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Introduction

This review will describe the recent identification of a wheat protein, germin, whose
function as an oxalate oxidase was first revealed in the early part of this century but
which has remained largely overlooked since that time. Discovery of the sequence of
this important enzyme (it is widely used in medical diagnosis) has now led to the
further identification of a wide range of related proteins with a similar B-barrel
structure. This new protein superfamily — designated ‘cupins’ — include several small
microbial proteins, and many plant storage proteins that are duplicated versions of the
underlying germin sequence. Most recently, homology modelling based on the
structure of phaseolin has been used to generate a 3D structure of germin and it is
expected that this information can be wtilized to study the active site of this enzyme and
its relatives.

Oxalate oxidase

HISTORICAL OVERVIEW

Anenzyme with oxalate oxidase (0x—ox) acfivity, that converts oxalic acid to carbon
dioxide and hydrogen peroxide, was first reported by Zaleski and Reinhard (1912}
from studies of powdered wheat grains. Remarkably, it was more than 80 years before
the identity of this enzyme was confirmed in cereals (Lane er al., 1993; see below).
After the first report, the enzyme was studied in both wheat flour and bran by Palladin
and Lovchinovskaya (1916) and in 1928, Zaleski and Kukharkova concluded that the
this enzyme should be considered as a dehydrogenase able to use only oxygen as a
hydrogen acceptor. Meanwhile, Staehelin (1919) had reported a similar enzyme from
leaves of several higher plants, including some known to contain oxalic acid, such as
Rumex, Rheum and Spinacia. However, the most spectacular case of oxalic acid
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degradation was found in mosses — a source [irst discovered by Houget er af. {1927)
n Hyprum riguetrum, H. cupressiforme, Thudivm abietinum and  Polytrichum
Juniperum. In subsequent work, Franke and Hasse (1937) characterized the enzyme
from Hyalocomium umbranan, and noted a remarkable thermostabifity (cf. below for
wheat germin). This was followed by Datta and Meeuse {1955) who designated the
moss enzyme as a {lavo-protein.

Amongst the cereals. ox—ox activity has probably been best characterized at a
developmental level in sorghum, although in contrast to wheat, barley and rice (see
below) no protein sequence information is available from this species, In the first study
on sorghunt, Pundir and Nath (1984} used the 15 600 g supernatant from 10-day-old
leaves and found enzyme activity with a pH optimum of 5 and an absolute requirement
for metal ions, particularly tron. This finding seems to be contradicted by the
conclusion from subsequent studies (Pundir, 1991; Kuchhal ef ¢l., 1993) that copper
is the critical metal ion, This latter conclusion was supported by a study on roots from
the same material (Pundir and Kuchnal, 1989) which showed an involvement of
copper in promoting enzyme activity.

Similar studies on barley ox—ox have been conducted by Chiriboga (1966) and
Sugiura et al. (1979). The most recent, and most thorough, study of the barley enzyme
is that reported by Kotsira and Clonis (1997) who purified ox—ox to homogeneity by
thermal treatment (60°C for 10 min), followed by two affinity chromatography steps.
It was concluded that the enzyme is activated by { mM each of Ca? and Pb*, and that
some of the cysteines may act to preserve the catalytic activity by maintaining the
integrity of the pentameric assembly via disulphide bond formation. Optimization of
the assay for ox-ox activity has been reported by Zhang er al. (1996} who showed a
10-100-fold increase in sensitivity if 60% ethanol is included in the assay mixture.

COMMERCIAL SIGNIFICANCE OF OXALATE OXIDASE

The commercial significance of this enzyme comes largely from its widespread use in
kits to assay oxalate levels in blood plasma and urine. Indeed, regular assessment of
such levels is required for controb of hyperoxaluria, whether it be the rare genetic
condition which leads to deposition of calcium oxalate throughout the body (De Pauw
and Toussaint, 1996), or the much maore frequent incidence of urolithiasis — the
formation of kidney or bladder stones (Ruml er al., 1997).

By far the most common source of enzyme used in these kits (e.g. Sigma or
Boehringer Mannheim) is barley roots. Although the assays are simple and quick,
continuous efforts are being made to improve the accuracy still further. Such studies
include immobilization of the enzyme either on glass beads {(Hansen er e, 1994}, on
AF-Tresyl Toyopearl 650 gel (Yamato ef al., 1994), on a pre-activated nylon mem-
brane (Saka Amini and Vallon, 1994), or by addition of ethanol to the assay mixture
{Zhang ef al_, 1996). The products can be quantified by colorimetric {Petrarulo ef af.,
1994), amperometric (Saka Amini and Vallon, 1994; Yamato et al., 1994) or chemi-
luminescence (Balion and Thibert, 1994) methods. Similar reports on the enzyme
extracted from beet stems {Obzansky and Richardson, [983,1984; Varalakshmi et al.,
1995) include one on immobilization on concanavalin A (Varalakshmi and Richardson,
1992), a methed claimed to eliminate the significant inhibition produced by azide,
nitrate (Meeuse and Campbell, 1959) and glycolate.
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Alternative sources of enzyme include moss { Lakerer al., 1980} and especially banana
peel —the preferred source intropical countries (Inamdaret af., 1986,1989: Lathika eral..
1995a, b). Degradation of the oxalate found in bananas in site had been known for many
years previously (Wyman and Palmer, [964: Shimokawa er al.. 1972).

OXALATE AND HUMAN METABOLISM

Although a high level of oxalate in plasma is usually considered 1o be a pathological
condition (see previous scction), remarkably high values in blood cells, with a
maximum of 2910 pmoles/l, were reported by Albrecht ef af. (1994). These authors
suggest that oxalate may not simply be an end product of metabolism, but rather it may
have an important physiological function, perhaps by providing the hydrogen perox-
ide generated by phagocytes during the inflammatory process.

OXALATE DEGRADATION AND GENE THERAPY

As described briefly above, primary hyperoxaluria is a rare, and sometimes fatal.
hereditary disease (De Pauw and Toussaint, 1996). There are known to be two forms.
type [ which is duc to a deficiency of the liver-specific peroxisomal enzyme
alanine:glyoxylate aminotransferase/serine pyruvate amino-transferase. and type 2
which concerns glyoxylate reductase/D-glycerate dehydrogenase, a cytosolic enzyme
present in leucocytes and hepatocytes. Several gene therapy approaches are being
considered to alleviate these conditions. They range from introduction of the appro-
priate wild-lype version of the endogenous gene to expression of an alternative oxalate
degrading enzyme. The latter approach was presaged by the observation that rats
implanted with dialysis membrane capsules containing immobilized ox—ox from
banana (sce above) could effectively metabolize intraperitoneally injected [MC]
oxalate as well as its precursor, [*C] glyoxylate {(Raghavan and Tarachand, 1986} (sec
also Batich and Vaghefi, 1994).

Although their eventual ambition was to clone the fungal oxalate decarboxylase
gene foruse in gene therapy (Finlayson and Peck. 1988: Sidhwer al., 1997) Lunger af.
{(1991.1994) did succeed in cloning a bacterial equivalent, the oxalyl-CoA decarboxy-
lase fromOxalobacter formigenes, an oxalate degrading anacrobic bacterium found in
the mammalian inlestine (Bactz and Allison, 1989; Cornick and Allison, 1996:
Kuhaer et ai., 1996). This approach has recently been superseded by the cloning and
patenting of the human version of this enzyme (Coleman er al., 1997) and the
publication of several related expressed sequence tags (ESTs) from human (gil2238232,
gill 727767, git1 722162), mouse (gii2192248), Caenorhabditis (gif1 0448 [4) and yeast

gil602387) sources. It is likely that the recent advances in understanding the sequence

and structure of oxalate degrading enzymes (see below) will help in this area of
rescarch. which in many ways is equivalent to the wark on transgenic plants also
described below.

OXALATE DEGRADATION AND BIOREMEDIATION

An interesting. non-medical application of oxalate degradation is provided by the
example (Anon., i992; Morton er af., 1994} of using Pseudomonas oxalaticus
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{Chandra and Shethna, 1975), a bacterium found in thubarb patches, to digest sodium
oxalate, a hazardous byproduct of the Bayer process (Farquharson er al., 19935)
utilized in aluminium smelters, The specific bacterial enzyme responsible for this
degradation has not been isolated to date.

Germins and germin-like proteins from plants
GJERMIN IN CEREALS

Discovery of oxalate oxiduse activity

The onset of growth in germinated wheat embryos is accompanied by the production
of a soluble, pepsin-resistant homopentameric glycoprotein (oligomer approx. 125
kD) that was initially called ‘g’ and then named ‘germin’ (Grzelczak and Lane, 1984;
McCubbin er «f, 1987). In subsequent studies, the sequence of two very similar
germin genes designated gf-2.8 and gf-3.8 were obtained by Dratewka-Kos ef al.
{1989) and Lane er al. (1991). The isoforms of germin are discrete temporal markers
of wheat embryo development; wall-assoctated germin accounts for about 40% of
total germin in germinating wheat embryos, with the appearance of germin in the
apoplast being the most conspicuous germination-related change in the distribution of
cell-wall proteins {Lane ef al., 1986,1992). Although these studies revealed much
about details of the germin protein and its expression, its function remained unknown
for several years. Only when the sequence of barley ox—ox became available was it
revealed that germin gf-2.8 was in fact a protein with ox—ox activity (Laneef al.,1993;
Dumaser af., 1993) and was therefore presumably the enzyme first identified some 80
years previously (Zaleski and Reinhard, 1912). It is thought that the closely related gf-
3.8 15 monomeric and does not exhibit ox—ox activity. This difference creates a
potential problem of nomenclature, in that similar genes encode proteins with quite
different properties, and therefore functions. It is proposed to restrict the term germin
to the cereal genes and to stress that the gene products may have a range of function.

Germinys in cereals

It was discovered at an early stage in the siudy of germin that an immunologically
similar protein could be detected in all cereals tested, i.e. in the stems of barley, vat,
and rye (Grzelczak ef al., 1985) and in maize and rice (Lane et al., 1991). However,
no such protein was detected in pea, letiuce or radish, nor in the moss Tortula ruralis,
although as the authors state, ‘such {indings do not bear, definitively, on the occur-
rence of proteins related to germin’ (see below).

Of all cereals tested to date, the largest number of germin-ltike gene sequences have
been found in rice. These comprise one 20 AA fragment (gil348652) from a 25 kD
protein and 20 ESTs. The EST sequences are from 8-day-old shoots, either green or
etiolated, or from the panicle at the ripening stage (Table 1). Translation and manual
editing of obvious sequencing errors reveals a possible total of eight distinci proteins
which can be divided into three classes (Dunwell, unpublished results). The first is
most sintilar (approx. 70%) to the Prunus ABP 20 protein (gil1 916809}, the second is
related to the barley X93171 protein, and the third is similar to the Arabidopsis GLP
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Table 1. List of Rice ESTs which encode germins

Number dbEST Id Library

L TH71 shoot

2 71604 shoot

3 71916 shoot

4 72151 shoot

5 72154 shoot

¢ 72327 siot

7 72360 shoot

8 72415 shoot

9 75576 shoot
10 75954 shoot
il 144047 green shoot
12 144301 green shoot
13 144848 green shoot
14 145340 green shoot
15 146125 green shoot
16 146169 green shoot
17 146752 green shoot
18 146941 green shoot
o 726312 panicle at ripening stage
20 726835 panicie at ripening slage

2b germin-like protein. Interestingly, there are no examples closely related 1o the
wheat germin or barley root ox—ox.

Patierns of expression

In 3-day-old barley seedlings, oxalate oxidase is localized in the epidermal cells of the
mature region of the primary roots, and in the coleorhiza, whereas after 10 days of
growth it is only detected in the coleorhiza (Dumas et al., 1995).

Function

Developmeni.  Twao features of wheat germin have been linked to specific roles in
plant development (Lane, 1991), particularly in the modification of the extracellular
matrix (Lane, 1994). First, the tight adhesion of germin to the highly substituted
glucuronogalactoarabinoxylans (GGAX) suggests a possible role in incorporation of
these compounds into the growing wall. Secondly, the generation of H,0, is required
for peroxidase-mediated reactions such as lignification, and the cross-linking of
cournarates, extensins and ferulates to cell wall hemicelluloses and pectins. In direct
contrast to the first role, these reactions would stop the process of wall extension. The
presence of several auxin responsive elements in the promoter of germin gf-2.8 (Berna
and Bernier, [997) is additional circumstantial evidence for a link between cell wall
pH and germin activity (Lane et af., 1992).

Plant pathogen interactions. In a preliminary study of defence-related gene
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expression in barley, Wei (1994) identified a cDNA clone (gill1 070358, X93171) with
approximately 45% identity to barley root oxalate oxidase. It is now known to be most
similar (0%} in sequence to a reconstructed protein encoded by the fusion of tworice
ESTs, gill632028 and gii1632551. Subsequently, there have been two particularly
significant publications (Dumas er al., 1995; Zhang et al., 1995) describing the
involvement of ox—ox in the response of barley plants to powdery mildew infections.
In the former study, it was shown by immuncblots and direct assays that the enzyme
wag induced in leaves between three and five days after inoculation. and that it was
localized mainly along the vascutar bundles. There was no induction by wounding.
The [atter investigation demonstrated a much more rapid response, with colorimetric
assays and activity blots showing a detectable increase after 24 h and a 10-fold
increase after 48 h. These increases appeared 1-3 days earlier than PR-1 accumulation
and it is suggested that the activity results from de novo protein synthesis, though
pathogen-induced enzyme activation is also possible. It is not known whether the
H,0, generated by the enzymatic process is used as a signal for the induction of other
combonents of the defence response, for lignification, or directly to inhibit pathogen
development (Thordahl-Christensen ef af., 1997; Wojtaszek, 1997).

Similar results were reported by Hurkman and Tanaka (1996b) for wheat leaves
inoculated with the same pathogen.

Safrstress.  There have been several, related studies on the effects of salt stress on the
expression of germin genes in barley (Hordeum vulgare L. cv CM 72) scedlings
{Hurkmaneral, 1989,1991,1994; Hurkman and Tanaka, [996a). In control scedlings,
germin mRNA levels (as estimated by expression of sequence P45851) are regulated
developmentally, with the highest amount in roots and the lowest in shoots. These
levels are maximal 2 days after inbibition, before declining. In contrast, for seedlings
grown in the presence of 200 mM salt, the levels remain high for an additional day.
Expression patterns in salt stressed roots are more complicated, with Jevels rising only
transiently when 6-day-old roots are exposed to 200 mM NaCl (Hurkman and Tanaka,
1996a).

OXALATE CONTENT OF CEREALS

In the light of the discoveries that a predominant germination-related protein in cereals
has ox~ox activity and that this protein has several close relatives, it is pertinent to
consider the state of knowledge of oxalate in cereals, particutarly since this compound
has never been considered to have any significance in this group of plants. For a
general review of oxalate in crop plants, the reader is referred to the survey by Libert
and Franceschi (1987).

There have been few efforts to localize oxalate in cereal plants. In an interesting and
possibly unique histological study, Prankerd (1920) reported the presence of calcium
oxalate crystals in the nodes of the wheat plant. It was inferred that these crystals
played arole in the detection of gravity and they were estimated to travel from one side
of the cell to the other in under five minutes. Much later, Wagner (1981} reported that
oxalic acid in barley is mostly localized within the vacuoles.

Attemnpts to quantify the levels of oxalate in cereals are aiso scarce. Nelson and
Hasselbring (1931) estimated the amount in wheat plants to be 0.02% on a fresh
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weight basis (0.11% by dry weight), and values of 0.019% for barley, 0.029% for
maize, 0.04% for cats, and 0.048% for rye were calculated by Nelson and Mottern
(1931}. In a more detailed physiological study on maize, Wadleigh and Shive (1939)
measured values of oxalic acid on a dry weight basis, ranging from 0.062% for plants
grown at pH 3.0 to 0.178% for plants at pH 8.0. However, in the same year, Olsen
(1939) could not detect oxalate in leaves of barley and maize, whereas in a study of
nutrient conditions on the growth of oats, Pepkowitz ef al. {1941) showed the highest
oxalate levels in those plants supplied with additional nitrate, The most relevant of the
studies from that period is probably that of Andrews and Viser {1951) who measured
the oxalate content of wheat embryos and found a value of about 1 pg/embryo. Any
overall conclusion from these studies must be qualified by the provise that the
accuracy of the values cannot be assessed according to modern standards, but
nevertheless they do show that low levels of oxalate are recorded in most cereals, and
that Jevels in whole plants are modified by a range of environmental variables.

A specific defence role for oxalic acid in rice was suggested by the findings of
Yoshihara er al. (1990). These authors showed conclusively that this acid could be
isolated from the leaf sheath and that it acted as a potent inhibitor of sucking by the
brown planthopper.

TRANSGENIC PLANTS EXPRESSING OXALATE OXIDASE

To date, the only practical application of germins in transgenic crops is based their
aclivity as an ox-ox, and ils potential use as an antifungal agent.

Oxalic acid is produced by several plant pathogenic fungi (Loewus ez al., 1995) and
is considered to play a major role in the pathogenicity of Sclerotinia scierotiorum
(Noyes and Hancock, 1981; Rowe, 1993), a particularly important pathogen of
sunflower (Masirevic and Gulya, 1992: Sackston, 1992) and many other dicot Crops.
Evidence for the role of oxalic acid comes from studies on mutant strains of the fungus
which are deficient in oxalate preduction and also avirulent. Revertants for acid
production regain their virulent nature (Godoy et af., 1990).

The proposed mode of action for oxalic acid in producing disease symptoms is first
the chelation of calcium from the pectate fraction of the xylem and associated pit
vessels, secondly the entry of air Jeading to xylem embolisms and wilting {Sperry and
Tyree, 1988), and finally the reduction in pH which stimulates the activity of the
fungal enzymes such as polygalacturonase, methyl esterase and cellulase (Marciano et
al., 1983).

Analysis of the role of oxalic acid, as described above, led to the strategy of
introducing oxalate degrading enzymes into plants as a means of protecting them
against the fungal toxin (Thompson er al., 1995a,b). This transgenic strategy, which
has some parallels with the work on human gene therapy mentioned above, has
utilized both available genes, the ox—ox from barley or wheat (see above} and the
fungal oxalate decarboxylase (see below). Field studies are most advanced on transgenic
oilseed rape material containing the former gene (J.M. Dunwell and C. Thompson,
unpublished results). When grown in field conditions containing a high level of
Selerotinia, the transgenic plants show a significant level of protection against the
pathogen. It is not yet known whether this is sufficient for commercial exploitation.

A similar transgenic approach, utilising bacterial genes for oxalate degradation (cf.
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Koyama, 1988), has been suggested in a study of Sclerotinia infection of Arabidopsis
(Dickman and Mitra, 1992).

In addition to their value in applied studies described in the previous sections,
transgenic plants have also been used in a series of more fundamental studies such as that
in which the wheat gf-2.8 germin gene was introduced either as the intact gene, or as
promoter-G LS fusions, intotransgenic tobacco (Bernaand Bernier, 1997). Heterologous
gene expression was monitered/n vitre andin vive by GUS or ox—cx activity, and shown
to occur in developing seeds and in seedlings. This transcription was stimulated by auxin,
probabiy owing to the presence of several auxin-responsive elements (e.g. TGTCCCAT
and TGTCTC) in the promoter sequence. Interestingly (in view of the germin/vicilin
connection; sce below), this sequence also contains nine ‘legumin boxes’ scattered
between 1530 and -1142 upstream. Analysis of the transgenic protein itself revealed
two enzymatically active isoforms, corresponding to the wheat germins G and G” which
differ by the presence of antennary N-acetylglucosamines (Jaikaran ef al., 1990}, This
analysis suggests that the post-transiational modifications of the protein (oligomer
assembly, stability, glycosylation) are very similar, if not identical, in the homologous
and heterologous hosts.

GERMIN-LIKE PROTEINS (GLPs}

This group of proteins includes all those plant proteins closely related to the cereal
germins. It is, therefore, a somewhat arbitrary designation.

Gymnosperms

Pinus caribea. In a study of extracellular glycoproteins secreted by embryogenic
cultures of the Caribbean pine (Pinus caribea Morelet var hondurensis), Domon ef al.
(1995} identified three proteins with some similarity to germins. This similarity was
based on N-terminal sequence from one protein, and cross reaclivity with antibodies
raised to the nonglycosylated wheat monomer as well as to the glycosylated barley
pentameric protein. Interestingly, these proteins were absent from the control non-
embryogenic cultures and they therefore represent the first markers of somatic
embryogenesis in this species.

Pinus radiata. A study of a cDNA library made from somatic embryogenic tissue
has recently revealed four ESTs (gil1839644, 1839645, 1839658, and 1839659) with
significant similarity to germins (S.L. Bishop-Hurley ef af. unpublished results);
Northern blotting using 5 ug RNA showed no expression in roots, stems, needles and
callus. Manual editing (J. M. Dunwell, unpublished results) on a combination of the
translated products from these ESTs suggest that they probably represent a gene
whose protein product is given in Table 2. This sequence is most similar (44%
identical, 62% similar) to the Arabidopsis germin-like protein GLPS8 (gill755192).

Dicot species

Arabidopsis.  In Arabidopsis, there are a total of 27 protein sequences (gil1755152-
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Table 2. Putative sequence of germin-like preteins from Pinus radiaia {a) and Strawberry (h). These
sequences have been produced by transiation and manual editing of various ESTs (J.M. Dunwell,
unpublished results, see text for details)

(a}

DPEALQDRCY ADTKSSIFMNGRICT N PMEASPEHFMTSALRKACGNLSANPL GFSVIVTIPANMPGLNTLGLSMG
RIDMAPGSAIPPHIHPRGS ET!XVVRGALNVGFVD’ISNRIXXHKLVTGDVFVFPKGAVHYLQN IGKITAFIVSA
FNSQNPGTAIVSLA TFASNPAIPYEVLSKAFAISVQEVSQIRKSFGGT

(b

SYAAMODECVADY AAPQSPAGY ACKDPAKY TVDDFVESGLRVAGNISS INKIGE SAAFAVNEPGLNGLGVALVR
ADFAVGGVVHE HSHRBATE,VH_VERWVAGMXNNKMLEXSAQGGUMVFIQG[FPHWGRTPMXY AS
FSSANPGYQTLEXTLFXNELPTEIXNSTLLEKXXIXKL

1755192, git1934726-1934730, gil 1107491, £il1592672, gil2239042), two BAC se-
guences (gil2091318,2il2092889 which encode in the negative strand a protein very
similar to gitt 755165), and 31 ESTs in the databases (see also Delseny e al., 1994;
Hofte er af., 1993) and these can themselves be sorted into a number of classes (J.M.
Duawell, unpublished results). The proteins seem to comprise 12 distinct sequences,
reduced to 8 if a more conservative estimate is made.

Brassica. 'The only full length sequence of a Brassica germin-like gene in the
GenBank database is accession U21742 produced from 5-day-old etiolated seedlings
of Brassica napus c¢v Samourai. Its closest neighbour (87% identical, 92% similar) is
an Arabidopsis ‘germin’ GLP 3 (U75189). However, three other partial sequences
have been isolated from B. napus by the use of PCR based methods (A. Walkerand 1.].
Evans, unpublished results} and these are described in Tabie 3. In terms of stmilarity,
clones I and 2 are most simitar (84%) (o a section of Arabidopsis GLP6 (U75194) and
clone 3 shows close similarity (73%) to a section from the barley germin X93171.
Other ESTs are also known, gblH0O7760 from B. napus and gbll.46495 from B.
campestris. With the insertion of an additional ‘t” at position 174, the former EST
encodes a sequence identical, with the exception of one amino acid, to the B, napus
sequence U21742 (J.M. Dunwell, unpublished results).

Sinapis.  As part of an attempt to analyse rhythmic phenomena in the long day plant
Sinapis alba, Heintzen et al. (1994) searched for mRNAs whose concentration varied
with the time of day. They identified a germin-like transcript that underwent circadian
oscillations in light/dark cycles with maxima at around 8-9pm and minima at around
8am. At a cellular level, the transcripts were expressed in the epidermis and spongy
parenchyma of young leaves, and in distinct regions of the epidermis and cortex of
stems and petioles. The protein itself (gil683488) was associated with the primary cell
walls.

Pharbitis. In a very similar study to that on Sinapis described above, Ono er al.
(1993) used the short day plant Pharbiris nil in an examination of floral induction. The
convenience of this species is clearly demonstrated by the fact that a single 16-hour
dark treatment is sufficient to induce flowering. During the second half of the
inductive dark period the level of a specific 22 kD protein (isoelectric point 7.5)
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Table 3. Germin-like sequences from Brassica napus (A, Walker and L], Evans, unpublished results)

Clone

OGTCAGTOOOCGOGCATA TCCATOOCOGCGOGACTGAGATCTTGG TTG TUCAACAAGGAACCTROCTTIGTAGG
GITIGTGICTTCAAACCAAGATOAGAACOGTCTTTTOGCCAAAACCCTCAATGTTGG TGATGTATTIGTGITTC
CAGAAGGCT TCCTCCATTTTCAACTCAAGGCATUCGGGCTAGAGCGGOGCACOGUGGTGGAGCTCCCAG

Translation:
ROSPPEMHPRATEILVVQQUILLVCEFVSS NODENRLFAKTLNYGDVEVEPEGHLHRQLKASGLERRTAVELP

Clone 2

COGOCGCATATGCATCOGCGGGCCACTGAGATCTIGAT TG TCCAACAGGGAACCTIGCTIGTAGGGTITGICTC
THCAAACCAAGATGOAAACCGTICT T TOOCCAAAACGCTCAA TG TTGG TCGATGTATT TG TG T ITOCAGAAGGC
TCATCCATTTTCAACTAAGGCATCCAGGGCTAGAGCGGCGCACCGCGGTGGAGCTCC

Transiation:
PPHMHPRATEILIVQQOGTLLVGFVSSNQDGNRLFAK TLNVGDVFVFPEGLIHFQLRHPGLERRTAVEL

Clone 3

Translation (by manual editing}:

PPHMHPRAREIL TVLEGTLRVGFY TSNPNNRETKVLKKGDVFVIPVGL YV TRQSNVONGNAVAIAAL SSONPGA
ITIANXVEG

increased significantly. This protein (gil662292) was subsequently identified (Ono e/
al., 1996) as a germin-like protein whose mRNA was detected particularly in the
young expanded cotyledon and leaf. The level peaked about 10 hours from the
beginning of the dark period, in contrast to Sinapis where the peak for the related
protein occurs about 12 hours after the start of the light period (Heintzen er af.,
1994,

Interestingly, this Pharbitis protein was tested and had no ox—ox activity.

Mesembryanthemum.  Mesembryanthemum crystallinum is a facultative halophyte
and has been widely used in studies of biochemical changes and gene expression
during water stress (Bohnert er al., 1988). In a detailed biochemical study, Adams et
al. (1992) found an increase in oxalate content in the bladder cells from <1 mM up to
106 mM as salt levels were increased from 1 mM to 5 mM. This finding may be linked
to the results cbtained from a differential screening of a cDNA library produced from
roots subject to 6 hours of salt stress (500 mM) (Michalowski and Bohnert, 1992).
These authors identified a significant decline in the transcript of a germin-like protein
(gil1169942). In a subsequent study of changes in transcript levels for several genes,
Andolfatto ef al. (1994) found that a reduction of ‘germin’ message in roots after
30 hours of salt stress (400 mM) but an increase after 120 hours.

Detailed comparison of the protein sequence from this species with other germin-
like proteins reveals an obvious loss in similarity towards the C-terminus at amino acid
position 197. Before that residue, there is approximately 75% similarity to Arabidopsis
germin U75192. Beyond that residue there is no significant similarity to any other
germin. However, if an additional nucleotide is inserted at that point {position 609 in
gil167257), then the similarity is regained (J.M. Dunwell, unpublished results). This
suggests either a sequencing error which introduced the effect of a frame shift
mutation, or that indeed such a mutation cccurred during the evolution of this protein.
There is no evidence available for distinguishing between these alternatives.
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Prunus. There have been two recent database submissions of germin-like sequences
(US1162,U81163) from peach (Prunus persica cv Akatsuki). The authors of this study
describe these sequences as auxin-binding proteins (ABP19/20} (see below for
discussion of ABPs), but this is an obvious misnomer since their closest relative in the
public database is an Arabidopsis ‘germin’ sequence GLP 2B (U75193). However,
they are even more similar to a previously unpublished sequence from strawberry (see
below), another member of the Rosaceae.

Strawberry.  As part of a large-scale EST project on gene expression in strawberry
fruit, a germin-like sequence has been identified recently (A. Van Tunen, personal
communication) (see Tabfe 2). Not surprisingly, it is most similar (54% identical, 72%
stmilar) to the sequence from peach mentioned in the previous paragraph.

Legumes.  Although Stachelin (1919} reported the oxidation of oxalic acid by flour
produced from a range of legumes, namely Lupinus albus, Phaseolus vilgaris,
Glyeine soya, Vicia faba, and Pisum sativion, the first evidence for the presence of a
germin-like protein in any fegume. came from the work of Swarter a/. (1994) on a cell
wall protein from pea roots. This protein was implicated in the attachment of
Rhizobium and Agrobacterivm bacteria to the plant cell wall, a process mediated by
the bacterial protein rhizadhesin. Analysis showed the putative receptor to be a
glycoprotein with an isoelectric point of 6.4, a molecular mass of 32 kD before, and
29kD after glycosidase treatment, and to have an N-terminal sequence of
ADADALQDLCVADYASVILVNGFASKPLI (with some doubt over the last three
residues). Use of this sequence in a BlastP search reveals the closest relative {69%
identity) to be an Arabidopsis germin (gil1934730) and two ESTs {(wW43z42,
AA042591). Tt may be of interest to note that the most successful extraction method
for removing the receptor from the cell wall involved the use of an oxalate/oxalic acid
mixture,

More recently, this evidence from pea has been supplemented by the direct
measurement of oxalate oxidase activity in nodules of faba beans (Vicia faba 1)
(Trinchant and Rigaud, 1996), These authors, who had previously detected hi ghlevels
{70 mM) of oxalate in nodules (Trinchant et al., 19943, have now demonstrated that
application of a water stress increases the level of oxalate oxidase activity fourfold,
and reduces the level of oxalate by 55%. The enzyme itself is characterized by an
optimal activity at pH 8, in contrast to the cereal enzyme referred to above, which has
an optimum at pH 3. Itis suggested that the oxalate present at high [evels in the nodules
could play arole as a complementary substrate for bacteroids, and as a means to slow
down the decline in nitrogen fixation induced by water restricted conditions.

In the light of these findings of high levels of oxalate in nodules it is somewhat
surprising that legumes show susceptibility to Selerotinia (see above).

MAPPING INFORMATION FOR GERMINS AND GERMIN-LIKE PROTEINS

‘There have been two studies to locate the position of the germins on the cereal genome
map. In the first, quoted in Lane er al. (1991} it was reported that a germin cDNA used
as & probe mapped primarily to chromosomes 4A (~5 copies), 4B (~3 copies) and 4D
{~9 copies) in hexaploid wheat. In the second, Dubcovskyer al. (1995} used the barley
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clone pWJIHGermin (Hurkman er al., 1994) on a mapping population of Triticimn
monococcum and found one pair of fragments mapped to the centromeric region of
chromasome 2A™ (arm location unknown) and another locus was mapped to chromo-
some 4A™, The position of this locus is similar to that previously reported by Lagudah
et al. (1991) for Triticum tauschii and Devos er al. (1995) for wheat chromosomes 48
and 4D. In an unpublished swdy (Gale ef ¢l.) guoted in Berna and Bernier {1997), it
has been shown that the promoter of the gf-2.8 gene is largely confined to the D
genome of wheat; it hybridizes to four genomic fragments from this genome, one from
the A genome and appears to be absent from the B genome.

The only information from rice is unpublished data provided by Dr llkka Havukkala
(Rice Genome Research Program) who reports that the rice clone S1623 (=D39942)
maps to the top terminus of chromosome 4 (Koike e al., 1997), at the same location
as marker C445 on the map published by Kurata er af. (1994). It is likely that there is
only one location for this clone in the genome,

There is no published information on the chromosomal location of any of the dicot
GLPs, although it can be expected that the Arabidopsis genes will be placed on the
map in the near future.

Microbial and animal proteins with sequence similarity to germins

SPHERULINS AND DESIGNATION OF THE ‘GERMIN BOX’

The first proteins found to have any significant sequence similarity to the wheat
germins were the spherulins, proteins expressed in the slime mould Physarum
polycephalum during the process of plasmodial encystment or spherulation {Bernier
eral., 1987). Plasmodia will encyst to form spherules when subjected, in the dark, fo
dehydration, cooling, acidic pH, sublethal concentrations of heavy metals, high
concentrations of some carbohydrates, or starvation. These spherules are hard-walled
oligonucleated subunits produced by cleavage of the plasmodia, and they can remain
viable for many years.

At the amino acid level there is 44% similarity in sequence between germin gf-2.8
and spherulin 2b (Lane et al., 1991), a value that increases to about 60% for the central
core sequence. Near the centre of this conserved core is the decapeptide sequence
PH(I/TYHPRATEI, a region designated as the ‘germin box’. In the sections below, it
will be demonstrated that this motif is conserved across a much wider range of proteins
and is part of the putative active site of the cereal ox—ox enzymes (Gane et a/., 1998).
It should be noted however that the spherulins do not show ox—ox activity and their
biochemical function remains unknown.

IDENTIFICATION OF TWO HISTIDINE-CONTAINING MOTIES

In a search for possible germin progenitors, BLAST searches were conducted on
various ‘germin’ and ‘germin-like’ sequences in the GenBank database. Subsequent
analyses (J.M. Dunwell, unpublished resuits) using the BLOCKS (Henikoff and
Henikoff, 1991), MEME (Bailey and Elkan, 1994) and PROSITE programmes
showed first that only certain residues within the ‘germin box’ are absclutely con-
served across all proteins, and secondly that other regions of the protein are equally
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conserved (Dunwell and Gane, 1998). Specifically, it was shown that the * germin box’
is part of a longer 20/2F AA motif, G(X),HXH(X}, G. This sequence is part of the
PRINTS motif "GERMINI" and is followed (usually after 15 residues) by a second
motif of 16 AAs, GIX},P(X) H{X},N (part of PRINTS motif ‘GERMIN2). Using the
bean storage protein phaseolin {Lawrence er al., 1994) as a reference, these {wo
histidine-containing motifs are part of the B-strands designated C/D and G/H within
the two [3-barre] elements. Considering the first motif, the two flanking glycines are
equivalent to the strictly conserved Gly*? and Gly>® which assist in the formation of
the short interstrand loops B-C and D-E within the C-terminal B-barrel of phaseolin.
Similarly. the second motif contains a proline equivalent to conserved Pro™ which is
part of the imerstrand foop between strands G and H. The variable spacing between
matifs is equivalent to the insertions (varying between 7 and 25 residues) tolerated in
the E-F loop (see Gane ef al., 1997).

CUPINS

"The recent sequence analysis reported by Dunwell and Gane (1998) identified a series
of protein families (many bacterial) which contain the two motifs described in the
previous paragraph. These families are considered below and have been divided into
two categories. The first includes the proteins having a single ‘germin-type’ domain,
and the second include those with a duplication of this domain. Amongst the list of
single domain proteins are several that are much smaller than the germins, with the
most extreme being only 77 residues in length. These ‘protogermins’ have only a core
f-barrel structure (as judged by homology analysis), with a minimal intermotif
spacing and without any terminal o-helices. It is proposed to designate them as
‘cupins’ {from the Latin term ‘cupa’ for a small barre! or cask). Whilst it is acknowl-
edged that enzyme nomenclature is usualty based on function, in this case the related
nature of the proteins (many with no known function) has been determined on the basis
of sequence/structure. Using this nomenclature, the * germins’ and ‘germin-like’
proteins (mean length ¢, 200 AA) may be considered as ‘Jong cupins’, and the oxalate
decarboxylase and other two-domain proteins (see below) as *bi-cupins’.

ONE-DOMAIN PROTEINS

Auwxin-binding proteins (ABPs)

These proteins are widespread in the plant kingdom, and are thought to act as a
receptor for IAA, and thereby control a range of plant growth responses (Miliner,
1995; Napier, 1995; Napier and Venis, 1995; Venis and Napier, 1995). Amongst
several descriptions of such proteins from both monocots (Patme et af.. 1992; Schwaob
et al., 1993) and dicots (Choi, 1996: Leblanc et al., 1997, Lazarus and Macdonald,
[996: Shimomura et af., 1993) is one on the isolation of a presumed ABP from peach
shoot apices (Ohmiya er al., 1993). However, this protein binds 2.4-D with low
affinity (Kd=40pM), it has even lower affinity to IAA and NAA, and it does not cross-
react with antibodies to maize ABP1 (Fellner et al., 1996). As Jones (1994) states, its
function remains unknown. Recently, the sequences of two peach proteins gii1916807
and gil1 916809 (Accessions U81162,U81163), described as ABPs, were submitted to
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the GenBank database {A. Ohmiya ef al., unpublished results). As mentioned above,
this is presumably a misnomer, since they show much closer sequence similarity to
germins than to functional ABPs (see details above). This misinterpretation can now
be explained by the fact that ABPs belong to the one-domain cupin superfamily
(Dunwell and Gane, 1998).

These authors recognized a consistent similarity between the sequence of ABPs and
that of germins, particularly in the central core sequence of three ABP exons that
include the ‘germin box’ {(motif 1). Within the ABPs, this motif is known as the ‘D16’
sequence (Venis and Napier, 1995) or ‘Box A’, and is thought to be involved in the
binding of the carboxylic acid group of JAA (Brown and Jones, 1994; Edgertoner al.,
1994 Jones, 1994). Further evidence suggesting a link between ABP1 and germins
come from circular dichroism spectral analyses and structure predictive algorithms,
neither of which support a significant amount of helical secondary structure (Jones,
1994). This is confirmed by the molecular modetling of germin reported by Ganeet al.
(1998).

Phosphomannose isomerases

Phosphomannose isomerases (PMIs) (EC 5.3.1.8) are enzymes that catalyse the
interconversion of mannose-6-phosphate and fructose-6-phosphate. Although they
are considered to be zinc-containing metalloproteins, a Fe(11l)-hydroxyphenylalanine
site has been identified in the PMI from Candida albicans when expressed in E. coli
(Proudfoot er al., 1996; Smith et al., 1997). On the basis of sequence comparison, the
PMIs have been divided into three classes (Proudfoot ef al., 1994), within which the
class I enzymes are involved in a variety of pathways inciuding capsular polysaccha-
ride biosynthesis and D-mannose metabolism. They all include, toward their
C-terminus, two histidine-containing motifs similar in sequence and spacing to those
found in the other proteins discussed in this review. One difference is that the
histidines of the first motif are often displaced to give a G(X),HXH(X) G sequence.

Notable amongst these enzymes, many of which are found in pathogenically
important organisms, are the spote polysaccharide protein (P39631) from Baciflus
subrilis, the CapSF and Cap8F proteins from Staphylococcus aureus (Sau and Lee,
1996) and the closely related (>90%) but possibly misnamed ‘nucleotide binding’
protein (S33518) from the mycoplasma Acholeplasma laidlawii. Of this large group
of related proteins, the smallest (128 AA} is the Synechocystis PMI gene (gil1001180).
Others include: a sequence (S04426) from Synechococcus; a sequence (created as
SwissProt virtual sequence VIRT2200} in the upstream region of the aspartate
racemase gene (D84067) from the archaeon Desulfurococcus (Yohda et al., 1996)
(see section on cryptic genes below); GDP-mannose pyrophosphorylase {Q46859)
from Yersinia enterocolitica; and PO7874 — the 56KD bifunctional enzyme from
Pseudomonas aeruginea with both PMI and GDP-mannose pyrophosphorylase ac-
tivitics (May et al., 1994). This latter enzyme is involved in the polymerisation of the
viscous mucoid exopolysaccharide, alginate —a compound composed of 1,4-linked o~
L-guluronic acid and -D-mannuronic acid subunits. Its pathogenic significance lies in
the fact that it protects the bacterial cell from host immune responses and antibiotics,
and thus is also the major cause of mortality in patients suffering from cystic fibrosis.
In contrast to their role in pathogenesis, bacterially produced alginates, along with
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those from marine microalgae (seaweeds), are of preat economic importance in the
food industry (Renn, 1997).

There are also eukaryotic equivalents of these enzymes (e.g $53039 from yeast) in
which cither ene or both motifs are conserved. Related sequences from Caenorliabditis
elegans include two with unknown function. gil1707132, and gil1082118. It had been
noled previously (see attachment to the sequence submission} that the latter sequence
contained a domain with weak similarity to the acidic domain of a rice glutelin
precursor. In fact, it is more similar 1o a region of the legumin precursor ($54207) from
Magnolia salicifolia and other species.

Polyvketide synthases

Amongst the bacterial sequences with the closest homology to germin is curC
(QO2586) from Streptomyces cyancus (Bergh and Uhlén 1992a,b). The gene product
is probably a cyclase (although its exact function is unknown) and is part of the
synthetic pathway of the antibiotic curamycin. This compound has a polyketide
skeleton consisting of orsellinic acid — the simplest aromatic polyketide possible.
Closely related genes with similar function from other Strepromyees species include
those from 5. coelicolor (X55942) (Davis and Chater, 1990}, S. halstedii (L0G5390)
(Blanco er al., 1993), and S. glaucescens (M80674) (Bibb er ai., 1989) and X77865
(see Figure 4 in Blancoer al., 1993). This latter study also identified sequences closely
related to PGERISEHYHPYSE (residues 47-60 in L05390) (cf. motif 1} that are
conserved amongst several [(-glucosidases from plants, fungi, and bacteria (e.g.
P26208 from Clostridium thermocellum).

Additional members of this group of putative cyclases include the B. subrilis
sequence P34430 and the sequence o7f7 (gil 1402862) (product Pepl) within U60777
(Smither /. 1993) from the cryptic transposon Tnd321, a part of the broad host range
IncP beta plasmid R751 of Enterobacter aerogenes. This Pepl sequence (nucleotides
[704-2126) is situated between a transposase fmpA, and orf2 (product Pep2), a
putative member of the LysR family of bacterial regulator proteins. The notes
accompanying the submission, whilst noting *possible polyketide cyclase on basis of
weak similarity to Tem/ of Streptomyces glaucescens, M80674°, did not recognize
that the closest protein refative to Pepl, as revealed by a BLASTP search, is an
Arabidopsis germin (U75187).

Another possible member of this class is the 143 AA protein encoded by sequence
gil1653078 from Synechocystis. The smallest (110~132 AA) proteins in this group are
two from Erwinia chrysanthemi, first a “pectin degradation protein KDGF’ (accession
Q05527) (Condemine and Robert-Baudouy, 1991) and secondly the sequence
gill 772621 in 139897, one from Mycobacterium tuberculosis (gil1 654019) (Philipp
et al., 1996), and one from Bacillus subtilis (gil1881251).

Epimerases

Sequence analysis has revealed that the cupin protein superfamily include a series of
epimerases involved in the synthesis of bacterial exopolysaccharides. These enzymes
include dTDP-4-dehydrorhamnose 3,5-epimerases such as the ExpAS protein re-
cently shown to be involved in the biosynthesis of galactoglucan (exopolysaccharide
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Iy in Rhizobium melioti (Becker er al., 1997). The complete list of these enzymes
includes examples from E. coli (Stevenson et al, 1994; Yao and Valvano, 1994,
Marolda and Valvano, 1993), Xanthomonas campestris (Koplin et al., 1993) Lep:-
ospira interrogans (Mitchison et al., 1997), Neisseria gonorrhoeae (Robertson et al.,
1994; Petering ef al., 1996), N. meningitidis (Hammerschmidt et al., 1994), Yersinia
pseudotuberculosis (Thorson et al., 1994), Sphingomonas (Yamazaki ef al., 1996),
Strepronmyces griseus (Pissowotzki er al., 1991; Krugel ef al., 1993}, Salmonella
rvphimurivm (Jiang et al., 1991; Wang et al., 1992; Zhang et al., 1993), Shigella
flexneri (Macphersonet al., 1994), Haemophilus actinomycetemconiitans (gil1944162)
and Svnechocystis (gil165678). The equivalent gene from C. elegans is gil[049348.

A similarenzyme dTDP-6-deoxy-L-mannose-dehydrogenase (gif1651977) is known
from Synechocystis.

Dioxygenases

Amongst these iron-containing enzymes is one class which contains the two histidine-
containing motifs, although the first motif has only a single histidine residue. This
specific class of enzyme comprise the 3-hydroxyanthranilate 3.4-dioxygenases (3-
HAOQ) that catalyse the synthesis of guinolinic acid from 3-hydroxyanthranilic acid.
Examples include a yeast sequence {accession P470%6) and similar proteins from C.
elegans (Z70755) and rat (D44494) (Malherbeer ¢f., 1994). Additionally, the cysteine
dioxygenases such as that from rat (P21816} (Hosokawa et ¢/, 1990) clearly contain
an equivalent first motif, though the second is either absent, or present as a weakly
similar motif separated by a gap of approximately 40 residues.

Related proteins with no known function

Additional analysis identified a series of progressively smaller proteins, each of which
contain motifs I and 2 (Dunwell and Gane, 1998). Included amongst these proteins,
none of which has any known function, are two similar accessions (D90909, D90910)
from Synechocystis, the first of which has the Arabidopsis germin X91957 as the
closest relative, and the second of which is similar to cytochrome ¢351 from
Rhodococeus. Slightly shorter sequences include one from Mycobacterium tubercu-
losis (gil2104394), two from the methanogenic archaeon Methanococcus jonnaschii
{Bult er al., 19906), [2il1592216 (U67602) from predicied coding region MJ1618 and
its close relative gil1499583 (U67521)], and two E. coli sequences, P38522 which is
similar to an aldehyde dehydrogenase (Heim and Strehler, 1991), and its longer
version — the immunity repressor protein (D90768).

The two sequences from M. jannaschii have not yet been assigned a function,
though it 15 to be expected that the type of metabolic reconstruction being devised by
Selkov ef al. {1997) will help towards that end.

The smallest (77 AA) of all those identified is a membrane spanning protein (MSP}
(Li and Strohl, 1996) (U37580) from Streptomyces coelicolor. This protein, which has
similarity to E. coli PMI, and also to an upstream sequence (SwissProt virtual sequence
VIRTI7611) in the prismane gene (Z11975) from Desulfovibrio desulfuricans
(Stokkermans er al., 1992) (see next section), is the putative progenitor of all these two
motif proteins, and subsequentiy of all the related cupin superfamily of proteins.
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Hypothetical crvptic genes

There are several examples of previously unknown, germin-like genes revealed
recently (J.M. Dunwell, unpublished results) by means of TBLASTN searches, which
are able to reveal putative coding regions in the upstream regions of other genes. The
most likely explanation for these cryptic ORFs, which may be found on cither strand
in any reading frame, is the accidental ligation of DNA sequences during the cloning
procedures cmployed in the construction of cDNA libraries (Bhatia er al., 1997).

Ofthe six examples described here, the most complete is that found in the upstream
sequence of the Arabidopsis polyubiquitin gene ubg4 (Burke ef al., 1988). The 4024
nucleotide cDNA sequence (gil987518) from this study shows the coding region to
start at position 2649. Inspection of the ‘upstreamn’ sequence reveals that nucleotides
1195 to 1873, with the insertion of a ‘g’ at position 1288 in order to overcome a frame
shift error introduced by the sequencing procedure, encodes a germin-fike protein
identical to gifl 755168 and that encoded by the Arabidopsis EST, ATTS 0248
{gil16847).

A very similar situation is present in the upstream sequence of a groESL operon
{D12677) from Syrechocystis (Lehel er al., 1993). Nucleotides 3-208, with addition
of an additional ‘g” at position 104, encode a protein identical (with the exception of
asingle Asp to Tyr mutation) to the C-terminal 69 amino acids encoded by gii1652486
(accession D90905), a PMI (see above) sirnilar to gil1001180 from the same species.
Perhaps coincidentally, it is reported that the correct folding of a recombinant type |
PMI from Candida albicans (Cleasby ef al., 1996) in E. coli is increased by the co-
expression of the GroES or GroEL chaperones (Proudfoot ef ¢l., 1996).

The third example (VIRT28811) (Tabie 4) is encoded by nucleotides 338-1
{(negative strand) of the upstream sequence of gil560029 which contains at nucieotide
position 507--2363 a gene for a xylan 1,4-beta-xylosidase (Oh and Choi, 1994).
Intriguingly, the closest neighbour of this cryptic sequence is the next sequence
described. :

The fourth example (VIRT2200) (Tuble 4) is found in the positive strand (nucle-
otides 104-450) of the upstream sequence (although not in the same reading frame) of
the aspartate racemase gene from the archaeon Desulfurococcus strain SY (Yohda et
al., 1996). This sequence is most similar (30% similar over a 79 AA region) to the 1fb
gene from Salmonella enterica (see section on epimerases above).

The fifth example (VIRT17611) (Tuble 4) is that from nucleotides 238—727 in the
upstream sequence (same reading frame) of the prismane protein from Desulfovibrio
vulgaris (Stokkermans et al., 1992). Again, this derived sequence has another cryptic
sequence as its closest neighbour, in this instance a protein (VIRT20248) (Table 4) from
Pseudomonas lemoignei encoded by the nucleotides 1618-17286 (negative strand) of
accession U12977, between a glycerol-3-phosphate-dehydrogenase (gil531467)and a
poly(3-hydroxybutyrate) depolymerase A (gil531466) (Jendrossek e al., 1995).

TWO-DOMAIN PROTEINS (BI-CUPINS)

Oxalate decarboxylase and related microbial proteins

The principal organisms responsible for the biodegradation of wood are white-rot and
brown-rot basidiomycete fungi (Dutton et al, 1993; Dutton and Evans, 1996).
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Table 4. Putative cupin sequences encoded by cryptic genes in upstream “non-coding’ regions of
other bacterial genes (.M. Dunwell, unpublished resulis)

SVIRT2881 1, 112 AA (Bacillus stearothernophilus)
FIFKLEF T TAFAGRLRRSGRIRRHSHPALFEVNLLLAGSQVM TVGGKRY VQQPGDLLLVRPEDYHESRALG{EPM T
YYCLHFNVDEPVFASYCAVARTRSTPRTGRWPRSFGQA

SVIRT2200, 115 AA (Desulfiurococcus)
WGERVKARKNL IDRGTYRKLPLFEGELPEGS Y AQIVEVKPGQTVKKHYHLEQYELFYIMSGEARLGIGETGYL
ARPGDIFLVEKPKTVHWVINEXKEEPFRLFVVKLNYKGDDSVW

SVIRTET6L1 163 AA {Desulfibrio deswlfuricans)

RPAAHQRKKHI PASSRPPERI RE FCSVTIVIDVHIPPWY TGIKSKEGTMQRLLENLDY ATALPLAAQVIIOQP
GQVASKTLVQNDAVGMAH)KGEKBAH]SIGDAFVL‘\LEGQGQVTH\JGQTSPLKAGESIiMPAGQPHSVSA
VERFKMLLVVIFPPE

SVIRT20248 111 AA {Pseudomonas lemoigner)
MALPHASSGQLIDVRPLGSQLTSAPSRAILKTSGLELMHMVLPAGRTVPEHRVPGECTIQCIEGSVELTSHGNT
QLMRAGDLVYFEGGVVYHALHAQEDSSLLVTILMKHEA

Whereas the former type are able to degrade all components of the wood cell wall,
brown-rot fungi remove the cellulosic fraction and leave the lignin undegraded. It has
been known for many years that most brown-rot fungi accumulate large quantities of
oxalic acid in certain culture media (Shimazono, 1955). In similar conditions, the
white rot organisms fail to show this accumulation, because of the activity of oxalate
decarboxylase (ODC)-the enzyme (EC 4.1.1.2) that converts oxalic acid to formate
and carbon dioxide. (It has recently been shown by Micales {1993) that brown-rot
fungi also produce an ODC enzyme.)

In commercial terms, this enzyme has potential value (Hiatt and Owades, 1987) as
an additive that can be supplied during the brewing process in order to reduce the level
of oxalate (to prevent ‘gushing’) (Haas and Fleischman, 1961) and to degrade
‘beerstone’, crystals of calcium oxalate formed in the vat and therefore likely to
obstruct pipe-work.

The Collybia velutipes QDC enzyme was first characterized in detail and cloned by
Mehta and Datta {199]) and its sequence recently published (Datta et al., 1996).
Analysis of the protein sequence (Dunwell and Gane, 1998) has now revealed the
surprising fact that the protein is a duplicated one, with the two domains each showing
sequence similarity to the ancestral germin protein (Baumiein ef al., 1995). It is
therefore quite closely related to the plant storage proteins such as vicilin and legurin,
and is also related to the other oxalate degrading enzyme ox-0x (sec above). Use of the
germin homology model (Gane et al., 1998) should enable predictions to be made of
the structure of the active site of this ODC (Labrou and Clonis, 1995) in the near future.

Identification of this two-domain OPC in the fungus C. velutipes has also led to the
discovery of a closely related bacterial sequence, namely gill652630 from the
unicellular cyanobacterium  Synechocystis PCC6303 (Kaneko et al., 1996). This
hypothetical protein is encoded by nucleotides 15268-16452 of accession D909(07
and its closest neighbour as estimated by residues 250-381 is Arabidopsis germin-like
protein U%5046 (30% identical, 49% similar). Another example of duplication is
provided by a protein (accession P42106) (Yoshidaer al., 1995) of unknown function
from Bacillus subtilis.
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Despite the fact that the critical residues within each motif, and the spacing between
motifs, have been conserved in all three examples, there are a number of significant
differences between composition of these proteins. First, the overlaps of the dupli-
cated regions are of different length, Additionally, BLASTP searches with BEAUTY
annotation (Worley et al., 1990) show that the stretches of sequence showing
stgnificant homology with other proteins are located primarily in the C-terminal
section of oxalate decarboxylase, whereas they are located mostly in the N-terminal
half of accession P42106. The third protein, gil1 652630, has equal similarity (particu-
larly to germins/vicilins) in each half.

In terms of their evolution, there are a number of possible origins for this duplica-
tion, which previously has never been found outside the plant kingdom. The simplest
hypothesis is that the two domains of each protein have diverged differentially after a
single duplication event. Alternatively, duplication might have occurred three times,
most recently in Synechocystis (gil1652630) in which the two domains show equal
similarity to other proteins. The third possibility is that this latter protein is the only one
to be a product of duplication, and that the other two examples have instead evolved
from a homologous recombination event between two similar DNA sequences. In this
case, gil1052630 would be the direct and sole ancestor of the higher plant storage
proteins (32/52 of its nearest neighbours are such proteins).

Sucrose binding protein (SBP)

The fact that sucrose-binding proteins (or at least the example from soybean, Q04672
—Grimeset al., 1992) is atwo-domain member of the germin family, was first reported
by Braun ef al. (1996) in a study of a vicilin-like protein (Z50791) from the cycad
Zamia furfuracea. In a detailed analysis of sequence, these authors suggest that the
replacement of a conserved proline residue (found in viciling) with an isoleucine in the
SBP C-terminal domain might create stearic hindrances and therefore prevent the
trimerization of subunits typical of storage proteins.

Storage proteing

Seed storage globulins are divided into two types, the vicilin-like 7S, and the legumin-
like 115, The former 75 proteins are trimers assembled from two main types of 50 or
70 kD subunits, whereas the subunits of 118 proteins are synthesized as a precursor
which is processed into an acidic o- and a basic $-chain whilst remaining connected
by a disulphide bond. These subunits are then assembled to produce a hexameric
holoprotein. Within the last few years it has been found that the genes coding for both
the Jegumin and vicilin subunits are the result of an internal duplication of a single
domain ancestral gene (Lawrence et al., 1994). Tt was shown subsequently (Biumiein
ef al., 1995) that the spherulins and wheat germins might also have evolved from this
common ‘protogermin’ ancestor, for which various bacterial candidates have been
proposed by Dunwell and Gane (1998).
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Role of glycosylation

GERMIN AND GERMIN-LIKE PROTEINS

All examples of germin and its close relatives are glycosylated. It is notable, however,
that the glycosylation site(s) vary in position within the proiein, and perhaps could be
used as a diagnostic feature to categorise the different classes of these proteins. The
only detailed study of the glycan side chains was that conducted on the wheat germins
(Jaikaran ef af., 1990).

Several of the other single-domain germin-like proteins, such as the ABPs, also
contain glycosylation sites, with the position of such sites being a feature of each group
of protein.

STORAGE PROTEINS

Phaseolin, the major storage protein of bean, is encoded by a smail gene family
divided into two highly homologous classes, o and B (Slightom er al., 1985).
Polypeptides of both classes are synthesized as two glycoforms bearing either one or
two glycan side chains. This glycosylation is not required for the assembly of the
monomers into the final trimeric structure (Vitaleer al., 1995) but it does affect the rate
of assembly. More recently, it has been shown that glucose trimming of the side chains
is a key event in the assembly process (Lupatelli er al., 1997).

Structure predictions

As described above, germins possess sequence similarity with legumin and vicilin
storage proteins. Recently, this information was utilized to generate a 3D model of
germin (Gane ef al., 1998; see Figure [) from which a potential ox—ox active site
could be predicted. This site, comprising a cluster of three histidine residues, was
located within the conserved P-barrel structure and was similar to those found in
copper amine oxidases, although it should be noted that the metal cofactor of ox—ox
has never been unequivocally demonstrated. In addition, the modelling study used the
potential for charge-charge interactions between monomers to produce a pentameric
assembly, in which the [-barrels remain parallel to the five-fold axis, thereby
maintaining solvent exposure for the predicted active sites.

This pentameric structure of germin is reminiscent of that found in the pentraxins,
a family of vertebrate plasma proteins which include human C-reactive protein, the
classical cytokine-regulated acute phase protein produced in response to inflamma-
tion, and universally measured as an objective marker of disease activity (Emsley et
al., 1994; Gewurz ef al., 1995; Hohenester ef al., 1997; Srinavasan ef al., 1994). Like
germin, the pentraxins are protease resistant, and structural analysis reveals another
similarity in that their tertiary fold is very similar to that of another class of plant
storage protein, namely the legume lectins. Recently, several groups (Geodmaner al.,
1996; Basile et al.,, 1997) have identified an additional class of ‘long pentraxins’.
Although only the C-terminus shows features of the pentraxin family, they are still
thought to form pentareric complexes. In some ways these extended proteins are
analogous to the two-domain, bi-cupin proteins.
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Figure 1. Proposed malecular maodel of the germin maolecule. based on the romolegy with the storage
protein vicilin (Gane ef al.. [998). The arrow indicales the position of the histidine eluster, the suggested
aclive site of the oxalate oxidase {courtesy Jim Warwicker),

Itis expected that the 3D model of germin will soon be used to generate structura
predictions of other proteins in the superfamily.

Concluding remarks

The cereal germin proteins, along with their close relatives from gymnosperms and
dicotyledonous plants, have emerged recently from a position of being considered as
interesting proteins with no known function, to being identified as enzymes concerned
with cell wall structure {(Lane, 1994), fungal defence (Dumaset af., 1993; Zhangeral.,
1995, Hurkman and Tanaka, 1996b), salt tolerance (Michalowski and Bohnert, 1992
Hurkman and Tanaka, 1996a), floral induction {Heintzen ef al., 1994; Ono er al.,
1996), and as markers of sormatic embryogenesis (Domon ef al., 1995). In addition,
knowledge of their ancestral relationship to plant storage proteins (Dunwell and Gane,
1998} has been used to gencrate a 3D model (Gane et o/, 1998) and identify details of
the potential active site. Together with the identification of several other related
proteins in different enzyme classes — a finding predicted by Lane (1994) and similar
1o the results of Murzin (1993) and Babbit er al. (£9957 - these new observations will
undoubtedly lead to a further rapid expansion in fundamental and applied interest in
this most fascinating group of proteins.
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