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INTRODUCTION sponds to the C and D strands and motif 2 corresponds to the

The recent publication of the sequences of several complete
genomes of archaea and bacteria has stimulated a range of new
analyses of gene and protein evolution. These studies have
included many which have considered the distribution of spe-
cific families of paralogs (families of related proteins from the
same species) and orthologs (families of related proteins from
different species). The power of these analyses (mostly depen-
dent on algorithms designed to detect similarities in gene or
protein sequences) lies in their ability to identify similarity in
the many million sequences now held in the major databases.
However, despite the undoubted efficiency of these compara-
tive studies, there remain several constraints, which limit the
value of any new information that can be generated. First, each
algorithm depends upon a certain level of similarity (usually
above 30% identity) to detect a statistically valid relationship
between two or more sequences. It is much more difficult,
though not impossible, to confirm similarity where the degree
of identity between sequences is 20% or lower. Second, simple
analysis of primary sequence provides no information about
the secondary or tertiary structure of the protein(s) under
investigation, and it is the structure of a protein that deter-
mines its function. There is therefore a growing interest ex-
panding from genome and transcriptome analysis (299) into
structural genomics (14) and studies of the proteome and
metabolome present in any specific cell or tissue (89, 159, 271).

This present review is designed to show how a detailed
analysis of protein sequence has been combined with informa-
tion on tertiary structure and biochemical function to uncover
a new superfamily of functionally diverse proteins, the cupins,
and to trace their evolution from bacteria and archaea to
eukaryotes including animals and higher plants. Specifically,
this path leads from small enzymes found in primitive thermo-
philic microbes to plant enzymes of great medical value and
thence to the multimeric seed storage proteins that comprise
the major part of the human diet.

DEFINITION OF THE CUPIN SUPERFAMILY

The term cupin (from the Latin term “cupa,” for a small
barrel or cask) has been given (64) to a B-barrel structural
domain identified in a superfamily of prokaryotic and eukary-
otic proteins that include several enzymes, as well as factors
that bind sugars and other compounds (69). This superfamily
also includes many of the storage proteins from higher plants
(20), and it was the knowledge of the three-dimensional struc-
tures of these proteins (155, 177) that allowed the molecular
modelling of the wheat protein germin (90), an unusual pro-
tease-resistant protein with oxalate oxidase (OXO) (EC
1.2.3.4) activity (173). The main characteristic of the cupin
domain is a two-motif sequence (69) in which motif 1 corre-

G and H strands of the unit structure of the bean storage
protein phaseolin (177). Between these two motifs (usually His
containing) is a region, containing strands E and F, that varies
in length from 15 residues in many of the bacterial enzymes to
more than 50 residues in some of the storage proteins (see Fig.
1); the exact number of residues is one diagnostic feature of
each subclass of protein. The other main diagnostic feature is
the overall organization of the protein, which can comprise
either a single domain, as in the germin and germin-like pro-
teins (46, 200), or a duplicated, two-domain structure. This
latter structure was identified first in the storage proteins and
was considered to be part of a presumed evolutionary progres-
sion from a single-domain, eukaryotic precursor (20). It now
seems possible that the critical duplication event actually oc-
curred in a prokaryote, with subsequent evolution leading to
the two-domain proteins in higher plants. For example, two
such duplicated proteins, one from the cyanobacterium Syn-
echocystis and one from the gram-positive bacterium Bacillus
subtilis, were identified in 1998 by Dunwell and Gane (69), who
also described a similar two-domain composition in an oxalate
decarboxylase (OXDC) (EC 4.1.1.2) from the wood-rotting
fungus Collybia velutipes (now termed Flammulina velutipes).
On the basis of these discoveries, Dunwell and Gane proposed
the hypothesis that all the higher-plant storage proteins, the
major component of the human diet, evolved from such dupli-
cated, microbial sequences. It now seems much more likely
(260) that the particular duplication event leading to the stor-
age proteins in higher plants occurred independently of that
producing the fungal OXDC enzymes.

In this review, the individual members of the cupin super-
family are described in terms of their primary amino acid
sequence, in addition to their structure and function (where
these are known). Particular attention is given to a detailed
analysis of the cupin gene family in B. subtilis, the prokaryote
with the most complete range of relevant sequences described
to date. Finally, an assessment will be made of the biological
significance of various cupins, the present practical value of
some cupin microbial enzymes used in medicine, agriculture,
and industry, and some possible future research directions.

ANALYTICAL METHODS USED TO IDENTIFY
CUPIN SEQUENCES

The original starting point for this analysis was the identifi-
cation of the so-called germin box (171), a nonapeptide se-
quence (HI/THPRATEI) found in both the two wheat germins
(GF-2.8 and GF-3.8) and the spherulins, a group of proteins
produced during encystment of the slime mold Physarum
polycephalum (29). Previous analysis at PROSITE had desig-
nated at PDOC00597 a germin family signature that included
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the germin box; in addition, there is a three-element PRINTS
fingerprint GERMIN based on the alignment of 12 proteins. It
should be stressed that these prior analyses are now outdated
since they used only a small proportion of the currently avail-
able sequences. In particular, many of them use data only from
the SwissProt database, a source that contains less than one-
third of the available data.

The starting point for the secondary stage of this study was
the conserved two-motif structure of cupins [conserved motif
1, PG(X)sHXH(X),E(X),G; conserved motif 2, G(X)s
PXG(X),H(X);N] with a variable intermotif spacing of 15 to
ca. 50 amino acids (aa) (69). This two-motif signature is lo-
cated within several conserved sequences, including ProDom
(49) (release 34.1) domains 2426 (this includes germin and
germin-like proteins from higher plants), 1428 (derived from
bacterial phosphomannose isomerases, GDP mannose-1-phos-
phate pyrophosphorylases, and polyketide synthases), 45821
(bacterial regulatory proteins), and 6286 (bacterial AraC-type
transcription factors). Presumably, the conserved cupin motifs
within these domains had not been identified previously be-
cause of the varied intermotif spacing.

The present systematic analysis was initiated using the indi-
vidual cupin motifs referred to above, together with sequences
spanning the two motifs. A series of iterative database searches
was conducted using the gapped Blast (7) and BLOCKS (114,
225) programmes. The principal database used for this analysis
was the nonredundant GenBank site maintained at the
National Institute for Biotechnology Information, National In-
stitutes of Health, Bethesda, Md., but analyses were also con-
ducted on the genome of B. subtilis at SubtiList (http:
/www.pasteur.fr/Bio/SubtiList.html) and the genome of Syn-
echocystis (145, 146), at CyanoBase (http://www.kazusa.or.jp
/cyano/search/html) (211). Other microbial genomes, either
complete or unfinished, were accessible via GenBank and
other sites, including those at NIH (http:/www.ncbi.nlm.nih
.gov/BLAST/unfinishedgenome.html), the Institute of Ge-
nome Research (Rockville, Md.) (http://www.tigr.org/tigr
_home/tdb/mdb.html), and the Sanger Centre (Cambridge,
United Kingdom) (http://sanger.ac.uk/).

To identify previously unknown cryptic coding regions and
their protein products (see below), particular attention was
paid to TBlastN searches. In many cases, these searches re-
vealed significant matches in more than one reading frame
(ORF) from a single gene (or expressed sequence tag [EST])
sequence. This suggested the likelihood of insertions or dele-
tions in the DNA sequence as a consequence of cloning or
sequencing errors. Manual editing was therefore conducted on
such sequences to generate amended polypeptide sequences,
which were then tested in further searches. Alignments of
proteins and DNA sequences were conducted using a variety
of programmes including Clustal, MAP, Pima, and GeneQuiz
(http://columba.ebi.ac.uk:8765/ext-genequiz/).

One specific aim of the present study was to conduct a
detailed analysis of information from whole-genome sequenc-
ing projects (42, 48, 53, 79, 80, 147, 153, 268), particularly that
of the gram-positive bacterium B. subtilis (166), in order to
assess more completely the range of cupin sequences in this
bacterium and to confirm its identity as the most likely pro-
genitor of the spectrum of cupins found in higher plants. The
results of this analysis are reported below.

MEMBERS OF THE CUPIN SUPERFAMILY

The following sections provide details of each subclass of the
cupin superfamily in turn, first categorized according to the
primary protein sequence (i.e., simple structure with a single
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cupin domain, complex structure with a single domain, or du-
plicated structure with two cupin domains) and then catego-
rized according to the number of residues between the two
conserved motifs present within each domain. Figure 1 pro-
vides an alignment of a selection of putative cupin sequences
arranged to show the two conserved motifs together with the
increase in intermotif spacing from the basic value of 15 in
many microbial enzymes up to 54, as found in a representative
storage protein. It is acknowledged that absolute confirmation
that all these sequences belong to the cupin family must await
resolution of their tertiary structure, but in the meantime it is
reasonable to propose this as a working hypothesis—an ap-
proach supported by an independent study (12) using PSI-
BLAST (7).

SINGLE-DOMAIN CUPINS

The great majority of cupin proteins contain only a single
conserved domain at the core of the protein. Within this large
grouping, the various subclasses considered below can be cat-
egorized not only on the basis of the variable intermotif spac-
ing within this domain but also on the basis of the specific
conserved residues within each motif and, to a lesser extent,
within the intermotif region. In the great majority of examples,
the first motif comprises 20 or 21 residues and the second motif
has 16 residues (Fig. 1). The minimum intermotif spacing
found in cupins is 15 residues; this includes strands E and F
together with the interstrand loop. Presumably, there are steric
constraints in the tertiary structure that do not permit a shorter
loop. Analysis from the various genome-sequencing projects
(J. M. Dunwell, unpublished data) has now revealed a total of
more than 200 microbial sequences with this 15-residue spac-
ing.

Phosphomannose Isomerases

Phosphomannose isomerases (PMI) (EC 5.3.1.8) are en-
zymes that catalyze the interconversion of mannose-6-phos-
phate and fructose-6-phosphate. The subclass most relevant to
this review is that of the type II enzymes (139, 227), known to
be involved in a variety of microbial pathways including cap-
sular polysaccharide biosynthesis and b-mannose metabolism.
Such enzymes, which contain the two-motif cupin signature
separated by 15 aa, exist either as a single-function protein of
about 120 to 150 aa or as the C-terminal domain of a bifunc-
tional enzyme (ca. 480 aa) with both PMI and GDP-man-
nose pyrophosphorylase (GMP) (EC 2.7.7.22) activity. An ex-
ample of the latter type of protein, and one of particular
practical importance, is the 56-kDa bifunctional enzyme en-
coded by algA (179, 196, 259), which catalyzes the first and
third steps in the biosynthesis of alginate, PMI catalyzing the
first step (152). This compound is composed of 1,4-linked o-L-
guluronic acid and B-p-mannuronic acid and is of great eco-
nomic importance, although for commercial production it is
usually extracted from marine seaweeds rather than from bac-
teria (237). Alginate also has medical significance because of
its production by Pseudomonas aeruginosa during the conver-
sion of this bacterium to a mucoid form (256). This conversion
is induced by several conditions: starvation, the presence of
metabolic inhibitors, or, most importantly, growth of the bac-
teria in the lungs of cystic fibrosis patients. Indeed, mortality in
such patients is usually associated with the inability of antibi-
otics to penetrate the bacterial biofilm and to the fact that the
alginate protects the bacteria from the host immune responses
(136). Similarly, alginate is a major component of metaboli-
cally dormant cysts in the aerobic nonsymbiotic soil bacterium
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Sequence Motif 1

1a GOTVKKHYHLHQYELFYI MSGEARLGI GE-

2a SKVGKHYHKFQYELFYVI VGEAKLGI GS-

3a GSKTLLHKHYTSEEI YYI LEGRGLMTLDN-

4a GEASKPHRLRESVEVYY| MEGEATMHI DD-

5a EETDPHFHNA- VDAYFVI EGEGATHVGD-

6b GTTDSQKPHMAQDEVYFVVSGRAAI TVGM-

7b GQE| GRHSSPGDAMVTI LSGLAEI TI DQ

8b GES! SQETSPRDKVILVLEGQL| FDLED- - - - - - - -

9 GAETVWHRLQATDE| YFVLSGRGLVSVGD- « - ==« --wu---n
100 RSLSLQMHHHRSEHW VVSGMALVENGE- - - - = = == = =« -« -
11a R- LSLQI HYHRSEHWVVVRGTAKVKVGD- - - - - -« ----- -~
20 [GQALSLQRHQQARQERWLVVQGLARVQLGD- - - ----------.
130  [GKMLSLHKHFHRSEHWI CYKGTAEVTI ED- - -« -« -cun--n
14b DGAKPHWHDNSAEMFFLLBGAADVLSGD- - == - -«-----=--
156 (GER) SEHYHPYSEEFVYVTAGAFEVDEDD- - - - - - - cvv----
160 [GDAFPLHVHKDTHEGI LVLDGKLELTLDG- = = -« ---vu---n
17b TSEVPHYHAEHDLTFTVLKGKGELYLEG

18b RI VDHYHEYHTETFYCL EGQMTMWT DG

190 YYPTHTHPD- RE| RWVIEGEVV EG

200 81 8GLHQHDY- YEFTLVLTGRYF NG

21b I NRRHYHPA- AVTFYVLE8GTPV EG

22a GGE! P1 HQHDW- EHEI FVVKGEGY DG

23a GEQMPKHYSNS- YVHLI |1 K MTLTLED

24 [GEWAPSHRHTP- NAVRMI VEGEGA R
25b GEVAPCHRHTQ- CALRF) LE GA AVD- -« « e
26e [GSVEPAHHHTF- GHDLVVi KGKKSVWNL S

27a  |GETAPAHRHGA- NALRFT! DGSEDMKTVV- - - - v
28b |GEVCWSHRHTM- SAVRFVTK AV o oo o
29b |[GAQAEPHYHVDYETAI YLLKGRI ETRYGT-----«c--cnn---
30e TLLLPHHSDSDLLLVLVLEGQAI EVEMN- - - - - - oo cvn oot
31e AFLSPHHYDS- EAI LFNI KGRGI | GLVA- - - - - -« ..o
32e TFVSPRHFDS- EVVFFN!I KGRAVLGLYS- - - - - oot
33 ALL) PQY) DA- DCLFLVHEGRGQLSWVE--------------
346 TLVLPKHADA- DNI LVI QQGQATVIVAN- « = = - - oo oo m o
35b KFLKEHTHSD- FEVRYFVYGDGVFYEHP- - - - - - - - oo oot
360 KFLDEHRHGE- DEVREF .-
37b NFKREHHHTD- DEVRFI

38 SFFEEHLHTD- EEI RYC

39% I EYLEHLHLD- AKI QY

40e MFFEEHLHI D- EEI RYC

41e ELFEESNHPE- DQARMF

42e QFYKEHYHED- EEI R

43e TFYQEHLHED- EEI RYC

44e | FFEEHLHDD- AELRVI.

45 Al RELHWHKN- AEWAYV

46b GVRELHWHKQ- AEWAYMLLGRARI TAVD- - - - - - -« v oo
47b Al RELHWHANAAEWAYVMEGRTRI TLTS-« - vwwueannnn
48a TKGHFHAKRDRAEVYI A

4% |GAMRQLHWHPNADEWQYV

500 |[GAMRELH DEWQYY

5le  [GALRELH DEWTFF

52 |GS8AI PPH SE \

53¢ LPH TE

540 APH E

550 PPH E

560 TVH G

57e PEH E

58 LPQ 15

59 VPH v

60b GLH Q

61e VPH

62e

63e

64b K
65b ST
66e CY V EE
67e GTGNLELVA- - - - VRKEQQQRG
68b EKTWKLAKNENVSNPMQHYDL
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Motif 2
TGY P[GDI FLVKPKTVHWVI N
EEY PIGDI FLVKPGQVHWVEN
EKE KIGDT! YI PPKTPHKI &N
EISE E(GDAI HI PSGAVQYI EN
DVL EJRD! FV| PPDEI HHHDP
ETT RIGSVVYVPAGVAHKF HH
ETY EIGQT! VMPAGI PHALYA]
QKQ QESL | Al PAQKVHHL EA
ESG PIGDAVWI PAGVPQKI RA|
----- REFL INESTF| PAGHSHRLSN
----------- KEF IGESTF| PAGVPHRLEN,
----------------- RQE GQSLD! Al GEWHRLQN
------------------------- RVT NQS| Y| PEGAJ HRL GN
------------------------- EVL GDL| VVPPGKPHAFAA
------------------------- VPH GQGLLI PKDVRHRFRN
------------------------- ERY GDYANI PAGTPH8YRM
[ F| PKGAVHFYRN
HVPANTVHSYRL
ELEPNTPHWAKT|
FI PLGSHHQSFY]|
LVPAGTTHSHWN
Y| PPNEPHBYKN
YVPENVKMLI QN
----- G LTPTGL WHEHGH|
----- G LTPGGQWHDHEN
FTPAGDVHRVKY|
----AG TTPQWEWHDHVN
----DG LI TPRFSWHDRHN|
----DLS GEFLY| PPGVPHQPRN
---PDGR DQGDA|I KI QAGTPFYLI N
---EDRT E|GDI MRVPAGT PMYLVN
---ESET GDM! HI PAGTPLYI ¥N
---EGDV GDVFE| ESGTVEYML N
---GNNR GHALR! PSGFI SYI LN
- - - NDKV GDL | SVPPNTKHWF DM
---EEHV 'RINDL | 8VPAGT RHWF DM
QDGTF PIGDL | SVPENI BHYFTL
QNDQW- il GGMI VLPAGMYHRFTL
KENKL - Lal GDT1 1| PQGI YYHLI L
LNDI W- I RV GGL| VEPAGI YHRFTV
- KNGDW- VRI GDLI LI PAKTSFRFTIT|
- KQDRW- I RA IWDLLtLPAGI YHRFTL
ASTPENW- I RC] GDLLY LPPGI YHRFTL
- KDEAW- - I RI GDFVFLPAGI YHRFTT
- NEGRN- - YIS GDLWYFPPGI PHSL QA
---QDGRN- - - FIA GDLWYFPAGI PHSI QG
-+« PEGKV-=-=-w.o-.. El A GGLWYFPRGWGHSI EQ
RWI GTVVYVPPYWAHRTVN
SVs GDVGYVPKGY@HAI RN
RTFED GDVBYVPSNAGHYI QN

FSHKL DVFI'FPKGTVHYLQN

I GHI L MATVEPQGAI HFEI N

ATQRV SVFFVPQNFPMCQ! Al

YSRV ETFLI PRGLMHFEQFN

NSY ECL) STKGL! HKMSN|

| EF STI HI PI NBAHQVKN|

TSD DHQKI PAGTI FYLVN

YRA DVEVI PAAYPVAI KA

F CcVL RQLWI PAGFAHGFAV|

LESMQ YAA DILVI PSSFPVALKA
SRQKKSS I NA VMF
RSSHSKHDKSSP 188 MVF
HCPHPDLLQVDPF | DE DI L
FKPNQS!I RI FDDMG | DE DI L
PLESSDNFTEDDMKGREPV FEG DM
REEEEDEDEEEEGSNREVRR- - - - - YTA DV

EAPYYPDDLQSYWKGDPPKEDLPDAEI V

FIG. 1. Multiple alignment of a representative sample of putative cupin proteins showing the two conserved motifs (denoted in yellow, with highly conserved
residues in red) (motif 1 corresponds to strands C and D; motif 2 corresponds to strands G and H [see the text for details]) and the varied intermotif spacing of 15
to 54 aa. Conserved residues in strands E and F are shaded in grey. In all cases the sequences are continuous and the gaps have been inserted only to align the two
motifs. The source organism and the GenBank gi identifier (in parentheses) of the sequences are as follows: 1, Desulfurococcus sp. (1545809); 2, Pyrococcus horikoshii
(3256943); 3, Methanococcus jannaschii (2128971); 4, Methanobacterium thermoautotrophicum (2621410); 5, Haloferax sp. strain D1227 (3293533b); 6, Streptomyces
coelicolor (5457273); 7, Streptococcus pyogenes (contig 7); 8, S. pyogenes (contig 112); 9, Mycobacterium tuberculosis (2104394); 10, Pseudomonas aeruginosa (3510759);
11, P. horikoshii (3131181); 12, Synechococcus sp. (79640); 13, Rhizobium sp. (2499713); 14, S. coelicolor (4467248); 15, S. halstedii (730725); 16, Bacillus subtilis
(2636545a); 17, Aquifex aeolicus (2984227); 18, B. subtilis (2636545b); 19, A. aeolicus (Table 1); 20, Escherichia coli (116101); 21, Enterobacter aerogenes (1572541); 22,
P. horikoshii (3256432); 23, M. jannaschii (2833572); 24, Pseudomonas sp. strain U2 (4220433a); 25, Sphingomonas sp. strain RW5 (3550667a); 26, Arabidopsis thaliana
(1169199); 27, Haloferax sp. strain D1227 (3293534a); 28, Nocardioides sp. (2588983a); 29, Erwinia chrysanthemi (1772621); 30, Canavalia ensiformis (17977a); 31, Pisum
sativum (2765097a); 32, Glycine max (548900a); 33, Matteucia struthiopteris (1019792a); 34, Arachis hypogaea (1168390a); 35, A. aeolicus (2984230); 36, P. aeruginosa
(contig 54); 37, B. subtilis (2633733); 38, Oryza sativa (2952338); 39, H. sapiens (3201599); 40, A. thaliana (2739365); 41, Ostertagia ostertagi (2996183); 42, Candida
albicans (Con4d-2749); 43, Saccharomyces cerevisiae (2497115); 44, Caenorhabditis elegans (3877049); 45, Collybia velutipes (1604990a); 46, B. subtilis (2634260a); 47,
Synechocystis strain PCC6803 (1652630a); 48, Pyrococcus horikoshii (3258400); 49, Synechocystis strain PCC6803 (1652630b); 50, B. subtilis (2634260b); 51, C. velutipes
(1604990b); 52, Pinus caribaea (274548); 53, Physarum polycephalum (134860); 54, M. struthiopteris (1019792b); 55, Triticum aestivum (121129); 56, B. subtilis (2635598);
57, A. thaliana (461453); 58, Phaseolus vulgaris (230247a); 59, P. vulgaris (230247b); 60, Synechocystis PCC6803 (1653678); 61, Canavalia gladiata (18007b); 62, P. sativum
(2765097b); 63, G. max (548900b); 64, E. coli (1787373); 65, Haemophilus influenzae (1175655); 66, C. elegans (2047349); 67, A. hypogaea (1168390b); 68, B. subtilis
(2636534). The suffix a, b, or e following the sequence number (1 through 68) in the figure refers to the organism as being an archaeon, eubacterium, or eukaryote,
respectively. The suffix a or b after the gi identifier above refers to either the first or second domain, respectively, in a bicupin sequence.

Azotobacter vinelandii, where it may account for up to 70% of
the intine (inner layer of wall) and 40% of the exine (outer
layer of wall) carbohydrates. This coating is believed to protect
the cell from desiccation and other stresses, and indeed its
production in the lungs of cystic fibrosis patients may be linked

to the need for the bacterial cells to protect themselves from
the dehydrating environment.

The equivalent bifunctional enzyme in Escherichia coli is
ManC (gi[B435180), part of the biosynthetic pathway for
GDP-L-fucose and GDP-perosamine, components of the O-
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antigen gene cluster (140, 280, 283, 301). Other related bacte-
rial enzymes include those encoded by noeJ from Rhizobium
(81) and aceF, which is part of the acetan biosynthetic pathway
in Acetobacter xylinus (102). There are also related genes in the
archaeal species Pyrococcus horikoshii (gi(B257338), Meth-
anobacterium thermoautotrophicum (gi[2622642), and Ar-
chaeoglobus fulgidus (gi[2649495).

Because of its importance in the synthesis of bacterial and
fungal cell walls, PMI inhibition is a target for drug discovery
(32). Although there is limited information on the structure of
the active site, in the context of the conserved histidines in the
two cupin motifs it is pertinent to note recent evidence (220)
for the existence of a His residue in this site in a PMI from
Xanthomonas campestris; this particular PMI is considered to
be a metalloenzyme and is activated by zinc.

Polyketide Synthases (Putative Cyclases)

The polyketide pathway (115, 125, 194, 235) accounts for the
biosynthesis of many of the thousands of known secondary
metabolites, including antibiotics and pigments. Among these
products is curamycin (26), an antibiotic produced by Strepto-
myces curacoi and based on a polyketide skeleton consisting of
a modified orsellinic acid—an unreduced version of 6-methyl-
salicylic acid and the simplest of all aromatic polyketides. It
was found (25) that the gene cluster responsible for the syn-
thesis of this antibiotic was very similar to the S. coelicolor whiE
gene cluster responsible for the synthesis of a grey spore pig-
ment produced shortly before sporulation in the aerial myce-
lium (51), and subsequent studies (36) demonstrated the wide-
spread occurrence of gene clusters very similar to whiE among
other Streptomyces spp. Of specific interest to this review is the
sequence of the homologous group of genes represented by
curC (8. curacoi), whil ORFII (S. coelicolor) (8), sch ORFB
(S. halstedii), and tcmJ (S. glaucescens) (33). The exact bio-
chemical function of these gene products remains unknown,
although it is suggested to be a cyclase (148, 318). Sequence
analysis reveals the two conserved cupin motifs, separated by a
distance of 15 residues, within a total protein size of approxi-
mately 150 aa. It has been suggested recently (12) that use of
the CurC sequence is the most efficient means of identifying
other members of the cupin family in a PSI-BLAST search (7).

Recent analysis (69) has extended the number of members
in this particular cupin subfamily to include several other close
relatives, such as the sequence gi[2635101 (YrkC) from B.
subtilis and the 140-aa Pep1 sequence (gi[1572541) encoded by
gene tmpA of the cryptic transposon Tn4321 within the broad-
host-range IncPB plasmid R751 of Enterobacter aerogenes (267,
291). The notes accompanying the Pepl database submission
recognized a “possible polyketide cyclase on basis of weak
similarity to TemlJ of S. glaucescens” (E value 8.5). However, it
is most similar (E value 8e-08) to a 97-aa sequence encoded by
nucleotides 180 to 467 of a contig (gnl[Btanford 382Ckmelil
423025B02.x1) from Sinorhizobium meliloti.

It was assumed previously that the smallest of all cupins is
the 77-aa “membrane-spanning protein” gi[1017816 from
Streptomyces coelicolor (181, 182). However, the start codon for
this sequence has been reassigned, and it is now considered to
encode a 115-aa protein (gi[d457273) that is most similar to a
79-aa polypeptide encoded by nucleotides 243111 to 243347
from contig 7 of Streptococcus pyogenes.

Dioxygenases

Several types of dioxygenase enzymes are probable members
of the cupin superfamily. They can be divided into two cate-
gories, those with a single domain and those with two domains
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(bicupins); within each subcategory the individual members
can be recognized on the basis of a characteristic inter-motif
spacing.

3-Hydroxyanthranilate 3,4-dioxygenase (3-HAO) (EC 1.13
.11.6), with an intermotif spacing of 19 or 23 aa, is a eukaryotic
enzyme that cleaves the aromatic ring of 3-hydroxyanthranilic
acid to produce 2-amino-3-carboxymuconic semialdehyde, an
intermediate in the synthesis of the excitotoxin quinolinic acid
(21); this compound kills neurons by activation of N-methyl-
D-aspartate receptors, and inhibition of 3-HAO is therefore a
pharmaceutical target (35). The enzyme is well characterized
in mammals (210) and is part of the kynurenine pathway for
the catabolism of tryptophan. Recently, the yeast gene
YJR025¢ has been shown (164) to encode a 3-HOA
(gil1353060) homologous to the human equivalent (190) and
has been renamed BNAI (biosynthesis of nicotinic acid). A
very similar polypeptide (E value 5e-64) is encoded by part of
a contig (gnl[Btanford_5476[C.albicans_Con4-2428) from
Candida albicans. Alignment of these 3-HOA sequences shows
a notable difference between the Saccharomyces sequence and
the other sequences, in that the former protein has an inter-
motif spacing of 23 residues compared with 19 for the other
sequences. This insertion of 4 aa occurs in the loop between
the E and F strands of the barrel.

In common with most other dioxygenase enzymes, 3-HAO
requires nonheme iron as a cofactor. However, in contrast to
the multimeric composition of the related, two-domain dioxy-
genases described below, this enzyme seems to be monomeric.

Cysteine dioxygenase (CDO) (EC 1.13.11.20), with an inter-
motif spacing of 28 residues, is a key enzyme of cysteine me-
tabolism and catalyzes the production of cysteine sulfinate.
The rat (296), human (232), and Caenorhabditis elegans genes
have been well characterized, with the closest bacterial rela-
tives of these eukaryotic sequences being those from B. subtilis
(gi[2635598), Streptomyces coelicolor (gi(2687337), and Myco-
bacterium tuberculosis (giL2896702). This enzyme is known to
be monomeric, with one atom of iron per molecule (312); its
activity is strongly reduced by chelators of Cu™ and Fe** (247).

Spherulins

The life cycle of the simple slime mold Physarum polyceph-
alum involves a transition between two vegetative states, the
amoeba and the plasmodium. Amoebae are the uninucleate
haploid cells, which under some conditions will fuse and dif-
ferentiate into a giant multinucleate diploid plasmodium.
When these latter cells are grown in liquid medium, they frag-
ment into microplasmodia, which are capable of withstanding
adverse conditions by encystment. This transition into hard-
walled oligonucleated spherules is termed spherulation, and it
is induced by starvation (or high concentrations of some car-
bohydrates), cooling, dehydration, acidic pH, and/or sublethal
concentrations of heavy metals (47, 144).

As part of a molecular study of this phase transition, it was
shown first that the major changes in protein synthesis take
place 24 h after the beginning of starvation-induced spherula-
tion (31) and that the four most abundant spherulation-specific
RNASs accounted for more than 10% of all mRNAs present
after this period (30); these mRNAs were not present in en-
cysting amoebae or in sporulating plasmodia. Differential hy-
bridization of a cDNA library was used subsequently to isolate
full-length clones (29), of which two were found to be 76%
similar and encoded proteins named spherulins la and 1b
(81% identical). These proteins possess a potential signal pep-
tide and an N-glycosylation site and were therefore presumed
to be cell-wall glycoproteins. It was discovered subsequently
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(171) that there is 44% similarity at the amino acid level be-
tween spherulin 1b and the wheat germin GF-2.8; this value
increases to 60% for the central core sequence, the region that
contains the conserved PH(I/T)HPRATEI decapeptide desig-
nated the germin box. They can thus be considered cupins, with
an intermotif spacing of 21 aa.

An interesting addition to the discussion on the evolutionary
origin of the spherulin genes is provided by an analysis of
intron position (20) in a series of related cupins. The discovery
that the C-terminal domain of several seed storage proteins
(e.g., those of Welwitschia mirabilis and Gingko biloba) shared
an intron position with the spherulins (although shifted by 2 bp
in P. polycephalum) provided strong support for the concept
that these proteins have a common ancestor.

To date, no biochemical function has been assigned to these
spherulins, although they do not seem to have any OXO ac-
tivity (173). However, it is relevant to consider their possible
function(s) in the specific context of what is known about the
conditions pertaining during spherulation and also in the gen-
eral context of the link between cupins and stress responses in
prokaryotes and eukaryotes. In particular, it is interesting to
note the link between oxidative stress and spherulation. The
initial circumstantial evidence for such a link came from the
observation (2) that the herbicide paraquat, a compound that
generates free radicals, accelerated spherulation and also in-
creased the specific activity of the manganese isoform of su-
peroxide dismutase (3). It was also found that during the
spherulation process in salts-only starvation medium, superox-
ide dismutase activity increased 46-fold, along with an increase
in the concentrations of H,O, and organic peroxide (2); none
of these changes occurred in nondifferentiating cultures.

Germin and Germin-Like Proteins from Higher Plants

Wheat germin (which is an OXO), is the best characterized
of all the cupin proteins in terms of its biochemistry, function,
and patterns of expression (45); it is therefore particularly
relevant to consider these various features in some detail. The
first evidence for such an enzyme that converts oxalic acid and
dioxygen to carbon dioxide and hydrogen peroxide came from
studies of powdered wheat grains in 1912 (320), although it was
more than 80 years later that the identity and sequence of this
enzyme were confirmed (173). In the meantime, there had
been two parallel and unrelated types of research concerning
this particular protein. The first of these concerned an impor-
tant medical application of considerable commercial signifi-
cance, namely, the use of barley OXO (98% identical to wheat
germin) in Kits to assay levels of oxalate in blood plasma and
urine. Some of these kits (e.g., the Sigma kit) utilize an enzyme
isolated from barley roots, and although they are quick and
easy to use, there is a continuous effort to improve the accuracy
and efficiency of the assay (175, 191, 228). Such efforts will
benefit from recently obtained data regarding fundamental
biochemical and structural analysis of the barley enzyme itself
(161, 162, 238, 310) and from the finding (173) that the ex-
tremely well characterized wheat germin is also an OXO. This
discovery was the culmination of the second important re-
search track, one which started in the early 1980s, during which
the GF-2.8 germin (gill121129) was found to be an apoplastic,
multimeric (310), glycosylated (135) enzyme with extreme re-
sistance to heat and to chemical degradation by protease or
hydrogen peroxide. These unusual properties have recently
been explained by the realization that wheat germin and its
relatives from barley and other cereals (206) are members of
the cupin family and that their resistance to extremes of envi-
ronment is likely to be a function of their structural similarity
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to other desiccation-tolerant proteins including 7S and 11S
seed storage proteins; the resistance of the protein to H,O, is
of course linked to its enzymatic generation of this compound.

Germin-like proteins (GLPs) have a maximum ca. 90% se-
quence identity (e.g., gill1772596) to wheat germin, although
the average level of identity is closer to 50%. There is almost
complete identity in the conserved cupin core, in which the
intermotif spacing is 20 to 23 aa. Since the discovery of the first
GLP in a higher plant (127), there has been a rapid expansion
in the number of gene sequences identified, such that the latest
estimates give a total of 21 sequences in Arabidopsis thaliana,
the best-characterized plant genome to date (46; J. M. Dun-
well, unpublished data). However, no function has yet been
assigned to any of these sequences, with the single exception of
a Pinus caribaea GLP, which does have OXO activity (212). In
addition to the identification of GLP genes in analyses of
various plant genomes, expression of certain GLPs in plants,
including liverworts (gif#718551) and mosses (gi[6042701,
gi[6102532), is associated with a range of specific developmen-
tal states but more particularly with specific biotic and abiotic
stresses, as detailed below.

Germin-like proteins are expressed at specific developmen-
tal stages in plants. Various studies have identified GLPs
during specific stages of plant development.

(i) Floral induction. Interesting evidence for the develop-
mental induction of GLPs in higher plants has come from
studies of floral induction; for example, a specific GLP tran-
script was found to show a circadian pattern of expression in
the long-day plant Sinapis alba (113) and its relative A. thaliana
(273). Similar results were obtained in the short-day plant
Pharbitis nil (218), where a GLP mRNA was detected specifi-
cally in the cotyledon and leaf. In a related study, the level of
a GLP in Raphanus sativus was found to be lower in young
flower buds than in leaf and root material (207), and a similar
GLP (gi[b090829) has recently been isolated from nectar of
Nicotiana plumbaginifolia (46a).

(ii) Fruit ripening. Studies of ripening fruit of mandarin
(118) (gi1669031), strawberry (Dunwell, unpublished), and
apple (gi[B088119) have all reported finding GLP sequences.

(iii) Somatic and zygotic embryogenesis. Following initial
studies which identified several GLPs in embryogenic cultures
of Caribbean pine (Pinus caribaea Morelet var. honduriensis)
(59), a full-length GLP (gi[2745848) expressed in both somatic
and zygotic embryos was reported recently (212). Similarly,
GLP sequences have been found to be associated with somatic
embryos of Monterey pine (Pinus radiata) (gil2935521), a sus-
pension culture of potato (gilB171251), and a cell culture of
lupin (309).

(iv) Seed development. In a study (180) of proteins known to
provoke severe allergic reactions (part of the celery-birch-mug-
wort-spice syndrome), it was shown that the N-terminal se-
quence of the 28-kDa allergenic protein extracted from pep-
percorns of Piper nigrum has a high level of similarity (E value
4e-05) to a GLP (gi[2801803) from rice. This observation may
be linked to the fact that the well-characterized major peanut
allergen Ara hl is a vicilin-like protein (258).

(v) Wood development. Recent studies (6) on a cDNA li-
brary produced from immature xylem from differentiating
wood in loblolly pine (Pinus taeda L.) identified a sequence
(gi[B365535) encoding a GLP similar (E value 3e-15) to an
Arabidopsis GLP (gi[l1755152) and the Physarum spherulin
(gil11052776). It is relevant that the largest group of sequences
with known function from this study were those associated with
cell wall formation and the lignin biosynthetic pathway, an
unsurprising conclusion in view of the fact that pine xylem is
characterized by massive cell walls. Similar studies (275) on
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developing xylem elements of poplar (Populus balsamifera
subsp. trichocarpa) also revealed two GLP sequences
(gi[B857819 and gi[B858018).

Germin-like proteins are linked to specific plant-microbe
responses. Evidence of a role for GLPs in the relationship
between plants and microbes has come from studies of nodu-
lation in legumes, as well as from investigations of specific
pathogen responses in cereals.

(i) Nodulation in legumes. The first evidence for the occur-
rence of a GLP in a legume species came from a study of the
mechanism of attachment of Rhizobium (and probably
Agrobacterium) bacteria to the walls of plant cells, although
this was not recognized as being so in the publication in ques-
tion (284). The initial step in this non-host-specific attachment
process involves rhicadhesin, a calcium-dependent (265) bac-
terial surface protein of about 14 kDa (264, 266, 285). Using an
assay based on the suppression of rhicadhesin activity, a puta-
tive plant receptor molecule for this protein was purified from
cell walls of pea roots (284). The N-terminal 29 aa of this
protein were determined to be ADADALQDLC(?)VADYAS
VILVNGFASK(Q)(P/Q)LI. Although the authors of this
study found no homology to known proteins, this sequence is
very similar (69% identity; E value 0.006) to an Arabidopsis
GLP (gi(11934730). Of particular relevance to the discussion
elsewhere in this review is the observation that the receptor
molecule was most easily removed from the cell wall with an
aqueous solution of oxalate and oxalic acid. This finding sug-
gests that the protein requires calcium for its anchoring, func-
tion, or stability and adds to the circumstantial evidence linking
oxalate to the level of calcium in the cell wall and the conse-
quent functional control of other proteins in that environment.

In addition to this evidence for the existence of a GLP
related to bacterial attachment to the wall of legume root tips,
it is known that oxalate itself is found at the very high level of
70 mM in faba bean (Vicia faba) nodules (294). Application of
water stress to such nodules increases the level of bacteroid
OXO fourfold and reduces the level of oxalic acid by 55%
(295). It is suggested that the oxalate found in this location
could act as a complementary substrate for bacteroids and as a
means of slowing the decline in nitrogen fixation induced by
water-restricted conditions.

(ii) Pathogen responses in plants. Plants defend themselves
against pathogen attack by utilizing a variety of mechanisms
that include the production of specific antimicrobial com-
pounds, the cross-linking of lignin and proteins in the cell wall,
the synthesis of cell wall-strengthening carbohydrate polymers,
and hypersensitive cell death. Although a role in pathogen
response was among the earliest of functions suggested for
germin (170, 174), such a connection was not established until
the identification of germin as an OXO, together with other
studies on the interactions of powdery mildew, Blumeria (syn.
Erisyphe) graminis, with leaves of barley (62, 63, 303, 322) and
wheat (129). Subsequently, it has been shown that a specific-
pathogen-response OXO transcript is found in the wall of
barley mesophyll cells 6 h after inoculation with mildew; the
enzyme accumulates after 15 to 24 h (324). Additionally, a
related sequence has been isolated from barley which shows
papilla-mediated resistance to this disease (303). This partic-
ular transcript peaks at about 18 to 24 h after infection, spe-
cifically in the epidermal cells. Analysis shows that this tempo-
ral and spatial pattern of expression closely follows the
formation of papillae, appositions formed on the inner surface
of the epidermal wall and thought to be composed of proteins,
polyphenols, callose, silicon, and guanidine-containing com-
pounds. Such a composition is reminiscent of the complex
spherule and capsule walls referred to above. It has been sug-
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gested that the H,O, produced by the OXO members of this
family may act as a messenger for activation of other defense
genes in the same cell or in neighboring epidermal or meso-
phyll cells. It is also relevant to note the tenacious association
between wheat germin and the arabinose-rich hemicelluloses
(arabinoxylans or arabinogalactans) of cereal walls (135).

There is increasing evidence that there are common links
between the transduction pathways for the detection of and
response to biotic and abiotic stresses and that active oxygen
species are involved in the plant-environment interaction (290,
308). In particular, the role of H,O, in the generation of
hydroxyl radicals (OH) has been proposed (84). In this context,
it may also be relevant to consider the potential role of the
crystal idioblasts, specialized cells that contain crystals of cal-
cium oxalate and occur throughout the leaves of many plants.
It has been demonstrated (58) that certain pathogenesis-re-
lated proteins accumulate within these cells, and of course the
supply of oxalate in these cells would provide a source of H,O,
if adequate levels of OXO were present.

Recently, the first circumstantial evidence linking a GLP to
a pathogen response in a dicotyledonous species was reported
(B. Fristensky, unpublished data); the EST sequence gil]
4090021, found during a study of gene expression in leaves of
Brassica napus infiltrated with pycnidiospores of Leptosphaeria
maculans PG2, encodes a protein identical (with one frame-
shift) to the GLP1 gi(D14911.

Germin-like proteins are induced by abiotic stress in plants.
The first evidence for induction of GLP expression by abiotic
stress was provided by a study of salt stress in barley roots (126,
128). Related results were subsequently obtained from the
common ice plant Mesembryanthemum crystallinum, a faculta-
tive halophyte and a model (37) for the induction of Crassu-
lacean acid metabolism during water stress and treatment with
high levels of salt. It was found (1) that the oxalate content of
the leaf bladder cells increased from <1 mM to 106 mM as salt
levels were increased from 1 to 5 mM. These results may be
related to the modulation of a GLP mRNA found during
transcript analysis in this species (10, 204) and to the more
recent identification of other similar ESTs (e.g., gi[B325551
and gi[#996622) in salt-treated plants. The link between ox-
alate metabolism and GLP induction is considered in detail
below.

Among the most interesting of the cupin proteins related to
abiotic stress is BspA (for “boiling-stable protein”), a 66-kDa
protein highly expressed in cultured shoots of aspen (Populus
tremula) exposed to water stress (222). This protein is also
induced by abscisic acid application and by osmotic and cold
stresses. In a recent study of greenhouse-grown plants (223) a
lower level of expression of BspA was found in Populus tomen-
tosa than in Populus popularis, a species more tolerant of water
stress. It has been suggested that BspA contributes to mem-
brane stability, a feature of considerable significance in rela-
tion to stress responses. Other abiotic stresses which recently
have been shown to induce GLPs include manganese defi-
ciency in tomato roots (gil2979494; gene Mdipl), aluminum
treatment in wheat (gene warl3.2) (108), heat treatment in
barley (298), and submergence in rice (gi[2952338, gill
3201969; see also tomato EST gi[28973890 and gi[5827572
from Botrytis). The most comprehensive of these studies is that
utilizing a promoter-glucuronidase (GUS) fusion (27, 28) and
showing induction of the wheat germin promoter in transgenic
tobacco treated with salt, heavy metals, aluminum and plant
growth regulators, specifically auxin and gibberellin.
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Auxin-Binding Proteins

Auxin-binding proteins (ABPs) (intermotif spacing of 24 aa)
are dimeric, glycosylated plant proteins encoded by a small
gene family in each species. They are thought to act as a
receptor for the auxin indole-3-acetic acid (141, 142, 300) and
thereby to mediate a wide range of physiological responses
including a reduction in cytoplasmic pH in certain cells (93).
Analysis of the gene structure reveals a four-intron/five-exon
arrangement, with the central, third exon encoding the region
which includes the peptide responsible for binding the carbox-
ylic acid group of indole-3-acetic acid. This motif, known as
box A (41) or D16 (300), is now thought to be equivalent to the
conserved motif 1 in the cupin notation (69), a finding sup-
ported by observations on two similar proteins isolated from
shoot apices of peach (Prunus persica L. cv. Akatsuki) (217).
These latter proteins have been designated ABP 19
(gi1916807) and ABP 20 (gi[11916809) on the basis of their
ability to bind auxin, albeit at low affinity (217). Recent analysis
of their sequences shows a greater level of similarity to the
GLPs (the closest neighbor [E value 3e-78] is GLP3
[giC1755164] from A. thaliana) than to any of the functionally
better characterized ABPs.

Epimerases

Another group of cupin enzymes involved in the synthesis of
bacterial and archaeal cell wall components are the epime-
rases, such as dTDP-4-dehydrorhamnose 3,5-epimerase (also
known as dTDP-L-rhamnose synthase) (EC 5.1.3.13), which
converts dTDP-4-keto-6-deoxy-p-glucose into dTDP-4-keto-6-
deoxy-L-mannose. These enzymes are about 185 aa in length
and contain the two-motif cupin signature usually separated by
a distance of 28 residues; both motifs contain a single globally
conserved histidine residue. They are encoded by rfbC (or
equivalent), part of the rfb gene cluster (160, 189, 193, 205,
276). Most rfb operons start with an rfbABCD cluster, which is
responsible for the synthesis of TDP-rhamnose (184); this clus-
ter is followed by rfbIFGH in organisms that produce 3,6-
dideoxyhexoses.

These epimerases are located in the periplasm, and it is
relevant to the theme of this review to note that periplasmic
proteins are, as a rule, folded into stable, protease-resistant
conformations, consistent with the digestive nature of this
compartment (70).

Many of these capsular polysaccharides have potential eco-
nomic importance as aqueous rheological control agents for
diverse industrial and food applications. Such compounds in-
clude xanthan gum (Xanthomonas campestris) (22), and the
sphingans (e.g., gellan, welan, and rhamsan) produced by spe-
cies of Sphingomonas (314). It has been proposed that the
various sphingans be thought of as defensive in nature, similar
to the protective capsules (224, 249, 277, 297) of many invasive
pathogenic bacteria (e.g. alginate).

MULTIDOMAIN PROTEINS WITH A SINGLE
CUPIN DOMAIN

In the multidomain proteins with a single cupin domain, the
conserved cupin element does not lie at the core of the protein
but instead represents a single domain in a complex multido-
main organisation. The most notable group of proteins in this
category consists of a subset of the AraC bacterial transcription
factors.
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AraC-Type Transcription Factors

Of all the bacterial transcriptional regulators, possibly the
best characterized are the members of the AraC/XylS family
(88). This family, named after its first member, AraC (a regu-
lator of the arabinose pathway in E. coli), contains more than
100 members, which can be subdivided into various classes on
a functional basis. These functions are associated primarily
with carbon metabolism, stress responses, and pathogenesis,
with the former category including factors that control the
degradation of arabinose (AraC), cellobiose (CelD/ChbR),
melibiose (MelR), raffinose (RafR), rhamnose (RhaR), and
xylose (XyIR).

Sequence analysis shows most members of this family to be
250 to 300 residues in length, comprising a conserved C-ter-
minal of about 100 aa which binds DNA, and a nonconserved
N-terminal domain which binds the effector molecule (44).
There is much more information available on the DNA bind-
ing component, although the specific details of the N-terminal
section (particularly of the AraC protein) are more relevant to
the present review. This regulator has been subject to detailed
structural (269, 270) and molecular (250, 255) analysis over
several years. In summary, the N-terminal section comprises an
arabinose-binding, eight-stranded B-barrel, which is joined to
the DNA-binding domain via a linker region; the barrel-
shaped section is also responsible for the dimerization of the
molecule, a factor which determines its 3D shape and there-
fore its ability to bend the associated DNA strand. Close anal-
ysis of the sequence (90) and structure (Dunwell, unpublished)
of this barrel-shaped element reveals a previously undetected
similarity to the conserved B-barrel core of the cupin proteins
(Fig. 2). Of this related subgroup of regulators involved in
sugar degradation, that showing the closest sequence similarity
to GLPs and other cupins is CelD (221). This protein was
named on the basis of its presumed involvement in the utili-
zation of cellobiose, although recent studies (150) have shown
that the real function is as a regulator in the catabolism of the
disaccharide chitobiose; on that basis, its gene has been re-
named chbR, part of the chb (N,N-diacetylchitobiose) operon.
The significance of this reassignment is that it further supports
a functional link both to the other bacterial enzymes concerned
with sugar metabolism (e.g., PMIs and epimerases) and to the
higher-plant cupins, particularly the sucrose-binding proteins
(detailed below). In this context, there is an additional circum-
stantial link between chitobiose and cupins, in that vicilins
from cowpea (Vigna unguiculata) are known to bind chitin
(248), and it has been suggested that the vicilin-induced inhi-
bition of yeast cell growth is due to binding of the protein to
the chitin component of the cell walls (96, 97).

TWO-DOMAIN BICUPINS

The first two-domain proteins recognized to be members of
the cupin superfamily were the seed storage proteins (20);
these are discussed below, particularly with reference to the
structural analysis of cupins. More recently, several microbial
proteins from archaea, bacteria, and fungi have been shown to
have a two-domain cupin composition (64, 69), and this infor-
mation has provided a new insight into the possible ancestral
origin of the seed proteins. To distinguish the various sub-
classes of two-domain cupin, sequences are described in terms
of their intermotif spacing and in terms of whether this spacing
is the same (homo-bicupins) or different (hetero-bicupins) in
the two domains.
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FIG. 2. Comparative structures of two orientations of the arabinose-binding domain of the AraC protein (above) and the two-domain phaseolin storage protein
(below), showing the similar B-barrel element in the center of each domain, with associated a-helixes. The apparent gap in the E/F loop in phaseolin is due to the lack

of resolution of the 3D structure at that point (177).

Gentisate 1,2-Dioxygenase and
1-Hydroxy-2-Naphthoate Dioxygenase

Identification of the two-domain composition of gentisate
1,2-dioxygenase (GDO) and 1-hydroxy-2-naphthoate dioxyge-
nase (HNDO) is a novel finding made during the preparation
of this review. The two enzymes are involved in the degrada-
tion of a range of related aromatic compounds, with the former
enzyme, GDO (EC 1.13.11.4), catalyzing the oxygenolytic
cleavage (between carbons 1 and 2) of gentisate (2,5-dihy-
droxybenzoate) to form maleylpyruvate, a compound that can
be converted to central metabolites of the Krebs cycle either by
cleavage to pyruvate and maleate or by isomerization to fu-
marylpyruvate and subsequent cleavage to fumarate and pyru-
vate. GDOs have been purified and characterized in many
gram-positive and gram-negative bacteria (Klebsiella pneu-
moniae [143, 281], Moraxella osloensis [50], Sphingomonas
[305], and Actinomycetales [109]), with possibly the best char-
acterized such genes being those from species of Pseudomonas
(110). For example, a GDO encoded by nagl (giCB406827) has
recently been identified in P. aeruginosa strain U2 (86) and a
very similar polypeptide (E value 3e-45) is encoded by nucle-
otides 5549669 to 5548674 of a contig (gnllPAGP_2870
Paeruginosa_Contig54) from Pseudomonas strain PAO1. An-

other very similar sequence (gi[B293534) (Fig. 1) has also
recently been found in Haloferax sp. strain D1227, an extreme
halophile isolated from soil contaminated with highly saline oil
brine and the only known aerobic archaeon able to utilize
aromatic compounds as its sole carbon sources (85).

The only previous comment on the sequence similarity of
these two types of dioxygenase was that made by Werwath et
al. (305), who cloned the GDO gene gtdA (gi[B550667) from
Sphingomonas sp. strain RWS5 and showed that its product had
a low similarity to the HNDO (EC 1.13.11.38) (gi[B288681)
encoded by the phdl gene of the phenathrene-degrading No-
cardioides sp. strain Kp7 (134). This latter enzyme catalyzes the
cleavage of 1-hydroxy-2-naphthoate to trans-2'-caboxybenzal-
pyruvate, a ring cleavage between the carboxylated and hy-
droxylated carbons analogous to that effected by GDO.

Both classes of enzyme described in this section have a
multimeric structure; GDO has an apparent subunit molec-
ular mass of 38 to 39 kDa and is claimed to have either a
tetrameric (85, 281, 305) or hexameric (151) composition,
whereas HNDO has a molecular mass of 45 kDa and is
considered to be hexameric (134). Like most other dioxyge-
nases of the extradiol class (those that cleave an aromatic
ring adjacent to two vicinal hydroxyl groups), both GDO and
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FIG. 3. Alignment of the six 20+20 bicupin proteins (presumed OXDCs) from Streptococcus mutans (S. mut), Bacillus subtilis (B. subl, YvrK; B. sub2, YoaN),
Collybia velutipes (C. vel), Aspergillus phoenices (A. pho), and Synechocystis (Syn.) (see the text for details), showing the positions of the two conserved motifs (boxed)
within each of the two domains. Residues conserved in all sequences are indicated with asterisks below the alignment; residues also conserved between the two domains
are indicated with asterisks above the alignment. The A. phoenices sequence (Scelonge and Bidney, PCT patent application WO 98/42827) has been amended by
insertion of an additional nucleotide at residue 344 to correct a presumed frameshift error introduced during the sequencing of this gene.

HNDO contain 1 mol of Fe** per mol of subunit (those
from Arthrobacter globiformis and Bacillus brevis contain
manganese, although they utilize the same coordinating res-
idues). These features, namely, a tetrameric or hexameric
composition and the presence of a transition metal in the
active site, are shared with other cupin proteins described in
this review, such as barley OXO, which is now known to
contain manganese (238, 239; S. Bornemann, personal com-
munication).

Oxalate Decarboxylases

Among the many oxalate-degrading enzymes isolated
from fungi, possibly the best characterized is that from the
wood-rotting fungus Collybia velutipes. This particular ho-
mo-bicupin enzyme (intermotif spacing of 20 aa in each
domain) degrades oxalate to formate and carbon dioxide
and appears not to have any requirement for cofactors. It
was therefore selected for use in strategies to reduce the
levels of endogenous oxalate in plants (198, 199). The en-
zyme itself has an acidic pl, is stable over a wide pH range,
is moderately thermostable, and has a molecular mass of 560
kDa as estimated by gel filtration and a subunit mass of 64
kDa before and 55 kDa after treatment with endo-B-N-
acetylglucosaminidase, thus suggesting a glycosylated status
(198). The sequence of the C. velutipes enzyme has been
published as gil11604990 (52), and recently the sequence of

a similar enzyme from Aspergillus phoenices was reported
(C. J. Scelonge and D. L. Bidney, 1 October 1998, PCT
patent application WO 98/42827). Presumed homologues of
these sequences have also been identified (Dunwell, unpub-
lished) (see below) in the bacterial species B. subtilis and
Streptococcus mutans (encoded by nucleotides 555 to 1676
from contig 1009) (Fig. 3).

Sucrose-Binding Proteins

Among the two-domain relatives of the seed storage pro-
teins is a sucrose-binding protein (SBP) (gilp48900 and
gi[2765097) found at low abundance in the plasma membrane
of cotyledons, leaves, and mature phloem of legumes (103); a
similar sequence (gi[2148163) from the cycad Zamia furfura-
cea is known (40). Recent comparison (219) of the soybean
SBP sequence with that of vicilin has shown that the N-termi-
nal domain of SBP contains 12 of the 13 residues conserved
across the whole vicilin family, with the C-terminal domain
having 10 of the 12 conserved residues.

Although the overall tertiary structure of SBP can be pre-
dicted by comparison to phaseolin, it is also possible that anal-
ysis of the disaccharide-binding domain of CelD/ChbR (see
“AraC-type transcription factors” above) would provide fur-
ther information on the specific ligands in the binding site.
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TABLE 1. Summary of cryptic sequences encoding cupin proteins

Species

GenBank gi
identifier
(reference)

Nucleotide position

Closest neighbor, possible function

Archaea
Desulfurococcus strain SY
Thermococcus strain KS-8

Eubacteria
Aquifex aeolicus
Aeromonas caviae
Mycobacterium leprae
Alicyclobacillus acidocaldarius
Streptomyces lividans
Bacillus stearothermophilus
Desulfovibrio desulfuricans
Pseudomonas lemoignei
Morganella morganii

Corynebacterium glutamicum
Synechocystis

Azorhizobium caulinodans
Mycobacterium genavense

Eukaryota
Dictyostelium discoideum
Arabidopsis thaliana

1545808 (316)
4001717

2983162 (53)
4204207
1377767
39300 (157)
48953 (234)
560029 (216)
49285 (278)
531465
508518 (60)

2342561 (137)
287460 (178)
763059 (92)
2558999

1177288 (241)
987518

104-448
1-349

7591-7914

232-23 (negative strand)
19060-19155

21961755 (negative strand)
171-1 (negative strand)
338-1 (negative strand)
238-726

1618-1286 (negative strand)
1666-1184 (negative strand)

3686-3357 (negative strand)
3-208 (add G at 104)

1-201

947-1519 (ATG at 960)

302-3 (negative strand)
1195-1873 (add G at 1288)

gi|3256943 from Pyrococcus horikoshii. probable PMI
As above

15-164 gn1| TIGR |BTMBXS89F Thermotoga maritima

2632508 from B. subtilis AraC?

12984230 from A. aeolicus

i 1907078 human pirin (304)

As above

146366-146533 contig 230 from P. aeruginosa

16083-115762 contig 272 from Streptococcus pyogenes

82-405 contig 854 from Bordetella pertussis

gi|2632720 ydaE from Bacillus subtilis; sugar alcohol
metabolism?

Pepl protein gi| 1572541 from E. aerogenes

C terminus of gi|1652486, a PMI, same species

gi| 1772621 from Erwinia chrysanthemi

As above

60364-60077 contig 229 from P. aeruginosa
gi| 1755168 and gi| 16847 from Arabidopsis
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Seed Storage Proteins

During the development of plant seeds there is a massive
accumulation of nitrogen and carbon reserves in the form of
proteins that can withstand desiccation and be used as a source
of energy for the germinating embryo. In legumes, the globulin
type of storage proteins can be divided into two forms, the
legumins and the vicilins. The former are usually found as
hexameric complexes (sedimentation coefficient, 11S), with
each subunit derived from a precursor complex consisting of
two domains, an N-terminal acidic « chain and a C-terminal
basic B chain, which remain associated following proteolytic
processing. The latter proteins occur as 7S trimers, with each
subunit being a 50- to 70-kDa polypeptide that is subject to
variable levels of processing. Examination of Fig. 1 shows that
most of the storage proteins either lack any of the conserved
His residues or contain a single conserved His in motif 1. It is
presumed that, as a consequence, they have no metal-binding
ligands and therefore no enzymatic activity. There is, however,
a massive accumulation of oxalate (maximum 24% [dry
weight]) during early seed development in soybean (131) and
presumably in other legumes, and it is tempting to speculate on
the possibility that this compound acts as a substrate for a
residual oxalate-degrading capacity provided by the storage
proteins being produced at that period. Knowledge of the
tertiary structure of the two storage proteins phaseolin (177)
and canavalin (155) and the finding of certain globally con-
served residues (20) provided the basis for the generation of a
homology model of wheat germin (90) and all subsequent
predictions of cupin structures (Fig. 2).

In addition to the well-known major storage proteins found
in seeds and spores (261), other, less abundant proteins of this
type have been the subject of detailed analysis. Among the best
characterized is the major peanut allergen Ara hl, a member
of the vicilin family (43, 54, 258) and the protein responsible
for the majority of cases of fatal food-induced anaphylaxis. In
a recent study (258), it has been shown using molecular mod-
elling that the 23 linear immunoglobulin E-binding epitopes

cluster into two main regions, thus providing a rational target
for transgenic approaches (66, 67) to modify the allergenic
residues. Like many other members of the cupin family de-
scribed in this review, the Ara hl protein has a very high level
of stability; it survives intact in most food-processing methods
and also resists digestion by the gastrointestinal tract or its in
vitro equivalent (23). It has been suggested (258) that this
stability may be due to its compact structure, which limits the
possibility for protease digestion and also facilitates its passage
across the small intestine. It is presumed that these biophysical
characteristics are shared by the allergenic single-domain GLP
recently identified in ground black pepper (180).

Bicupins of Unknown Function

As described above, there is now good evidence for a wide
variety of bicupins from archaeal species (e.g., the GDO from
Haloferax [85]), many bacteria including B. subtilis and Strep-
tococcus pyogenes (the 15+15 bicupin encoded by contig 272)
and several eukaryotes (e.g., seed storage proteins). With the
exception of the two classes of dioxygenase and the OXDCs
from Collybia velutipes and Aspergillus phoenices, no biochem-
ical function has yet been assigned to the microbial bicupins. It
would be of particular interest to investigate the activities of
the four examples from B. subtilis, which now probably repre-
sents the best organism for the study of prokaryotic cupin
diversity. Within the higher plants, there is also evidence for
another previously unidentified class of bicupins (e.g., the Ara-
bidopsis thaliana hypothetical gene gi[2244827).

CRYPTIC SEQUENCES ENCODING CUPIN PROTEINS

In addition to the cupins described in the above section,
there is a group of other related coding sequences (Table 1)
(Dunwell, unpublished) not previously identified in the data-
bases. These are either complete or partial ORFs, often found
in apparently noncoding regions of other genes. These cryptic
OREFs can be divided into various types, according to the rea-
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Sequence Gene Site Strand Motlf 1 LOOp Motlf 2 AAs pl
2632508  ybfl 244" - MQKF PNHIFHD. . . . . .. YYVIIGIFt EK|G] 15 [GDLL LIFNP[RDTIHSICEQ 275 6.10
2632815  ydeC 561 - NGIY! PLHWHDD. . . . ... El QFVLINIKG| 15 |GDIGILIFIIINSIGlY LIHMAEE| 291 6.87
2633149  yfiF 898 + |HYNTLLLHKHS. . ... .. FYCYVVRG 15 [QT! FLL|SK[PIEHLH[QIIKS| 314 808
2633418  yisR 1162 + - |GETHVKRBVFES. . .. ... VFDL) lyvikQiG| 15 [GEYI|LILSIPGLIEH|Y GT K| 287 7.38
2634298  yobQ 2080 - TRLYHSHIKHIA. . . .. .. YSQFLFPILEG 15 [DHFL]Yl PPIQCEHIRFRIS| 241 848
2632000 ydhS 632 + |S[GRAAFPSYQ....... [MviltalsjvLilsial 15 [GlsHFI LIPIAHFIGEEFTI E| 315 5.90
2633556  yjdE 1274 + IS SAKQQ ....... PFLILI S)VEG] 15 |GDJHMILIL [Py EFKLE| 315 528
2636105  pmi 3688 - NIGEIA[EIMAQDE. . . . . .. SFLICSWVI[EG| 15 |GDHFI LIPPAQMPDFTI K| 316 4.98
2632741  ydbB 495 + TIGEIVDWHHEP. . . . . . DSDELIFIVLEG 16 |NDISlLLt PK[GIT viHRTRIS| 113 5.30
2633581  yiB 1297 + |SVFPYHH[YHlS. .. ... NHEVLI AlLIRR| 18 [GDAVYV AV KKLS| 185 7.46
26365452 yxaG 4106" - GIDAFPILHVHK]L . . . .. DITH|EIG! LIvLIDIG] 15 |GaD[Y ANl PlalglTP YM 337 556
26365450  yxaG 4106* - GIDRI VDHIYHIE. . . . .. YHTIEITFIYICLEG| 15 |GDIFILIHVIPIANT VIHS|YIRIL| 337 556
2632720  ydaE 472  + [GIQTCPERRHPPVDGQEGKQEITFRCRY[G 3 [GlcQy T PPINTK[HIWFE QA| 167 505
26363002 ywfC 3872" HTNVPQ|E[_K| ....... EVQI MVSG 16 |[ESAYI AHVPGARN 235 5.19
2636309b  ywiC 3872 GGEMPFHIKHR. . .. ... NEQIGi CI .G 16 GITAYFCEPIREDHIGAIIN| 235 5.19
2633733 ykiZ 1429+ ENFKREHT ....... DRFI vslgl 20 |GDL SVENI RYFTL 178 4.41
2635101  ykiC 2715 - DI GLEN HPNV. . . .. .. DQOFlLIRI EQ.|G] 20 [DSAI vVIPA[GITWHINVI[N| 186 7.35
2634260a yoaN 2038 - GGIVRELHWHKIQA. . . . . . WAMLE 20 (GDLJwY FAI QG 392 5.36
2634260b  yoaN 2038 - GIAMRELHWHIPNS. . . ... WQIY[YILITIG| 20 |GDVGYVPIsNA[GgHY]L alN] 392 5.36
2635821a  ywK 3409  + ﬂm RELHWHKIEA. . ... .. WAMI YE 20 |[GDLIwY FSQA 385 5.10
2635821b  ywK 3408 + |GAMRELHWHPNT. .. ... HEEwalylyl sig| 20 |abvGyviplFAMGHYVEN| 385 5.10
2635598  yubC 3198  + NKTTVHDGQS ...... | GCAMVLEG| 24 |GECiLl sTKGL! [HkMsS[N| 161 505
2636317  spsK 3883* - Glvi KAFH|YHEKQ. . . ... OlojtwrFeTlg) 28 [PMLL LI PKIGIVAHIGYRIV] 432 581
2636534  yxbC 4096* - GGIGFKAHIFDA. Y. .. . . . TNiLli FQI Q] 54 GITMLIYLIPIRIGLIWHSITKS| 330 4.59
Consensus [ H H Gl laD P G _H ]

Strand ——— ) —)
strand C strand D strand G strand H

FIG. 4. Alignment of the conserved two-motif signature in the cupin proteins from B. subtilis, showing the GenBank identifier, the gene name, site in the genome
(in kilobases from origin; sequences likely to be included in the section of the chromosome trapped in the prespore during septation are denoted by asterisks) (311),
coding strand, details of the two motifs, total size of the protein, and its calculated pl. The sequences are subdivided on the basis of similarity. In the four two-domain
proteins (YxaG, YWfC, YoaN, and YvrK), the first and second domains are designated a and b, respectively.

son for the previous lack of identification. In one case, that
from Mycobacterium genavense, it seems obvious that the in-
correct start codon was selected and thus a protein with no
known similarity was generated. In contrast, the nonannotated
ORF (NOREF) in Aquifex aeolicus was simply not identified by
the algorithms used to find ORFs in such bacterial genomes
(53). The occurrence of NORFs is well known from other
complete genome or transcriptome studies such as that con-
ducted on yeast, where serial analysis of gene expression tech-
niques identified 160 NORFs (299). Presumably, the other
examples identified in the present study were overlooked pre-
viously simply because the ORF is in a reading frame different
from that used by the gene which was the main subject of the
specific study. In most cases, however, the analysis is also
complicated by the inclusion of one or more frameshift errors
in the sequence.

ANALYSIS OF CUPIN SEQUENCES IN B. SUBTILIS

Although the broad-ranging surveys described above are of
considerable value in determining the overall occurrence of
members of the cupin superfamily across various taxa, it was
considered particularly important to conduct a detailed survey
of a single prokaryotic genome in order to assess more accu-
rately the spectrum of cupins encoded by such a genome. It was
already known (64, 69) that archaeal genomes contain only a
few (2 to 7) cupin genes, whereas the cyanobacterium Synecho-
cystis has a complement of 18 cupins genes including one
encoding a bicupin (65). Preliminary studies (Dunwell, unpub-

lished) had suggested that B. subtilis was probably the most
appropriate organism for this analysis since its genome en-
coded a greater variety of plant-related cupins.

Overall Conservation of Cupin Motifs in Proteins Encoded
by the B. subtilis Genome

Analysis of the genome of B. subtilis, using the methods
described above, identified a total of 20 sequences that fulfil, at
least in part, the characteristic two-motif cupin signature. The
alignment of this conserved section is given in Fig. 4, which also
shows the range of intermotif spacing (15 to 54 aa) as well as
the overall protein size (113 to 432 aa). It can be seen that the
sequences fall into several subgroups on the basis of their
detailed similarity, with the great majority having the charac-
teristic signature of three histidines (two in the first motif and
one in the second), along with conserved proline and glycine
residues in the second motif.

Particular reference must be made to YdaE (gi(2632720),
which is most unusual in having an additional six residues
between strands C and D within motif 1. It also has a compar-
atively long intermotif distance.

Closest Neighbors and Possible Functions

Only two of the cupins in B. subtilis have designated names
(PMI [phosphomannose isomerase] and SpsK [spore capsule
synthesis K protein]); most of the sequences are so-called y
genes (166), i.e., genes of unknown function that make up 70%
of the total gene complement. The closest neighbor for each
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TABLE 2. Analysis of the closest neighbors for each of the cupin sequences from B. subtilis*

Closest neighbor

. Length Identity Similarity Gaps .

Sequence (gi) Species @ (aa) (%) (%) (%) P Function

2633149 B. subtilis 2633014 96 31 58 Se-11 AraC

2632815 L. monocytogenes 2745844 262 24 47 7 Se-17 AraC

2633418 B. megaterium 2764541 265 25 44 12 9e-14 AraC

2632508 E. coli 132526 248 23 41 8 8e-13 AraC

2634298 P. leiognathi 2495367 243 27 44 10 Se-17 AraC

2632900 B. subtilis 2636105 311 55 67 e-102 PMI

2633556 B. subtilis 2636105 316 56 70 <1 e-106 PMI

2636105 B. subtilis 2632900 311 57 69 e-107 PMI

2636545 A. aeolicus 2984227 61°¢ 32 61 2e-04

2632720 M. morganii 508518° 155 41 55 14 e-18

2632741 S. meliloti Unfin. 884 42 61 7 2e-12 ?7PKS

2636309 E. faecalis Unfin.c 86¢ 26 44 2 0.36

2633581 D. radiodurans Unfin. 136 37 57 2 Se-21

2633733 A. aeolicus 2984230 175 33 57 8 3e-23

2635101 P. persica 1916809 128 22 38 14 0.11 GLP

2634260 B. subtilis 2635821 379 58 75 e-134

2635821 B. subtilis 2634260 379 58 75 e-134

2635598 C. albicans Unfin.c 101 32 50 5 2e-07 ?7CDO

2636317 A. actinomyc. Unfin.c 270 41 62 4 9e-66 dTDP-DR®

2636534 P. aeruginosa Unfin.c 236 23 40 0 2e-10

¢ Estimated by use of the gapped BlastP program.

® This sequence was identified by a TBlastN search and encodes a previously unidentified polypeptide (see the text for details).
¢ These sequences were identified by use of a TblastN search of the unfinished microbial genomes database, see text for details.
4 These relatively short regions span the conserved two-motif section of the protein.

¢ dTDP-4-dehydrorhamnose reductase.

protein sequence, as estimated by a BlastP analysis, is given in
Table 2. In terms of function, it can be seen that the sequences
can be divided into various subgroups that include five AraC-
type transcription factors, three PMIs, and a cysteine dioxyge-
nase. However, an obvious problem inherent in this type of
comparison based on the total sequence is that it takes no
account of the occurrence of multidomain proteins. For exam-
ple, analysis of sections of the SpsK protein suggests that it
probably represents a bifunctional enzyme similar to one from
Actinobacillus actinomycetemcomitans, with an N-terminal do-
main presumed to have dDTP-4-dehydrorhamnose reductase
activity (cf gi[2650312 from Archaeglobus fulgidus) and a C-
terminal domain (containing the cupin element) with dTDP-
4-dehydrorhamnose 3,5-epimerase activity (c.f. gi[2622921
from Methanobacterium thermoautotrophicum).

The unusual protein YdaE is most closely related to a pre-
viously unidentified protein from Morganella morganii.

Additional confirmation of the different functional sub-
groups can be obtained by examination of the pI values given
in Fig. 4. This shows that all the transcription factors have
values between 6.10 to 8.48 whereas the other proteins (with
the exception of YjIB and YrkC) are more acidic, with values
between 4.41 and 5.90.

Domain Structure

There are 16 single-domain and 4 two-domain (bicupin)
proteins encoded by the B. subtilis genome (Fig. 4). Bicupins
are referred to below on the basis of their intermotif spacing
(e.g., 15+15, 20+20). Of the former group of one-domain
sequences, particular note should be made of the two examples
that have a spacing of 20 residues, namely, YkrZ and YrkC.
The former is most similar to a recently described sequence
from the hyperthermophilic bacterium Aquifex aeolicus (53),
whereas the second sequence is closer to a sequence from
Prunus persica.

Probably the most interesting of the latter group of bicupins

are the two sequences YoaN and YvrK, which have a very high
level of similarity (E value 1e-130) to a sequence from Strep-
tococcus mutans (contig 1009) and to the oxalate decarboxy-
lases encoded by gil11604990 from Collybia velutipes, a wood-
rotting basidiomycete (198), and the related sequence from
Aspergillus phoenices (Scelonge and Bidney, patent applica-
tion). These fungal enzymes are related to the Synechocystis
protein gi[1652630 (69), the only other 20+20 microbial bicu-
pin identified to date. Detailed inspection of the six-sequence
alignment provided in Fig. 3 reveals two main features. First,
there are 64 (c. 16% of the total) globally conserved residues,
mostly clustered within the two cupin motifs, which have the
composition GX,RX, HWHX; ,EWX,G, and GX,,HX,. Of
these 64 residues, only 11 (ca. 3%), including the 3 histidines
(90), also show conservation between the first and second do-
mains. Second, the fungal OXDCs are more similar to the
sequences from B. subtilis and S. mutans than they are to the
Synechocystis protein.

Additional alignments of protein sequence (data not shown)
suggest that the most likely single-domain progenitor of the
two-domain 20+20 proteins is YkrZ and that this protein is
slightly more similar to YvrK than to YoaN. The evolutionary
time course of events is thus indicated to be (YkrZ) X 2 —
YvrK — YoaN. Similarly, it is likely that YjIB (18 spacing) is
the progenitor of its closest neighbor, the two-domain YxaG
(15+15) sequence (Table 2), although this would imply that
the increase in intermotif spacing from 15 to 18 residues in
YjIB occurred after the duplication event. It is also noticeable
from the alignments of single cupins with their putative bicupin
derivatives that the single-domain sequences (e.g., YjIB) al-
ways show a higher degree of similarity to the C-terminal
domain than to the N-terminal domain of the respective bicu-
pin (e.g., YxaG).

If alignments are based on the DNA rather than the protein
sequence, additional features can be observed (Fig. 5). For
example, the doublet of bicupin genes (yvrK and yoaN) are very
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4260: 1151 ATGAAGA--CAGAA--ACGTGCCGCAGCCTATTCGAAGTIGATGGAGCTGGA 1105
5821: 9528 ..... A.AA..A..TG..A.T........ A...A..G.A..CAA.G—A—A.. 9575
4260: 1104 GCTATTGATACAGGCCCGCGAAATATAATACGGGATATTCAAAATCCGAATATATTTGTT 1045
5821: 9576 ..A.CG.TA.A.AT...... C..... TGA.A.A..CCGG..... C..TG....GC.C... 9635
4260: 1044 CCGCCTGTTACAGATGAGGGTATGATTCCTAACTIGAGATTTTCATTICTCAGACGCTCCC 985
5821: 9636 ....... AA..C...C.T..C.CCG.CAGC..TA...AG. s s uuuunnnn T..TA...AT 9695
4260: 984 ATGAAATTAGATCACGGCGGCTGGTCAAGAGAAATCACCGTAAGACAGCTTCCGATTTC- 926
5821: 9696 .ACCG...... AAA..... A.ATG.CC.G...G.G..A...C.TG.AT.G. ... .... A 9755
*
4260: 925 GACTGCGATTGCAGGTGTAAACATGAG-CTTAACTGC AGGCG-TCCGCGAGCTTCAT 868
5821: 9756 ..AAA.C—..... TCC..... T...C.G..G..GC-.A..C.—..A.T......0v... C 9812
Motif 1 *
4260: 867 TGGCATAAGCAAGCGGAGTGGGCTTATATGCTTTT CGGGCACGTATCACCGCTGTT 808
5821: 9813 ........ AG....T..A. .. ......... A...AC..|.A.T...A.AG....AAT...A 9872
4260: 807 GACCAAGACGGACGAAATTTCATIGCTGATGTTGGTCC GACCTTTGGTACTTCCCG 748
5821; 9873 ..TG..A.A..G..C.GC..T....AC..... A...G P - N 9932
Motif 2 v
4260: 747 GCAGGAATTCCGCATTCCATACAGGGATT CACTG—~C~-GAGTTTCTGCTCGTTTTC 691
5821: 9933 T....CC.G..... C..... C..A.CGC....GG.GG.AG.T..... Covvenn G..T 9992
4260: 690 GATGATGGGAACTTT-TCTGAGTITTCAACGTTA-ACCATTTCAGATTGGCTTGCACACA 633
5821: 9993 ..C..... -.T.A..C..... AAACAGC..... CC.G.—.GA.......... G..C.... 0050
4260: 632 CACCAAAAGATGTTCTGTCTGCAAATTTCGGTGTCCCGGA-GAAT-GCTTTCAACTCTCT 575
5821; 0051 .T........ A..CA.TG....G..C..... C..GA.AA.A...GA.A....C.A.—.-. 0108
4260: 574 TCC-GTCTGAGCAAG-TCTATATCTACCAAGGGAATGTGCCGGGATCAGTCGCCAGTGAA 517
5821: 0109 G..T.G.AA..A..AA.A..... T.GAA..CCA.C.—.—..T..——....TTAA.A-..T 0163
4260: 516 GACATTCAGTCA---CCATATGGAAAAGTCCCCATGACC-TTTAAACACGAGCTG-TTAA 462
5821: 0164 ..T...GT.GA.GGG..GA....CG....G..T-.AT..A....CTT..CGC..TC..GA 0222
4260: 461 ATCAACCCCCAATTCAAATGCCAGGGGGGAGT-GTACGAATTGTGGATTCTTCTAACTTC 403
5821: 0223 .-...GAG..G..-.G...CTG....A...AAA...TAC....CA..... GA.A...... 0280
4260: 402 CCAATTTCAAAAACGATAGCCGCTGCACTTGTT-CAGATTGAGCC 344
5821: 0281 AA.G.G..T..... C..C..AT.A..G..C..AA...—-.A..A.. 0339
Motif 1
4260: 343 GCTTCATTGGCATCCCAATAGCGATGAGTGGCAATATTATCTAACAGG-ACAGGGACGAA 285
5821: 0340 A..G..C..... C..G....C.C.C..A........ C..CA.CT.C...A..CT.~... 0398
4260: 284 TGACGGTATTT--ATCGGAAATGGGACTGCCCGCACATTTGATTATAGAGC GACGT 227
5821: 0399 ....C..T...GC...T..CG-.CC.—....A.A..G...A....cca...d..7..7.. 0456
** Motif 2
4260: 226 TGGATACGTGCCTTCT--AATGCCGGACACTATATACARAAQRA-CTGGTACAGAAACATT 170
5821: 0457 C..... T..A..A.T.GC....—..T..T..CG.TG.....|. T.G..G.T-...C.GC. 0513
*%*
4260: 169 ATGG—TTTTTAGAAATGTTCAAAAGTAACCGCTATGCAGATGTGTCACTCAATCAGTGGA 111
5821: 0514 -, . TC........... Cooovl GACG...AT..... T..... A..TT.A..C..A...C 0572
4260: 110 TGGCATTGACGCCTAAAGAATTAGTACARA-GCAACTTGAATGCTGGATCAGTCATGCTT 52
5821: 0573 .T..CA..CTT...G..AC...T..T...GC...C..... C.TGG.C.A-..A.T.TAC. 0631
4260: 51 GATTCTCTGCGCAAGAAGAAA-GTGCCT-GTTGTGAAATA 14
5821: 0632 ...GTG..TT—...—...... A.CA..CA..A...... A. 3410669

FIG. 5. Alignment of the two 20+20 bicupin genes yoaN (gi|2634260, denoted 4260) and yvrK (gi|2635821, denoted 5821) from B. subtilis, showing the positions
of the two conserved motifs within each of the two domains. Similar nucleotides are shown as dots, and deletions are shown as dashes. The deletions marked with
asterisks in motif 1 of the first domain (1-bp deletion) and motif 2 of the second domain (2-bp deletion) denote two examples of the compensatory system of deletions
and insertions that maintain the same reading frame for the two genes throughout the majority of the sequence. The deletions which produce a respective difference
in the presence of a Gly residue (Fig. 3) are marked with vertical arrowheads. The statistical analysis is as follows: score = 1,706 (256.0 bits), expect = 2.2e-72, P =
2.2e-72, identities = 756/1,151 (65%).

similar to each other (65% identity; E value 2.2e-72), although indels within these motifs, they are equivalent in the two genes
each gene has a different pattern of insertions and deletions and do not alter the globally conserved residues.

(indels). However, these differences in nucleotide sequence do In an earlier study (69) it was suggested that the two-domain
not disrupt the conserved two-motif regions; where there are OXDC proteins may represent direct progenitors of the two-



VoL. 64, 2000

domain storage proteins. Recent phylogenetic evidence (260)
now shows that the two duplication events occurred indepen-
dently.

Physical Location of Cupin Genes within the
B. subtilis Chromosome

The cupin sequences are arranged on both DNA strands,
and although they are distributed throughout the chromosome
(Fig. 4), there is a possible increase in the kilobase value as the
complexity of the protein increases. It is also noticeable that
the two members of the doublet (yvrK and yoaN) are on op-
posite strands and that all four of the two-domain sequences
are located in the second half of the chromosome (i.e., above
kb 2000).

SUMMARY OF GENOME ANALYSES OF B. SUBTILIS
AND OTHER ORGANISMS

There are several important conclusions to be drawn from
this study on B. subtilis. Most importantly, it has identified a
previously unrecorded grouping of 20 cupin genes (0.5% of the
total of 4,100) in the archetypal gram-positive species. This
group of sequences provides evidence for two types of gene
duplication having occurred during the evolution of the B.
subtilis genome and/or the genome(s) of its progenitor(s).
First, there has been duplication to increase the number of
cupin genes. It is estimated (166) that B. subtilis has 568 (14%)
of its 4,100 genes in the form of doublets and 273 (7%) in the
form of triplets. In the present study, the most obvious example
of a doublet is yoaN and yvrK, the genes encoding two-domain
proteins closely related to the fungal OXDCs. Similarly, pmi
and its two related sequences are members of a triplet, and the
five genes encoding AraC-type transcription factors with iden-
tifiable cupin motifs are representatives of an even larger gene
family (it is estimated that B. subtilis has a total of 11 members
of this class of transcription factor).

Second, there is evidence of duplication or fusion to produce
the genes encoding the two-domain bicupin proteins. More-
over, this process must have occurred on at least three occa-
sions to produce YxaG (15+15), YwWfC (16+16), and YvrK/
YoaN (20+20). One would assume that the chronological
order for these duplications was in the order 2 X 15,2 X 16,
and 2 X 20, although there is no certainty for this assumption.
It is also unclear whether there is an extant progenitor for each
of the bicupins or whether the immediate progenitor was re-
placed by its two-domain successor.

The other major conclusion to be drawn from this study is
that in comparison with other microbial genomes sequenced to
date, the B. subtilis genome is the closest to the eukaryotes in
terms of both the overall number of cupins encoded and their
specific domain composition. Of particular interest is the find-
ing that one of the single-domain B. subtilis sequences
(gil2635101) has a GLP sequence from an angiosperm (Table
2) as its closest relative. It should be noted that this bacterial
sequence, together with the similar sequence (gi[B258400)
from the archaeon Pyrococcus horikoshii (Fig. 1), were not
available in the previous study (69). They are thus the first
20-aa-spacing cupin sequences to have been identified in pro-
karyotes. Together with the very similar 19-aa proteins
(gi[2984230 from Aquifex aeolicus and the polypeptide en-
coded by nucleotides 46806 to 47348 in contig 235 from
Pseudomonas aeruginosa), they are of great significance to our
understanding of the evolutionary origin of the increasingly
important eukaryotic GLPs, which in plants are encoded by a
gene family comprising many members. Such observations
confirm that there has been large-scale multiplication of this
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type of cupin sequence during the course of evolution. It is
known that GLPs occur in several species of gymnosperm,
including Pinus caribaea (59, 212), P. radiata, and P. taeda (6).
It is not known, however, whether this expansion in numbers,
from two members in B. subtilis to a large family of genes in
higher plants, occurred before or after the divergence of the
angiosperms from the gymnosperms.

EVOLUTIONARY ASPECTS OF CUPIN COMPOSITION
IN MICROBIAL GENOMES

Size of Cupin Gene Families in Prokaryotes and Eukaryotes

In general terms, it can be seen that the number of cupin
genes varies from 2-7 in the archaeal genomes sequenced to
date and in Aquifex aeolicus (often considered to be the most
deeply branching bacterium) to 15-20 in B. subtilis and Syn-
echocystis (65) to >40 in angiosperms and animals (Dunwell,
unpublished). For example, in Arabidopsis thaliana there are
about 20 GLPs, which themselves can be further subdivided on
the basis of sequence into five to seven subclasses. Apart from
the identification of OXO activity in some of the cereal ger-
mins and in a related protein in Pinus caribaea (212), there is
no functional information about these particular eukaryotic
proteins.

Interestingly, with the exception of the epimerases (e.g.,
gil11666505 from Leptospira interrogans), cupins appear to be
absent from spirochetes, as estimated by the analysis of the
relatively small genomes of Borrelia burgorferi (genome size,
1.44 Mb) (79), Treponema pallidum (1.14 Mb) (80), Rickettsia
prowazekii (the closest extant relative of the ancestor to mito-
chondria, with a genome size of 1.10 Mb) (9), and Chlamydia
trachomatis (1.05 Mb) (274); for reference, the genome size of
B. subtilis is 4.20 Mb. Presumably, this specific absence of
cupins is part of the reductive evolution that leads to the
general absence of any genes for cellular biosynthetic func-
tions, including most aspects of cell wall synthesis, in these
intracellular parasites.

It should also be noted that eukaryotic cupins are not re-
stricted to fungi, yeasts, and plants. The latest estimate of their
abundance in animals (68) suggests a widespread occurrence,
with Caenorhabditis elegans having a total of at least 15 se-
quences (all single domain), including some (e.g., giCB877049)
which have a 20-aa spacing and are very similar to sequences
from A. thaliana (gil2739365), rice (gi(B201969), and H. sapi-
ens (gi[2822126). In terms of function, some of these animal
sequences, such as PMIs, cysteine dioxygenases, and epime-
rases, are related to microbial sequences described above,
while others, such as the CENP-C centromeric proteins (282)
and various zinc finger transcription factors, are specific to
eukaryotes.

Do Cupin Families Arise from Gene Duplication
or Genome Fusion?

In the discussion above, it has been assumed that the gene
duplication events to generate doublets and higher-order mul-
tiples all took place in a single bacterial genome. However,
there is a possibility that the present genome of B. subtilis is the
result of one or more fusions of ancestral genomes (either in
whole or in part) and that the doublets of genes represent the
consequence of this fusion process (130). Large-scale analyses
of protein sequences have already led to the suggestion that
the evolution of the archaea included at least one major
merger between ancestral cells from the bacterial lineage and
the lineage leading to the eukaryotic nucleocytoplasm (158,
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159, 240, 242). In the same context, it has also been proposed
(105) that the eukaryotic nuclear genome is a chimera that has
received major contributions from both an archaeal species
and a gram-negative species. Such a network of fusion events
would clearly lead to a complicated structure for many pro-
karyotic genomes, with gene doublets resulting from either
fusion or internal duplication.

Physical Location of Cupin Genes in the Bacterial Genome

An important aspect of cupin evolution concerns the fact
that cupin genes are distributed on both DNA strands of the B.
subtilis chromosome. This suggests that at some stage during
evolution, there was a duplication of genes from one strand to
the other. If the specific example of the 20+20 bicupins is
examined, for example, it can be seen that in Synechocystis
there is one such gene on the left strand whereas in B. subtilis
the two closely similar genes are transcribed by different
strands (Fig. 4).

Analysis of the location of the cupin sequences within the B.
subtilis genome (Fig. 4) shows a general progression, with the
genes encoding the shorter proteins being located closer to the
origin of replication than are the genes encoding the longer
proteins. Similarly, all the two-domain sequences are located
in the second half of the genome (from kb 2038 to 4106). There
is little information on any factor(s) that might determine the
higher-order location of genes in this species, although it has
been suggested (166) that the “grey hole” located at kb ~600
might be related to the temporary chromosome partition ob-
served during the first stages of the sporulation, when a seg-
ment of about one-third of the chromosome enters the pres-
pore and remains the sole part of the chromosome in the
prespore for a significant transition period (311). In light of the
general link between cupin proteins and sporulation/desicca-
tion (20, 69), it is possible that there is a functional reason for
the clustering of genes required during this stage of the life
cycle.

There are two additional pieces of evidence for physical
linkage between related cupin genes and between such genes
and other functionally related genes. Most interestingly, it
seems likely that the recently sequenced genome of 4. aeolicus
(53) represents the earliest known stage of bacterial cupin
evolution, a suggestion supported by the fact that the family
Agquificaceae is the most deeply branching family within the
bacterial domain on the basis of phylogenetic analysis of 16S
rRNA sequences. Specifically, A. aeolicus genome contains
three cupin genes. Between aq_528 and aq_529 there is a
cryptic cupin gene encoding a protein with a 15-aa spacing
similar to gilR128971 from Methanococcus jannaschii, and in
addition there are two other closely linked cupin genes
(aq_1975 and aq_1978). The first encodes a protein with a
19-aa spacing (gi[2984230), and the second encodes a protein
with a 15-aa spacing (gi[2984227); both have close relatives in
B. subtilis (Table 2). It seems most likely, therefore, that
aq_1975 was the product of duplication of aq_1978 and that it
then diverged in sequence by the addition of 12 bp (encoding
4 aa) to the intermotif region while retaining its close physical
position in the chromosome. In contrast, their two paralogs in
B. subtilis (yjIB and ykrZ) are located more than 200 kb apart,
presumably as a consequence of recombination.

In this context, there is also an interesting relationship be-
tween the ydbB gene and its adjacent sequences in the B.
subtilis genome. A TBlastN analysis of this gene shows that its
closest relative from plants is the wheat protein germin, so
named because of its high level of expression in germinating
embryos (172). Adjacent to ydbB is gsiB (for “glucose starva-
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tion-inducible protein B”) (gi[2632740), a sequence that has as
its closest neighbours (E values 2e-18, and 2e-15, respectively)
the plant Em protein (gill1169515) from A. thaliana (91) and
the Lea (late embryogenesis abundant) protein (gi[547819)
from barley (75, 243). It is possible, therefore, that the two
adjacent bacterial sequences have a common developmental
link that began with a role in stress response, was retained
throughout evolution, and is now associated with embryo de-
velopment in higher plants.

Comparison of Single-Domain and Two-Domain Cupins

Detailed analysis of various pairwise alignments of the sin-
gle-domain and two-domain cupins show a number of inter-
esting features relating to the possible origin and evolution of
these proteins. First, as described above, single-domain pro-
teins are more similar to the C-terminal domain than to the
N-terminal domain of their respective two-domain relatives.
The reason for this disparity is unknown, but it is possible that
there is less selection pressure to conserve the sequence of the
N-terminal domain in a two-domain cupin. Another possible
explanation for such variation is suggested by similar discov-
eries in the family of extradiol dioxygenases, where there are
also single- and double-domain members (74). Among some of
the latter enzymes, there is evidence that the two domains
express different phylogenies, suggesting the possibility that
these particular enzymes arose from recombination or even
fusion of genes encoding different dioxygenases.

Cupins and the Comparative Structure of
Microbial Cell Walls

The very close similarity between the two-domain 20+20
bicupin (gi(1652630) from the gram-negative cyanobacterium
Synechocystis (65) and the related sequences from B. subtilis
and Streptococcus mutans (Fig. 3) supports the observation
(105) that the cyanobacteria constitute one of the deepest-
branching clades within the gram-negative species and have a
close affinity to the gram-positive species. Indeed, analysis
quoted by Gupta (105) and based on sequences from gluta-
mate dehydrogenase, phosphoribosyl formyl glycinamidine
synthase, and some 16S rRNAs suggests a clade comprising the
gram-positive bacteria, the cyanobacteria, and the archaea.
Additional circumstantial evidence for a close link between
some gram-positive bacteria and some archaea comes from an
analysis of the archaeal cupins. Whereas only two such se-
quences have been identified in Methanococcus jannaschii (42),
seven have been found in Methanobacterium thermoautotrophi-
cum (Dunwell, unpublished). It may be that the additional
cupins in M. thermoautotrophicum are linked to its particular
cell wall characteristics, since it was noted by Gupta (105) that
a number of archaea, including Methanobacterium, exhibited a
thick and homogeneous cell wall that shows positive staining in
the Gram reaction. Perhaps the M. thermoautotrophicum se-
quences with greatest relevance in the context of wall complex-
ity are the two hypothetical proteins gi[2621649 (89 aa) and
gi[2621650 (89 aa) that contain sequences with similarity to
the first and second motifs of the spsK (for “spore capsule
synthesis K” [gi[2636317]) protein from B. subtilis. Indeed,
close analysis of these two adjacent archaeal ORFs suggests
that they are more likely to be contiguous sections of a single
coding region, particularly since addition of a single nucleotide
(to correct a frameshift) produces a modified, longer ORF
encoding a polypeptide most similar (E value 3e-19) to the
C-terminal 151 aa of this B. subtilis protein, a probable dTDP-
4-dehydrorhamnose 3,5-epimerase (cf gil2622921). Such en-
zymes are involved in the rhamnose biosynthetic pathway



VoL. 64, 2000

linked to the production of complex exopolysaccharides in cell
walls.

In the latest discussion of prokaryotic classification, Gupta
(106) has used differences in cell wall architecture to argue
against the concept of considering the Archaea (307) to be a
separate kingdom and in favour of linking the gram-positive
bacteria and the archaea in a grouping of monoderm pro-
karyotes (surrounded by a single membrane) distinct from the
diderm prokaryotes (i.e., all true gram-negative bacteria con-
taining both an inner cytoplasmic membrane and an outer
membrane). It is possible that the functional role of many
cupins in cell wall synthesis will help in the resolution of this
debate.

STRUCTURAL ASPECTS OF CUPINS

Despite the wealth of information on the primary sequence
of cupins and their conserved core motifs, relatively little is
known about their secondary, tertiary, and quaternary struc-
ture. As described above, the major advance in this area came
from the discovery (20) of the global conservation of a small
number of residues in the plant storage proteins and germins
and the slime mold spherulins (29). This discovery enabled the
3D structure of the bean storage protein phaseolin (177) to be
used to generate a homology model (90) of the wheat GF-2.8
germin, an OXO, and to predict various quaternary structures
for the arrangement of subunits. Comprehensive physicochem-
ical studies (197) of the monomer and oligomer had suggested
a homopentameric assembly of subunits in native wheat ger-
min, but subsequently X-ray diffraction studies of barley ger-
min in the same laboratory (E. F. Pai and B. G. Lane, unpub-
lished [but cited in reference 90]) excluded a pentamer and
dictated a hexameric or tetrameric structure for the cereal
germins. The M, (~25) of the glycosylated germin monomer,
based on its mobility in sodium dodecyl sulfate-polyacrylamide
gel electrophoresis gels, had been incorrect owing to a glycan-
induced anomaly. The correct M, of the germin monomer,
based on the sizes of its polypeptide and N-glycan constituents
(20 + 2=22) (135), conforms with sedimentation-equilibrium
measurements of the M, (~130) only if germin is homohex-
americ, not homotetrameric. This conclusion was confirmed,
definitively, by a more comprehensive X-ray diffraction study
of barley OXO crystals in our own laboratory (310); this en-
zyme contains a hexameric arrangement of subunits of the type
found in the storage proteins, but of course these latter pro-
teins are composed of a trimer of two-domain subunits rather
than being a trimer of single-domain dimers. The homology
model of OXO (90) also confirmed the potential catalytic
significance and metal-binding capacity of the three conserved
His residues located within motifs 1 and 2 at the center of the
B-barrel of many cupins. It is now considered likely that such a
His cluster, together with an adjacent conserved Glu, may be
the binding site for an Mn*" ion recently found to be the metal
present in OXO, at least in those isolated from cereals (39,
238, 239). A similar combination of modelling and experimen-
tal approaches could be made using the structural data from
the sugar-binding domain of the bacterial AraC transcription
factor (270) and the sequence data from SBP (bicupins) from
higher plants (40, 219) in order to identify ligands specifically
involved in the binding of either mono- or disaccharides in
these subgroups.

SUMMARY OF CUPIN FUNCTIONS

In conclusion, therefore, cupins are found in a wide range of
cell types and have a wide range of biochemical functions,
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including several enzymes related to cell wall synthesis, partic-
ularly in reactions involving sugar modification. There seems to
be a consistent association with stress responses in both pro-
karyotes and eukaryotes. In higher plants, this association with
desiccation tolerance (20) is exemplified by the seed storage
proteins, a specialized and well-characterized group of nonen-
zymatic proteins; they contain at most a single conserved His,
and no enzyme activity is known. One additional recurring
theme in this analysis of cupin function is the link to oxalate
metabolism, an area of biochemistry that has received little
attention recently. The section below will attempt to remedy
this omission by emphasizing the significance of oxalate (and
oxalate degradation) in several fields of microbiology, plant
science, food science, and medicine.

BIOLOGICAL SIGNIFICANCE OF CUPINS IN
OXALATE METABOLISM

There are two pieces of important evidence that suggest a
link between some of the cupin proteins and oxalate metabo-
lism. First, the archetypal member of the cupin family is wheat
germin, a cereal protein with OXO activity (173) (see above).
Second, and most significantly, the fungal OXDCs have been
found previously to be bicupin proteins (69). It is very likely,
therefore, that other cupins have similar enzymatic activities,
and in particular one would predict that the two 20+20 bicu-
pins from B. subtilis and the related sequence from Streptococ-
cus mutans identified in this review (Fig. 3) are also OXDCs.
Unfortunately, there is scant information about the role of
oxalate metabolism in these bacterial species. It is known,
however, that oxalic acid is among the range of organic acids
produced by strains of B. subtilis isolated from certain Indian
soils (17).

Microbiological Significance of Oxalic Acid and
Oxalate-Degrading Enzymes

Oxalic acid has been implicated in a wide range of environ-
mental effects including several biological and geochemical
processes in soils (71, 101). For example, oxalate is the major
organic anion in many forest soils throughout the world, and as
such it has a large effect on the availability of phosphorus,
aluminum, and calcium (154). This is because oxalate will
chelate aluminum and iron, thereby making more phosphorus
available to plant roots. Interestingly, aluminum has recently
been found to stimulate the production and secretion of ox-
alate from roots of buckwheat (188, 323) in addition to induc-
ing the synthesis of a defence related GLP in wheat. As well as
this role in plant nutrition, oxalic acid is linked to general
weathering of soil minerals and the subsequent precipitation of
insoluble metal oxalates (87). This latter process is associated
with the survival of fungi growing in the presence of potentially
toxic metal compounds (e.g., copper-containing wood preser-
vatives). It has also been exploited in the solubilization of
heavy metals from bauxite, clay, sand, sewage sludge, and other
metal bearing materials. In many of these applications, As-
pergillus niger is favored as the best species for oxalic acid
production (251, 252, 279), in contrast to the medical dangers
of such production by this organism.

A related environmental role for oxalic acid (and oxalate-
degrading enzymes) comes from its key importance in the
carbon cycle and the release of CO, from rotting wood (98,
99), a process largely mediated by basidiomycetous white rot
fungi. Such fungi, along with their brown rot equivalents (203),
are known to produce oxalic acid (72, 257) and oxalate-degrad-
ing enzymes (73, 202) under some conditions. The biochemical
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basis for the role of oxalate include its capacity to chelate
manganese and thus to stimulate the activity of Mn peroxidase,
an extracellular, glycosylated enzyme involved in lignin degra-
dation (16, 163, 292). This enzyme is also implicated in the
commercial use of the fungus Bjerkandera in the biobleaching
of delignified craft pulp during paper making (201, 208, 236).
In all applications of this type, the level of oxalate, and thus the
practical value of the particular technology, depends upon the
level of the OXDC (or equivalent) enzyme, and therefore the
discovery of the putative structure of OXDC, albeit indirectly
by virtue of its relationship to OXO and seed storage proteins
(69), provides the first opportunity to consider directed mod-
ification of the enzyme.

It is also relevant to emphasize the key role of manganese in
the chemical reactions utilized in both lignin synthesis (Mn**
is the metal ion present in the active site of OXO, which
provides H,O, required for cell wall cross-linking) (239) and
lignin degradation (see the comments above on lignin peroxi-
dase). Oxalate and manganese together therefore control a
large segment of the carbon cycle which involves both the
fixation of carbon in woody biomass and its later release from
that material.

Role of Oxalate in Plant Pathogenesis

As described below in the context of transgenic plants, oxalic
acid is a toxin associated with many plant pathogens, particu-
larly Sclerotinia sclerotiorum (185) and related species. It is
secreted into the plant during the infection process, is impli-
cated in the degradation of the plant cells, and is then often
reused by the pathogen or precipitated in the form of calcium
oxalate crystals (78, 315).

COMMERCIAL SIGNIFICANCE OF OXALATE-
DEGRADING ENZYMES

Several of the oxalate-degrading enzymes of bacterial, fun-
gal (52; Scelonge and Bidney, PCT patent application WO
98/42827), or plant (G. Freyssinet and A. Sailand, 17 Septem-
ber 1992, PCT patent application WO 92/15685) origin, many
of them cupins, have either actual or potential commercial
significance, with applications in many areas of medicine, ag-
riculture, and industry. This section reviews these uses and
demonstrate how the increasing understanding of the cupin
superfamily will have practical benefits.

Medical Diagnosis and Treatment

As described above, the OXO and OXDC enzymes have
great commercial importance in assays for oxalate in blood and
urine (116, 123). Such assays are vital in the control of hyper-
oxaluria, particularly in patients suffering from urolithiasis, i.e.,
the formation of stones (crystals of calcium oxalate) in the
urinary tract (245); this complaint afflicts more than 10% of the
U.S. population. Excess oxalate levels in humans can have
many causes, including hereditary intolerance to the normal
levels of oxalate in the diet (100); consumption of ascorbate
(13), ethylene glycol, diethylene glycol, or xylitol; inhalation of
the anaesthetic methoxyflurane; and infection with Aspergillus
(known as aspergillosis) (169, 226). Such levels are also found
in cystic fibrosis patients as a consequence of antibiotic treat-
ment that eliminates Oxalobacter formigenes from the gut flora
(262) and in premature babies fed with infant formula rather
than breast milk (124). In addition to dietary or pharmacolog-
ical treatments to reduce metabolic oxalate levels (120, 121),
other suggested means of reducing oxalate intake include the
use of immobilized or encapsulated (18, 19) oxalate-degrading
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enzymes in the digestive tract or in the peritoneal cavity. For
example, OXO which had been immobilized by adsorption
onto chitosan and cross-linking with glutaraldehyde was shown
to have enhanced resistance to proteolytic digestion and heavy-
metal inactivation and was considered suitable for oral admin-
istration (231). In a related study (230), rats implanted in their
peritoneal cavity with dialysis membranes containing banana
OXO were able to metabolize intraperitoneally injected
[**C]oxalate, as well as its precursor, ['“C]glyoxalate. The lead-
ing therapeutic compound in preclinical development is prob-
ably IxC2-62/47 (from Ixion Biotechnology Inc.), an orally ad-
ministered product consisting of two recombinant enzymes of
bacterial origin (M. J. Allison and H. Sidhu, 26 November
1998, PCT patent application WO 98/52586).

As an alternative to treatment of patients with these condi-
tions, it is possible to reduce the oxalate content of food prior
to its being eaten (176; R. Yoshida, T. Tanaka, and Y. Hotta,
5 March 1994, European patent application 0639329 Al). In
one such method, it was shown (132) that the oxalate-degrad-
ing bacterium Eubacterium lentum WYH-1, isolated from hu-
man feces (133), could completely degrade 1 mg of oxalate per
ml in artificial intestinal juice or the oxalate in an infusion of
black tea—one of the major sources of oxalate in the human
diet (321). Similarly, barley roots in a stirred-tank reactor have
been used to reduce the level of oxalate in ginger juice (313).
The use of microorganisms or isolated enzymes for this pur-
pose is the subject of several patent applications (G. Kohl-
becker, F. Heinz, and R. Schildbach, 8 April 1982, German
patent application). Transgenic approaches to reducing ox-
alate levels in plants will be considered below.

In addition to this relatively common metabolic disorder,
there is a more infrequent but much more serious genetic
condition (primary hyperoxaluria), which leads to deposition
of calcium oxalate throughout the body, often with fatal con-
sequences. Treatment of this condition is also discussed below.

Human Gene Therapy

As mentioned in the previous section, primary hyperoxaluria
(55) is a potentially fatal condition. It exists in two forms, type
1, which is due to a defect in the liver-specific peroxisomal
enzyme alanine:glyoxylate aminotransferase/serine pyruvate
aminotransferase, and type 2, which involves glyoxalate reduc-
tase/D-glycerate dehydrogenase, a cytosolic enzyme found in
hepatocytes and leukocytes. At present, treatments include
pharmacological approaches (121) or preemptive liver trans-
plantation (149, 254). Aside from the implantation of immo-
bilized OXO or the oral administration of recombinant en-
zymes, there has been a longstanding interest in the potential
of gene therapy for treatment of these life-threatening condi-
tions. Although their eventual aim was to clone and utilize the
fungal oxalate decarboxylase gene (263; B. Finlayson and A.
Peck, 3 November 1988, PCT patent application), success was
first achieved in the cloning of the bacterial equivalent (186,
187), the oxalyl coenzyme A decarboxylase from Oxalobacter
formigenes, an anaerobic oxalate-degrading bacterium found in
the mammalian intestine (4, 15, 165). It is hoped that the
increased understanding of the oxalate-degrading enzymes de-
scribed in this review will soon lead to further advances in this
important area of human therapy.

Transgenic Plants

Resistance to plant pathogens. Possibly the most extensive
application of oxalate-degrading enzymes concerns their use in
improving the tolerance of plants to fungal pathogens. The
basis of this strategy is the toxic effect of the oxalic acid se-
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creted by many such pathogens, particularly Sclerotinia sclero-
tiorum (229), a fungus with a wide host range including sun-
flower (195) and oilseed rape. During severe outbreaks, crop
losses can reach 60%. At present, control of the disease by
fungicide application to the plant is expensive and not always
reliable. The overwintering sclerotia can remain dormant in
the soil for several years, before germinating and either pro-
ducing apothecia (fruiting bodies which generate large num-
bers of the infective ascospores) or growing directly into my-
celia, which can invade the plant stem at ground level. Few
genetic sources of resistance to the pathogen are available to
the plant breeder, and despite the potential of mycoparasites
as a means of biological control (306) there is a continuing
demand for new approaches to combat this disease (246).

It has been known for several years that the mode of
action of this pathogen involves an important role for oxalic
acid (215, 244, 325). This acid is secreted by the fungal
mycelium, which either develops on the petal and leaf sur-
faces (138) after germination of the ascospore or grows out
directly from the perennating sclerotium after its germina-
tion in the soil. As the pathogen-derived acid enters the
plant, it chelates the calcium from the middle lamellae of
the plant cell walls, thus inducing embolisms in the xylem
vessels and causing wilting (272). The acid also inhibits the
activity of o-diphenol oxidase activity in host cells (76),
thereby suppressing defense responses. In addition, it re-
duces the internal pH of the plant and consequently stimu-
lates the activity of the cell wall-degrading cellulases and
pectinases produced by the pathogen (192). Genetic evi-
dence for the role of oxalic acid comes from studies on
mutant strains of the fungus which are deficient in oxalate
production and also avirulent; revertants regain their viru-
lence (95).

A strategy was therefore developed to introduce into sus-
ceptible plants a gene encoding an oxalate-degrading enzyme
which could reduce the level of the pathogen-derived toxin and
thereby reduce the growth of the infective mycelium and
spread of the disease. The best results achieved to date (287,
288; D. L. Bidney, D. G. Charne, S. L. Coughlan, I. Falak,
M. K. Mancl, K. A. Nazarian, C. J. Scelonge, and N. Yalpani,
28 January 1999, PCT patent application; C. Thompson, G.
Nisbet, H. Jones, and J. M. Dunwell, unpublished observa-
tions). refer to investigations with oilseed rape and sunflower
transformed with the barley or wheat OXO. Such results have
considerable commercial potential (82, 111). Additionally, it
has been proposed that oxalate-degrading genes could be used
as selectable markers in transformation experiments (82, 253).

Improvements in digestibility. Oxalic acid and its salts are
well known to be toxic to humans at high doses (104, 183) and
can cause medical problems even when present at low concen-
trations in the diet. Certain leafy vegetables such as spinach
and Amaranthus have particularly high concentrations, and
there are many breeding efforts to improve the palatability of
these and other crops for humans, and also for farm ruminants
such as sheep and goats where aversion to fodder has been
associated with oxalate content (83, 167).

In addition to a general reduction in levels of soluble or
insoluble oxalate, it is possible that introduction of oxalate-
degrading genes (199) may be useful as a means of reducing
specific oxalate-related toxins such as the well-known neuro-
toxin B-N-oxalyl-1-a,B-diaminopropanoic acid (ODAP), a
compound that is found in the legume species Lathyrus sativus
and is associated with the development of lathyrism (233, 283),
a severe neurological disease.
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Bioremediation and Industrial Uses

Oxalate, particularly sodium oxalate, is a significant environ-
mental contaminant in industrial processes such as the smelt-
ing of alumina by the Bayer process. At present, the disposal
methods comprise either burning or burial in landfill sites. It is
hoped that these methods may be replaced in future by use of
various means of bacterial degradation involving either an al-
kalophilic Bacillus species (209) or Pseudomonas oxalaticus
(11), an organism isolated from rhubarb patches (a rich source
of oxalate). It is possible that the recently described new spe-
cies of obligately oxalotrophic Ammonophilus oxalaticus and A.
oxalivorans (319) isolated from the rhizosphere of sorrel
(Rumex acetosa, another species with a high oxalate content)
could be used for these purposes.

A recent application in this area is the claimed use (N. O.
Nilvebrandt, A. Reiman, and F. De Sousa, 26 February 1998,
PCT patent application) of oxalate-degrading enzymes (OXO
and/or OXDC) to reduce the levels of oxalate in the process
liquids during the production of pulp and paper. Wood con-
tains oxalic acid at concentrations of 0.1 to 0.4 kg/ton (bark
contains up to 15 kg/ton), and during processing this com-
pound can easily precipitate in the form of calcium oxalate
crystals, which cause problems in pipework, washing filters, and
heat exchangers. A similar previous application (117) involved
the use of these enzymes to inhibit the deposition of beer
stones during the brewing process. Levels of oxalate also must
be kept low to prevent the problem of “gushing” (see also
reference 107) during this process.

Another potential industrial use of OXDC and related en-
zymes concerns the use of fungal exopolysaccharides. One such
compound is scleroglucan, a neutral glucan produced by Scle-
rotinia glucanicum and composed of a linear chain of 8-p(1,3)-
linked p-glucopyranosyl residues with single D-glycopyranosyl
residues linked B(1,6) to every third residue of the main chain.
Because of its structure and high molecular weight, it has great
value as a viscosifier in enhanced oil recovery, a role it which its
closest rival is xanthan gum (122). Unfortunately, production
of scleroglucan in reactors is accompanied by the concurrent
synthesis of oxalate (302), an unwanted by-product that makes
purification more costly. Such synthesis is stimulated at a pH
above 3.5, partly because of inhibition of OXDC. It would
therefore be most valuable to be able to modify the character-
istics of this enzyme in order to reduce the level of oxalate
formed during the production process.

OXALATE AND THE ORIGIN OF LIFE

In a recent review (112) of photosynthesis and the origin of
life, it was suggested that the first stage in the development of
photosynthesis took place in iron-rich clays and involved the
photoreduction of carbon dioxide to form oxalate, which was
then reduced to glyoxalate with the aid of manganese (see the
comments on Mn** as the active-site metal in barley OXO
above). This phase was then followed by the entry of sulfur into
the evolving clay systems, the subsequent ability to fix nitrogen,
and, finally, the involvement of phosphate. Oxalate is therefore
implicated in the primary production of all organic chemicals
on Earth.

ORIGINAL FUNCTION OF THE ANCESTRAL
“PROTOCUPIN”

It is possible that the ancestral “protocupin” was a small
protein (ca. 100 residues with an intermotif spacing of 15 aa)
that was very heat stable (cf. proteins gi(2984227 from Aquifex
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aeolicus and gil2128971 from Methanococcus jannaschii, with
optimum growth temperatures of 90 and 95°C, respectively),
was probably metal containing, and had a relatively nonspecific
ability to bind a range of molecules which included sugar res-
idues. This progenitor protein then assumed other functions,
for example as a PMI able to bind mannose-6-phosphate, and
it was also involved in a fusion event whereby a sugar-binding
form of the cupin domain combined with a DNA-binding do-
main to generate the multidomain AraC type of transcription
factor, in which the sugar-binding element is located within the
N-terminal effector-binding domain (270). (In this context it is
relevant to note the close association of wheat OXO with the
arabinose-rich hemicelluloses [135].) Further diversification of
function of the original cupin domain then followed during
subsequent evolution, by insertion of residues in the intermotif
region (Fig. 1) (168), addition of residues at both ends of the
protein (probably associated with the generation of a multi-
meric structure), and duplication or fusion of the entire se-
quence to produce bicupins. In addition, many of the eukary-
otic cupin genes have introns, and this may be associated with
the occurrence of exon shuffling during the evolutionary pro-
cess. Such variation means that the underlying cupin structure
is now found in proteins that range in size from the extremo-
phile proteins of about 100 aa to the heat-stable, hexameric,
manganese-containing OXO from cereals (201 aa in each sub-
unit [310]) and the desiccation-tolerant, trimeric seed storage
proteins (400 to 500 aa in each two-domain unit) from higher
plants. It is hoped that an improved understanding of the
structure-function relationships in this diverse superfamily of
proteins will soon help to elucidate the factors that allowed
such a diversity to develop during the evolutionary process and
led eventually to the proteins that are now the major part of
the human diet.

In the context of this evolutionary summary, it should be
noted that the sizes of the two conserved motifs within the
cupin signature (20 or 21 aa in motif 1, and 16 aa in motif 2)
correspond quite closely to the sizes of two of the conserved
units (15, 22, and 30 aa) presumed to make up all ancestral
proteins in the progenote (56, 57, 94) and to be encoded by the
ancestral exons.

CONCLUDING REMARKS AND FUTURE DIRECTIONS

The discovery of the cupin superfamily epitomizes the value
of an integrated approach to the study of protein structure and
function (24, 38, 119, 286). Only by such integration of infor-
mation available from the previous X-ray analysis of storage
proteins (155, 177) with data from the prokaryotic genome
programs was it possible to detect the evolutionary connection
between this wide spectrum of enzymes and binding proteins
and thereby to reinforce the concept that there is only a rela-
tively small number of structurally conserved elements from
which all proteins are constructed (271). This new form of
biological research, which perhaps could be designated protein
molecular biology, is a direct consequence of the increasing
power of analytical algorithms designed to compare primary
sequence information with 3D structural data. In this particu-
lar example of multifunctional cupins (64, 69), a discovery
recently validated by Aravind and Koonin (12), we have un-
covered an evolutionary sequence in which a particularly stable
B-sheet structure has been coopted for a variety of purposes,
many or all of which require a thermostable (222, 223), pepsin-
resistant (170) framework, usually containing metal-binding
ligands (90, 239). It is very likely that similar conserved ligands
in different members of the cupin family will be found to bind
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different metals, a situation reminiscent of that found in the
homoprotocatachuate 2,3-dioxygenases.

Future studies will take a number of directions. First, they
will certainly add to this preliminary survey of superfamily
members as more genomes are completed. More importantly,
the functional information obtained from prokaryotic studies
will allow rational predictions of function for the variety of
related proteins in eukaryotes. Undoubtedly, this process will
be aided by the increasingly efficient microarray/chip technol-
ogy (61) that is able to illustrate the pattern of expression of all
genes within a single organism grown in one or more environ-
ments. In particular, it is hoped that eventually the role of the
large number of GLPs in higher plants can be exemplified. As
described above, many of these proteins are apoplastic and are
associated with responses to biotic and abiotic stress. They are
therefore of prime interest to plant breeders interested in
improving the growth of crops under limiting environments. In
a more fundamental context, resolution of additional cupin
structures at the atomic level (177, 270, 310) (Fig. 2) will
confirm the exact significance of the key active-site residues
and those that confer molecular integrity under extremes of
temperature and in the presence of normally destructive chem-
icals. Such information will prove of great potential value, for
example in applied agricultural, medical, or environmental
projects utilizing oxalate-degrading enzymes and in nutritional
projects that aim to improve the quality of seed proteins.
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