners. For example, in retinal rod 
cells photon absorption by rhodopsin activates the G protein transducin. 
Activated transducin activates CGMP phosphodiesterase which decreases CGMP 
levels and thereby triggers cation channel closure, thus eliminating a depolar
izing cation current and promoting cell hyperpolarization. Hyperpolarization 
reduces the amount of the neurotransmitter glutamate, that is released to 
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downstream retinal cells (Stryer, 1986; Pugh and Miller, 1987; Chabre etal., 
1993). All of this occurs in less than half a second (Chabre etal., 1993), 
emphasizing the exquisite temporal control that can be exerted by G-protein 
signalling pathways. The phosphatidylinositol pathway (Cote and Crain, 1993) 
is another example of a G-protein-mediated signal transduction cascade that is 
cytosol-dependent (Smrcka etal., 1991). In various cell types, hormonal 
signals such as bradykinin, angiotensin and vasopressin (Sternweis and 
Smrcka, 1993; Gutowski etal, 1991) activate G proteins of the Gq subfamily, 
which in turn activate the ~ isozyme of phospholipase C (PLC). The ~ isozyme 
can be activated by both a and ~'Y subunits (Sternweis and Smrcka, 1993; 
Camps etaL, 1992a; Katz etal., 1992). PLc catalyses production of the two 
signalling molecules, diacylglycerol and inositol trisphosphate (IP3) , from 
phosphatidylinositol bisphosphate. IPTstimulated Ca2+ release from intracellu
lar stores elevates cytosolic Ca2+ concentrations (Caj) and thus affects numer
ous processes, including ion channel behavior (e.g., Higashida and Brown, 
1986). 

Cytosol-dependent pathways may be elucidated not only by "test-tube" 
biochemistry but also by "pipette" biochemistry. For example, in one study 
(Kozlowski etaL, 1991) of G-protein regulation of L-type Ca2+ currents in 
heart muscle cells, chemically caged G'fP"/S was introduced into the cells via 
the patch pipette. Upon "uncaging" (activation) of the G'fP"/S by uv light 
energy, Ca2+ currents increased, implicating G-protein activation of Ca2+ chan
nels. The effectiveness of freed G'fP"/S was reduced in the presence of RP-CAMP, 
an antagonist of CAMP-dependent protein kinase (PKA). This result suggested 
that Ca2+ channel opening resulted in part from GTpYS-activation of a G protein 
that stimulated adenylate cyclase activity, which in turn activated PKA. 

Alternatively, G-protein regulators may be found to be effective in the iso
lated patch configuration, in which case it is said that the G-protein regulation 
is membrane-delimited. This is a functional definition, and the meaning is that 
G-protein regulation of the channel involves only components that are associ
ated with the isolated patch. This pathway is presumed to exclude soluble 
signals and most, but perhaps not all, cytoskeletal-associated signalling mole
cules. A membrane-delimited pathway of G-protein action has been docu
mented in animal systems for at least 11 K+ channels, 3 Ca2+ channels, and 
2 Na+ channels (reviewed in Brown, 1993). 

A membrane-delimited pathway may result from G-protein activation of 
membrane-associated enzymes whose substrates are ion channels. For 
example, G-protein activation of membrane bound phospholipase A2 results in 
arachidonic acid production, which has been shown to activate cardiac K+ 
channels in isolated membrane patches (Kurachi etaL, 1989; Kim etaL, 1989). 
Alternatively, a membrane-delimited response may result from direct action of 
the G protein on the channel polypeptide. Proof of the latter mechanism 
requires purification of both the G protein and the channel protein(s), reconsti
tution of an active channel in an artificial membrane system, and demonstra
tion that the purified G protein, when activated, does modulate channel activity 
(Brown, 1993). This technically demanding experiment has to date been per-
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formed with positive results for one animal channel, the Ca2+ channel from the 
T-tubules of skeletal muscle (Hamilton etal., 1991). 

ill. G-Protein Regulation of Plant Ion Channels 

Evidence for G-protein involvement in ion channel regulation has been found 
in two types of plant cells to date: guard cells and mesophyll cells of Vida 
faba. Below, the evidence for G protein-mediated channel regulation and the 
implications of such regulation for cell function are described. 

A. Guard Cell Channels 

In guard cells of Vida faba patch clamped in the whole cell configuration, 
application of 500/lM GTP"(S to the cytosol reduced the magnitude of inward 
K+ currents, while application of 500/lM GDPPS increased inward K+ current 
magnitude (Fairley-Grenot and Assmann, 1991) (Fig. 3 A). These concentra
tions are within the range commonly employed for elucidation of G-protein 
regulation of ion channels in animal systems (e.g., Kurachi etal., 1986; 
Breitwieser and Szabo, 1988; Dolphin and Scott, 1987; Brown, 1990; 
McFadzean and Brown, 1992). Enhancement of the guard cell K+ current was 
seen with as little as 50/lM GDPPS; a dose-response curve for GTP"(S has not 
been published. The fact that effects on K+ currents of both GTP)'S and GDPPS 
were observed suggests that the patch-clamped guard cell "rests" in an inter
mediate state which allows both up and down-regulation by G proteins 
(Brown, 1993). ATPYS and ADPPS had no effect on the K+ currents, demonstrat
ing that there is nucleotide specificity of the responses (Fairley-Grenot and 
Assmann, 1991). This specificity is in contrast to results obtained with anion 
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Fig. 3. Inhibition of inward K+ current from a Vicia Jaba guard cell protoplast by application of 
GTP'{S (500 f.lM) and by 200 ng/ml of cholera toxin (CTX) and pertussis toxin (PTx); enhancement 
of inward K+ current by GDPPS (500 f.lM). Reproduced from Fairley-Grenot and Assmann (1991) 
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channels of guard cells, where both GTP and ATP appear to serve as activators 
(Hedrich etaL, 1990). The bacterial toxins PTX and CTX, administered at 
200 ng/mI, also decreased inward K+ current magnitude (Fairley-Grenot and 
Assmann, 1991) (Fig. 3 B). Taken together, the nucleotide and toxin data indi
cate that a G protein regulates K+ influx into guard cells. 

As described above, in animal systems CTX typically activates G proteins 
while PTX inactivates G proteins. In contrast, in the guard cell system both 
toxins had the same, inhibitory (GTP)'S-like) effects on K+ currents. These 
results suggest either that G proteins are regulated differently by toxins in plant 
vs. animal cells or that there exists in guard cells one G protein that inhibits K+ 
channels and is activated by CTX and another G protein that activates K+ chan
nels and is inhibited by PTX. It is interesting to note that the two toxins also 
have the same effect in another plant system: CTX and PTX both stimulate cab 
gene expression in soybean culture cells (Romero and Lam, 1993). One possi
ble clue to the mechanism by which PTX might, contrary to expectation, acti
vate a G-protein response comes from the observation that in a few cultured 
animal cell lines, PTX reduces basal, that is, receptor-independent, GTPase 
activity (Gierschik and Jakobs, 1990; Gierschik, 1992). 

In the guard cell system, it was further observed that high cytosolic con
centrations of the Ca2+ chelator, BAPTA (5 mM BAPTA provided in addition to 
standard buffering with EGTA) , prevented K+ current inhibition by GTP)'S. 
BAPTA added to the control solution had no effect (Fairley-Grenot and 

Fig. 4. Recording from an inside-out 
membrane patch of a Vida faba guard 
cell, showing inhibition of inward K+ 
channel activity after application of 
GTP)'S (500 IlM). c, current baseline when 
the channel was closed; 0, current level 
when the channel was open. Reproduced 
from Assmann and Wu (1994) 
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Assmann, 1991). G-protein activation may therefore elevate C~ by triggering 
Ca2+ release from intracellular stores or by activating Ca2+ influx channels at 
the plasma membrane. G-protein elevation of C~ would provide a mechanism 
for the observed inhibition of K+ currents, since these currents are known to be 
inhibited by experimental elevation of Caj (Schroeder and Hagiwara, 1989; 
Fairley-Grenot and Assmann, 1992; Lemtiri-Chlieh and MacRobbie, 1994). 
However, these data are also consistent with the possibility that G-protein reg
ulation requires not Caj elevation but simply a permissive level of C~ that is 
not reached when high concentrations of Ca2+ chelators are present. 

Given that BAPTA counteracts the effect of GTPYS, one might be tempted to 
conclude that G proteins regulate inward K+ currents solely via a cytosolic 
cascade. However, there is a direct way to test this hypothesis, namely by 
determining whether G-protein regulators have any effect on K+ channel activ
ity in isolated membrane patches. Wu and Assmann (1994) tested the effects 
of GTPys, GDP~S, PTX, and CTX on K+ channels in inside-out membrane 
patches, using solutions with the same Ca2+ buffering as in the whole cell 
assays. They found that all of these regulators had effects on the isolated 
patches consistent with the effects observed in whole cell assays. GTPYS 
(Fig. 4), PTX, and CTX all inhibited channel activity (decreased open probabil
ity) while GDP~S enhanced channel activity (increased open probability). The 
control nucleotide, ATPys, had no effect on open probability. The magnitude of 
the GDP~S effect was relatively small, possibly because in the isolated patch 
conditions (absence of exogenous GTP) most of the G proteins were already 
inactivated. Just as in the whole cell experiments, CTX and PTX both inhibited 
inward K+ channel activity. 

The whole cell and single channel data, taken together, suggest the follow
ing possible scenarios: (1) there is more than one pathway of G-protein action 
(possibly involving more than one G protein) in guard cells. The cytosol
dependent pathway requires elevation of C~ while the membrane-delimited 
pathway does not. (2) There are both cytosol-dependent and membrane-delim
ited pathways of G-protein action in guard cells. One or both of these pathways 
requires a permissive level of Ca2+ (present in both the isolated patch experi
ments and the whole cell experiments without BAPTA, but absent upon increas
ing the Ca2+ buffering strength by addition of BAPTA), without a requirement 
for elevation of Caj. (3) There is only a membrane-delimited pathway of G
protein action, which requires a permissive level of Caj. For example, G
protein activation might increase the affinity for Ca2+ of the channel protein 
itself or of other membrane-associated messengers. The discussion below 
assumes that the first of the above explanations is correct, because with that 
assumption we are best able to place G proteins in an integrated signal trans
duction scheme. However, as will be reiterated subsequently, this is still an 
assumption rather than a proven fact. 

Role of G-protein regulation of K+ channels in stomatal function. During 
stomatal opening (reviewed in Assmann, 1993; Kearns and Assmann, 1993), 
H+ extrusion by a plasma membrane H+ ATPaSe in response to stimuli such as 
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light (Assmann etal., 1985; Serrano etal., 1988) results in a hyperpolarization 
of the membrane potential (i.e., "makes the membrane potential more nega
tive"). Anion channel closure which prevents anion efflux may also contribute 
to hyperpolarization (Schroeder etal., 1993; Schwartz etal., 1995). This hyper
polarization both creates a driving force for K+ uptake, and stimulates opening 
of the inward K+ channels (Schroeder, 1988), which are voltage
regulated (Schroeder etal., 1987). K+ enters the guard cell through these chan
nels and, along with active Cl- uptake, malate synthesis from starch break
down, and, under some conditions, some contribution from photosynthetically 
produced solutes (Tallman and Zeiger, 1988; Reckmann etal., 1990; 
Poffenroth etal., 1992), decreases the osmotic potential of the guard cell. 
Decreased osmotic potential results in water influx, a separation and bowing 
out of the two guard cells, and a consequent increase in aperture of the sto
matal pore. Since inward K+ channels are the major conduits through which 
K+ enters guard cells, effectors which inhibit these channels may slow or 
prevent stomatal opening. Therefore, it is anticipated that the G protein which 
is activated experimentally by GTP)'S is activated in vivo by stimuli which 
prevent, reduce, or retard stomatal opening. One example of such a stimulus is 
the plant hormone abscisic acid (ABA). The following observations suggest that 
G-protein involvement in the ABA response is a reasonable working hypothesis: 

1. ABA application inhibits inward K+ currents in guard cells (Blatt, 1990; 
Schwartz etal., 1994; Lemtiri-Chlieh and MacRobbie, 1994). 

2. G-protein activation (via GTP)'S) similarly inhibits inward K+ currents in 
guard cells (Fairley-Grenot and Assmann, 1991). 

3. Under some conditions, ABA elevates C<lj (McAinsh etal., 1990, 1992; 
Gilroy etal., 1991; Irving etal., 1992). 

4. There is some evidence for ABA-activation of Ca2+ permeable channels 
(Schroeder and Hagiwara, 1990) and some evidence consistent with ABA
triggered release of Ca2+ from intracellular stores via a mechanism involv
ing phosphoinositide turnover (MacRobbie, 1992; Parmar and Brearley, 
1993; Cote and Crain, 1994). In animal cells, distinct G proteins do mediate 
both Ca2+ channel activation and release of stored C<lj via the phos
phatidylinositol pathway (Hepler and Gilman, 1992). 

5. When Cai is deliberately buffered to low concentrations with high buffering 
strength, inhibition of whole-cell inward K+ currents by GTP)'S is prevented 
(Fairley-Grenot and Assmann, 1991). 

Thus it is reasonable to hypothesize the following pathway: 

ABA ~ G-protein activation ~ elevation of C<lj ~ inhibition of Kin channels 

If we hypothesize that one mechanism by which G proteins inhibit inward 
K+ channels is by elevation of C<lj, then what is the mechanism by which Caj 
inhibition occurs? One Ca2+-dependent process in animal systems is activation 
of protein phosphatase 2B (PP2B). PP2B is activated by binding of Ca2+
activated calmodulin (Klee etal., 1979, 1987; Liu etal., 1991), and, to a much 
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lesser extent, by direct binding of Ca2+ (Stewart etaL, 1982). We therefore 
investigated the possibility that Ca2+ -inactivation of inward K+ channels is 
mediated by a plant PP2B homolog. Consistent with this hypothesis, introduc
tion of constitutively-active (Ca2+/calmodulin independent) bovine brain PP2B 
to the guard cell cytosol inhibited inward K+ currents, even at low C<lj. 
Conversely, the immunosuppressant/immunophilin complexes cyc1osporin 
Ncyc10philin and FK506IFKBP, which are known specific inhibitors of PP2B 
(Liu etaL, 1991, 1992), prevented the inhibition of inward K+ currents by ele
vated C<lj. These data indicate that Ca2+-inhibition of inward K+ currents is 
mediated by a phosphatase with homology to PP2B (Luan etaL, 1993). Note 
that both calmodulin and PP2B are found not only in the cytosol, but also 
associated with the plasma membrane (Chantier, 1985; Collinge and 
Trewavas, 1989; Kincaid etaL, 1987) as would be required to hypothesize 
their involvement in the isolated patch response. 

Of great relevance to the idea that ABA acts in guard cells via a Ca2+ -regu
lated phosphatase is the recent deduction that an ABA-insensitive mutant of 
Arabidopsis, abil, which exhibits abnormally large stomatal apertures, is 
mutant in a gene which encodes a phosphatase with a Ca2+ -binding domain 
(Leung etal., 1994; Meyer etal., 1994). The gene has higher sequence similar
ity to another animal phosphatase, PP2C, than to PP2B, but also has homology 
over a limited region to the Ca2+-binding subunit of PP2B. Only biochemical 
experimentation which tests whether this gene product is Ca2+/caM-dependent 
and sensitive to inhibition by immunosuppressant/immunophilin complexes 
will reveal whether the phosphatase involved in K+ channel regulation is func
tionally of the 2B or 2C variety. 

A more complete ABA signal transduction pathway might then look like 
this: 

ABA -7 G-protein activation -7 elevation of C<lj -7 activation of Ca2+ -depen
dent phosphatase -7 ?? -7 inhibition of Kin channels 

The question marks indicate that it is not currently known whether the phos
phatase substrate is the channel protein itself or another intermediate messen
ger. 

There are also observations which suggest that the true picture of ABA
mediated regulation of the inward K+ channel is significantly more compli
cated than the simple linear scheme outlined above. One caveat is that recent 
data indicate that it is intracellular ABA which is responsible for triggering K+ 
channel inactivation (Schwartz etaL, 1994). While externally applied ABA 
(10 11M) did inhibit inward K+ channels and stomatal opening, this inhibition 
was dependent on external pH. Essentially no inhibition was observed at an 
external pH (pHo) of 8.0, and increasing inhibition was observed as pHo was 
lowered, a manipulation which promotes uptake of uncharged ABAH through 
the lipid bilayer (Kaiser and Hartung, 1981). In control experiments, changing 
pHo alone had no effect on the currents (or on stomatal aperture in Vicia). The 
hypothesis that intracellular ABA that had been taken up by the guard cells was 
responsible for mediating K+ channel inhibition was directly tested by apply-



50 Sarah M. Assmann 

ing ABA to the cytosol via the patch pipette solution in whole-cell configura
tion. Regardless of pHo' cytosolic ABA (1 /lM) was highly effective in inhibit
ing the inward K+ currents. These data do not demonstrate that all ABA effects 
on guard cells are mediated by internal ABA (see Anderson etal., 1994), but 
they do suggest that we should revise our general paradigm of ABA response to 
include such possibilities as intracellular ABA receptors. 

The implications of these results for G-protein involvement in the ABA 
response are unclear. Classically, heterotrimeric G proteins transduce signals 
from membrane-spanning receptors with seven transmembrane domains, sug
gesting that a G protein should not be the second messenger in this ABA 
response. However, recent evidence that the phytochrome signal is G protein 
mediated (see below) suggests that, in the case of plants, one should keep an 
open mind to the possibility that G proteins may transduce signals from 
cytosolic receptors. G proteins have also been implicated in organellar 
processes, including the regulation of a thylakoid-Iocalized kinase (Millner, 
1987), phosphorylation of proteins in isolated oat nuclei (Romero etal., 
1991a), and vesicular transport through the Golgi in kidney cells (Hepler and 
Gilman, 1992). These results indicate that heterotrimeric G proteins, and pre
sumably their receptors, can certainly be associated with intracellular mem
branes as well as with the cell membrane. 

A second, important, caveat to the idea that a G protein serves as the inter
mediary between ABA and Ca; elevation is that, as already described above, 
data are not yet available as to whether or not G protein activation does in fact 
result in elevation of Ca;. 

Another twist to the ABA-signal transduction pathway is that ABA itself 
does not always elevate Ca;. Ca2+-imaging experiments have shown that pho
tolytic release of caged ABA always results in elevation of Ca; only in guard 
cells of Commelina plants that have been grown at high temperatures (e.g., 
40°C). Plants that have been grown at 17 °C or lower do not show Ca; eleva
tion (Allan etal., 1993). The important but as yet unanswered questions are, do 
these low-temperature plants still show ABA-inhibition of inward K+ channels? 
And do these plants still show K+ channel inactivation in response to GTP)'S? 
One study has shown that very high concentrations of EGTA or BAPTA prevent 
ABA-inhibition of inward K+ channels in plants grown at 16-20°C, and thus 
suggests that the ABA-Ca; link is obligatory for the regulation of inward K+ 
channels (Lemtiri-Chlieh and MacRobbie, 1994). It would be useful to further 
test this hypothesis with plants grown at different temperatures. 

A third caveat is provided by the data of Lee etal. (1993), who observed a 
small enhancement of stomatal opening after treatment of epidermal peels 
with PTX or release of caged GTPyS microinjected into Commelina guard cells. 
This effect is opposite to that which would be predicted from the inhibition of 
inward K+ channels observed in patch clamp studies. There are several possi
ble ways to reconcile the two sets of results. In neither microinjection nor 
patch clamp studies can nucleotides be targeted by the experimenter to a par
ticular G protein. Experimental conditions which differed in the two studies 
may therefore have promoted the activation of different G proteins, with oppo-
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site effects, in the two experiments. For example, it is known from studies on 
animal systems that adenyl ate cyclase is regulated by both stimulatory and 
inhibitory G proteins (Gilman, 1987). Alternatively, the impact of G protein
mediated inward K+ channel inhibition on stomatal opening might not have 
been apparent in the study of Lee etal. (1993) because very high K+ concen
trations (lOOmM KCI, lOmM K+-MES) were provided in the incubation 
medium. The impact of channel inhibition may, however, be significant in 
vivo, where apoplastic K+ concentrations are thought to be in the low mM 
range (Bowling, 1987; Grignon and Sentenac, 1991). Finally, in Lee etal.'s 
study, caged GTP')'S was more effective than non-caged GTpYS, (non-caged) 
GOPPS had no effect, and caged ATP')'S was not tested as a control. Therefore, 
the effects of caged GTP')'S in their study might be due to a product of cage lysis 
rather than to GTP')'S itself. 

A fourth caveat to the involvement of G proteins in the ABA response is 
that, even if future data do place a G protein between ABA and Caj elevation, 
the upstream and downstream components of the membrane-delimited 
pathway of G-protein action in guard cells remain to be determined. One step 
to addressing this issue is to ask whether or not ABA also has a membrane
delimited pathway of action; that is, whether ABA inhibits inward K+ channels 
in the isolated patch. For both the membrane-delimited pathway and the 
cytosol-dependent pathway, it must also be kept in mind that a variety of 
environmental signals prevent stomatal opening, among them low ambient 
humidity, high intercellular concentrations of CO2, darkness, and certain con
centrations of the phytohormone auxin (reviewed in Zeiger, 1983; Zeiger et aI., 
1987; Assmann, 1993). The effects of these signals on guard cell ion transport 
have been little investigated and it is certainly possible that one or more of 
these signals will be found to be G protein-mediated in a membrane-delimited 
or cytosol-dependent fashion. 

B. Mesophyll Cell Channels 

The same approaches described in Fairley-Grenot and Assmann (1991) were 
utilized to investigate G-protein regulation of K+ channels in mesophyll cells 
of Viciafaba (Li and Assmann, 1993). Results indicate that outward K+ chan
nels in mesophyll cells are G protein regulated (Table 1). Thus, GTP')'S reduced 
outward K+ current, while GOPPS enhanced outward K+ currents. Just as in 
guard cells, strong buffering of Caj to low levels prevented the effect of GTpYS. 
CTX inhibited the outward K+ current. However, unlike the case in guard cells, 
PTX had no effect, suggesting that the mesophyll G protein involved in regula
tion of the outward K+ channel is not identical to the guard-cell G protein 
which regulates the inward K+ channel. 

Role in mesopbyll cell function. Adenylate cyclase is the classic example 
of a G protein-regulated enzyme in animal cells. Various K+ and Ca2+ channels 
in animal systems (Brown, 1990; Dolphin, 1990) are regulated by G protein
containing signal transduction cascades that include CAMP and CAMP-activated 
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Table 1. Comparisons of current magnitude and kinetics between control mesophyll protoplasts 
and those treated with nucleotides, Ca2+, or bacterial toxins (Li and Assmann, 1993) 

Current densitya Activation 
Treatment (l1A/pF) Probabilityb half-time (ms) 

Control 28.5 ± 3.3 205 ± 27 
ADP[~S] (5OOI1M) 30.6 ± 3.2 0.620 215 ± 35 
GDP[~S] (5OOI1M) 44.4 ± 7.8 0.008 205 ± 29 
GTP[yS] (500 11M) 18.4 ± 3.0 0.005 172 ± 21 
GTP[yS] (1 mM) 10.7 ± 2.2 0.001 210 ± 29 
Ca2+ (2O I1M)C 16.7 ± 2.1 0.005 168 ± 40 
BAPTA(5mM) 30.6 ± 5.8 0.660 203 ± 35 
GTP[yS] (500 11M) 

+ BAPTA (5mM) 33.4 ± 6.4 0.330 236 ± 27 
GTP[yS] (1 mM) 

+ BAPTA (5mM) 29.2 ± 4.8 0.890 220 ± 31 
CTX (500nglrnl) 17.5 ± 1.3 0.003 185 ± 24 
PTX (500nglrnl) 27.7 ± 5.5 0.850 204 ± 20 

a Time-activated current density after depolarization to +85 m V 
b Statistical comparison of lout (pA/pF) at membrane potential of +85 m V between control and 

various treatments. Significance criterion used is P :;;; 0.01 
C Free cytoplasmic Ca2+ concentration obtained by including 2 mM CaC12 in pipette solution 

was calculated as 20l1M with the BUFFA program (from G. Ryall, Flinders Medical Centre, 
South Australia) 

kinase (protein kinase A or PKA). However, the question of whether CAMP regu
lates plant ion channels has only recently been investigated. Effects of CAMP on 
mesophyll K+ currents were assayed according to the hypothesis that if adeny
late cyclase acted downstream from the G protein responsible for the inhibitory 
effects of GTIrys observed, then CAMP should also reduce current magnitude. 
Instead, CAMP significantly enhanced current magnitude (Li etal., 1994a). This 
enhancement could be observed at physiological (f.1M) CAMP concentrations, 
provided that an inhibitor of phosphodiesterase activity was also supplied. 
These results suggest the presence in plants of high levels of phosphodi
esterase activity, and may help to explain why measurements of CAMP levels in 
plants have been variable and quite controversial (Trewavas and Gilroy, 1991). 

In the study by Li and colleagues, it was further observed that introduction 
of bovine brain PKA also enhanced current magnitude, consistent with the pos
sibility that a PKA-type kinase mediates the CAMP effect in vivo. Conversely, 
inhibitors of protein phosphatases 1 and 2A (PP1 and PP2A) were also applied 
to test for opposite effects stemming from phosphatase activity. Both phos
phatase inhibitors enhanced current magnitude, suggesting that PP1 and/or 
PP2A-like proteins inhibit channel activity in vivo, opposite to the effects of 
PKA. These results are consistent with, but not proof of, a pathway in which G

protein activation results in phosphatase activation and K+ current inhibition 
(Li etal., 1994b). 
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Although patch clamp studies are leading to hypotheses concerning the 
intracellular messengers in a G protein-containing signal transduction scheme, 
the initial signal(s) which activates such a pathway in mesophyll cells 
remain(s) unknown. K+ fluxes in mesophyll cells do not have the clearly 
defined specialized functions which are obvious in guard cell function. We can 
speculate that K+ fluxes in mesophyll cells may be of importance in control
ling cell turgor. Regulation of these fluxes may be important in the control of 
cell expansion during development. Closure of outward K+ channels will 
prevent K+ efflux and turgor loss, particularly under conditions where the 
membrane potential is depolarized. In addition, many enzymes are known to 
require K+ as a co-factor (Bhandal and Malik, 1988), and it is possible that one 
mechanism of controlling enzyme activity is through the control of cellular K+ 
concentrations. 

IV. Future Prospects 

A. Linking Electrophysiology and Biochemistry/Molecular Biology 

While electrophysiological data give strong indication of ion channel regula
tion mediated by G proteins in guard cells and mesophyll cells, the specific 
G proteins responsible for these functions have yet to be identified. Thus, while 
we can say with confidence that a GTP-binding protein is involved in K+ 
channel regulation, it remains possible that this protein will have features that 
are unique to plants and distinct from the classic structure of animal G pro
teins. In fact, at this point in time it would be premature to conclude that 
channel regulation is necessarily carried out by a heterotrimeric G protein as 
opposed to a new class of G proteins, specific to plants. The distinctness of 
plant signalling systems is well illustrated by the CDPKS (Harper etai., 1991), 
kinases first identified in plants which have an intrinsic calmodulin-like 
domain that sets them apart from the Ca2+/caM-activated protein kinases famil
iar to animal biochemists. The point is further emphasized by the fact that only 
one gene/gene product with high homology to animal a subunits has been 
identified to date, despite extensive efforts (Terryn etai., 1993). The 
identification of only one true plant oa gene indicates that there may not be 
high sequence conservation of the signal-transducing 0 proteins between 
plants and animals. The oa gene that has been identified in Arabidopsis 
(GPA1) encodes a deduced amino acid sequence that is 36% identical to the 
sequence of bovine rod transducin (Ma etaI., 1990). A similar gene has been 
identified in tomato (TGA1) (Ma etaI., 1991). Immunolocalization studies of 
the GPAl gene product, opal, show that this protein is present in all parts of 
the plant, except mature seed (Weiss etal., 1993; Huang etaI., 1994). Gpa1 is 
found at higher levels in meristematic regions and in the vascular system, but 
is also found in other cell types, including mesophyll cells (Weiss et aI., 1993; 
Huang etaI., 1994). The function of opal is unknown, and it will be of interest 
to analyze whether plants that over- or under-express this protein exhibit alter-
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ations in ion channel behavior. Such studies will provide approaches toward 
attributing specific physiological functions to specific GTP-binding polypep
tides. 

Proteins that hydrolyse GTP, or bind GTP, GTP)'S, or antibodies to mam
malian GU subunits have been reported in the higher plants Lemna (Hasunuma 
and Fundera, 1987; Hasunuma eta!., 1987a), pea (Hasunuma eta!., 1987b), 
zucchini (Jacobs eta!., 1988; Drobak. eta!., 1988; Perdue and Lomax, 1992), 
oat (Romero eta!., 1991b), soybean (Legendre etal., 1992), maize (Bilushi 
eta!., 1991), rice (Zaina eta!., 1990), Arabidopsis thaliana, Vida faba, and 
Commelina communis (Blum eta!., 1988). GrP-binding proteins have also 
been detected in barley aleurone protoplasts (Wang eta!., 1993). In many 
cases, the proteins identified have lower molecular weights than predicted 
from animal U subunits (Terryn eta!., 1993), again suggesting the possibility 
of unique aspects of plant G proteins. Two genes have been cloned which 
contain some homology to GP subunits (Deng eta!., 1992; Ishida eta!., 1993). 
Whether the gene products function in vivo as GP subunits has yet to be estab
lished. Polypeptides that show cross-reactivity to a GP antibody raised against 
the Pr dimer of transducin have also been reported (Warpeha eta!., 1990). 
None of the putative GU or GP proteins has been fully purified, with the result 
that no function can be specifically assigned to any of them, although there 
are, in some cases, clues from physiological studies (see below). If purification 
is accomplished or, alternatively, if the relevant genes can be cloned and 
expressed in an in vitro system, it will then be possible to utilize these proteins 
in patch clamp assays, to determine whether these G proteins (or antibodies to 
them) alter ion channel function. Given the observation of a membrane-delim
ited pathway of K+ channel regulation in guard cells, it will also be of interest 
to reconstitute plant K+ channels in a lipid bilayer and observe whether these 
channel polypeptides are directly regulated by G proteins. 

B. Other Signal Transduction Systems 

In addition to stomatal function and mesophyll K+ transport, G proteins have 
been implicated in a variety of other signalling processes. Levels of auxin 
binding and GTP)'S binding change in parallel in membrane vesicles of oat, sug
gesting G-protein involvement in transduction of the auxin signal (Zaina 
et a!., 1990). GTP)'S stimulation of phospholipid turnover in cultured cells of 
Acer pseudoplatanus may be further indication of G-protein involvement in a 
plant phosphatidylinositol pathway (Dillen schneider eta!., 1986), as also sur
mised from the guard cell studies. G-protein involvement has also been pro
posed in defense responses of soybean (Legendre eta!., 1992) and tomato 
(Vera-Estrella eta!., 1994). 

Several studies implicate G proteins in transduction of the red/far-red 
signals for which phytochrome is the photoreceptor. Bossen eta!' (1990) 
showed that GDPPS introduced by electroporation inhibited red light-induced 
swelling of wheat mesophyll protoplasts, while GTP)'S could induce swelling. 
Romero and colleagues (1991b) showed that red light administered in vivo to 
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etiolated oat seedlings slightly increased GTP binding in subsequently har
vested extracts, consistent with red light-activation of a G protein. Cholera 
toxin, which classically activates G proteins, had the same effect as red light on 
phytochrome-regulated gene expression, namely expression of the cab genes 
was upregulated while expression of the phy genes was down-regulated 
(Romero etal., 1991b). Recent data from Chua's laboratory further implicates 
G proteins in phytochrome-regulation of gene expression (Neuhaus etal., 
1993). It was also recently demonstrated that red light enhances GTP binding 
by three nuclear envelope proteins (Clark etal., 1993). The methodology was 
selective for monomeric G proteins, and the authors suggest that monomeric G 
proteins may be translocated to the nucleus as a result of red-light activation of 
phytochrome. This interpretation highlights the possibility that classic het
erotrimeric G proteins may not be found to be the primary signal-transducing 
G proteins in plant systems. 

A comprehensive study by Warpeha etal. (1990) also documents G-protein 
involvement in transduction of the signal from a blue light photoreceptor. In 
that study, GTP binding of a 40 kDa protein in pea plasma membrane was 
specifically regulated by blue light. ADP-ribosylation by CTX and PTX and 
cross-reactivity to a subunit antibodies similarly identified an approximately 
40 kDa putative GTP-binding protein. 

Ion fluxes are certain to be involved in many of the light responses of plant 
cells as well as in plant signal transduction processes involving hormones and 
elicitor compounds. It will therefore be of interest in the future to apply to 
these systems the powerful electrophysiological techniques that are now avail
able for the analysis of G-protein involvement in ion transport regulation. 

Note added in proof. Two recent papers, by Armstrong and Blatt (1995) 
and Kelly et al. (1995), provide important new information on the role of 
G proteins in the regulation of guard cell K+ channels. 
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I. Introduction 

Increased yield and quality improvement of harvested tissues or organs of eco
nomically important crop plants are two major goals of plant breeders. Crop 
yield is determined by multiple genetic and environmental factors, among 
these selective increase in partitioning of photoassimilates to harvested tissues 
or organs is of major importance (Gifford etal., 1984). Over the past few 
decades the yield of major crop plants has been improved substantially. 
However, further improvements can be made to achieve the genetic yield 
potential of major crop plants (Gifford etal., 1984; Thome, 1985; Knight and 
Langston-Unkefer, 1988). Improvement in grain quality, composition and the 
relative distribution of storage compounds have also received increased atten
tion over the last few years. Although conventional breeding practices will 
continue to playa vital role in crop improvement, plant metabolic engineering 
through biotechnology has the great potential of producing future crops with 
better quality and higher yield. 

Carbohydrate, lipids, and proteins are the major storage compounds found 
in most oil seed and small grain crops; and their relative proportions of these 
components vary in storage and vegetative organs. The allocation of photoas
similates is mainly controlled by the regulated distribution of photoassimilates 
into different carbon and nitrogen metabolic pathways. Lipids and proteins are 
the major storage compounds in some plants such as peanuts and soybeans, 
whereas carbohydrate is the predominant form of storage compounds in 
cereals. In spite of its importance, the molecular mechanism for carbon and 
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nitrogen partitioning among metabolic pathways are largely unknown in 
plants. Isolation of key genes affecting grain quality and composition, and 
development of ways of introducing these genes into major crop plants have 
created new approaches to study the molecular basis of regulation of metabolic 
pathways. Genes encoding regulatory enzymes and transporters controlling the 
flux of carbon and nitrogen through metabolic pathways have recently been 
isolated (Hu etal., 1992; Riesmeier etal., 1992; Schulz etaL, 1993; Shorrosh 
et aI., 1994; Gornicki et aI., 1994). Manipulation of the activities of these 
enzymes and transporters in transgenic plants, along with genetic analysis, has 
identified the rate-limiting steps and regulatory control points of carbon and 
nitrogen metabolism (Von Shaewen etaL, 1990; Sonnewald and Willmitzer, 
1992; Stark etal., 1992; Kishore and Somerville, 1993; Riesmeier etal., 
1993a; Voelker etaL, 1993; Bate etaL, 1994; Kavi Kishor etal., 1995). We are 
also beginning to understand the development and metabolic signals that coor
dinately regulate different metabolic pathways in plants. Many plant genes 
involved in photosynthesis and metabolic pathways are regulated by catabolite 
repression mechanism (Sheen, 1990; Krapp etaL, 1993 Vincentz etal., 1993; 
Graham etaL, 1992, 1994; Sano and Youssefian, 1994; Thomas and Rodrguez, 
1994), which is a major regulatory strategy for controlling carbon and nitrogen 
metabolic pathways in prokaryotes (Fisher and Sonenshein, 1991; Saier, 1991) 
and in lower eukaryotes (Saier, 1991; Gancedo, 1992; Trumbly, 1992; 
Marzluf, 1993). Plant homologs of regulatory components of signal transduc
tion networks involved in regulation of metabolic (Alderson etaL, 1991; Sano 
and Youssefian, 1994) and other related (Chang etaL, 1993; Kieber etaL, 
1993) pathways in bacteria and in yeast have been isolated, suggesting the 
existence of these signaling pathways in plants. Functional characterization of 
the signal transduction events and their role in regulating metabolic pathways 
in plants will be the task of future research in this area. 

This chapter begins with a brief review of strategies controlling carbon and 
nitrogen metabolism in bacteria, yeast, and filamentous fungi, and their rele
vance to higher plants. The focus of the chapter is to highlight the recent 
advances in using molecular, genetic and transgenic approaches to unravel the 
regulatory control points of plant metabolism. These studies, along with exten
sive physiological and biochemical studies (for reviews, see Huppe and 
Turpin, 1994; S. Huber and Kaiser, 1996), have not only yielded new answers 
to the key regulatory events of metabolic pathways, but also have revealed the 
complexity of metabolic regulation in plants. 

II. Global Regulatory Systems of Metabolic Pathways in Prokaryotes and 
Lower Eukaryotes 

Catabolite repression is a general mechanism utilized by prokaryotes and 
lower eukaryotes to regulate carbon and nitrogen metabolism in response to 
changes in nutrient availability (Saier, 1991; Fisher and Sonenshein, 1991; 
Gancedo, 1992; Trumbly, 1992; Marzluf, 1993). In this mechanism, the 
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expression of genes encoding alternative metabolic enzymes are repressed 
when preferred carbon and nitrogen sources are available. Although catabolite 
repression is involved in regulation of both carbon and nitrogen metabolism in 
diverse organisms, the molecular mechanisms in the different systems are not 
conserved. Below is a summary of the regulatory strategies of carbon and 
nitrogen repression in Escherichia coli, Saccharomyces cerevisiae, and 
Neurospora crassa to illustrate the relatedness and uniqueness of the regula
tory aspects of different metabolism in these organisms. 

A. Regulation of Carbon Metabolism 

The best understood catabolite repression system is glucose repression in 
E. coli and in S. cerevisiae. The presence of glucose negatively regulates genes 
that encode enzymes required for metabolism of other carbon sources includ
ing sucrose, maltose, galactose and other non-fermentable carbon sources. In 
E. coli, glucose repression is controlled by CAMP-CAP regulon that is a global 
regulon consisting of operons regulated by the cyclic AMP and catabolite acti
vator protein, CAP (Magasannik and Neidhardt, 1987). Interaction of CAP, in 
conjunction with high concentration of CAMP produced by adenyl ate cyclase, 
with CAP cis-regulatory elements of glucose repressible genes activates the 
operons. The mechanistic aspect of the interaction between CAP and its DNA 

binding element and activation of glucose repressible genes in E. coli have 
been studied in detail (Ren eta!., 1988; Gaston eta!., 1990; Joung etal., 1994). 
However, the CAMP-CAP mediated glucose repression mechanism does not 
operate in other bacteria species such as B. subtilis and S. venezuelae (Fisher 
and Sonenshein, 1991; Saier, 1991). 

In yeast, carbon sensing and glucose repression is regulated by a CAMP 

independent pathway. Knowledge concerning the regulatory circuit of glucose 
repression is primarily obtained by analysis of glucose repression and dere
pression mutation of SUC2, which encodes an invertase in yeast. Many of the 
key components of the system have been identified and their epistatic relation
ships have been established (Gancedo, 1992; Trumbly, 1992). Among the 
known components in the pathway, the SNFI (sucrose non-fermenting) gene 
encodes a global regulator and plays a central role in the pathway (Celenza 
and Carlson, 1986). The SNFI mutant was initially isolated as one of the dere
pression mutants that does not express invertase (SUC2) in the absence of 
glucose. Therefore, SNF 1 is required for expression of glucose-repressible 
genes such as SUC2. Requirement of SNFI function for SUC2 expression has 
been shown to be mediated at the transcriptional level (Celenza and Carlson, 
1986). SNFI encodes a 72kDa serine and threonine protein kinase (Celenza 
and Carlson, 1986), whose activity has been shown to be down regulated by 
the availability of glucose (Woods etal., 1994). The levels of the SNFI RNA 

and protein are not altered by glucose starvation (Celenza and Carlson, 1986). 
Thus the increase in SNFI protein kinase activity under these conditions is 
likely to be mediated by a post-translational mechanism. Treatment of SNFI 
with protein phosphatase 2A dramatically reduces SNFI protein kinase 
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activity. The inactivated SNFI can be reactivated by mammalian AMP-acti
vated protein kinase kinase (AMPKK; Mackinstosh etal. 1992; Woods, 1994). 
Since the AMP-activated protein kinase (AMPK) is a mammalian homolog of 
SNFI protein kinase, the activation of SNFI is likely to be regulated by an 
upstream kinase in vivo (Woods etal., 1994). 

In addition to its global role in the derepression of glucose repressible 
genes, SNF 1 plays a role in the regulation of glycogen metabolism 
(Thompson-Jaeger etal., 1991) in yeast. The yeast strain with the allelic muta
tion of SNF 1 (snfl-I72) exhibited significantly reduced glycogen accumula
tion under glucose and other nutrient starvation conditions (Thompson-Jaeger 
etal., 1991), suggesting that SNFI is also required for glycogen biosynthesis. 
Failure to derepress gluconeogenic enzymes in the snfl-172 mutant may result 
in a shortage of glucose needed for glycogen synthesis under glucose derepres
sion conditions. Recently, SNFI protein kinase has also been shown to regu
late lipid biosynthesis by controlling acetyl-CoA carboxylase (Accase) activity 
(Woods etal., 1994; Mitchelhill etal., 1994;). In wild type yeast strains, the 
Accase activity undergoes a time-dependent decrease under conditions of 
glucose derepression. However, such glucose mediated decrease of Accase 
was not observed in snfl mutants (Woods etal., 1994), demonstrating that the 
decrease of Accase activity under these conditions is dependent upon SNFI 
protein kinase activity in vivo. The partially purified SNFI protein kinase, like 
AMPK, also phosphorylates and inactivates yeast Accase in vitro (Mitchelhill 
etal., 1994). These results provide convincing evidence suggesting that SNFl 
is involved in the regulation of fatty acid biosynthesis in addition to its role in 
carbon sensing and utilization. These studies are consistent with the earlier 
genetic evidence showing that SNF 1 is a global regulator of carbon metabo
lism (Celenza and Carlson, 1986). SNF1-like protein kinases have been found 
to be conserved in different organisms including higher plants (Alderson etal., 
1990; Sano and Youssefian, 1994; Halford etal., 1994) and mammals (Carling 
etal., 1994). These plant and mammalian homologs of yeast SNFI protein 
kinases also appear to be involved in regulation of carbon metabolism (see dis
cussion in Sect. ill. A, D). 

The interactions between SNF 1 and other cellular components were 
identified by isolation and analysis of snfl suppression mutations that allow 
snfl mutants to utilize sucrose as carbon source under glucose derepression 
conditions (Carlson etal., 1984). SNF4 has been shown to physically interact 
with SNFI protein kinase in vivo and to functions as a positive effector of the 
SFNI protein kinase (Celenza etal., 1989). Among the other known compo
nents in this pathway, hexokinase PIT encoded by HXK2 has been shown to act 
as a glucose sensor (Entian etal., 1985; Ma etal., 1989); several other compo
nents involved in signal relay from HXK2 to SNF 1 have also been identified 
(Gancedo, 1992; Trumbly, 1992). However, the molecular and biochemical 
nature of these interactions have not yet been elucidated. 
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B. Regulation of Nitrogen Metabolism 

Ammonia is the preferred nitrogen source for microorganisms. When bacteria 
are grown under conditions of limited ammonia, a number of functionally 
related genes (Ntr regulon) suppressed by the preferred nitrogen source are 
activated (Stock et al., 1989). The nitrogen derepression is regulated by a two 
component sensor and response regulator pair, NtrBINtrC, in conjunction with 
other regulators (Albright et aI., 1989). NtrB encodes a histidine kinase and 
NtrC encodes a transcriptional activator that is required for activation of gluta
mine synthetase (ginA) gene expression. The regulatory aspects of nitrogen 
sensing and repression are understood in this system. Ammonia deficiency, a 
high a-ketoglutarate to glutamine ratio, is monitored by nitrogen regulators 
encoded by glnB and glnD. GinB and glnD in tum activate the autophosphory
lation activity of NtrB histidine protein kinase, which subsequently transfers 
the phosphate to NtrC, leading to activation of the NtrC transcriptional activa
tor. That the carbon and nitrogen ratio, rather than nitrogen concentration 
alone, is the metabolic signal for availability of nitrogen illustrates the co
regulation of both carbon and nitrogen metabolism in bacteria. The two com
ponent regulatory systems are involved in signal transduction pathways that 
regulate a broad range of nutrient and environmental cues in bacteria (Stock 
etal., 1989; Parkinson and Kofoid etaI., 1992; Alex and Simon, 1994). 
Recently, similar signal transduction modules have been identified in plants 
(Chang etal., 1993), yeast (Ota and Varshavsky, 1993; Maeda etaI., 1994), and 
filamentous fungi (Alex and Simon, 1994), suggesting that the two component 
regulatory mechanisms have been conserved throughout evolution. In 
Arabidopsis, DNA sequences related to ETRl, encoding the two-component 
regulator of ethylene-response pathway, have been detected (Chang et aI., 
1993), indicating presence of multiple two-component sensor and regulator 
pairs in plants. However, the general utility of the system in plants and other 
eukaryotic organisms remains to be seen as more genes encoding eukaryotic 
two-component pairs are being isolated and characterized. 

In S. cerevisiae, nitrogen sensing and response is primarily mediated by the 
RAS/adenylate cyclase pathway (Gilman, 1984; Malone, 1990), a CAMP depen
dent pathway. The presence of nutrients, primarily ammonia, activates adeny
late cyclase (CDC35) through GTP-bound RAS and the GDP-GTP exchange 
factor (CDC25; Gilman, 1984; Broek etal., 1987). The increased CAMP level 
by adenylate cyclase activates the pathway through a CAMP-dependent protein 
kinase (Malone, 1990). Mutations in this pathway lead to cell cycle arrest in 
G1 and hyperaccumulation of glycogen. In addition to the RAS/adenylate 
cyclase pathway, SLK1, a yeast homolog of mitogen-activated protein (MAP) 
kinase activators has been shown to play a role in nutrient sensing in a 
RAS/cAMP-independent pathway (Costigan and Snyder, 1994). Thus MAP 

kinase mediated signaling pathway also appears to be involved in control of 
nutrient sensing, in addition to regulating the pheromone response, cell wall 
formation and osmoregulation (for reviews, see Errede and Levin, 1993; 
Blumer and Johnson, 1994). The functional specificity of the structurally 
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similar protein kinases appears to be achieved through the interacting proteins 
that specifically link multiple components within a signal pathway, thereby 
preventing cross-talk between different signaling pathways (Choi etal., 1994; 
Marcus etal., 1994). Multiple MAP kinases involved in different signal trans
duction pathways have been isolated in plants (Duerr etal., 1993; Kieber etal., 
1993; Mizoguchi etal., 1994). Involvement of MAP kinase mediated signaling 
pathways has recently been established in the regulation of ethylene response 
process (Kieber etal., 1993). Studies are now being initiated to identify and 
characterize the different MAP kinase-mediated signal transduction pathways 
involved in the control of plant metabolism and development. 

The global trans-activation mechanism of genes involved in nitrogen 
metabolism is illustrated by studies of the nitrogen regulatory circuit in 
N. crassa (Marzluf, 1993). In this organism, the genes required for alternative 
nitrogen assimilation pathways are also repressed by the presence of the pre
ferred nitrogen sources. Activation of alternative nitrogen metabolism under 
low ammonia environment is mediated by a global positive-acting regulatory 
protein, NIT2 (Marzluf, 1993). NIT2 is a Cys2/Cys2-type zinc-finger global 
regulator that binds and activates many different co-regulated genes in the 
nitrogen regulatory circuit (Fu and Marzluf, 1990a, b), providing an efficient 
way to regulate unlinked genes in a common nitrogen pathway in eukaryotes. 
In addition to the global regulatory mechanism, many nitrogen suppressed 
genes are modulated by pathway-specific signals. Activation of nitrate reduc
tase (nit-3) of N. crassa requires both a global signal (nitrogen starvation) and 
a pathway-specific signal (presence of nitrate; Fu and Marzluf, 1987). Similar 
trans-activation mechanism also exists in regulation of amino acid biosynthetic 
pathways, in which GCN4 encodes a global regulator in yeast (Hope and 
Struhl, 1985). 

The general outlines of the signal perception and transduction pathways as 
well as the mechanistic aspects of gene activation in transcriptional regulation 
of carbon and nitrogen metabolism have been established in prokaryotes and 
lower eukaryotes, although in many cases important gaps still remain. It is 
clear that catabolite repression is a general mechanism for both carbon and 
nitrogen metabolism in microorganisms. The diversity of regulatory strategies 
of catabolite repression has evolved in nature, however. Understanding the 
common and specific aspects of global regulation of metabolic pathways in 
these model experimental organisms will continue to provide new insights into 
regulation of metabolism. 

III. Regulation of Carbon and Nitrogen Metabolism in Higher Plants 

A. Control Points of Major Metabolic Pathways 

One primary difference in metabolism between plant and animal cells is that 
plants are capable of fixing CO2 to synthesize carbohydrate through photosyn
thesis. Therefore, the overall regulation of plant metabolism is balanced by 
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Fig.I. Interconnections and subcellular compartmentalization of major metabolic pathways 
in the photosynthetic leaves. Arrows point to the direction of the pathways; PEP, phos
phoenolpyruvate; OAA, oxaloacetate; a-KG, a-ketoglutarate; Triose-P, triose-phosphate; 

Acety-CoA, acetyl coenzyme A; TCA, the tricarboxylic acid or the citric acid cycle 

catabolism, anabolism and photosynthesis. Figure 1 summarizes the major 
metabolic events and the primary regulatory points where these metabolic 
pathways are connected in leaves. These pathways merge at a few central 
metabolites such as acetyl-CoA, pyruvate, oxaloacetate and ex-ketoglutarate in 
glycolysis and the citric acid cycle. Catabolic pathways are relatively conver
gent; biosynthetic pathways are, in contrast, highly branched. Therefore, the 
partitioning of photoassirnilates into different biosynthetic pathways are 
expected to be regulated by global metabolic flux as well as pathway-specific 
regulatory mechanisms. 

The photoassirnilate distribution between starch and sucrose is best studied 
in photosynthetic leaves (Stitt, 1990; J. Huber and Huber, 1992; S. Huber and 
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Kaiser, 1996). ADp-glucose pyrophosphorylase (ADPGPP) is a major rate-limit
ing enzyme (Preiss, 1990; Muller-Ruber etai., 1992; Stark etai., 1992) for 
starch biosynthesis while sucrose phosphate synthase (sPs; J. Huber and 
Huber, 1992) and fructose 1,6-bisphosphatase (Fru 1,6Pase; Stitt, 1990) 
control the rate of sucrose synthesis. The balance of the two pathways deter
mines the relative accumulation of starch and sucrose in leaves. The regulatory 
role of ADPGPP in starch biosynthesis and partitioning of photoassimilates 
between starch and sucrose was demonstrated by analysis of transgenic potato 
plants expressing allosteric insensitive E. coli ADPGPP encoded by glgC (Stark 
etai., 1992). Expression of E. coli ADPGPP in the plastids of transgenic potato 
tubers led to significant increase in starch accumulation. This study demon
strates the feasibility of improvement of crop yield and quality by manipulat
ing the activity of rate-limiting enzymes in the major biosynthetic pathways. 
Inhibition of ADPGPP activity in transgenic potato tubers by expression of anti
sense RNA of potato ADPGPP gene results in the abolition of starch accumulation 
and increased sucrose level in tubers (Muller-Ruber etal., 1992). In addition, 
these tubers also show significantly reduced amount of storage proteins, sug
gesting that the acculumation of storage proteins is cross-regulated by carbon 
metabolism in these tissues. The metabolites that share among the carbon and 
nitrogen metabolic pathways may act as a signal to balance the relative distri
bution of photoassimilates into the connected pathways. Collectively, these 
two studies provide unequivocal conclusions that ADPGPP is the prominent 
pathway of starch biosynthesis, and that alteration of ADPGPP activity results in 
modified starch content in tubers. 

Surcose provides a bridge between the photosynthetic tissues where it is 
synthesized (sources) and storage or growing tissues where it is utilized 
(sinks). Physiological and biochemical studies suggest that the rate of sucrose 
synthesis is controlled by SPS activity together with Fru 1,6Pase. The SPS activ
ity is regulated by allosteric effectors and protein phosphorylation (J. Huber 
and Huber, 1992). Superimposed on the feedback and phosphorylation 
modification mechanism, SPS activity also appears to depend on levels of SPS 

transcripts (Worrell et aI., 1991). Over-expression of a maize SPS in transgenic 
leaves of tomato plants results in up to six-fold increase of SPS enzyme activ
ity, consequently causing a reduction of starch and an increase of sucrose in 
leaves (Worrell etal., 1991). These results further substantiate that SPS is a 
major regulator that controls sucrose biosynthesis, thereby altering carbon par
titioning in leaves. 

As the primary carbon photoassimilate, sucrose is distributed into both 
growing and storage sinks where it is cleaved by sucrose synthase into glucose 
and fructose to support various biosynthetic pathways. Therefore, sucrose syn
thase plays a pivotal role in source and sink regulation of photoassimilate dis
tribution. This has now been demonstrated by the studies in transgenic plants 
(Von Schaewen etai., 1990; Sonnewald etal., 1991; Heneike etaI., 1992). The 
introduction of the yeast invertase gene driven by a constitutive promoter, 
cauliflower mosaic virus 35S promoter, into transgenic potato plants, leads to 
an increase in the protein to starch ratio in the transgenic tubers (Heineke et ai., 
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1992). The level of hexoses as well as amino acids was found to be elevated 
significantly in the transgenic potato plants. These plants produce fewer tubers 
as compared to control plants. The markedly increased accumulation of protein 
contents is due to the increase of main storage protein (e.g., patatin). The higher 
invertase activity may direct the carbon flux to glycolysis and the citric acid 
cycle that supplies the carbon skeleton to amino acid biosynthetic pathways. 

Another major branch point for carbon assimilation pathways is fatty acid 
biosynthesis. Fatty acids are the major components of cellular membranes. In 
some plants it is also the main storage compound in seeds. The biosynthesis of 
fatty acid can be considered as a branch pathway of carbon metabolism 
(Fig. 1). Acetyl-CoA is a precursor and a major branch point in the biosynthe
sis of fatty acids, amino acids, and carbohydrate. Therefore, the global signal 
sensing and regulatory strategies are expected at this branch point of the multi
ple pathways. In plants, Accase catalyzing the first reaction of the fatty acid 
biosynthetic pathway has been implicated as a rate-limiting enzyme of the 
pathway (Harwood, 1988; Post-Beittenmiller etaL, 1992), as in animal cells 
(Kim etaL, 1989; Ha etaL, 1994). However, the direct evidence is still 
missing. Genes encoding Accase have now been isolated from a number of 
plants (Roesler etaL, 1994; Gornicki etal., 1994; Shorrosh etal., 1994). Both 
cytosolic and plastidal form of Accase have been found in pea (Konishi and 
Sasaki, 1994), suggesting the existence of a dual location of the pathway, 
although fatty acid biosynthesis takes place primarily in plastids. In animal 
cells, Accase activity is rapidly regulated by reversible phosphorylation (Kim 
etal., 1989; Ha etal., 1994) in close cooperation with allosteric control mecha
nisms. AMPK phosphorylates serine residue at position -79 of Accase (Ha 
etaL, 1994) and thus inactivates the enzyme (Davies etaL, 1992). In addition 
to Accase, diacylglycerol acyltransferase (DGAT), catalyzing triacylglycerol 
synthesis in seeds, has also been suggested to be an important regulatory 
enzyme for oil biosynthesis in seeds (Wilson et aI., 1992). 

Identification of rate-limiting steps is the first step towards alteration of 
metabolic pathways. Probing of putative regulatory genes of metabolic path
ways in transgenic plants offers new opportunity to identify the critical regula
tory point(s) in the complex metabolic pathways. This is illustrated by work 
leading to determination of the rate-limiting step in proline biosynthetic 
pathway (Szoke etaL, 1992; Kavi Kishor etaL, 1995). Genes encoding all the 
enzymes in proline biosynthetic pathway have recently been isolated 
(Delauney and Verma, 1990; Hu etaL, 1992; Delauney etal., 1993). M-pyrro
line-5-carboylate synthetase (P5CS; Hu etaL, 1992) and M-pyrroline-5-
carboy late reductase (P5CR; Delauney and Verma, 1990) control the first and 
last steps of the proline biosynthetic pathway, respectively. Transgenic tobacco 
plants expressing up to 50-fold higher P5CR activity as compared to the 
control plants, did not synthesize more proline (Szoke etal., 1992). In contrast, 
overexpression of P5CS led to 10- to 18-fold increase in free proline levels in 
transgenic tobacco plants (Kavi Kishor etaL, 1995). These results demonstrate 
that the rate-limiting step in proline biosynthesis pathway is controlled by 
P5CS and not by P5CR. 
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Carbon and nitrogen metabolism are interconnected (Fig. 1). Expression of 
photosynthetic genes in Chlamydomonas reinhardtii appears to be modulated 
by the availability of nitrogen (Plumley and Schmidt, 1989). Expression of the 
nitrate reductase gene in tobacco is antagonistically regulated by nitrogen and 
carbon metabolites (Vincentz etaL, 1993). While glucose, sucrose and fructose 
up-regulate expression of nitrate reductase gene, glutamine represses expres
sion of both nitrate and nitrite reductase genes. A pleiotropic tobacco mutation 
affecting both carbon and nitrogen metabolism has now been isolated (Faure 
etal., 1994). The biochemical and molecular basis of the interactions between 
carbon and nitrogen metabolism remains to be elucidated. 

Glutamine synthetase (os) plays a central role in nitrogen metabolism, as 
glutamine is the key metabolite that connects carbon and nitrogen metabolism 
through the citric acid cycle (Fig. 1) (also see Hirel etaL, 1993). In general, os 
genes are highly expressed in tissues where active nitrogen metabolism takes 
place (Hirel etaL, 1993). In Selenastrum, higher glutamine to glutamate and (X

ketoglutarate ratio determined by the OS/OOOAT activities appears to act as a 
metabolite signal to activate the phosphoenolpyruvate carboxylase (PEPcase), a 
key enzyme of the anapleurotic pathway that replenishes depleted carbon 
skeleton in the citric acid cycle for amino acid biosynthesis. Recently, Huppe 
and Turpin (1994) further hypothesized that a similar metabolic signal may 
also activate PEPcase to coordinate carbon and nitrogen metabolism in plants. 
This is consistent with the fact that dicarboxylic acids generated by PEPcase
mediated reductive pathway are the primary carbon source for symbiotic nitro
gen fixation and assimilation (Dilworth and Glenn, 1984; Vance and Heichel, 
1991). 

B. Cellular Compartmentalization and Metabolite Transport 

Metabolic pathways are compartmentalized in cells, separating distinct meta
bolic processes from each other. The intercellular and intracellular metabolite 
pools are established and maintained by metabolite transporter systems (Bush, 
1993) and metabolic multienzyme complexes (metabolons; Srere 1987; 
Hrazdina and Jensen, 1992) formed by protein-protein interactions of enzy
matic components of the same pathways. Specific sugar and amino acid trans
porter systems regulate the metabolite pools in subcellular compartments 
(Bush, 1993). Therefore, they playa central role in regulation of diverse meta
bolic pathways and of overall flux of photoassimilates. In plants and other 
eukaryotic cells, separation of metabolic pathways is further reinforced by 
subcellular compartmentation, a simple regulatory mechanism in which the 
enzymes for distinct pathways are physically separated by membrane-bound 
organelles. Catabolic and biosynthetic pathways are two different processes 
that generally take place in different subcellular compartments. The primary 
catabolic pathways, glycolysis and the citric acid cycle, are located in cyto
plasm and mitochondria respectively. In plants, however, glycolysis also 
occurs in the plastids to support photosynthesis and other biosynthetic path
ways (Hrazdina and Jensen, 1992). Most of the biosynthetic pathways includ-
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ing starch, lipid, and amino acid biosynthesis are compartmentalized in plas
tids in plants while these pathways are generally located in the cytoplasm in 
other organisms. 

Taking advantage of the large numbers of well defined sugar and amino 
acid transporter mutants in yeast and of the T-DNA tagged Arabidopsis metabo
lite transporter mutants, plant genes encoding sugar, amino acid, and other 
nutrient transporters have now been isolated (Riesmeier etal., 1992; 
Schachtman etaI., 1992; Frommer etaI., 1993; Tsay etaI., 1993; Ninnemann 
etaI., 1994; Schachtman and Schroeder, 1994). The activity of transporters for 
cellular metabolites plays an important role in partitioning of photoassimilates. 
The potato sucrose transporter gene, StSUTl, is highly expressed in mature 
leaves, whereas stem and sink tissues, such as developing leaves, show only 
low expression. The expression of StSUTl is specifically localized in the 
phloem. Transgenic potato plants with reduced sucrose transporter transcripts 
achieved by expression of antisense RNA dramatically increased leaf carbohy
drate content (Riesmeier et aI., 1993b), providing direct molecular evidence for 
the proposed apoplastic transport of sucrose in photosynthetic leaves, a mecha
nism for phloem loading (Giaquinta, 1983). Triose phosphate (triose-P) repre
sents the net product of the Calvin cycle of photosynthesis. The export of 
triose-P into the cytosol is of central importance with respect to photoassimi
late partitioning between sources and sinks as well as allocation between 
various pathways such as sucrose and starch synthesis. The chloroplast triose
P translocator (TPT) mediates transport of triose-P and 3-phosphoglycerate (3-
PGA) out of the chloroplast in a strict counter exchange for Pi. Expression of 
tobacco TPT gene is repressed by increased sucrose levels (Knight and Gray, 
1994). Antisense RNA repression of TPT gene expression in potato plants results 
in a 20-30% reduction of Pi import (Riesmeier et aI., 1993a). The reduced Pi 
import to chloroplasts leads to a 40-60% reduction in photosynthetic rate and 
an increase of starch accumulation in leaves at the expense of sucrose and 
amino acids. Therefore, the TPT is a major rate-limiting factor that regulates 
the flow of photoassirnilates into different biosynthetic pathways. Molecular 
characterization and targeted manipulation of metabolite transporter systems in 
plants will continue to help in our understanding of how metabolite pools 
coordinately affect carbon partitioning at the whole plant levels. 

C. Carbon Metabolite Repression in Plants 

Although catabolite repression is well known in regulation of carbon and 
nitrogen metabolism in microorganisms, repression of plant genes involved in 
metabolic pathways was discovered recently. Sheen (1990) reported that pres
ence of elevated sucrose and glucose levels can specifically repress the expres
sion of seven maize photosynthetic genes in maize mesophyll protoplasts, thus 
demonstrating that genes involved in metabolic pathways are subject to regu
lation by the fluctuation of cellular metabolites in plants, a mechanism similar 
to catabolite repression in prokaryotes (Fisher and Sonenshein, 1991; Saier, 
1991) and lower eukaryotes (Gancedo, 1992; Trumbly, 1992; Marzluf, 1993). 



74 Guo-Hua Miao 

The metabolic repression provides a mechanism for plant cells to efficiently 
respond to the fluctuation of cellular metabolites, and to maintain a balance of 
different metabolic pathways. The glucose repression of ribulosebisphosphate 
carboxylase small subunit (rbcS) gene has also been demonstrated in a whole 
plant system (Krapp et aI., 1993). Expression of invertase in the cell wall of 
tobacco leaves resulted in accumulation of carbohydrate and inhibition of pho
tosynthesis (Von Schaewen etal., 1990). This was accompanied by significant 
decrease of rbcS transcript levels in the transgenic plants (Krapp etaI., 1993), 
demonstrating that repression of photosynthetic genes by glucose and sucrose 
is of physiological significance. That photosynthetic genes such as rbcS are 
inhibited by carbohydrate, most probably by metabolic factors related to the 
metabolism of carbohydrate (Krapp etaI., 1993), suggests a possible control 
mechanism for the sink regulation of photosynthesis (Stitt, 1990). 

Sugar levels also modulate differential expression of two maize sucrose 
synthase genes, ShI and Sus I, which are expressed in different tissues and 
cells of developing maize (Koch etaI., 1992). The levels of ShI transcripts 
increase in excised root tips under glucose deprivation conditions; addition of 
glucose (4%) can repress the accumulation of ShI transcripts (Koch etaI., 
1992). The repression of ShI transcript levels by sugar is controlled at the 
transcriptional1evel (Maas et aI., 1990). In contrast, SusI transcript levels are 
increased when 4% of glucose was included in the culture media. Although 
ShI and Sus I are expressed in different tissues and regulated in an inverse 
mode by sugars, these two genes are functionally redundant (Chourey and 
Taliercio, 1994). Normally, only the Sus I encoded SS2 is detected in embryos. 
In sus mutant embryos, however, ShI encoded protein SS 1 is detected. 
Furthermore, there is no phenotypic change in the sus mutant embryos, 
demonstrating the functional compensation of ShI to SusI in the embryos. 
Ectopic expression of ShI encoded SSI in embryos where otherwise only SusI 
is expressed suggests that metabolic regulatory control overrides the develop
mental regulation of the two genes. The molecular mechanism underlying this 
phenomenon remains unsolved. Nevertheless, these results illustrate the com
plexity of regulation of these genes by metabolites as well as plant develop
mental status. 

Expression of genes involved in carbon catabolism is also regulated by 
carbohydrate starvation. Sucrose repression of rice a-amylase gene expression 
has been demonstrated in both suspension-cultured cells (Yu etaI., 1991) and 
in germinating seeds (Karrer and Rodriguez, 1992). The a-amylase catalyzes 
the hydrolysis of a-l,4 glucan bonds of amylose and amylopectin in the 
starchy endosperm of cereals. It plays an important role in mobilizing storage 
starch into various biosynthetic pathways in germinating seedlings. Activation 
of a-amylase by sugar starvation allows cells to keep the demand of active 
biosynthetic pathways in the germinating seedlings. Phytohormone gibberellic 
acid (GA) also induces the expression of a-amylase genes in cereals. 
Therefore, both carbon metabolite signals and GA signal are involved in 
control of carbon metabolism in the germinating cereal seedling (for a review, 
see Thomas and Rodriguez, 1994). 
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The glyoxalate cycle converts fatty acids to carbohydrate and other 
metabolites, a unique metabolic pathway of plants and microorganisms. In 
oilseed plants like castor beans, storage fatty acids are metabolized to carbohy
drate through the pathway to support postgerminative growth. Isocitrate lyase 
(ICL) and malate synthase (MS) are the two key enzymes regulating the 
pathway (Kornberg and Beevers, 1957). Sugar starvation of cucumber cell 
culture results in the significant induction of the expression of both genes, and 
this effect is reversible by addition of sucrose, glucose and fructose to the 
culture media (Graham etal., 1992, 1994). Induction of ICL and MS genes 
under carbohydrate deficient conditions activates the glyoxylate cycle that 
plays an anapleurotic role in replenishing the metabolites of the citric acid 
cycle. Collectively, these studies demonstrate that sugar repression, as in 
microorganisms, is a regulatory mechanism controlling expression of a variety 
of genes involved in different metabolic pathways (Table 1), and that such a 
regulatory mechanism is of physiological importance in plants. 

The changes in gene expression by carbon metabolites are controlled at the 
transcriptional level (Maas etaL, 1990; Sheen, 1990). Promoter analysis of 
maize pyruvate phosphodikinase (PPDK) and chlorophyll alb-binding protein 
genes reveals that repression is mediated by the positive upstream regulatory 
elements. The analysis of seven different photosynthetic gene promoters of 
maize did not reveal any consensus sequences among the upstream regulatory 
elements (Sheen, 1990). Acetate also repressed the expression of the same set 
of genes. Moreover, the repression of most of these sugar repressible genes by 
acetate was ten times stronger than by sugar, indicating that two distinctive 
pathways may be involved in sugar and acetate repression of photosynthetic 
genes (Sheen, 1990). Acetate also repressed photosynthetic genes and acti
vated genes in the glyoxylate pathway of green algae, in which acetate is the 
preferred carbon source (Monroy and Schwartzbach, 1984; Kindle, 1987). 

Table 1. List of selected plant genes repressed by carbon metabolites 

Enzymes encoded by the repressible genes 

Pyruvate phosphodikinase 
Phosphoenolpyruvate carboxylase 
Malic enzyme 
Chlorophyll alb-binding protein 
Ribulosebisphosphate carboxylase 

small subunit 
Sucrose synthase (Shl) 
a-Amylase 

Isocitrate lyase 
Malate synthase 
Triose-phosphate translocator 
SNF1-like protein kinase 
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Although it is now generally accepted that carbon metabolites repress 
genes of metabolic pathways in microorganisms and in plants (Table 1) as 
well, the regulatory strategies are likely to be diverse among these organisms. 
In bacteria and yeast, carbon sources in the form of sugars can be supplied 
exogenously in the surrounding environments. Presence of the preferred 
carbon source, glucose, leads to repression of utilization of the other metabo
lizable sugars such as sucrose. Higher plants are capable of synthesizing 
reduced carbon including glucose indigenously through photosynthesis in 
chloroplasts. The reduced carbon in plastids can then be translocated in the 
form of sucrose into various sinks to support biosynthetic pathways 
(Giaquinta, 1983). Carbon metabolite repression of plant genes by both 
glucose and sucrose as opposed to by glucose alone in microorganisms may 
reflect the regulatory adaptation of plants to the fundamental difference in 
carbon source utilization and metabolism. Furthermore, expression of sugar 
repressible genes in plants is also subject to regulation by plant development 
status and other environmental cues. However, metabolic repression may over
ride the developmental and light regulation of these genes (Sheen, 1990; 
Cheng etaI., 1993; Chourey and Taliercio, 1994). Understanding the signal 
transduction pathways leading to the regulated expression of these genes 
by developmental status and different metabolites will provide significant 
insight as to how metabolite pools in planta affect plant development and 
metabolism. 

D. Metabolite Sensing and Nutrient-mediated Signal Transduction Pathways 
in Plants 

The metabolite signals that give rise to repression of ICL and MS genes of the 
cucumber glyoxylate cycle appear to be phosphorylated hexoses or the flux of 
hexoses into glycolysis (Graham etaI., 1994). 2-Deoxyglucose, which is phos
phorylated by hexokinase but not further metabolized in cells, effectively 
represses both MS and ICL gene expression. In contrast, the non-phosphorylated 
glucose analog, 3-methyglucose, does not cause repression of either ICL or MS. 

Therefore, the level of phosphorylated hexose produced by hexokinase 
appears to be the metabolic signal molecule that leads to repression of ICL and 
MS. This is reminiscent of the sugar sensor mechanism of glucose repression in 
bacteria (Saier, 1991; Angell etaI., 1994) and yeast (Gancedo, 1992; Trumbly, 
1992). In yeast, hexokinase PIT (HXK2) has been implicated as the initial 
sensor for glucose levels. Mutations in hxk2 result in derepression of glucose 
repressible genes (Entian etal., 1985). Furthermore, the phosphorylation activ
ity of HXK2 is directly correlated with its glucose repression capability (Ma 
et aI., 1989). Repression of photosynthetic genes also requires further metabo
lized glucose rather than the absolute concentration and transport of glucose 
(Krapp et aI., 1993). Treatment of maize mesophyll protoplasts with the 
specific inhibitors to HXK2 blocks the glucose repression of photosynthetic 
genes, further confirming that glucose phosphorylated by HXK2 is required 
for glucose repression of these genes (Jang and Sheen, 1994). These recent 
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studies indicate a common role of HXK2 in sugar metabolite repression in 
plants (Krapp etal., 1993; Graham etal., 1994; Jang and Sheen, 1994) and in 
microorganisms (Saier, 1991; Gancedo, 1992; Trumbly, 1992; Angell etal., 
1994). However, it is still not known how hexokinase senses glucose levels 
and transmits the signals to the immediate targets in both systems. 

Many diverse developmental and metabolic responses are mediated 
through a protein phosphorylation and dephosphorylation hierarchical regula
tory systems (Ranjeva and Boudet, 1987; Jiao and Chonet, 1989; Allen, 1992; 
Champigny and Foyer, 1992; Chang etal., 1993; Kieber etal., 1993; Miao 
etal., 1993; Sheen, 1993; Halford etal., 1994; S. Huber, 1996). Reversible 
protein phosphorylation is a major means of metabolic regulation in plants 
(Budde and Chonet, 1988). One such example is the inverse regulation of SPS 
and PEPcase activity by reversible phosphorylation (Jiao and Chonet, 1988; 
J. Huber etal., 1989; Bakrim etal., 1992; Champigny and Foyer, 1992; S. 
Huber and Huber, 1992). Sps plays a major role in regulating the flux of carbon 
into sucrose (S. Huber and Huber, 1992) and PEPcase is a key enzyme of the 
anapleurotic pathway. PEpcase is activated by phosphorylation of the protein 
by a serine protein kinase (Jiao and Chonet, 1990). In contrast, SPS activity is 
inhibited by protein phosphorylation, and dephosphorylation of the protein 
activates SPS activity (S. Huber and Huber, 1992). It has been hypothesized 
that nitrate is the common metabolite signal that coordinately regulates the 
activity of sps and PEPcase, possibly by activating the cytosolic protein kinases 
(Champigny and Foyer, 1992; Van Quy and Champigny, 1992). Several other 
enzymes involved in carbon and nitrogen metabolism and photosynthetic pro
teins have been shown to be subject to regulation by protein kinase and protein 
phosphatase-mediated reversible phosphorylation (J. Huber etal., 1992; Sheen, 
1993; LaBrie and Crawford, 1994). 

It is now clear that phosphorylation and dephosphorylation is a major 
event regulating the key enzymes of metabolic pathways. Identification of 
protein kinases and phosphatases responsible for the modification of the 
enzymes should allow a better understanding of the regulatory cascades. 
Molecular characterization of mutations that fail to phosphorylate or dephos
phorylate the respective enzymes will create an entry to elucidation of the 
metabolite-mediated phosphorylation and dephosphorylation systems regulat
ing metabolic pathways. 

Plant homolog of the yeast SNFI protein kinase gene have been isolated 
(Alderson etal., 1991, Halford etal., 1992, Le Guen etal, 1992; Muranake 
etal., 1994; Sano and Youssefian, 1994). Rye SNFI-like CDNA sequence, 
cRKINI, is capable of rescuing snfI mutation in yeast, suggesting RKINI 
may also be involved in regulation of carbon metabolism in plants. Expression 
of RKINI is primarily in endosperm of rye (Alderson etal., 1991), where 
storage starch is synthesized and deposited. However, SNF I -like genes from 
other plants appear to be constitutively expressed (Le Guen etal., 1992; 
Muranake etal., 1994). Expression of wheat SNFI homolog, Wpk4, is 
regulated by nutrient status (Sano and Youssefian, 1994). Transfer of seedlings 
from a nutrient-rich MS culture medium to water results in a dramatic increase 
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in Wpk4 transcripts in leaves. Addition of glucose down regulates ex
pression of Wpk4. Genomic Southern analysis indicated that SNF1-like protein 
kinase genes are encoded by a gene family in plants. These related sequences 
may encode isozymes that play similar roles in different tissues and at devel
opmental stages. Alternatively, these sequences may encode SFN1-related 
protein kinases that regulate different metabolic pathways or downstream 
targets. 

To establish the role of SNF1-like protein kinases in carbon metabolism in 
plants, effort has been focused on manipulation of SNF1-like protein kinase 
activity in the tuber of potato plants by antisense RNA approach. Transgenic 
potato plants that have reduced SNF1 protein kinase activity (up to 90% inhi
bition compared to control plants) specifically in potato tubers have been 
recovered (N. G. Halford, pers. comm.). No apparent morphological differ
ences in the aerial parts of the transgenic potato plants were observed. 
However, preliminary results also indicated that constitutive expression of the 
antisense potato SNF1-like sequence may be lethal to plants. In yeast, SNF1 
protein kinase activity is regulated by phosphorylation and dephosphorylation 
(Woods etal., 1994). The SNFl transcript and protein level are not altered 
under both glucose repression and derepression conditions (Celenza and 
Carlson, 1986). On the other hand, the steady levels of transcripts for wheat 
Wpk4 is significantly increased under glucose derepression conditions (Sano 
and Youssefian, 1994). Therefore, regulation of plant SNF1-like genes may 
differ from that of SNF 1 in yeast. 

AMPK regulates mammalian lipid metabolism by phosphorylating Accase, 
thereby inactivating the committing enzyme in fatty acid biosynthesis (Davies 
etaL, 1992; Ha etal., 1994). Recently a CDNA encoding AMPK has been isolated 
from rat liver (Carling etaL, 1994). DNA sequence analysis reveals that it 
shares a significant degree of sequence homology to yeast SNF 1 and plant 
SNF1-like sequences (Carling etal 1994). Thus AMPK appears to be a member 
of SNF1 protein kinase family. SNF 1 plays a major role in regulation of 
carbon metabolism in yeast. The structural similarity of the protein kinases in 
animal, plant and yeast suggests possible involvement of SNF1 protein kinase 
in the regulation of lipid biosynthetic pathway in addition to that of sugar 
metabolism. This possibility has now been experimentally confirmed in vitro 
(Mitchelhill etaL, 1994) and in vivo (Woods etaL, 1994). In wild type yeast 
the Accase activity undergoes a time-dependent decrease in glucose derepres
sion condition. However, such glucose mediated decrease of Accase activity 
was not observed in snfl mutants (Woods etaL, 1994), suggesting that regula
tion of Accase by glucose is specifically mediated by SNF1 protein kinase 
activity. The glucose deprivation activated SNF1 protein kinase appears to 
phosphorylate Acccase, thus inactivating the enzyme in vivo. The SNF1-like 
sequences have also been isolated from oilseed plants (Miao and Heppard, 
unpubL results). With the cloned plant genes for SNF1-related kinases and 
plant Accase (Gomicki etaL, 1994; Roesler etaL, 1994; Shorrosh etaL, 1994), 
the potential regulation of Accase by SNF1-like protein kinases can be tested 
directly. 
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Significant progress has been made towards understanding the regulatory 
events of metabolic pathways and partitioning over the past decade. Recent 
developments in gene transfer technology in major crop plants have created 
new opportunities to enhance the yield and quality of crops by manipulating 
the major metabolic pathways. Several successful experiments have recently 
demonstrated the feasibility and potential benefits of metabolic engineering 
through biotechnology to future agriculture (Voelker etal., 1992; Stark etal., 
1992; Riesmeier etal., 1993; Tarczynski etaL, 1993; Kavi Kishor etal., 1995). 
These pioneering researches have laid a foundation for the emerging science: 
plant metabolic engineering. However, plant metabolic engineering is still in 
its infancy. A fundamental understanding of the molecular and mechanistic 
aspects of regulation of metabolic pathways and photoassimilate partitioning is 
of central importance for the rapid realization of the promised benefits of this 
technology to agricultural industry. 

Information from understanding strategies of metabolic regulation in 
microorganisms has provided some very useful insights into the relatedness 
between these organisms and higher plants. On the other hand, many funda
mental differences in metabolism exist between multicellular higher plants and 
microorganisms. Therefore, in addition to recognizing the similarity of regula
tory components in different organisms, we should continue to anticipate 
novel and unique metabolic regulatory strategies operating in plants. 
Metabolic control architecture are nonlinear and interconnected at multiple 
key branch points. Alteration of a single rate-limiting step of the pathways 
may not necessarily lead to overproduction of many metabolites that requires 
significant redirection of flux distributions in primary metabolism, because the 
network rigidity has evolved to resist metabolic flux changes at branch points 
(Stephanopoulos and Vallino, 1991). Existence of alternative routes of many 
plant metabolic pathways (Knight and Langston-Unkefer, 1988; Delauney and 
Verma, 1993) that are functionally redundant adds another layer of complexity 
to the regulation of metabolic pathways. Furthermore, regulation of metabolic 
pathways is coupled to plant development. Accumulation of photoassimilates 
in storage organs may not only be determined by relative metabolic flux con
trolled by global and pathway-specific regulatory mechanisms but also 
influenced by developmental status, e.g., cell numbers and structure of storage 
organs, determined by cell division and pattern formation. 

Despite the fact that several regulatory points of some metabolic pathways 
have been identified, our knowledge of metabolite-mediated signal perception 
and transduction events regulating these key branching points is still very 
limited and fragmented. What are the different developmental and metabolic 
regulatory strategies operating in the oil- and starch-producing seeds? What is 
the molecular nature of metabolic signals that are involved in coordinating the 
interactions between carbon and nitrogen metabolic pathways? How are these 
signals perceived and transduced to affect plant metabolism as well as devel-
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opment? Answers to these questions are pertinent to the future success of 
rational design of plant metabolism through biotechnology. 
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I. Introduction 

A. Role of Leaves in CIN Metabolism 

In the light, leaves are the primary site of photosynthetic CO2 fixation for syn
thesis of carbohydrates and also for the reduction of nitrate to ammonium for 
biosynthesis of amino acids. In many species, sucrose is the major soluble car
bohydrate synthesized and also serves as the primary transport form of 
reduced carbon. Many of the amino acids, synthesized in mesophyll cells are 
also exported from the leaf, along with sucrose, via the phloem (Riens et aI., 
1991). Based on measurements of the concentrations of metabolites in the 
phloem sap versus the mesophyll cytoplasm, Riens etal. (1991) concluded that 
amino-acid uptake into the phloem is passive in nature and therefore transloca
tion occurs in response to active sucrose uptake and movement from the leaf. 
Both carbohydrates and amino acids are also stored in the leaf during the 
photoperiod such that export of reduced-C and -N can continue throughout 
the night period. In spinach (Spinacia oleracea L.) and barley (Hordeum 
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vulgare L.), the rate of export from leaves at night was found to be about 40% 
of the rate during the light period (Riens etal., 1994). 

Carbohydrate biosynthesis and N-assimilation (into amino acids) are 
potentially competitive processes as both involve inputs of reduced carbon 
(derived from photosynthesis) and energy. It is clear that competition per se 
does not occur, as both processes take place simultaneously and balance 
between C- and N-metabolism in the long term is maintained. This is 
achieved, in part, because their metabolism is highly interrelated. It should 
also be noted that while nitrate assimilation in leaves uses photosynthetically 
generated reductant, the process of nitrite reduction (which occurs in the 
chloroplast stroma) does not compete with CO2 fixation for electrons (de la 
Torre etal., 1991; Robinson and Baysdorfer, 1985); apparently, there is 
sufficient capacity of the thylakoid electron transport system to provide 
reduced ferredoxin for both nitrite reductase and NADPH formation 
(Robinson, 1988). 

From a standpoint of function, a leaf must be engaged in both processes 
simultaneously. Hence, effective regulation exists to control: (i) the flux of 
carbon into amino acids versus sucrose; and (ii) the partitioning of fixed
carbon between the chloroplast (for starch biosynthesis) and the cytosol (for 
sucrose biosynthesis). Control of both aspects involves regulation of cytoplas
mic metabolism, which will be the focus of this review. Specifically, we will 
consider sucrose biosynthesis and nitrate reduction/assimilation as key compo
nent processes of plant CIN balance. One of the recent developments in this 
area is the realization that at least three cytoplasmic enzymes involved in CIN 
metabolism are regulated by reversible protein phosphorylation; viz. 
NADH: nitrate reductase (NR); phosphoenolpyruvate (PEP) carboxylase (PEPC); 
and sucrose-phosphate synthase (sPs). This review will summarize the current 
understanding of the role that phosphorylation plays in the regulation of these 
key target enzymes. 

B. Role of Roots in e/N Interactions 

In roots, like in leaves, the diversion of C- and N-fluxes into structural or 
storage carbohydrates, nitrogenous compounds, or export-metabolites has to 
be under mutual control. While in this respect, sucrose synthesis is a major 
metabolic branchpoint in leaf metabolism, this does not hold true for roots. In 
contrast to leaves, the root is inevitably always a sink for carbohydrates. 
Further, it is a common experience that roots have to cope with the contradic
tory task to grow more in length or biomass when nutrient (especially N) 
availability is low, in order to explore new soil space. 

The contribution of roots to whole plant N -assimilation may vary with the 
N-form and concentration in the soil solution surrounding the roots. As a 
general but oversimplified rule, it may be stated that at very low nitrate supply, 
most of the nitrate is reduced in the root. Also, nitrogen from ammonium is 
usually processed only in the root (Lewis, 1986). In both cases, energy and C
skeletons for amino-acids biosynthesis are provided via the phloem, and part 
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of that carbon is returned to the shoot via the xylem in the form of amino acids 
or amides (Pate, 1983). Contrary to leaves, excessive production of potentially 
toxic primary products of nitrate reduction (nitrite or ammonium) may not be 
as dangerous for the roots because they can be excreted into the soil solution. 
However, as root N-assimilation is most important at low N-availability, loss 
of reduced nitrogen must be avoided. 

Accordingly, control of N-assimilation in the root and adaptation to carbo
hydrate availability is as essential as in the shoot. While the anaplerotic reac
tion of PEP carboxylation for organic-acid production is required both in shoots 
and roots, NADH supply for nitrate reduction in the root is probably provided 
by glycolysis and mitochondrial activity (Emes and Bowsher, 1991). 
Accordingly, oxygen availability is probably much more important as an envi
ronmental factor for root metabolism as compared to leaves. The basic enzy
matic steps of nitrate reduction and ammonium assimilation in roots and 
shoots are similar. Evidence is increasing that regulatory mechanisms are also 
similar, and that protein phosphorylation/dephosphorylation is just as impor
tant for modulating cytosolic enzymes, such as NR, as in shoots (Glaab and 
Kaiser, 1993). 

C. Pathways Involved in C- and N-Metabolism 

Carbon and nitrogen metabolism are not competitive processes, in part 
because of coordinated modulation of the respective metabolic pathways. This 
coordination can involve several levels of regulation, including molecular 
genetic, metabolic, and posttranslation modification. The primary focus of this 
review will be on covalent modification of key target enzymes via protein 
phosphorylation, and the possible implications for CIN interactions. As this is 
a new and rapidly expanding area of research, much of what will be presented 
reflects the current working models. 

The pathways involved in sucrose biosynthesis and nitrate reduction/ 
assimilation are generally established (see Fig. 1). Triose-P, derived from CO2 

assimilated within the chloroplast stroma by the Crreductive pentose phos
phate pathway, are exported to the cytoplasm via the phosphate translocator 
(for review, see FlUgge and Heldt, 1991). In the cytosol, the triose-P are used 
both for sucrose biosynthesis as well as to provide glycolytic PEP for the PEPC

catalyzed formation of oxaloacetate (OAA). The OAA is taken up by mitochon
dria by a high-affinity trans locator (Ebbighausen etal., 1985), and a major 
product of OAA metabolism in the mitochondria is citrate (Hanning and Heldt, 
1993). Formation of citrate would require acetyl-CoA, which can be generated 
from pyruvate within the mitochondria by the pyruvate dehydrogenase 
complex (poc). The requisite pyruvate could be derived from PEP in the cytosol 
by pyruvate kinase, or it could be generated within the mitochondrial matrix 
by NAD-malic enzyme (not shown in Fig. 1). Regardless of the source of pyru
vate, the in vitro studies of Hanning and Heldt (1993) provided strong experi
mental support for the earlier suggestion of Chen and Gadal (1990) that 
mitochondria might export citrate rather than 2-oxoglutarate (2-0G). The 
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Fig. 1. Simplified scheme showing the pathways of C-ftow into sucrose and amino acids in a 
Crleaf mesophyll cell. The modulation of four key target enzymes-cytoplasrnic SPS, NR and 
PEPC, and mtroc-by reversible protein phosphorylation in response to light/dark signals is 
shown. The interconversion reactions promoted by light are shown with open arrows, and those 
promoted in the dark with closed arrows. Note that phosphorylation activates PEPC but inacti
vates SPS, NR, and mtroc. Thus, the three cytosolic enzymes are activated in the light whereas 

mtroc is at least partially inactivated in the light 

citrate could then be converted by cytosolic aconitase and NADP-isocitrate 
dehydrogenase to 2-0G for incorporation of ammonium via the chloroplastic 
GIn synthetase/Glu synthase (GS/GOGAT) system (Hanning and Heldt, 1993) 
(see Fig. 1). 

In the simplified scheme depicted in Fig. 1, there are four key reactions 
catalyzed by enzymes that are potentially regulated by protein phosphoryla
tion: cytosolic SPS, PEPC and NR, and mitochondrial'PDc (mtPDc). With respect 
to PEPC, regulation by reversible protein phosphorylation is well established in 
C4, and crassulacean acid metabolism (CAM) plants (Jiao and Chollet, 1991; 
Nimmo, 1992; see Vidal eta!, 1996), but there are also indications for control 
by phosphorylation in C3 species (Van Quy etaL, 1991). Sps, NR, and mtPDC 
are inactivated by phosphorylation, whereas PEPC is activated (for reviews, see 
Budde and Randall, 1990; Jiao and Chollet, 1991; S. Huber etaL, 1994). 
Light/dark signals (Fig. 1) are major external factors controlling the phospho
rylation status, and hence enzymatic activity, of these target enzymes (for 
review, see Budde and Randall, 1990). As illustrated in Fig. 1, SPS, PEPC, and 
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NR are light activated, whereas mtpDC is light inactivated. However, even 
though mtPDc has been inactivated to about 20% of its maximum activity 
(Budde and Randall, 1990), the activity present in illuminated leaves appears 
adequate to provide C-skeletons for nitrate assimilation (D.D. Randall, pers. 
comm., 1994). Presumably, there is a much greater demand for mlPDC activity 
in the dark when the entire TCA cycle is fully operative. In the light, manipUla
tion of CO2 (or the C02/02 ratio) will affect the balance between photosyn
thetic CO2 fixation and photorespiratory metabolism. As photosynthetic rate is 
increased and photorespiration is decreased (by whatever means), the reduced 
flux of Gly and its subsequent oxidation in the mitochondria will result in 
increased mlPDC activity (Gemmel and Randall, 1992). At the same time, ele
vated levels of photosynthetic intermediates (P-esters) will activate NR (dis
cussed below). Thus, an overall balance between N03- reduction and 
provision of 2-0G in the cytosol will be maintained. 

ll. Regulation of Key Cytosolic Enzymes by Reversible Phosphorylation 

In order to understand the role of protein phosphorylation in the coordination of 
C- and N-metabolism, it is essential that regulation of the interconverting 
enzymes (i.e., protein kinases and protein phosphatases) be understood. A 
priori, regulation of the interconverting enzymes could occur at two distinct 
levels: (i) "coarse" control, involving changes in maximum extractable activity 
(e.g., covalent modification or changes in enzyme protein level); or (ii) meta
bolic "fine" control. For many of the plant enzymes regulated by phosphoryla
tion and subject to metabolic fine control, it is not known whether metabolites 
interact with the interconverting enzyme(s) or with the target protein substrate. 
It is thought that there is at least one example of each type (discussed below). 
However, regardless of the site of action, regulation by metabolites seems to be 
important. There are also several examples of apparent coarse control of inter
converting enzymes, illustrating the diversity of possible regulatory options. 

A. Phosphoenolpyruvate Carboxylase 

In C4 and CAM plants, PEPC plays an important role as the primary carboxylat
ing enzyme of atmospheric CO2, It is well established that reversible phos
phorylation of C4- and CAM-leaf PEPC increases enzyme activity (particularly 
under suboptimal assay conditions) and perhaps more importantly, reduces 
inhibition by L-malate and thereby activates the enzyme when assayed in the 
presence of its negative allosteric effector. In particular, the regulation of C4-

leaf PEPC by reversible seryl phosphorylation has been both extensively studied 
and recently reviewed (Jiao and Chollet, 1991; Nimmo, 1992; S. Huber etal., 
1994; Rajagopalan etal., 1994; Vidal etal., 1996). However, briefly stated, 
PEPC is phosphorylated on a single seryl residue near the N-terminus (Ser-15 in 
maize or Ser-8 in sorghum; Jiao and Chollet, 1991). The phosphorylation state 
of C4-leaf PEPC is apparently controlled primarily by the light activation of 
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Fig. 2. Schematic representation of the regulation of PEPC by reversible seryl-phosphorylation in 
A a C4 leaf (Ser-8, sorghum; Ser-15, maize) and B a C3 leaf. The C4-leaf PEPc-kinase has been 
shown to be activated itself by light, in a process involving the illuminated chloroplast, cytosolic 
protein synthesis, and perhaps Ca2+ and alkalization of the cytoplasm (Jiao and Chollet, 1991, 
1992; Jiao etal., 1991; Pierre etal., 1992; Nimmo, 1993; Bakrim etal., 1992; Vidal etal., 1996). 
This is denoted by the open arrow in A. It is not clear whether similar regulation occurs in the 
Crleaf. However, the Crleaf PEPc-kinase is, perhaps, regulated by GIn and GIu (Manh etal., 

1993). Pro syn, protein synthesis; hv, light 

PEPc-kinase-a process that involves, in some fashion, the illuminated chloro
plast and cytoplasmic protein synthesis (Jiao etal., 1991; Jiao and Chollet, 
1992; Li and Chollet, 1993; McNaughton etal., 1991; Bakrim etal., 1992). In 
addition, cytoplasmic Ca2+ and alkalization of cytosolic pH may be required 
for the light activation of C4-leaf PEPc-kinase (Pierre etal., 1992). The phos
phorylation/activation reaction is inhibited by L-malate, and it is thought that 
malate affects the reaction primarily by interaction with the target protein per 
se, not the protein kinase (Wang and Chollet, 1993b) (see Fig. 2). 

There are potentially two protein kinases (both Ca2+-independent, with 
subunit Mr about 37 and 30 kDa) that phosphorylate the regulatory site of 
maize-leaf PEPC and are themselves light activated (Li and Chonet, 1993; 
Wang and Chonet, 1993b). In addition, there is a Ca2+-dependent protein 
kinase (Mr -57 kDa) that phosphorylates PEPC but is not regulated by light as 
is the regulatory protein kinase (Li and Chonet, 1993), and presumably does 
not playa role in the regulation of PEPC in vivo. 

Phospho-PEPC is dephosphorylated by a type 2A protein phosphatase 
(PP2A), but little is known about the holoenzyme(s) that occurs in vivo and its 
possible modes of regulation (McNaughton etal., 1991; Nimmo, 1993). It 
could well be that primary control of C4-leaf PEPC phosphorylation status, and 
hence enzymatic activity, resides with modulation of PEPc-kinase activity. 

In CAM plants, PEPC is also regulated by phosphorylation, but the enzyme is 
phosphorylated and more active at night than during the day (Nimmo, 1992). 
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As in C4 plants, the phosphorylation state of CAM-leaf PEPC is controlled by 
changes in PEPc-kinase activity, that is itself controlled by an endogenous 
rhythm, rather than by light/dark signals, and involves cytoplasmic protein 
synthesis (Carter etal., 1991). 

In leaves of C3 plants, PEPC activity is much lower compared to leaves of 
C4 and CAM species, but serves several important functions. First, it feeds 
carbon into the TCA cycle to provide precursors for various biosynthetic 
processes, including amino-acid biosynthesis (see Fig. 1). Second, PEPC also 
plays an important role by producing protons to balance the hydroxyl ions 
generated during nitrate reduction (Raven and Smith, 1976). Consequently, 
Crleaf PEPC is at a pivotal point to play a central role in the integration and 
coordination of C- and N-metabolism. 

Recent evidence suggests that Crleaf PEPC may also be regulated by phos
phorylation. Some light activation of the Crleaf enzyme has been reported in 
a range of species, but the extent of activation was less and occurred more 
rapidly than in C4 species (Rajagopalan etal., 1993). Like C4- and CAM-leaf 
PEPC, the Crleaf enzyme has the regulatory phosphorylation motif Acidic
Basic-X-X-Ser-ne near the N-terminus (Rajagopalan etal., 1994). Moreover, 
phosphorylation of wheat-leaf PEPC in vivo following [32p]Pj feeding has been 
reported (Van Quy etal., 1991), and purified tobacco-leaf PEPC has been phos
phorylated in vitro using a Ca2+ -independent PEPc-kinase partially purified 
from either tobacco or maize leaves (Wang and Chollet, 1993a). Recent pre
liminary results also suggest that phosphorylation modulates Crleaf PEPC 
activity and regulatory properties (e.g., L-malate inhibition) in vitro (Duff and 
Chollet, 1994). However, it is not clear whether Crleaf PEPc-kinase is itself 
light-activated as in C4-1eaves. Preliminary results suggest that Crleaf PEPC
kinase may be regulated by certain amino acids: GIn has been reported to acti
vate and Glu to inhibit wheat-leaf PEPc-kinase activity in vitro (Manh etal., 
1993) (see Fig. 2). In this experimental system, which consisted of immuno
purified wheat-leaf PEPC and a partially purified wheat-leaf kinase preparation 
(from chromatography on blue-dextran agarose), GIn and Glu effects on phos
phorylation were inferred from changes in PEPC enzymatic activity, but neither 
malate sensitivity nor phosphorylation state were examined. The potential reg
ulation of Crleaf PEPc-kinase by amino acids must be confirmed directly using 
[y_32p]ATP, and should be extended to test for effects of other amino acids. 
However, these results may provide a partial explanation, at least, for activa
tion of PEPC activity in response to nitrate feeding (see below). 

The reciprocal effects of GIn and Glu on apparent wheat-leaf PEPc-kinase 
activity (Manh etal. 1993) are analogous to the direct effects of these amino 
acids on enzymatic activity of PEPC extracted from the unicellular green alga 
Selenastrum minutum (Van1eberghe etal., 1990). Two molecular forms of PEPC 
were chromatographically resolved from N-sufficient Selenastrum cells; the 
minor form (PEPCr. about 30% of total activity) was regulated by GIn (acti
vated) and Glu (inhibited), whereas the major form (PEPC2) was not (Schuller 
etal., 1990). However, recent preliminary evidence suggests that PEPC1 may 
be derived from PEPC2 by proteolytic modification in vitro (Dunford et aI., 
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1994). PEPC2, which may be the only molecular form in vivo, appears not 
sufficiently sensitive to Gin and Glu to explain the dramatic activation of PEPC 

activity that occurs in response to nitrate or ammonium feeding. Consequently, 
the regulation of PEPC in Selenastrum remains to be resolved; conceivably, 
phosphorylation may playa role, but this remains to be established. 

B. Nitrate Reductase 

Reversible phosphorylation of NR in vivo has been demonstrated in leaves of 
spinach (J. Huber etal., 1992), Arabidopsis (LaBrie and Crawford, 1994), and 
maize (J. Huber etal., 1994). With all three species, phosphorylation occurred 
exclusively on seryl residues, and peptide mapping suggested the potential for 
multiple phosphorylation sites. As none of the sites have been identified thus 
far, the occurrence of multisite phosphorylation remains to be proven. 

The regulation of NR activity by reversible phosphorylation has been 
recently reviewed (S. Huber etal., 1994; Kaiser and Huber, 1994; Kaiser etai., 
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Fig. 3. Simplified schematic representation of the regulation of leaf NR by reversible seryl-phos
phorylation. Multiple phosphorylation sites, thought to occur in the spinach enzyme (J. Huber 
et al 1992), are indicated. It is postulated that inactivation of phospho-NR involves binding of 
Mg2+, and another protein factor designated as "PIOO" (Spill and Kaiser, 1994; Glaab and 
Kaiser, 1994). Positive (+) and negative (-) effectors of the reactions are indicated. The possible 
light activation of NR-PP (S. Huber et aI., 1992) is indicated by the open arrow. Pro syn, protein 

synthesis; hv, light 
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1993). Briefly stated, in vitro studies have suggested that phosphorylation of 
NR modulates enzymatic activity by affecting sensitivity to Mg2+ inhibition: 
dephospho-NR is unaffected by Mg2+ whereas phospho-NR is strongly inhibited 
(Kaiser and Brendle-Behnisch, 1991; Kaiser and Spill, 1991; J. Huber etal., 
1992; MacKintosh, 1992). As shown schematically in Fig. 3, the putative 
Mg2+ binding site postulated to exist in phospho-NR may involve the nega
tively charged P-seryl groups, although there is no direct evidence for this. 
Another point requiring further study concerns whether or not another protein 
factor is required for Mg2+-inhibition of phospo-NR. Spill and Kaiser (1994) 
partially purified and chromatographically resolved two proteins with molecu
lar masses of about 100,000 and 67,000 (PIOO and P67, respectively). With 
highly purified NR, both protein factors were required for the time- and ATP
dependent inactivation of NR in vitro. As expected, inhibition of NR activity 
was only observed when assays contained free Mg2+. Recent experiments have 
shown that P67 alone can phosphorylate NR in vitro with [y_32p]ATP in a time
dependent fashion, but without affecting NR activity; however, subsequent 
addition of PIOO resulted in the immediate inactivation of NR (only when 
assayed with Mg2+) (Glaab and Kaiser, 1994). This had led to the recent pro
posal that PI00 may be a phospho-NR inhibitor protein. 

Regulation of NR phosphorylation state in vivo may involve: (i) light-acti
vation of NR-PP by a mechanism somehow involving cytosolic protein synthe
sis (S. Huber etal., 1992); (ii) metabolite regulation of NR-PP in vivo (Kaiser 
and Huber, 1994); and (iii) metabolite regulation of NR-kinase in vivo 
(Bachmann etal., 1994) (see Fig. 3). Studies of metabolite effectors that mod
ulate NR activation/dephosphorylation have been largely done with desalted 
crude leaf extracts, whereas NR-kinase has been studied both in crude extracts 
as well as after partial purification. Of the potential regulatory metabolites 
shown in Fig. 3, it is not known which, if any, playa role in vivo. However, it 
has been speculated that 5' -AMP activation of NR dephosphorylation may play 
a role in the activation of NR during anaerobiosis (Kaiser and Huber, 1994). 
Inhibition of NR-kinase by P-esters may play an important role in light/dark 
modulation of NR and in the "hyperactivation" of NR (S. Huber etal. , 1992) 
observed when assimilates accumulate in leaves (see below). It is important to 
note that while many P-esters inhibit the ATP-dependent inactivation of NR a 
number of compounds have no effect, including Pi, GlcN-6-P, 5'-AMP, free 
sugars, -nitrate, ammonium, and amino acids (Bachmann etal. 1994). It is also 
not clear whether the metabolites are interacting with the protein kinase per se 
or with the target substrate protein. 

Another factor that may impact on the modulation of NR is cytosolic pH. 
Manipulation of the intracellular pH of spinach leaf discs by acid- or base
loading in the dark resulted in activation or inactivation of NR, respectively 
(Kaiser and Brendle-Behnisch, 1994). The effects of intracellular pH were 
reversible and were comparable in magnitude to those obtained with light/dark 
transitions of intact leaves. Thus, acidification of the cytosol promotes dephos
phorylation/activation whereas alkalization promotes phosphorylation/inacti
vation. How these effects of cytosolic pH are mediated is not clear, but we 
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speculate that cytosolic pH may primarily influence the activity of NR-kinase 
in vivo. This is based on the observations that NR-kinase activity in vitro has 
an alkaline pH optimum, and is essentially inactive at pH 6.5 (Kaiser and 
Brendle-Behnisch, 1994, unpubl.; Bachmann etal., 1994). In contrast, NR-PP 
activity in vitro has a relatively broad pH optimum (Kaiser and Huber, 1994). 
These results are significant because it provides the first actual experimental 
evidence in support of a long postulated role of NR as part of the "biochemical 
pH-stat" of plant cells (for review, see Raven 1985; Kurkdjian and Guem, 
1989). It is not clear, however, under what conditions (if any) the regulation by 
pH might playa role in vivo. For example, it probably does not contribute to 
light-activation of NR because light results in only a small alkalization of the 
cytosol in C3 leaves (Raghavendra etal., 1993). However, a decrease in pH 
with anaerobiosis or other forms of stress might playa role in activation of NR 
under these conditions. 

C. Sucrose-Phosphate Synthase 

Phosphorylation of leaf SPS in vivo has only been directly demonstrated in two 
species-spinach (J. Huber etal., 1992) and maize (S. Huber etal., 1995). 
However, based on modulation of SPS activity in relation to light/dark signals 
and other experimental treatments, it probably occurs in leaves of a variety of 
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Fig. 4. Schematic representation of the regulation of spinach leaf SPS by reversible seryl
phosphorylation. Multisite phosphorylation (J. Huber and Huber, 1992) and the identification of 
the major regulatory site as Ser-158 are indicated. sPs-kinase is specifically inhibited by Glc-
6-P, and SPS-PP is potentially inhibited by Pi, various P-esters (Weiner et al., 1993) and amino 
acids (S. Huber et al. 1993; Shannon et al. 1994). The effect of light on the interconversion of 
presumed molecular forms of SPS-PP differing in sensitivity to Pi inhibition (sPs-pp, sPs-PP*) is 

shown (Weiner et aI., 1993). Pro syn, protein synthesis; hv, light 
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species (S. Huber etal., 1989) as well as certain non-photosynthetic tissues 
such as potato tubers (Reirnholz eta!., 1994). 

With both spinach and maize, evidence for multi site seryl-phosphorylation 
was obtained. Only one or two of the P-seryl groups are apparently involved in 
the light/dark modulation of enzyme activity (J. Huber and Huber, 1992); the 
major regulatory phosphorylation site in spinach SPS has recently been 
identified as Ser-158 (McMichael etal., 1993). 

The control of SPS phosphorylation has been recently reviewed (1. Huber 
and Huber, 1992; S. Huber eta!. 1993; S. Huber etal. 1994b). Briefly stated, 
control of the phosphorylation state of SPS could involve: (i) "coarse control" 
of SPS-PP, somehow involving cytosolic protein synthesis (Weiner eta!., 1992); 
and (ii) metabolite "fine control" of SPS-PP and/or sps-kinase in vivo (S. Huber 
eta!' 1994b; Weiner etal., 1992) (see Fig. 4). Both levels of control seem to 
play a role in vivo, because preventing the light-activation of SPS-PP with 
cycloheximide, a cytoplasmic protein synthesis inhibitor, dramatically reduced 
the rate of SPS activation/dephosphorylation in situ (Weiner eta!., 1992). 
Similarly, metabolites clearly playa role as well, because feeding Pi to excised 
leaves can reduce SPS activation whereas feeding mannose, a phosphate
sequestering agent (Lewis and Herold, 1977), results in SPS activation in the 
dark (Stitt et a!., 1988). 

Recent results suggest that the "light-activation" of SPS-PP may actually 
involve an interconversion between two forms of the enzyme (in some manner 
dependent upon protein synthesis) that differ in sensitivity to inhibition by 
Pi and several P-esters including 3-phosphoglycerate (3-PGA) and dihydroxy
acetone (DHAP or triose-P) (Weiner eta!., 1993): the sps-pp extracted (and par
tially purified) from dark spinach leaves was strongly inhibited by these 
metabolities whereas sps-pp from light leaves was markedly less sensitive. The 
interconversion of SPS-PP between the metabolite-sensitive and -insensitive 
forms could also be induced in the dark by feeding mannose to leaves, sug
gesting that light per se was not required. Rather, changes in leaf phosphate 
status might be critical (Weiner eta!., 1993). Because of uncertainties in the 
details of SPS-PP interconversion and regulation, Fig. 4 simply indicates that Pi 
and a variety of P-esters are potential inhibitors of SPS-PP and that different 
forms of the enzyme may exist that vary in sensitivity to metabolite regulation. 
Another important class of compounds that might serve to regulate SPS phos
phorylation state are amino acids, which can inhibit SPS-PP (extracted from 
dark leaves) in vitro (S. Huber etal., 1993). It is not known whether different 
molecular forms of SPS-PP vary in sensitivity to amino-acid inhibition; 
however, the possible role of amino acids as regulators of sps will be consid
ered further below. 

The kinetic effect of phosphorylation of SPS varies somewhat depending 
upon the source of enzyme, but in general, affinities for substrates (Fru-6-P 
and/or UDP-glucose) and effectors (Glc-6-P and Pi) can be affected (Reirnholz 
etal., 1994; for review, see S. Huber etal., 1994). Consequently, to observe 
effects of phosphorylation on SPS activity in vitro, assays are often conducted 
using "selective" conditions, i.e., rate-limiting substrates and a mixture of 
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Fig. 5. Schematic representation of the 
regulation of mtpDC activity by reversible 
seryl phosphorylation. Positive (+) and 
negative (-) effectors are shown 
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allosteric effectors which approximate concentrations in the cytoplasm of leaf 
cells. 

D. Mitochondrial Pyruvate Dehydrogenase Complex 

The regulation of mtPoc has been recently reviewed (Budde and Randall et aI., 
1990a, b; S. Huber etal., 1994b), and metabolites and ions that influence the 
phosphorylation state of the enzyme will be discussed only briefly. The mtpoc 
is inactivated by seryl-phosphorylation, and it is thought that control of the 
kinase, which is associated with the poc, will be the primary factor controlling 
poc activity. The poc-kinase is activated by several cations (millimolar K+; 
micromolar NH/) and inhibited by metabolites including AOP, NADH, acetyl
CoA, and certain organic acids (see Fig. 5). Because poc functions to produce 
acetyl-CoA, and thereby introduce carbon into the TCA cycle, the inhibition of 
poc-kinase by cycle intermediates (citrate and 2-0G) seems unusual. If the 
only function of mtpoc was to provide cycle intermediates, then citrate and 
2-0G might be expected to stimulate the kinase (and thereby reduce additional 
C-flow into the cycle). The unusual regulation observed may indicate that 
citrate is also required outside of the mitochondrion, e.g., for biosynthesis of 
2-0G and assimilation of ammonium (see Fig. 1). 

The light-dependent inactivation of mtPoc is clearly linked to photosynthe
sis, and more specifically to photorespiration (Budde and Randall, 1990; 
Gemmel and Randall, 1992). It has been suggested that production of Gly 
during photorespiration is part of the link between light (photorespiration) and 
the inactivation of mtpoc, because conversion of Gly to Ser within the matrix 
(by glycine decarboxylase) would produce both NADH and ATP (for poc-kinase) 
and also generate NH/, a potent activator of poc kinase. Both factors could 
contribute to the observed light-inactivation of mtpoc. 



Phosphorylation and elN Interactions 99 

Regulation of mtpDC in the light in relation to other aspects of cytosolic 
metabolism (see Fig. 1) is not well understood, but conceivably, organic acids 
and NH4 + could play a role in coordinating provision of 2-0G with nitrate 
reduction. In the remainder of this review, we will restrict our attention to the 
cytosolic enzymes PEPC, NR, and SPS and consider how the phosphorylation of 
these target enzymes may contribute to control of CIN balance under different 
conditions. 

m. Control of CIN Interactions 

Having considered the factors that might regulate the phosphorylation status of 
several key cytosolic and mitochondrial enzymes, we can now address how 
some of these regulatory properties might relate to the metabolic coordination 
that occurs in vivo. The interrelationships between photosynthetic C-metabo
lism and nitrate assimilation have been explored using several experimental 
systems. In broad terms, these include: (i) varying CO2 or nitrate supply to 
plants or excised leaves; (ii) feeding carbohydrates or amino acids (end prod
ucts); and (iii) the use of mutant and transgenic plants with altered capacities 
for photosynthetic CO2 fixation, starch metabolism, or nitrate reduction (for 
reviews, see Stitt and Schulze, 1994; Hoff etal., 1994). Results from these dif
ferent approaches all tend to support the notion that photosynthesis and nitrate 
assimilation are closely coupled in leaves. It is becoming clear that several 
steps of reciprocal control are involved in the "cross-talk," or coregulation, of 
pathways involved in C- and N-metabolism. 

A. Impact of Con N-Metabolism 

1. Light, CO2, and Photosynthesis 

It has long been recognized that restricting photosynthesis by decreasing 
atmospheric CO2, or imposing a rapid water stress (which closes stomata), 
inhibits nitrate assimilation in leaves (Aslam etaI., 1979; Pace etal., 1990; 
Kaiser and Forster, 1989). Another important observation is that light and 
CO2, or conditions that promote high carbohydrate levels, increase NR activity 
(Kaiser and Brendle-Behnisch, 1991) and nitrate assimilation in leaves (Aslam 
etal., 1979; Beevers and Hageman, 1980; Pace etal., 1990). The stimulation of 
nitrate assimilation by carbohydrates has often been interpreted as a reflection 
of the demand of nitrate reduction for NADH (Klepper et aI., 1971). However, 
nitrate assimilation in leaves in the light utilizes electrons derived directly 
from photosynthetic electron transport (de Cires etaI., 1993). It is now clear 
that the carbon dependence of nitrate reduction/assimilation also involves a 
regulatory component, and several specific aspects of this regulatory network 
are being elucidated. One important observation is that sucrose (or more likely 
some metabolite(s) derived from sucrose metabolism) can promote NR gene 
expression (Cheng etal., 1992). Another aspect, and the central focus of this 



100 Steven C. Huber and Werner M. Kaiser 

article, is the control of NR activity (and other cytosolic enzymes) by reversible 
protein phosphorylation. 

There is increasing evidence that protein phosphorylation contributes to the 
coordination between CO2 fixation, sucrose biosynthesis, and nitrate reduction. 
The light activation of SPS, NR, and PEPC requires CO2; hence, the light effect is 
indirectly mediated via induction of photosynthesis. As expected, various 
inhibitors of photosynthesis (e.g., DCMU) can also prevent the light activation of 
these enzymes. Light activation is not an "on-off' switch, but rather reflects a 
mechanism to fine tune the steady-state activities of these target enzymes in 
response to changes in CO2 assimilation rate; e.g., as irradiance is varied. This 
has been demonstrated for spinach SPS (Battistelli et al., 1991), barley NR (de 
Cires etal., 1993), and wheat-leafpEpc (Van Quy etal., 1991). How is this coor
dination among cytosolic enzymes brought about in response to photosynthe
sis? Unfortunately, not enough is known about the control of Crleaf PEPC by 
phosphorylation (see Sect. II.A) in order to speculate about the signals that 
mediate the activation of this non-photosynthetic isoform in the light. 
However, there is some suggestive evidence that nitrate, or a metabolite 
derived from nitrate reduction (e.g., glutamine), modulates the relative 
kinase/phosphatase ratio to promote phosphorylation and activation of Crleaf 
PEPC (discussed further below) (Manh et al., 1993, and references therein). 

In contrast, it appears that cytosolic phosphate status is a critical compo
nent underlying the activation of SPS and NR. As photosynthetic rate increases, 
e.g., with irradiance, the concentration of many metabolic intermediates 
remains relatively constant, or even decreases in the case of uDP-glucose (for 
review, see Stitt et al., 1987). Thus, the flux of carbon into sucrose can be 
increased during a dark-to-light transition without large change in metabolite 
pools; this is accomplished by regulation of enzyme activities with regulatory 
metabolites (such as fructose-2,6-P2) and protein phosphorylation. In contrast 
to other metabolites, it has been confirmed by subcellular fractionation of 
spinach leaves that the cytosolic concentration of triose-P is extremely low in 
the dark and increases rapidly with photosynthetic rate (Gerhardt et al., 1987). 
It already has been discussed in detail how an increase in cytosolic triose-P, 
necessarily coupled with a corresponding decrease in cytosolic Pi, will result 
in the coordinate control of cytosolic fructose-l,6-bisphosphatase (FBPase), by 
lowered [Fru-2,6-P2], and SPS, by allosteric regulation (for review, see Stitt 
et al., 1987). We can now rationalize that reciprocal changes in the levels of 
cytosolic triose-P and Pi will also result in the activation of SPS by dephosphor
ylation, as cytosolic phosphate status affects SPS-PP activity (see above). An 
increase in cytosolic triose-P will also inhibit NR-kinase, and thereby promote 
NR dephosphorylation/activation. Although Pi activates NR-dephosphorylation 
(S. Huber etal., 1994), the concentrations required are quite high and it is 
unlikely that the relatively small changes in [pa that might occur in vivo 
would be of physiological importance. Changes in Crleaf PEPC activity in 
response to photosynthesis are relatively small (i.e., the enzyme must be active 
in the dark as well as in the light), and the metabolic signals that might be 
involved in promoting phosphorylation in the light are not known. 
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2. Photoassimilate Accumulation 

Accumulation of photoassimilates in leaves can occur in vivo, as a result of a 
source/sink imbalance, or experimentally when phloem transport is either 
reduced (e.g., cold block) or stopped completely by petiole excision. When 
spinach leaves are excised and illuminated, photosynthesis continues but car
bohydrate partitioning changes quickly: the flux of C into sucrose slows while 
starch biosynthesis increases (for review, see Stitt etal., 1987). In marked con
trast, reduction of nitrate (from endogenous leaf reserves which are substantial 
in spinach) continues at a nearly constant rate for several hours (Kaiser and 
Forster, 1989; S. Huber etaL, 1992). Changes in the phosphorylation state of 
cytosolic enzymes appear to be at least one component responsible for the 
shift in C-flow within the cytosol (sucrose versus amino acids) and also across 
the chloroplast envelope (sucrose versus starch). 

In an excised, illuminated spinach leaf, as photoassimilates accumulate, 
SPS is rapidly inactivated/phosphorylated while NR is "hyperactivated" (proba
bly by dephosphorylation) (S. Huber etaL, 1992). The inactivation of SPS by 
protein phosphorylation is thought to be a cardinal event directly responsible 
for slowing the flux of C into sucrose, and indirectly responsible for the 
increased starch synthesis within the chloroplast (Stitt et al., 1987). If so, the 
critical question is what factors are responsible for the inactivation of NR? A 
priori, either sps-kinase has been activated and/or SPS-PP inhibited such that the 
kinase/phosphatase ratio is increased. It has been assumed that accumulation 
of sucrose itself was somehow involved in the inactivation of sps. 
Unfortunately, no effects of sucrose (or sucrose-P) on either of the intercon
verting enzymes have been observed in vitro (S. Huber etaL, 1993). 
Preliminary results suggest that accumulation of amino acids may play a role. 
Amino acids are synthesized in leaves and the majority are exported in the 
phloem; they are taken up via a passive process that is driven by the active 
uptake and transport of sucrose (Winter etaL, 1992). Consequently, amino 
acids will accumulate in excised leaves, when all export is blocked, and in 
attached leaves when sucrose export is restricted via a source/sink imbalance. 
Thus, amino acids could play an important role as "signal metabolites," with 
an accumulation indicating decreased plant demand for sucrose. Indeed, there 
are several lines of indirect evidence consistent with this postulate. First, 
feeding GIn to excised wheat leaves via the transpiration stream decreased the 
rate of photosynthetic sucrose formation in a concentration-dependent manner; 
feeding only 5 mM GIn reduced sucrose synthesis by approx. 40% (Manh 
et aI., 1993). Second, in analogous experiments with spinach, we have 
observed that feeding amino acids (in particular Gin or Gly) to excised leaves 
resulted in inactivation of SPS relative to the control leaves (S. Huber etaL, 
1993; Shannon etaL, 1994). Amino acids had little effect on net photosyn
thetic rate, and also had no effect on sps-kinase activity in vitro, but inhibition 
of SPS-PP (extracted from dark leaves) was observed (see Fig. 4). These results 
certainly provide a possible explanation for the experimental observation 
noted above. A third line of indirect evidence concerns differences among 
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species in accumulation of amino acids relative to partitioning of carbon. 
Attached, N-sufficient leaves of spinach and barley differ considerably in the 
accumulation of photoassimilates during the photoperiod (Riens etal., 1994). 
Spinach leaves accumulate more starch than sucrose, particularly towards the 
end of the photoperiod, whereas barley leaves accumulate high levels of 
sucrose, in a relatively linear fashion with time, but accumulate little starch. In 
addition to storing more sucrose, barley leaves also have a slightly higher rate 
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Fig. 6. Possible role of reversible protein phosphorylation in the response of CT 1eaf metabo
lism to an accumulation of photoassirnilates ("feedback regulation"). It is postulated that a 
build-up of amino acids (especially GIn and Gly) contributes, perhaps along with other 
unidentified factors, to the inactivation of SPS by inhibition of sps-pp (see Fig. 4). This would 
result in the accumulation of sucrose-pathway intermediates, as well as increased levels of the 
regulatory metabolite Fru-2,6-P2 (Stitt et al. 1987). The cumulative build-up of phosphorylated 
metabolites would activate NR, by inhibition of NR-kinase (see Fig. 3). Thus, end-product accu
mulation can result in inactivation of SPS (and diversion of C-flux into starch) but activation of 

NR (S. Huber et al. 1992). Consult the preceding figures and the text, for specific details 
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of assimilate translocation during the light period. In terms of reduced-N, 
barley leaves accumulate about 60% less amino acids (on a N-basis) than 
do spinach leaves (Riens etaL, 1994). It is simply worth noting that the higher 
sustained rate of sucrose formation in barley leaves was associated with 
reduced accumulation of amino acids. This is consistent with, but by no means 
proves, that amino acids may somehow modulate sucrose formation. 

A simplified and highly speculative working model for "feedback regula
tion" of C- and N-metabolism involving protein phosphorylation is shown in 
Fig. 6. As discussed above, a decrease in export (e.g., by root cooling) will 
result in an accumulation of both sucrose and amino acids in source leaves. We 
postulate that an increase in certain amino acids (especially GIn and Gly) 
could inhibit sps-pp and thereby promote phosphorylation and inactivation of 
sps. Inhibition of SPS would result in increased concentrations of its substrates, 
in particular Fru-6-P. The rise in Fru-6-P will result in an increased concentra
tion of the regulatory metabolite Fru-2,6-Pb which will inhibit cytosolic 
FBPase and thereby increase cytosolic triose-P levels. The increase in P-esters 
will necessarily result in a corresponding decrease in Pi. These changes, and 
the basis for increased starch synthesis within the chloroplast, are discussed in 
detail elsewhere (Stitt et aL, 1987). The general rise in cytosolic P-esters, such 
as triose-P and hexose-P, will inhibit NR-kinase and thereby promote dephos
phorylation/activation of NR (Bachmann etaL, 1994). While sps-kinase is 
inhibited by Glc-6-P, the inhibition is specific for this P-ester and sps-kinase is 
much less sensitive to Glc-6-P compared with NR-kinase (McMichael etal., 
1994). Thus, inhibition of sps-kinase should occur more slowly and to a lesser 
extent compared with NR-kinase. As a result, nitrate reduction will continue, 
and to the extent that amino acids accumulate in the cytosol, will tend to 
amplify the regulatory cycle postulated above. It should be noted that NR activ
ity will ultimately be inhibited as a result of GIn repression of NR enzyme 
protein biosynthesis (Shiraishi et aL, 1992; for review, see Hoff et aI., 1922). If 
Gin, or other amino acids, acted to prevent synthesis of NR (either at the tran
scriptional or translational levels), then NR activity would be a function of how 
rapidly the protein is degraded. At least one of the major factors controlling NR 
protein degradation is thought to be the availability of nitrate (Li and Oaks, 
1993). Thus, in the short-term (minutes to hours), nitrate reduction would con
tinue although in the long-term (days), it would be restricted along with 
sucrose biosynthesis. 

B. Impact of Non C-Metabolism 

Adequate N-nutrition is necessary for all phases of plant growth and develop
ment, including biosynthesis of the photosynthetic apparatus. Thus, N-avail
ability can influence critical factors such as gene expression and protein 
synthesis, and thus have a profound impact on C-metabolism in the long-term. 
For example, in maize, GIn is required for expression of several photosyn
thetic genes, including the C4 PEPC gene (Sugiharto etaL, 1992). Short-term 
effects are also apparent, and are indicative of the underlying mechanisms that 
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serve to coordinate C- and N-metabolism; some of these effects are considered 
further below. 

1. General Role for Cytoplasmic Protein Synthesis 

At least in some species, certain of the interconverting enzymes that act on 
PEPC, SPS, and NR are regulated by short-term turnover of the interconverting 
enzyme itself or some other essential protein component (e.g., regulatory 
subunit). This has been documented for C4-leaf PEPc-kinase (Jiao etal., 1991; 
Bakrim etal., 1992; Li and Chollet, 1993), and suggested to be the case for 
spinach leaf SPS-PP (Weiner etal., 1992, 1993), and spinach leaf NR-PP 
(S . Huber etal., 1992). Thus, when leaves are pretreated in the dark with 
cycloheximide (CHX), an inhibitor of cytoplasmic protein synthesis, the subse
quent light activation of the target enzymes is severely reduced. When maize 
leaves were pretreated with CHX, the light activation of pEpc-kinase (and 
hence, PEPC activity) was prevented and maize leaf photosynthetic CO2 assimi
lation was strongly inhibited (Jiao etal., 1991; Bakrim etal., 1993), indicating 
the critical importance of PEPC activation by protein phosphorylation. It has 
recently been demonstrated that two distinct protein kinases (catalytic subunits 
-30 and -37 kDa) are light-activated in situ and both are Ca2+-independent 
and exclusively phosphorylate the regulatory serine residue (Li and Chollet, 
1993). The light activation of both C4 pEpc-kinase isoforms was prevented by 
CHX. Interestingly, in maize leaves, pretreatment with CHX had no effect on the 
light activation of SPS (Jiao etal., 1991). 

In contrast, pretreatment of spinach leaves in the dark with CHX can both 
prevent and reverse the light activation of SPS (Weiner et aI., 1992), suggesting 
that differences may exist among species. Feeding CHX to leaves also strongly 
reduced the mannose-dependent activation of SPS in the dark (Weiner etal., 
1993). As discussed above (see Sect. ILC), illumination ofleaves (or treatment 
with mannose in the dark) results in decreased sensitivity of SPS-PP to Pi and 
presumably several other P-ester inhibitors. The shift in sensitivity to 
inhibitors was also prevented by CHX, suggesting that cytosolic protein synthe
sis is somehow involved in the interconversion of the different kinetic forms 
of SPS-PP (Weiner etal., 1993). Similarly, CHX can reverse the light activation 
of NR in spinach leaves (S. Huber etal., 1992), suggesting that NR-PP has been 
restricted in some fashion; however, this has not been proven directly. 

In all of these cases, it is presumed that some protein component is being 
synthesized either continuously or in response to the light signal. It is not 
known whether synthesis of the protein component utilizes existing amino
acid pools in the plant cell or whether newly synthesized amino acids are pref
erentially incorporated. Nonetheless, the effects of CHX described above 
suggest that in vivo, if nitrate and/or endogenous amino acids are limiting, the 
activation of C4-leaf PEPC and Crleaf SPS and NR might be decreased accord
ingly. Note that in the case of PEPC, SPs, and NR, the interconverting enzyme 
that is regulated in this fashion is the one that activates the target protein. This 
could be an extremely important regulatory component underlying CIN 
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balance, as a short-term restriction in N-availability would directly restrict C
metabolism. 

2. Nitrate and Ammonium as Regulators 

As mentioned above, the concentration and form of nitrate in the soil solution 
is a decisive factor controlling the distribution of N-assimilation between the 
root and shoot, and the corresponding carbohydrate and amino acid fluxes. It is 
to be expected that N-compounds (nitrate, ammonium, amino acids) might be 
effectors of enzymes of carbohydrate metabolism. 

Short-term or transient effects of N on C-metabolism have been studied 
extensively by Champigny and co-workers. The system studied involves 
supply of nitrate (or other nitrogenous compounds) to detached, nitrate
depleted wheat leaves. The basic observation is that nitrate re-supply results in 
inhibition of sucrose synthesis (Van Quy etal., 1991). The effect of N03- was 
blocked by pretreatment of seedlings with tungstate, which effectively pre
vents nitrate reduction (Heimer etal., 1969), indicating that N03- per se was 
not an inhibitor of sucrose synthesis. Rather, it was suggested that N03 - reduc
tion and incorporation of ammonium into amino acids was competitive with 
sucrose formation for either C-skeletons and/or photogenerated reductant (Van 
Quy etal., 1991). However, supply of malate (as a source of reductant) and 
isocitrate (as a precursor of 2-oxoglutarate) increased N03 - assimilation but 
further inhibited sucrose synthesis (Van Quy etal., 1991), which suggests that 
direct competition for energy or C-skeletons is not involved. 

It was subsequently demonstrated that the short-term (i.e., within 1 h) 
effect of N03 - was unaffected by CHX and, therefore, independent of cytoplas
mic protein synthesis. The short-term effects included activation of PEPC and 
inactivation of SPS-both presumably by enhanced phosphorylation (Van Quy 
etal., 1991). The effect of N03- on the activity of the two enzymes was tran
sient (Van Quy etal., 1991; Champigny and Foyer, 1992). Recent results 
suggest that PEPC and sps are modulated by N03- in a similar fashion in the C4 

plant Zea mays (Foyer etal., 1994). It has been suggested that the effect of 
N03- in wheat (Manh etal., 1993) and maize (Foyer etal., 1994) is mediated 
by increased levels of Gin in response to N03 - supply. The inactivation of SPS 
in response to GIn is certainly consistent with the notion that GIn (and certain 
other amino acids) can inhibit SPS-PP (see above and Fig. 4). The basis for 
effects of GIn and Glu on Crleaf PEPC activity has been suggested to involve 
modulation of PEPc-kinase activity. Preliminary results suggest that GIn acti
vates, while Glu inhibits, Crleaf PEPc-kinase activity in vitro (Manh etal., 
1993). A rise in GIn would signal availability of reduced-N and a need for 
additional C-skeletons for amino-acid biosynthesis; activation of PEPc-kinase 
would increase the phosphorylation state and, hence, enzymatic activity of 
PEPC to stimulate C-flow into 2-0G (see Fig. 1). Conversely, Glu might signal 
decreased N-availability, and thus, a diminished need for C-skeletons. In many 
systems, the Gln/Glu ratio reflects the availability of N and thus could be an 
important aspect of PEPC regulation. The effects of GIn and Glu, singly and in 
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combination, on C3 PEPc-kinase activity and sps-pp activity in vitro needs more 
detailed study. 

The source of nitrogen also has pronounced effects on C-metabolism at the 
cellular leveL This is due, in part, to the requirement for maintaining ionic 
charge- and pH-balance. When nitrate is the only N-source, it is taken up and 
transported in its anionic form, together with a cation (e.g., K+). Nitrate reduc
tion results in hydroxyl production, thus replacing KN03 by a strong base 
KOH. In contrast, at the pH values existing in soil solutions and plant cell 
walls and cells, ammonia is taken up and transported as the cation NH/ (pKa 
9.37). Ammonium assimilation may result in H+ formation. Thus, different N
sources will have opposite effects not only on soil pH, but intracellular pH as 
well (Raven and Smith, 1976). Plants may respond by producing or consuming 
organic acids. In fact, it has long been recognized that plants grown exclu
sively on N03--N are high in malate or other organic acids. Upon transfer of 
hydroponically-grown pea plants to NH/ -N, malate levels in shoots (but less 
so in roots) fell rapidly to very low concentrations (Speer and Kaiser, 1991), 
while free sugars increased (Lang and Kaiser, 1994). On the other hand, short
term addition of NH4 + to plants often results in increased amino-acid produc
tion (MUller etaL, 1990). In all of these cases, one of the most probable 
control points of CIN-interaction would be expected to be at PEPC, but 
enzymes involved in amino-acid biosynthesis and/or organic-acid decarboxy
lation must also be considered. As mentioned above, PEPC is modulated at 
various levels. Accordingly, the absence of N03- (as in the case of plants 
grown on NH/) might be expected to decrease the activity of PEPC, which 
could explain the lower organic-acid content of NH4 + -grown plants (Schweizer 
and Erismann, 1985). However, the situation is probably much more complex. 
There is some evidence that Crleaf PEPC activity in NH/ -grown plants is 
actually increased, but without much change in the amino-acid pools (Leport 
etaL, unpubL). Thus, either decarboxylation has been increased, or the OAA 
formed was diverted into other pathways such as polyamine biosynthesis. 
Alternatively, the assay conditions in vitro may not have detected down-regu
lation of PEPC by protein dephosphorylation that could determine enzymatic 
activity in vivo. The influence of N-nutrition of Crleaf PEPC activity needs to 
be reevaluated in light of recent developments. 

IV. Conclusions 

It is clear that C- and N-metabolism are highly coordinated as a result of recip
rocal control mechanisms that operate at levels ranging from gene expression 
to posttranslational modification. In this review, we have tried to summarize 
our current understanding of the regulation of key cytosolic enzymes by 
reversible protein phosphorylation, and the role that regulatory phosphoryla
tion may play in CIN interactions. Several generalizations emerge. First, C
metabolism (photosynthesis) is required for activation of NR, SPS, and PEPC. 
This appears to be a type of "feedforward" regulation whereby the availability 
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of C-ske1etons modulates the activities of enzymes that utilize metabolic inter
mediates. This provides coordination which prevents competition between 
processes (sucrose biosynthesis and nitrate reduction/amino-acid biosynthesis) 
that utilize common intermediates. The leaf cell "phosphate status" appears to 
mediate the activation of NR and SPS (and possibly PEPC?) in relation to photo
synthetic activity. 

N-metabolism (and nitrogenous compounds) also modulates the phosphor
ylation state of certain enzymes of C-metabolism (PEPC and sps). GIn (indica
tive of active N03 - reduction) may activate CTleaf PEPC (perhaps by activation 
of PEPc-kinase?) whereas "excess" accumulation of GIn may inactivate SPS by 
inhibition of SPS-PP. Thus, leaf "N-status" may inversely affect PEPC and SPS 
activation. 

In the future, it is quite likely that other leaf enzymes involved in specific 
aspects of C- and N-metabolism will be identified that are regulated by protein 
phosphorylation. However, the target enzymes identified to date occupy key 
positions that influence the partitioning of carbon between amino acids and 
sucrose in the cytosol, and between sucrose (in the cytosol) and starch (in the 
chloroplast). However, much more work needs to be done to confirm and 
extend the preliminary observations concerning the molecular mechanisms 
that may underlie this coordination. 
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I. Introduction 

The cytoskeleton is a dynamic network of microtubules, micro filaments and 
intennediate filaments. The special properties of these proteins enable them to 
participate in a wide range of functions in plant cells (see Lloyd, 1991). Their 
fundamental characteristic is reversible polymerisation. This assembly and dis
assembly has been likened to the transition between gas and liquid, because 
the elements are constantly fluxing between the soluble and insoluble state 
(Oosawa and Kasai, 1962). This behaviour means that the proteins are highly 
dynamic, and so must also be closely regulated. Phosphorylation regulates the 
dynamics of intennediate filaments directly, by effects on the polymerisation 
capability of the subunit proteins. In contrast, microtubule and microfilament 
dynamics are regulated largely by their associated proteins, whose activity is 
further controlled by phosphorylation. 

In this review we first describe the features of cytoskeletal protein poly
merisation which are central for the dynamic behaviour of these proteins in the 
cell. Then we illustrate the critical role of phosphorylation in the regulation of 
the cytoskeleton during interphase and cell division. Our aim is to highlight 
the potential importance of phosphorylation in the cytoskeleton as a mecha
nism for linking external signals (light, temperature, ligand binding) to cellular 
reorganisation in plants. Further, emerging evidence indicates the use of phos-
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phorylation as a transduction mechanism for internal signals such as those that 
co-ordinately regulate the cellular rearrangements required during cell division. 

II. Cytoskeletal Dynamics and Phosphorylation of the Polymer Proteins 

A fundamental property of the proteins which constitute the cytoskeleton is the 
ability to polymerise. Equally important is the characteristic of random 
reversibility. Conditions necessary to induce polymerisation and depolymeri
sation of actin, tubulin, and intermediate filament proteins in vitro have been 
defined and are summarised in Table 1. However, protein polymerisation is not 
simply a matter of using up the free subunits until they are all incorporated 
into polymer, nor is it a stable eqUilibrium between subunit incorporation and 
release, as originally proposed for microtubules by Oosawa and Kasai (1962). 
In the following section we discuss current understanding of the behaviour of 
the polymer proteins. 

A. Microtubules 

Allen and Borisy (1974), Dentler etal. (1974), and Bergen and Borisy (1980), 
showed that the rate of subunit incorporation into microtubules differs at the 
two ends of the polymer (Fig. 1 a). Margolis and Wilson (1978) proposed that 

Table 1. Standard conditions for cytoskeletal protein extraction (methods developed for 
animal tissue) 

Extraction 
conditions 

State of protein 
when extracted 

Conditions used 
to alter assembly 
state of polymer 
protein 

References 

Intermediate 
filament protein 

100SOmM Tris, 
pH 7.4, S mM Mg2+ 

insoluble (i.e. 
polymerised) 
8M urea or S-6M 
guanidinium 
hydrochloride 

Renner et al., 
1981 

Microfilaments 

low ionic strength, 
pH 7.S, 0.1 mM Ca2+ 

(plus subsequent 
chromatography) 
(acetone powder 
preparation suitable 
for sources of high 
actin concentration) 
monomers 

O.IM KCI, 1-2mM 
MgCl2 

Pardee and Spudich 
1982; Gordon 
et al., 1976 

Microtubules 

SOmMPipes, 
pH 6.9, 1 mM Mg2+ 

dimers-

raised 
temperature 

Shelanski et aI., 
1973 
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Fig. 1 a-c. Treadmilling, dynamic instability and the nucleotide cap theory. All arrows repre
sent net movement of subunits. a, Schematic illustration of treadmilling, as applied to both 
microtubules and microfilaments. Net incorporation of subunits at the plus end and release at the 
minus end results in the movement of subunits (solid circles) through the polymer from the plus 
to minus end. b, Schematic diagram of the phenomenon of dynamic instability as applied to 
microtubules. i-ii, The increase in polymer is faster at the plus end. iii, A sudden net loss in sub
units from the p.olymer results in "catastrophe"; the shrinking is much faster at the plus than the 
minus end. Also it may only occur at one end. iv, Catastrophe may result in total breakdown of 
the polymer, or "rescue" may occur in which the polymer reverts back to net growth. 
Fluctuation between growth and shrinking is random. c, Schematic illustration of the nucleotide 
cap theory as applied to microtubules and microfilaments. D, nucleoside diphosphates or nucle
oside diphosphate + Pi (ADP for microfilaments, GDP for microtubules) at the exchangeable 
binding site on the free or incorporated subunits; T, equivalent nucleoside triphosphate. The 
range of arrow shading (light, medium, dark) represents the affinity between the free subunits 
and the polymer end. The highest affinity is between the free subunits with nucleoside triphos-

phate bound and the polymer end with the nucleotide cap 
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not only the growth rates, but also the equilibrium constants for each end dif
fered; hence the growth of one end was compensated by breakdown at the 
other and an overall equilibrium was achieved. This model was called tread
milling, because the effect would be a movement of individual subunits 
through the polymer from the net incorporating (+) end to the net dissociating 
(-) end (Fig. 1 a). However, although treadmilling does occur, it soon became 
apparent that the behaviour of microtubules was not as simple as this model 
implied. Mitchison and Kirschner (1984 a, b) were the first to measure real 
time length and number distribution of microtubu1es in vitro. The polymers 
could be observed to switch from growing to shrinking in an apparently 
random manner ("catastrophe" and "rescue"; see Fig. 1 b); the frequency of 
switching was quicker at the plus end than the minus end. The phrase dynamic 
instability was coined to describe this behaviour. In 1986, Horio and Hotani 
confirmed that microtubules never reach a steady state because of the random
ness of the sudden changes from growing to shrinking and vice versa. This 
characteristic dynamic instability is also apparent in vivo. In animal cells 
microtubule dynamics are modulated by microtubule associated proteins, but 
the fundamental property remains. 

The "GTP-cap" theory was proposed to explain dynamic instability (Carlier 
et aI., 1987). After a tubulin unit incorporates into a polymer the GTP bound to 
the exchangeable site is hydrolysed into GOP and Pi. This hydrolysis lags 
behind the incorporation of the next subunit into the polymer, and the release 
of the Pi from the polymer is slower still. Hence, at a given moment during 
growth of a microtubule end there will be a number of tubulin units in the 
polymer which still have GTP or GOP and Pi bound (Fig. lc). Bound GTP at the 
end of a polymer increases its stability (Davis etal., 1994). It is more kineti
cally favourable for a new tubulin unit to add on to the end of a polymer which 
has GTP bound at the exchangeable site, rather than GOP, thus when one end of 
a polymer is growing it is kinetically favourable for it to keep on growing, 
assuming no lack of available free tubulin. Because the polymers are inher
ently polar the addition of tubulin at the plus end of the polymer is more 
favoured than that at the minus end. This is also true for dissociation of the 
subunits from the polymer during shrinking, where tubulin comes off the 
microtubule much more readily at the plus end than at the minus end. 

Therefore the plus end of a polymer will grow rapidly, but if free tubulin is 
unavailable, the GTP cap of this end will quickly disappear and the end will 
rapidly shrink (catastrophe). The more slowly growing minus end in the same 
circumstances, will shrink more slowly and it has a greater probability of start
ing to grow again (rescue). The rate of shrinking is faster than that of growing 
so in a solution of fixed tubulin concentration the net trend is towards longer 
and fewer microtubules. The difference in the way the two ends of the micro
tubule behave is explained by the fact that the tubulin subunits at the two ends 
of the polymer have different parts of the molecule exposed for new addition, 
and the binding of the GTP/GOP will affect the conformation of the parts of the 
molecule in a correspondingly different way. A great deal of effort has gone 
into proving the existence of the GTP cap, but the theory is still controversial. 
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The events which take place at the ends of polymerising and depolymerising 
microtubules still need to be elucidated in more molecular detail. 

There are only a few isolated examples of direct phosphorylation of 
tubulin, and its regulatory significance is unclear. Koontz and Choi (1993) 
found that carrot suspension cells contained tubulin phosphorylating activity 
and that this was developmentally regulated, but the effect of phosphorylation 
was not investigated. Phosphorylation of specific tubulin isotypes on serine 
and tyrosine residues has been reported in animal cells (Luduefia etal., 1992) 
but its functional significance is unknown. Zhou etal. (1991) found that a 
protein kinase, pp39mos, colocalised with microtubules at the spindle in trans
fected Swiss 3T3 cells, and in studies using immunoprecipitation ~-tubulin 
was found to be the main substrate for the kinase. Crute etal. (1992) proposed 
that a casein kinase II-like activity which copurifies with tubulin is a MAP 

which phosphorylates ~-tubulin. 

B. Microfilaments 

Polymerisation of actin into microfilaments is in many ways similar to poly
merisation of tubulin into microtubules. The essential characteristics of 
subunit incorporation, and the involvement of nucleotide hydrolysis in the sta
bilisation ofthe polymer are the same (Kom etal., 1987; Carlier, 1989). As for 
microtubules, the overall polarity of the polymer results in different rates of 
incorporation of actin at different ends of the microfilament. However, slower 
rates of dissociation at the polymer end mean that the overall process of poly
merisation is more stable, and the dramatic switching between growing and 
shrinking characteristic of microtubules is not observed. The theory of tread
milling is still considered a valid model for microfilaments (Fig. 1a) 
(Cleveland, 1982; Sheterline and Sparrow, 1994). The nucleotide cap theory 
has also been applied to micro filaments , with ATP rather than GTP bound to the 
subunits (Fig. 1c) (Kom etal., 1987). 

Phosphorylation of actin does not seem to be of general importance in reg
ulating microfilament dynamics. However, actin has been found to be phos
phorylated in Physarum polycephalum when comp1exed with the associated 
protein fragmin (Furuhashi and Hatano, 1992). The effect of phosphorylation 
was to abolish the nucleating/capping activity of the fragmin/actin complex. 

C. Intennediate Filaments 

Intermediate filament protein polymerisation is very different from polymeri
sation of actin and tubulin. There is a less significant pool of unpolymerised 
monomer than for microtubules and microfilaments (Soellner etal., 1985). 
Early work on intermediate filament networks concluded that the polymers 
were not dynamic in vivo; that is, once polymerised the intermediate filaments 
stayed that way. This idea developed because the intermediate filament 
network was found to be highly insoluble when extracted from cells, and 
extreme conditions, such as 8 M urea, were required to solubilise the protein 
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c 

Fig. 2a-c. Intennediate filament dynamics. a, Schematic diagram of proposed stages of inter
mediate filament assembly (adapted from Heins and Aebi, 1994). b, Unlike in rnicrotubules and 
rnicrofilaments, subunits of intennediate filaments can exchange along the length of the 
filament. c, Schematic illustration of the effect of phosphorylation at the N-terrninal domain on 

intennediate filament polymerisation 

(Franke etaI., 1979). The only known mechanism of breakdown of the net
works was proteolysis. However when Vikstrom etal. (1989) microinjected 
labelled intermediate filament protein into animal cells it became apparent that 
the subunits of the intermediate filament networks were exchangeable, not 
static (Vikstrom etaI., 1992). Intermediate filament disassembly is now gener
ally believed to be caused by hyperphosphorylation of the component proteins. 
Vimentin and nuclear lamins are phosphorylated by p34cdc2 kinase (Chou 
etal., 1990, 1991; see Sect. IV.A) Other protein kinases which are not 
specifically active during cell division have also been proposed to regulate the 
intermediate filament networks (Albers and Fuchs, 1992). When quiescent 
hepatocytes are treated with epidermal growth factor a rapid increase in phos
phorylation and reorganisation of the keratin network is stimulated (Baribault 
et al., 1.>989). Microinjection of CAMP-dependent protein kinase into fibroblasts 
causes phosphorylation of vimentin and concomitant cytoskeletal rearrange
ments (Lamb et aI., 1989). Figure 2 illustrates intermediate filament formation, 
and the way phosphorylation is thought to cause disassembly. 

Eriksson etai. (1992) point out that there are examples of the involvement 
of phosphorylation in regulation of intermediate filament networks in which 
the rather simplistic model of phosphorylation leading to disassembly does not 
apply. The apparent contradictions can be explained, however, if the actual 
residues in the molecules which are phosphorylated are compared. Phos
phorylation of a specific site in the N-terminal domain, which is known by 
deletion and point mutation studies to be vital for assembly, does cause dis-
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assembly of the intermediate filaments (Quinlan and Stewart, 1991). On the 
other hand, phosphorylation of a protein kinase C site in this domain of 
vimentin and desmin is essential for assembly in vitro and in vivo (Raats et aI., 
1990; Herrmann etaL, 1992). Phosphorylation of the C-terminal domain of 
neurofilaments occurs when the protein is in a filamentous form; this 
influences the interaction of the filaments with microtubules (Hisanaga et aI., 
1991). Therefore although it is clear that phosphorylation is important for the 
dynamics of the networks, generalisations are dangerous unless the details of 
kinases, phosphatases and sites of modification are known (Heins and Aebi, 
1994). 

Protein kinases in animals have been found to phosphorylate the whole 
range of intermediate filament proteins and include cAMP-dependent protein 
kinase (Inagaki etal., 1987; Geisler etal., 1989; Lamb etal., 1989), protein 
kinase C (Geisler etaL, 1989; Omary etaL, 1992), calcium/calmodulin-depen
dent protein kinase II (Tokui etaL, 1990; Ando etal., 1991; Yano etaL, 1994), 
and a cytoskeleton associated kinase with properties distinct from other well 
known kinases (Harrison and Mobley, 1992). Foisner etaL (1991) present evi
dence that the protein plectin, which associates with intermediate filaments, 
actin associated proteins, and microtubule associated proteins, is phosphory
lated by protein kinase C and this leads to its dissociation from intermediate 
filaments. In one plant study proteins from pea nuclei with lamin-like proper
ties were found to be phosphorylated by a kinase with casein kinase II proper
ties (Li and Roux, 1992). 

Another significant difference between intermediate filaments and micro
tubules and micro filaments is that polymerisation is not accompanied by 
nucleotide hydrolysis. In microtubules and microfilaments this hydrolysis is 
thought to cause changes in the conformation of the incorporated molecules 
that increase the stability of the polymer (see Sect. II. A, B). It is not known 
what conformational changes, if any, occur when intermediate filament pro
teins are incorporated into filaments, but nucleotide hydrolysis is not involved 
in the process. Intermediate filament subunit proteins are varied in sequence 
and size of terminal domains, and there are therefore several possible bonds 
that can be formed between the dimers in the filaments (Fig. 2 a). Because of 
this the intermediate filaments are structurally much more varied than micro
tubules and microfilaments (Heins and Aebi, 1994). 

The existence of intermediate filaments homologous to those found in 
animal cells is still a controversial matter in plant cell biology (see Shaw etaL, 
1991; Menzel, 1993). Proteins of a fibrillar nature can be extracted from plant 
cell tissue, and using the same conditions as those for animal intermediate 
filaments made to disassemble, and reassemble into filaments that are interme
diate filament-like as judged by TEM (Hargreaves etaL, 1989). These proteins 
also cross-react with animal intermediate filament antibodies, and the anti
bodies colocalise to the fibrillar structures in situ (Beven etaL, 1991). But the 
antibodies may also label other elements in the cell; this leads some to ques
tion the conclusion that plants contain intermediate filaments homologous to 
those in animals (Menzel, 1993). The evidence for nuclear lamins, an inter-
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mediate filament protein that is closely related to the common ancestor shared 
by all the animal IF types (Albers and Fuchs, 1992) is nevertheless compelling, 
because the proteins have been identified in the higher plant nucleus (Beven 
etal., 1991; McNulty and Saunders, 1992; Minguez and Moreno Diaz de la 
Espina, 1993). 

III. Phosphorylation of Cytoskeletal Associated Proteins 
During Interphase 

A. Microtubule Associated Protein Phosphorylation 

Microtubule associated proteins (MAPs) have long been known to enhance the 
stability of microtubules in vitro, and more recently evidence has emerged that 
this behaviour is relevant in vivo. Microinjection and transfection of MAPS has 
clearly demonstrated that these proteins alter the behaviour of microtubules. 
For example, Lee and Rook (1992) expressed the neuronal MAP, tau, in non
neuronal cells. The result was increased bundling of the microtubules. 
Whether this bundling is an indirect result of a stabilising effect of tau on 
microtubule dynamics, or directly carried out by the tau protein, is uncertain 
(for discussion, see Hirokawa, 1993). Weisshaar etal. (1992) expressed 
another neuronal MAP, MAP2c (the lower molecular mass form of MAP2), in 
non-neuronal cells. The result was an alteration of the microtubules to a form 
characteristic of neuronal cells, i.e., long and stiff bundles at the cortex. This 
study emphasises that a cell's complement of MAPS is likely to be highly 
specific, reflecting the functional and structural specialisation of the cytoskele
ton in that cell type. An in vitro study illustrating a rather different effect of 
MAPS on microtubule dynamics was conducted by Pryer etal. (1992). Tau, 
MAP2, and a popUlation of heat-stable MAPS were applied to tubulin and the 
effect on the dynamics of polymerisation assessed using video microscopy. 
Tau and MAP2 lowered the rate of catastrophe and increased the rate of rescue, 
but these events were still frequent, whereas the heat-stable MAPS suppressed 
catastrophe almost completely and promoted assembly, resulting in much 
more stable microtubules. Thus while different MAPS have the common prop
erty of altering the dynamics of microtubules, they can have a wide variety of 
effects; some may also be involved in bundling of microtubules by interaction 
between the side arm projections of MAPS associated with neighbouring micro
tubules (see Fig. 3). 

Several proteins have been identified from plants which have the character
istics of MAPS (for review, see Chasan, 1993). A microtubule-binding protein 
has been isolated from carrot suspension cells; this binds to microtubules from 
both animal and plant sources (Cyr and Palevitz, 1989). A MAP has been iso
lated from the green alga Dichotomosiphon tuberosus, and has been shown to 
have microtubule bundling properties (Maekawa etal., 1990). Tobacco BY-2 
cells also contain a MAP with microtubule bundling properties; this protein 
colocalised to microtubule arrays throughout the cell cycle (i.e., interphase 
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Fig. 3. MAP phosphorylation reduces binding and microtubule stability. Schematic illustration 
of MAPS on a microtubule showing that only part of each MAP molecule binds along the micro
tubule. (Based on studies carried out on neuronal MAPS: MAP2, Jensen and Smail, 1986; and tau, 
Hirokawa et al., 1988.) On phosphorylation the MAP molecule undergoes a conformational 
change (see inset) which reduces its affinity for the microtubule. The release of the MAP results 

in reduced microtubule stability, illustrated by a reduction in microtubule length 

cortex, preprophase band, spindle, phragmoplast) (Chang-Jie and Sonobe, 
1993). Vantard etal. (1991) have identified a 100kDa putative plant MAP from 
maize suspension cells which crossreacts with an antibody to the neuronal 
MAP, tau. The properties of this and other MAPS isolated from maize suspension 
cells have been characterised in some detail (Schellenbaum etal., 1993). Most 
recently the properties of the 100 kDa MAP have been investigated further. The 
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protein has been found to be heat stable, a characteristic of many animal MAPs. 
Antibodies have been raised to the 100 kDa protein, and Western blotting 
against heat-stable fractions from carrot and tobacco cells shows cross reactiv
ity with proteins of the same molecular weight in these plants. Significantly 
the 100kDa protein is phosphorylated in vitro by addition of maize cytosolic 
extract, indicating a further similarity to animal MAPS (Vantard etal., 1994). 

A great deal of work has been done on phosphorylation of animal, in par
ticular neuronal, MAPS. The results of particular relevance to plants are those 
which indicate the effects of phosphorylation on the interaction of the MAP 
with microtubules, and which involve protein kinases fundamental to eukary
otes or likely to have a functional equivalent in plants. 

This latter category includes p34cdc2, which is discussed in Sect. IV, and 
the mitogen-activated protein kinase. Mitogen-activated protein kinase homo
logues have been identified in alfalfa (Duerr etal., 1993; Jonak etal., 1993), 
and Arabidopsis (Mizoguchi etal., 1993). This kinase type was first identified 
because of its activation upon stimulation of animal cells by growth factors. It 
is now known that the kinase is involved, along with p34cdc2 kinase, in the 
transition between G2 and M phase (for reviews, see Cobb etal., 1991; Pelech 
and Sanghera, 1992; Ruderman, 1993). When isolated from M-phase cells and 
added to Xenopus oocytes at interphase, mitogen-activated protein kinase 
caused rearrangements of microtubules typical of the interphase-M-phase 
transition (Gotoh etal., 1991). This implies that the mitogen-activated protein 
kinase has its effect by phosphorylating a MAP. Shiina etal. (1992) worked 
with p220, a major MAP from Xenopus eggs, which they propose as an in vivo 
target for mitogen-activated protein kinase and maturation promotion factor (a 
complex of p34cdc2 and cyclin). When p220 was extracted from interphase 
cells it bound potently to microtubules and stimulated tubulin polymerisation, 
whereas when it was taken from cells in M phase it showed virtually none of 
this activity. Staining patterns of p220 revealed its close association with 
microtubules during interphase, but a diffuse staining at M phase. 

The following examples also suggest that MAP phosphorylation favours 
microtubule disassembly. Hagestedt etal. (1989), while attempting to purify 
the brain MAP, tau, found that phosphorylation by Ca2+/calmodulin-dependent 
protein kinase changed the tau from a short elastic form to a long stiff form 
(Fig. 3 inset). This indicates that phosphorylation of the MAP, in this case, 
causes a conformational change in the molecule which prevents it from inter
acting with, and promoting assembly of, microtubules. Gliksman etal. (1992) 
used high resolution video microscopy to study microtubule dynamics in 
extracts of interphase sea urchin eggs. After the addition of the phosphatase 
inhibitor okadaic acid the microtubules became shorter, and their transition 
between growing and shrinking was more rapid. This overall effect reflected a 
modulation of rescue frequency (rather than alteration of actual rates of associ
ation/dissociation). The authors emphasise that this change in microtubule 
dynamics is characteristic of the interphase-M-phase transition, but the impli
cation is clear for a more general model about the effect of phosphorylation 
state on MAP function and microtubule dynamics. 
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B. Actin Associated Protein Phosphorylation 

The dynamics and organisation of microfilaments in vivo are tightly controlled 
by a large number of actin associated proteins (AAPs), so far numbering over 
60 (see Kreis and Vale, 1993). Many of these proteins were originally thought 
to be species/cell type specific, but it is now evident that this is not the case. 

The actin-associated proteins have been classified according to their effects 
on actin and microfilaments in vitro (Table 2). However, although the proteins 
in each group have common activities and regions of amino acid sequence, 
they also have features and domains in common with proteins from other 
groups (Vandekerckhove and Vancompemolle, 1992). The problem of how to 
classify these proteins is compounded by the fact that they can have different 
effects on actinlmicrofilaments in different circumstances. For example, 
profilin was originally proposed to act as an actin sequestering protein; that is, 
in binding to actin monomers it prevents their addition to microfilaments, 
hence altering microfilament dynamics by lowering the effective concentration 
of free actin. However, it was subsequently found that profilin probably does 
not have this role in vivo. Overexpression of the protein in CHO (Chinese 
hamster ovary) cells causes stabilization of the microfilament networks by 
reducing the dynamics of the actin polymerisation (Finkel etal., 1994). Its true 
function is probably to promote the exchange of ADP bound to actin monomers 

Table 2. Classification of actin associated proteins according to binding domains (adapted from 
Vanderkerckhove and Vancompemolle, 1992) 

AAPin which Group allocation Other proteins Identity with other 
binding domain was according to in vitro containing AAPdomains 
originally identified function the domain 

Actobindin monomer binding fimbrin, plastin, 
villin, thymosin, 
myosin, actinin, 
tropomyosin 

Profilin monomer binding, gelsolin family 
crosslinking 

Cofilin severing destrin, depactin, gelsolin, profilin 
actophorin 

Actinin cross linking spectrin, fodrin, 
fimbrin, dystrophin, 
filarnin, plastin, 
ABP-120, adducin, 
fascin 

Caldesmon lateral binding 
Gelsolin barbed end capping, severin, fragrnin 

severing 
Severin barbed end capping, 

severing 
Villin bundling 
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(thus lowering the critical concentration for polymerisation); it also interacts 
with several signalling pathways in vivo (Theriot and Mitchison, 1993). 
Profilin has been identified in higher plants; initial studies on the protein show 
it binds to animal and plant actin, and the carboxy-terminal domain is impor
tant in binding, although the sequence identity with profilins from single
celled organisms and mammals is not high (Valenta etal., 1993). At least three 
genes for profilin have been identified in maize and the different forms show 
differential expression between anther and pollen tissue (Staiger etal., 1993). 
The recent reappraisal of the function of profilin illustrates the limited rele-
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vance that observations made in vitro can have for understanding of AAP func
tion in vivo. Another complication with actin-binding proteins is that their 
association with actin may be incidental to other more important in vivo func
tions. An example of this is the ABP (actin-binding protein)-50 which was 
found to be an elongation factor (Yang etaI., 1990). 

The term membrane skeleton describes the proteins that underlie the 
plasma membrane and closely associate with cortical microfilaments (Fig. 4). 
The proteins involved are both globular and filamentous and they interact 
directly with integral and peripheral membrane proteins as well as 
microfilaments (Luna and Hitt, 1992; Hitt and Luna, 1994). Mische and 
Morrow (1988) describe the main elements of the erythrocyte membrane 
skeleton and the post-translational modifications they undergo; many elements 
of the structure are regulated by phosphorylation, including spectrin, 
protein 4.1, dematin (protein 4.9), ankyrin, and band 3. More recently it has 
been realised that many of these proteins exist in homologous form in other 
animal cell types and single-celled organisms (Luna and Hitt, 1992). 

The major filamentous element of the membrane skeleton, apart from 
microfilaments, is spectrin (Bennett and Gilligan, 1993). The phosphorylation 
of spectrin at mitosis causes it to be released from its association with the 
plasma membrane skeleton into the cytoplasm (Fowler and Adams, 1992). 
This is thought to be important in the change of cell shape. Recently a protein 
has been identified in plant cells which has immunological cross-reactivity 
with human spectrin and is located, like the animal protein, at the cell cortex 
(Michaud etal., 1991 ; Faraday and Spaswick, 1993). It will be of interest to 
discover the role of spectrin and its phosphorylation in plant cells, in which cell 
shape is controlled by a very different set of interactions than in animal cells. 

Dematin, also known as protein 4.9 in the erythrocyte, is another central 
protein in the network at the membrane skeleton. It is classified as an actin
bundling protein, but it works by increasing the length of the lag phase (the 
time between microfilament nucleation and elongation) and thereby decreasing 
the rate of elongation during actin polymerisation. The resulting effect is 
bundling of the microfilaments in vivo (Siegel and Branton, 1985). 
Phosphorylation of dematin by the catalytic subunit of CAMP-dependent protein 
kinase results in the abolition of its bundling ability (Husain-Chishti et aI., 
1988). Furthermore, a protein kinase copurifies with erythrocyte dematin 
which when activated abolishes .the bundling activity of the protein (Husain
Chishti et aI., 1989). 

Another example of the importance of phosphorylation in the regulation of 
cellular responses to extracellular signals via the alteration of the membrane 
skeleton comes from Yano etal. (1994). Agonist activation of platelets results 
in the production of vesicles from the plasma membrane. Yano etai. showed 
that this effect is the result of alterations in the membrane skeleton brought 
about by phosphorylation. 

The heat shock protein HSP27 is a well-known target for phosphorylation 
upon stimulation of animal cells receptive to growth factors, the result being 
alterations in cellular differentiation. Overexpression of this protein in fibro-
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blasts causes an increased stability of the microfilaments and improved 
resistance to hyperthermia and the micro filament depolymerising agent 
cytochalasin D (Lavoie etal., 1993a). Moreover expression of this protein in 
eRO cells causes an increase in microfilament concentration at the cortex. 
When the cells were mitogen activated this caused a rapid increase in sub
membranous filament number. When cells were transfected with HSP27 which 
had point mutations at the phosphorylation sites, there was no effect on 
microfilament dynamics upon stimulation, and the basal1evel of microfilaments 
was lower (Lavoie etal., 1993). The avian homologue of HSP27, lAP (inhibitor 
of actin polymerisation), acts in vitro by binding to the cap region of the 
microfilament (Miron etal., 1988, 1991). Therefore there is good evidence 
that this protein is involved in the signal transduction pathway between mito
gen binding and alterations in the microfilaments via this phosphorylation. 
The wide variety of functions of the HSPs so far characterised in animals (in
cluding roles not necessarily induced by heat shock, e.g., chaperone activity, 
protein folding, signal transduction; Gething and Sambrook, 1992) suggests 
that they may also have an important role in plant cells. 

IV. Phosphorylation of Cytoskeletal Proteins During Cell Division 

The most obvious reorganisation of the plant cytoskeleton occurs when cells 
divide. The cell contents rearrange in preparation for division and the arrays of 
cytoskeletal proteins go through well documented changes. The cortical, 
lateral microtubules condense before prophase to form a tight band across the 
middle of the cell, the preprophase band, which predetermines the site of 
future division (Goddard etal., 1994); cortical microfilaments coalign with the 
microtubules of the preprophase band, but they also remain throughout the 
cytoplasm during mitosis (McCurdy etaL, 1991). The timing of the rearrange
ments must be precise and as mitosis progresses the specific arrays which form 
and breakdown must do so in harmony. Hence the regulation of the cytoskele
ton during the process of cell division provides an excellent example of organ
isation in which to examine the role of phosphorylation. 

It is now certain that phosphorylation and dephosphorylation playa central 
role in the regulation of the cell cycle. The p34cdc2 complex is of particular 
importance. This kinase was first identified in yeast but it has been subse
quently described in a large range of eukaryotes as a highly conserved protein 
(Norbury and Nurse, 1992). Plants in which p34cdc2 has so far been identified 
include alfalfa (Hirt etal., 1991), maize (Colasanti etal., 1991), Arabidopsis 
(Martinez etal., 1992), and soybean (Miao etal., 1993). Staiger and Doonan 
(1993) have reviewed the developments of this specific topic in plants. 

A. Intermediate Filaments 

The kinase p34cdc2 phosphorylates nuclear lamins (Dessev etal., 1991; Peter 
etal., 1990, 1991; see also Nigg, 1992), and cytoplasmic intermediate filament 
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proteins, most notably vimentin and desmin (Chou etal., 1989, 1990, 1991; 
Ando etal., 1993; Kusubata etaI., 1993) and also neurofilaments (Hisanaga 
etal., 1993) and glial filaments (Matsuoka etal., 1992). This phosphorylation 
causes the intermediate filament network to breakdown into protofilaments 
(Fig. 2c) which do not reform full filaments again until interphase. Phosphor
ylation of an intermediate filament cross-linking protein IFAP-300 by p34cdc2 

occurs at a mitosis specific site (Skalli etaI., 1992). The suggestion is therefore 
that p34cdc2 coordinates the reorganisation of intermediate filament networks 
both by direct effects on the filaments and by phosphorylation-dependent 
breaking of the IFAP-300 crosslinks. 

B. Microtubule Associated Proteins 

The p34cdc2 kinase also phosphorylates MAPs. It is thought that this decreases 
the affinity of the MAPS for micro tubules and hence decreases microtubule sta
bility (Fig. 3 a). Several approaches have been used to study this mode of regu
lation. Verde etal. (1990) added purified kinase to cell-free Xenopus extracts; 
this resulted in destabilization of the microtubules. Vandre etal. (1991) have 
shown that MAP4 is phosphorylated in a mitosis specific manner. Scott et al. 
(1993) found that phosphorylation of tau by p34cdc2 decreases the microtubule 
assembly induced by tau. A mitosis specific kinase which may be related to 
p34cdc2 has been isolated from mitotic spindles on the basis that it phosphory
lates MAPS 4 and IB (Tombes etaI., 1991). Similarly a tau protein kinase has 
been purified and found to be a homologue of p34cdc2 (Mawal-Dewan etaI., 
1992; Kobayashi etal., 1993; Hisanaga etaI., 1993). 

C. Actin Associated Proteins 

There is evidence that some AAPS are phosphorylated by the p34cdc2 family of 
kinases. For example, caldesmon, an AAP whose proposed functions include 
microfilament bundling, involvement in the regulation of actin/myosin con
traction and regulation of actin polymerisation, is phosphorylated by the 
kinase during mitosis. This releases it from microfilaments (Hosoya et aI., 
1993; Ishikawa etal., 1992), and therefore enhances the potential for 
microfilament rearrangements. Myosin II is also phosphorylated by p34cdc2 

kinase at cell .division (Satterwhite etaI., 1992). This phosphorylation inhibits 
the ATPaSe activity of myosin II and may be important in delaying cytokinesis 
until chromosome separation has occurred. Spectrin is an important element of 
the membrane skeleton which interacts with actin in a complex with protein 
4.1 and adducin (Sect. m.B; Table 2 and Fig. 4). It is phosphorylated by 
p34cdc2 during mitosis and this causes it to redistribute to the cytosol (Fowler 
and Adams, 1992). Presumably the reason for this is that spectrin phosphoryla
tion alters the interactions between micro filaments and the plasma membrane; 
this would permit the rearrangements that occur during mitosis. Although 
there is no current evidence that p34cdc2 regulates any of the many microfil
ament severing, capping and crosslinking proteins this is probably because 
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this topic has not been addressed. There is much more evidence available for 
the involvement of other kinases in the regulation of these proteins (see below 
for examples), but is is likely that among the many associated-proteins there 
are further substrates for p34cdc2 or related kinases which bring about changes 
in microfilament dynamics necessary for successful cell division. 

D. Indirect Evidence for Phosphorylation of the Plant Cytoskeleton 
During Cell Division 

A p34cdc2 homologue has been localised to the preprophase band (PPB) in 
dividing onion root tip cells (Mineyuki etal., 1991), dividing maize root tip 
and stomatal guard complex cells (Colasanti etal, 1993) (Figs. 5 and 6). In the 
latter study disruption of the microtubules of the PPB by oryzalin resulted in no 
ppB-like distribution of p34cdc2. Colasanti etal. propose that because the PPB is 
known to define the future site of cell division (Wick, 1991), p34cdc2 is 
involved in imprinting the signal defining the site while it is at the PPB. 

In dividing animal cells the centrioles and the surrounding pericentriolar 
material together make up the microtubule organising centre (MTOC) (Brinkley, 
1985). This rather amorphous structure is thought to be the central nucleating 
point for the microtubules of the spindle, as well as for cytoplasmic micro
tubules during interphase. In plant cells centrioles are not present, rather, 
regions on the surface of the nucleus during interphase and the presence of a 
microtubule spindle during mitosis suggest that a form of MTOC must exist 
during cell division (Lambert, 1993). Vandre etal. (1986) raised antibodies to 
phosphorylated proteins of the MTOC of animal PTKI cells. These antibodies 
revealed that phosphorylated proteins exist in the MTOCS not only in the polar 
bodies of animal cells but also in onion root cells in a rather diffuse area 
around the dividing chromosomes, and associated with the microtubules of the 
plant cell phragmoplast. The antibody only gave a signal when introduced into 
dividing cells. This suggests that phosphorylation is involved in the regulation 
of microtubule dynamics during cell division in all eukaryotes. One of the 
antigens in animal cells has subsequently been identified as MAP4 (Vandre 
etal.,1991). 

Traas etal. (1992) and Young etal. (1994) used the same antibody in 
immunofluorescence studies to investigate the spatial and temporal distribu
tion of mitosis-specific phosphoproteins in more detail in plants. At interphase 
a low level of staining was visible in the nucleus. Once O2 commenced (as 
indicated by the gradual condensation of microtubules into the preprophase 
band), immunofluorescent staining was evident throughout the nucleus and 
cytoplasm. The signal increased further in intensity during prophase and 
metaphase, and then rapidly returned to a low interphase level at telophase, as 
shown in Fig. 7. When Vandre et al. (1986) first used the antibody on onion 
root tip cells, the phragmoplast showed strong labelling. However, Traas etal. 
(1992) did not find staining of the phragmoplast in tobacco BY-2 cells and 
maize root meristem cells; Young etal. (1994) did not see staining of the 
phragmoplast in onion meristematic cells, but did find it in tobacco BY-2 sus-
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Fig.S 

Fig. 6 

Fig. 5. Immunofluorescence staining of maize root tip cells in early prophase. A, Cell stained 
with tubulin antibody: the preprophase band (PPB) is easily visible. B, The same cell stained 
with antibodies raised to a peptide based on the sequence of the maize cdc2 homologue 
(p34Cdc2Zm); arrowhead indicates position of the p34cdc2 PPB. C, The same cell stained with 
OAP!. D, A different cell immunostained with the p34cdc2Zm antibody only; E, and with DAP!. 

X 850. Reproduced from Colasanti etal. (1993) by permission of the authors and the American 
Society of Plant Physiologists 

Fig. 6. Immunofluorescence staining of maize leaf epidermis showing a developing stomatal 
complex. A, Stained with tubulin antibody, showing the subsidiary cell mother cell (SMC) on the 
left with a heavily stained PPB characteristic of this cell type in monocotyledons, and the guard 
mother cell on the right in which the PPB is also visible. B, The same two cells stained with anti
p34cdc2Zm; the localisation of the antigen to the PPB is particularly evident in the SMC. C, The 
same two cells stained with DAP!. X 1300. Reproduced from Colasanti etal. (1993) by 

permission of the authors and the American Society of Plant Physiologists 

pension cells. Although these results are contradictory there does seem to be a 
correlation between mitosis specific protein phosphorylation and cytoskeletal 
rearrangements during mitosis. A further interesting aspect of the study by 
Traas eta!. (1992) was the isolation of one particular antigen in a cytoskeleton
enriched fraction. This protein has an apparent Mr of approximately 65 kDa 
and cross-reacted with a broad specificity antibody which binds to all known 
animal intermediate filaments. 
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Fig. 7. Immunofluorescence staining of maize root meristem cells. Each panel in a-d shows 
groups of cells stained: top, with MPM-2 (antibody raised against animal mitosis specific phos
phoproteins, see Sect. IV.D); center, antitubulin; bottom, DAPI. a, The left cell is at preprophase 
and the right one at interphase; the difference in the MPM-2 staining between interphase and 
early prophase is clear. b, The left cell is at interphase and the right cell at metaphase; the MPM-
2 labelling is at its highest and is distributed throughout the cell, with stronger labelling around 
the spindle. c, The left cell is at early prophase, the right cell is at anaphase; the MPM-2 
labelling is still high at this stage. d, Cells at telophase; the MPM-2 labelling is back down to 
interphase levels. X 940. Reproduced from Traas etal. (1992) by permission of the authors 

and Blackwell Scientific Publications Ltd. 
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The effect of the protein phosphatase inhibitors okadaic acid and micro
cystin during the division of Tradescantia hair cells has been studied (Wolniak 
and Larsen, 1992; Larsen and Wolniak, 1993). The timing of metaphase was 
altered, and when treatment was applied at metaphase, anaphase entry became 
asynchronous. However, chromosome movement was not affected once it had 
begun, and the structure of the microtubules appeared normal. Phosphatase 
activity therefore seems to be required at specific stages in mitosis to ensure 
the correct timing of cytoskeletal rearrangements. Hasezawa and Nagata 
(1992) have obtained similar results using this approach in the study of cell 
cycle progression in synchronized tobacco BY-2 cells. Okadaic acid and caly
culin A blocked progression specifically at 02> anaphase, and M-Ol. 
Furthermore, the introduction of the kinase inhibitors staurosporine and K252a 
into synchronised tobacco BY-2 cells during the onset of cell division caused a 
very large reduction in the number of visible PPBS, and the application of the 
inhibitors after the formation of the PPB caused a decrease in the rate of PPB 

disappearance (Katsuta and Shibaoka, 1992). These workers propose that other 
kinases as well as p34cdc2 kinase are involved in these effects, because differ
ent inhibitors affect each step differently. 

This evidence shows that in both animals and plants phosphorylation coor
dinates cytoskeletal dynamics during the cell cycle. It seems probable that a 
range of kinases (including p34Cdc2) and phosphatases act in concert to control 
cytoskeletal changes; we are only just beginning to understand the complexity 
of this control by phosphorylation. 

V. Summary 

It is clear that phosphorylation of cytoskeletal proteins, either the polymer sub
units themselves (as is the case for intermediate filaments) or associated pro
teins that regulate the dynamics of the polymers, is an importarlt mechanism in 
the regulation of the cytoskeleton. The evidence for this conclusion comes pri
marily from studies on animal cells. However, the basic proteins involved, 
tubulin, actin, and to a lesser extent intermediate filament proteins, are highly 
conserved throughout eukaryotes. Therefore it is a reasonable conjecture that 
the mechanisms by which the dynamics of the proteins are regulated have 
common themes in plants and animals. In the future, further cytoskeletal asso
ciated proteins are likely to be identified from animal and plant cells, and work 
on the plant cytoskeleton will reveal the extent to which its regulation by phos
phorylation and other mechanisms differs from animals. Hugdahl etal. (1993) 
have carried out a preliminary study of the MAP binding domains of plant 
tubulin using neuronal MAP2. They found that this MAP enhances the polymeri
sation of taxol-stabilised plant microtubules by lowering the critical concentra
tion approximately 8-fold. This is a significant effect, although this MAP lowers 
the critical concentration for animal microtubule polymerisation by 80-fold. 
Also, the stoichiometry of MAP binding to the plant microtubules is the same as 
that for animal microtubules, and the plant tubulin molecules possess, like the 
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animal tubulin, one high and one low affinity binding site for the MAP. These 
studies indicate that although there are significant differences between the 
animal and plant proteins the basic characteristics and mechanisms are con
served. Intensive study of phosphorylation in the plant cytoskeleton is needed 
to provide a clear understanding of the role it plays in controlling cytoskeletal 
dynamics during plant cell growth and differentiation. 
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I. Introduction 

Phosphoenolpyruvate (PEP) carboxylase (EC 4.1.1.31, PEPC) is a widely distrib
uted enzyme in plant tissues (embryophytes), green algae (chlorobionts) and 
microorganisms, but it is not present in animals (O'Leary, 1982; Andreo etal., 
1987). It catalyses the exergonic ~-carboxylation of PEP (dG = -7kcallmol) in 
the presence of a bivalent cation, generally Mg2+: 

PEP + HC03" -7 OAA + Pi 

The reaction proceeds via a stepwise mechanism that involves the 
reversible, rate-limiting formation of carboxyphosphate and enolate of PEP 

(O'Leary, 1982). CO2 may be formed within the active site from carboxyphos
phate to react with the enolate species (Jane etal., 1992). In vivo, the reaction 



142 Jean Vidal etal. 

product oxaloacetate (OAA) is rapidly transformed to stable aspartate and/or 
L-malate by coupled transaminase or NAD/NADP-dependent L-malate dehydro
genases, respectively. In plants, no less than eleven different physiological 
roles for PEPC have been reported and the list is presumably not exhaustive 
(Latzko and Kelly, 1983). The ubiquitous nature of this cytosolic enzyme is 
presumably due to the metabolic fate of the end-product, L-malate, which can 
be stored, transported and used as a source of CO2 and reducing power in a 
number of metabolic pathways. Due to its very low Km for the substrate bicar
bonate (micromolar range), the enzyme serves an obvious general role in the 
carbon economy of cells by recapturing respiratory CO2 and more specific 
functions, namely: a "housekeeping" anaplerotic function (consisting of the 
replenishment of Krebs cycle intermediates for use as biosynthetic precursors), 
pH stat (for cellular homeostasis of pH), nitrogen assimilation in legume root
nodules, cation absorption and transport, stomatal movements, grain formation 
and germination, fruit maturation, style/pollen tube interactions and CAM C4 

photosynthesis. Consistently, several isoenzymes have been charaterized that 
presumably fulfill specific tasks in a variety of tissues (for a review, see 
Lepiniec etal., 1994). 

The discovery of C4 photosynthesis in the mid-1960s and the involvement 
of a specific form of PEPC in this pathway has considerably boosted interest in 
the enzyme (Hatch, 1992). During the last 10 years, different aspects of this 
topic (O'Leary, 1982; Andreo etal., 1987), including PEPC phosphorylation 
(Ranjeva and Boudet, 1987; Budde and Chollet, 1988; Jiao and Chollet, 1991; 
Nimmo, 1993; Huber etal., 1994) and molecular biology (Lepiniec etal., 
1994; Rajagopalan etal., 1994) have been comprehensively reviewed, and the 
reader should consult this literature for more detailed information. Here, 
focusing on the photosynthetic PEPC isoenzyme, we analyze the progress made 
in studying the mechanism of its reversible phosphorylation and identifying 
the components of the signal transduction cascade that controls this process. 
An assessment of the role of this post-translational modulation of PEPC with 
respect to the functioning and regulation of C4 photosynthesis is proposed. For 
convenience and brevity, in the text reference is made often to reviews rather 
than the plethora of related articles even though this precludes citing many 
individual authors who have contributed to studies on plant PEPC. 

ll. C4 PEPC, a Highly Regulated Plant Enzyme 

A. PEPC in C4 Photosynthesis 

C4 plants exhibit specific anatomical and biochemical features that comprise 
the C4 syndrome. Their leaf architecture more or less conforms to the classical 
"Kranz" anatomy characterized by concentrically organized photosynthetic 
tissues, i.e., outer mesophyll (M) surrounding inner bundle sheath (BS) cells. In 
terms of metabolic adaptation, there exist 3 basic types of C4 plants, but the 
general metabolic scheme of division of labor is conserved; i.e., two cycles, C4 
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Fig. 1. Spatial organization of carbon flow during C4 photosynthesis in Sorghum, maize, and 
Digitaria. PEPC, Phosphoenolpyruvate carboxylase; NADP-MDH, NADP-dependent L-malate 
dehydrogenase; NADP-ME, NADP-dependent malic enzyme; P-Pidk, pyruvate Pi dikinase; 

RuBisCo, ribulose bisphosphate carboxylase/oxygenase 

and Calvin cycles, working in concert to achieve CO2 assimilation by the C4 

leaf. In "L-malate formers", the primary fixation of carbon dioxide (in its 
hydrated form) is carried out by PEPC in the cytoplasm of M-cells to form OAA 
that will be reduced to L-malate in M-chloroplasts; diffusive transport of 
L-malate to Bs-cells and its decarboxylation by NADP-malic enzyme in the 
chloroplast stroma, making CO2 available for incorporation by RuBisCo in the 
Calvin cycle (Fig. 1). 

In C3 plants, O2 competes with CO2 at the active site of RuBisCo leading 
to the production of phosphoglycollate, the substrate of the photo respiratory 
pathway. This causes more than 30% of the carbon initially fixed to be lost by 
the C3 leaf. In C4 plants, the C4 cycle acts as a pump that concentrates CO2 at 
the site of RuBisCo, thereby building up a large increase in the C02/02 ratio 
that favours the enzyme's carboxylation over oxygenation activity. This mech
anism largely prevents the wasteful production of CO2 by photorespiration and 
loss of carbon from C4 leaves that is observed with C3 plants. This explains 
why under arid environments C4 plants have a better water use efficiency and 
a higher productivity than C3 plants (Hatch, 1977, 1987, 1992). Such a 
complex and highly integrated pathway, involving different cell types and 
compartments, needs a high degree of coordination and enzymatic controL We 
describe hereafter what we have learned about the different regulatory mecha
nisms which act on PEPC in the M cytosol to adjust its activity to the carbon 
demand of the Calvin cycle in the BS. 

B. Structure 

During the last decade, thanks to the development of molecular approaches 
and DNA sequencing, a growing number of complete aminoacid sequences of 
PEPCS from various sources has been deduced from corresponding full length 
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CDNAS and cloned genes. The alignment of the aminoacid sequences of 14 PEPC 

proteins (from C3, C4, and CAM plants) made apparent the presence of well 
conserved domains, presumably involved in the active site, interaction with 
effectors, i.e, L-malate (feedback inhibitor) and sugar-P (activators), and phos
phorylation (for reviews, see Lepiniec etaL, 1994; Rajagopalan etal., 1994). 
The PEPC subunit has a molecular mass close to BOkDa (108kDa in Sorghum; 
Crt~tin etal., 1991b) and is believed to be arranged in a homotetramer to form 
the quaternary structure of the enzyme (Andreo etaL, 1987). 

C. Regulation 

Light is obviously of cardinal importance in that it provides energy for ana
bolic processes and as a regulatory signal. In the context of C4 photosynthesis, 
PEPC is subject to an elaborate regulation at both the transcriptional and post
transcriptional levels. 

1. Transcriptional Level 

De-etiolation of a C4 leaf is characterised by the appearance of an immunolog
ically distinct and predominant PEPC isozyme that accumulates very 
specifically in the cytosol of M-cells (Thomas etaL, 1987a). This tissue
specific expression is preceded by a very large increase in quantity and transla
tional capacity of a specific mRNA (Thomas etaL, 1987b, 1990). Consistently, 
"run on" experiments performed with nuclei purified from light- or dark
adapted C4 leaves demonstrated a much higher capacity of the former to tran
scribe PEPC mRNA (Thomas etaL, 1990). Photoreversibility-based (red/red-far 
red) experiments revealed that the chromoprotein phytochrome is the light 
sensor that stimulates PEPC gene activity (Thomas et aI., 1990). In green 
Sorghum leaves, but not in maize leaves (Taylor, 1989), the intriguing observa
tion was made that the production of mRNA, but not of the enzyme subunit, 
was rhythmic, being the highest during the light phase (Thomas etaL, 1990). 
This peculiarity also pertains to some other light-regulated genes like the 
wheat cab-J gene, for which it was suggested that a circadian clock modulates 
phytochrome-mediated transcription (Nagy etaL, 1988; Taylor, 1989). On the 
other hand, nothing is known about how the photoreceptor is functionally 
linked to the transcriptional efficiency of the PEPC gene. Along these lines, 
recent work (Neuhaus etal., 1993; Bowler etal., 1994) has demonstrated the 
role of calcium, as well as G proteins, calmodulin and CGMP, in the transduction 
of light signals to photoregulated gene promoters by at least two different 
pathways in a phytochrome-deficient mutant (aureus) of tomato. These results 
strongly argue that the DNA-binding activity of certain nuclear regulatory pro
teins is modulated by phosphorylation. For example, this is the case for the 
protein factor AT-l from pea whose DNA-binding ability is reversibly modu
lated via phosphorylation by a protein kinase which is functionally related to a 
NIl-type casein kinase (Datta and Cashmore, 1989). It will be particularly inter
esting to see whether the transcriptional activity of other photodependent 
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genes, including the PEPC gene, is controlled in a similar way in C4 plants. 
Structural analyses of the promoter of the maize PEPC gene revealed the pres
ence of CpG islands, consistent with possible regulation via methylation! 
demethylation of specific sites (Langdale etal., 1991; Ngemprasirtsiri etal., 
1989), and putative cis-elements that could be implicated in the light-depen
dent transcriptional response (Schaffner and Sheen, 1992; Becker etal., 1992). 
Consistently, gel-shift experiments using cloned fragments of the PEPC pro
moter detected three types of leaf-specific nuclear factors, MNFl, MNF2a and 
MNF2b, two of which have been indentified by screening an expression 
library with synthetic oligonucleotides but their involvement in the transduc
tion of light signals is not as yet clear (Yanagisawa and Izui, 1993). 

Finally, both nitrogen (Sugiharto etal., 1992b) and the plant hormones 
cytokinins (Sugiharto etal., 1992a) and ABA (Amzallag etal., 1990) also stimu
late the transcriptional capacity of the maize PEPC gene. The expression of this 
PEPC gene in C4 plants is therefore complex and results from the integration of 
different external and internal stimuli (reviewed in Lepiniec etal., 1994; 
Rajagopalan etal., 1994). 

2. Post-transcriptional Level 

Metabolite control. PEpc accumulates to an extremely high level in the M

cell cytoplasm, reaching up to 50% of the soluble M proteins (Pierre eta!., 
1992). In vitro, this allosteric enzyme is subject to diverse regulatory 
influences by C4 photosynthesis metabolites, i.e., negative feedback by the 
end-products L-malate, OAA and/or aspartate, and allosteric activation by 
glucose-6P (G-6P) as well as sugar-P like dihydroxyacetone-P (Doncaster and 
Leegood, 1987; Huber etaI., 1986). L-malate seems to interact with the 
enzyme at different sites, producing competitive, non-competitive or mixed 
inhibition depending on pH, phosphorylation state, and concentration (Andreo 
et aI., 1987; Duff et aI., 1995). G-6P increases V m of PEPC and, more impor
tantly, its affinity for PEP, such that, by lowering the apparent Km value for this 
substrate, it improves its ability to compete with L-malate (Andreo etaI., 
1987). This is particularly marked and varies greatly with pH around pH7, a 
value which is likely to be close to physiological and which presumably shows 
diurnal fluctuation (see Sect. ill. C). Hence, the in vivo activity of PEPC should 
depend on the actual balance of negative/positive C4 photosynthesis-related 
effector metabolites, and the magnitude of their effect is modulated further by 
cytosolic pH (pHe). When L-malate accumulates, due to reduced consumption 
by the Calvin cycle, negative feedback will tend to diminish its synthesis 
through PEPC; conversely, any increase in G-6P, reflecting accumulation of C3 
metabolites, will in tum stimulate the activity of the enzyme. 

Covalent control. C4 PEPC is reversibly modulated by a light-dependent 
phosphorylation process. This post-translational modification was discovered 
in 1984 on a CAM plant PEPC (Nimmo etal., 1984) and soon observed with C4 
plant PEPC (Budde and Chollet, 1986). It has become evident that it modulates 
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the above-mentioned metabolite regulation of C4 PEPC, in a light/dark manner, 
so that the resulting catalytic activity of the enzyme will meet the carbon 
demand of the Calvin cycle. We also note the possibility of a metabolite 
control of the susceptibility of PEPC to phosphorylation via a target, rather than 
a protein kinase effect. The phosphorylation process is slow and presumably 
confers to PEPC hysteretic properties. In this respect, it is interesting to note that 
other C4 cycle enzymes, chloroplastic NADP-dependent L-malate dehydrogenase 
and pyruvate-Pi dikinase, are rapidly light-activated by redox and dephosp
horylation cascades, respectively, that adjust their catalytic activity to the inci
dent light energy (Chollet etal., 1990). The transduction pathway that leads to 
PEPC phosphorylation is one of the paradigms in plant signalling. 

Other control mechanisms. Changes in the aggregation or redox state of 
the maize enzyme could provide a basis for its reversible light-regulation 
(Walker etal., 1986; Andreo etal., 1987; McNaughton etal., 1989; Willeford 
etal., 1990; Chardot and Wedding, 1992). However, to date there is no in vivo 
experimental support in favour of this hypothesis (Jiao and Chollet, 1991). 

ill. Regulatory Phosphorylation of PEPC and Its Role 
in C4 Photosynthesis 

A. The Target Residue 

PEPC phosphorylation is complete after a C4 leaf has been illuminated for 
approximately 1-2h, and the final ratio of phosphorylatedldephosphorylated 
enzyme depends on the light energy (Jiao and Chollet, 1988; Echevarria etal., 
1990; Bakrim etal., 1992). Upon return to darkness, dephosphorylation, likely 
by a type 2A protein phosphatase (Carter etal., 1990; McNaughton etal., 
1991), follows with a similar time course (Echevarria etal., 1990; Bakrim 
etal., 1992). When measured at suboptimal, but near-physiological pH (7.3) 
and PEP concentration (2.5 mM), this covalent modulation mainly increases the 
enzyme's ICso for L-malate (3-6-fold) and catalytic activity (2- 3-fold) (Jiao 
and Chollet, 1988, 1991; Arrio-Dupont etal., 1992; Duff etal., 1995); the latter 
increase was found to be even higher at pH7-7.1 (6-7-fold) (unpubl.). The 
actual L-malate concentration in the M-cell cytosol is not known with cer
tainty, but in order to account for the observed rate of C4 photosynthesis in full 
sunlight, and based on the hypothesis of a gradient-driven diffusive transport 
of this metabolite to the adjacent Bs-cells, it was calculated that it should reach 
concentrations as high as 15-20mM (Stitt and Heldt, 1985; Leegood and 
Osmond, 1990). Given an ICso value of 0.2-0AmM of the dephosphorylated 
PEPC for L-malate, a tremendous inhibition is expected. Therefore, it is not sur
prising that most of the regulatory mechanisms acting on PEPC are aimed to 
protect the enzyme against this central C4 photosynthesis metabolite. In this 
respect, based on concentrations of the effector metabolites believed to be 
physiological (Stitt and Heldt, 1985; Leegood and Osmond, 1990), a recent 



Regulatory Phosphorylation of C4 PEPC 147 

reinvestigation of the kinetic and regulatory properties of purified, recombi
nant Sorghum PEPC indicated that (1) phosphorylation decreases Ka for G-6P 
(approximately 4-fold at pH7.3, with the maize enzyme) (Duff etal., 1995), 
(2) G-6P causes a large decrease in the apparent Km for the substrate PEP, (3) 
PEP in turn reduces the affinity of the enzyme for L-malate. Consistent with 
this scheme is the observation that the effect (protection against L-malate) of 
phosphorylation and G-6P on PEPC was not simply additive; rather there is 
some substantial amplification, e.g., ICso for L-malate is 0.2-0.4 mM for the 
dephosphorylated PEPC; it increases 3-5-fold upon phosphorylation or in the 
presence of 4mM G-6P, but 50-75-fold when both factors are combined (the 
final value is 15 mM at pH7.3, 2.5 mM PEP) (unpubl.). This would clarify how 
the enzyme is apt to cope with such high concentrations of metabolically 
active L-malate in the illuminated C4 leaf. These observations highlight the 
deep interaction between the different regulatory mechanisms that affect PEPC 
activity and point to the critical role of PEPC phosphorylation for the control of 
carbon flux in C4 photosynthesis (see Sect. III.D, for a discussion). 

The sequence and location of the phosphorylation site have been deter
mined following in vivo labeling of maize and Sorghum leaf PEPC, after 
feeding excised leaves e2p]phosphate and rapid isolation of the protein from 
illuminated leaves by FPLC or immunoaffinity chromatography (Jiao et al., 
1991b). In vitro labeling of the purified dephosphorylated enzyme in reconsti
tuted systems by an endogenous PEPC kinase (Jiao and Chollet, 1990) or by the 
catalytic subunit of mammalian CAMP-dependent protein kinase (CAMP-PK) has 
also been performed (Jiao and Chollet, 1990; Terada etal., 1990). From 
trypsin-generated peptides, a single 32P-labelled nonapeptide was isolated and 
sequenced by automated Edman degradation analysis. Comparing this arnino
acid sequence, 

His-His-Ser(P)-lle-Asp-Ala-Gln-Leu-Arg, 

to the nucleotide sequence of the corresponding DNA made it apparent that the 
phosphorylation domain is very close to the protein's N-terrninus and contains 
a single seryl residue (serine 15 and 8 for maize and Sorghum PEPC, respec
tively) whose phosphorylation state undergoes changes in response to 
light/dark transitions (Jiao etal., 1991b) (Fig. 2). A survey of the deduced 
amino acid sequences of PEPC subunits from diverse sources (Lepiniec etal., 
1994; Rajagopalan etal., 1994) has led to the conclusion that this phosphoryla
tion site is conserved in all plant enzymes, but is found in neither cyanobacter
ial nor bacterial PEPCS. 

Conserved motifs flanking the phosphorylatable serine have been sug
gested to represent structural determinants for substrate recognition by PEPC 
kinase. Further investigation of structure/function relationships of the target 
residue with respect to phosphorylation has been carried out by recombinant 
protein technology based on the complementation of PEPc-deficient mutants of 
Escherichia coli with a plasmid bearing a full-length CDNA encoding Sorghum 
C4 PEPC. The protein was purified close to electrophoretic homogeneity from 
bacterial extracts by using a fast immunochromatography procedure and 
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Maize MASTKAPGPGEKHHSIDAQLRQL VP 

Sorghum MAS--------------ERHHSIDAQLRALAP 

Flaveria trinerva MANRNV -------EKLASIDAQLRLL VP 

Fig. 2. Amino-acid sequence of the phosphorylation site of C4-type PEPC. Maize: Jiao and 
Chollet, 1990; Terada etal., 1990; Jiao etal., 1991b; Sorghum: Jiao etal., 1991b; Lepiniec 

et al., 1992; Wang et al. 1992; Flaveria trinervia: Hermans and Westhoff, 1992 

identified as a genuine, phosphate-free, in vitro phosphorylatable C4 plant PEPC 

(Cretin etal., 1991a). The experimental achievement opened the way to site
directed mutagenesis of PEPC. Changing serine 8 to aspartate (S8D) or cysteine 
(S8C) showed that phosphorylation can be functionally mimicked by the intro
duction of a negative charge in the N-terminal domain of the protein (Wang 
etal., 1992). Convincingly, engineering S-carboxymethylation of the cysteinyl 
residue in the S8C mutant by iodoacetic acid, which adds a negative charge, or 
iodoacetamide, which does not, further confirmed the previous observations, 
as only the former-SH modification was found to display the expected change 
in properties (Duff etal., 1993). These results also provided the unequivocal 
proof that there is cause-and-effect relationship between phosphorylation of a 
single serine and modification of enzymatic properties. Additional supportive 
evidence came from the use of affinity-purified antibodies directed against a 
synthetic peptide encompassing the phosphorylation site of Sorghum PEPC; 

upon binding epitopes of the enzyme's N-terminus, these antibodies impaired 
the access of the protein kinase and caused a concomitant change in PEPC prop
erties mimicking phosphorylation (Pacquit et aI., 1995). Thus, the addition of a 
negative charge (phosphate group, mutagenesis or chemical modification) or 
binding specific antibodies at the PEPC phosphorylation site result in increasing 
its ICso for L-malate and velocity. This effect is presumably due to a modifi
cation of enzyme conformation; however, to date, there is no clue as to the 
precise molecular mechanism underlying this process. X-ray diffraction 
studies are now awaited to elucidate how PEPC phosphorylation modifies the 
enzyme's architecture. 

Along these lines, using the hanging-drop vapor diffusion technique, 
protein crystals of E. coli PEPC and preliminary crystallographic data have been 
reported (Inoue etaI., 1989). A similar set of data has been produced with the 
purified dephosphorylated recombinant Sorghum PEPC, but this research aera is 
still in its infancy. 

B. PEPC Kinases: Identification and Properties 

Protein kinases playa key role in the regulation of many cellular functions and 
for this reason are intensely studied. They are classified according to the nature 
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of the phosphorylated amino acid residue (serine/threonine or tyrosine kinases) 
and further distinguished by their mode of regulation (Hunter, 1987, 1991; 
Hanks etal., 1988; Kemp and Pearson, 1990). A central problem is the ques
tion of how these enzymes recognize their diverse substrate proteins in vivo, 
since in reconstituted in vitro assays it is difficult to distinguish meaningful 
from gratuitous phosphorylation. Therefore, since there is no strict specificity 
of the converter enzyme for its target, functional/regulatory criteria should be 
met before it can be accepted that a given pair of protein substrate/protein 
kinase is physiologically relevant (Nimmo and Cohen, 1977). Indeed, plant 
protein kinases, like their animal counterparts, are implicated in the regulation 
of a variety of physiological events. During the last decade a growing number 
of plant protein kinases and targets has been reported (for reviews, see 
Ranjeva and Boudet, 1987; Budde and Chollet, 1988; Budde and Randall, 
1989; Roberts and Harmon, 1992; Huber etal., 1994), among which PEPC is 
one of the best characterized plant proteins that is regulated by phosphoryla
tion. However, PEPC does not escape the rule and different protein kinases are 
capable of phosphorylating this protein in vitro (see below). In view of the 
well established molecular characteristics of the target, it can be anticipated 
that the authentic PEPC kinase must be a serine/threonine protein kinase that 
phosphorylates the target serine of the N-terminal domain in the conserved 
motif acidic-basic-X-X-Ser-Ile, and that incorporation of phosphate at this 
serine residue elicits changes in the catalytic and regulatory properties of PEPC. 

Estimation of PEPC kinase activity in vitro relied on the detection of radio
chemical labeling and/or, more accurately, the determination of the changes in 
functional (V; catalytic activity test, pH7.1) and regulatory (lCso for L-malate; 
L-malate test, pH7.3) properties of highly purified PEPC. Controls to estimate 
site-specificity of in vitro phosphorylation (Ser 8 or 15 for Sorghum or maize 
PEPC, respectively) were based on the use of the recombinant mutant form of 
PEPC (S8D), which should not be radio labeled, and/or of specific phosphoryla
tion site antibodies, which should impair recognition by PEPC kinase and block 
phosphorylation. 

1. Calcium-independent PEPC Kinases 

The first demonstration of the in vitro phosphorylation of purified, dephosphor
ylated maize PEPC by a protein fraction purified from illuminated C4 leaves 
(by blue dextran agarose chromatography) was reported by Jiao and Chollet 
(1989a). Extensive purification of this very low abundance enzyme has been 
achieved with a purification yield of 4000-fold, leading to the identification of 
a 30kDa polypeptide which catalyses target phosphorylation (serine 15 and 8 
for maize and Sorghum PEPC, respectively) and concomitantly elicits the 
expected changes in PEPC properties (Wang and Chollet, 1993b). In vitro, at 
optimal pH, this protein kinase had an apparent Km for PEPC (subunit) of 2.5 
/lM and needed Mg2+ and ATP (Km total ATP, 40/lM) to be active; previous 
work had shown that neither EGTA, Ca2+, calmodulin antagonists, PiP, fructose-
2,6-P nor cytosolic thioredoxin h had any effect on its activity. In contrast, 
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L-malate was found to be an inhibitor of the phosphorylation reaction (Jiao 
and Chollet, 1989b; Chollet etal., 1990). The optimum pH of the protein 
kinase was close to 8, and its catalytic activity varied sharply with pH between 
7 and 8 (Wang and Chollet, 1993b). Similar findings were reported for a 
calcium-independent PEPC kinase present in Sorghum leaves (Vidal etal., 1990; 
Bakrim etal., 1992). Terada etal. (1990) and Jiao and Chollet (1990) showed 
that the catalytic subunit of the mammalian CAMP-PK also achieves a bona fide 
phosphorylation of maize PEPC. In this respect, it should be noted that no 
homolog of CAMP-PK has been found in plants. Similarly, a polycation-stimu
lated protein kinase which copurifies with and phosphorylates a highly purified 
preparation of phytochrome from etiolated Avena leaves was found to use 
maize PEPC as a substrate, but the phosphorylation site was not determined 
(Wong et al., 1989). Advantage was taken of these observations to demonstrate 
that, in vitro, L-malate diminishes the rate of PEPC phosphorylation in a pH and 
concentration-dependent manner and that this effect reflected an interaction of 
the effector with the target enzyme rather than with the protein kinase per se 
(Wang and Chollet, 1993b). Furthermore it was seen, that the photosynthesis
related metabolites G-6P and PEP were able to relieve L-malate inhibition 
(using physiological concentrations of these metabolites and CAMP-PK in a 
reconstituted assay at pH7.3) of the phosphorylation rate of Sorghum PEPC 
(Echevarria etal., 1994). It is important to note that not only do these metabo
lites affect the activity of the target enzyme but they also modulate its phos
phorylatability in vitro and possibly in vivo. This indirect way of regulating 
protein phosphorylation has been characterized in animal cells (Kenelly and 
Krebs, 1991) and may allow an individual target protein to be specifically con
trolled by a multi substrate protein kinase. 

2. Calcium-dependent PEPC Kinases 

Crude, desalted protein extracts from Sorghum leaves catalyse the in vitro 
phosphorylation of PEPC, but this reaction was dependent on calcium and 
inhibited by anti-calmodulin antibodies (Echevarria etal., 1988). However, 
while a PEPC kinase activity was consistently recovered after affinity chro
matography on calmodulin-Sepharose, subsequent in vitro phosphorylation of 
PEPC was insensitive to both calmodulin (CaM) and calmodulin antibodies, yet 
still required calcium. Although the phosphorylation site and the molar stoi
chiometry of phosphate incorporated/PEPc subunit were not known with cer
tainty, this leaf protein kinase did not seem to induce any change in the 
sensitivity of PEPC to L-malate (Vidal etal., 1990; Bakrim etal., 1992). On the 
other hand, applying the purification procedure described above (Jiao and 
Chollet, 1989a) but with several alterations, Ogawa et al. (1992) purified a 
Ca2+-dependent protein kinase able to phosphorylate maize PEPC on serine 15, 
and decrease its sensitivity to L-malate. This enzyme has a monomeric molec
ular mass of 50-60kDa and was found to be highly Ca2+-activated and 
inhibited by the calmodulin antagonist W7 [N-(6-arninohexyl)-5-chloro-l
naphthalenesulfonarnide] and a potent inhibitor of myosin light chain kinase 
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[KT5926 (lCso, 2.5 pM); Yabuta etal., 1994], an enzyme belonging to the 
Ca2+/caM-dependent protein kinase family. The Ca2+-dependent PEPC kinase is 
reminiscent of plant CDPK (calcium-dependent protein kinase), a protein kinase 
not found in animals and which possesses an intrinsic, calmodulin-like 
calcium-binding regulatory domain linked to the catalytic domain (Roberts 
and Harmon, 1992). These findings cast some doubt on the identity of PEPC 

kinase and prompted further investigation. 

3. Applying Physiological Criteria to Identify PEPC Kinase 

The demonstration that a given protein kinase does, indeed, modify the cat
alytic properties of PEPC in vitro is a necessary but not unequivocal criterion to 
conclude that it is the genuine converter enzyme of the light-transduction 
pathway. Different leaf protein kinases, and even mammalian CAMP-PK, 

achieve a correct phosphorylation of the regulatory serine in reconstituted 
assays, resulting in an increase in velocity and ICso (L-malate) of PEPC. To be 
physiologically relevant, the candidate protein kinase should also be subject to 
in vivo photoregulation. Thus, a major goal was to first unravel what mecha
nism(s) underlies the light control of PEPC kinase activity and second, which of 
the PEPC kinases detected in the C4 leaf by the various former experiments is 
stimulated by light. Many possibilities were investigated but it was only when 
cycloheximide (CHX), a cytosolic protein synthesis inhibitor, was fed to 
excised Sorghum or maize leaves, that PEPC phosphorylation was blocked 
during the subsequent illumination period (Jiao eta!., 1991a; Bakrim eta!., 
1992). Confirmation of this observation was reported by Carter etal. (1991) 
following the use of CHX and puromycin, another cytosolic protein synthesis 
inhibitor, which blocked the nocturnal appearance of the PEPC kinase activity 
in detached leaves of the CAM plant Bryophyllum fedtschenkoi. Interestingly, a 
subsequent IRGA-based experiment showed that uptake of CHX by an excised 
Sorghum or maize leaf performing steady state photosynthesis caused a pro
gressive and well-correlated decrease in its CO2 assimilation rate and PEPC 

phosphorylation status (Bakrim eta!., 1993). The demonstration that this 
inhibitor-based observation was not due to perturbation of the Calvin cycle, 
photosynthetic electron flow, photophosphorylation or stomatal functioning 
strengthened the view that the light-dependent enhancement of PEPC phosphor
ylation state reflected stimulation of the rapid synthesis of the PEPC kinase 
itself, or alternatively, the synthesis of an unknown protein factor required for 
its activation. This interpretation involved protein turnover as a primary com
ponent in the transduction cascade and predicted the occurrence of a light/dark 
modulation of the translational capacity of specific mRNAS encoding these pro
teins in C4 M-cells. 

The most convincing attempt to identify C4 PEPC kinase to date was per
formed recently by Li and Chollet (1993); they have attempted to sort out the 
different PEPC kinases in a green maize leaf based on the criterion of a pho
toregulation event involving protein synthesis (see above). Concentrated 
soluble-protein extracts from maize leaves rapidly prepared in the presence of 
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protease inhibitors were analysed by SDS-PAGE and a subsequent in situ renatu
ration method was applied. Protein kinases were detected in the gel by their 
property to autophosphorylate. With this strategy, at least seven bands were 
revealed, but the .... 30kDa protein kinase was not radio labeled. Comparable 
gels were renatured sliced, pulverized and protein kinases assayed in vitro in 
reconstituted assays in the presence of purified PEPC as a substrate and [y-
32p]ATP. Three proteins of molecular mass of .... 57, .... 37 and .... 30kDa exhibited 
PEPC phosphorylation activity on the target serine 15 and, interestingly, only 
the .... 57 kDa protein kinase required calcium to catalyse this reaction whereas 
the two others did not. To assess which of them, if any, was light-responsive, 
leaves were light/dark adapted or treated with CHX or with methyl viologen 
(MY) in the light (see Sect. ill.C.l) and the extracted soluble proteins analysed 
similarly. The activity of the calcium-independent PEPC kinases ( .... 37 and 
.... 30 kDa proteins) was strongly inhibited in darkened leaves, or in those illu
minated leaves that were previously treated with CHX or MY, two compounds 
previously shown to block the in vivo light-dependent stimulation of C4 PEPC 
kinase, while the calcium-dependent .... 57 kDa protein kinase remained unaf
fected, similar to that of control (light) leaves. These data provided critical in 
vivo evidence which argues that C4 PEPC kinase per se is calcium-independent. 
The exact nature of the two calcium-independent proteins able to carry out in 
vitro PEPC phosphorylation and the question of how the photoregulation mech
anism works remain to be solved; are they true isozymes or structurally related 
and generated by proteolysis from a parent protein? The answer will come 
from the future isolation and molecular characterization of these PEPC kinase 
polypeptides. 

C. The Signal Transduction Cascade 

1. PEPC Phosphorylation in the Intact C4 Leaf 

SDS-PAGE analysis of immunoprecipitated PEPC from extracts of illuminated or 
darkened Sorghum leaves fed [32p]phosphate showed that the 1l0kDa car
boxylase subunit was substantially more labeled during the light period 
(Bakrim etal., 1992). Consistently, PEPC kinase activity in desalted crude 
extracts of light-adapted maize leaves was several-fold greater than that from 
the corresponding dark tissue (Echevarria etaL, 1990; McNaughton etaL, 
1991). This light-induced phosphorylation of PEPC was correlated with an 
increase in both ICso for L-malate and V of PEPC, when measured at subopti
mal levels of pH (7.3) and PEP (2.5 mM). Kinetic data indicated that (1) both 
the phosphorylation and dephosphorylation reactions plateaued after the leaf 
had been placed for about 100min in the light or dark, respectively, and (2) 
increasing the light intensity step-wise from darkness to 735j..lE/m2·s at leaf 
level was paralleled by a progressive decrease in L-malate sensitivity (Bakrim 
et aI., 1992). These observations suggested that phosphorylation determines 
the target enzyme's sensitivity towards its allosteric inhibitor, L-malate, and 
that the light-dependency of the phosphorylation process is coupled to the 
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functioning of C4 photosynthesis. The latter assumption was verified following 
illumination of detached Sorghum or maize leaves in the presence of various 
inhibitors of photosynthetic electron flow, ATP synthesis and the Calvin cycle; 
diuron and methyl viologen, that inhibit photosystem II and I, respectively, the 
uncoupler gramicidin which blocks ATP synthesis and DL-glyceraldehyde, a 
Calvin cycle inhibitor, markedly decreased the in vivo phosphorylation of PEPC 

(Bakrim etal., 1992; Jiao and Chollet, 1992). Obviously, the sensing and trans
duction of the light signal that initiates the phosphorylation cascade was by the 
photosynthetic apparatus and probably involved the electron transport chain 
and the Calvin cycle as intermediate steps. Well-known regulatory redox 
systems, like NADPH or reduced-thioredoxin, appeared not to be involved (Jiao 
and Chollet, 1989b; Chollet etal., 1990). A consistent hypothesis was that 
light-transduction might be mediated through changes in the levels of photo
synthetic metabolites and/or energy charge; as a consequence, a trans cellular 
message formed in Bs-cells during C4 photosynthesis would be delivered to 
adjacent M-cells where the physiological response is observed. 

2. Light-dependent Phosphorylation of PEPC in C4 Mesophyll Protoplasts 
and Cells 

With respect to the identification of the components of the light-dependent 
phosphorylation cascade, especially those steps located upstream of the 
protein kinase, the intact leaf is of limited use. Thus, a cellular approach based 
on the production of M-cell protoplasts has been developed. In general, iso
lated intact protoplasts suspended in liquid medium constitute a suitable and 
homogeneous experimental system for studies of biochemical, physiological 
and cytochemical processes in plants because (1) they can be uniformly 
exposed to equal concentrations of various compounds in the suspending 
medium, and (2) they retain enzymes and organelles such that they represent 
functional entities capable of active photosynthesis and other pathways of cell 
metabolism. Convenient methods for obtaining reproducibly viable M-cell 
protoplasts from Sorghum, maize or Digitaria leaves, devoid of contamination 
by BS and organelles have been devised (Pierre etal., 1992; Devi and 
Raghavendra, 1992). 

The objective was to find favourable experimental conditions that allowed 
in situ expression of PEPC phosphorylation. In this respect, the response of the 
protoplast preparation was checked under light or dark conditions, using the 
L-malate-sensitivity test at pH 7.3 or the catalytic-activity test at pH 7.1. If pro
top lasts were kept in a minimal medium (400 mM sorbitol and 10 mM Hepes
KOH, pH 7), these tests indicated very little modification in PEPC properties in 
the light. In contrast, when M-cell protoplast were suspended in incubation 
medium supplemented with Murashige and Skoog (MS) basal medium 
(0.44%), light markedly decreased L-malate sensitivity (35%) and increased 
catalytic activity (200%) of the endogenous PEPC (Fig. 3). Consistently, these 
changes were due to a substantial, light-induced increase in the activity of PEPC 

kinase (Fig. 4); in rapidly prepared protein extracts from these protoplasts, the 
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Fig. 3. Influence of light and NH4Cl on the activity and malate sensitivity of PEPC in Sorghum 
M-cell protoplasts. Intact protoplasts were kept in darkness or illuminated at 300 ILElm2·s at 
25°C in the presence or absence of NH4Cl (20 mM). Aliquots of the protoplast suspension were 
removed at the indicated times and mixed directly with reaction medium. PEPC activity was 
recorded spectrophotometrically at 340 nm, in a 1 m1 medium containing subsaturing PEP 
(1.5mM) at pH7.l (activity test) or pH 7.3, and with or without 1 mM L-malate (malate test). 
pH7.1: • light, dark or dark and 20ILM NH4Cl; 0 light and 20ILM NH4Cl. pH7.3: • 

light, dark or dark and 20 ILM NH4Cl; 0 light and 20 ILM NH4Cl 

protein kinase did not require calcium for activity. Treatment of intact proto
plasts with CHX suppressed PEPC phosphorylation in a dose-dependent manner 
(Pierre et aI., 1992). Once again, these data established at the cellular level that 
protein turnover is a component of the light-activated cascade leading to the 
stimulation of the activity of a Ca2+-independent PEPC kinase and phosphoryla
tion of its target enzyme. Similar data have been obtained with intact C4 

M-cells from Digitaria sanguinalis (S. Duff etal., unpub1.). Since, during the 
mechanical isolation procedure, these cells are released with their plasmodes-
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Fig. 4. PEPC kinase activity in crude extracts of illuminated or darkened Sorghum M-cell proto
plasts. SDS-PAGE analysis of phosphorylation assays supplemented with [y_32p]ATP-Mg, 0.2 U of 
exogenous irnmunopurified dephosphorylation PEPC and dark (lanes 1 and 2, 0 and 60 min, 
respectively) or light (lane 3, 60min) protoplast extracts. a, Coomassie Blue stained gel; b, 

corresponding autoradiograph. PPrvc, PEPC 
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mata open, this experimental system provides the means for studying the 
effect of those compounds that permeate poorly through the protoplast plasma 
membrane. Because isolated M-cells and protoplasts from the C4 leaf possess 
the intrinsic ability (i.e, the whole signalling machinery) to perform PEPC phos
phorylation in a light-dependent manner, they represent an ideal tool to 
unravel elements of the transduction chain. 

3. Cytosolic pH and PEPC Phosphorylation 

The above-mentioned inhibitor-based experiments performed in planta have 
suggested that a functional Calvin cycle (bundle sheath) is required for the 
effective phosphorylation of C4 PEPC (mesophyll), thus implicating that the 
transduction chain involves the participation of these neighbouring cell types 
and intercellular communication. Since M-cell protoplasts have been physi
cally separated from the Calvin cycle-containing Bs-cells, they are expected 
not to receive the message. What, then, in the suspension medium is apt to 
mimick the physiological inducer? Among the different salts that comprise the 
MS medium, the active compound that triggers the in situ phosphorylation of 
PEPC was identified as NH4N03 (Table 1). It was shown further that NH4Cl and 
methylamine were good substitutes. These 3 compounds are weak bases which 
permeate into cells in their neutral form and therefore tend to increase cytoso
lie pH (pHe) (Sanders etal., 1981; BertI etal., 1984; Felle, 1987). Consistent 
with these findings are the data from Yin etal. (1990, 1993), Devi and 
Raghavendra (1992), Raghavendra etal. (1993), and Rajagopalan etal. (1993) 
that indicate that a cytosolic alkalization occurs in M-cells during photosynthe
sis in C3 and C4 plants. Weak base-induced alkalization of pHe was verified 

Table 1. Effect of Murashige and Skoog (MS) medium, 
N~CI and methylamine on the L-malate sensitivity of 

PEPC in Sorghum M-cell protoplasts 

Treatment Malate sensitivity 
(% inhibition) 

Dark 72 
Light 

none 67 
MS (0.44%) 42 
NH4N03 44 
NH4Cl 40 
KN03 70 
methylamine 40 

Malate sensitivity of PEPC was measured in aliquots of pro
toplasts suspended in incubation medium and supplemented 
with the components (20 mM each) listed. Incubation was 
for 100 min at 27°C 
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after loading C4 M-cell protoplasts with the fluorescent probe BCECF-AM and 
performing in situ fluorescence imaging by confocal microscopy. A rapid and 
marked increase in fluorescence, which reflects an increase in pHc' was 
observed soon after either of the weak base inducers were added to the suspen
sion medium (N. Giglioli etal., unpubl.). Despite the use of neutral red, a 
fluorescence quenching agent in the vacuoles, it was difficult to assess and 
further quantify the variation in fluorescence that occurs in the M-cell cytosol. 
On the other hand, applying the "null-point" method (Van der Veen et aI., 
1992) and monitoring the induced changes in protoplast fluorescence by flow 
cytometry led to quite satisfactory results. In this experiment the basal pHc in 
C4 M-cell protoplasts was found to be around 6.8-7.0 a value which is in good 
agreement with those already reported for plant cells (pelle, 1989; Kurdjian 
and Guem, 1989), and the addition of 10 mM weak base to the suspension 
medium increased pHc by O.3-OApH-unit. In fact, the magnitude of the pAc 
shift was expectedly dependent on the concentration of the exogenous inducer 
and well correlated with the corresponding changes in the activity of PEPC 

kinase, as measured in a reconstituted assay (N. Giglioli etal., unpubl.). 
Therefore, intracellular alkalization in M-cell protoplasts is an early event 

in the transduction chain leading to phosphorylation of PEPC. This observation 
gave a clue for understanding how cells communicate in the illuminated C4 

leaf and for clarifying the nature of the putative intercellular message. It led to 
the proposal of a working hypothesis as follows: during C4 photosynthesis, 
metabolite trafficking between the two photosynthetic cell-types takes place; a 
good candidate to represent the message is 3-phosphoglyceric acid (3-PGA), a 
Calvin cycle intermediate that diffuses to M-cells for its subsequent reduction 
in the M-chloroplast stroma (Hatch, 1987, 1992). As this process proceeds via 
the protonated form of 3-PGA, pumping of protons into the vacuole will ensue 
and a net alkalization of M-cell pHc should result (Yin etal., 1990; Devi and 
Raghavendra, 1992; Raghavendra etal., 1993). This working model also pre
dicts a quantitative coupling between light, the phosphorylation process and 
ultimately the rate of CO2 assimilation, as mediated by a pH signal. Strongly 
supporting this view are the recent results by S. Duff etal. (unpubl.) and 
N. Giglioli etal. (unpubl.), showing that incubation of intact C4 M-cells of 
Digitaria sanguinalis in a suspension medium containing 5 mM 3-PGA led to 
a significant decrease in L-malate sensitivity of PEPC and an increase in PEPC 

kinase activity, while 2-PGA or other C4 photosynthesis-related metabolites 
had no effect. 

4. Calcium and PEPC Phosphorylation 

Various protein kinases have been found to phosphorylate C4 PEPC in vitro. 
The Ca2+-independent PEPC kinase initially reported by Chollet and coworkers 
(Jiao and Chollet, 1989a; Wang and Chollet 1993b) to occur in illuminated 
maize leaves is likely to represent the physiological protein kinase because it 
exhibits the requisite properties that conform to diagnostic physiological crite
ria (Li and Chollet, 1993), i.e., clearly its activity in C4 leaf tissue is light/dark 
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modulated and it confers on the target enzyme the changes in regulatory prop
erties characteristic of a bona fide phosphorylation on the N-terminal serine of 
the phosphorylation domain. A homolog of this PEPC kinase has also been 
found in illuminated Sorghum leaves (Bakrim etal., 1992). In the C4 leaf, this 
protein kinase should be found in the same cell as its target, namely 
M-cells. However, in the presence of the calcium ionophore A23187 (cal
cimycin) and EGTA, illuminated M-cell protoplasts did not show any tendency 
to phosphorylate PEPC in the presence of either of the weak-base inducers, but 
specific recovery was observed if Ca2+ was added back to the suspension 
medium. This finding supported the view that Ca2+ is involved upstream of the 
C4 PEPC protein kinase in the light-transduction pathway. 

Changes in cytosolic free Ca2+ play a central role in stimulus-response 
coupling in plant cells (Bush, 1993). The dominant source of Ca2+ in higher 
plants appears to be the central vacuole, rather than the external medium 
(Johannes etal., 1991). Diminution of the pH gradient across the tonoplast by 
pH changes on either side of the membrane results in a transient increase in 
cytosolic Ca2+ (Bush and Jones, 1987; Felle, 1988). However, this increase 
could also be due to the activation of a pH-dependent channel (Johannes etal., 
1992), leading to a prolonged efflux of vacuolar Ca2+. Evidence for such a 
mechanism has been obtained by using TMB-8 [8-(N,N-diethylamino)-octyl-
3,4,5-trimethoxybenzoate hydrochloride], an internal Ca2+ channel blocker 
(Malagodi and Chiou, 1974), which severely inhibits PEPC phosphorylation 
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Fig. 5. Proposed scheme for the light-transduction pathway leading to the regulatory phos
phorylation of C4 PEPC 
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and the activity of the protein kinase when illuminated C4 M-cell protoplasts 
are fed this compound in the presence of the inducer. Furthermore, W7 
[N-(6-aminohexyl)-5-chloro-l-naphthalenesulfonamide], an inhibitor of Ca2+j 

caM-regulated protein kinases (Hidaka etal., 1981), had a similar, marked 
inhibitory effect. Collectively, these in situ data suggest that the transduction 
chain is presumably multicyclic, involving more than one protein kinase and 
requiring calcium to carry out an upstream step in the signalling pathway 
(Boon Chock etal., 1980). 

An integrated working model of the transduction chain that controls PEPC 

phosphorylation and its relationship with the C4-photosynthesis pathway is 
depicted in Fig. 5. 

D. The Physiological Significance of the Regulatory Phosphorylation 
ofC4 PEPC 

As described above, feeding an illuminated C4 leaf the cytosolic protein syn
thesis inhibitor CHX markedly perturbs the activity of PEPC kinase, the phos
phorylation status of PEPC, and ultimately C4 photosynthesis in a highly 
correlated manner. The inhibitory effect of CHX is also observed in illuminated 
C4 M-cell protoplasts treated with a suitable inducer of PEPC phosphorylation 
(Pierre etal., 1992). These results favour the view that PEPC phosphorylation 
has a critical regulatory impact on the overall functioning of C4 photosynthe
sis. 

From a functional point of view, PEPC has to fix bicarbonate in a very 
"hostile" cytosolic environment, i.e., a L-malate concentration high enough to 
severely block its activity, and this reaction is necessarily tightly coordinated 
to the Calvin cycle in the Bs-cells. On the other hand, the activity of C4 PEPC 

should be efficiently curtailed at night in order not to perturb normal dark 
metabolism, e.g., the very high activity of PEPC would compete with glycolytic 
pyruvate kinase for their common substrate PEP such that the Krebs cycle 
could not be initiated. In illuminated C4 leaves, phosphorylation increases sub
stantially both PEPC activity and its ICso for L-malate, but the magnitude of this 
effect is probably not sufficient to explain how the enzyme can function in the 
presence of so much L-malate (~20mM). On the other hand, it has long been 
proposed that in vivo, sugar-P-mediated allosteric activation of the enzyme is 
part of the regulatory mechanism acting on PEPC. Reinvestigation of this view 
by using a highly purified enzyme preparation showed that G-6P efficiently 
antagonizes L-malate inhibition as expected, but, interestingly, that phosphory
lation considerably stimulates this effect, e.g., ICso is 15 mM at pH 7.3, 
2.5 mM PEP in the presence of 4 mM G-6P. Therefore, when both regulatory 
factors are combined, the enzyme becomes able to cope efficiently with the 
high concentration of the inhibitor that prevails in its vicinity when the rate of 
C4 photosynthesis is high, and this may explain why PEPC phosphorylation 
appears to be so indispensable for the functioning of C4 photosynthesis. The 
collective data also implicate a central role for pHe and its light-induced varia
tion in M-cells. If, as suggested by the aforementioned cell biology approach, 
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pHe in M-cells is increased by 0.2-0.3 unit when leaves are exposed to high 
light, then a further modulation of the metabolic control of C4 PEPC is 
expected; we speculate that this shift would be related to the rate of the Calvin 
cycle (see Fig. 5), and not only constitutes the message that initiates and trans
duces the signal through the chain leading to the synthesis of PEPC kinase and 
the phosphorylation of PEPC, but also modulates its sugar-P and phosphoryla
tion-induced desensitization to L-malate and its increase in velocity. It is thus 
apparent that the metabolite and enzymatic protagonists in this regulatory 
network are interdependent and ultimately connected to light, and there lies 
the regulatory device that ensures coordination of the two metabolic cycles 
involved in C4 photosynthesis. In the dark, dephosphorylation of PEPC and a 
decrease in pH to its original level would account for a more complete deacti
vation of the enzyme, as needed in a physiological context. 

In closing, we would stress the following two points: (1) phosphorylation 
of C4 PEPC is a slow process (approximately 100 min to be complete after 
switching on or off the light) and can by no means afford rapid regulation of 
the enzyme in response to abrupt fluctuations in its microenvironment. Thus, 
phosphorylation would constitute a coarse control of PEPC, whereas the fine
tuning of its activity would be the responsibility of metabolites produced 
during C4 photosynthesis; and (2) the post-translational modification of PEPC is 
obviously slower than its catalytic rate and consequently, a hysteretic behavior 
of the enzyme is expected. Enzymes of this class are believed to possess a 
buffering effect on metabolites at the crossing of different pathways, i.e., they 
minimize sudden and large variations in the concentration of these metabo
lites (Neet and Ainslie, 1980). This would be modulated further by the photo
synthetic metabolites (e.g., L-malate) that affect PEPC phosphorylatability via a 
target rather than converter-enzyme effect. In the present case, a hysteresis of 
PEPC would be of critical importance during the build-up and decline of photo
synthetic PEP in the C4 M-cell cytosol. 

IV. Conclusions and Outlook 

The intense research performed during the last decade has led to the view that 
PEPC phosphorylation is a cardinal regulatory event in C4 photosynthesis. The 
increasingly complex pathway that links the light stimulus to PEPC kinase has 
the photosynthetic apparatus, cytosolic protein synthesis, pH, and Ca2+ as 
components and presumably more than one protein kinase is involved. 
Questions to be addressed in the future deal with (1) the unequivocal 
indentification and isolation of the genuine, light/dark-modulated PEPC kinase 
and the determination of its functional, regulatory and molecular properties; 
(2) the elucidation of the mechanism underlying the light-dependent increase 
in activity of the Ca2+-independent PEPC kinase; is this protein, or protein 
factor, light-controlled at the level of translation, as suggested by the in vivo 
and in situ inhibitor-based experiments? If this proves to be the case, this 
protein kinase would appear to be a most unusual cascade enzyme with respect 



160 Jean Vidal etal. 

to its mode of regulation; (3) the identification of a putative Ca2+-dependent 
protein kinase intervening in the upstream steps of the cascade; and (4) the 
role of Ca2+ and calcium channels in this process, with respect to pRe. 
Resolution of these points will involve the improvement and development of 
cell pharmacological and molecular approaches. Although some insightful 
break throughs have been achieved, much work remains to be done before this 
very complex, multicyclic signal transduction cascade can be deciphered 
entirely. A good deal of structural data has become available on plant PEPe in 
relation to its regulatory phosphorylation. The study of its structure/function 
relationships involving site-directed mutagenesis of the phosphorylation 
domain will be continued and extended to domains forming the active and 
allosteric sites. Particularly awaited are X-ray crystallographic data and new 
insights on the three-dimensional structures of plant and microbial PEPes. 

Finally, (1) all plant PEPes possess a highly conserved N-terminal 
phosphorylation domain, (2) the phosphorylation of Crtype PEPes from 
Sorghum roots (Pacquit etal., 1993), wheat (Van Quy etal., 1991), and tobacco 
(Wang and Chollet, 1993a) leaves, guard cells from Vida faba leaves (Schnabl 
etal., 1992), and soybean root-nodules (Schuller and Werner, 1993) has been 
observed in reconstituted assays, and (3) the presence of endogenous protein 
kinases able to correctly phosphorylate these targets has been detected. It will 
be of particular interest to clarify in each of these specific cases the exact 
mechanism underlying PEPe phosphorylation and the regulatory impact on the 
corresponding physiology of the tissue. Research in this direction is becoming 
especially active. 
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I. Introduction 

Plants are a rich source of compounds used to treat the spectrum of human 
ailments-from headaches to heart disease to cancer. Aspirin, or acetylsali
cylic acid, one of the most widely used drugs today, is plant based. Salicylic 
acid (SA) or closely related salicylates including methyl salicylate, saligenin 
(the alcohol of SA) and their glucosides, are found in many plants including 
the willow. As early as the 4th century B.C., Hippocrates purportedly pre
scribed willow bark to relieve the pain of childbirth (Rains ford, 1984; 
Weissman, 1991). In the 19th century acetylsalicylic acid was found to cause 
less gastrointestinal irritation than SA yet has similar therapeutic properties. 
Despite their long history, the mechanisms by which SA and other salicylates 
achieve their wide range of clinical effects (reduction of pain, fever, swelling, 
blood clotting and the risk of heart attacks and strokes) remain unresolved. 
In contrast, recent breakthroughs in plant pathology indicate that SA is a 
key signal molecule in disease resistance and suggest a new mode of action 
of SA. 

SA is a member of a class of small molecules called phenolics, defined as 
an aromatic ring substituted with either a hydroxyl group or its derivative. It 
has been speculated that some phenolics function as plant growth regulators 
(Aberg, 1981) since when applied to plants, phenolics can produce a wide 
range of effects on many plant processes. For example, early studies demon
strated that exogenously applied SA affects seed germination, flowering, fruit 
yield, stomatal closure and glycolysis (for reviews, see Cutt and Klessig, 1992; 
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Raskin, 1992). However, it was difficult to determine if endogenous SA played 
a significant role in these processes since other phenolics could produce 
the same results. In addition, some of the effects could be due to the general 
chemical properties of SA: its acidity and its ability to chelate iron. Only 
recently has SA been conclusively demonstrated to playa role as a regulatory 
molecule. 

II. SA in Thermogenesis 

The first conclusive evidence that SA serves as an endogenous regulatory mol
ecule came from studies by Raskin and coworkers on the thermogenic voodoo 
lily (Sauromatium guttatum) (Raskin etal., 1987, 1989). During flowering, the 
spadix of the voodoo lily exhibits two temperature increases of up to 12°C. 
Raskin and coworkers showed that levels of endogenous SA increased dramati
cally just prior to both temperature spikes. In addition, exogenously applied SA 
induced the temperature increases and the concomitant production of aromatic 
compounds. Of 33 derivatives tested, only acetylsalicylic acid and 2,6-dihy
droxybenzoic acid were capable of inducing the temperature rise, indicating 
the high level of specificity of the process. 

The elevation in temperature is caused by increased utilization of the alter
native respiratory pathway. Electrons are diverted from the cytochrome respi
ratory pathway, where the energy flow is conserved chemically, to the 
alternative respiratory pathway, where energy is released as heat (Meeuse, 
1975). Rhoades and MacIntosh (1992) have demonstrated that expression of 
the gene encoding alternative oxidase, the terminal electron acceptor of the 
alternative respiratory pathway, is induced by SA in voodoo lilies. SA has also 
been shown to increase both the use of the alternative respiratory pathway 
(Kapulnik etal., 1992) and the amount of alternative oxidase in tobacco, a 
non-thermogenic plant (Rhoades and MacIntosh, 1993). 

III. Disease Resistance 

The second plant process shown to utilize SA as a signal molecule is disease 
resistance. This exciting area of research has developed rapidly in recent years 
and has suggested fascinating parallels between human and plant defense 
systems. 

When a plant is infected by a pathogen to which it is resistant, a wide 
variety of biochemical and physiological responses are induced. The end result 
of these responses is the restriction of the pathogen and therefore, the damage 
which it may cause. A susceptible plant, in contrast, cannot restrict pathogen 
replication, in many cases allowing the pathogen to spread throughout the 
plant, with the potential to cause severe damage or even death of the plant. 
Susceptibility may be due to an inability of the plant either to recognize the 
pathogen or to successfully mount a defense response. 
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The defense response is frequently manifested as restriction of the 
pathogen to a small region surrounding the initial entry site, followed by 
necrosis of the tissue at the infection site. These two processes together 
characterize the hypersensitive response (HR) (Matthews, 1991). Frequently 
accompanying the HR is the development of acquired or induced resistance. 
Following the initial infection, the plant becomes, over a several day period, 
more resistant to a secondary infection by the same or even unrelated patho
gens, both near the initial site of infection (local acquired resistance) and in 
distal, uninoculated portions of the plant (systemic acquired resistance, SAR) . 

At the biochemical level, a wide variety of processes are activated during a 
resistance response. Several of these are involved in strengthening the plant's 
passive defense system, mainly by fortifying the cell wall. These include syn
thesis and incorporation of hydroxyproline-rich glycoproteins, cellulose, and 
lignin into the cell wall and deposition of callose and suberin onto the cell 
wall. In addition, there is enhanced peroxidase activity which is necessary for 
lignification and may be involved in crosslinking cell wall proteins. A number 
of active defense mechanisms are also induced including synthesis of pro
teinase inhibitors which block the activity of both microbial and insect 
proteases, production of phytoalexins which have anti-microbial activity, 
induction of hydrolytic activities such as chitinases and ~-1 ,3-glucanases that 
degrade the cell walls of microbes, and production of anti-viral activities. 

Frequently used markers to study gene activation during plant defense are 
the phenylalanine ammonia lyase (PAL) gene and the pathogenesis-related (PR) 
protein genes. The PAL gene is induced relatively early after infection (Fritig 
etal., 1973; Legrande etal., 1976; Duchesne etal., 1977; Dong etal., 1991) 
and encodes a key enzyme in the phenylpropanoid pathway. This pathway is 
responsible for production of a range of defense molecules including phy
toalexins, SA and other phenolic compounds. Expression of the PR protein 
genes correlates well, though not completely (Ye etal., 1989), with resistance 
responses to a wide variety of viral, fungal and bacterial pathogens. In particu
lar, their expression in uninoculated tissue correlates with the onset of SAR 

(Ward etal., 1991). PR proteins are divided into at least five families (PR-l 
through PR-5), each of which has been demonstrated to have anti-fungal activ
ity, either in vitro (Mauch etal., 1988; Vigers etal., 1991; Woloshuk etal., 
1991; D. Liu etal., 1994; Ponstein etal., 1994) or in vivo (Broglie etal., 1991; 
Alexander etal., 1993; Yoshikawa etal., 1993; D. Liu etal., 1994). The 
number of PR protein families is expanding and it is likely that some of the 
new members will be found to have anti-viral and anti-bacterial activity. A 
number of reviews are available which provide a more detailed discussion of 
plant defense responses (Bowles, 1990; Dixon and Harrison, 1990; Linthorst, 
1991; Madamanchi and Kuc, 1991; White and Antoniw, 1991; Cutt and 
Klessig, 1992; Ryals etal., 1992). 

The complexity of the plant response to pathogen attack suggests that there 
may be multiple signals operating through several pathways to produce the 
various defense reactions. In addition to the induction of local defenses, there 
is also the induction of SAR which requires a signal(s) capable of long distance 
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movement from the initial infection site to the distal portions of the plant. 
Recent work has identified several potential candidates for long distance signal 
molecules. These include systemin (McGurl etal., 1992), jasmonates (Farmer 
etal., 1992), salicylic acid, ethylene (Pegg, 1976; Yang and Pratt, 1978), and 
electrical potentials (Wilson etal., 1992). For reviews, see Enyedi etal. 
(1992a), Malamy and Klessig (1992), and Dempsey and Klessig (1995). 

IV. SA as a Signal in Plant Defense 

The first suggestion that SA might be involved in inducing the plant's defense 
was provided by White and coworkers. They found that injecting aspirin or SA 
into tobacco leaves led to enhanced resistance to TMV (White, 1979) and 
induction of PR protein synthesis (Antoniw and White, 1980). This initial 
observation has been expanded to include protection against many other 
pathogens: viral, bacterial and fungal (Weete, 1992; Palva etal., 1994; 
reviewed by Malamy and Klessig, 1992). SA also induces PR genes in many 
other plants, both monocots and dicots (for review, see Klessig and Malamy, 
1994). However, not all plant-pathogen systems respond to SA (Roggero and 
Pennazio, 1988; Ye etal., 1989; Roggero and Pennazio, 1991). 

More direct proof of SA'S involvement was provided a decade later by 
studies in tobacco (Malamy etal., 1990) and cucumber (Metraux etal., 1990; 
Rasmussen etal., 1991). After infection of resistant tobacco with TMV, SA 
levels increased in both the inoculated and uninoculated leaves. The increase 
in SA levels preceded or paralleled both the HR and induction of PR genes in the 
inoculated and uninoculated leaves. In contrast, SA levels did not increase in a 
susceptible cultivar of tobacco. In cucumber infected with tobacco necrosis 
virus (TNV), Colletotrichum lagenarium (Metraux etal., 1990) or Pseudo
monas syringae pv. syringae (Rasmussen etal., 1991; Smith etal., 1991), SA 
levels were seen to increase in phloem exudates. The increase in SA levels pre
ceded induction of SAR and peroxidase activity. While SA itself has been found 
to be toxic to some pathogens, i.e., Colletotrichum Jalcatum, Fusarium oxys
porum (Singh, 1978) and Agrobacterium tumeJaciens (Saint-Pierre et aI., 
1984), it is not toxic to TMV (Malamy and Klessig, unpubl.) or C. lagenarium 
(Mills and Wood, 1984). Therefore, the increased resistance associated with 
elevated SA levels cannot be due simply to SA'S toxicity to the incoming 
pathogen. Later studies have demonstrated increases in endogenous SA in a 
number of other plant-pathogen systems including Arabidopsis thaliana inocu
lated with turnip crinkle virus (Uknes etal., 1993b; Dempsey and Klessig, 
unpubl.) and Pseudomonas syringae (Summermatter etal., 1994), and tobacco 
inoculated with tobacco necrosis virus, P. syringae, Peronospora tabacina 
(Silverman etal., 1993) or Erwinia carotovora ssp. carotovora (PaIva etal., 
1994). 

Temperature shift experiments also support the hypothesis that SA plays a 
role in defense signaling. Resistance to TMV in tobacco is temperature sensi
tive. At temperatures greater than 28°C, PR protein synthesis and the HR are 
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blocked and the infection becomes systemic (Kassanis, 1952; Gianinazzi, 
1970). At these high temperatures, there was also no increase in endogenous 
SA levels (Yalpani etaL, 1991; Malamy etal., 1992). When resistance was 
restored by moving the plants to lower temperature, SA levels rose dramati
cally. The elevation of SA levels preceded PR-1 gene activation and formation 
of necrotic lesions (Malamy et aL, 1992). 

Additional support for SA as a signal molecule was provided by gene 
expression studies (Ward etal., 1991). In tobacco, nine gene families coordi
nately induced during establishment of SAR were also induced by SA treatment. 
Four other defense-related genes, induced only in pathogen-inoculated tissues, 
were not activated by SA. Further evidence that SA plays a role in establishment 
of SAR comes from transgenic tobacco experiments by Gaffney etaL (1993). 
They transformed xanthi-nc (resistant) tobacco with the nah G gene of 
Pseudomonas putida. This gene encodes salicylate hydroxylase, an enzyme 
that converts SA to catechoL Catechol does not induce SAR or PR gene expres
sion. In plants expressing high levels of salicylate hydroxylase, TMV infection 
caused only a 2-3-fold induction of SA in inoculated leaves, compared to a 
180-fold induction of SA in non-transformed control plants. Despite this large 
difference in SA levels, PR-1 gene expression was activated in the TMV-inocu
lated leaves of the nah G transgenic plants as well as in the non-transformed 
control plants. This result suggests that either the small increase in SA was 
sufficient or that another signal was involved. In contrast, PR-1 gene activation 
(Vemooij etaL, 1994) and SAR development were inhibited in the upper 
uninoculated leaves of the infected transgenic plants (Gaffney etaL, 1993). If 
the only effect of salicylate hydroxylase is destruction of SA, this result 
strongly implicates SA as a signal for induction of SAR. 

SA may also be involved in the initial restriction of pathogen spread. While 
SA levels increase throughout the plant, the highest levels are seen in the 
infected leaf (Malamy etal., 1990), particularly immediately around the lesion 
site (Enyedi et aL, 1992b). In addition, the primary lesions on nah G trans
formed tobacco are larger than on the non-transformed tobacco (Gaffney etaL, 
1993), consistent with a reduced ability to restrict pathogen replication and/or 
spread. In addition, nah G transformed tobacco and Arabidopsis showed 
increased susceptibility to primary infection by viral, fungal, and bacterial 
pathogens (Delaney et aL, 1994). 

In sum, the above studies argue strongly that SA is necessary for establish
ment of at least part of the plant's defenses. Application of exogenous SA 
induces PR gene expression and acquired resistance. Elevated levels of endoge
nous SA are associated with resistance and precede activation of defense
related genes; these increases in SA levels appear to be required as reduction or 
elimination of endogenous SA results in a decrease in the resistance response. 
However, it is still unknown which defense processes are directly affected by 
SA. Genetic experiments involving SA synthesis and response mutants should 
prove useful in delineating the sA-dependent processes. 
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v. SA as the Translocated Signal 

Initial studies indicated that SA might be the translocated signal which initiates 
SAR. SA was found in the phloem in both pathogen-inoculated cucumber 
(Metraux etal., 1990; Rasmussen etal., 1991) and tobacco (Yalpani etal., 
1991). In addition, increases in SA levels either in phloem or in uninoculated 
leaves of infected plants preceded establishment of SAR (Metraux et aI., 1990) 
and induction of defense-related gene expression (Malamy etal., 1990; 
Meuwly etal., 1994). 

Subsequent work, however, suggests that the translocated signal is not SA 
and production of the translocated signal precedes increases in SA. 
Hammerschmidt and coworkers found that the translocated signal(s) required 
for induction of SAR and associated peroxidase activity, as well as for elevated 
SA levels in upper, uninoculated leaves of P. syringae-infected cucumber 
appeared prior to detectable increases in SA levels in the phloem of the inocu
lated leaf. Despite the detachment of the inoculated leaf two to four hours 
before SA levels were detectable in the phloem, the upper uninoculated leaves 
still exhibited increases in SA levels (Rasmussen et al., 1991), peroxidase gene 
expression and induced resistance (Smith etal., 1991). 

The knowledge that the systemic mobile signal can pass through a graft 
junction (Gianinazzi and Ahl, 1983) and the availability of nah G transgenic 
tobacco formed the basis for a second study that argues against SA being the 
mobile signaL Vemooij etaL (1994) found that when the upper grafted portion 
of the plant (scion) was derived from the nah G plants, neither SAR nor PR-l 
gene induction occurred following infection of the rootstock, regardless of 
whether the rootstock was derived from the nah G transgenic or from the non
transformed xanthi-nc parental plants. However, a nontransformed xanthi-nc 
scion grafted onto nah G rootstock expressed PR -1 genes and SAR in response 
to TMV infection of the rootstock. These results suggest that SA is neither the 
translocated signal nor is it necessary for generation of the translocated signal. 
In contrast, SA appears to be required for mediation of the translocated signal 
in distal portions of the plant. 

A third study using chemicals to help dissect the SA signal transduction 
pathway leading to acquired resistance also suggests that SA is not the mobile 
signal. It has long been known that chemicals other than SA can induce resis
tance in plants. A short list of these includes L-a-aminobutyric acid, thiamine
HCl (Asselin etal., 1985), poly acrylic acid (Gianinazzi and Kassanis, 1974), 
and BaCl2 (White etal., 1986). Although treatment of tobacco with the above 
chemicals led to increases in total SA levels, enhanced resistance to TMV and 
PR-l gene expression was induced only in the treated leaves (Malamy etal., 
unpubl.). This is consistent with experiments which showed that injection of 
SA induced PR protein accumulation and enhanced resistance only in the 
treated leaf (Van Loon and Antoniw, 1982). Even though SA can be detected in 
the phloem (Metraux etal., 1990; Rasmussen etal., 1991; Yalpani etal. , 1991), 
the above experiments argue that SA is not the translocated signal for induction 
of SAR, and further support the theory that the production of the translocated 



Salicylic Acid 173 

signal is independent of SA levels, perhaps because it is produced earlier in the 
signaling pathway than is SA. However, the recent demonstration that in 
tobacco approximately 70% of the SA in an upper, uninoculated leaf has been 
translocated from the TMV-infected lower leaf suggests that SA could serve as 
the translocated signal for SAR (Shulaev etal., 1995) Perhaps there are redun
dant translocated signals with either SA or a yet unidentified second chemical 
serving to induce SAR. 

VI. SA Metabolism 

In plants, SA is probably derived from phenylalanine (El-Basyouni etal., 1964; 
Chadha and Brown, 1974; Yalpani etal., 1993a). This amino acid is converted 
to trans-cinnamic acid by PAL, which, as mentioned previously, is rapidly 
induced after infection of resistant plants and is a key enzyme in the phenyl
propanoid biosynthetic pathway. SA can be produced from cinnamic acid via 
one of two intermediates: benzoic acid (BA) or o-coumaric acid. 

Yalpani etal. (1993a) provided evidence that in tobacco the bulk of SA is 
produced from BA. Using 14C-labeled precursors, they demonstrated that injec
tion of labeled trans-cinnamic acid led to production of labeled BA and trace 
amounts of labeled SA; no label was found in o-coumaric acid. Large amounts 
of radiolabeled SA were detected following injection of 14C-BA. In contrast, 
after injection of labeled o-coumaric acid, no labeled SA was detected. 
Concurrent work (Leon etal., 1993) demonstrated that the enzymatic activity 
responsible for the conversion of BA to SA, BA-2-hydroxylase (BA2H), was 
induced by increases in BA concentration and by TMV infection. This induction 
of BA2H activity was cycloheximide sensitive. Since the increase in BA levels 
and BA2H activity paralleled the increase in SA content, the rate-limiting step 
in SA synthesis may be the formation of BA. 

Not all plants, however, utilize the same pathway. Primula acaulis and 
Gaultheria procumbens synthesize SA via o-coumaric acid (EI-Basyouni etal., 
1964). Chadha and Brown (1974) showed that in healthy tomato seedlings, SA 
is synthesized via BA. In contrast, after infection by Agrobacterium tumefa
ciens 14C-Iabeled trans-cinnamic acid was converted to o-coumaric acid. In 
addition, incorporation of 14C into SA from BA was also reduced, suggesting 
that the biosynthetic pathway switched after infection. Alternatively, reduced 
levels of 14C-labeled SA produced from BA may have been due to dilution of 
the 14C-BA by the release of endogenous BA from a pool of conjugated BA (see 
below). It is possible that some of the newly synthesized o-coumaric acid was 
destined for production of coumarins, rather than SA. Coumarins, like SA, are 
induced during disease resistance. 

High concentrations of phenolic acids such as SA are phytotoxic. Therefore 
many are found to exist as sugar conjugates (Harborne, 1964; Towers, 1964; 
Cooper-Driver etal., 1972; Ben-Tal and Cleland, 1982; Umetani etal., 1990). 
Both Malamy etal. (1992) and Enyedi etal. (1992b) discovered that after TMV 
infection of tobacco, a large pool of SA existed in a conjugated form. Mter 
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removal of free SA from infected leaf extracts, it was found that acid hydroly
sis of the remaining material released a large amount of additional SA. 
Treatment of this material with ~-glucosidase, instead of acid, released a 
similar amount of SA, demonstrating that the majority of conjugated SA exists 
as sA-~-glucoside (SAG), though approximately 10% of the total SA was not 
released by enzymatic treatment. Time course experiments showed that SA 
produced after infection is rapidly conjugated to form SAG in both inoculated 
(Enyedi etal., 1992b, 1993; Malamy etal., 1992) and uninoculated tissue 
(Malamy etaI., 1992), with SAG becoming the predominant form. In 
Arabidopsis, SA is also converted to an acid hydrolyzable conjugate; again 
over 90% can be released by treatment with ~-glucosidase (Bowling et aI., 
1994). 

The enzymatic activity responsible for conversion of SA to SAG, UDP

glucose: SA glucosyltransferase, has been characterized from several plant 
species including oats (Yalpani etal., 1992), Mallotus japonicus (Tanaka etal., 
1992), and tobacco (Enyedi and Raskin, 1993). In all these species, the gluco
syltransferase activity is induced by SA. In tobacco, TMV infection increases the 
activity seven-fold above basal levels by two to three days post inoculation, 
paralleling the increase in SA levels. 

To determine if SAG is bioactive in the absence of SA, SAG was chemically 
synthesized and injected into tobacco leaves (Hennig etal., 1993b). While PR-
1 gene expression was rapidly induced, isolation of SA and SAG from injected 
tissue demonstrated that the SAG was rapidly degraded to free SA in the extra
cellular spaces. Further experiments with cultured tobacco cells demonstrated 
that only free SA was transported into the cells; SAG was not. In addition, a cell 
wall-associated, non-specific ~-glucosidase active in releasing SA from SAG has 
been detected (Chen etal., 1995). These complications make determination of 
SAG'S activity difficult. However, comparison with other sugar conjugates sug
gests that SAG is inactive. Many bioactive small molecules such as phenolics 
and phytohormones have conjugated forms that are inactive (Cohen' and 
Bandurski, 1982; Letham and Palni, 1988; Conn, 1984; Reinecke and 
Bandurski, 1988). 

It has been suggested that SAG serves as a storage form of SA, allowing for 
rapid release of SA in the event of a secondary infection (Hennig et aI., 1993b; 
Klessig and Malamy, 1994). During this second infection, damage to the cell 
may allow the normally intracellular SAG to come in contact with the extracel
lular ~-glucosidase. Release of SA would provide a signal for reactivation of 
defense responses more rapidly than in the case of a primary infection. 
Presumably, this would allow the plant to restrict the pathogen at an earlier 
stage in the infection, resulting in, for example, decreased lesion size. 

These studies have provided a much clearer picture of the complex regula
tion of SA levels in tobacco (see Fig. 1). Initially, in healthy leaves there is very 
little SA, either free or in conjugated form. Within 24 h of TMV infection, free 
SA levels begin to rise and by 2 days pj. a large percentage of total SA is in the 
form of SAG. Total SA levels continue to increase, with SAG becoming the pre
dominant form. We now know that in addition to induction of PAL, an early 
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Fig. 1. Effect of TMV infection on SA metabolism in tobacco. TMv infection induces many of the 
enzymatic processess involved in SA production and conjugation. PAL activity is induced by 8h 
pi. The pool of BA conjugate is substantially decreased by 7.5 h after moving infected tobacco 
from 32°C to 24 °C (it is not known whether the decrease in the pool of BA conjugate is as rapid 
during nomal TMV infection at 22-24°C). BA2H and the UDP-glucose:sA glucosyl transferase 
activities are both induced above basal levels by 2 d pi, with BA2H activity peaking at 4 d pi, 
and the glucosyl transferase by 3 d pi. SA levels increase detectably by 24 h pi. SA then affects 
cellular processes such as inducing PR gene expression, which becomes detectable by 36 h pi. 
The dotted line represents the possible alternative pathway for SA synthesis. This pathway does 
not appear to be used in TMV-infected tobacco. Phe, phenylalanine; t-CA, trans-cinnarnic acid; 

a-CA, ortho-coumaric acid 

enzyme in the biosynthetic pathway, TMV infection regulates SA metabolism at 
a number of other steps. There is a large pool of BA existing in an acid
hydrolyzable, conjugated form in healthy tissue. Yalpani etaL (1993a) 
observed that a transient decrease in the size of the pool of BA conjugates par
allels the initial rise in BA and SA, suggesting that release of BA may provide an 
initial source for immediate conversion to SA. This would allow for more rapid 
production of SA, by bypassing several preceding steps in the biosynthetic 
pathway. In addition, increases in BA concentration induce BA2H activity 
(Leon etaL, 1993), further stimulating production of SA. Increases in SA levels, 
in tum, induce the activity of the conjugating enzyme, UDP-glucose:sA gluco
syltransferase (Enyedi and Raskin, 1993), thereby stimulating SAG production. 
Thus, the entire system appears to be tightly regulated to allow efficient pro
duction, and perhaps maintenance, of bioactive concentrations of SA while 
reducing the possibility that SA would reach phytotoxic levels. Recently, 
Raskin and coworkers (pers. comm.) discovered that a large amount of SA syn
thesized after TMV infection is converted to methyl salicylate in addition to 
SAG. 

VII. Mechanisms of Action of SA 

The discovery of a salicylic acid binding protein (SABP) in tobacco has shed 
considerable light on the role of SA in plant defense (Chen and Klessig, 1991; 
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Chen etal., 1993a, b). SABP is a soluble protein of 240-280kDa, apparently 
composed of four identical or similar 57 kDa subunits. The specificity (it binds 
only analogs of SA that induce PR gene expression or resistance) and binding 
affinity for SA (Kd of 14 J..lM) suggest a physiological role for SABP in transduc
tion of the SA signal. A CDNA clone encoding the 57 kDa subunit of SABP was 
obtained by screening an expression library with monoclonal antibodies 
against the SABP. The deduced amino acid sequence of the CDNA and the partial 
amino acid sequence of the purified SABP are highly homologous to catalase, 
the enzyme responsible for conversion of H20 2 to H20 and O2. In fact, 
purified SABP has catalase activity in vitro and this activity is inhibited upon 
binding of SA. SA also inhibits the activity of catalase in crude tobacco leaf 
extracts and in tobacco suspension cell (Conrath etaI., 1995). 

Moreover, there is a strong correlation between the effectiveness of the dif
ferent SA analogs to inhibit catalase and their abilities both to bind SABP and to 
induce PR genes and resistance (Chen etaI., 1993a, b). This correlation has 
been further strengthened by the recent demonstration that three additional 
analogs of SA (4-chlorosalicylic acid, 5-chlorosalicylic acid, and 3,5-dichloro
salicylic acid) are highly active in (i) inducing PR-1 gene expression and 
enhanced resistance to TMV in tobacco, (ii) competing with SA for SABP 
binding, and (iii) inhibiting catalase activity in vitro and in vivo (Conrath et aI., 
1995). 

H20 2 production is an ongoing process in plants. Thus, as anticipated, inhi
bition of catalase by SA was shown to elevate levels of H20 2 in vivo as did 
treatment with a known inhibitor of plant and animal catalases, 3-amino-1,2,4-
triazole (3AT). Furthermore, when H20 2 levels were raised artificially by 
injecting leaves with H20 2 or 3AT, PR-1 gene expression was activated. 
Expression of PR-1 was also induced by injecting compounds that promote 
H20 2 generation in vivo such as paraquat. In contrast, treatment with 3-
hydroxybenzoic acid did not induce elevated H20 2 levels or PR-1 gene expres
sion, consistent with its inability to bind SABP or inhibit catalase activity (Chen 
etaI., 1993b). The above results argue that SA acts by inhibiting catalase activ
ity which leads to elevated H20 2 levels. H20 2 or another reactive oxygen 
species (ROS) derived from it, then activates defense-related genes such as PR-
1, perhaps by acting as a second messenger. 

To determine if this mechanism is specific to tobacco or is a more general 
mechanism for activation of defense responses, several other plant species 
were tested for SA-binding activity (Sanchez-Casas and Klessig, 1994). High 
levels of SABP were found in cucumber, tomato and Arabidopsis, while little, if 
any, were detected in soybean, maize and rice. The amount of SA-binding 
activity correlated with the extent to which catalase activity was inhibited by 
SA. In addition, treatment of cultured rose cells with 1 mM SA increased inter
nal H20 2 1evels by 50% (Murphy etal., 1993). These results suggest that SA
inhibitable catalases are not unique to tobacco. 

2,6-Dichloroisonicotinic acid (INA) has been shown in both tobacco and 
Arabidopsis to induce resistance to a variety of pathogens and to activate a set 
of genes triggered during SAR (Ward etaI., 1991; Uknes etaI., 1992). However, 
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INA treatment does not lead to increases in SA or SAG (Vemooij etal., 1995; 
Malamy etal., unpubl.) suggesting either that it enters the signal transduction 
pathway downstream of SA or that there is a separate pathway. NAD(P)H 
(nicotinamide adenine [phosphate] dinucleotide) has been shown to bind to 
mammalian catalase, though it is neither required for nor inhibitory to the 
enzyme's activity (Kirkman and Gaetani, 1984). INA contains a nicotinic acid 
moiety and may therefore also bind to plant catalase. In fact, INA was found 
both to compete with SA for binding SABP and to potently inhibit catalase activ
ity of cultured tobacco suspension cells in vivo (Conrath etal., 1995). These 
results, in addition to the previous findings, argue that SA and a wide variety of 
sAR-including compounds activate the defense response by modulating cata
lase activity. 

The immediate consequence of inhibiting catalase is an increase in intra
cellular H20 2 levels. H20 2 is one of several reactive oxygen species, others 
being Oi- (superoxide anion), H02 (perhydroxyl radical) and OH (hydroxyl 
radical), all of which are interconvertible. Large increases in the level of ROS, 
termed an oxidative or respiratory burst, have previously been associated with 
early stages of the plant defense response (for review, see Sutherland, 1991). 
Treatment of several species of cultured cells with elicitors (Doke, 1983a; 
Apostol etal., 1989; Legendre etal., 1993; Degousee etal., 1994) or of plants 
with pathogens (Doke, 1983b; Chai and Doke, 1987; Doke and Ohashi, 1988) 
results in an immediate oxidative burst. In incompatible interactions (plant is 
resistant to the pathogen) there is frequently a second rise in ROS levels that 
occurs within several minutes to hours after infection (Keppler and Baker, 
1989; Keppler etal., 1989; Baker etal., 1991; Orlandi etal., 1992). The rapid 
appearance of the ROS suggests that SA is not involved in these early oxidative 
bursts as SA levels do not increase until considerably later. 

Production of H20 2 and other ROS appears to serve multiple purposes in the 
plant. The ROS can act directly to neutralize the pathogen. Since ROS can be 
toxic, the initial increase may effectively diminish the pathogen's ability to 
establish an infection either by damaging the pathogen or reducing its numbers 
(Keppler and Baker, 1989). In addition, H20 2 is directly involved in crosslink
ing cell wall proteins and increasing lignification (Bradley et aI., 1992), known 
components of the defense arsenal. There is also evidence that ROS cause host 
plasma membrane damage (Keppler and Novacky, 1986; Degousee etal., 
1994) and cell death during the HR (Doke, 1983a, b; Doke and Ohashi, 1988). 

Ros also appear to play a signalling role in the defense reaction and other 
plant responses. Ros are well suited for such a role; they are small, readily dif
fusable and can be rapidly synthesized and destroyed. There are several 
systems for both their synthesis and destruction, allowing precise control of 
their levels. They have been implicated in a number of processes. Induction of 
phytoalexin biosynthesis by fungal elicitor treatment of soybean suspension 
cells is preceded by production of ROS (Apostol etal., 1989; Legendre etal., 
1993; Degousee etal., 1994). Recently, Levine and coworkers (1994) reported 
that in elicitor or pathogen challenged soybean cells, H20 2 functions as a local 
trigger of programmed cell death and as a diffusible signal for the activation of 
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genes encoding cellular protectants such as glutathione S-transferase, glu
tathione reductase and polyubiquitin. Ros have also been associated with chill
ing tolerance in maize (Prasad etal., 1994), utilization of the alternative 
respiratory pathway in yeast (Minagawa etal., 1992), and induction of the 
alternative oxidase gene in petunia (Wagner, 1995). 

Use of ROS as signal molecules is well documented in animal systems 
(Schreck and Baeuerle, 1991). Ros are involved in vertebrate immune 
responses mediated by the transcription factor NF-KB (Schreck etal., 1991; 
Xanthoudakis, 1992; Schenk etal., 1994). The transcription factor AP-l regu
lates genes involved in growth, differentiation and uv damage repair. AP-l 
synthesis and activation is also induced by ROS (Stein, 1989; Abate etal., 1990; 
Devary, 1991). There is evidence that ROS trigger apoptosis (programmed cell 
death; Hockenbery etal., 1993). It has been suggested that H20 2 also mediates 
many of the metabolic changes associated with binding of insulin to its recep
tor (May and deHaven, 1979). 

Very recently, the involvement of catalase inhibition by SA and elevated 
H20 2 levels in plant defense responses has been called into question. While 
H20 2 and H20 T inducing chemicals activated PR-l genes in wild type 
tobacco, PR-l induction was strongly suppressed in nah G transgenic plants in 
which SA is converted to catechol by the nah G-encoded salicylate hydroxylase 
(Neuenschwander etal., 1995; Bi etal., 1995). In addition, no detectable 
increase of H20 2 levels was found during the onset of SAR (Neuenschwander 
etal., 1995) and Bi and coworkers (1995) were unable to detect reductions in 
catalase activity after P. syringae infection of tobacco or pretreatment of leaf 
disks with SA. Moreover, H20 2 was found to induce accumulation of SA and 
activate BA2H, the enzyme which converts BA to SA (Leon etal., 1995; 
Neuenschwander etal., 1995). Taken together, these results suggest that H20 2 
may act upstream of SA in the signal transduction pathway rather than, or in 
addition to, acting downstream of SA. It should be noted that extremely high 
levels of H20 2 (150-1000 mM) were required to induce SA accumulation. 

We (Chen etal., unpubl.) have also found that PR-l gene activation by 
prooxidants such as H20 2 is suppressed in nah G transformed tobacco; but 
induction of PR-l genes by INA was also depressed in nah G versus wild type 
tobacco. Since INA does act through SA (Vernooij etal., 1995; Malamy etal., 
unpubl.), these results suggest that nah G and wild type plants may differ in 
more than just the loss of the SA signal. Since catechol, which is produced 
from SA by salicylate hydroxylase, is a potent antioxidant and antioxidants can 
suppress SA or INA activation of PR-l genes (Conrath etal., 1995; Chen etal., 
unpubl.), these results argue that PR-l gene activation may be modulated 
through the plant's redox state and an altered redox state may account for 
some of the difference in responsiveness to prooxidants and INA in nah G 
versus wild type plants. 

It has recently been discovered that SA has several additional effects in 
plants. In addition to blocking catalase activity, SA (as well as INA) can also 
inhibit ascorbate peroxidase (APX; Durner and Klessig, 1995) . .APx is a critical 
enzyme in the other major pathway (ascorbate-glutathione pathway) for degra-
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dation of H20 2. In contrast, guaiacol peroxidases, which are not involved in 
scavenging H20 2, are also not inhibited by SA or INA. 

Moreover, SA (and INA) appears to induce lipid peroxidation, probably 
through an SA free radical generated during SA'S interaction with catalase and 
APX (Chen and Klessig, unpubl.). The resulting lipid peroxides activated PR-l 
genes. Thus, SA appears to generate two signals: elevated H20 2 (ROS) levels 
and lipid peroxides. Since lipid peroxidation is a chain reaction, a small 
amount of SA free radical could result in the formation of an effective lipid 
peroxide signal without a readily perceptible inhibition of catalase or ascorbate 
peroxidase activities. 

In summary, the mechanisms by which SA induces PR gene expression and 
enhanced disease resistance are not yet firmly established. It seems likely that 
products of lipid peroxidation, such as lipid peroxides, playa role in development 
of SAR in uninfected tissue where SA levels may be too low to effectively inhibit 
catalase and APX. At the site of infection where high levels of SA accumulate, 
both H20 2 and lipid peroxides probably participate. H20 2 may act in concert 
with, or independent of, lipid peroxides to transmit the signal downstream of 
SA. Alternatively or in addition, it may function to stimulate production of more 
SA. Finally, SA may have other mechanisms of action yet to be discovered. 

VIn. SA Signal Transduction Pathway 

Our current level of understanding of the signal transduction pathway from 
infection to production of defense responses is fragmentary at best. We know 
that the elevation in endogenous SA levels is a relatively late step in the 
pathway which is preceded by one, and possibly two, oxidative bursts. The SA 
signal follows a temperature sensitive step in the TMv-tobacco system and dis
semination of the systemic signal in the P. syringae-cucumber system. 
Elevated SA levels inhibit catalase activity possibly leading to yet another 
increase in ROS. The ROS activate one or more of the defense-related genes, 
probably indirectly as protein synthesis is required for their transcriptional 
activation by SA. 

One approach to filling in the gaps in our knowledge is to work backwards 
from an induced gene. Standard practice is to isolate the promoters of induced 
genes, determine sequences that bind factors involved in induced expression, 
clone the genes for these factors and determine their expression patterns. This 
process has been complicated in defense-related gene analysis because in the 
promoters analyzed so far there are few obviously conserved sequence ele
ments which are necessary and sufficient for induction by SA or pathogens. 

Two such elements have been partially characterized. The TeA motif is 
found in over 30 different stress-induced plant genes (Goldsbrough et aI., 
1993). The activity of the nuclear factor that binds this element is elevated in 
extracts from sA-treated plants. Though this element is present in several 
copies in two ofthe best studied tobacco PR genes (PR-la and PR-2d), it is not 
found in either of the regions of these promoters found to be sufficient to 
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confer SA inducibility. In addition, there is no evidence that this element can, 
either as a monomer or a concatemer, confer SA inducibility on a heterologous 
promoter (Ulmasov etai. 1994). Therefore, its role in SA induction of gene 
expression is unclear. 

A second family of elements has been identified which does confer SA 
inducibility on a heterologous promoter (Qin et aI., 1994; Zhang and Singh, 
1994). Members of this family include the oes element (originally identified in 
Agrobaeterium tumefaciens T-DNA genes, Bouchez etaI., 1989) and the as-J 
motif (identified in the CaMV 35S promoter; Lam et al., 1989). Plant genes 
which contain related sequence elements in their promoters include soybean 
Gmhsp26-A (Ellis etal., 1993), tobacco GNT35/GNTI (Y. Takahashi etaI., 
1990) and par- l (van der Zaal etal., 1991). These sequences appear to bind a 
family of related proteins, ASF-l (Katagiri etaI., 1989; Miao etaI., 1994), 
which can form homo- and heterodimers. Promoters containing these elements 
are induced by a number of substances including auxin, methyl jasmonate, and 
SA (Kim etal., 1993; Liu and Lam, 1994; Qin etal., 1994; Zhang and Singh, 
1994). 

The sA-induced expression of genes containing oes/as-J elements in their 
promoters, however, differs considerably from that seen in the PR genes, which 
lack these elements. SA induction of promoters containing oes/as-J elements is 
rapid, with ffiRNA detectable as early as 30 min and peaking at around 4 h after 
treatment (Qin etal., 1994; Zhang and Singh, 1994). In addition, induction by 
SA is not cycloheximide sensitive (Qin etaI., 1994). In contrast, PR gene induc
tion is first detectable at 2-4 h post-treatment, peaks much later and is cyclo
heximide sensitive (Ward etal., 1991; Qin etaI., 1994). 

While many promoters have been. shown to be SA inducible (for review, 
see Klessig and Malamy, 1994; Somssich, 1994), the best studied are those of 
the PR genes. Dissection of PR promoters has yielded a complex and still 
incomplete picture. In general the standard approach has been to fuse the pro
moter of choice or deletions thereof to a reporter gene (usually uidA or GUs). 
In more detailed studies, various segments of the promoter are joined to a het
erologous minimal promoter (usually the 35S caMV promoter) followed by the 
reporter gene. These chimeric genes are then used to transform plants. It 
should be noted that in all cases the promoter constructions behave similarly 
under SA treatment or TMV infection, providing additional evidence that PR pro
moters are induced via SA during pathogen attack. Extensive dissection of the 
tobacco PR-la promoter suggests that one or more regions between -335 and 
-661 relative to the transcription start site is necessary for high levels of SA 
responsiveness (Ohshima etal., 1990; van de Rhee etal., 1990; Beilman etal., 
1992; Uknes etaI., 1993a). Another study suggests that there are at least three 
regions (-902 to -691, -659 to -643, and -643 to -287) which provide posi
tive regulation of the tobacco PR-la gene in response to SA and TMV (van de 
Rhee and Bol, 1993). 

Ohashi and colleagues have identified two sites close to the transcription 
start site (-37 to -61 and -168 to -179) of PR-la which bind protein factors 
present in extracts from untreated, and thus non-PR expressing, resistant 
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tobacco (Hagiwara etal., 1993). These proteins are not detected in extracts 
from the interspecific hydrid of N. glutinosa X N. debneyi which constitutively 
produces PR-l proteins (Ahl and Gianinazzi, 1982; Ahl-Goy etal., 1992; 
Ohashi etal., 1992) and has elevated levels of SA (Yalpani etal., 1993b). 
Though the elements do not contain a common sequence, competition studies 
suggest that the same factor binds both. Another study demonstrates that at 
least seven of eight fragments spanning -900 to +29 of the PR-la promoter 
bind a nuclear factor(s) with different affinities, with the highest affinity sites 
between -902 and -656. This factor(s) appears to be reduced in extracts from 
sA-treated or TMv-infected tobacco (Buchel etal., 1995). Both sets of results 
imply that there is negative regulation of the PR-la promoter, in addition to 
positive regulation. 

Characterization of two tobacco PR-2 genes, which encode the acidic p-
1,3-glucanases, suggests that regulation of this gene family may also be 
complex. 5' and 3' deletion analysis of the PR-2d promoter and fusion of 
various segments of it to the core 35S promoter suggest that an sA-responsive 
element is located between -348 and -324. Southwestern analysis and band 
shift analysis suggest that multiple proteins interact with this promoter element 
(Hennig et aI., 1993a; Shah and Klessig, unpubl.). Deletion analysis of the PR-
2b promoter demonstrates that low level induction by SA requires only -300 bp 
5' of the transcription start site while an additional 350 bp of 5' flanking 
sequence is necessary for high levels of induction (van de Rhee etal., 1993). 

The Arabidopsis acidic PR-3 gene promoter has also been fairly well char
acterized. Samac and Shah (1991) demonstrated that only the proximal 193 bp 
from the start of transcription is necessary to give appropriate basal and 
induced expression. Two upstream elements are involved in quantitative 
expression. There is a negative regulatory element between -384 to -590 and 
a positive element between -590 to -1129. Future work to further define the 
s-equences involved in negative and positive regulation, in combination with in 
vitro analysis, should define the regulatory motifs and the factors that interact 
with them. 

A genetic approach has been very useful in determining components of 
signaling pathways in many organisms. This approach has been particularly 
useful in Arabidopsis, which is diploid, has a small, well-mapped genome, is 
readily transformed and has a relatively short generation time. Though use of 
this plant in pathogen studies is relatively recent, it has provided a wealth of 
information. Arabidopsis is resistent to a variety of bacterial (Simpson and 
Johnson, 1990; Davis etal., 1991; Debener eta!., 1991; Tsuji eta!., 1991; 
Whalen etal., 1991), fungal (Koch and Slusarenko, 1990; Mauch-Mani and 
Slusarenko, 1994), and viral pathogens (Melcher, 1989; Ishikawa etal., 1991; 
Leisner and Howell, 1992; Simon etal., 1992; Dempsey etal., 1993; H. 
Takahashi etal., 1994) and some of its resistance genes .have been cloned and 
characterized (Dangl, 1995; Staskawicz etal., 1995). As in other plant 
systems, SA appears to be an integral part of the Arabidopsis defense response: 
(1) SA levels increase in inoculated leaves of resistant plants after infection 
with a pathogen (Uknes eta!., 1993b; Summermatter and M6traux, 1994; 
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Dempsey and Klessig, unpubL). (2) Induction of SAR is correlated with 
increases in SA in the uninoculated leaves (Summermatter etaL, 1994). (3) SA 
treatment induces PR genes (Uknes et al., 1992; Dempsey and Klessig, 
unpubL). (4) Arabidopsis contains SA-binding activity and a sA-inhibitable 
catalase activity (Sanchez-Casas and Klessig, 1994). (5) Transgenic plants 
expressing the nah G gene show enhanced susceptibility to pathogens 
(Delaney etal., 1994). 

Dong and colleagues have isolated mutants with increased resistance to the 
pathogen P. syringae. These plants have elevated levels of SA and SAG in the 
absence of any treatment and constitutively express PR genes. Thus, these 
mutants appear to be constitutively "on" for at least a subset of defense re
sponses (Bowling etal., 1994). Lawton and coworkers (1993) have also 
identified mutants with aberrant defense gene expression. These mutants can 
be divided into two classes-those which constitutively express PR genes and 
those which fail to activate these genes in response to chemical inducers such 
as SA or INA. The latter class of mutants, which have been isolated and charac
terized by several groups (Cao etaL, 1994; Delaney etaL, 1995; Shah and 
Klessig, unpubL), exhibit increased susceptibility to pathogens. Century etal. 
(1995) have identified a third class of mutants (ndr) which are susceptible to 
strains of P. syringae pv. tomato and Peronospora parasitica that are avirulent 
on the wild type host. Characterization of the prototypic ndrl-l mutant sug
gests that a common step exists in pathways of resistance to these two unre
lated pathogens. 

Another class of mutants that have recently been isolated and characterized 
are lesion mimic mutants. These mutants develop necrotic lesions in the 
absence of pathogen in a developmentally- and environmentally-influenced 
manner. Lesion mimic mutants have been previously described in maize 
(reviewed in Walbot, 1991), barley (reviewed in Jorgensen, 1992), and tomato 
(Langford, 1945), but their biochemical and molecular characterization has 
been rather limited. The Arabidopsis mutants have been characterized in more 
detail, particularly with respect to biochemical and molecular changes that are 
known to occur during a defense reaction to pathogen infection. Greenberg 
and Ausubel (1993; Greenberg etaL, 1994) isolated two sets (complementa
tion groups) of mutants which exhibit accelerated cell death (acd) in response 
to pathogens, as well as formation of lesions in the absence of pathogens. The 
acd 1 mutants showed increased susceptibility to pathogens including oppor
tunistic pathogens and pathogens of other plant species that normally do not 
infect Arabidopsis. In contrast, acd 2 and several similar groups of mutants 
(four complementation groups), termed lesion simulating disease (Lsd) mutants 
(Dietrich etaL, 1994), appear to have enhanced resistance to pathogens. In the 
absence of pathogen, or after inoculation with a normally virulent pathogen, 
the acd 2 and several of the Lsd mutants form lesions that are indistinguishable, 
by a number of criteria, from necrotic lesions formed after infection by an 
avirulent pathogen. The lesion-bearing tissue also exhibits other characteristics 
of plants undergoing an HR, including phytoalexin production, cell wall 
modification, elevated SA levels and PR gene expression. In addition, the 
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healthy (lesion free) portions of the plant show a number of the characteristics 
of SAR such as induction of PR genes, elevated SA levels and enhanced resis
tance to pathogens. In both acd and Lsd mutants, control of necrosis during 
lesion formation is frequently lost, resulting in spreading lesions that eventu
ally consume the entire leaf. 

The large number of complementation groups (at least six; Greenberg 
etal., 1994; Dietrich etal., 1994) for lesion mimic mutants in Arabidopsis sug
gests that either the pathway for lesion formulation contains many steps or that 
there are multiple pathways. Epistasis analysis of these complementation 
groups should facilitate determination of the order of events within a particular 
pathway. Cloning and characterization of these genes will undoubtedly 
increase our understanding of the process of lesion formation, development of 
resistance and SA'S role in these events. 

IX. Perspectives 

It is now clear that SA plays an important signaling function in disease resis
tance and thermogenesis. In disease resistance it appears to act by inhibiting 
catalase and APX activities and inducing lipid peroxidation; lipid peroxidation 
is probably initiated by a salicylate free radical produced during SA'S inhibition 
of these two H20 T scavanging enzymes. But it may have other modes of 
action in plant defense andlor other processes such as thermogenesis. In 
animals, SA and its derivative aspirin have a wide range of effects, only some 
of which appear to be attributable to their inhibition of prostaglandin biosyn
thesis (for review, see Weissman, 1991). Similarly, SA may have several mech
anisms of action in plants and may participate in many other processes. 

Even in disease resistance, where SA'S role is best understood, most of the 
components of the signal transduction pathway(s) in which SA participates 
have yet to be defined. The cloning and characterization of resistance (R) genes 
(Johal and Briggs, 1992; Martin etal., 1993; Bent etal., 1994; Jones etal., 
1994; Mindrinos etal., 1994; Whitham etal., 1994; Grant etal., 1995; 
Lawrence etal., 1995) hopefully will provide information about the events that 
initiate these pathways. Recently, mutational analysis in tomato has defined 
additional genes besides the R genes which are required for full resistance to 
Cladosporium fulvum (Hammond-Kosack etal., 1994) or to P. syringae pv. 
tomato (Salmeron etal., 1994). These genes, which are distinct from their 
respective R genes, presumably encode other components of the signal trans
duction cascade. The Arabidopsis lesion mimic mutants, acd (Greenberg and 
Ausubel, 1993; Greenberg etal., 1994) and lsd (Dietrich etal., 1994), should 
facilitate dissection of the pathways to HR. Mutants of Arabidopsis which con
stitutively express several of the defense-related PR genes (Lawton etal., 1993; 
Bowling etal., 1994) are insensitive to inducers of PR genes (Lawton etal., 
1993; Cao etal., 1994; Delaney etal., 1995), or are susceptible to a variety of 
normally avirulent pathogens (Century etal., 1995) will also help define com
ponents of the signaling cascade. 
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Dissection of pathways will be facilitated by identification of different 
markers for the various steps. The defense induction pathway in TMV-infected 
tobacco is best characterized in this respect. Production of both SA and ethyl
ene is induced after infection and is preceded by a temperature sensitive step 
(Van Loon and Antoniw, 1982; Yalpani etaI., 1991; Malamy etaI., 1992). 
Three chemical inducers of PR genes and acquired resistance (poly acrylic acid, 
thiamine-HCl, and INA) have also been shown to enter the pathway at different 
points (Malamy et aI., unpubI.). These markers will not only aid in defining the 
sequence of events but will provide criteria for identification of mutants defec
tive at different steps in the signal cascade. 

Characterization of sA-inducible genes also provides some insights into the 
likely order of events after production of SA. Since it has been demonstrated 
that SA can rapidly activate genes with an ocslas-l-type element in their pro
moter and that this induction does not require protein synthesis (Qin etal., 
1994), a gene(s) with an ocslas-l-containing promoter is the likely immediate 
target for SA activation. The product of this gene, then, may activate (directly 
or indirectly) PR genes and perhaps other sA-inducible genes whose activation 
is relatively slow and requires protein synthesis. Given the precedence in 
animal systems of the induction of defense (immune) genes by H20 T mediated 
activation of NF-KB, which occurs post-transcriptionally, an NF-KB-like tran
scription factor may participate (directly or indirectly) in activation of SA
responsive genes. 

The signal transduction pathway involving SA is likely to be very complex. 
There is evidence for extensive interplay between SA and other signals such as 
ethylene and jasmonic acid. For example, ethylene action inhibitors prevent SA 
induction of PR-3 genes in tobacco (Raz and Fluhr, 1993). While not required 
for SA induction of PR genes in Arabidopsis, ethylene potentiates their response 
(Lawton etaI., 1994). Thus, ethylene seems to effect the plant's ability to 
respond to SA. In tum, SA inhibits ethylene synthesis in suspension cells of 
several species (Roustan etaI., 1990; Romani etal., 1989; Leslie and Romani, 
1988). The close analog of SA, acetylsalicylic acid (aspirin), blocks jasmonic 
acid biosynthesis (Pena-Cortes et al., 1993), consistent with the observation 
that SA and aspirin prevent expression of several wound-induced genes 
(Doherty et aI., 1988; Pena-Cortes et aI., 1993), whose expression is activated 
by jasmonic acid and its methyl ester (Farmer and Ryan, 1990; Farmer etaI., 
1992; Pena-Cortes etaI., 1992). 

Perhaps one of the most exciting recent results is the discovery that ROS 
play roles in plant defense at several points following infection. SA appears 
to induce defense responses, at least in part, by inhibiting catalase and APX 

which leads to increases in ROS levels. Interestingly, this process might be ini
tiated by prior ROS production. There is speculation and some correlative evi
dence to suggest that necrosis during the HR is due, at least in part, to an early 
oxidative burst. A rapid oxidative burst occurs from 10 min to 4 h after shifting 
TMV-infected tobacco from 30 DC (restrictive temperature for HR formation) to 
20 DC (permissive temperature for HR formation). The amount of ROS produced 
correlates with the number of lesions formed. Infiltration of the infected leaves 
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with catalase or superoxide dismutase, both of which reduce levels of ROS, 
depressed lesion formation upon temperature shift (Ooke and Ohashi, 1988). 
Since this early oxidative burst appears to be required for HR, and since the HR 

has been linked to induction of PAL, a key enzyme in the synthesis of SA, the 
early oxidative burst may indirectly cause another rise in ROS levels which is 
mediated by SA. 

The association of elevated levels of ROS with HR (e.g., Levine etal., 1994) 
is also consistent with the view that the HR is a form of programmed cell death 
(apoptosis) which is being extensively characterized in animal systems. 
Korsmeyer and colleagues have presented data that suggest ROS may play a 
role in mammalian apoptosis (Veis etal., 1993, Hockenbery etal., 1993). Mice 
deficient in Bcl-2, an anti-apoptosis gene, suffer a large number of defects 
which are consistent with elevated levels of ROS. In tissue culture, treatment of 
cells with H20 2 leads to cell death in a manner characteristic of apoptosis. 
However, a cultured murine cell line over-expressing Bcl-2 is resistant to nor
mally lethal amounts of added H20 2. Further characterization of this resistance 
suggests that Bcl-2 does not prevent generation of peroxides but rather acts by 
blocking Ros-mediated lipid peroxidation. In plants the HR is accompanied by 
an increase in ROS and lipid peroxidation. In fact, lipid peroxidation appears to 
be a key signal in induction of phytoalexin biosynthesis (Oegousee etal., 
1994) and PR protein synthesis (Chen and Klessig, unpubl.), hallmarks of the 
HR. These similarities suggest that the HR and apoptosis may occur through 
related mechanisms. 

In mammals, apoptosis is mediated by activation of a cysteine protease, 
termed ICE. ICE also converts pro-interleukin-1 ~ to active IL-l~, which can 
alert/activate the immune system (Vaux etal., 1994). Given the presence of an 
analogous gene product (ced-3) in the nematode, C. eiegans, perhaps plants 
contain a comparable protease which mediates the HR and produces the mobile 
signal for activation of SAR. 

Interestingly, in animals apoptosis can be induced not only by environmen
tal stresses such as oxidative stress and ,,-irradiation, but also by viral infec
tion. During infection, apoptosis appears to be used to eliminate potentially 
harmful cells and as such can be viewed as a defense response (Vaux et al., 
1994), similar to the HR in plants. Plant cells undergoing the HR exhibit some 
of the other hallmarks of apoptotic cell death, such as DNA fragmentation 
(Mittler et al., 1995). 

One very practical result of this research will be the application to crop 
protection. A more complete understanding of the role of SA in plant defense 
responses may allow manipulation of the plant either genetically, by engineer
ing constitutive expression of defense responses, or chemically, by treating the 
plants with compounds that will induce defense responses. The end result 
should be substantially decreased crop loss to pathogens. Moreover, further 
insights into SA and its signal transduction pathway in disease may have impli
cations beyond the plant world given (i) the broad physiological effects of SA 
(and aspirin) in animal systems and (ii) the interesting parallels between the HR 

in plants and apoptosis in animals. 
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I. Introduction 

The career of lipids in activating protein kinase began with a brain protein 
kinase M which differed from CAMP- or cGMP-activated protein kinase from the 
same source (Inoue etal., 1977; Takai etal., 1977). Somewhat later it was 
found by Nishizuka and coworkers that this protein kinase was activated by 
calcium and by a heat-stable factor as coactivator which was identified as 
membrane lipid (Takai etal., 1979). The new protein kinase was renamed as 
protein kinase C (C standing for calcium). The heat stable factor was identified 
as the lipid activators diacylglycerol and phosphatidylserine. After protein 
kinase C was found, Nishizuka and coworkers soon realized that receptor-acti
vated phospholipase C (PLC) provided the lipid activator diacylglycerol in 
animal cells (Kishimoto etal., 1980). By now PKC not only is known to be a 
central enzyme in animal signal transduction but it also turned out to be a 
small gene family, instead of a single enzyme, the subgroups of which interact 
with different lipid mediators, thus making the initial picture much more 
complex (Asaoka etal., 1992; Nishizuka, 1992; Dekker and Parker, 1994; 
Exton, 1994; Liscovitch and Cantley, 1994). PKC also provides the major para
digm in signal transduction how lipid breakdown products in the (plasma) 
membrane can act as lipid second messengers in between hormones, the first 
messengers, and their receptors and the typical target enzymes for second mes
sengers, protein kinases and phosphatases. These latter enzymes are destined 
to regulate by phosphorylation/dephosphorylation the activity of other 
enzymes. Besides PKC, at least one additional lipid-activated protein kinase 
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was discovered in animal cells (Pushkareva etal., 1992; Joseph etal., 1993; 
Kolesnik and Golde 1994) and a lipid-activated protein phosphatase 
(Dobrowsky etal., 1993; Hannun, 1994). 

Why can the animal lipid-modulated protein kinase(s) be relevant to plant 
signal transduction? In principle, an animal PKC is neither positive nor negative 
evidence that plants would possess a similar lipid-modulated protein kinase. 
However, in many laboratories knowledge is being gathered about more and 
more enzymes in plants which are regulated by protein phosphorylation 
(Huber etal., 1993), and we know about homologous protein kinases in plants 
and animals (Lawton etal., 1989; Ferreira etal., 1991; Hirt etal., 1991; Duerr 
etal., 1993; Kieber etal., 1993) but also apparently new and different ones 
(Harper etal., 1991; Roberts and Harmon, 1992; Kieber etal., 1993). 
Secondly, clear proof of receptors to which hormones or elicitors bind at the 
extracytoplasmic side of the plasma membrane (Barbier-Brygoo etal., 1989, 
1991; Cosio etal., 1990; Cheong and Hahn, 1991; Hooley etal., 1991; Denarie 
and Cullimore, 1993; B. Anderson etal., 1994; Gilroy and Jones, 1994) should 
necessitate biochemical mechanisms for signal transduction into the cytoplasm 
which is at least analogous-if not homologous-to the function of lipid 
second messengers in animals. Thirdly, plants possess agonist-activated phos
pholipases A and C which provide lipid breakdown products in a completely 
analogous (homologous?) way as in animal cells (Morse etal., 1987; Scherer 
and Andre, 1989; Einspahr and Thompson, 1990; Droeback, 1992; S.-S. Lee 
etal., 1992; Cho etal., 1993; Legendre etal., 1993) so that lipid-modulated 
enzymes (protein kinases?) should be very likely and, last but not least, there 
is direct experimental evidence for lipid-modulated protein kinase in plants. In 
order to put such evidence into the right background, we should first have a 
look at enzymes in animals and in plants that provide the lipid breakdown 
products having a function as second messengers. 

II. What Enzymes Do Generate Biologically Active Lipids in Animals 
and in Plants? 

By looking at the rather long list of biologically active lipids in animal systems 
one can hardly escape the impression that this list could be fairly complete by 
now. Quite simply, of almost every possible type of phospholipid or sphin
gomyelin hydrolysing hydrolase (Fig. 1), every one seems to have a function 
in signal transduction in animal cells, each generating a lipid breakdown 
product that is an activator or inhibitor for a certain target enzyme (Fig. 2). 
The corresponding figure for potential plant lipid-derived second messengers 
looks far less crowded (Fig. 3). So, either plants are really very different in this 
aspect or we should expect the discovery of more details in the coming years. 

The long-known example, phospholipase C (PLC) (Michell, 1985), is now 
known to be a small gene family of enzymes and each subtype is unique in its 
mode of activation by different G protein-subunits or tyrosine phosphorylation. 
Moreover, not only phosphatidylinositol-4,5-bisphosphate is hydrolysed, yield-
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Fig. 1. Phospholipases and sphingolipases. a, The three major phospholipases, phospholipase 
A2, phospholipase C, and phospholipase D and the bonds hydrolyzed by them in glycerophos
pholipids are shown. b, Sphingomyelin as an example for (animal) sphingolipids is chosen to 

demonstrate which bonds are hydrolyzed by sphingomyelinase and by N-deacylase 

ing two biologically active hydrolysis products, diacylglycerol and inositol-
1A,5-trisphosphate, but also a phosphatidylcholine-specific PLC was found the 
function of which is to provide a lasting burst of diacylglycerol (Liscovitch, 
1992). Diacylglycerol is the biologically active lipid generated by all PLC sub
types and it is an activator for PKC (Bell and Bums, 1991; Nishizuka, 1992). 
Inositol-1A,5-trisphosphate, the second breakdown product of phosphatidyl
inositol-4,5-bisphosphate hydrolysis, activates a calcium channel in the ER in 
animal cells whereas for phosphorylcholine no second messenger function is 
known (Berridge, 1993). 

PLc specific for phosphatidylinositol-4,5-bisphosphate was partially 
purified from plant sources and one of the breakdown products, inositol-1 A,5-
trisphosphate, activates a calcium channel in plant tonoplast. Also, more and 
more evidence for an in vivo function of PLC in plant systems is accumulating 
(for reviews, see Einspahr and Thompson, 1990; Droeback, 1992), so that only 
the potential function for the diacylglycerol breakdown product in plant signal 
transduction remains mysterious in plants since no evidence for a true plant 
PKC (genetically related to the animal PKC) can be found in the literature as yet 
(see below). 

Phospholipase A2 (PLA2) was the second enzyme in animals to be found 
to generate biologically active lipid breakdown products (Burch etal., 1986). 
Besides the Ca2+-activated cytosolic PLA2 (Clark etal., 1991; Kramer etal., 
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Fig. 2. Lipid-derived second messengers in animals. Major lipids as precursors to lipid-derived 
second messengers are shown schematically at the top: PIP2, phosphatidylinositol-4,5-bisphos
phate; PC, phosphatidylcholine; Sphingol, sphingomyelin. The second messenger-generating 
enzymes are shown below: PI-3-kin, phosphatidylinositol 3'-kinase; PI-PLC, phosphatidylinosi
tol-specific phospholipase C; PC-PLC, phosphatidylcholine-specific phospholipase C; PLD, 
phospholipase D; SMase, sphingomyelinase; N-Deac, N-deacylase. Second messengers: PIP3, 

phosphatidylinositol-3,4,5-trisphosphate; IP3, myo-inositol-l,4,5-trisphosphate; DAG, diacyl
glycerol; PA, phosphatidic acid; Lysol, lysophospholipid; Arach, arachidonic acid; Cer, 
cerarnide; Sph, sphingosine; Sph-l-P, sphingosine-I-phosphate; LysoSph, lysosphingolipid. 
Target enzymes: PKC, protein kinase C; Cer-activ. PKIPase, ceramide-activated protein kinase 

or phosphatase 

1991; Sharp etaL, 1991; Lin eta!., 1992) a Ca2+-independent cytosolic PLA2 
was found (Ackermann etaL, 1994) and both enzymes are specific for arachi
donic acid in the C2 position of the glycerophospholipid backbone but are less 
specific for a certain headgroup_ Phosphatidy1choline and phosphatidyletha
nolamine, however, seem to be preferred substrates. Animal signal transduc
tion-related PLA2 enzymes have been reviewed recently (Dennis, 1994)_ 
Arachidonic acid is the precursor to leukotrienes and prostaglandins, hor
mones in their own right (Samuelson eta!., 1987), but arachidonic acid also 
activates a subtype of PKC (Asaoka etal., 1992; Dekker and Parker, 1994). 
Similarly, the second lipid breakdown product of PLA2 hydrolysis, lysophos
pholipid, activates another subtype of PKC as lipid second messenger_ 

A plant phospholipase A, possibly of an A2 type, was described in plants 
(Scherer and Andre, 1989) and both fatty acids and lysophospholipids modu
late protein kinase in plants (see below). A further similarity to animal systems 
could exist because linolenic acid is the precursor to jasmonic acid 
(J. Anderson, 1989), a plant hormone in its own right (Parthier, 1991)_ 

The lipid breakdown product of phospholipids by phospholipase D (PLD) is 
phosphatidic acid (PA) which may either be a source for the second messenger 
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diacylglycerol (generated by phosphatidic acid phosphatase) in animal cells 
or it may be a biologically active lipid in its own right (Moritz et aI., 1992). 
No PLD having a function in signal transduction in plants has been described 
as yet, only enzymes having the properties of vacuolar enzymes (Dyer et al., 
1994). 

In animals, sphingomyelinase-mediated signal transduction has emerged as 
an important pathway (Exton, 1994; Hannun, 1994; Kolesnik and Golde, 
1994; Liscovitch and Cantley, 1994). Ceramide, the lipid second messenger 
generated by sphingomyelinase in animals, would have to be generated by an 
analogous enzyme in plants from related sphingolipids, since they lack sphin
gomyelin. In animal systems, a cerami de-activated protein kinase was 
described as well as a ceramide-activated protein phosphatase and, addition
ally, this lipid inhibits PKC. Lysosphingolipids, generated by N-deacylase, 
inhibit PKC but the properties of plant N-deacylase are unknown. There is only 
one report for a possible function of sphingosine in plants as an activator for 
the tonoplast H+-pyrophosphatase (Bille etaL, 1992). 

What enzymes interact with biologically active lipids in animal cells? 
Suspiciously, most of them have a function in protein phosphorylation, namely 
the different isoforms of PKC, ceramide-activated protein kinase and ceramide
activated protein phosphatase (Fig. 2). This fits into the general pattern for 
most other animal second messengers, e.g., CAMP, CGMP or Ca2+/(calmodulin) 
all of which can activate protein kinases. 

For comparison, our current knowledge about (potentially) biologically 
active lipids in plants is summarized in Fig. 3. It is in all respects a picture of a 
much more scant knowledge. But again, it is protein kinase activity which is 
modulated by several lipids, fatty acids, lysophospholipids, and phosphory
lated phosphatidylinositols. The details of this regulation will be described in 
Sect. ill. It is possible, however, that plants may directly regulate membrane
bound enzymes without protein kinase as a mediator. Such examples of lipid 
regulation in plants could be the effects of lysophosphatidylcholine on a 
plasma membrane redox system (Brightman etaL, 1991), on plasma mem
brane H+-ATPaSe (Serrano etaL, 1988; Palmgren and Sommarin, 1989; 
Martiny-Baron and Scherer, 1989; Palmgren, 1991; Scherer, etaL, 1993b) or 
of acidic lipids on the plasma membrane H+-ATPase (Memon etal., 1989; Chen 
and Boss, 1991), of the lysophospholipid-like platelet-activating factor (PAF) 
on tonoplast H+-ATPase (Martiny-Baron etaL, 1992), of fatty acids on a potas
sium channel regulating stomatal aperture (Y. Lee etaL, 1994), and of sphin
gosine on the tonoplast H+ -pyrophosphatase (Bille et al., 1992). Either, these 
enzymes are all target proteins for potential lipid-derived second messengers 
or, conceivably, the action of these lipid breakdown products might be also 
mediated by protein kinase or protein phosphatase as was suggested for the 
two major plant H+-ATPaSeS (Palmgren, 1991; Martiny-Baron etaL, 1992). The 
function(s) for these lipid-enzyme interactions not involving protein kinase are 
even more speculative than those for lipid-modulated protein kinase from 
plants since very little is known about lipid specificity in these examples. 
Therefore, these are not included into the scheme in Fig. 3. 
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Fig. 3. Potential lipid-derived second messengers in plants. Lipid precursors to potential plant 
lipid-derived second messengers are shown schematically at the top: PIPz, phosphatidylinositol-
4,5-bisphosphate; PI, phosphatidylinositol; PC, phosphatidylcholine; Sphingol, (glyco)
sphingolipid. The second-messenger-generating enzymes are shown below: PI-PLC, 
phosphatidylinositol-specific phospholipase C; PI-Kin, phosphatidylinositol kinase(s); PLD, 
phospholipase D; PLA2, phospholipase A2. Potential second messengers: IP3, rnyo-inositol
IA,S-trisphosphate; DAG, diacylglycerol; Lysol, lysophospholipid; PIP, phosphatidylinositol-4-

phosphate 

ill. Lipid-modulated Protein Kinase in Plants 

A. Specificity of Lipid-Protein Interactions and Assay Types 
for Lipid-modulated Protein Kinases 

Lipids present several unique problems to their biochemistry. Most are very 
hydrophobic and then immersed in an existing native membrane or, in vitro, in 
a substitute membrane such as pure lipid vesicles but most lipids are not 
water-soluble as single molecules. Others, such as lysophospholipids and fatty 
acids, are more or less water-soluble but are also membrane active as deter
gents so that a distinction between lipid effects and detergent effects must be 
made clear. This means that at least some kind of specificity of the lipid effect 
in a particular reaction must be demonstrated. Criteria for specificity are low 
concentrations of the lipid applied, indicating the possibility of selective 
binding to the effector protein, and comparison of the obtained effects with 
effects of molecules of similar structure. 

The types of assays used to demonstrate lipid-modulated protein kinase in 
plant sources are shown in Fig. 4 a and b, for comparison, the principle of a 
mixed-micelle assay is shown in Fig. 4 c. Several workers preferred to use 
soluble or solubilized enzyme and added lipids either as micelles or as vesicles 
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Fig. 4. Schematic illustrations for assays of lipid-interacting enzymes, i.e., protein kinases. a, 
The enzyme is in soluble or solubilized form and lipids are added as micelles or single mole
cules, depending on their solubility (shown), or liposomes (not shown). b, Assay of membrane 
vesicles with adhering protein kinase and lipids added exogenously. Some of the lipid, depend
ing on the partitioning coefficient, will intersperse into the vesicle (presumably only at the outer 
surface), and some of the lipid will remain as micelles, liposomes or single molecules, depend
ing on solubility. c, Mixed-micelle assay: A detergent micelle (gray) is drawn into which added 
lipid is interspersed. The soluble or solubilized enzyme interacts with a mixed surface of 

detergent and lipid of defined molar concentrations and ratios 

or both, depending on the lipid solubility (Fig. 4 a). The advantage of this 
assay is that assay conditions are well defined and exogenous substrate can be 
added. In a second type of assay, both as an enzyme source and substrate 
source, isolated vesicles were used (Fig. 4 b). Here, the advantage could be 
that only membrane-associated protein kinase activity c:<nters the test system, 
thereby discarding other sources of enzyme. The substrates are endogenous 
membrane proteins and, therefore, perhaps the natural ones to these mem
brane-associated protein kinases. Hence, the substrates can be identified which 
helps to characterize the function of the respective kinase. Added lipids will, 
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partially, intersperse into the membrane vesicles and, partially, be free lipids, 
micelles, or pure lipid vesicles. 

The third type of assay is the mixed-micelle assay (Fig. 4c). The micelles 
are provided by a detergent which can be mixed with lipids in defined molar 
ratios or at defined concentrations with the lipids to be tested. It is necessary to 
demonstrate that the detergent does not influence the enzyme to be tested. This 
type of assay is not restricted to lipid-modulated protein kinase but applicable, 
in principle, to all kinds of lipid-modulated enzymes. It was often used in 
assaying animal PKC (Bell and Bums, 1991). The advantage of this assay is 
that a soluble enzyme can be tested so that the enzyme source, the lipid con
centrations and the substrates are all well-defined. Especially for an attempt to 
purify a lipid-modulated protein kinase such an assay seems to be indispens
able even though it was not yet used for a plant protein kinase. 

B. The Search for a "Plant PKC" 

In several early reports on lipid-activated protein kinase in plants (1985-1988) 
animal PKC was the direct and only paradigm for a search of the plant counter
part. Up to that time only diacylglycerol and phosphatidylserine were known 
as lipid activators for PKC so that, in consequence, few other lipids were inves
tigated as potential activators in plant protein kinase assays. One report about 
stimulation by diacylglycerol of membrane-associated protein kinase in soy
beans (Morn~ etal., 1984) was not supported by reports on a lack of effect of 
diolein by others (Martiny-Baron and Scherer, 1989; Scherer etal., 1990; 
Scherer, 1990; Schaller etal., 1992). Two reports on effects of diacylglycerol 
on physiological responses, one on mitosis (Larsen etal., 1991) and one on 
guard cell swelling via channel regulation (Y. Lee and Assman, 1991), might 
support the notion of an as yet elusive homologue plant PKC. However, 
involvement of a protein kinase in these responses and in the effect of diacyl
glycerol was not directly demonstrated. 

Other early experiments on activation of plant protein kinase activity by 
phosphatidylserine as the second potential lipid activator were done with par
tially purified and soluble Ca2+-activated protein kinase (Schafer etal., 1985; 
Elliott and Skinner, 1986; Olah and Kiss, 1986; Elliott and Kokke, 1987; 
Favre and Turian, 1987; Elliott etal., 1988). Common to all these experiments 
were no clear demonstration of specificity or preference for phosphatidylserine 
as an activator, i.e., other phospholipids tested were equally effective as acti
vating substances. These results cannot, therefore, be regarded as evidence of 
a plant PKC. When phosphatidylserine or a mixture of phosphatidylserine and 
diacylglycerol was added to plant membrane vesicles endogenous membrane
associated protein kinase was not affected by these lipids (Martiny-Baron and 
Scherer, 1989; Scherer etal., 1990). A similar negative result was obtained 
with soluble enzyme and diolein as activator (Schaller et al., 1992). In conclu
sion, the search for a diacylglycerol-activated protein kinase from a plant 
source failed so far, though certainly many more attempts in various laborato
ries to find it went unreported. 
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C. Identification of a Lipid-modulated Protein Kinase in Plants 

Other lipids as activators for plant protein kinase were discovered, namely 
lysophospholipids and platelet-activating factor (Scherer etal., 1988; Martiny
Baron and Scherer, 1988, 1989). Platelet-activating factor (PAF), an ether lipid 
(l-O-alkyl-sn-glycero-2-acetyl-3-phosphory1choline), is not found in plants 
but, due to its chemical similarity to lysophosphatidy1choline, it might be a 
kind of artificial substitute for lysophospholipid in plants. The other groups of 
lipid activators are fatty acids (Klucis and Polya, 1987; Lucantoni and Polya, 
1987) and inositol phospholipids (Schaller etal., 1992; Binder etal., 1994). 

Two different approaches and assay systems were used in the description 
and characterization of lipid-activated protein kinase from plant sources. In 
microsomes isolated from zucchini hypocotyls, initially, it was found that 
platelet-activating factor activated ATP-dependent H+ transport (Scherer, 1985). 
A protein factor could be removed from the membranes which was necessary 
as a cofactor for lipid activation of H+ transport (Scherer and Martiny-Baron, 
1987). Moreover, a plant lipid or, more precisely, at least one plant lysophos
pholipid could replace the animal platelet-activating factor as an activator of 
ATP-dependent H+ transport (Scherer and Stoffel, 1987). Then it became clear 
that the protein factor for transport activation copurified with a protein kinase 
and that this protein kinase was activated by Ca2+ ions and platelet-activating 
factor (Scherer etal., 1988). The activation by lipid or by Ca2+ was only two
fold in these initial experiments. Since the membrane-associated enzyme 
responded stronger to added lipids and allowed approaches to identify the 
endogenous substrates (Martiny-Baron and Scherer, 1988) we chose this type 
of assay to investigate this Ca2+/lysophospholipid-activated protein kinase and 
its substrates. 

A completely different approach was chosen by Polya and coworkers and 
also by Sussman's and Harmon's group. As a starting point, they all took par
tially or completely purified Ca2+-dependent (and calmodulin-independent) 
protein kinase (CDPK) from various sources (soybean: Harmon etal., 1987; 
wheat germ, silver beet leaves, oat leaves: Klucis and Polya, 1987; Lucantoni 
and Polya, 1987; Minichello etal., 1991; oats roots: Schaller and Sussman, 
1988). Such a purified protein kinase could also be activated by fatty acids 
(Klucis and Polya, 1987; Lucantoni and Polya, 1987) and lysophospholipids 
and inositol phospholipids (Schaller etal., 1992). From the combined work of 
Sussman's and Harmon's group it became clear that this Ca2+-activated protein 
kinase was a novel protein kinase with a kinase and calmodulin-like domain in 
one and the same molecule (Harper etal., 1991; Roberts and Harmon, 1992). It 
seems now quite possible that a number of laboratories previously also charac
terized this enzyme which, typically, can be identified as an autophosphorylat
ing kinase with an apparent molecular mass of 45-69kDa and, sometimes 
higher, up to 85kDa (Olah and Kiss, 1986; Polya etal., 1987; Battey and 
Venis, 1988; Klucis and Polya, 1988; Verhey etal., 1993). The use of mono
clonal antibodies developed in Harmon's laboratory further made clear that 
this CDPK actually comprises a small group of genetically and serologically 
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related enzymes (Harper etal., 1991; Suen and Choi, 1991; Roberts and 
Harmon, 1992; Schaller etal., 1992; Verhey etal., 1993; Zhao etal., 1993). 

It is not yet clear, however, whether a single or a few isoforms of CDPK is 
modulated by lipids (Schaller etal., 1992; Harper etal., 1993; Binder etal., 
1994). Binder etal. (1994) definitely identified a single isoform, expressed in 
E. coli, as lipid-modulated and Polya and coworkers chromatographically sep
arated two isoforms from wheat germ which responded differentially to added 
lipids (Klucis and Poly a, 1987, 1988; Lucantoni and Polya, 1987; Minichello 
et aI., 1989). The latter results indicate that at least not all CDPK isoforms 
respond in the same way to lipids and some perhaps not at all. The enzyme 
investigated in the author's laboratory is a membrane-associated Ca2+/ 
lysophospholipid-activated protein kinase. Since in our assays always several 
proteins in a range of 53-62 kDa are strongly stimulated in phosphorylation by 
Ca2+ and by lysophospholipids and, since three proteins in this molecular size 
range were found in an autophosphorylation assay (Scherer etal., 1993a), it 
can be tentatively concluded that among this group of autophosphorylating 
proteins is a Ca2+llysophospholipid-activated protein kinase which is most 
likely a member of the CDPK family. This conclusion is further supported by 
the very similar lipid specificity of the activation of the enzyme investigated in 
our and in Sussman's laboratory (Martiny-Baron and Scherer, 1989; Scherer, 
1990; Scherer etal., 1990, 1993a; Schaller etal., 1992; Binder etal., 1994). 

In conclusion about this still somewhat fuzzy picture, it seems likely that 
the soluble CDPK, described by Harmon, by Polya, and by Sussman and their 
co-workers, and the membrane-associated Ca2+llysophospholipid-activated 
protein kinase in our work, all belong to the same genetically related group, 
now called CDPK. However, we know very little about the number and the 
properties of isoforms, especially with respect to differences in lipid modula
tion. 

D. Lipid Specificity oj Plant Lipid-modulated Protein Kinase 

The lipid specificity of modulation of CDPK activity was investigated by 
Polya's group mostly for fatty acids. The enzyme sources were silver beet 
(Beta vulgaris) leaves, containing an isoform I (51-56kDa) and an isoform II 
(53-57 kDa), both as soluble and as a membrane-associated form (Klucis and 
Polya, 1987, 1988; Poly a etal., 1987), oat (Avena sativa) leaves, containing a 
79 kDa enzyme (Minichello etal., 1989), and wheat (Triticum vulgare) 
embryo, containing a 85 kDa enzyme (Lucantoni and Poly a, 1987; Jinsart 
etal., 1991). The property common to all these enzymes is that they are acti
vated by fatty acids in the absence of Ca2+ ions. Maximal activation is found at 
about 200I.l.,M fatty acid (Klucis and Polya, 1987; Lucantoni and Polya, 1987). 
If, however, the level of activation by Ca2+ ions alone is compared to this level 
of activation by fatty acids, activation by fatty acids is never higher than that 
by Ca2+ alone, more often it is lower. The isoform II from silver beet leaves 
exhibits much stronger activation by fatty acids as does isoform I, indicating 
clear differences between CDPK isoforms. The spectrum of activating fatty 



Lipid-modulated Protein Kinase 207 

acids may be also different for enzymes from different sources since desatu
rated fatty acids (oleic, linoleic, arachidonic acid) are good activators for the 
silver beet leaf and wheat germ enzymes but not for the oat leaf enzyme. This 
latter one is activated best by long chain fatty acids (behenic acid and ligno
ceric acid) but also by palmitic and by stearic acid to an appreciable extent. 
The level of activation was 2-3-fold in activity for long chain fatty acids 
(Minichello etal., 1989) and up to ten-fold by arachidonic and linoleic acid 
(Lucantoni and Polya, 1987; Klucis and Polya, 1987). In the presence of Ca2+ 

ions, fatty acid either do not stimulate (at low concentrations) or they are 
inhibitory at high fatty acid concentrations. This is a different property found 
by Polya and coworkers for fatty acids as lipid modulators and distinguishes 
them from lysophospholipids and other phospholipids which always act syner
gistic to Ca2+ in their mode of activation (Martiny-Baron and Scherer, 1989; 
Schaller etal., 1992). In our assay system, which is different from Polya's, no 
influence of oleic acid (without Ca2+) on phosphorylation was found (Martiny
Baron and Scherer, 1989). At present, these results with fatty acids are still 
difficult to interpret in terms of function even though, conceivably, fatty acids 
could act as second messengers and their level in plant membranes might be 
regulated without a rise in cytoplasmic Ca2+ levels. 

For the wheat germ enzyme the influence of other amphiphilic compounds 
on CDPK activity was investigated (Poly a etal., 1990a). Interestingly, in the 
absence of Ca2+, very low dihydrosphingosine concentrations «20 JlM) 
inhibited CDPK but concentrations higher than 200 JlM were activating. A 
number of artificial amphiphilic substances also modulated this CDPK, amongst 
these were acyl carnitins (activation up to two-fold), zwittergents (activation 
up to two-fold), alkyl sulfates (weakly activating), and long chain trimeth
ylarnmonium alkanes (inhibitory). Among the above-mentioned compounds, 
only sphingosines can be expected to function as plant lipid second messen
gers at all. 

CDPK was investigated with respect to phospholipid specificity by 
Sussman's group and in the author's laboratory. Sussman and coworkers first 
characterized the CDPK from oat root plasma membranes (Schaller etal., 1992) 
and later of an isoform from Arabidopsis expressed as a fusion protein in 
E. coli (Harper etal., 1993; Binder etal., 1994), using histone ills as an exoge
nous substrate (see Fig. 4 a). We used zucchini and the microsome assay 
(Fig. 4 b). Despite the different assays and enzyme sources quite similar results 
with respect to lipid specificity were obtained. Also, in both laboratories it was 
found that Ca2+ and lipids always acted synergistic (Martiny-Baron and 
Scherer, 1989; Scherer etal., 1990; Scherer, 1990; Schaller etal., 1992; Harper 
etal., 1993; Binder etal., 1994). Most likely, we also used CDPK. This can be 
concluded from a comparison of our autophosphorylation experiments where 
we found several protein kinases having a molecular weight from 55-62 kDa 
(Scherer etal. 1993b) which is similar to results from Sussman and coworkers 
using well-defined CDPK and autophosphorylation (Binder etal., 1994) and to 
similar immunodetection experiments with zucchini membranes (Verhey et al., 
1993). 
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Two groups of lipids are activators, one of which is comprised by the 
zwitterionic lysophosphatidy1choline and the chemically similar PAF. Inter
mediate activator properties were found for N,N' -dimethyl-lysophospha
tidylethanolamine and none for lysophosphatidylethanolamine, lysophospha
tidylglycerol, or lysophosphatidylserine (Scherer etal., 1990; Binder etal., 
1993; Scherer and FUhr, unpubl.). A second group of activating lipids are 
acidic lysophospholipids, lysophosphatidylinositol and lysophosphatidic acid 
(Binder etal., 1994; Scherer and FUhr, unpubl.), and the phospholipids phos
phatidylinositol, phosphatidylinositol-4-phosphate, and phosphatidyl-4,5-bis
phosphate (Schaller etal., 1992; Binder etal., 1994). In our assay, phospha
tidylinositol was inactive as well as all other common phospholipids, namely 
phosphatidy1choline, phosphatidylethanolamine, phosphatidylserine, phospha
tidylglycerol, and phosphatidic acid (Martiny-Baron and Scherer, 1989) so 
that the only divergent result was obtained for phosphatidylinositol, being ac
tive in Sussman's assay but not in ours. Hence, a fairly large group of acidic 
lysophospholipids and phosphorylated inositol phospholipids and the zwitter
ionic lysophosphatidy1choline are activators. The non-plant lipid PAF having 
the same head group as lysophosphatidy1choline must be regarded as very 
effective but artificial activator for plant CDPK. With most of these lipids acti
vation was found at about 200 IlM, for phosphatidylinositol-4-phosphate max
imal activation was found already at a concentration as low as 50 IlM. 

Since lysophospholipids, especially lysophosphatidy1choline, have also 
detergent properties, activation of protein kinase by detergents was also 
studied. Binder etal. (1994) found no activation of CDPK by CHAPS and 
obtained half of the level of maximal activation by the zwittergent SB-16 as 
that obtained by lysophosphatidy1choline. We also found no activation by 
CHAPS up to 1 mM concentrations. At lower concentrations only zwittergent 
and Triton X-IOO were activating membrane-associated enzyme but clearly 
weaker than lysophosphatidy1choline or than PAF. At higher concentrations 
(> 1 mM), in our assays eventually all detergents became activating (Scherer 
etal., 1993a; Scherer and FUhr, unpubl.). With an assay using membranes it is 
difficult to distinguish between the solubilizing activity and the activating 
property of a detergent. Therefore, we also compared the solubilizing proper
ties and the activator properties of lysophospholipids and detergents. We found 
that detergents were always the better solubilizing reagents and the weaker 
activating reagents than the lysophospholipids. Hence, it seems reasonable to 
assume that the activation of CDPK by certain lipids is specific. 

Only circumstantial evidence exists that might provide an explanation for 
the activating properties of lipids on CDPK. It is thought that a basic domain of 
the CDPK could exert an autoinhibitory effect (Roberts and Harmon, 1992; 
Binder etal., 1994; Harper etal., 1994). Polya etal. (1990) found that CDPK is 
inhibited by basic polypeptides and Binder etal. (1994) showed that acidic 
lipids attenuated this inhibition so that this could be a mode of action for these 
acidic lipid activators. This, however, provides no explanation for the activa
tion of CDPK by the zwitterionic lysophosphatidy1choline or platelet-activating 
factor. 
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The substrates of the lipid-activated protein kinase in plants are mostly not 
clearly identified. Several unknown polypeptides were identified in tonoplast 
and plasma membranes as substrates of the lipid-activated protein kinase and 
two of which could be identified, the B-subunit of the tonoplast H+ -ATPaSe 
(Martiny-Baron eta!., 1992) and the plasma membrane H+-ATPaSe (Martiny
Baron and Scherer, 1989; Nickel eta!., 1991; Scherer etal., 1993b). The 
plasma membrane H+ -ATPaSe had been identified as a phosphoprotein before 
(Schaller and Sussman, 1988) and regulation of this enzyme in plants by phos
phorylation seems possible (Palmgren, 1991) whereas in yeast this is strongly 
suggested (Chang etal., 1991; Na etal., 1993; Eraso and Portillo, 1994). 
Another substrate for CDPK is nodulin, a channel-forming protein in the peri
bacteroid membrane, derived from the host plasma membrane after Rhizobium 
infection (Weaver and Roberts, 1992). However, whether lipid-activated 
protein kinase or other protein kinase(s) do not only phosphorylate these 
enzymes in plant extracts but also exert regulation by phosphorylation remains 
still an open question for the plant plasma membrane H+ -ATPaSe and the other 
enzymes mentioned. For the plant tonoplast H+ -ATPase, regulation by phos
phorylation is purely speculative even though one report about animal endoso
mal H+-ATPase being regulated by PKC lends support to this idea (Nanda eta!., 
1992). 

The function of lipid activation of CDPK in plants must be regarded as 
hypothetical at present even though changes of lysophospholipid content due 
to agonists have been demonstrated (Scherer and Andre, 1989; Scherer, 1990, 
1995; Scherer etal., 1990; S.-S. Lee etal., 1992). Moreover, changes in 
phosphorylated phosphatidylinositols due to agonists seem likely (Memon 
eta!., 1989; Memon and Boss, 1990; Chen and Boss, 1991; Yang eta!., 1993; 
Yang and Boss, 1994), which could provide regulation of CDPK by light, 
osmotic and pathogen stress. This in vivo modulation of potential second mes
sengers in plants has been linked to the regulation of plasma membrane H+
ATPaSe only. Similarly, addition of biologically active lipids was shown to 
increase proton secretion in cultured plant cells (Scherer and Nickel, 1988; 
Nickel eta!., 1991) and growth (Scherer, 1994). Both effects might or might 
not be mediated by a regulatory effect on the plasma membrane H+ -ATPaSe 
and, additionally, the involvement of the CDPK is not proven by these effects. 
Hence, all the above-mentioned effects remain purely speculative in their rela
tionship to CDPK (or any other protein kinase) but seem to provide a tantaliz
ingly coherent picture. However, it has not yet been tried to directly 
demonstrate a change in CDPK activity in vivo (or in vitro) due to agonist treat
ment. There are more open questions: Is the CDPK the only lipid-modulated 
protein kinase (or is the plant PKC still to be discovered)? What are the (addi
tional) substrates and is their activity really regulated by lipid-dependent phos
phorylation/dephosphorylation? What distinguishes the lipid-modulated CDPK 
isoforms from the other isoforms? These open questions show that we are still 
at the very beginning of a research chapter termed lipid-modulated protein 
kinase in plants. 
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I. Introduction 

In some species of Brassica, there exists a sporophytic self-incompatibility 
system to control fertilization. The diploid species, B. campestris (2n = 20, aa) 
and B. oleracea (2n = 18, cc) generally are found as self-incompatible lines. 
However, B. napus (2n = 38, aacc), an amphidiploid consisting of the genomes 
from these two diploid species, generally is found to be self-compatible 
(Downey and Rakow, 1987). There are some naturally occurring self
incompatible B. napus (Gowers, 1989), and in addition, self-incompatibility 
alleles from B. campestris have been crossed into self-compatible B. napus 
(Mackay, 1977). There has been particular interest in transferring self
incompatibility traits into the oil seed crop B. napus ssp. oleifera as a method 
for producing hybrid lines. Given that seed is required for production of canola 
oil and meal, yield is extremely important and can be increased through their 
use (Thompson, 1983; Grant and Beversdorf, 1985). The prerequisite for 
developing these lines is the use of a pollen-control system to prevent self
pollination of the female line. 

The effect of the self-incompatibility system is to block "self' pollen from 
fertilizing the Brassica plant. This block usually occurs at the initial stages of 
pollination by preventing pollen hydration, pollen germination, or pollen tube 
penetration of the stigma papillae (Heslop-Harrison, 1975). This is thought to 
occur as a result of a recognition event between the pollen and the stigma 
papillae. The recognition event must be very specific since pollen derived 
from self-compatible lines or from parental plants carrying other S-alleles is 
not affected. The outcome of this system is to force outcrossing in the self
incompatible lines. 
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ll. Genetics of the Self-incompatibility System 

Genetic analysis has shown that Brassica self-incompatibility is controlled by 
a single genetic locus called the S-locus (Bateman, 1955). A systematic char
acterization of the B. oleracea S-loci through genetic crosses has shown that 
there are nearly 50 different alleles present (Ockendon, 1974, 1982). Brassica 
self-incompatibility has been described as sporophytic, because while pollen 
grains are haploid, the phenotype of the pollen reflects that of the diploid 
pollen parent. Thus, if two different S-alleles are present in the pollen parent, 
the phenotype of the haploid pollen grain is generally derived from both 
alleles (de Nettancourt, 1977). This genetic analysis therefore demonstrated 
that there must be an S-product present in pollen that when recognized by the 
stigma prevents fertilization. Further, this S-product must be either synthesized 
by the diploid pollen mother cell before mitosis, or more likely is secreted 
from the surrounding diploid tapetal cells during pollen development for depo
sition in the exine of the pollen grain. 

Many of the characterized S-alleles behave as co-dominant alleles when in 
a heterozygous state (Thompson and Taylor, 1966). In these cases, the action 
of the S-locus is to block fertilization by pollen grains originating from a 
pollen parent which has one or two common S-alleles with the pistil (Fig. 1). 
For example, an S6/SlO pistil will prevent germination of any pollen originat
ing from the S6/S7 anther regardless of the pollen genotype. Conversely, the 
same pollen landing on a SlO/S12 pistil will successfully fertilize this plant. 
However, for certain B. oleracea S-alleles, Thompson and Taylor (1966) found 
that certain combinations of S-alleles did not display co-dominance, but 
showed dominant and recessive interactions. These interactions were not 
linear and changed for different allele combinations as well as for the site of 
the interaction (pollen or pistil). For example, when the pollen recessive S2 
allele was present in combination with the S 1 allele, the S lIS2 pollen did not 

61 7 Anther 

Fig. 1. Sporophytic self-incompatibility in Brassica. The phenotype of the haploid pollen grain 
is determined by the genotype of the diploid pollen parent. Thus, pollen grains from an S6/S7 
anther which are genetically either S6 or S7 will not germinate on an S6/S 10 pistil because the 
S6 allele is present in both parents. These pollen grains will fertilize the S 1O/S12 pistil because 

no S-alleles are shared by the parents 
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germinate on the S1ISI pistil, but unexpectedly fertilized S2/S2 pistils. 
Conversely, SI/SI8 pistils prevented S18/S18 pollen from germinating, but 
allowed fertilization by S1ISI pollen indicating that the SI allele was recessive 
to S 18 in the pistil. Thus, in certain combinations, one allele was able to block 
the function of another allele. 

ill. Molecular Biology of the Self-incompatibility System 

Recent molecular analyses have revealed that the S-locus is a complex locus 
and so far consists of two different genes which appear to be required for the 
self-incompatibility trait. The first gene to be characterized is the S-locus gly
coprotein (SLG) gene (J. Nasrallah etal., 1985). This gene encodes for an 
abundant, allele specific, glycosylated protein which appears to be secreted 
and localized to the stigma papillae cell wall (M. Nasrallah etal., 1970; Hinata 
and Nishio, 1978; Kandasamy etal.,1989). SLG CDNAS for several alleles from 
different Brassica species have been isolated and sequence analyses show that 
they have several features in common (J. Nasrallah etal., 1985, 1987; Trick 
and Flavell, 1989; Chen and Nasrallah, 1990; Dwyer etal., 1991; Goring etal., 
1992a, b; Scutt and Croy, 1992). All of these genes have putative signal pep
tides and several potential N-glycosylation sites as predicted for a secreted 
glycoprotein. In addition, they contain 11-12 conserved cysteine residues 
towards the C-terminal end of the predicted coding region (Fig. 2). 

A second gene at the S-locus was subsequently isolated based on sequence 
similarity to the SLG gene (Stein etal., 1991; Goring and Rothstein, 1992). 
This gene, called the S-locus receptor kinase (SRK) , is also predominantly 
expressed in the pistil. Analysis of the predicted amino acid sequence sug
gested a structure composed of an N-terminal domain resembling the SLG 
coding region, followed by a putative transmembrane domain and a C-terminal 
region showing homologies to serine/theronine kinases (Fig. 2). As seen for 
the SLG genes, the putative SRK extracellular domain contains the 11-12 con
served cysteine residues. Conserved cysteine rich domains are found in the 
extracellular domains of a variety of animal receptor tyrosine kinases 
(Aaronson, 1991) and TGF-P receptor serine/theronine kinases (Massague 
etal., 1994). In the TGF-P receptor family, the type II TGF-P receptors show 
variable patterns of cysteines which appear to be involved in ligand binding 
specificity, while the type I TGF-P receptors have a conserved pattern of cys-

SLG 1iI_L...--__ --.I.lI.LIIII..LL...11 ...IIL.IIIII.......J 

SRK 1m SLG (Receptor) Domain 1I1II1 m I ~~ SerfTbr Kinase Domain &~ 

Fig. 2. Predicted structure of the Brassica S-locus proteins. The putative receptor region of the 
SRK shows high sequence homology to the SLG. Vertical bars in this region represent conserved 
cysteine residues. SLG, S-locus glycoprotein; SRK, S-receptor kinase; SP, signal peptide; 

TM, transmembrane domain; Serffhr, serine/threonine 
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teines which do not influence the ligand binding pattern (Massague etal., 
1994). Since the cysteines are invariable in the S-locus proteins, they probably 
do not play a role in the specificity of ligand binding, but may be involved in 
the secondary structure of this SLG region. Another conserved region present in 
the extracellular domain of many animal receptor kinases is the immunoglobu
lin-like repeat (Aaronson, 1991). A comparison of the putative SRK extracel
lular domain to the consensus immunoglobulin motif revealed significant 
homology to this repeat in the cysteine rich region (Glavin etal., 1994). 

IV. Self-incompatibility in Brassica napus 

We have characterized the SLG and SRK genes in two different lines of self
incompatible B. napus. In both cases, the original cultivar was self-compatible 
and was converted into a self-incompatible line by crossing in a functional 
S-allele. The first line, WI, was generated by crossing a self-incompatible 
B. campestris plant to the self-compatible B. napus ssp. oleifera cv. Westar. 
The second line, T2, was generated by crossing a naturally occurring B. napus 
ssp. rapifera line to the self-compatible B. napus ssp. oleifera cv. Topas. Using 
a variety of library screening and PCR techniques, the SLG and SRK genes for 
these two S-loci were isolated (Goring etal., 1992a, b; Goring and Rothstein, 
1992; Glavin etal., 1994). The functional WI S-locus was called the 910-
locus, while the functional T2 S-locus was called the AI4-locus. RNA blot 
analysis showed that the genes were all expressed primarily in the pistils from 
maturing buds, and the SLG genes showing much higher levels of steady-state 
mRNA compared to the SRK genes. In all cases, these genes were found to seg
regate with self-incompatibility in a F2 population derived by crossing the self
incompatible lines to the original self-compatible lines. Using PCR, we have 
screened for recombination events between the SLG and SRK genes from the 
910 and A14 loci in almost 300 double haploid plants derived from a WIIT2 
heterozygous plant. The absence of any SLG/SRK recombinants suggested that 
these genes are tightly linked (Goring etal., unpubl.). For the B. oleracea S6 
locus, the SLG and SRK genes have been mapped to be approximately within 
200 kb of each other using pulsed-field gel electrophoresis (Boyes and 
Nasrallah, 1993). Pulse-field gel analysis of the 910 locus has revealed that the 
SLG-910 and SRK-910 genes are within approximately 25kb of each other (Yu 
and Rothstein, unpubl.). 

Alignments of the SLG-A14 (B. napus allele) and SLG-910 (originally a 
B. campestris allele) genes to other SLG genes show a high level of sequence 
conservation for both the DNA and predicted amino acid sequence (Fig. 3). In 
B. oleracea, the SLG genes fall into two classes based on sequence homology 
(J. Nasrallah etal., 1991) and the phenotypic traits observed by Thompson and 
Taylor (1966). The class II alleles belong to the group of pollen recessive 
alleles which tend to have weak self-incompatibility phenotypes, while the 
class I alleles show stronger self-incompatibility phenotypes. SLG eDNA clones 
isolated from B. napus and B. campestris are most similar to the class I 



Brassica Self-incompatibility Genes 221 

B. napI/.f B. campcSIr-i B. oler-acea B. oler-acea 
SLO·III4 LO·9 10 Class I Clils II 

SLG·8 SLG-6 SLG-2 
tG-S ' 

76, 78 76 - 82 65,66 

------

78 - 90 66 - 68 

----
8. a/cracco 

I. I 
SLG·6 65 - 68 
SLO-13 
5LO-29 

O. a/cracco 
I." II 73 73 - 75 73 - 74 
LG·2 

SLO-5 • 

Fig. 3. Comparison of the SLG gene sequences within and between Brassica spp. DNA and 
amino acid comparisons were made using the predicted coding regions for each gene. Shaded 
boxes represent DNA/amino acid homologies within a group. Ranges were listed for alignments 
involving several genes. *Only a partial sequence was available for the SLG-5 gene. References 
for the sequences are the following: SLG-A14, Goring etal. (1992b); SLG-9JO, Goring etal. 
(1992a); SLG-8 and SLG-13, Dwyer etal. (1991); SLG-6, J. Nasrallah etal. (1985); SLG-29, 

Trick and Flavell (1989); SLG-2, Chen and Nasrallah (1990); SLG-5, Scutt and Croy (1992) 

B. oleracea alleles. Comparison of all the class I-like SLG genes also shows 
that similar levels of homology exist both within and between species (Fig. 3). 
The putative receptor portion of the SRK genes which resemble the SLG gene 
similarly show close homology between class I-like alleles (Fig. 4). An exami
nation of the SLG/SRK pairs from the 91O-locus and the S6 locus initially sug
gested that highest levels of homology were present within a gene pair (Stein 
etal., 1991; Goring and Rothstein, 1992). However, characterization of the 
A1410cus had revealed that this is not always the case. The SLG domain of the 
SRK-A14 gene is more closely related to the B. oleracea SLG-6 gene (81 %, 
amino acid level) than it is to the SLG-A14 gene (78%, amino acid level) 
(Fig. 4). 

The SRK domain was originally identified as a serine/threonine kinase 
based on homology to other kinases and the presence of two conserved regions 
which specify serine/threonine catalytic activity (Stein etal., 1991). A compar
ison of the SRK-910 domain in the data banks shows several interesting fea
tures. In plants, outside of the SRK related genes, the kinase domain shows 
only 31-38% homology to other putative serine/threonine kinases. In animals, 
the highest homologies are seen to tyrosine kinases of the trk (31 %) and 
insulin receptor (29%) families and to the Drosophila pelle serine/threonine 
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Fig. 4. Sequence comparisons of the SLG domains in the SLG and SRK genes. DNA and amino 
acid comparisons were made using the predicted SLG domain from each gene. Shaded boxes rep
resent sequence identities between the SLG gene and SRK gene from the same S-locus. 
References for the sequences are the following: SLG-9JO, Goring eta!. (1992a); SRK-9JO, 
Goring and Rothstein (1992); SLG-A14, Goring eta!. (1992b); SRK-A14, Glavin eta!. (1994); 

SLG-6, J. Nasra!lah eta!. (1985); SRK-6, Stein eta!. (1991) 

kinase (29%). Confirmation that the SRK-91O gene did encode a functional 
serine/threonine kinase was obtained by expressing the kinase domain as a 
glutathione S-transferase (GST) fusion protein in E. coli, testing the fusion 
protein for kinase activity, and identifying the phosphorylated amino acids 
(Goring and Rothstein, 1992). As a negative control, a conserved lysine which 
had been shown to be required for activity in other kinases (Hanks etal., 1988) 
was mutated to an alanine (Fig. 5 a). Only the wild-type kinase was found to 
have autophosphorylation activity (Fig. 5 b). When the phosphorylated kinase 
domain was subjected to 2-dimensional phosphoamino acid analysis, it was 
found to contain only phosphoserines and phosphothreonines (Fig. 5 c). 
Similar results were found for the kinase domain encoded by the B. oleracea 
SRK-6 gene (Stein and Nasrallah, 1993). 

V. Self-compatibility in Brassica napus 

Most cultivars of B. napus are self-compatible despite their origins from two 
self-incompatible species. Molecular hybridization of various cultivars has 
shown that SLG/SRK-like genes are present in these lines, but presumably are 
no longer functional. We have analyzed one of these loci in the cultivar Westar 
(Goring etal., 1993). The SLG and SRK genes from this locus, called the AlO 
locus, showed highest levels of homology to the class I S-alleles based on DNA 
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Fig. 5. Detection of serine/threonine kinase activity in the SRK-910 kinase domain. a, The con
structs used to produce fusion proteins in E. coli are (1) the glutathione-S-transferase (GST) 
vector alone, (2) the SRK-910 kinase domain starting at the end of the transmembrane domain 
fused to the CST gene, and (3) a mutant version of the SRK-910 kinase domain (one amino acid 
change, lysine to alanine) fused to the CST gene. b, Autoradiography of fusion proteins tested 
for kinase activity (autophosphorylation) in the presence of ['Y_32p]ATP. Lane 1, GST; lane 2, 
GST-wtkinase; lane 3, GST-mkinase. The positions of the molecular weight markers are indicated 
on the left. The GST kinase fusion protein has an approximate molecular weight of 72 kDa as 
marked by the arrow. A signal representing kinase activity is only detected in lane 2 (OST-wtki
nase). c, Phosphoamino acid analysis of the GST-wtkinase protein. The labelled GST-wtkinase 
protein was hydrolysed and ran with phosphoamino-acid markers on a two-dimensional thin
layer electrophoresis system. The positions of phosphoamino acid markers (visualized with nin
hydrin) are marked by dotted circles. Only labelled phosphoserines and phosphothreonines were 

detected. Figure adapted from Goring and Rothstein (1992) 

blot analysis. Cloning of the SLG and SRK CDNAS from this locus revealed that 
both of these genes are expressed in the spatial and temporal pattern observed 
for functional SLG and SRK genes. However, sequence analysis of the CDNAS 

revealed two interesting features. One feature is a region of 100% homology 
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SRK-A IO'+-........ _ 
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Fig. 6. The AlO S-locus genes. The structures of the predicted coding regions for the SLG-AIO 
and SRK-AJO genes are shown by large boxes. The SLG-AIO CDNA is predicted to encode a full 
length SLG protein, while the SRK-910 CDNA has a one-base-pair deletion (marked by D) which 
results in a premature stop codon. Thus, the SRK-AlO protein is predicted to be lacking the C
terminal region of the SLG domain, the transmembrane domain and the kinase domain. The 
structure of a wild type SRI( protein is shown underneath. DNA sequence homologies in the SLG 

domain are indicated between the two CDNAS. There is a 590 base pair region showing 100% 
homology between the two sequences and is thought to have occurred as a result of a gene con
version event. SP, signal peptide; TM, transmembrane domain; ATG, initiation codon; TAG, 
stop codon; SerfI'hr, serine/threonine. Vertical bars represent conserved cysteines found in the 

SLG domain. Figure adapted from Goring etal. (1993) 

between the SLG-AlO and SRK-AlO genes which has not been detected in 
other SLO/SRK pairs (Fig. 6). Secondly, near the end of the SLO domain in the 
SRK gene, there was a one base pair deletion which was predicted to cause a 
frame-shift resulting in a truncated protein. Thus, at the AlO locus, the SRK
AlO gene was inactivated by a one-base-pair deletion. 

Analysis of the AlO locus has raised some interesting questions. For 
example, will a correction of the one-base-pair deletion in the SRK-AlO gene 
result in a functional S-locus? The predicted sequence of the kinase domain 
did not reveal any obvious alterations potentially affecting kinase activity. 
Analysis of the SLG gene also suggested that it should be functional. However, 
if there is a third component to the S-locus, a pollen ligand (see below), then 
this component also must be intact. While the AlO locus suggests that self
incompatibility was lost in B. nap us, it is not known if self-compatibility 
occurred simultaneously with the origin of B. nap us or resulted from centuries 
of domestication of B. napus. Selection for self-compatibility could occur with 
the origins of B. napus if it conferred an advantage to the plant. For example, 
self-compatibility would be a desired trait if there were cross-pollination 
difficulties due to low density, and if the polyploid nature of B. nap us circum
vented severe inbreeding depression (Jain, 1976). 

VI. Molecular Model for Brassica Self-incompatibility 

While direct proof has not been obtained to show that the SLGISRK genes are 
required for Brassica self-incompatibility, there is growing evidence for their 
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involvement. First of all, in several cases these genes have been genetically 
linked to the self-incompatibility response (J. Nasrallah etal., 1985; Chen and 
Nasrallah, 1990; Stein etal., 1991; Goring etal., 1992a, b; Glavin etal., 1994). 
Secondly, analysis of S-locus genes in self-compatible lines in B. napus and 
B. oleracea have revealed mutations in the SRK genes (Goring etal., 1993; 
J. Nasrallah etal., 1994). Lastly, loss of SLG expression in B. oleracea has 
been associated with loss of self-incompatibility (Toriyama etal., 1991; 
M. Nasrallah etal., 1992). Thus, from these studies, we assume that both the 
SLG and SRK genes are required to produce a Brassica self-incompatibility 
response. 

In order to understand the possible role of the S-receptor kinase, it is inter
esting to look at what has been discovered about analogous proteins in other 
species. One of the best characterized systems is the receptor tyrosine kinase 
and the cascade of events that are triggered by receptor activation in animal 
cells (Fantl et al., 1993). In this system, a ligand binds to the receptor leading 
to receptor dimerization, activation of the kinase domain, and phosphorylation 
of key tyrosine residues in the cytoplasmic domain. These phosphotyrosines 
represent binding sites for cytosolic proteins which upon binding and phos
phorylation become activated. These proteins subsequently initiate a cascade 
of events which may lead to elevation of cytosolic calcium (Ca2+) levels, 
changes in cytosolic pH and potassium levels, cytoskeletal rearrangements, or 
gene regulation (Fig. 7). Receptor serine/threonine kinases also exist in animal 
systems as represented by the TGF-P receptor family. While the ligands are 
known for these receptors, the pathways which are activated are relatively 
uncharacterized. 

Two generalizations can be made from what is known about animal recep
tor kinases. One is that generally a protein ligand binds to the extracellular 
domain of the receptor kinase resulting in kinase activation. Secondly, receptor 
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Fig. 7. Signalling pathways activated by 
receptor tyrosine kinases. RTK, receptor 
tyrosine kinase; PI-3-K, phosphatidylinosi
tol-3-kinase; PLC"Y, phospholipase C"Y; 
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MAP are protein kinases. Figure adapted 
from Crew and Erikson (1993); Juliano and 
Haskill (1993); Posada and Cooper (1992) 
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activation leads to a cascade of events inside the cell in response to the exter
nal signal. By analogy, the self-incompatibility reaction might involve the fol
lowing events, although other scenarios are certainly possible. The gene 
encoding a putative ligand must be linked to the S-locus, since genetically this 
system is inherited as a single locus. In addition, the ligand gene must have 
evolved along with the SLG and SRK genes to be specific for the particular 
SLG/SRK pair, and represent the pollen component of the self-incompatibility 
system. When the pollen lands on the pistil surface, the ligand (in the pollen 
exine) diffuses out and if the corresponding receptor is present in the stigma 
papillae cell wall binds to the receptor and stimulates pathways leading to a 
block in pollen germination (Fig. 8). While a specific ligand for the SRK 

protein has not been identified, small molecular weight proteins from the 
pollen surface have been shown to bind non-specifically to SLG proteins and 
may represent related proteins (Doughty etal., 1993). 

Examination of other receptor systems does not offer an explanation for 
the role of the SLG protein in this response. In effect, the SLG represents a 
secreted form of the SRK receptor domain. These secreted receptor forms have 

Fig. 8. Proposed model for Brassica self-incompatibility. The boxed area shows a model for the 
molecular interactions between the self-incompatible pollen and the stigma papillae. The trian
gles represent an unidentified pollen ligand which diffuses out and binds to the SLG and SRK pro
teins, all encoded by genes at the same S-locus. Ligand binding to the SRK activates the 
cytoplasmic kinase domain which in tum initiates a signalling pathway (X) inside the stigma 

papillae. The end result of the signalling pathway is to block pollen germination 
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been detected in other systems, but it is unknown what role they play (Johnson 
eta!., 1990; Petch etal.,1990). They have been suggested to play an inhibitory 
role by preventing the ligand from reaching the receptor. It is not clear how 
this could be the role of the SLG in self-incompatibility and if it were, it would 
imply a quite different mechanism for self-recognition to that described earlier. 
An alternative role for the SLG protein is that it helps the ligand cross the cell 
wall thus allowing it to come into contact with the SRK protein. While the 
SLG/SRK proteins from the same locus are not necessarily most similar to each 
other, it is difficult to know whether the important amino acids for ligand 
binding are conserved. For example, the sequence differences between the SLG 
and SRK may result in different ligand affinities. The ligand would therefore 
first bind the soluble, abundant SLGS which appear to be associated with the 
cell wall. The ligand-SLG complex would then come into contact with the SRK 
extracellular domain, and the ligand transferred to the SRK due to its higher 
affinity (Fig. 8). 

There are several conditions which repress the self-incompatibility re
sponse and possibly these affect the ligand/receptor interaction. For example, 
both high temperature and the addition of an NaCI solution can overcome 
self-incompatibility and these conditions would influence the ability of a li
gand to bind to its receptor. Further, the dominance of certain alleles may 
also be due to the differential binding affinities between different ligands and 
receptors. For example, the recessive nature of the S 1 allele to the S 18 allele in 
the pistil may result from a disruption of S 1 ligand binding to the S 1 receptor. 
If the SLG-18 protein had a higher affinity for the S 1 ligand compared with 
the SLG-l or SRK-l proteins, then the SLG-18 protein may prevent the SI 
ligand from binding to the S 1 receptor. In the case of the pollen recessive S2 
allele, Tantikanjana eta!. (1993) have shown that the SLG-2 gene in addition to 
producing a secreted glycoprotein also produces an anomalous membrane 
bound SLG which may interfere with the function of the SRK-2 protein. 

Little is known about the pathway activated by the receptor kinase. One of 
the visible markers of self-incompatibility is the deposition of callose 
(Kerhoas eta!., 1993). However, callose has not been shown to be necessary 
for this reponse. Interestingly, calcium, an important second messenger in 
receptor tyrosine kinase signalling and other signalling pathways, has been 
shown to activate callose synthase in soybean cultures (Kauss, 1985). As men
tioned for the receptor tyrosine kinases, receptor activation ultimately leads to 
the binding of cytosolic proteins to the kinase domain. A number of techniques 
have been developed which exploit the physical association of two proteins to 
isolate unknown components (Guarente, 1993). If the SRK protein functions in 
a similar manner to the receptor tyrosine kinases, these approaches can be used 
to isolate the target of the activated SRK protein. One such approach is the 
yeast two-hybrid system (Fields and Song, 1989). It is based on the use of 
yeast transcription factors which can be separated into two domains, a DNA 

binding domain and a transcription activation domain. These two domains 
once separated cannot associate with each other and must be fused to two 
interacting proteins (e.g., kinase domain and its substrate) to bring the two 
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domains together. This interaction can be detected by the transcriptional acti
vation of reporter genes (e.g., LacZ, HIS3) in the yeast genome. 

VII. Conclusion 

Self-incompatibility involves the recognition of self-pollen, the subsequent 
prevention of fertilization and enforces outcrossing in self-incompatible 
species. The discovery of the SRK gene will undoubtedly lead to a much 
greater understanding of the biochemical basis of self-incompatibility than is 
presently available. However, at this time there are many questions that remain 
unanswered. Amongst these are the following: What is the pollen factor recog
nized by the SRK? How are the pollen factors from 50 different S-alleles dis
tinguished from each other, thus giving the specificity of the self-incompatible 
reaction? Finally, once the SRK protein is activated, how is fertilization pre
vented? There are a variety of biochemical and genetic techniques that can be 
brought to bear to address these questions that are largely derived from studies 
on animal receptor systems. Consequently, it is likely that in the next few 
years answers to these questions will be elucidated. 
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I. Introduction 

A. Circadian Rhythms 

Many important cellular processes are observed to occur rhythmically with 
peak activity occurring once every twenty-four hours. These rhythms have 
been demonstrated to be under endogenous control, as they occur under con
stant environmental conditions (for review, see Edmunds, 1988). The cellular 
machinery that generates circadian rhythms is known collectively as the bio
logical clock. An understanding of the molecular components that constitute 
these ubiquitous pacemakers will have broad significance for many organisms, 
including humans. Recent progress in systems such as Drosophila (Dunlap, 
1993; Hall, 1990) and Neurospora (Dunlap, 1990, 1993) as well as vertebrate 
species (Takahashi, 1991, 1993; Ralph etal., 1990) has demonstrated that 
clocks are accessible to genetic and molecular dissection. In the case of 
Drosophila and Neurospora, genetic approaches have identified, respectively, 
the period (per) and frequency (jrq) loci (amongst others), mutations of which 
lead to a variety of abnormal clock functions (Dunlap, 1990, 1993; Hall, 1990; 
see below). Physiological studies in the invertebrates, Bulla (McMahon and 
Block, 1987), Aplysia (Jacklet and Lotshaw, 1986), the avian pineal gland 
(Takahashi, 1991), and the mammalian suprachiasmatic nucleus (Takahashi, 
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1993; Ralph et aI., 1990) have demonstrated the existence of pacemaker organs 
and identified some of the intracellular messengers that are involved in gener
ating rhythms. In the marine unicellular alga Gonyaulax, biochemical studies 
have revealed that translation of the luciferin binding protein mRNA is circa
dian-regulated (Morse etal., 1989a; Mittag etal., 1994). The cycling of mRNA 

levels in several species has also been shown to be under clock control 
(reviewed in Hall and Rosbash, 1993; Chalmers and Kyriacou, 1993). In the 
case of higher plants, cis-acting DNA elements have been characterized that 
mediate transcription of specific genes by a circadian clock (Nagy etaI., 1988; 
Fejes etaI., 1990; Kay, 1993; McClung and Kay, 1994; Anderson etaI., 1994; 
Anderson and Kay, 1995) and we have recently identified mutants with aber
rant clock function (Millar etaI., 1995a; see below). 

B. Oscillator Mechanisms 

Circadian systems are considered to be composed of three general components 
(Fig. 1). 

1. A "central oscillator" that is responsible for the generation of the cyclic 
activity comprising phase, period length, and amplitude information. Oscil
lators have been modeled in many forms, but the currently accepted idea is to 
consider a negative feedback loop in which state variables oscillate due to feed
back autoregulation. The feedback loop is controlled by parameters which 
could be biochemical processes such as transcription, translation, or nuclear 
transport. 

2. Input pathways must exist so that environmental information, most 
importantly light and temperature, can be used to synchronize (i.e., entrain, 
which is effected through phase-shifting) the endogenous clock. This allows 
the organism to use its endogenous circadian periodicity to anticipate the onset 
of dawn and dusk as daylength changes throughout the solar year. In the case 

INPUTS OUTPUTS 

Fig. 1. A hypothetical model for a circadian regulatory system (after Page, 1994). The central 
oscillator is proposed to consist of a negative feedback loop (A, B, C, D, state variables; a, b, c, 
d, parameters) that incorporates enough time delay to generate an approximate 24 h periodicity. 
The clock is entrained under natural conditions by input pathways, most commonly light and 
temperature. The input pathways can be studied as either responses to light and dark pulses, or 
by altering ambient light in constant conditions. The clock regulates many different cellular 
events via output pathways, which may also interact with cellular networks to give complex 

patterns of response 
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of higher plants, both phytochromes and blue-light photoreceptors have been 
shown to affect phase and period length (see below). 

3. Output pathways are used to communicate temporal information from 
the circadian clock to a wide range of biological processes. These include reg
ulation of translation and transcription, membrane conductance, cell division, 
and behavior. In the case of higher plants, specific molecular output processes 
that have been characterized include the regulation of K+ channels and the 
definition of cis-acting DNA elements that mediate circadian-regulated tran
scription. 

C. Genetic Analysis of Circadian Clocks 

The majority of genes that affect circadian rhythmicity have been isolated in 
brute force screens for mutant individuals with altered cycling patterns, such 
as period length, arrhythmicity or phase. The identification of the period locus 
in Drosophila (Dunlap, 1993; Hall and Rosbash, 1993), followed later by the 
identification of the frequency locus in Neurospora (Dunlap, 1993; Hall and 
Rosbash, 1993) demonstrated that genetics was a powerful approach to identi
fying potential components of the timing mechanism. Allelic series at each 
locus include long- and short-period alleles, whereas the null alleles are largely 
arrhythmic. Furthermore, this work has established the rationale that loci such 
as per and frq are likely to encode a fundamental component of the timing 
mechanism itself, as it is difficult to envision how else independent mutations 
at a locus could exhibit all three mutant phenotypes (Dunlap, 1993). Recent 
studies following the cloning of per and frq have borne out this hypothesis, 
and both per and frq appear to be analogous components of the circadian oscil
lator in their respective organisms (Aronson etaL, 1994; Huang etaL, 1993; 
Hardin etaL, 1990). Both gene products are part of a negative feedback loop in 
which they act to repress the transcription of their own genes, thereby causing 
the gene products themselves to cycle in a circadian fashion. Any autonomous 
cellular clock would need to be composed of a series of regulated processes 
(check points) that result in a negative feedback loop. In addition, per andfrq 
mutant alleles affect several circadian-regulated processes in the same manner 
(Dunlap, 1990, 1993; Hall and Rosbash, 1993). Any component of the circa
dian oscillator would also be expected to fulfill two further criteria: sudden 
changes in the level of the component should cause stable phase shifts in the 
overt rhythm being studied; and clamping one component to a constant level 
should cause arrhythmicity (Page, 1994; Aronson etaL, 1994; Zeng etaL, 
1994). Both of these criteria have been met by Per and Frq gene products using 
either constitutively expressed or inducible constructs in either the mutant 
or wild-type backgrounds (Aronson etal., 1994; Kyriacou, 1994; Zeng etaL, 
1994). Studies in both Drosophila and Neurospora are now focusing on bio
chemical characterization of function, as well as identifying other genes in
volved in timekeeping. One such gene in Drosophila is timeless, which was 
identified on its basis to cause arrhythmic behavior in adult flies (Sehgal et aI., 
1994; Vosshall etaL, 1994). Interestingly, this tim allele causes the per RNA 
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feedback loop to also be arrhythmic, which places tim conceptually upstream 
of per in regulating circadian rhythmicity. Furthermore tim appears to be 
required for the nuclear localization of per, and may therefore represent a 
protein "partner" of per that forms a complex in vivo. 

Despite several operational similarities between per andfrq, these genes do 
not appear to be homologous. This implies that there may be several different 
ways of building circadian clocks amongst diverse organisms, rather than a 
single, universal mechanism built from homologous components. Alterna
tively, per and Irq may occupy separate places within a conserved regulatory 
loop. In mammals, one circadian rhythm mutant was fortuitously identified in 
hamster (Ralph et aI., 1990), whereas a concerted effort in mouse has identified 
one rhythm mutant to date (Vitaterna etaL, 1994). Given the large size of the 
mammalian genome it is unlikely that all clock components can be identified 
and characterized in a reasonable timespan (Takahashi etal., 1994). Recently, 
an array of circadian rhythm mutants have been identified in cyanobacteria, 
which may well provide a powerful prokaryotic model system for identifying 
all clock components (Kondo etaL, 1994). Given the central role of circadian 
rhythms to environmental adaptation, plants provide an extremely interesting 
system for studying circadian regulation. In particular, higher plants are proba
bly the best model system for studying the interaction of circadian clocks with 
light signals, which are used to set the phase of the clock. Due to their sessile 
lifestyle, higher plants need to be particularly attuned to the day/night changes 
in their environment and as such are dependent upon internal circadian 
clock(s) to anticipate dawn and dusk. Thus despite the progress in Drosophila 
and Neurospora, higher plants offer several important and unique insights into 
circadian function. 

Our laboratory has recently taken advantage of Arabidopsis as a powerful 
genetic system for dissection of circadian function in higher plants. Transgenic 
Arabidopsis carrying cab2-luciferase (cab2::luc) fusion constructs made pos
sible a new genetic approach to study the regulation of cab (chlorophyll a/b
binding protein) gene expression by the circadian clock. Luciferase activity 
can be assayed in vivo after spraying the plants with the substrate luciferin, 
using a photon counting camera (Millar etaL, 1992a, b; Kay etaL, 1994). A 
screen based on this non-invasive assay was initiated to isolate mutants that 
show aberrant cab cycling. Mutants, in which cab cycles with a low ampli
tude, as well as short and long period mutants were recovered from this screen 
(Millar et al., 1995a). One of the short period mutants, toci, also shortens the 
period of the leaf movement rhythm (this work), indicating that the clock(s) 
governing these two different output rhythms share at least one common 
element. This is particularly interesting, as the leaf movement rhythm, which 
occurs in petiole cells, has a slightly longer periodicity of 25.2 h (versus 24.7 h 
for cab2::luc transcription in mesophyll cells), and could therefore be driven 
by a different biological clock. Alternatively, one of the parameters of the 
same clock could be modified in a cell-specific manner to give a distinct 
period length. 
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II. Rhythmic Outputs 

A. Morphology 

Many circadian rhythms have been described in leaf and leaflet movements, 
flower opening, and stomatal conductance (Sweeney, 1987). Leaf movements 
have been mostly studied in nyctinastic legumes, some of which exhibit rapid 
movements in response to mechanical stimuli, as well as slower responses to 
light and circadian rhythms (Satter, 1990). Leaf movements are mediated by 
asymmetric changes in turgor pressure within a specialized organ called the 
pulvinus, located at the basis of petioles, leaves or leaflets. Since pulvini from 
different species move in different directions, the different types of motor cells 
within the pulvinus are defined by their function, rather than by their position. 
Cells whose turgor increases during leaflet opening and decreases during 
leaflet closure are called extensor cells, while those that exhibit the opposite 
changes are calledfiexor cells (Satter eta!., 1974). This swelling and shrinking 
of motor cells depends on massive fluxes of ions (mainly K+ and Cn across 
the plasma membranes and on their redistribution across the pulvinus. These 
ion movements have been demonstrated by techniques as diverse as flame 
photometry assays, scanning electron microscopelX-ray analysis, and uptake 
of 42K+ and 45Ca2+ (Satter and Galston, 1981; Satter and Morse, 1990). 
Depolarization-activated (~) and hyperpolarization-activated (Kh) potassium 
channels have been described in Samanea pulvini motor cells, as well as Cl-, 
Ca2+ and stretch-activated (SA) channels (Moran, 1990), but little is known 
about the role of these different channel types in leaf movements. Electrogenic 
H+ pumping may energize K+ uptake into the motor cells (Satter apd Galston, 
1981). Since calcium is known to regulate ion channels in animal cells, it has 
been proposed to act downstream of the clock to regulate the opening and 
closing of K+ channels in flexor and extensor cells (Satter and Galston, 1981). 
There is no direct evidence, however, in support of this hypothesis. How K+ 
channels in flexor and extensor cells are regulated in opposite manners by the 
circadian clock is still an outstanding question. 

B. Stomatal Conductance 

Stomatal function is tightly regulated by light, hormones and CO2 concentra
tion. In addition, stomatal opening is under the control of a circadian clock. 
Circadian rhythms in stomatal conductance persist in isolated guard cells from 
Vicia faba epidermal peels (Gorton etal., 1989), indicating that the stomatal 
rhythm can be uncoupled from the circadian rhythm in photosynthetic activity 
in epidermal and mesophyll cells. Opening and closing of stomata occur by a 
mechanism similar to that of leaf movements (Gorton, 1990). Increases in 
hydrostatic pressure cause the swelling of guard cells and the opening of sto
matal pores, while decreases in hydrostatic pressure cause guard cells to shrink 
and stomata to close. Once again K+ and CI- are the chief ions involved in 
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these huge osmotic changes (Gorton, 1990; Assmann, 1993). There is increas
ing evidence that K+ uptake during the swelling of guard cells occurs by a 
passive mechanism. Proton extrusion mediated by a plasma membrane P-type 
ATPaSe hyperpolarizes the plasma membrane and creates an electrochemical 
gradient for K+ uptake (Lohse and Hedrich, 1992; Thiel etaI., 1992; Assmann, 
1993). Voltage-dependent inward-rectifying K+ channels have been described, 
that may mediate K+ uptake during stomatal opening (Schroeder and Fang, 
1991). In contrast, the loss of K+ during the closing of guard cells requires 
the depolarization of the plasma membrane. This depolarization could be 
mediated by the inhibition of the plasma membrane H+ -ATPase, by the opening 
of plasma membrane anion channels, or by Ca2+ entry (Assmann, 1993). 
Calcium and pH have been shown to trigger these changes, and thus may 
participate in the circadian regulation of stomatal opening. In patch-clamp 
experiments, Ca2+ has been shown to inhibit voltage-dependent inward rectify
ing K+ channels, while permeabilizing the plasma membrane to anions, thus 
presumably driving K+ efflux through outwards K+ channels and closing sto
matal pores (Schroeder and Hagiwara, 1989). The inhibitory effect of Ca2+ on 
K+ channels was prevented by the action of the immunosuppressants 
Cyclosporin A, FK506, and FKBP12 (Luan etal., 1993). This result indicated 
the role of a Ca2+-calmodulin-dependent phosphatase (PP2B, calcineurin) in 
the regulation of K+ channels by Ca2+. Another role of calcium may be to 
induce the phosphorylation of the H+ pump in the plasma membrane by a 
Ca2+ -dependent kinase, thus causing a change in H+ pumping activity 
(Schaller and Sussman, 1988). There is also evidence, however, for a role of 
Ca2+ and calmodulin in K+ extrusion and stomatal opening. Thus, a variety of 
calmodulin antagonists inhibit H+ extrusion by Vida faba guard cells, and 
block stomatal opening in C. benghalensis epidermal peels (Shimazaki et aI., 
1992). Calcium may mediate both the opening and the closing of stomata, 
depending on the magnitude, location, and temporal pattern of Ca2+ elevation 
(Assmann, 1993). 

In addition to the rhythm in stomatal conductance, Vida faba guard cells 
exhibit a rhythmic sensitivity to both red and blue light (Gorton et aI., 1993). 
Light signals induced stomatal opening throughout the circadian cycle. Signals 
given in the middle of the subjective day were more effective, however, since 
they resulted in a greater stomatal conductance. This result suggests that in 
addition to regulating the basal level of stomatal conductance in DO, the clock 
acts to gate the opening of stomata in response to red or blue light. 

Despite the similarity of mechanisms that mediate leaf movements and 
stomatal opening, there is evidence that these two circadian rhythms may be 
under the control of different circadian clocks. The circadian rhythm in stom
atal opening in Phaseolus vulgaris has a free-running period that is similar to 
that (24 h) of the rhythm in CO2 assimilation, but that is different from that 
(27 h) of the leaflet movement rhythm, measured in parallel (Hennessey and 
Field, 1992). Evidence for at least two oscillators within a single cell has been 
obtained in the unicellular alga Gonyaulax polyedra, in which the aggregation 
and the glow rhythms exhibit different free-running periods under certain 
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experimental conditions (Roenneberg and Morse, 1993). Another possibility is 
that the same circadian oscillator may operate in pulvini motor cells and in 
guard cells, but that the free-running period may be regulated in a cell-type
specific manner. 

C. Gene Expression 

Mechanism for the regulation of gene expression by the circadian clock have 
been emerging recently from mammalian systems. Thus, the liver-enriched 
transcriptional activator DBP exhibits free-running, circadian variations in its 
cellular levels in most tissues examined, as detected by Western blot analysis 
(Wuarin and Schibler, 1990). The circadian regulation of DBP expression 
occurs at the transcriptional level, and may be dependent on the rhythmic 
secretion of glucocorticoid hormones by the adrenal gland (Wuarin and 
Schibler, 1990; Wuarin etal., 1992). The transcription of one of DBP'S target 
genes, albumin, cycles with a phase consistent with that of DBP acting as an 
activator. In contrast, the cytochrome P 450 gene CYP2C6, which contains a 
DBP-binding site within its promoter, does not appear to be regulated by the 
clock. This discrepancy may be explained by the large difference in affinity of 
DBP for the two promoters, that is 17-fold greater for albumin than for 
CYP2C6 (Wuarin et al., 1992). More recently, a novel isoform of the transcrip
tion factor CREM (cAMP-responsive element modulator) was also shown to 
exhibit circadian rhythmicity in the pineal gland of rats (Stehle etal., 1993). 
This isoform, named ICER (inducible CAMP early regulator), is generated from 
an alternative, intronic promoter (P2). The ICER protein is unusually small 
(13.4 kDa) compared to other CREM products. It contains an intact DNA-binding 
domain, that enables it to bind CRES (cAMP-responsive elements). Coexpression 
of cAMP-inducible reporter genes with ICER completely abolished CAMP
mediated induction, indicating that ICER functions as a repressor of CAMP
induced transcription (Stehle etal., 1993). The P2 promoter contains four 
cRE-like elements, and is transiently induced by CAMP (Molina etal., 1993). 
Other CREM products, generated by the promoter PI do not fluctuate between 
night and day and are regulated by cAMP-induced phosphorylation. Thus, the 
rhythmic stimulation of j3-adrenergic receptors by noradrenaline, secreted at 
night by post ganglionic fibers originating from the superior cervical ganglia, 
causes a surge of CAMP level in pineal cells. cAMP activates transcription by 
inducing the phosphorylation of CREM transcriptional activators. The subse
quent elevation of ICER expression causes the repression of cAMP-dependent 
transcription. Finally, ICER downregulates its own transcription, constituting a 
negative autoregulatory loop, that is driven by j3-adrenergic input (Molina 
etal., 1993). 

Although many genes have now been described in higher plants, that are 
under the control of the circadian clock (McClung and Kay, 1994), the cis
analysis of most circadian-regulated promoters is still at an early stage, and no 
transcription factor has yet been cloned that mediates such regulation. In 
tomato nuclear extracts, the DNA-binding activity mF2a has been reported to 
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exhibit circadian variations in an uv cross-linking assay (Borello etal., 1993). 
IBF2a binds to a 27-mer oligonucleotide that contains a conserved GATAAG 
sequence, found in the circadian-regulated promoters of cab and nitrate-reduc
tase genes. Mutations within this conserved motif, do not abolish IBF2a 
binding, however (Borello etal., 1993). In transgenic tobacco, circadian-regu
lated elements have been mapped to the -357/-90 region of the wheat cab1 
enhancer (Fejes etal., 1990). More recently, the -111/-38 region of the 
Arabidopsis cab2 promoter was shown to confer circadian-regulated expres
sion to a luciferase reporter gene (Anderson etal., 1994). A complex named 
CGF-l (cab GATA factor-I) was identified in tobacco extracts, that binds a con
served triple GATA motif within the -111/-38 region. Mutation of all three GAT 
repeats to ccc prevented CGF-l from binding in vitro, and reduced the level 
and the amplitude of the luminescense rhythm in transgenic plants carrying a 
cab2::1uc gene fusion. The mutation strongly reduced the rapid induction of 
luciferase by red light in etiolated plants, but did not abolish rhythmicity of 
luciferase expression (Anderson and Kay, 1995). Furthermore, a trimer of the 
CGF-l binding site conferred high expression levels, but not rhythmicity to 
the luciferase reporter gene (Anderson and Kay, 1995). These results indicate 
that CGF-l plays a role in the induction of cab2 expression by phytochrome 
and contributes to the amplitude of cab2 oscillations, but is not sufficient for 
the perception of rhythmic signal(s) from the circadian clock. Competition 
assays with the Bmill sequence (Green etal., 1987; Lam and Chua, 1990), as 
well as supershift experiments with antibodies to Arabidopsis GT-l indicated 
that CGF-l is closely related to a transcription factor that plays a role in the 
regulation of the pea RBCS3A gene by light (Anderson etal., 1994; G. Teakle 
and S. Kay, unpubl. results). Thus the CGF-l complex may correspond to the 
GT-l protein, binding with low affinity to the triple GATA motif in the cab2 
promoter (Hiratsuka etal., 1994). Five additional DNA-binding activities (CUF-
2, CUF-3, Tic, Tac, and Toe) have been identified in Arabidopsis whole cell 
extracts, that bind within the -123/-55 region (I. Carre and S. Kay, unpubl.). A 
37 base-pair sequence from -111 to -74, containing binding sites for CUF-2, 
CUF-3, and Tac conferred circadian regulation to the luciferase reporter gene 
in transgenic Arabidopsis. Tac is a particularly interesting activity, since its 
binding site overlaps a CCAAT box that is conserved amongst cab promoters. In 
addition, the effects of promoter mutations indicated that its binding precludes 
binding of an adjacent complex named Tic. Thus Tac may act to prevent 
binding of Tic (and perhaps of CUF-2 or CUF-3). This antagonism may con
stitute a molecular switch for the control of cab2 transcription by the circadian 
clock. Alternatively, CUF-2 or CUF-3 are also candidate targets for regulation 
by the circadian oscillator. All of these DNA-binding activities are present 
throughout the circadian cycle (Anderson etal., 1994; I. Carre and S. Kay, 
unpubl.). It is possible, however, that Tac (CUF-2 or CUF-3) interacts with a 
partner that prevents it from binding DNA, or from entering the nucleus, at 
specific circadian times. 
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m. Interaction of Photoreceptors and Clocks 

The interaction of photoreceptor and circadian signal transduction pathways is 
likely to be complex. Light controls the phase of the circadian clock, and syn
chronizes it to day-night environmental cycles. Single light pulses given under 
constant (or free-running) conditions reset the phase of the circadian clock in a 
phase-dependent manner (Pittendrigh, 1965), indicating that the action of pho
toreceptor pathways on the clock is modulated in a circadian fashion. The 
largest advances are usually observed in response to light pulses given near the 
middle of the subjective night, while signals given in the middle of the subjec
tive day have no effect. This "gating" of light action on the clock may involve 
a feed-back from the central oscillator on its input pathway. Alternatively, the 
loss of sensitivity to light at specific phases of the circadian cycle may be a 
property inherent to the oscillator itself. In this latter model, oscillator compo
nents would oscillate in such a way that they become insensitive to the light 
signals during the subjective days. 

A. The Mammalian Brain 

Mammalian circadian rhythms are regulated by a pacemaker located in the 
suprachiasmatic nucleus (SCN) of the hypothalamus. Neurons of the SCN 
receive direct input from ganglion cells of the retina. Light signals were shown 
to induce the expression of the protooncogene c-fos in SCN cells. Clos induc
tion was restricted to times when light also induces a phase-shift of behavioral 
rhythms. C-fos is one of the immediate-early class of genes, that are induced 
rapidly in response to several extracellular signals. The Fos protein is a tran
scription factor that heterodimerizes with members of the Iun family of tran
scription factors to induce the transcription of late response genes. Thus, Fos 
may playa key role in light-induced phase-shifting of circadian rhythms. The 
cAMP-responsive element (CRE) present in the c-fos promoter mediates c-fos 
induction by CAMP and Ca2+. These second messengers trigger the phosphory
lation of a cRE-binding protein (CREB) on Ser 133 and this phosphorylation is 
necessary for transcriptional activation. Light stimuli that induce c-fos expres
sion and phase-shift circadian rhythms also induce the phosphorylation of Ser 
133 in SCN cells (Ginty etal., 1993). Light failed to induce CREB phosphoryla
tion if the stimulus was given during the subjective day. These results indicate 
that phosphorylation of CREB plays a role in the regulation of c-fos expression 
by light. They also suggest that in mammals the circadian clock gates light 
responsiveness upstream of CREB on the signal transduction pathway (Ginty 
etal., 1993). 

B. Higher Plants 

Higher plants have several classes of photoreceptors. Uv, blue light (cryp
tochrome) and red light (phytochrome) photoreceptors all can mediate reset
ting of the circadian clock by light (Edmunds, 1988). The phytochrome signal 
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transduction pathway is the best characterized at this point, both at the genetic 
and at the molecular levels (Millar etal., 1994). 

In nyctinastic legumes, Ca2+ has been proposed to be the second messenger 
for resetting the leaf movement rhythm by red light pulses, as well as for 
opening or closing the leaves in response to light signals (Satter and Galston, 
1981). Since this hypothesis was formulated, evidence for a role of calcium in 
mediating phytochrome responses has accumulated. Brief (5-30s) light 
signals were shown to activate phosphatidyl inositol turnover in Samanea 
saman leaf pulvini (Morse et al., 1989b; Crain, 1990), presumably inducing 
calcium release from cytoplasmic stores. In etiolated wheat protoplasts, cyto
plasmic Ca2+ was shown to rise transiently in response to red light. The 
swelling induced by phytochrome activation was mimicked by the photolytic 
release of chemically caged calcium and inositol-l,4,5-trisphosphate (IP3) 
(Shacldock etal., 1992). Furthermore, the release of caged Ca2+ or IP3 induced 
the phosphorylation of a 70 kDa polypeptide, that was also phosphorylated in 
response to phytochrome (Fallon etal., 1993). Similarly, the microinjection of 
G-protein activators, Ca2+ or Ca2+-calmodulin into phytochrome A deficient 
tomato cells was shown to induce the expression of a phytochrome-regulated 
cab::gus reporter gene. In addition, calmodulin antagonists inhibited the 
induction of cab::gus expression by the microinjection of phytochrome A, 
indicating that Ca2+ -calmodulin is necessary and sufficient for the induction of 
cab expression by phytochrome (Neuhaus etal., 1993). Calcium does not 
mediate all phytochrome responses, however, since neither Ca2+ nor Ca2+
calmodulin injection induced anthocyanin biosynthesis and only induced 
partial chloroplast development. In contrast, microinjected CGMP triggered the 
production of anthocyanins, and together with calcium, the assembly of fully 
mature chloroplasts (Bowler etal., 1994a, b). 

Thus, phytochrome phototransduction involves the activation of one or 
more G proteins that are coupled to at least two different pathways. Phase
resetting of the clock following phytochrome activation may involve calcium, 
but it may also involve CGMP, or other, not yet identified, signal transduction 
pathway(s) (Bowler and Chua, 1994). Calcium and agents that perturb the cel
lular Ca2+ or Ca2+ -calmodulin levels have been shown to phase-shift circadian 
rhythms of cell division in Euglena (Tamponnet and Edmunds, 1990), conidia
tion in Neurospora (Nakashima, 1984), phototaxis in Chlamydomonas 
(Goodenough and Bruce, 1980), and leaf movement in Trifolium repens 
(Bollig etal., 1978) suggesting that calcium may playa role on the input 
pathway from phytochrome or from another photoreceptor. 

Several new systems have been described, that will be helpful to identify 
components of the input pathway for resetting the clock by light. Protoplasts 
prepared from the flexor and extensor regions of Samanea saman pulvini have 
been shown to exhibit circadian rhythms in the opening and closing of K+ 
channels, that persisted for at least 21 h in constant darkness (Kim etal., 1993). 
Rhythms were 1800 out of phases in flexor and extensor protoplasts. They 
were shifted in a similar manner by a 6h delay of the onset of constant dark
ness, a property expected of true circadian rhythms. The protoplasts also main-
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tained phytochrome and blue-light responsiveness, in a manner that was con
sistent with the behavior of whole plants. The protoplasts make possible a 
pharmacological approach for the study of signal transduction pathways for 
the control of leaf movement by light and by the circadian clock. In addition, 
patch clamp techniques should make possible the identification of ion channels 
involved in the rhythmic swelling and shrinking of motor cells. This system is 
limited, however, by the short -term viability of the protoplasts. A suspension 
culture from a higher plant would be a good alternative for these kind of 
studies. Robust, photosynthetic cell lines are now available, in which circadian 
rhythms of gene expression could be easily studied, as well as their response 
to signal transduction intermediates. For example, cab expression in the SBP 

cell line oscillates for up to 7 days in dim LL (S. Welsh and S. Kay, unpubl.). 
Transgenic lines carrying cab2::luc gene fusions are being generated, and will 
be a powerful tool to study cab gene regulation by light and the circadian 
clock. 

Genetic approaches to light signal transduction pathways are also under 
way in Arabidopsis (Millar etal., 1995b). Transgenic plants carrying a 
cab2::luc gene fusion displayed a shorter period length when transferred to 
constant light (24.7 h) than when moved to constant darkness (30-36h). This 
result indicated that light intensity modulates period length in Arabidopsis, as 
previously demonstrated for Gonyaulax (Roenneberg and Hastings, 1988), 
Coleus (Halaban, 1969), and Drosophila (Konopka et al., 1995). Many 
Arabidopsis mutants are now available, that are deficient in photomorpho
genetic responses (Pepper eta!., 1993; Millar etal., 1994). The first class of 
mutants (hy) are deficient in all or part of the de-etiolation response to red or 
blue light, and correspond to elements that mediate the response to light. 
Another class of mutants (det, cop) has characteristics of light-grown plants 
when grown in darkness. These mutants correspond to elements that normally 
repress the photomorphogenetic program in the absence of light. The 
cab2::luc transgene was introduced by crossing into these mutant lines, and 
the cycling of luciferase expression was followed under different light condi
tions (Millar eta!., 1995b). The period length of wild-type plants was 
unchanged in either constant blue light or constant red light, indicating that 
both blue and red light signal transduction pathways shorten the period length 
to a similar extent. The phytochrome-deficient mutant hy 1-100 showed a 
period similar to that of the wild type under white light, indicating that blue 
light photoreceptors, together with very low amounts of phytochrome, are 
sufficient to maintain a short period length. The period length was significantly 
longer (26.5 h) under red light, providing the first genetic evidence that one or 
more phytochromes mediate the modulation of period length by red light. The 
period was unchanged under blue light, indicating that the hy 1-100 mutation 
selectively affected the red light (phytochrome) pathway. The constitutively 
photomorphogenetic mutation det1-1 shortened the period length to a duration 
(18 h) in DO. This result suggested that the detl-1 mutation mimics the effect 
of very high light intensities, and acts in the input pathway from both red and 
blue light photoreceptors to the clock. 
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A leaf movement rhythm has also been demonstrated in Arabidopsis 
thaliana, that persisted for up to 12 days in constant dim light, and could be 
phase-shifted by red light pulses (I. Carre and S. Kay, unpubl. results). This 
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new rhythmic phenotype does not require the introduction of a transgenic 
marker, and can be monitored using basic and relatively inexpensive imaging 
technology (Engelmann etal., 1994; I. Carre etal., unpubl.). This fully auto
mated assay will allow the immediate testing of the effects of mutations that 
affect better characterized signal transduction pathways on the circadian clock. 
Such experiments may allow the identification of common components 
between signaling pathways, and further localize the clock within the cellular 
network of regulation. 

IV. Conclusion 

The circadian clock lies at the center of a complex network of signaling path
ways, that mediate the entrainment of the oscillator to daily changes in envi
ronmental conditions, and, downstream of the clock, the control of many 
rhythmic outputs. Figure 2 summarizes our current understanding of input and 
output pathways for the circadian oscillator in higher plants. Recent genetic 
evidence indicates that one or more classes of phytochromes act on the input 
pathway for the modulation of period length by light intensity. Several of the 
early steps of the signal transduction pathway from phytochrome have been 
elucidated, although the genes that mediate these primary events have not been 
identified. The blue light phototransduction pathway is less well characterized, 
but the detl gene may be an element common to both blue and red light sig
naling cascades. The best characterized output pathways are those for the 
control of gene expression (and especially of the Arabidopsis cab2 gene), leaf 
movements and stomatal opening. Once again, only the terminal steps (those 
furthest remote from the oscillator) have been elucidated, mostly using bio
chemical and pharmacological tools. Arabidopsis has recently proven to be a 
useful genetic system for the isolation of mutants with aberrant circadian 
rhythms of cab gene expression and leaf movements. We believe that a combi
nation of biochemical, molecular, and genetic approaches will provide all the 
tools needed to identify the components of the input and output pathway, as 
well as elements of the biological clock(s) that regulate many vital processes 
in plants. 
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I. Introduction 

In higher plants the direct cytoplasm to cytoplasm intercellular movement of 
water, nutrients, small signaling molecules, and, in certain cases, of macromol
ecules is via plasmodesmata (singular plasmodesma), highly specialized 
gatable cytoplasmic trans-wall channels that interconnect contiguous cells. In 
addition to their normal function, plasmodesmata are apparently exploited by 
plant viruses in order to spread from cell to cell. Since the cell wall which 
encases the plant protoplast constitutes an impermeable barrier, plant viruses 
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have developed strategies which allow them to exploit the natural channels 
connecting contiguous cells, the plasmodesmata, as conduits for cell-to-cell 
spread. 

Plasmodesmata were thought for many years to be nonselective pores, pas
sively allowing the bidirectional movement of molecules between adjacent 
cells. However, during the last few years the concept of static plasmodesmata 
has been changing and it is now clear that plasmodesmata are dynamic, selec
tive entities with the capacity to "gate". In this review, we briefly consider new 
studies on plasmodesmatal structure, composition, on the regulation of gating, 
and review in depth recent studies on mechanisms of viral movement. For 
recent reviews on plasmodesmatal biology, see Epel (1994), Lucas etal. 
(1993), and Oparka (1993). 

n. Plasmodesmata 

A. Plasmodesmatal Structure 

Early EM studies of plasmodesmata led to a simple consensus model describ
ing the plasmodesma as a wall-embedded plasmalemma-lined unbranched 
cylinder about 40-80 nm in diameter that contains a central axial component, 
generally termed the desmotubule. The desmotubule was considered to be 
derived from and continuous with the endoplasmic reticula of adjoining cells. 
Recent studies suggest that the endoplasmic reticulum (ER) component of a 
plasmodesma is a derivative of and continuous with cortical ER (Hepler, 1982; 
Hepler etal., 1990; Oparka, 1993). In some cells, the outer regions of the plas
modesma are constricted and form the neck region, a structure which is not a 
general feature of all plasmodesmata (Robinson-Beers and Evert, 1991). The 
cylindrical space between the desmotubule and the plasmalemma is referred to 
as the cytoplasmic annulus or sleeve. Most models consider the cytoplasmic 
annulus to be the pathway through which transport occurs. Electron micro
graphs show that in the orifice, the ER is apparently constricted and lacks a 
lumen and, therefore, could not function as a transport channel. However, we 
consider this conclusion to be premature, as the ER within the plasmodesmatal 
channel may be a dynamic structure, constricting and dilating as signaling and 
function dictate. 

The substructural detail of plasmodesmata (po) in higher plants has been 
examined by various workers and a number of models have been proposed 
(for review, see Robards and Lucas, 1990; Botha etal., 1993; Ding etal., 
1992b; Tilney etal., 1991). Recently, two models of plasmodesmatal structure 
were proposed based on computer-enhanced digital imaging analysis of elec
tron micrographs of plasmodesmata from a dicotyledonous plant (Ding etal., 
1992b) and from a C4 grass (Botha etal., 1993). Ding etal. (1992b) examined 
the substructure of the plasmodesmata of a C3 dicot, Nicotiana tabacum, fol
lowing cryofixation and freeze substitution. According to their model (Fig. 1), 
the plasmodesma is depicted as a complex pore containing proteinaceous par-
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Fig. 1. Model of structure of plasmodesmata without (a) and with (b) a central cavity, based on 
computer enhanced digital imaging analysis of electron micrographs of leaf mesophyll in N. 
tabacum (from Ding etal., 1992b). ER, endoplasmic reticulum; NR, neck region; CS, cytoplas
mic sleeve; CR, central rod; DW, desmotubulewall; PM, plasma membrane; CC, central cavity; 

EX, spoke-like extensions; CW, cell wall 

ticles embedded in the inner leaflet of the plasma membrane and in the outer 
leaf of the desmotubule. Spoke-like filamentous strands apparently connect the 
globular proteins of the outer leaflet of the desmotubule to the proteins embed
ded in the encasing PD plasma membrane. The central region of the desmo
tubule, the "rod", is electron dense and is depicted as a series of particles, 
probably protein, that are embedded in the lipid of the fused inner leaflet of the 
ER membrane. In their model, the desmotubule is constricted and lacks a 
lumen. It was suggested that the electron dense particles embedded in the inner 
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leaflet of the plasmalemma and the outer leaflet of the desmotubule form a 
convoluted channel that functions as a molecular sieve, determining the size 
exclusion properties of the channeL It was further hypothesized that the radial 
spokes may function to dynamically alter the effective radius of the cytoplas
mic sleeve, thus regulating the size exclusion limit of the plasmodesma. 

Botha etaL (1993) employed similar computer enhancement techniques 
with plasmodesmata at the Kranz mesophyll bundle sheath interface of 
Thenneda triandra, a C4 grass. Their model showed many similarities to that 
of Ding et al. (Fig. 1) but with a number of significant differences. Associated 
with the inner plasmalemma leaflet and the outer desmotubule wall were parti
cles approximately 2.5-3 nm in diameter, presumably proteins that abutted the 
cytoplasmic sleeve. In the central region of the desmotubule were electron
dense particles, also about 2.5 nm in diameter. In contrast to Ding et aL 
(1992b), Botha etal. (1993) observed a lumen of about 2.5nm in diameter 
between the central protein core and the desmotubule walL Furthermore, 
filamentous connections were observed between the central rod particles of the 
desmotubule and the desmotubule wall. In contrast, the model of Ding et al. 
(1992b) predicts that the spoke-like filamentous strands connected proteins of 
the outer leaf of the desmotubule to the proteins embedded in the encasing PD 

plasma membrane. The data and model presented by Botha etal. (1993) brings 
into question the general consensus that desmotubules are constricted and can
not function in cell-to-cell transport. Additional studies are needed to address 
this question. 

Other workers have reported the presence of structures, termed "sphinc
ters", either external to (Olensen, 1979) or within (Robinson-Beers etaL, 
1991) the neck region of plasmodesmata. It was suggested that these "sphinc
ters" function in the regulation of plasmodesmatal conductance. It should be 
noted that these conclusions were based on structural evidence alone and since 
these structures are not universal, it is difficult to assess their involvement in 
the regulation of plasmodesmatal conductance. 

Two types of plasmodesmata are described, the simple or primary plas
modesmata that are formed during the process of cell division and secondary 
plasmodesmata that may be formed later in development either by 
modification of existing plasmodesmata or de novo across existing cell walls 
(Lucas etal., 1993). During tissue development many simple plasmodesmata 
apparently undergo modification and change from a simple cylinder to highly 
branched structures, often with large open central cavities (Lucas etaL, 1993). 

B. Transport Through Plasmodesmata 

Plasmodesmata were once thought to be passive pores that nonselectively 
allow passage of molecules from one cell to the next. More recent studies have 
altered this view, revealing plasmodesmata as dynamic channels which can be 
regulated by Ca2+ levels (Baron-Epel etaL, 1988; Erwee and Goodwin, 1983), 
and components of the phosphoinositol cycle (Tucker, 1988). Transport 
through plasmodesmata has generally been studied by measuring the cell-to-
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cell movement of plasma membrane-impermeable fluorescent dyes of different 
sizes and properties. Such studies (Erwee etal., 1983; Goodwin, 1983; Terry 
and Robards, 1987; Tucker, 1982) led to a consensus that only molecules less 
then about 800-1000 Dalton pass freely through plasmodesmata. Other 
studies, however, are leading to a re-evaluation of the size exclusion limit 
(SEL) and selectivity of plasmodesmata. These new studies indicate not only 
that the plasmodesma can be gated, but that the size exclusion limit can be 
modulated by environmental and developmental signals. 

Tucker and Tucker (1993) employed fluorescein (F) labeled mono-, di-, 
tri-, and quatra-amino acids to show that the plasmodesmata of the stamenal 
hairs of Setcreasea purpurea select for small hydrophilic molecules of less 
then 800 Da with -2 to -4 charge. Small peptides with attached aromatic 
amino acid such as phenylalanine and tryptophan exhibited low mobility 
through plasmodesmata with kinetics that generally did not fit a model of 
simple diffusion. From experiments in which mobile and non-mobile aromatic 
amino acid probes were co-injected, it was concluded that the non-mobile 
probes had neither blocked nor closed the permeation pores but that the plas
modesmata exhibited specific selectivity against these molecules irrespective 
of their size. However, following azide treatment the conductance properties 
of Setcreasea purpurea plasmodesmata were markedly altered (Tucker, 1993). 
In untreated cells, probes such as F-Phe, F-Try, F-(methh, F-(hish and FITC 

labeled Angiotensin II, an octa-peptide, did not pass through plasmodesmata 
or passed with non-diffusion kinetics. However, following azide treatment all 
probes passed with ease with diffusion coefficients that increased by about 
400%. The data indicated that azide treatment may have caused the plasmo
desmatal pore to dilate. 

Further support for the notion that the size exclusion limit of plasmodes
mata is much more extended then previously believed and that size selectivity 
can be modulated comes from studies by Cleland etal. (1994). These workers 
found that under aerobic conditions or in the absence of inhibitors of respira
tion, the SEL of wheat root PD as probed with Lucifer Yellow (LYCH) or F
dextrans was about 1 kDa. However, after either azide (lor 10 mM) treatment 
or flushing with nitrogen, the SEL increased within 30-60 min to 3-4 kDa and 
sometimes as high as 7-lOkDa. Thus, natural mechanisms exist for modulat
ing the size of the plasmodesmatal pore; the extent that the pore can be dilated 
is unclear. Nor has it been determined whether or not all plasmodesmata dilate 
to the same extent. It has been suggested that phosphorylation may be 
involved in regulating plasmodesmatal SEL. Epel etal. (1994) suggested that 
phosphorylation of plasmodesmatal components results in the down regulation 
of conductance and dephosphorylation results in a dilation of the conducting 
channel and an up-regulation of conductance. 

C. Regulation of Closure by Environmental Signals 

Differential pressure. The gating of plasmodesmata has been shown to be 
affected by various environmental and development signals (Cote etal., 1987; 
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Epel and Erlanger, 1991; Oparka, 1993; Oparka and Prior, 1992; Reid and 
Overall, 1992; Shepherd and Goodwin, 1992a, b). In giant algae such as 
Chara and Nitella, pressure gradients between cells increased electrical resis
tance across the node and inhibited intercellular transport of radioactively 
labeled assimilates (Cote etal., 1987; Reid etal., 1992). In higher plants, a 
pressure gradient between adjacent cells of leaf tricomes of Nicotiana cleve
landii in excess of 0.2 MPa completely closed plasmodesmata. The degree of 
plasmodesmatal closure was dependent on the magnitude of the pressure dif
ferential between the two cells. 

Light. Plasmodesmatal gating can also be regulated by light. Epel and 
Erlanger (1991) reported that lateral symplastic transport from the stele into 
the mesocotyl cortex of etiolated maize seedlings was inhibited by prior white
light irradiation. The inhibitory effect of white-light was completely photo
modulatable by terminal far-red and far-red/red irradiations, suggesting the 
involvement of phytochrome. It was suggested that the modulation of plas
modesmatal conductance by light, and possibly by other environmental and/or 
development signals, might modulate growth and development, in part by 
establishing or altering symplastic domains and by channeling cell-to-cell 
transport of nutrients and growth regulators. 

D. Cell and Tissue Specific Differences in Size Exclusion Limit 

There is accumulating evidence to indicate that the SEL of plasmodesmata may 
differ in different cells and tissues. It was found that when fresh cut sections of 
the crease tissue of developing wheat grains were incubated in fluorochrome 
solutions of normally impermeable apoplastic probes such as LYCH, dye was 
rapidly absorbed via unsealed plasmodesmata (Wang and Fisher, 1994). Once 
absorbed, the dye moved symplastically. Using a size-graded series of probes, 
the SEL for the post-phloem pathway was estimated. In most, perhaps all cells 
of the crease tissue with the exception of the pericarp, the effective molecular 
diameter of the conducting channel was estimated to be about 6.2 nm vs. about 
2.5-3 nm from other studies with other plants and tissues. 

It has been suggested that plasmodesmata between intermediary and meso
phyll cells in the sieve-element-companion-cell complex (SE-CCC) in the minor 
veins of plants which are symplastic loaders may have different diffusion char
acteristics than plasmodesmata between other cell types (Grama and Mayor, 
1990; M. Grusak etal., unpubl.). In plants which are putative symplastic 
loaders, companion cells in minor veins exhibit distinct ultrastructural features 
and have been termed "intermediary cells". One obvious distinguishing feature 
of the intermediary cells are the presence of numerous plasmodesmata in 
tissue where loading presumably occurs, i.e., between intermediary cells and 
bundle sheath cells. These plasmodesmata are quite different than those 
between mesophyll cells. Minor vein structure apparently correlates with the 
type of sugar transported. Plants with SE-CCC with intermediary type compan
ion cells, trans locate in the phloem oligosaccharides such as raffinose (565 Da) 
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and stachyose (666Da) plus sucrose (342 Da). Turgeon (1990, 1991) proposed 
a model to describe the diffusion of sucrose from the bundle sheath into inter
mediary cells through plasmodesmata that connect the two cell types. 
Raffinose (a trisaccharide) and stachyose (a tetrasaccharide) are synthesized 
from sucrose in the intermediary cells, but are not able to diffuse back into the 
mesophyll cells because of their size. The trapping of oligosaccharides in the 
SE-CCC would require that the molecular SEL of the plasmodesmata between 
bundle sheath and intermediary cells be somewhat smaller than is common in 
plasmodesmata at other interfaces. Biochemical data are now available which 
support this model (M. Grusak et aI., unpubI.). 

A number of recent studies suggest that plasmodesmata between sieve ele
ments and their companion cells may traffic in proteins (Bostwick et aI., 1992; 
Fisher etal., 1992). In higher plants, mature sieve elements are generally enu
cleated and lack ribosomes. Since these cells can function for prolonged 
periods, either the proteins in these cells are very long lived or proteins are 
somehow transported into these cells, most likely from adjacent companion 
cells via plasmodesmata. Fisher et aI. (1992) investigated protein turnover in 
sieve tubes of wheat, and showed by radiolabeling studies that about 200 dif
ferent soluble proteins were present in the sieve tube, many of which were 
rapidly labeled. Furthermore, the data indicated that most proteins were loaded 
at the source (the leaf) and unloaded at the sink (the grain). Certain proteins 
showed very rapid turnover suggesting some selectivity of movement from 
companion cells into sieve tubes. 

Further evidence that plasmodesmata between companion cells and sieve 
elements can selectively transport proteins was provided by experiments with 
the phloem exudate from pumpkin. The phloem exudate from pumpkin con
tains two abundant basic proteins, termed PPI and PP2, both of which are 
expressed exclusively in developing and mature sieve elements and their com
panion cells (Smith et al., 1987). PPI and PP2 mRNAS were localized by in situ 
hybridization (PP1: Bostwick etal., 1992; PP2: G. A. Thompson, pers. comm.) 
only in companion cells within the phloem of hypocotyl tissues. However, the 
exact site of P-protein synthesis in differentiating phloem is still unclear. 
Thompson (pers. comm.) suggests three possible scenarios: (1) protein synthe
sis occurs exclusively in the companion cells and is transported into sieve ele
ments; (2) immature nucleated sieve elements synthesize stable proteins which 
are also synthesized in companion cells; and (3) a combination of I and 2 
where protein synthesis occurs in both cell types and protein transport occurs 
from the companion cells to the enucleated mature sieve elements. Temporal 
developmental studies using in situ localization and/or using transgenic plants 
containing reporter constructs under the transcriptional regulation of the PP 

promoter should aid in determining the correct model. If P-proteins are synthe
sized in companion cells and transported unidirectionally via plasmodesmata 
to contiguous sieve elements, this could indicate that the plasmodesmata 
between the companion cells and sieve element have different properties and 
possibly different composition then other plasmodesmata. Alternatively, it 
could be hypothesized that plasmodesmata connecting the companion cells 
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with sieve element have a unique regulatory mechanism for passage of large 
molecules. If movement through these plasmodesmata is specific for particular 
proteins, then it must be concluded that these plasmodesmata do not function 
as simple molecular sieves. 

It is unclear whether the potential to transport proteins between cells is a 
unique property of sieve tubes and their companion cells or whether protein 
transport can normally occur between all cells. Molecular studies must be 
designed to test whether the potential for protein transport requires special tar
geting sequences. Micro-injection experiments with fluorescently labeled 
phloem proteins could also be employed to test whether plasmodesmata in 
other tissues are competent to transport phloem resident proteins. 

Since membrane lipids and proteins within the sieve tubes probably also 
undergo turnover, there must be some mechanism for the transport of mem
branes or membrane components, both lipids and proteins, into sieve tubes. 
This could be accomplished by migration within the plasma membrane of the 
plasmodesmata or via budding off of desmotubule membranes and incorpora
tion into the plasmamembrane of the sieve tube. A recent study using the tech
nique of fluorescence redistribution after photobleaching (FRAP) has provided 
evidence that the ER membranes of plasmodesmata can serve as a dynamic dif
fusion pathway for the movement of lipids and lipid signaling molecules 
between contiguous cells (Graski etal., 1993). However, no detectable inter
cellular movement was observed for fluorescent probes residing exclusively in 
the plasma membrane despite the fact that probes located on the plasma mem
brane showed considerable lateral mobility within the plasma membrane of a 
single cell. 

E. Protein Components of Plasmodesmata 

The first biochemical and molecular information on plasmodesmata came from 
studies that employed antibodies directed against gap-junction proteins and 
suggested the presence of proteins homologous to animal connexin proteins in 
plants (Hunte etal., 1992, 1993; Kotlizky etal., 1992; Meiners etal., 1988, 
1991; Meiners and Schindler, 1987, 1989; Schulz etal., 1992; Xu etal., 1990; 
Yahalom, 1991). Epel and co-workers provided more definitive evidence for 
the presence of connexin homologous proteins in plants in immunological 
studies in maize (Yahalom, 1991). These workers showed by indirect immuno
gold labeling that these plasmodesmata contain two different proteins that 
crossreact with antibodies against connexins 32 and 43 (Yahalom, 1991). 
However, the biological relevance of these apparent similarities has not yet 
been determined. 

Further characterization of plasmodesmata-associated proteins (PAPs) was 
made possible by the development of techniques for plasmodesmata isolation. 
Initial characterization of putative PAPS was performed with preparations of 
cell walls that contain embedded plasmodesmata (Kotlizky et aI., 1992; 
Monzer and Kloth, 1991; Turner etal., 1994; White etal., 1994; Yahalom, 
1991). Plasmodesmata isolated from maize walls (Epel, 1994; Epel etal., 
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1995) following treatment with cellulase contained peptides with apparent 
moL wts. of 64, 51, 41,32,26,21,17, and 15kDa. Epel and coworkers gener
ated poly clonal antibodies against the 17,26,32,41,51, and 64kDa wall asso
ciated polypeptides and showed by Western blot analysis that the 17,26,32, 
and 51 kDa proteins were detectable only in the wall fraction of cell extracts. 
Ongoing immunolocalization studies have so far shown that the 41 kDa 
protein is associated with the plasmodesmata as well as Golgi membranes. 
Similar studies with antibodies against other putative plasmodesmata-associ
ated proteins are in progress. 

White etal. (1994) recently presented immunocytochemical data to suggest 
the presence of actin in plasmodesmata. Li and Zhang (1994) employing 
embeddment-free sections for electron microscopy have observed clear images 
of 5-7 nm filaments, presumably actin, which traverse enlarged modified plas
modesmata in wheat nucellus and integument cells. In these specialized cells 
the actin filaments are apparently involved in the intercellular movement of 
organelles through these modified plasmodesmata. In light of the reports by 
White etaL (1994), we speculate that actin filaments may be involved in the 
regulation of plasmodesmatal conductivity and the selective movement of 
macromolecules through plasmodesmata. 

ID. Virus Movement in Infected Plants 

Most, if not all plant viruses spread from cell to cell via plasmodesmata 
(Atabekov and Taliansky, 1990; Hull, 1989; Maule, 1991). Several studies 
over the past few years that focused on the process of viral cell-to-cell spread 
have demonstrated the involvement of virus-encoded movement proteins (MP). 
Studies with different classes of viruses indicate at least two distinct mecha
nisms of movement. One mechanism, exemplified by tobacco mosaic virus 
(Doem etaL, 1987), involves one or more virus-encoded movement proteins 
that facilitate the passage of a non-virion form of the virus. The second mecha
nism, exemplified by the comovirus cowpea mosaic virus (CPMV), involves the 
movement of the complete virus particles through tubular structures to adja
cent cells (van Lent etaL, 1990, 1991; Wellink etal., 1993). It is still an open 
question whether existing plasmodesmata are modified or whether new con
nections between cells are induced by the virus. 

The first evidence to suggest that viruses encode specific transport func
tions came from temperature sensitive mutants of tomato mosaic tobamovirus 
(Nishiguchi etaL, 1978). The LsI strain of TOMV, a spontaneous mutant of 
TOMV strain L is defective in cell-to-cell movement at nonpermissive tempera
tures (32 DC) in inoculated leaves. Leonard and Zaitlin (1982) used two dimen
sional peptide analysis to show that there was a minor difference between the 
mobilities of the 30 kDa protein of the Ls 1 strain and the L strains. Sequence 
analysis of the 30 kDa open reading frame showed a single base change which 
resulted in substitution of a serine in LsI for proline 154 in the L strain (Ohno 
etaL,1983). 
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More direct evidence that the 30 kDa protein is involved in movement was 
obtained by two distinct yet complementary approaches. Meshi et a!. (1987) 
introduced the Pro to Ser change in the 30 kDa protein into a full length infec
tious CDNA clone of the L strain. Infectious transcripts of the mutated viral 
CDNA were replicated in inoculated leaves but did not move from cell-to-cell at 
the non-permissive temperature. Constructs with frame shift mutations in the 
gene that encodes the 30 kDa protein were replication and assembly competent 
but failed to move from cell to cell. Deom et al. (1987) used transgenic 
tobacco plants that expressed a gene encoding the 30 kDa protein to comple
ment the movement deficient LsI virus. Transgenic plants that accumulated 
the 30 kDa protein of tobacco mosaic tobamovirus (TMV) supported both local 
and systemic spread of Ls 1 at 32°C. Based on these result the 30 kDa protein 
of TMV was designated the movement protein (MP). 

MPs from several different viruses are currently being studied by a variety 
of approaches. The most direct approach is to use an infectious clone of the 
virus in question, i.e., a cloned CDNA of the virus that is itself infectious or 
from which infectious transcripts can be derived in vitro. Mutations in the 
CDNA enable the researcher to determine the function of each viral gene, 
including those that are required for cell-to-cell and long-distance movement. 
TMv (Meshi etal., 1987; Saito etal., 1990), tobacco rattle tobravirus (TRV) 
(Harrison and Robinson, 1986; Ziegler-Graff eta!., 1991), and red clover 
necrotic mosaic dianthavirus (RCNMV) (Xiong etal., 1993) each encode a 
protein that is essential for movement between cells; these viruses do not 
require the coat protein for cell-to-cell movement, indicating that virions do 
not move from cell to cell. Some viruses require more than one protein for 
cell-to-cell movement. The proteins encoded by three genes encoded in over
lapping ORFS (referred to as triple block proteins) in potexviruses (Beck eta!., 
1991), furoviruses (Gilmer eta!., 1992), and hordeoviruses (Petty etal., 1990) 
are each required for cell-to-cell movement of these viruses. Turnip crinkle 
carmovirus encodes two small proteins that are essential for cell-to-cell move
ment (Hacker eta!., 1992). 

The viral encoded proteins that are involved in the formation of tubules 
through which viruses apparently pass have also been identified. In the case of 
cauliflower mosaic caulimovirus (CaMV; Perbal eta!., 1993), cowpea mosaic 
comovirus (CPMV; van Lent eta!., 1990) and tomato ringspot nepovirus 
(TOrnRSV; Wieczorek and Sanfacon, 1993), it was demonstrated that MPS were 
associated with the tubules. In the case of CPMV, two MPS and the coat protein 
are needed for cell-to-cell movement (Wellink and Van Kammen, 1989). In 
addition to these viruses, MPS have been identified in tombusviruses (Dalmay 
eta!., 1993), cucumoviruses (Suzuki etal., 1991), bromoviruses (Allison eta!., 
1990), and ilarviruses (Dore eta!., 1991). Table 1 lists the MPS that have been 
identified to date and summarizes information concerning their functions. 
From these and other studies it is apparent that plant viruses have evolved dif
ferent mechanisms that modify the structure and/or function of plasmodesmata 
so that local and long-distance spread of infection is achieved. 
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A. Biochemistry and Genetics of Movement Proteins 

1. Genetic Studies 

The MPS of tobamoviruses have been studied for a number of years and to date, 
the sequence of a least 14 different tobamovirus MPS has been determined. A 
comparison of the amino acid sequences of tobamovirus MPS derived from 
nucleotide sequences shows three distinct regions of sequence similarity 
within the proteins. Regions I and IT comprise the sequences with the greatest 
degree of similarity (Saito etal., 1988). Region ill, which lies near the 
carboxy-terminus of the MP shows wide sequence divergence, while retaining 
certain structural similarities. The region can be divided into three SUb-regions, 
A, B, and C. A and C contain high proportions of acidic amino acids while 
region B is highly basic in charge. Biochemical and genetic analyses of 
tobamovirus MPS have begun to reveal the functional significance of these 
structural domains. 

Several naturally occurring TMV mutants with altered MP function have 
been identified. Two mutations in region IT cause temperature-sensitive defects 
in the MP; LsI and Ni2519 abolish cell-to-cell movement of TMV at restrictive 
temperatures (Ohno etal., 1983; Zimmem and Hunter, 1983). Meshi etal. 
(1989) reported that mutations within region I allow TOMV, a tobamovirus 
closely related to TMV, to overcome the resistance conferred by the Tm-2 gene 
in tomatoes. While TOMV replicates in initially infected cells in resistant plants 
but cannot move from cell to cell (Motoyoshi and Oshima, 1977), mutations 
that cause certain amino acid substitutions in region I (Cys-68 to Phe and Glu-
133 to Lys) enable TOMV to overcome Tm-2 resistance. This result may suggest 
that this region of the MP interacts in some way with one or more host compo
nents to overcome the effects of the Tm-2 gene. The resistance gene Tm-22, an 
allele of Tm-2, can be overcome by two concurrent mutations within the 
COOH terminal end of the TOMV MP (Ser-238 to Arg and Lys-244 to Glu; 
Weber etal., 1993). 

Naturally occurring mutations within MPS have also been found in other 
viruses. A single missense mutation found in the BRI movement protein of 
squash leaf curl geminivirus (SqLCV) alters the host range of this virus (Ingham 
and Lazarowitz, 1993). The mutant virus is no longer able to infect one of its 
natural host plants while retaining the ability to infect other host species. 
While this mutation may reveal a portion of the MP that is important in host 
range, most naturally occurring mutations simply render the MP inactive. Until 
specific biochemical functions of the MP are determined, the cause for these 
genetic lesions will remain unknown. 

Directed mutagenesis has been performed on the MP genes of several 
viruses as a method to identify functional domains within the protein. The 
effects of mutations on the function of the TMV MP were analyzed by two dif
ferent methods. The mutant MP genes were either expressed in transgenic 
plants that were subsequently assayed for the ability of the trans gene to com
plement TMV mutants or they were used to replace the wild-type gene in an 
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infectious CDNA clone of TMV. When up to 55 amino acids were deleted from 
the carboxy-terminal end of the MP, virus infection spread from cell to cell, 
although some mutants resulted in poor cell-to-cell movement as indicated by 
the size of necrotic local lesions on Xanthi NN tobacco plants (Bema etal., 
1991). Deleting 73 amino acids from the C-terminal end of the MP resulted in a 
dysfunctional protein. Transgenic plants that express a gene carrying this 
mutation did not complement the movement of a MP( -) mutant of TMV and the 
SELS of plasmodesmata in these plants were not altered (described further in 
Sect. IV.A). This mutant movement protein was not localized to the cell wall 
fraction, and presumably not to the plasmodesmata. Based upon these results, 
Bema etal. (1991) proposed that amino acids 195-213 contain sequences that 
are important for localization to plasmodesmata. Deletions in the NH2-end of 
the MP resulted in nonfunctional proteins (Gafny etal., 1992). Fine structure 
deletion mutagenesis was performed on the TMV MP gene by introducing in
frame deletions which resulted in the loss of three internal amino acids at 10 
amino acid intervals (M. Lapidot and R. N. Beachy, unpubl.). When each of 
the mutations was tested for biological activity in TMV, only those in which the 
mutations were near the carboxy-terminal end of the MP allowed cell-to-cell 
movement of the virus. However, the effect of these deletions on other func
tion(s) of the MP have yet to be determined. 

Directed mutagenesis of genes from viruses other than TMV has been done 
primarily to identify those open reading frames that encode MPS. Mutagenesis 
of the MP of alfalfa mosaic ilarvirus (AlMv) identified a domain that is neces
sary for association of the protein with cell walls of transgenic plants (Emy 
etal., 1992). Directed mutagenesis throughout the MP of red clover necrotic 
mosaic dianthavirus (RCNMV) led to the identification of three distinct regions 
of the protein; one domain is necessary for in vitro RNA binding, another for 
cooperative binding of RNA in vitro, and a third domain that is necessary for 
cell-to-cell movement (Giesman-Cookmeyer and Lommel, 1993). These 
mutants are discussed further in the following sections. 

2. Post-translational Modifications of Movement Proteins 

There have been limited numbers of published studies that examined the role 
of post-translational modifications of MPS on their function; all involved the MP 

of TMV. There is evidence that the MP of TMV (the MP contains 268 amino 
acids) is phosphorylated when expressed in insect cells (Atkins etal., 1991b), 
in TMV infected protoplasts (Watanabe etal., 1992), and in in vitro reactions 
(Citovsky etal., 1993). The sites of in vitro phosphorylation were localized to 
the ten amino acids near the carboxy-terminal end of the MP by Citovsky et al. 
(1993); Ser-258, Ser-265, and Thr-261 were phosphorylated by a protein 
kinase activity associated with isolated cell walls. They also showed that when 
the last 43 amino acids were deleted from the MP, it was not phosphorylated in 
their in vitro assay. Watanabe etal. (1992) demonstrated that the MP of TOMV 

was phosphorylated between amino acids 234-261. If this region is deleted, 
the MP does not become phosphorylated. 
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The role of phosphorylation in the function of the TMV MP is not clear. 
Berna et al. (1991) reported that a mutant MP which is truncated to amino acid 
213 retains its function. This result implies that phosphorylation of amino 
acids downstream of residue 213 is not essential for biological activity of the 
MP, at least under the conditions used in these studies. 

The TMV MP appears not to be modified by N-linked glycosylation when it 
is expressed in insect cells (Atkins etal., 1991b) or in transgenic tobacco 
plants (c. M. Deom, pers. comm.). 

3. Subcellular Localization of Movement Proteins 

The primary approaches used to determine the distribution of MPS have been 
immuno-electron microscopy, and biochemical subcellular fractionation using 
virus infected tissues and transgenic plants that express genes encoding MPS. 

The TMV MP was associated with a fraction enriched for plasma membrane, but 
a proportionately greater fraction was extracted from isolated cell walls (Doem 
etal., 1990; Moore etal., 1992; Moser etal., 1988). Furthermore, the TMV MP 

that associated with the plasma membrane behaved as a highly hydrophobic 
integral membrane protein (Moore etal., 1992). A small amount of soluble MP 

in TMV infected cells and in. MP( +) transgenic plants was in a high molecular 
weight complex with an approximate molecular weight above 550 kDa. The 
soluble high molecular weight complex was apparently comprised solely of 
proteins and contained no nucleic acids (Fenczik, 1994). 

Immunocytochemical studies using electron microscopy of TMV infected 
plants (Tomenius etal., 1987) and transgenic plants that express the MP gene 
(Atkins etal., 1991; Moore etal., 1992) localized the TMV MP to branched sec
ondary plasmodesmata. In TMv-infected protoplasts, the MP was associated 
with electron-transparent structures present in the cytosol (Meshi etal., 1992); 
however, such structures have not been observed in cells of infected tissues, 
and their relevance to the infection process is unknown. The MP may also be 
associated with simple plasmodesmata, but at concentrations below detection 
limits. It is not clear whether the MP detected in compound plasmodesmata is 
of physiological significance. 

The MPS of RCNMV, AlMV, CaMV, and SqLcv were each shown to accumulate 
in cell wall fractions of infected cells (Albrecht etal., 1988; Godefroy-Colburn 
etal., 1986; Osman and Buck, 1991; Pascal etal., 1993). Two of the three 
"triple block" proteins of beet necrotic yellow vein furovirus (BNYVV), p42 and 
p13, each of which are required for cell-to-cell movement, accumulated in a 
membrane-rich fraction (Neisbach-Klosgen etal., 1990). In contrast, p25, one 
of the proteins encoded by the triple block genes in potato virus X (pvx), was 
found in a soluble fraction in association with cytoplasmic inclusion bodies 
(Davies etal., 1993). 

The BL1 protein of SqLCV was in a soluble fraction, the cell wall fraction, 
and the plasma membrane enriched fraction extracted from transgenic tobacco 
plants and infected plants (Pascal etal., 1993). Interestingly, transgenic plants 
that express the BL1 gene displayed disease symptoms similar to those caused 
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by virus infection. The transgenic plants that express the BL1 gene, however, 
did not functionally complement a mutant SqLCV that contains a dysfunctional 
BL1 gene. These results suggest either that BL1 does not playa role in virus 
spread, or that transgenic expression of BL1 does not produce a protein that is 
capable of functioning independent of other events in virus replication. 
Another explanation could be that the levels of expression of the BL1 protein 
in the transgenic plant are not sufficiently high in appropriate cell types for 
functional complementation of the mutant virus. 

The methods employed in the subcellular fractionation studies described 
above are sufficiently different to preclude direct comparisons among them, 
and thus general conclusions from such research are limited until it is shown in 
which fraction(s) an MP functions to effect the spread of virus infection. 
However, the variety of locations in which different MPS accumulate may indi
cate that there are different mechanisms for local virus spread. Thus, although 
some MPS do not localize to plasmodesmata or to the cell wall fraction, they 
may nevertheless interact with plasmodesmata in a manner that cannot be 
determined by the methods of the experiment. 

4. Binding of Nucleic Acids by Movement Proteins 

The MPS from AIMV (Schoumacher etal., 1992), CaMV (Citovsky etal., 1992), 
TMV (Citovsky etal., 1990), and RCNMV (Osman etal., 1992) each bind to 
nucleic acids in a cooperative manner in in vitro binding assays. In each case, 
the binding of MP to nucleic acid showed no sequence specificity, and only in 
the case of AlMv and RCNMV were viral nucleic acids used in the assays. The 
TMV MP was shown to unfold single stranded RNA and DNA, forming thin 
extended structures 1.5-2 nm in diameter (Citovsky et aI., 1992). These 
authors suggested that it is this form of viral RNA that moves from cell to cell. 
The RCNMV MP, on the other hand, does not unfold viral RNA in vitro (Fujiwara 
etal., 1993). This may be reflective of the different ways that these MPS func
tion. 

In a recent study, alanine substitution mutations were produced in the 
RCNMV MP cistron to study the different functions of the MP (Giesman
Cookmeyer etal., 1993). This study showed that the ability to cooperatively 
bind RNA in vitro did not correlate with the ability of the mutant MPS to potenti
ate viral movement. Furthermore, there was no strong correlation between 
virus movement, the ability to alter the SEL of plasmodesmata, or the ability to 
traffic RNA from one cell to the next when microinjected into plant cells 
(Fujiwara etal., 1993). From these results one can conclude that the result of 
the in vitro protein-RNA binding assays may not reflect the mechanisms of 
RCNMV MP function in vitro. 

Perbal etal. (1993) suggested that the ability of the CaMV MP to bind to 
single stranded nucleic acids in vitro is not reflective of its role in vivo. CaMV, 
a double stranded DNA virus, induced the formation of tubular structures in 
infected tissues in which virions were visualized. This result supports the 
hypothesis that CaMV is transported from cell to cell as a virion in caMV infec-
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tion rather than as a nucleic acid-MP complex as previously predicted by 
Citovsky etal. (1992) based upon in vitro studies. 

B. Mechanisms of Short-distance Movement 

1. Functional Modification of Plasmodesmata 

The movement proteins of several plant viruses have been shown to modify 
plasmodesmata both structurally and functionally. Transgenic plants that 
express the TMV MP gene were used to show that the MP has an effect on the 
SEL of plasmodesmata (Wolf etaI., 1989). Microinjection of fluorescently 
labeled dextrans into individual cells of MP( +) transgenic plants showed that 
10 kDa molecules could move through plasmodesmata of these plants, while 
the largest able to move out of the injected cell in control plants was a 
0.75 kDa dextran. In a later study, it was reported that when purified TMV MP 
was co-injected with FITe-labeled dextrans into cells of a nontransgenic plant, 
there was an increase of plasmodesmatal permeability that allowed the move
ment of a 20kDa dextran from initially injected cells (Waigmann etal., 1994). 
Furthermore, the labeled dextrans moved 10-20 cells distal to the injected 
cell, suggesting that the MP can either potentiate SEL changes in nearby cells or 
that the MP itself moves from one cell to the next. These studies also identified 
a domain between amino acids 126 and 224 of the MP (MP contains 268 amino 
acids) that was necessary for altering SEL. 

The plasmodesmata of MP( +) transgenic plants are also structurally altered. 
The TMV MP was immunologically detected in secondary but not primary plas
modesmata of transgenic MP(+) tobacco plants (Ding etaI., 1992a; Moore 
et aI., 1992). As defined by Ding et al. (1992a), primary plasmodesmata are 
simple non-branched structures that are present in early stages of leaf develop
ment and secondary plasmodesmata are branched with an open center cavity 
and are characteristic of later stages of leaf development. In MP( +) plants, the 
open cavity is filled with fibrous material of unknown composition (Ding et aI., 
1992a; Moore etal., 1992) and is apparently labeled with anti-MP antibodies. 
Fibrous material in the central cavity of plasmodesmata of TMV infected plants 
was previously observed (Weintraub etal., 1976) and was presumed to be viral 
rods. This is probably an incorrect interpretation, since such fibers are seen in 
the absence of virus infection in transgenic plants that express the MP gene. 

Although the results of these studies are intriguing and show that the 
movement protein is capable of altering plasmodesmata function, they have 
not established a direct correlation between viral movement, increased SELS, 

presence of fibrous material in the plasmodesmata, and antibody labeling. 
Both Moore etal. (1992) and Ding etal. (1992a) performed an analysis of 
transgenic tobacco leaves of different developmental ages in an attempt to cor
relate these characteristics with movement of a MP(-) mutant of TMV. In both 
studies there were inconsistencies in the data. For example, movement of the 
MP(-) virus occurred in cells that did not stain with anti-MP antibody or contain 
fibrous material in the central cavity of plasmodesmata. This result can be 
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explained if the accumulation of the fibrous material resulted from an over
abundance of MP in plasmodesmata, rather than MP that is involved in virus 
movement. The lack of antibody staining of the plasmodesmata of young 
leaves may be due to differences in the amounts of MP needed for detection 
compared with the amounts needed for virus movement. 

A second inconsistency was presented by Ding etal. (1992a) who reported 
there was no movement of the 9.4 kDa dextran between cells at the tip of 
young leaves of MP( +) transgenic plants, although there was accumulation of 
fibrous material and labeling with anti-MP antibodies. Furthermore, MP(-) TMV 
can spread cell to cell in those tissues. It is possible that small amounts of MP 

can potentiate movement by altering the SEL, but the change is temporary and 
is not readily detected by dye coupling studies. This may also be the reason 
that Ding etal. (1992a) did not observe dye movement between bundle sheath 
cells into phloem parenchyma cells, despite the presence of TMV MP in the 
plasmodesmata of these cells. The movement of molecules through plasmo
desmata between bundle sheath and phloem parenchyma cells is proposed to 
be more stringently regulated than those between mesophyll cells (Leisner and 
Turgeon, 1993). Perhaps the presence ofMP in these cell types does not allow a 
permanent change in the SEL, and is therefore not detected by dye coupling 
studies. 

In recent studies, purified movement proteins have been injected into indi
vidual cells to investigate their role in host-virus interactions. Fujiwara et al. 
(1993) showed that co-injecting purified RCNMV MP with 9.4kDa FITc-Iabeled 
dextran into cells of cowpea (Vigna unguiculata) leaves caused an increase of 
the SEL of plasmodesmata and movement of the dye. It was also shown that 
fluorescently tagged MP moves out of the initially injected cell. These investi
gators also co-injected fluorescently labeled RCNMV RNA2 with the MP and 
showed that RNA moved into neighboring cells, whereas labeled DNA did not 
move. By injecting mutants of the RCNMV MP, it was possible to correlate the 
capacity to alter the SEL, movement of co-injected RNA, and the ability of the 
MP to potentiate movement of virus in inoculated plants. One of the MP 

mutants altered the plasmodesmata SEL, but was unable to move RNA from cell 
to cell, suggesting that these are separate functions of the MP. 

In a study reported by Noueiry etal. (1994), the BLI and BRI proteins 
encoded by bean dwarf mosaic geminivirus (BDMV), a single-stranded DNA 
virus, were injected into plant cells and assayed for the ability of each protein 
to move into adjacent cells and for their capacity to alter plasmodesmatal SEL. 

This study showed that BLI moved from cell to cell and altered the SEL so that 
a IOkDa dextran moved to adjacent cells. The BLI protein also potentiated the 
movement of single-stranded DNA but not RNA from cell to cell. The BRI 
protein was shown to potentiate the movement of viral DNA out of the nucleus, 
the site of virus replication, into the cytoplasm. It was previously shown that 
virus particles and virus-induced abnormalities occurred only in phloem 
parenchyma cells of BDMv-infected bean leaves, indicating that this virus is 
phloem-limited (Morales etal., 1990). The observation that injected BLI and 
BRI can function in mesophyll cells apparently indicates that the phloem limi-
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tations of the virus may not be due to inability of the proteins to function in 
mesopbyll cells. 

Changes in plasmodesmata function that result during virus infection have 
been studied by injecting TRV into leaf trichome cells of Nicotiana clevelandii 
(Derrick, 1992). Injected trichomes were removed at various times after injec
tion after which the remaining leaf tissues were observed for virus infection. In 
this way, these investigators determined the time required for the virus to 
move from injected cells into the leaf mesophyll cells. In this study, a 
minimum of four hours was required for the virus to move from the injected 
cell to adjacent mesophyll cells. FITc-Iabeled dextrans were injected at various 
times post inoculation to determine if the plasmodesmatal SELS were altered. In 
cells that were not injected with virus, dextrans of 0.54 kDa, but not 4.4 kDa 
moved from cell to cell. In cells that were infected, the 4.4 kDa dextran moved 
from cell to cell within 3 h post infection, consistent with the time required for 
spread of the infection. This report showed that alterations in SEL of plasmo
desma occurred during virus infection and were not simply an artifact related 
to the expression of MP in transgenic plant lines, or to the techniques associ
ated with the injection procedures. 

2. Structural Modification of Plasmodesmata 

In certain plant virus infections, viral transport involves the formation of 
tubules that alter the structure of plasmodesmata. In plants infected by CPMV, it 
was possible to observe virus particles in the tubules that passed through plas
modesmata (van Lent etal., 1991). However, the virus-like particles were not 
recognized by anti-coat protein (cp) antibodies (van Lent etal., 1991), perhaps 
because the antigenic sites of the CP were not accessible to the antibody. 
Similar results were obtained with TOIDRSV (Wieczorek etal., 1993). 

Electron microscopy/immunogold labeling studies of tissues infected with 
TOIDRSV (Wieczorek etal., 1993), CPMV (van Lent etal., 1991), red clover 
mottle comovirus (RCMV; Shanks etal., 1989), and CaMV (Linstead etal., 1988) 
hav~ shown that the respective movement proteins are associated with tubules 
in infected tissues. In TOIDRSV infected tissues, the tubular structures were 
found only in a zone of 1 to 4 cells in width immediately surrounding necrotic 
tissue (Wieczorek etal., 1993). Tubular structures were also observed in 
tissues infected with AlMv (Godefroy etal., 1990) and cucumber mosaic virus 
(CMV; Francki etal., 1985). However, unlike the tubules observed with 
comovirus infections, those observed with AlMv and CMV were transient and 
seen only at the leading edge of the infection. 

Euphorbia mosaic geminivirus (EMV) is phloem limited in some hosts, such 
as Euphorbia spp. but not in others, such as Datura stramonium (Kim and 
Lee, 1992). When EMV infects D. stramonium, tubules form transiently at the 
leading edge of the infection and virus-like particles are found within the 
tubules. Tubules have not otherwise been visualized in infections of gemi
niviruses that are phloem-limited. There are several reasons why tubules may 
not have been visualized in infected tissues. First, an MP may not be essential 
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for virus movement through the phloem, so tubules would not be produced. 
Second, since the tubules in EMV infected tissues are observed only at the 
leading edge of an infection, the chance of sectioning through a phloem cell 
with tubules may be slight. However, in light of the selective pressures on 
viral genomes, it seems unlikely that a nonessential gene would be maintained, 
suggesting that an EMV encoded protein may indeed have a role in movement 
of virus through phloem tissues, or that the virus is capable of infecting non
phloem tissues at some time during infection of the plant. 

Recently it was demonstrated that tubules can form in the absence of a cell 
wall or plasmodesmata. Protoplasts that were infected with either CPMV or 
CaMV, each of which produced tubules in infected plants, produced elongated 
tubules that extended from the surface of the protoplast (perbal eta!., 1993; 
van Lent etal., 1991) and bound anti-MP antibodies. The tubules were longer 
than those seen in infected cells, indicating that their physical nature may be 
regulated by the presence of the cell wall and/or plasmodesmata. Since the 
tubules are formed in the absence of plasmodesmata, it was suggested that the 
tubules are not altered forms of the desmotubule. In the case of CaMV, tubules 
were isolated from the protoplasts and shown by Western blot analysis to 
contain the PI protein (Perbal etal., 1993). Additional studies to determine the 
biochemical composition and ultrastructural nature of the tubules are neces
sary if the role of such structures in virus spread is to be determined. 

3. Requirement of Virus Coat Protein for Cell-to-Cell Movement 

While the MP is considered essential for cell-to-cell spread of virus infections, 
some viruses also require the CP for local movement. In many cases, the 
requirement of CP is taken as an indication that virions move from cell to cell, 
as is the case with CPMV (Wellink et al., 1989), although this remains to be 
confirmed for selected viruses. In several cases virions or virus-like particles 
were observed in tubules examined by electron microscopy (van Lent etal., 
1990). The CP of cucumber mosaic virus (CVM) is required for cell-to-cell 
movement (Suzuki eta!., 1991), and a mutant carrying a 26 amino acid dele
tion near the amino terminus of the CMV CP is capable of cell-to-cell spread, 
but not long-distance movement. Alfalfa mosaic ilarvirus requires the CP for 
spread in the inoculated leaf due, at least in part, to the role of the CP in repli
cation of the virus (Bol eta!., 1971). Finally, viruses may employ different 
mechanisms depending upon the host. For example, turnip crinkle carmovirus 
(TCV) requires the cp for cell-to-cell movement in Chenopodium amaranti
color and Brassica campestris, but not in N. benthamiana (Hacker eta!., 1992; 
Heaton etal., 1989). 

C. Long-distance Movement of Viral Infections 

Role of coat protein in long-distance movement. It is generally the case 
that the CP is required for long distance movement for plant viruses in most 
hosts, the exception being the bipartite geminiviruses (Gardiner eta!., 1988; 
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Hayes etal, 1988; Ward etal., 1988). Many viruses that require CP for long-dis
tance movement in one host may, in some circumstances, not require it in 
another host. For instance, mutations of either the CP or the origin of assembly 
in TMV render the virus unable to move throughout the plant (Saito et al., 
1990). However, TMV can systemically infect Nicotiana benthamiana without 
a functional CP (Dawson and Hili, 1992). N. benthamiana, however, may be an 
unusual plant host; in addition to its susceptibility to viruses without a CP, it is 
also susceptible to a great range of plant viruses (Dawson etaL, 1992). It 
would be interesting to know if the vascular tissue or the plasmodesmata 
between vascular and nonvascular tissues of these plants are different from 
those of other species of Nicotiana. Electron microscopy studies of the plas
modesmata connecting vascular and nonvascular cells and physiological 
studies of this plant may shed light on its unusual susceptibility to virus infec
tions. 

Role of virus movement proteins in long-distance spread of virus infec
tions. The role of virus movement proteins in long-distance movement is 
only now beginning to be elucidated. Geisman-Cookmeyer and Lommel 
(1993) showed that two mutants in the MP of RCNMV were able to move from 
cell to cell in inoculated leaves but were unable to move systemically. This is 
the first case of a mutation in the MP gene that uncoupled cell-to-cell and long
distance movement. 

The phloem-limited viruses may be especially useful for studying the role 
of MP in long-distance movement. It has been suggested that phloem-limited 
viruses such as the luteoviruses do not require an MP to infect plants (Atabekov 
and Taliansky, 1990). As discussed earlier, this is not the case for EMV which is 
able to infect leaf mesophyll cells in some hosts but is restricted to phloem 
cells in other hosts. Further study of the gemini virus MPS may reveal a distinct 
role of MP in phloem-mediated transport. 

D. Interactions Among Transport Functions from Different Virus Systems 

1. Effects of Mixed Virus Infections 

Studies of mixed virus infections have shown that both local and long-distance 
transport of some viruses on non-host plants can be triggered by co-inocula
tion with a second virus. For example, Dodds and Hamilton (1972) showed 
that TMV which normally remains in the inoculated leaves of barley plants, 
could move systemically when co-inoculated with barley stripe mosaic 
hordeiovirus. 

Mixed infection studies have also been performed with phloem limited and 
non-limited viruses (Atabekov and Dorokhov, 1984; Barker, 1987; Harrison 
etaL, 1990). TMv promoted the penetration of bean golden mosaic geminivirus 
(BGMV) into tobacco mesophyll cells (Carr and Kim, 1983), and potato leafroll 
luteovirus (PLRV) spread from phloem specific tissues into mesophyll cells 
when co-inoculated with tobamo-, poty-, potex-, tobra-, and umbroviruses 
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(Harrison etal., 1990). However, PLRV did not spread to mesophyll cells by co
inoculation with nepo-, cucumo-, enamoviruses, or parsnip yellow fleck virus. 
These studies showed that movement functions are sufficiently similar among 
certain viruses to effect cooperation among distantly related viruses. There 
seems to be no correlation between the apparent mechanism of virus move
ment and the ability of one virus to affect the movement of another, since 
viruses that form tubules in infected cells can promote the movement of non
tubule-forming viruses, and vice versa (Atabekov and Taliansky, 1990; 
Malyshenko etal., 1988b). Perhaps when more is known about the different 
functions of various movement proteins these relationships will be more 
clearly understood. 

2. Interactions Between Different Movement Proteins in Transgenic Plants 

To study the functions or phenotypes mediated by movement proteins apart 
from the effects of other viral proteins in the results of mixed infections, 
several studies have been performed with transgenic plants that express genes 
encoding MPS. Tobacco plants that express a TMV MP trans gene complemented 
movement of a mutant of TMV that lacks a functional MP (Holt and Beachy, 
1991). These MP(+) plants also facilitated the spread of PLRV into mesophyll 
cells (Holt and Beachy, 1989); this is similar to the studies by Atabekov and 
Taliansky (1990) with double infections of PLRV and TMV. The trans gene 
expressed in these plants also complemented a mutation of TRV that lacked a 
functional MP (Ziegler-Graff etal., 1991): the TRV mutant was able to spread in 
the TMV MP transgenic plants, but disease symptoms were not observed, sug
gesting a role for the TRV MP in symptom induction either in addition to sys
temic infection or as a result of systemic infection. 

Transgenic plants that express the TMV MP gene were also used to study the 
role of the TMV MP in the movement of RCMV RNA B in the absence of RNA M, 

which carries the MP for RCMV (Taliansky etal., 1992). Co-inoculation of RNA B 

with TMV causes local infection by RCMV RNA B, while co-inoculation with a 
mutant TMV that lacks a functional MP does not. However, transgenic MP( +) 
tobacco plants were unable to potentiate the movement of RNA B unless co
infected with MP( -) TMV. The authors suggested that the modification of plas
modesmata by the TMV MP is necessary but not sufficient for the movement of 
RCMV RNA B, and that an additional TMV component produced during virus 
replication is needed for movement. 

In summary, in the case of TRV and PLRV, neither of which apparently 
induces the formation of tubules, the TMV MP alone is capable of potentiating 
the spread of either virus. In contrast, in the case of RCMV, a virus that induces 
tubule formation, the TMV MP is necessary but not sufficient for spread of 
RNA B. These types of studies may reveal differences and similarities in the 
interactions of MPS of viruses that induce tubule formation and viruses that do 
not. 

Transgenic plants have also been developed to accumulate MPS from 
viruses that are not pathogenic on the transformed host, or with dysfunctional 
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MPS (dMP). Malyshenko etal. (1993) produced transgenic plants that express a 
gene encoding the brome mosaic bromovirus (BMV) MP and showed that these 
plants were somewhat resistant to infection by TMV, indicating that the BMV MP 
interfered in some way with the movement of TMV. Likewise, transgenic plants 
that accumulated a ts (temperature sensitive) form of the TMV MP prevented the 
spread of TMV if the plants were held at the non-permissive temperature for a 
substantial period of time (~14 days) prior to infection (Malyshenko etal., 
1993). 

Lapidot etal. (1993) developed transgenic plants that express an MP from 
which amino acids 3-5 were deleted. This MP was unable to potentiate move
ment of TMV when expressed in an infectious CDNA clone of TMV (Gafny etal., 
1992) or in transgenic plants (Lapidot etal., 1993) and was therefore described 
as a dMP (defective MP). Analysis of transgenic plants that express a gene 
encoding the dMP revealed that the dMP did not accumulate to the same levels 
in the cell wall fraction as wild type MP. Conversely, a greater proportion of 
the dMP was observed in the organelle/membrane fraction. Plasmodesmata of 
the transgenic plants that accumulate the dMP did not label with antibodies 
against the TMV MP and did not accumulate the fibrous material that is 
observed in transgenic plants that express the wild-type MP gene. The SEL of 
the plasmodesmata in these plants was increased to allow passage of a 3 kDa 
dextran but not passage of a 10 kDa dextran. It is interesting that these plants 
were resistant to a number of tobamoviruses (Lapidot etal., 1993) as well as 
viruses from other families such as TRV, peanut chlorotic streak caulimovirus 
(pc1sv), and AIMV (Cooper etal., 1995). It is likely that the dMP protects trans
genic plants from local and/or systemic infections by non-tobamoviruses by 
blocking at least one of the functions of the MP of the challenge virus. Analysis 
of transgenic plants that express mutant MPS may make it possible to further 
dissect the mUltiple functions of the MP. 

3. The Use of Hybrid Viruses to Study Virus Spread 

The specificity of interactions of MPS with host and other viral components has 
been studied by creating hybrid viruses. This approach has been applied to sun 
hemp mosaic tobamovirus (SHMv) and cowpea chlorotic mottle bromovirus 
(CCMV) by cloning the MP of SHMV into an infectious clone of RNA3 of CCMV, 

replacing the 3a gene of CCMV (Mise etal., 1993). The hybrid virus was 
capable of moving both cell to cell and systemically in cowpea plants, the 
natural host for both viruses. The fact that the tobamovirus MP can substitute 
for the 3a gene of CCMV led these authors to conclude that the function of the 
MP is not entirely dependent on RNA sequence, the nature of the capsid (SHMV 

is a rod shaped virus, CCMV is an icosahedral virus), or other viral components. 
However, the time course of infection of the hybrid virus was different from 
that of either parent virus, implying that in order to achieve optional rates of 
systemic infection there may be a requirement for specific interactions 
between the MP and other viral component(s). 
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4. Role of Movement Protein in Detennining Virus Host Range 

There is substantial evidence to conclude that the MP interacts with specific 
host components to cause the cell-to-cell and long-distance spread of infection 
(Meshi etaL, 1989; Weber etaL, 1993). Many plants are resistant to certain 
viruses because the viruses are unable to move from inoculated to adjacent 
cells. In such examples, the virus replicates in initially infected cells, but does 
not move to surrounding cells (Cheo, 1970; Cheo and Gerard, 1971; Sulzinski 
and Zaitlin, 1982). Studies of mixed infections were used to show that in some 
cases a second co-inoculated virus can potentiate the local spread of the first 
virus. Subsequently, studies were done with hybrid viruses in which the MP 

from one virus was exchanged with the MP of a related virus that has a differ
ent host range. Nejidat etal. (1991) replaced the TMV MP with that of tobacco 
mild green mosaic tobamovirus (TMGMV) and showed that the MP influences 
the size of local lesions on N. tabacum cv. Xanthi NN. Mise etal. (1993) 
showed that when the MPS of the bromo viruses BMV and CCMV were 
exchanged, the ability of the recombinant viruses to infect their natural host 
plants was also changed. In another study, Hilf and Dawson (1993) showed 
that the MP and CP of odontoglossum ringspot tobamovirus (ORSV) contains 
host range determinants by transferring the relevant gene sequences into an 
infectious CDNA clone of TMV. 

The sequences near the carboxyl-terminal end of tobamovirus MPS are 
highly variable (Saito et al., 1988) and it was proposed that this region con
tains the host range determinants of the tobamovirus MP (Saito etal., 1988). 
This proposal is supported by a recent study of a tobamovirus that infects shal
lots (Kwon etaL, 1994). The MP of this tobamovirus differs from the TMV MP 

by only eleven amino acids, eight of which are contained within the COOH 
terminal end of the MP. The role of the C-terminal region of the tobamovirus 
MP sequences in determining the host range of the virus was further confirmed 
by recent studies with ORSV and TMV (Fenczik etal., 1995; Holt etaL, 1995). 
Whereas TMV causes only a local infection on Vanilla planifolia, TMV that 
carries MP from ORSV in place of the TMV MP caused a systemic infection on 
V. planifolia, but not in N. tabacum (Holt etaL, 1995). A spontaneous mutant 
of the ORSV MP that resulted in a C-terminal truncation of 48 amino acids pro
duced a virus capable of infecting N. tabacum, but unable to infect V. planifo
lia. Fenczik etaL (1995) constructed mutations in MP gene sequence that 
truncated the ORSV MP in the chimeric virus. Following inoculation of the 
mutant chimeric viral RNAS to plants, it was determined that deleting 11 amino 
acids of the ORSV MP resulted in a virus that could infect N. tabacum at a 
more rapid rate than the full length ORSV MP, but could no longer infect 
V. planifolia. These studies conclusively demonstrated that MP sequences can 
determine whether or not a virus causes a local and/or systemic infection on a 
host. 

As discussed above, the MP plays a role both in cell-to-cell and long
distance movement of a virus in a potential host. Experiments that reveal how 
a virus is limited in a certain host may identify distinct MP functions that allow 
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the protein to participate in both cell-to-cell and long-distance spread of infec
tion. 

IV. Conclusions 

A full understanding of how plant viruses spread from their site of infection to 
adjacent cells and tissues distal to the infection will require knowledge both of 
the virus encoded movement proteins that are required for spread, and the 
components and functions of the structures through which spread occurs, the 
plasmodesmata. Although significant progress has been made to elucidate the 
biological and structural features of plasmodesmata, the isolation and charac
terization of components of the plasmodesmata have only just commenced. 
During recent years significant research effort has been directed toward char
acterizing the viral proteins that are essential for local and systemic spread of 
virus infections. While these studies have described interesting biological and 
biochemical features, the functional mechanisms of a single movement protein 
has yet to be discovered. Because of the intricate nature of the interactions 
between movement proteins and plasmodesmata in viral pathogenesis, and the 
importance of plasmodesmata in intercellular communication during plant 
growth and development, there is ample justification for continuing the studies 
that elucidate the structure and functions of these partners in pathogenesis. 
Furthermore, it is likely that a more complete understanding of these proteins 
and structures will lead to additional strategies to develop genetically modified 
plants with increased resistance to virus diseases and plants with altered inter
cellular communication and carbon allocation properties. 
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I. Introduction 

Nodule organogenesis is a highly-programmed developmental process trig
gered by rhizobial signal molecules and controlled by both Rhizobium and 
plant (Venna, 1992; Fisher and Long, 1992; Hirsch, 1992). Fonnation of 
Rhizobium-legume symbiosis provides a unique experimental system for 
genetic and molecular studies for communication between bacteria and host 
plants. Plant flavonoids and rhizobial Nod factors (modified oligosaccharides) 
are two classes of unique signal molecules that represent direct communica
tion between these two organisms. The host roots exude flavonoids that act as 
chemotactic agents to attract the rhizobia to move towards the root surface 
and, more importantly, as strong inducers to initiate rhizobial nod gene expres
sion. The nod genes encode enzymes responsible for biosynthesis and secre
tion of Nod factors (Carlson etal., 1994). Induction of the nod gene expression 
results in the production of Nod factors that elicit morphological changes in 
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the host roots. These changes include root hair curling, formation of nodule 
primodia in the cortical cell and nodule organogenesis. 

It is apparent that more than these two classes of signals are required, from 
both host plant and rhizobial partners, for a successful establishment of the 
symbiosis (see Verma, 1992). A body of evidence from genetic and biochemi
cal studies on rhizobia has suggested that bacterial factors (BFS) such as digly
cosyl diacylglycerol, and surface components of rhizobial cell may play 
important roles in the interaction between the two symbiotic partners (see 
below). The exact function of these rhizobial factors in the formation of sym
biosis, however, is not clear. Phytohormones, one of the key regulators in plant 
development, are likely to act as mediators in regulating nodule organogene
sis, the balance of which could be altered by both partners. 

II. Plant Flavonoid Signals and the Response of Rhizobia 

Many phenolic compounds are produced by plants under normal growth con
ditions as well as in response to pathogen invasion and wounding. Flavonoids, 
a distinct group of plant phenolics, share a common structure of two aromatic 
rings joined by a three carbon unit (C6-CT C6; see Fig. 1). Most flavonoids are 
water soluble colored compounds and are generally found in the vacuoles and 
chloroplasts in leaves and flowers. A group of flavonoids are also synthesized 
in legume roots, exuded into the rhizosphere and act as plant signals in induc
ing expression of Rhizobium nod genes. 

Biochemical studies on flavonoids biosynthesis have revealed that the first 
ring (ring A) of a flavonoid is formed by condensation of three molecules of 
malonyl-CoA with one molecule of acetyl-CoA. The phenylpropane residue 
(ring B and the C3 unit) is derived from coumaric acid that is formed via the 
shikimate pathway (Van Der Meer eta!., 1993). Different flavonoids are pro
duced by modifications on the core flavonoid molecule via oxidation, hydroxyl
ation, methylation or glycosylation. Oxidation and substitution in the C ring 
result in the formation of chalcones, flavanones, flavonols, isoflavonoids, 
flavones and anthocyanins. Extensive studies in this area over the past years 
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Fig. 1. Chemical structure of flavonoids (a). Luteolin (b) is the first flavonoid compound that 
was shown to be an inducer of rhizobial nod genes 
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have focused on flavonoid biosynthesis in flowering plants where they act as 
flower colors. Mutagenesis has identified at least 35 genetic loci in Petunia 
and 10 genes in maize, that are involved in flavonoid biosynthesis (Dooner 
etal., 1991). Some of these genes, encoding both biosynthetic enzymes and 
regulatory proteins, have been cloned and characterized (see Van Der Meer 
etaI., 1993). Induction of these genes is regulated by a number of factors such 
as uv light, pathogens and Rhizobium infection (Estabrook and Sengupta
Gopalan, 1991; Lawson eta!., 1994). Genetic studies have suggested that syn
thesis of specific flavonoids and concentration of these compounds in the 
rhizosphere are two important factors for induction of Rhizobium nod gene 
expression. Both traits are believed to be controlled by the host genes 
(Kapulnik etal., 1987). 

The ability of a flavonoid compound to induce Rhizobium nod gene 
expression is usually assayed by monitoring the induction level of a fused 
gene that contains the bacterial lacZ coding region under the control of a nod 
gene promoter. Because expression of Rhizobium nodABC genes is induced 
during early interaction of rhizobia with legume roots, promoters of these 
genes should be able to sense possible plant inducers. By measuring the 
expression level (~-galactosidase activity) of lacZ fused to nod ABC in 
Rhizobium cells in the presence of legume exudates, many plant flavonoids 
acting as signals have been identified. By using this assay, it was first demon
strated that extracts of several legume plants are able to induce Rhizobium nod 
genes (Rossen eta!., 1985; Mulligan and Long, 1985; Innes eta!., 1985). The 
first plant flavonoid compound identified to be active as inducer was luteolin 
(Fig. 1) from the alfalfa seed extracts (Peters etal., 1986). Many flavonoids are 
found to be conjugated with sugars. The luteolin may be released enzymati
cally from its glyco-conjugate, luteolin-7-glucoside (Hartwig and Phillips, 
1991). It was later found that luteolin, though existing in alfalfa seed extracts, 
is not present in alfalfa root exudates. Instead, the active compouds that are 
actually exuded into the rhizosphere are chalcone derivatives (Maxwell et al., 
1989). The chalcone compounds are more active than luteolin as the former 
induce nod genes at a concentration (about lOnM), one order of magnitude 
lower than the latter (100 nM). Detailed studies have revealed that different 
legume species may release specific flavonoid molecules and an individual 
species can exude several different flavonoids. Soybean exudates contain at 
least two active isoflavones, daidzein and genistein (Kosslak eta!., 1987; 
Sadowsky etal., 1988). Six flavanones and two chalcones have been identified 
to be active for induction of Rhizobium nod gene expression (Recourt et al., 
1991). Common bean roots exude at least three flavonoids that induce tran
scription of Rhizobium nod genes at a nanomolar concentration (Hungria et al., 
1991b), while seeds ofthe plants release up to eleven active flavonoids that act 
as inducers of nod genes (Hungria et al., 1991a). 

Production and release of flavonoids seem to be enhanced during rhizobial 
infection (Recourt eta!., 1991; Van Brussel et aI., 1990). Chalcone synthase 
(CHS) catalyzes the stepwise condensation of malonyl-CoA with coumaroyl
CoA to produce a chalcone molecule and is regarded as the key enzyme of the 
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Table 1. Location and possible functions of nod genes 

Gene Group Cellular location Possible functions Ref. 

nodD inner membrane transcriptional activator 1,2 
nodA common cytoplasm N-acyltransferase 3-7 
nodB common cytoplasm chitooligosaccharide 3-8 

deacetylase 
node common cytoplasmic membr. N-acetylglucosaminyl- 9-11 

transferase 
nodI common cytoplasmic membr. ATP-binding transport 12-14 

protein 
nodJ common cytoplasmic membr. transmembrane protein 12-14 
nodE host specific cytoplasmic membr. ~-ketoacyl synthase 15, 16 
nodF host specific cytoplasm acyl carrier protein 17-19 
nodG host specific cytoplasm ~-ketoacyl reductase 15, 17 
nodH host specific cytoplasmic membr. sulphotransferase 20-22 
nodL host specific cytoplasmic membr. acetyl transferase 23 
nodM host specific cytoplasm glucosamine synthase 24 
nodN ? ? possible GlcNAc-P uridyl 25,26 

transferase 
nodO ? secreted Ca2+ -regulated ion channel 27-29 
nodP host specific cytoplasm ATP sulfurylase 30 
nodQ host specific cytoplasm adenosine 5' -phosphosul- 30 

phate kinase 
nodS host specific ? methyltransferase 31 
nodT host specific outer membrane membrane protein 32 
nodV ? ? sensor protein of the two- 33 

component system 
nodW ? ? activator of the two- 33 

component system 
nodX host specific ? hydrophobic membrane 34,35 

protein 
nodZ host specific ? 2-0-methylfucosyl 36 

transferase 
SymM ? ? transcriptional activator 37 
nolR ? ? repressor of nodD 38 

References: 1, Mulligan and Long, 1985; 2, Honma and Ausubel, 1987; 3, Atkinson etal., 1994; 
4, Eglehoff etal., 1985; 5, J. Schmidt etal., 1986; 6, J. Schmidt eta!., 1988; 7, Rohrig 
etal., 1994; 8, John etal., 1993; 9, John etal., 1985; 10, Johnson etal., 1989; 11, Geremia 
etal., 1994; 12, Evans and Downie, 1986; 13, Schlaman etal., 1990; 14, Vazquez etal., 1993; 
15, Horvath eta!., 1986; 16, Bibb etal., 1989; 17, Debelle etal., 1986; 18, Shearman 
eta!., 1986; 19, Spaink etal., 1991; 20, Faucher etal., 1989; 21, Roche etal., 1991; 22, 
P. Schmidt etal., 1994; 23, Downie, 1989; 24, Baev etal., 1991; 25, Surin and Downie, 1988; 
26, Carlson etal., 1994; 27, Economou etal., 1990; 28, Scheu etal., 1992; 29, Sutton etal., 
1994; 30, Schwedock and Long, 1990; 31, Geelen eta!., 1993; 32, Surin eta!., 1990; 33, Gottfert 
eta!., 1990; 34, Davis etal., 1988; 35, Finnin etal., 1993; 36, Stacey etal., 1994; 37, Demont 
eta!., 1994; 38, E. Kondorosi eta!., 1991. 
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flavonoid biosynthesis. Several copies of CHS genes have been identified and it 
has been demonstrated that expression of these genes is differentially induced 
during Rhizobium infection of soybean roots (Estabrook and Sengupa
Gopalan, 1991). Induction of CHS gene expression by rhizobial occurs before 
root hair deformation (Lawson et al., 1994). Activation of isoflavonoid biosyn
thesis pathway by Rhizobium Nod factors also occurs in alfalfa cell suspen
sions (Savoure etal., 1994). This enhancement may be a result of a general 
response to stress caused by rhizobial infection, a phenomenon often seen 
during pathogen invasion. It is also possible that during rhizobial infection, the 
bacteria secrete elicitor-like substances (along with Nod factor) that in tum 
enhance the production of active plant flavonoids (Recourt etal., 1992). 
Flavonoid accumulation in soybean root exudate can be induced by Nod 
factors from Bradyrhizobiumjaponicum (P. Schmidt etal., 1994). 

III. Synthesis of Nod Factors by Rhizobium 

Rhizobial genes that are essential for initiation of nodulation on host roots are 
known as nod genes. Since all the letters of the alphabet have been used up to 
designate this group of genes, the newly identified nod genes were assigned as 
nol genes. Mutation in these genes results in delay or abolishment of nodule 
formation, or change in host specificity. The nod genes are involved in the pro
duction of Nod factors. A list of possible biochemical functions of these genes 
is presented in Table 1. The nod genes in the fast-growing Rhizobium species 
like R. meliloti are clustered on a large plasmid, called pSym, while in the slow
growing species such as B. japonicum, they are found on the chromosome. 

Early studies indicated that the sterile supernatants of rhizobial cultures 
that had been treated by root extracts were able to cause changes in root or 
root hair morphology (see Denarie etal., 1992). Culture supernatants extracted 
with organic solutions were subjected to chromatography followed by a test 

Fig. 2. Structure of the Nod factor NodRm-l from Rhizobium meliloti 
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for their ability to induce root hair deformation (known as Had phenotype). 
Using this bioassay, Nod factors were purified from R. meliloti strains over 
expressing the nod genes (Lerouge etal., 1990; Roche etal., 1991). Structural 
studies on the purified Nod factors have demonstrated that these compounds 
represent a new family of lipo-oligosaccharides (Fig. 2). The basic structure is 
a tetra- or pentamer of ~-1 ,4-linked N-acetylglucosamine residues. On the ter
minal non-reducing sugar residue, the N-acetyl group is substituted with an N
fatty acyl (CI6-18) chain. Nod factors from R. meliloti are also O-sulfated on 
the reducing end. Length of the oligossacharide backbone, and length and sat
uration degree of the fatty acid chain may vary depending on the rhizobial 
strains. An individual strain may produce a family of these factors with 
slightly different structures (Relic etal., 1994). Active Nod factors have now 
been purified from different rhizobia including Rhizobium, Bradyrhizobium 
and Azorhizobium spp. They all share similar chemical structure. 

A. NodD-the Sensor of Plant Flavonoids 

While most of the nod genes are expressed only in the presence of a host
specific flavonoid, the nodD gene is expressed constitutively in free-living 
cells. The nodD gene encodes a transcriptional activator that, with the help of 
plant inducers, binds to the nod box, a highly conserved DNA sequence often 
present in the promoter regions of the nod operons (Fisher etal., 1988; 
Horvath etal., 1987). This binding greatly promotes the expression of nod 
genes leading to the synthesis of the Nod factors. Although there has not been 
direct evidence for an interaction of plant flavonoids with the NodD proteins, 
it is believed that they interact directly in the Rhizobium inner membrane where 
both NodD protein and plant flavonoids were found to accumulate (Schlaman 
etal., 1989; Recourt etal., 1989). This has been supported by the identification 
of the C-terminal regions of the NodD proteins that are responsible for 
flavonoid recognition and activation (Spaink etal., 1989; Horvath etal., 1987). 

How do NodD proteins sense various active flavonoids produced by an 
individual legume species? It was thought that a NodD protein can bind to and 
be activated by different flavonoids. Since most rhizobia possess multiple 
copies of nodD genes (Honma and Ausubel 1987; Davis and Johnson 1990; 
Vanrhijn etal., 1993; G6ttfert, 1993), it is more likely, however, that different 
flavonoids may bind to and activate a specific NodD protein. The specificity of 
each different nodD occurs at the level of their amino acid sequence (Horvath 
etal., 1987; Spaink etal., 1989). The R. meliloti NodD1 is activated by 
flavones such as luteolin (Peters etal., 1986), whereas NodD2 interacts with 
betains such as trigonelline and stachydrine (Phillips etal., 1992). NodD3, in 
conjunction with SyrM (another transcriptional factor), is involved in the 
control of gene expression by the level of ammonia and the production of a 
particular class of Nod factors with a (oo-1)-hydroxyl group on the acyl chain 
(Dusha and Kondorosi, 1993; Demont etal., 1994). Chalcone from alfalfa root 
exudates activates NodDl and NOdD2 proteins whereas other flavonoids acti
vate only the NodD1 protein (Hartwig etal., 1990; Honma etal., 1990). In 



Signals in Legume-Rhizobium Interaction 287 

contrast to most nodD genes that are expressed constitutively, B. japonicum 
nodDI gene is inducible only by soybean flavonoids (genistein and daidzein) 
and is essential for flavonoid induction of other nod genes (Banfalvi etal., 
1988; Smit etal., 1992). It has also been shown that clover secretes two types 
of phenolic compounds: one stimulates and the other represses nod gene 
expression in R. trifolii (Djordjevic etal., 1987b; see also Peters and Verma, 
1988). It is likely that different combinations of plant flavonoid inducers with 
Rhizobium NodD proteins might represent a mechanism regUlating the early 
interaction between legume roots and rhizobia, and determining the first level 
of control of host specificity. 

~NOdMlGlmS 

Q 
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lNOdC 
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Fig. 3. Proposed pathway of Nod 
factor synthesis in Rhizobium. 
Glucosamine, the substrate for Nod 
factor backbone, is produced by 
NodM and GlmS glucosamine syn
thases. The chitooligosaccharide 
chain of Nod factors is assembled by 
Node N-acetylglucosaminyl trans
ferase. NodB is a chitooligosaccha
ride deacylase that removes the 
N-acetyl group of the nonreducing 
end of the chitooligosaccharide. 
NodA, possessing acyltransferase 
activity, is responsible for the addi
tion of fatty acyl tail to the deacety
lated nonreducing end of the chito
oligosaccharide. Host specificity of 
Nod factors is often determined by 
proper modification of the chito
oligosaccharide backbone (see text 
for detail) 



288 Zonglie Hong and Desh Pal S. Verma 

B. Common nod Genes and Synthesis of the Nod Factor Backbone 

The nodABC genes are found to be responsible for the synthesis of the lipo
oligosaccharide backbone (Spaink etal., 1991). Extensive genetic and bio
chemical studies have allowed deciphering of several key steps in the 
synthesis of the Nod factor backbone. These include synthesis of the oligosac
charide chain, deacetylation and transfer of an acyl moiety (Fig. 3). The 
oligosaccharide chain is produced by Node. The NodC protein expressed in E. 
coli possesses the N-acetylglucosaminyl transferase activity and is responsible 
for the assembly of the chitooligosaccharide chain, the first step in biosynthe
sis of Nod factors (Geremia etal., 1994). NodB protein is a chitooligosaccha
ride deacetylase that removes the N-acetyl group at the nonreducing end of 
chitooligosaccharides (John etal., 1993). This deacetylation is necessary for 
attachment of the fatty acyl chain. The last step, N-acylation on the deacety
lated nonreducing end of chitooligosaccharides, is carried out by NodA that is 
an N-acyltransferase (Rohrig etal., 1994; Atkinson etal., 1994). NodB and 
NodA proteins may possibly act as a complex in vivo, as has been suggested 
based on localization studies (Johnson etal., 1989). They could function sepa
rately because NodB is not required for NodA acyltransferase activity if the 
acetyl group ofthe substrate is absent (Atkinson etal., 1994). 

The nodIJ genes have also been detected in all rhizobial species (Evans 
and Downie, 1986; Surin etal., 1990). These two genes of R. leguminosarum 
bv. viciae do not seem to be required for nodulation on pea, but are essential 
for nodulation on vetch (Evans and Downier, 1986). Mutations in nodIJ result 
in a delay in nodulation. The nodIJ genes encode an ATP-binding transport 
protein and a transmembrane protein, respectively (Evans and Downie, 1986; 
Schlaman etal., 1990; Vazquez etal., 1993). Both proteins are located on the 
inner membrane and may form a transport complex responsible for the secre
tion of Nod factors to the periplasm. It remains unknown how Nod factors are 
secreted from the periplasm to the surface of rhizobia. It has been proposed 
that an unknown protein with homology to E. coli periplasmic protein KpsD 
may be involved in this step (Carlson etal., 1994). 

C. Host-specific nod Genes and Modification of Nod Factors 

The symbiotic interaction between Rhizobium species and their legume host 
plants is highly specific. R. meliloti nodulates alfalfa, while R. leguminosarum 
bv. viciae forms nodules on pea and vetch, respectively. Genetic observations 
have indicated that the host range is determined by rhizobial host-specific nod 
genes, for example, nodFEG, nodH, nodP, and nodQ in R. meliloti (Faucher 
etal., 1989; Lerouge etal., 1990; Schwedock and Long, 1990). Transfer of 
these genes from one Rhizobium species to the other can change the host range 
(Cervantes etal., 1989; Roche etal., 1991). Mutations in these genes do not 
totally block nodulation; but cause a nodulation delay or a change, in some 
cases, in the host range. Some of these host-specific genes can be present in a 
particular species or biovar, but not in another one. Studies on molecular struc-
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ture of Nod factors demonstrate that the host-specificity of R. meliloti is basi
cally determined by the presence of a sulphate group on the reducing end and 
modifications of the acyl chain on the other end of the Nod factor molecule 
(Lerouge etaL, 1990; Spaink etaL, 1991). It remains largely unknown when 
these modifications take place during Nod factor biosynthesis. Roles of indi
vidual host-range nod genes have been biochemically correlated with the 
modifications of the Nod factors. 

Sulfation reaction in E. coli and eukaryotes includes activation of sulfate, 
generating adenosine 5'-phosphosulphate (APs) and 3'-phosphoadenosine 5'
phospho sulphate (PAPs), and transfer of the activated sulfate group to a target. 
APs and PAPS are generated by ATP suIfurylase which is composed of two sub
units encoded by cysN and cysD in E. coli. NodP and nodQ have been shown 
to be homologs of cysN and cysD and possess ATP sulfurylase activity both in 
vitro and in vivo, and are apparently involved in production of activated sul
phate, PAPS (Schwedock and Long, 1990). Transfer of the activated sulfate to 
Nod factor precusors is apparently catalyzed by a sulphotransferase encoded by 
nodH (Roche etaL, 1991). Mutations in nodH or nodQ resulted in production 
of an unsulphated Nod factor that can no longer induce nodule structure on the 
respective host (alfalfa) roots, but is still active on vetch (Roche etaL, 1991). 
In R. meliloti, there are two additional homologs of nodPQ, of which nodP2Q2 
genes are able to partially complement nodP]Q] deletion, while the third set 
does not (Roche etal., 1991). NodX from R. leguminosarum bv. viciae TOM 
strain has homology to transacetylases and catalyses the addition of an acetyl 
group at 0-6 of the acetylglucosarnine residue (Firmin etal., 1993). This 
modification is required for nodulation on Afghanistan peas. NodZ from B. 
japonicum may encode a fucosyl transferase and is responsible for fucosyla
tion at the 0-6 of the reducing acetylglucosamine residue (Stacey et aI., 1994). 
NodS has homology to S-adenosylmethionine-dependent methyl transferase 
and may be responsible for the addition of an N-methyl group at the nonreduc
ing end (Geelen etal., 1993). 

Biochemical functions of host-specific nod genes implicated in modifi
cation of the acyl chain of Nod factors are primarily based on sequence homol
ogy with the known proteins. NodL shares homology with E. coli acetyl
transferase (Downie, 1989) and is able to add in vitro O-acetyl groups to lipo
oligosaccharides, chitin fragments and N-acetylglucosamine (Bloemberg et aI., 
1994). It is proposed that NodL is responsible for 6-0-acetylation of Nod 
factor precursors. Mutation in R. meliloti nodL results in the production of 
non-O-acetylated Nod factors and a significantly reduced capability to elicit 
infection thread formation in alfalfa, suggesting that O-acetylation of Nod 
factors is required for bacterial entry into the host roots (Ardourel etaL, 1994). 
The deduced amino acid sequences of nodFEG genes are homologous to acyl 
carrier proteins, ~-ketoacyl synthase and ~-ketoacyl reductase, respectively. 
These proteins have been implicated in synthesis and modification of the 
specific fatty acyl chains that are then transferred by NodA to the nonreducing 
end of Nod factor precursors (Horvath etaL, 1986; Bibb etaL, 1989; Debelle 
etaL, 1986; Shearman etal., 1986). Mutation in R. meliloti nodF results in a 
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low efficiency of infection thread formation in alfalfa. Double nodFlnodL 
mutants are unable to penetrate into host roots (Ardourel etaI., 1994). 
Although nodFE genes are conserved between R. meliloti and R. legumi
nosarum bv. viciae, they are not functionally equivalent. The R. meliloti 
nodFE genes determine the synthesis of unsaturated acyl chain (C16:2 or 
C16:3), whereas the allelic genes in R. leguminosarum bv. viciae direct the 
synthesis of C18:4 acyl moiety (Demont etaI., 1993). Synthesis of a specific 
fatty acyl chain for Nod factor precursors thus represents another mechanism 
of host-range determination. 

A class of host specific nod genes appear to be important for nodulation on 
a host, but are disposable for interaction with other host legumes. NodV and 
nodW are suggested to encode a two-component regulatory system in 
B. japonicum, which is essential for nodulation on bean and cowpea but con
tributes only marginally to the ability to nodulate soybean (Gattfert etal., 
1990). This system seems to sense the presence of host flavonoid compounds 
and activates full expression of the common nod genes (Sanjuan etaI., 1994). 
NodT and nodX from R. leguminosarum and nolYZ from B. japonicum have 
also been described to be required for efficient nodulation on a partiCUlar host 
(Surin etaI., 1990; Davis etaI., 1988; Dockendorff etaI., 1994). 

In R. meliloti, nodO gene encodes a secreted protein that can form a Ca2+

regulated ion channel in an artificial membrane (Economou et aI., 1990; Sutton 
etal., 1994). This host-specific gene has been implicated in the early recogni
tion between rhizobia and the host. It is likely that this secreted rhizobial 
protein forms ion channels in the plant plasma membrane or the peribacteroid 
membrane and facilitates the response of the plant to Rhizobium signals by 
enhancing ion fluxes (Scheu etaI., 1992). 

The nodM is more closely related to the common nod genes than to host
specific nod genes, although it is currently classified to the latter group. This 
gene encodes an amidotransferase and is involved in the production of glu
cosamine, the precursor for the Nod factor backbone. The R. meliloti nodM gene 
can complement a glucosamine (glmS) auxotroph of E. coli, suggesting that 
NodM is involved in glucosamine biosynthesis (Baev etal., 1991). There are 
two genes (nodM and glmS) coding glucosamine synthases in R. leguminosarum 
(Marie et aI., 1992). NodM and glmS are functionally homologous, but 
expressed differently. GlmS is expressed constitutively and is required for nor
mal growth whereas nodM gene is induced during the interaction between the 
bacteria and legume roots. Induction of nodM gene expression may result in the 
increase of glucosamine concentration that is required for Nod factor synthesis. 

IV. Other Rhizobial Signals Affecting Nodule Formation 

Purified NodRm-1 at concentration of 10-11 M triggers root hair deformation 
and at higher than 1O-7 M it induces root cortical cell divisions as well (Spaink 
etaI., 1991). However, development of the nodule-like tissues induced by Nod 
factors is limited with the exception of Glycine soja in which Nod factors seem 
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to induce complete nodule-like structures (Stokkermans and Peters, 1994). No 
infection threads are formed and no late-nodulin gene expression has been 
detected in these nodule-like tissues. This suggests that other rhizobial factors 
may be required for nodule development. Among these factors, bacteria-pro
duced phytohormones, bacterial factors (BF) and polysaccharides have attracted 
some attention. In addition, specific proteins are known to be secreted by bacte
ria that may interact with the host. The latter may be more important once the 
bacteria come in direct contact with the host plasma membrane. 

A. Rhizobia-produced Phytohormones 

Rhizobium species are known to produce physiologically significant levels of 
plants hormones such as auxins, gibberellins and cytokinins during free-living 
growth and in association with legumes. Two biosynthetic routes involving 
indolepyruvate or indoleacetamine have been implicated in IAA synthesis in 
rhizobia. Enzymes of the indolepyruvate pathway were found to be expressed 
constitutively in R. meliloti and play an important role in IAA synthesis when 
high levels of exogenous tryptophan are present (Kittell etal., 1989). 
Biochemical evidence has also suggested that B. japonicum can synthesize IAA 

via an indoleacetamine intermediate, a pathway that is also used to produce 
IAA in Agrobacterium tumefaciens. This pathway uses indole-3-acetonitrile as 
a substrate and is catalyzed by nitrile hydratase and amidase (Kobayashi etal., 
1995). A different pathway for IAA synthesis via nitrilase has been found in 
some phytopathogenic microorganisms but has not been shown to be present 
in Rhizobium species (Kobayashi etal., 1995). Genes controling auxin biosyn
thesis pathway may play an important role during infection and nodule devel
opment because IAA production by R. meliloti is stimulated by the addition of 
flavonoids (Prinsen etal., 1991). Treatment of R. meliloti with flavonoids 
induces production of new cytokinins, suggesting that these phytohormones 
may be involved in the development of nodule structure (Sturtevant and Taller, 
1989; Taller and Sturtevant, 1991). Although these results are not conclusive, 
it is possible to demonstrate the role of rhizobia-produced hormones in nodule 
organogenesis by mutation of the corresponding genes and hence blocking the 
hormone biosynthesis. It has recently been shown that a B. elkanii mutant 
strain with reduced IAA production produces significantly less nodules on 
soybean roots and this deficiency can be suppressed by exogenous IAA applica
tion (Fukuhara etal., 1994). Another strategy has recently been taken by over
expression of an Agrobacterium trans-zeatin secretion (tzs) gene in a 
Rhizobium nod- mutant (Cooper and Long, 1994). Overproduction of trans
zeatin was able to complement nod gene mutations and conferred the mutant 
strain to produce functioning nodules. 

B. Bacterial Factors 

In addition to the Nod factors and phytohormones, Rhizobium species also 
produce a number of bacterial factors (BF) that are active on legume roots, 
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Fig. 4. Structures of the bacterial factors, N-acetylglutarnic acid (BF-5) and 1,2-diacyl-3-0-(a
D-glucopyranosyl-(l-73)-O-a-D-mannopyranosyl)-glycerol (BF-7) from Rhizobium legumi

nosarum biovar trifolii 

causing root hair proliferation, branching or deformation, cortical cell divi
sions or thick-short-root response. Of these factors, BF-5 has been identified 
as N-acetylglutamic acid (Philip-Hollingsworth etal., 1991) and BF-7 as 
diglycosyl diacylglycerol, a membrane glycolipid (Orgambide etal., 1994) 
(Fig. 4). The latter can induce root hair deformation and root cortical cell divi
sion at concentrations of 10-11 M, similar to the concentration at which the 
lipooligosaccharide Nod factors are effective. Moreover, production of these 
two factors is dependent on nod gene induction by flavonoids and their biolog
ical activity is host specific. It is, however, not known whether the genes 
responsible for BF production are essential for the symbiosis. 

C. Rhizobial Polysaccharides 

Following rhizobial infection, tubular structures, known as "infection threads", 
are initiated from the root hair and reach to the dividing cortical cells. The 
infection threads provide specialized "tunnels" for Rhizobium cells to enter 
into the cortical cells. As rhizobia enter the host cells, they are enclosed in 
plasma membrane envelopes, the peri bacteroid membrane. Several rhizobial 
genes, ndv, Ips, and exo, are involved in the development of the infection 
threads and affect the entry of rhizobia into the plant cells. Mutations in these 
genes lead to the retention of bacteria in the infection threads or the formation 
of empty nodules devoid of bacteria, a phenotype termed nodule development 
defective (Ndv-). These genes encode bacterial surface components and are 
usually required for infection thread formation and bacterial release, in addi
tion to eliciting root hair deformation (Noel, 1992). 

1. Exopolysaccharides 

Exopolysaccharides (EPSS) are accumulated during late stages of rhizobial 
growth and are a major component of the extracellular material. The exo 
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mutants fail to synthesize acidic EPSS and induce small, white nodules (Finan 
etal., 1985; Leigh etaI., 1987). Different exo mutants were isolated by select
ing for nonfluorescent colonies in the presence of Calcofluor that binds to 
polysaccharides. These mutants usually contain functional nod genes and are 
able to induce root hair deformation and initiate infection thread formation 
(Klein et aI., 1988a, b). However, the infection threads abort early, leading to 
the formation of empty nodules. The Ndv- phenotype caused by R. legumi
nosarum exo mutants can be suppressed by the addition of exogenous high
molecular-weight EPS (Djordjevic etaI., 1987). For R. meliloti, only low
molecular-weight EPS is effective in restoring exoA mutation to wild type 
phenotype, suggesting that only some types of EPS can be effective signals for 
the formation of infection thread (Battisti etaI., 1992). Two types of EPS 

are distinguished: EPS I that binds Calcofluor and EPS II that does not bind 
this dye (Leigh etal., 1985; Glazebrook and Walker, 1989). A number of 
genetic loci related to EPS synthesis and secretion have been identified and 
some of these loci have been sequenced from R. meliloti (Leigh and Walker, 
1994; Petrovics etaI., 1993). It is still not clear what role EPS plays during 
infection. Epss are proposed to act as signals for eliciting necessary plant 
responses or as suppressors of deleterious plant reactions (Halverson and 
Stacey, 1986). The acidic EPSS may serve as a protective layer that blocks dif
fusion of bacterial "toxins" to the host plant cells or plant phytoalexins to the 
bacteria (0' Connell et aI., 1990) and prevents elicitation of host defense 
(Verma and Nadler, 1984). 

2. Lipopolysaccharides 

Lipopolysaccharides (LPSS) are components of the bacterial outer membrane. 
They consist of a membrane-anchoring lipid moiety (lipid A) and a polysac
charide chain that is composed of a core oligosaccharide and an outer, strain
dependent O-antigen. Lps is required for normal nodule development in most 
of the legume plants except alfalfa on which R. meliloti Ips mutants induce 
functional nodules (Clover et aI., 1989). Defects in LPS synthesis in R. /egumi
nosarum result in the induction of empty nodules in which the rhizobia are not 
released from the infection threads (Priefer, 1989) or the infection threads 
abort at early stage (Noel etal., 1986; Diebold and Noel, 1989). The Ips 
mutants were originally isolated from R. leguminosarum as Ndv- mutants, of 
which many were found to be defective in LPS (Noel etaI., 1986). Five genetic 
loci comprising more than a dozen Ips genes have been identified (Noel, 1992; 
Brink etaI., 1990). Mutations in these genes have been found to affect the 
structures of the core-oligosaccharide of the O-antigen. A substantial variation 
in LPS structure appears to be tolerated for its role in nodule development. 
Moreover, the structure of LPS itself seems to change during nodule formation 
(Wood etaI., 1980) or in the presence of host flavonoids (Reuhs etaI., 1994), 
which has made the genetic dissection of LPS biosynthesis more difficult and 
complicated. Despite the high variability in structure, the O-antigen portion of 
the LPS does not seem to serve as host-range determinant because replacing 



294 Zonglie Hong and Desh Pal S. Verma 

one type of the O-antigen in a bacterial strain by another type from a different 
rhizobial strain does not change the host specificity of the strain (Brink etal., 
1990). This result does not support the hypothesis that the O-antigen polysac
charide chain may be released from LPS and serve as diffusible signal molecule 
(Diebold and Noel, 1989). It has been proposed that LPS may playa protective 
role, as does EPS (see above), to mask bacterial elicitors or plant phytoalexins 
(Djordjevic etal., 1987a). The observation that LPs-defective mutants trigger 
host defense responses in pea nodules suggested that LPS plays a role in reduc
ing host defense response during infection by rhizobia (Perotto etal., 1994). It 
is also possible that LPS provides an appropriate bacterial surface for interac
tion with the plant plasma membrane during endocytosis. 

Lipopolysaccharides may stabilize the outer membrane of the rhizobia 
against physiological stresses (pH and osmotic conditions) during endocytosis 
(Kannenberg and Brewin, 1989). It is also possible that these bacterial surface 
components provide specific carbohydrate groups that interact with the plant 
membrane (Ho etal., 1990). A Rhizobium Tn5-induced mutant seems to fail to 
interact with the host at the stage of endocytosis, leading to the formation of 
nodules largely devoid of bacteria (Morrison and Verma, 1987). Several other 
mutants of this type have been isolated by G. Stacey's and H. Hennecke's 
groups. 

3. ~-Glucans 

Another group of rhizobial surface components that are required for nodule 
development are ~-glucans that are found mainly in the periplasm but also are 
secreted by bacteria. Most Rhizobium species synthesize ~-1,2-glucan consist
ing of about 20 glucose residues, while B. japonicum also produces ~-1,3-
glucan and ~-1,6-glucan. A class of rhizobial Ndv- mutants are found to be 
~-1,2-glucan deficient. Two genes, ndvA and ndvB, have been indentified in 
R. meliloti to be involved in ~-1,2-glucan synthesis and export. The former 
encodes a hemolysin homolog and may be involved in the ATP-dependent 
transport of ~-1,2-glucan to the outer membrane (Stanfield etal., 1988). The 
latter encodes a 319 kDa membrane protein that binds to UDP-glucose, an inter
mediate in ~-1,2-glucan synthesis (Ielpi etal., 1990). Mutations in ndvA and 
ndvB genes result in the formation of incompletely developed nodules that are 
largely devoid of bacteria (Dylan etal., 1986). Mutants that suppress Ndv
mutations have been isolated. These pseudorevertants allow almost normal 
root hair attachment and infection thread formation, but are still deficient in 
adaptation to low osmotic conditions that is one of the characteristic pheno
type of Ndv- mutants (Dylan etal., 1990b). This result does not support the 
hypothesis that ~-1 ,2-glucans may function for physiological adjustment of the 
bacteria to osmotic stress that may occur in the infection thread (Dylan etal., 
1990a). Although the production of ~-1,2-glucans has been positively corre
lated with symbiotic efficiency, what exact role these molecules play is not 
clear. 
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V. Signals Produced by the Host in Reponse to Nod Factors 

Nodule-like structures appear, though at a low frequency, spontaneously in the 
absence of Rhizobium (Truchet et aI., 1989), indicating that the legume plants 
possess all the essential components of nodule formation machinery. This 
nodule organogenesis program is triggered by bacterial infection (Verma, 
1992). Induction of nodule-like structures on alfalfa roots by auxin-transport 
inhibitors (Hirsch etaI., 1989) further suggests that the nodule-formation 
machinery can be activated by changing the hormone balance of the root cells. 
Compared to those secreted by rhizobia, hormones produced by the host seem 
to playa more important role in nodule organogenesis. Adjustment of relative 
levels of endogenous phytohormones may represent the basic response of the 
host to rhizobial Nod factors. The role of auxins in legume nodulation was 
proposed half a century ago (Thimann, 1936) and since then all five classes of 
phytohormones have been implicated in nodule development (Grobbelaar 
etaI., 1971; Philips, 1971). There have been a number of observations showing 
that treatment of legume roots with exogenous auxins and cytokinins induces 
cortical cell divisions (Libbenga etal., 1973). Although rhizobia produce GAl 
and GA4, the gibberellins detected in the nodule extracts seem to be generated 
by the host cells (Atzorn et aI., 1988). 

The role of phytohormone balance in nodule formation has been studied by 
expressing Agrobacterium rhizogenes nolABC genes that are known to change 
hormone balance in transgenic tissues. Transgenic plants expressing nolABC 
formed nodules faster and produced more nodules than the control plants 
(A. Kondorosi et aI., 1993). 

Application of inhibitors of phytohormone biosynthesis and transport has 
generated useful data for evaluation of roles of phytohormones as mediators 
for nodule initiation. Treatment of legume roots with auxin transport 
inhibitors, 2,3,5-triisobenzoic acid (TillA) or N-(l-naphthyl)phthalarnic acid 
(NPA) , induces the formation of nodule-like structures, suggesting that nodule 
initiation can be mimicked by changing relative levels of phytohormones 
(Hirsch et aI., 1989; Scheres et aI., 1992). In these bacteria-free pseudonodules, 
early nodulin (enod2 and enod12) genes are expressed and their expression 
patterns are very close to those observed on normal nodules or Nod factor
induced pseudonodules. 

During Rhizobium infection, legume roots produce a marked amout of eth
ylene and exogenous addition of this hormone strongly inhibits nodulation 
(Goodlass and Smith, 1979). Treatment with the ethylene inhibitor 
arninoethoxyvinylglycine (AVG) has been shown to stimulate nodule formation 
in alfalfa (Peters and Crist-Estes, 1989). AVG treatment can even overcome 
nitrate inhibition of nodulation, indicating that the inhibitory effect of nitrate is 
mediated through the phytohormone ethylene (Ligero etal., 1991). The 
restoration of pea sym5 mutant phenotype to wild type by AVG also provides 
evidence for a role of ethylene in nodulation (Fearn and LaRue, 1991). 
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VI. Early Host Response to Bacterial Signals 

Early host response to rhizobial signals has been studied by using microelec
trodes. Application of Nod factors induces a rapid depolarization of membrane 
potential in legume root hairs (Ehrhardt et al., 1992). This depolarization 
response is specific because extracts from a Nod- Rhizobium strain failed to 
induce this response and roots of non-legume plants did not respond to 
purified Nod factors. Since signal transduction in mammalian cells often 
couples with a membrane potential depolarization, these results suggest that 
the host responds to Nod factors by transducing a signal across the plasma 
membrane (Ehrhardt etal., 1992). Studies on early nodulin gene expression 
have suggested that lithium, an inhibitor of phosphoinositide metabolism and 
an inducer of mitogenesis in yeast and animals, may also be involved in early 
host response to bacterial signals (T. Bisseling, pers. comm.). 

Expression of early nodulin genes, enod5 and enodl2, has been shown to 
be induced in Nod factor-treated root hairs (Horvath etal., 1993). Two enod12 
genes are differentially induced during early infection, enodl2b expression is 
related to the action of Nod factors whereas enodl2a expression is associated 
with the invasion process in nodules (Bauer et aI., 1994). However, it is not 
clear how Nod factor signals are transduced inside the plant cells and how 
these signals trigger the nodule morphogenesis cascade. 

VII. Plant Phosphatidylinositol-3-kinase 

Given a high degree of specificity in legume Rhizobium infection, it is reason
able to assume that these bacteria interact with some receptor(s) in the host 
plasma membrane. Such receptors are expected to be different from the poten
tial Nod factor receptors (Verma, 1992). The basic mechanism of signal trans
duction in plants appears to be similar to that in yeast and animal cells. In root 
nodules, the bacteria send various signals to the host cell to initiate cell divi
sion, endocytosis and membrane proliferation. 

One of the central pathways of signal transduction in eukaryotes employs 
phosphatidylinositol-3-kinase (PI-3-kinase; Cantley etaI., 1991). PI-3-kinase 
was originally found to be required for viral transformation of cultured mam
malian cells and for tumorigenesis in animals (Whitman eta!., 1985, 1988). 
This enzyme has now been shown to be a component of a wide range of 
receptor tyrosine kinase complexes that transduce growth signals for cell 
division and membrane ruffling (Valius and Kazlauskas, 1993; Stephens 
eta!., 1994). Two yeast genes have been identified to encode PI-3-kinases; 
TOR2 is involved in signal transduction that controls cell cycle (Kunz etaI., 
1993) and VPS34 is essential for vesicular targeting to the vacuole (Schu etal., 
1993). 

Recently, two soybean CDNAS encoding PI-3-kinases have been isolated 
(Hong and Verma, 1994). Primer extension results showed that P13K-I gene is 
expressed in young nodules in parallel with membrane proliferation but its 
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Fig. 5. Proposed role of phosphatidylinositol in signal transduction pathways leading to nodule 
organogenesis 

expression is reduced in mature nodules and roots. The root form of the PI-3-
kinase CDNA (PI3K-5) is expressed in roots and mature nodules but not in 
young nodules. High levels of PI-3-kinase activity were detected in membrane 
fractions of young nodule extracts (Hong and Verma, 1994). It is proposed that 
PI-3-kinase may playa pivotal role in signal transduction pathway that con
trols membrane proliferation during nodule organogenesis (Fig. 5). 

PI-4-kinase and PI-specific phospholipase C have been characterized in 
plants (Xu etaI., 1994; Irvine etaI., 1980; Biffen and Hanke, 1990). 
Mammalian protein kinase C (PKC) is a Caz+-activated, phospholipid-depen
dent enzyme. The binding of mammalian PKC to Caz+ can be greatly increased 
by diacylglycerol derived from PI(4,5)Pz hydrolysis. This enzyme plays an 
important role in signal transduction in mammalian cells. Several reports have 
provided biochemical and molecular evidence for the presence of PKC 
homologs in plant cells (see Drobak, 1992). However, because the predomi
nant protein kinases associated with the plant plasma membrane are not PKC 
and the levels of diacylglycerol are very high in plasma membranes of unstim
ulated plant cells compared to those in animal cells, the role of PKC in signal 
transduction in plants is not clear. Rhizobial diglycosyl diacylglycerol (BF-7) 
differs from wheat diglycosyl diacylglycerol (DaDa) in the sugar composition. 
The former has the ability to elicit morphological responses in legume roots, 
but the latter does not (Orgambide et aI., 1994). This implies that diacylgyc-
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erols conjugated with different sugars may have completely different biologi
cal activities. A rapid increase in intracellular Ca2+ levels following Nod factor 
treatment of legume roots suggests that Ca2+ ion flux may be involved in early 
host response (W. Broughton, pers. comm.). In summary, the current knowl
edge of how rhizobial signals are transduced inside nodule cells is still very 
limited. 

vm. Endocytosis and Subcellular Compartmentation in the Host Cell 

The release of Rhizobium from the infection thread into the host cell follows 
an endocytotic process that is very poorly understood. This has been proposed 
to resemble receptor-mediated endocytosis, a process that is very likely to be 
controlled by a transmembrane signaling system (Verma, 1992). There is no 
clue to the chemical nature of any rhizobial or host signal molecules that 
mediate and control this process. A number of rhizobial mutants have been 
isolated that affect endocytotic process. 

The peri bacteroid membrane (PBM) is derived from the host plasma mem
brane that surrounds the infection thread at the·time of the release of bacteria 
into the host cell. During endocytosis, this membrane undergoes a significant 
change in composition. These changes along with the appropriate alterations in 
the peribacteroid fluid allow "internalization" of bacteria in the host cell cyto
plasm (Verma, 1990). Electron microscopic studies showed a high rate of 
fusion of smooth and coated vesicles with the tip of the infection thread 
(Robertson and Lyttleton, 1982). Biochemical and molecular biological studies 
have clearly demonstrated that a number of nodulins are targeted to the newly
formed PBM (Fortin etal., 1985, 1987; Katinakis and Verma, 1985; Cheon 
et al., 1994; Miao et al., 1992). The ATPaSe found in the PBM resembles that of 
the plasma membrane (Verma etal., 1978; Day etal., 1990). A vacuolar 
marker enzyme (a-mannosidase) and a vacuolar protease inhibitor have been 
found to be present in the PBM compartment (Kinnback etal., 1987; Manen 
etal., 1991). This membrane, therefore, appears to be a mosaic membrane with 
properties common to both the plasma and vacuolar membranes. PBM also 
controls the transport of dicarboxylates (malate and succinate) that serve as 
carbon sources for the bacteroids, and allows diffusion of oxygen, nitrogen, 
carbon dioxide and ammonia across the membrane (Day etal., 1990). At the 
same time, it prevents entry of any substance from bacteria that may harm the 
plant cell, in any way. 

Although only one PBM protein has so far been suggested to be of bacteroid 
origin (Fortin etal., 1987), rhizobial genes have been shown to play important 
roles in endocytosis and the formation of the PBM. Many Rhizobium mutants 
including Ips, exo and ndv are unable to enter the host cell (see above). ER pro
liferation and vesicle formation in the cytoplasm of the infected host cells are a 
prerequisite step for the endocytosis of rhizobia. Mutations in the Rhizobium 
genome can also affect this step (Roth and Stacey, 1989), suggesting that 
signals produced by the bacteria are involved in the control of host secretory 
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pathway that targets the host proteins to PBM (Cheon etal., 1994; Miao etal., 
1992). Recently, Werner's group has isolated some protease mutants of rhizo
bia and demonstrated that proper processing and secretion of certain bacterial 
proteins is essential for the development of effective PBM. 

IX. Conclusions 

Nodule organogenesis requires well-regulated exchange of defined signal mol
ecules from both symbiotic partners (Fig. 6). The discovery of the roles of 
plant flavonoids and rhizobial Nod factors in nodule organogenesis has 
advanced our knowledge of a two-way molecular conversation between plants 
and microbes. This also provided opportunity for further exploration of signal 
perception and transduction in plant cells. 

Rhizobia produce a spectrum of active Nod factors with different modified 
groups on the same chemical backbone, the oligoglucosarnine. It is not known 
what is the chemical nature of the plant receptors that directly interact with Nod 
factors and perceive the signals from Rhizobium. It is very likely that the recep
tors are localized on the plant plasma membrane. A difference in structures of 
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Fig. 6. Molecular communication between Rhizobium and legume roots during nodule organo
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the receptors from different legumes might exist to allow host-specific 
recognition of Nod factors from different rhizobia. It is possible to isolate these 
putative Nod factor-binding proteins by affinity-labeling of purified Nod 
factors, or by using antibodies to Nod factors. Identification of the receptors 
would help understand the unique interaction between Rhizobium and legume 
plants. 

Expression of Rhizobium nodA and nodB genes in tobacco plants causes 
abnormalities in growth and development of the plants, indicating that plants 
contain the necessary substrates for production of Nod factor-like compounds 
(J. Schmidt etaL, 1993). Nod factors, when added to tomato cell culture, 
induce a transient alkalinization of the medium, an early reaction of plant cells 
to various elicitors (Staehelin etaL, 1994a, b). Nod factors are also active in 
regulating other plant developmental processes like embryogenesis as addition 
of Nod factors rescues a carrot somatic embryo mutant (De Jong etal., 1993) 
and activates the cell cycle machinery in callus suspension (Savoure etal., 
1994). It would not be surprising to find a new class of endogenous plant 
growth-regulating substances that resemble Nod factors in structure and bio
logical activity. Oligosaccharides have been shown to induce flower develop
ment. 

In addition to Nod factors, other rhizobial signals also seem to be required 
for the formation of infection threads, endocytosis of the bacteria and mainte
nance of the symbiosis. Little is known how the signals carried by rhizobial 
Nod factors and other molecules are transduced inside the plant cell. PI-
3-kinases have recently been shown to be present in plant membrane fractions 
and are likely to be associated with the signal transduction pathway leading to 
membrane proliferation during nodule organogenesis (Hong and Verma, 
1994). It will be of interest to determine the membrane components (the recep
tors?) that form a complex with PI-3-kinase and how this enzyme participates 
in the signal transduction cascade leading to nodule development. It is appar
ent that the development of a functional nodule requires several factors that 
must be produced in appropriate concentration and time to form this novel 
structure leading to effective symbiosis. 
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Phosphatidylinositol-4-kinase 297 
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StSUTl-see potato sucrose transporter 

gene 
SUC2 65 
Sucrose 

biosynthesis 70, 88 f, 100 
phosphate synthase (SPS) 70, 88 
synthase 70, 74 
transporter 73 

Sucrose non-fermenting proteins 
SNF1 65,77f 
SNF4 66 

Sugar sensor mechanism 76 
Sun hemp mosaic tobamovirus 270 
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