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The  -amylase multigene family 
Toshiaki Mitsui and Kirniko mtoh 

Many a-amylase genes have been cloned from various cereals, and sequence analysis 
reveals that these fall into two major classes and three subfamilies. In parallel stud- 
ies, many ~-amylase isoforms have been characterized and their corresponding genes 
identified. Understanding of the regulatory mechanisms that operate to control 
expression of the c~-amylase multigene family has also advanced in recent years. In 
the light of the improved understanding of ~-amylase activity, we have addressed 
a classical argument over the 'scutellum versus aleurone' concept. This disagree- 
ment concerns the site of synthesis and secretion of ~-amylase. We have focused our 
attention on this by comparing gene expression at the transcriptional and post- 
transcriptional level. 

T 
he enzyme a-amylase (EC 3.2.1.1) has been of interest 
to plant biologists for many years, because of its 
importance for both agricultural (germination of 

cereal grains) and industrial (the brewing industry) inter- 
ests. Recent progress in the study of a-amylase has been 
remarkable as modern molecular techniques have sup- 
plemented traditional biochemical and enzymatic investi- 
gations. Consequently, many a-amylase genes and enzyme 
isoforms are now well characterized. 

The regulatory mechanisms that influence a-amylase 
gene expression and secretory processes, including plant 
hormones, such as gibberellic acid (GA) and abscisic acid, 
Ca 2÷ and metabolic sugars, have been extensively inves- 
tigated in germinating cereal seeds. Because most a- 
amylases are secreted, the study of cereal a-amylases has 
attracted the interest of many cell biologists. The secretion 
of enzymes is an indispensable physiological process for 
both animal and plant life, and enzymes destined for secre- 
tion are synthesized and released to digestive or storage 

organs from secretory tissues through a series of complex 
steps. The pathway typically proceeds via transcription, 
translation of mRNA on rough endoplasmic reticulum, and 
intracellular transport of enzyme protein (to the Golgi, and 
then to the plasma membrane). 

Here, we discuss recent research on a-amylase in cereals, 
focusing on gene and enzyme structure, the regulation of 
synthesis and secretion, and the 'scutellum concept'. 

Genes 
Over the past 20 years, many a-amylase genes have been 

isolated from different plant species, and their nucleotide 
sequences, chromosomal locations and phylogenetic rela- 
tionships determined. 

Barley a-amylase isoforms are divided into high and low 
pI groups based on their different isoelectric points. The 
polymorphism was analyzed by peptide sequencing and 
DNA blotting experiments, and shown to be caused by gene 
expression from a multigene family 1. The high and low 
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Fig. 1. Structural comparison of the promoter regions of a-amylase genes: (a) bar- 
leyArny6-4 (Refs 19 and 22); (b) barleypHV19 (Refs 21 and 25); (c) barleyAmy32b 
(Refs 20 and 24); (d) wheat Amy1 /18; (e) wheat Amy2/54 (Ref. 23); (f) rice RAmylA 
(Refs 10 and 41); and (g) rice RAmy3D (Refs 29 and 32). In each diagram, the arrow 
indicates the transcription initiation site, highly conserved sequence elements are 
shown in bold boxes and the sites of DNA-protein interactions observed by foot- 
print experiments are indicated by diamonds. The sequence element GCAGTG, 
which is positioned immediately in the 3' direction of a Box I sequence, is highly 
conserved in barley low pI a-amylase promoters (Amy32b). The sequence CCGTGC 
of RAmy3D is common to the promoters of metabolically repressed plant genes. 
Cloned sequence-specific DNA-binding proteins - GAMyb, ABF1 and ABF2 - are 
also indicated. Abbreviations: GARE, gibberellic acid-response element; O2S, 
Opaque-2-binding sequence; CRE, cAMP-response element; TRE, phorbol ester- 
response element; Hy, hyphenated palindrome sequence; Py, pyrimidine. 

pI group genes were reported to be 
located on chromosomes 6 and 1, 
respectively 2. In contrast, in wheat, a- 
amylase genes were found to fall into 
three subfamilies - Amy1, Amy2 and 
Amy3 - which are localized on chromo- 
somes 6, 7 and 5, respectively 3'4. In rice 
seeds, as well as in calli derived from 
the embryo, 11 a-amylase isoforms 
(termed A, B, D, E, F, G, H, I, J, Y, Z) 
were identified 5, and at least 11 genes 
isolated and sequenced e-s. The rice a- 
amylase genes have been divided into 
RAiny1, RAiny2 and RAiny3 subfam- 
ilies~; members of these families are 
located on chromosomes 1 (RAmylB), 2 
(RAmylA, AmylC), 6 (RAmy2A), 8 
(RAmy3D, RAmy3E) and 9 (RAmy3A, 
RAmy3B, RAmy3C). The exact corre- 
sponding relationship between genes 
and protein isoforms of rice a-amylase 
has also been determined by analyzing 
peptide sequences. It was found that 
isoforms A and B are encoded by 
RAmylA, G and H by RAmy3D, and E 
by RAmy3E (Ref. 5). 

From both systematic and evolution- 
ary aspects, a phylogenetic relationship 
between plant a-amylase genes has 
been proposed based on molecular clock 
assumptions and on a comparison of 
sequence polymorphisms known as a- 
amylase signatures 9. Some of the con- 
clusions derived from this analysis are: 
• Monocotyledon and dicotyledon a- 
amylase genes are derived from a com- 
mon ancestor. 
• Cereal a-amylase genes fall into two 
major classes (AmyA and AmyB) and 
three subfamilies (Amy1, Amy2 and 
Amy3). 
• Most of the a-amylase genes in bar- 
ley and wheat are classified into AmyA 
(Amy1, Amy2), whereas AmyB (Amy3) 
includes only rice s-amylase genes 
(except Amy3/33 in wheat). 
• All grasses may well contain AmyA 
and AmyB gene classes. 

It is notable that, in addition to the 
TATA box, three conserved sequences 
were found in the 5' flanking regions of 
cereal a-amylase genes 1°. One of these, 
TATCCAT, is conserved in most of the 
a-amylase genes, and is presumably 
related to the CATC box found in many 
other plant genes. The second motif, 
TAACA[A/G]A (termed Box 1) is spe- 
cifically found in ~-amylase genes. 
Although it is generally lulown as the 
amylase box or GA-response element 
(GARE), this motif is not present in the 
Amy3 subfamily. The third motif, 
[C/T]CTTTT[C/T], designated as the 
pyrimidine box, generally appears in 
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other GA-inducible genes, such as p-glucanase, carboxy- 
peptidase and aleurain. All Amy1 and Amy2 genes, and 
several members of the Amy3 gone subfamily, contain this 
motif. It is apparent from these results that the promoter 
regions of Amy3 genes differ considerably from other a- 
amylase genes. 

Enzyme isoforms 
Rice a-amylase isoforms have been classified into two 

major classes and four subgroups, based on their molecular 
sizes, epitope structures and optimum temperatures for 
enzymatic activity (Table 1). Analysis based on the use 
of monoclonal antibodies differentially to inhibit two a- 
amylase classes 5, and the observation that the two classes 
produce distinct oligosaccharide degradation patterns 11, 
indicates that class I and II a-amylases have distinguish- 
able active site domains. High and low pI a-amylase groups 
of barley were also shown to have distinguishable proper- 
ties, including: sensitivity to Ca u, EDTA, sulphydryl 
reagents and heavy metals; stability at low pH; and sero- 
logical characteristics ~. 

Rice a-amylase is established as a typical secretory 
glycoprotein bearing an asparagine-linked (N-linked) 
oligosaccharide chain ~2. There are at least ten different 
oligosaccharide chains, from a high-mannose type to a 
xylose-containing modified form. Importantly, experimen- 
tal findings obtained by the site-directed mutation of 
RAmylA [which results in an amino acid substitution 
(Asn240 to Gln240)] have confirmed that this site is gly- 
cosylated 1~. It is likely that N-linked oligosaccharide chain 
in rice R-amylase is involved in the thermostability of the 
enzyme 13. 

The amino acid sequences deduced from the nucleotide 
sequences of rice a-amylase genes indicate that the expres- 
sion product of RAmylA appears to be the only N-giycosyl- 
ated protein among rice a-amylase isoforms, whereas the 
isoform H, encoded by RArny3D, may contain a small sac- 
charide moiety 14. To date, however, there is no concrete evi- 
dence to support the presence of N-linked oligosaccharides 
on other cereal a-amylases 15, although the consensus 
sequence for an N-glycosylation site was found in some bar- 
ley 16 and wheat 3 a-amylase coding regions. It has been 
reported that recombinant barley a-amylase AMY1 (low pI) 
expressed in yeast contains O-glycosylation sites on Ser or 
Thr residues iv. Whether or not the native a-amylase pro- 
tein has O-linked saccharide chains remains to be deter- 
mined, and it would be interesting to know what the spe- 
cific physiological role of O-glycosylation might be. 

A member of the barley a-amylase high pI isozyme 
family, AMY2-2, has been crystallized and its three- 
dimensional structure determined ~s. It was shown that the 
a-amylase polypeptide chain folds into three domains: the 
large central domain of (pa)8-barrels (A domain); a pro- 
truding, irregular-structured loop domain (domain B); and 
a C-terminal domain forming a five-stranded, anti-parallel 
p-sheet (C domain). By homology with other a-amylases, it 
is likely that some important active site residues (Asp179, 
Glu204, Asp289) are situated at the C-terminal end of the 
central p-barrel (A domain), a-Amylase is a well-known 
Ca2+-containing metalloenzyme, and presumably binding of 
Ca 2÷ to the protein causes enhanced conformational stabil- 
ity. The X-ray crystallographic structural studies have 
demonstrated that there are three Ca2+-binding sites in the 
B domain is. 

Gene ~.Amytase Group Class 
isoform 

RAmylA A. B 1 
RAmy3E E 3 
Not identified F 4 
RAmy3D G. H 4 
Not identified I, J 4 

I 
II 
I] 
II 
II 

Transcriptional regulation 
It is widely accepted that GA plays a major role in con- 

trolling the germination of cereal seeds, and many workers 
have attempted to clarify the mode of action of this plant 
growth regulator on a-amylase production at the molecular 
level. Numerous experimental data support a general notion 
that GA-regulated a-amylase biosynthesis results from 
enhanced transcriptional activity 1. 

Skriver et al. 19 have employed a transient expression 
assay using a fusion construct of the Amy6-4 promoter and 
a reporter gene in aleurone protoplasts of barley. They 
reported that the -148 to -128 promoter region included a 
TAACAAA motif that is responsive to GA and its antagonist 
abscisic acid. The conserved sequence was designated a 
GARE. Careful promoter analyses of high and low pI group 
a-amylase genes from barley were then carried out. It has 
been proposed that, in the low pI group Arny32b, there is a 
GA-response complex (GARC) formed by GARE and an 
Opaque-2-binding sequence (92S) that is crucially impor- 
tant in modulating the absolute level of transcription 2°. 
Opaque-2 is known to be the maize endosperm-specific tran- 
scriptional regulator carrying the leucine-zipper structure. 
In contrast, the promoter region of the high pI group 
includes the other GARC, which is composed of pyrimidine, 
TAACAAA, and TATTCCAC motifs 21. In Amy6-4, however, 
a coupling element upstream of this GARC was found to be 
crucial for GA regulation, and resulted in a high level of 
transcriptional activity 22. It can thus be seen that the cis- 
acting hormone response element is not conserved in the 
multigene family, and several GARCs exist in different a- 
amylase genes. Putative cis-acting elements in the promoter 
regions of a-amylase genes are shown in Fig. 1. 

The characterization of trans-acting factors involved in a- 
amylase gene expression has only recently been initiated. 
Two oat cDNA clones encoding proteins (ABF1 and ABF2) 
that specifically bind to Box 2 [composed of CRE ('cAMP- 
response element') and O2S] in wheat and oat Amy2 pro- 
moters have been isolated 23. These DNA-binding proteins 
contain a zinc-finger motif and a leucine-zipper motif. In 
barley aleurone cells, GA-regulated nuclear protein factors 
interact with cis-acting elements within the GARCs of high 
and low pI a-amylase genes ~t'2~. Gubler et alY have demon- 
strated that a GA-inducible, Myb-related protein (GAMyb) 
from barley can bind to the TAACAAA box in vitro. This pro- 
tein is capable of activating the transcription of a high pI a- 
amylase promoter fused to a reporter gene in the absence of 
GA in the transient expression system. The authors postu- 
lated that GAMyb is a component of the GA-response path- 
way that leads to a-amylase gene expression in aleurone 
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Fig. 2. Effect of sucrose on the accumulation and distribu- 
tion of calcium in rice cells. Suspension-cultured cells of rice 
were incubated for 18 h in culture medium containing 3 mM 
CaC12 with (a, c) or without (b, d) 88 mM sucrose. Treated 
cells were immediately frozen, split using a razor edge in 
liquid nitrogen and finally lyophilized. The split surface was 
coated with carbon and subjected to an electron probe micro- 
analyzer. The upper panels (a, b) are scanning electron 
micrographic images. The lower panels (c, d) show mapping 
patterns of calcium; relative amounts of calcium are indi- 
cated by pseudocolour, ranging from white (least calcium) to 
blue, yellow and finally red (most calcium). The results show 
that an influx of calcium into the cells is significantly 
increased in the sugar-starved condition, but decreased 
when sucrose is present in the culture medium. Scale bars 
represent 50 ~m. 

cells. The precise nature of the interactions between cis- 
acting elements and trans-acting factors in GA- 
regulated a-amylase gene expression is thus being gradu- 
ally elucidated; however, a GA receptor involved in the 
GA response pathway still remains to be identified. 

The existence and potential importance of sugar- 
modulated gene expression in plant cells has received much 
attention in recent years 26. In this context, it is interesting 
to note a report that degradation products of starch can 
effectively inhibit the production of ~-amylase in barley 
aleurone layers 2~. It was subsequently found that osmotic 
stress results in a general inhibition of protein synthesis, 
including a-amylase production, by inhibiting the binding of 
ribosomes to the endoplasmic reticulum 7. Importantly, how- 
ever, the expression of certain a-amylase genes in rice cells 
has been found to be specifically repressed by metabolic sug- 
ars such as sucrose, glucose and fructose 2s'~9. The presence 
of cis-acting elements in the promoter of RAmy3D (Ref. 30) 
and aAmy8 (RAmy3E) (Ref. 31), involved in the sugar regu- 
lation of a-amylase gene expression, has been indepen- 
dently demonstrated. Although nuclear protein(s) that can 
bind to the promoter of RAmy3D have also been detected 32, 
a detailed understanding of the interaction between cis- 
acting elements and trans-acting factors is still unclear. 

Post-transcriptional regulation 
In cereal seeds, a-amylases undergo a series of post- 

transcriptional modifications in several subcellular com- 
partments prior to secretion. The secretory pathway for a- 
amylase is regulated by a variety of factors, including GA, 
intracellular Ca 2÷ concentrations and metabolic sugars. 

The addition of external Ca 2÷ stimulates starch degra- 
dation and growth of the shoot and root in germinating 
cereal seeds. Cereal a-amylase molecules can be stabilized 
and their enzyme activities enhanced by the addition of 
Ca 2÷, and experiments also indicate that Ca 2÷ influences the 
secretory processes. In scutellar tissues of rice seeds and 
suspension-cultured cells, it has been demonstrated (by 
pulse-labelling experiments with 3~S-Met) that Ca 2÷ acti- 
vates the de novo biosynthesis, as well as the intracellular 
transport, of ~-amylase 33. However, independent quantita- 
tive analysis of a-amylase mRNA transcript levels indicates 
that  the mRNA level does not change in the presence or 
absence of Ca 2÷ (Ref. 33). In addition, a transient-expression 
assay revealed that Ca 2÷ does not affect transcriptional acti- 
vation of a RAmylA-GUS (GUS, 'glucuronidase') fusion 
gene 33. Overall, these results indicate that  Ca 2÷ regulates 
post-transcriptional events, and in particular the secretory 
pathway of a-amylase 84. Using fluorescence ratio analysis 
and confocal microscopy, it has been reported that GA and 
abscisic acid regulate the cytosolic Ca 2÷ concentration by 
controlling the influx of Ca 2+ at the plasma membrane, and 
changes in this concentration play a crucial role in medi- 
ating the effects of hormones on the secretion of ~-amylase 
in aleurone protoplasts 35. 

Metabolic sugars also markedly reduce the half-life of 
a-amylase mRNA encoded by aAmy8 in cultured cells of 
rice 8~. Although both de novo biosynthesis and intracellular 
transport of rice a-amylase I (RAmylA) and a-amylase II 
(RAmy3D and RAmy3E) were arrested by sucrose, neither 
apparent mRNA level nor transcriptional activities of 
RAmylA was affected by sucrose 3~. Interestingly, recent 
studies employing atomic absorption spectrophotometry 
and electron probe microanalysis indicate that sucrose 
deprivation in cultured cells stimulates a marked accumu- 
lation of Ca 2÷, whereas the addition of sucrose causes a re- 
ciprocal decrease (Fig. 2). In the absence of external Ca 2÷, 
however, sucrose starvation does not induce a-amylase 
secretion. These observations are in support of sucrose regu- 
lation of the secretory processes mediated by intracellular 
Ca 2÷ accumulation. 

How does Ca =* stimulate a-amylase secretion in rice 
cells? From measurements of the membrane capacitance of 
secretory plant cells, it has been reported that enhanced 
secretory activity is tightly associated with an increase in 
the amount of cytoplasmic Ca 2÷ (Ref. 37). However, GA has 
also been shown to increase the Ca 2÷ concentration in the 
endoplasmic reticulum lumen by stimulating a Ca2+-ATPase 
associated with the endoplasmic reticulum 34. It is also likely 
that  an apparent increase in rates of ~-amylase secretion 
results from the stabilization of enzyme by Ca 2÷ binding to 
the newly synthesized a-amylase polypeptide. One hypoth- 
esis is that one of the targets for increased cytosolic Ca 2÷ 
concentration is calmodulin, which may control the activ- 
ities of Ca 2÷ pumps and ion channels. 

It has also been suggested that GA and metabolite 
signals coordinately regulate the gene expression of a- 
amylase in cereal seedlings 7. However, as described, post- 
transcriptional regulation plays an important role in the 
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secretion of a-amylase molecules. A 
hypothetical mechanism that  may 
operate in the post-transcriptional 
regulation of a-amylase secretion by 
GA and metabolite signals is illus- 
trated in Fig. 3. It is of interest to note 
that the cytosolic Ca 2÷ is generally rec- 
ognized as a second messenger mol- 
ecule in both GA and metabolite signals, 
although it is still unclear whether 
sugars affect the GA-inducible influx 
of Ca 2+ or not. A recent study has 
demonstrated tha t  sugars regulate 
the synthesis of GA in the embryo of 
germinating rice seeds s. 

A new scutellum concept 
In spite of the fact that many people 

believe that  the aleurone cells of 
starchy cereal seeds play the most sig- 
nificant role in a-amylase production, a 
persis tent  argument concerns the 
'scutellum versus aleurone' concept, 
and this has remained unresolved. An 
experimental result obtained in 1982 
by a simple starch-film method 
strongly supported the 'scutellum con- 
cept' - that  the scutellum is the domi- 
nant site of formation of ~-amylase 8s. 
Up to 4 d after imbibition of seeds, 
amylase activity detectable in sec- 
tioned seeds was confined to the 
endosperm. This observation was later 
confirmed by several biochemical and 
immunohistochemical studies 3~_ By 
employing in situ hybridization, it was 
possible to demonstrate that expres- 
sion of RAmy3D and RAmylA genes is 
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Fig. 3. A hypothetical mechanism operating in the post-transcriptional regulation 
of a-amylase secretion by gibberellic acid (GA) and metabolites. Cytosolic Ca 2÷ regu- 
lates the post-transcriptional processes of a-amylase secretion, including protein 
synthesis, stabilizing the enzyme molecules and exocytosis. This cytosolic Ca 2÷ con- 
centration is controlled by GA and metabolic sugars. The GA stimulates the influx 
of Ca 2+ into the cells 3~, whereas metabolic sugars negatively control an apparent 
Ca 2÷ influx. Question marks indicate unknown intermediates. 

exclusively localized to the vicinity of the scutellar tissues 
up to 2 d after imbibition 4°. However, it was also shown that  
the expression of RAmylA in the aleurone is markedly 
increased after 4 d, to levels that are 10-50 times higher 
than that  of the scutellum. In addition, the expression of 
RAmy3B, RAmy3C and RAmy3E is similar to RAmylA in 
the aleurone layer. These results support the aleurone 

concept. Thus a controversial argument regarding the 
scutellum versus aleurone concept has shifted to a question 
of how s-amylase gene expression - as against protein 
expression - is assayed. In this context, one cannot dismiss 
the fact that although protein formation directly reflects 
enzyme activities, these may not always be proportional to 
the apparent mRNA levels. 

Fig. 4. Histochemical analysis of temporal and spatial regulation ofRAmylA-GUS (GUS, glucuronidase) gene expression during 
germination of transgenic rice seeds. Transgenic seeds were incubated at 30°C in water for (a) 2 d, (b) 4 d and (c) 6 d, cut in half 
longitudinally and stained with X-glueurenide for 12 h at 37°C. Shoots and roots were removed before staining. The blue colour seen 
on the left side of 6-d-imbibed seed was caused by GUS activity in the aleurone layer visible through the hydrolyzed translucent 
endosperm. The GUS activity in scutellar tissues was more predominant compared with that in the aleurone layer until 4-d-imbi- 
bition 41. Abbreviations: em, embryo; sc, scutellum; se, scutellar epithelium; en, starchy endosperm; ms, mesocotyl; al, aleurone layer. 
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The temporal, spatial and hormonal regulation of 
RAmylA has been examined using transgenic rice seeds 
that express GUS under the control of the RAmylA pro- 
rooter 4~. From a series of histochemical and quantitative 
analyses of RAmylA-GUS expression, the 5' regulatory 
region from -232 to +31 [containing three sequences highly 
conserved in cereal a-amylase genes, TAACAAA and TATC- 
CAT motifs, and the pyrimidine box (Fig. 1)] was concluded 
to be sufficient for temporal, spatial and hormonal regu- 
lation of RAmylA gene expression. Interestingly, the 
expression of RAmylA-GUS in scutellar tissues was much 
more prominent compared with that in the aleurone layer 
up to 4 d after imbibition (Fig. 4). The a-amylase I-1 encoded 
by RAmylA is the most dominant isoform in the rice 
seedlings. From these observations, it can reasonably be 
suggested that the scutellar tissues play an important role 
in producing s-amylase I-1 in rice seeds in both the initial 
germination stage and during the early seedling elongation 
stage. Thus, the site of biosynthesis has moved from the 
scutellum to the aleurone. 

Concluding remarks 
Great progress has been made in the analysis of a- 

amylase multigene families in cereals, including 
characterization of protein structure, regulation of gene 
expression and secretion of the enzyme. However, some cru- 
cially important research areas remain: 
• First, how does the c¢-amylase multigene family con- 
tribute to the overall physiological role of the enzyme in 
germinating cereal seeds? Which (~-amylase isoform is 
critically important for the seed to germinate? The use 
of transgenic cereal seeds capable of controlling (through 
either overexpression or suppression) a specific member of a 
gene family may help to answer these questions. 
• Second, little is known about molecular mechanism(s) 
that transduce the GA signal from receptor molecules to the 
nucleus, triggering a-amylase gene transcription. Details of 
the sugar-sensing system and the Ca2+-response pathway, 
as they relate to a-amylase expression, are also still unclear. 
Identification and characterization of individual compo- 
nents involved in these signal transduction pathways are 
essential. 
• Finally, it will be interesting to study the GA- and 
metabolite-regulated s-amylase secretory mechanisms in 
both the scutellar and aleurone tissues at the protein level, 
so that we can expand our understanding of the scutellum 
concept. 
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Molecular analysis of 
phospholipase D × 

Phospholipase D has been proposed to play important roles in cellular processes 
ranging from the generation of second messengers to membrane degradation. Recent 
studies in plants have revealed the presence of different genes with multiple iso- 
forms. Conserved motifs include those likely to be involved in catalysis and a 
Ca2÷/phospholipid-binding domain that is potentially responsible for the activation of 
the enzyme. Two cloned phospholipase D proteins, designated a and 9, display dis- 
t inct  properties in their dependence on Ca ~÷ and polyphosphoinositides for activity. 
Thus, isoforms of phospholipase D in plants may be subject to unique control 
mechanisms and have distinct cellular functions. 

p hospholipases are grouped into four major classes - 
phospholipase At, phospholipase A2, phospholipase C 
and phospholipase D - according to the site of cleavage 

of phospholipids. Of these, phospholipase D appears to be 
the most prevalent in plant tissues. It catalyzes the hydroly- 
sis of the terminal phosphodiester bond of gly- 
cerophospholipids to generate phosphatidic acid and a 
hydrophilic free head group, such as choline (Fig. 1). 

Phospholipase D has been implicated in a broad range of 
cellular processes. Early studies suggested that increased 
activity was the first step in a lipolytic cascade in membrane 
deterioration during senescence, ageing and stress injuries 1. 
Recent reports indicate that phospholipase D-catalyzed 
hydrolysis plays a pivotal role in transmembrane signaling 
and cellular regulation 2'3. The enzyme in mammalian cells has 
been proposed to mediate many processes, including cell pro- 
liferation, receptor-mediated exocytosis, a respiratory burst, 
actin polymerization and membrane trafficking (Fig. 1). The 
finding that phosphatidic acid serves as an intracellutar and 

extracellular messenger has brought a flurry of research on 
the role and regulation of the phospholipase D in signal 
transduction pathways of animal and yeast systems 2-5. 
Intriguing observations also suggest that the enzyme may 
contribute to signaling cascades in plants ~-s. This review 
summarizes the current understanding of phospholipase D 
at the molecular level. 

Multiple genes and structural heterogeneity of 
phospholipase D 

The cDNA for an intracellular phospholipase D in 
eukaryotes was first cloned from castor bean 9. Southern blot 
analysis revealed that other homologous genes were also 
present in the plant genome 1°. The sequence of the castor 
bean cDNA was used to identify several Arabidopsis 
expressed-sequence-tagged cDNAs entered on sequence 
databases as putative, incomplete phospholipase D clones. 
Two full-length cDNAs have been isolated using a nested 
polymerase chain reaction, rapid amplification of 5'-end 
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