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Abstract. Plant storage proteins comprise a major part(including the vicilins, legumins, and globulins) are now
of the human diet. Sequence analysis has revealed thiahown to have two domains, each similar in sequence to
these proteins probably share a common ancestor with a family of proteins (Bamlein et al. 1995) the best
fungal oxalate decarboxylase and/or related bacterigdknown of which is germin, the predominant protein pro-
genes. Additionally, all these proteins share a centratluced during the early phase of germination of the wheat
core sequence with several other functionally diverse enembryo (Lane et al. 1992). Germin is a glycosylated,
zymes and binding proteins, many of which are associhomopentameric protein with exceptional resistance to
ated with synthesis of the extracellular matrix during proteases and hydrogen peroxide, the latter feature re-
sporulation/encystment. A possible prokaryotic relativelated to its function as an oxalate oxidase (Lane et al.
of this sequence is a bacterial protein (SASP) known tal993) that generates peroxide. There are several germin-
bind to DNA and thereby protect spores from extremelike proteins found in dicotyledonous species (Heintzen
environmental conditions. This ability to maintain cell et al. 1994; Ono et al. 1996) (see also the multigene
viability during periods of dehydration in spores and family in Arabidopsis,accessions U75187-U75207,
seeds may relate to absolute conservation of residudd95034-U95036) and gymnosperms (Domon et al.
involved in structure determination. 1995). The function of these proteins is unknown; most

do not have any oxalate oxidase activity, although at an
Key words: Seed storage proteins — Enzyme super-amino acid level there is a high level of similarity to the
family — Protein domain — Germin — Oxalate oxidase cereal ox-ox enzymes (for a recent discussion see Berna
— Histidine cluster — Mannose metabolism and Bernier 1997).

The present study started from the specific identifica-
tion (Lane et al. 1991) of the so-called “germin box”
(HI/THPRATEI), a conserved sequence shared by the
germins and spherulins—the latter are a group of pro-

Plant storage proteins, particularly those found in seedd€ins produced in the slime molhysarum polyceph-

form a major part of the human diet. Many such proteinsalum during encystment (Bernier et al. 1987). Previous
PROSITE analysis had identified at PDOC00597 a ger-

min family signature PS00725 which comprised the ger-
_ min box. Additionally, there is a three-element PRINTS
* Present addressThe Drug Design Group, Department of Pharma-

cology, University of Cambridge, Tennis Court Road, Cambridge CBZflngerprlnt GERMIN which is bas_ed on allgnment of 12
1QJ, United Kingdom sequences and a ProDom domain 2426 (ProDom release

Correspondence tal.M. Dunwell; e-mail J.Dunwell@reading.ac.uk ~ 34.1) found in 10 proteins. In each case the analysis is
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severely outdated since it is based on only a small subsdtingusCollybia velutipegFig. 2A). It is of especial in-
of those sequences now available. (The SwissProt dataerest that this oxalate-degrading enzyme should be a
base contains only a minority of the sequences availduplicated version of the only other enzyme with a re-
able.) lated function—namely, the cereal oxalate oxidase de-
To refine these analyses, various methods werescribed above. (However, it does not seem to be related
adopted in an attempt to identify possible progenitors ofto the oxalyl-CoA decarboxylase enzyme, gi|1086099,
the germin/germin-like proteins, and also to assess th&om Oxalobacter formigenels.The closest neighbor
occurrence of any conserved motifs with potential active]WU-BLASTP, P(N)3.0e-55; 37% identity and 54%
site function (see Gane et al. 1997). similarity over 326 AA] to theCollybia ODC sequence is
the second example, a hypothetical protein (accession
D90907) from the cyanobacteriurBynechocystis
Methods (Kaneko et al. 1996) (Fig. 2B) which is shown in a
WU-BLASTP search as being most similar [P(N)2.5e-
Initially, BLAST searches were conducted on various germin se-216] to the ArabidopsisGLP10 (U95036); it is 30%
quences in the GenBank database, and these were linked to BLOCKi&lentical and 49% similar over a distance of 139 AA. The
(Henikoff and Henikoff 1991), MEME (Bailey and Elkan 1994), Pro- third example of duplication (accession P42106) is an-
Dom, and PROSITE analyses. Taken together, these analyses showeﬂher protein (Yoshida et al. 1995) of unknown function,

(1) that only certain residues within the germin box are absolutely . . . e -
conserved across all proteins and (2) that other regions of the gene aIgom Bacillus subtilis,and was identified in the ProDom

equally conserved. Specifically, the germin box is part of a 20/21-AA Study referred to later. It is one of 17 proteins containing
motif G(X)sHXH(X) ,,G (part of PRINTS motif GERMIN1) which is  the 52-AA domain 1428 (ProDom release 34.1) which
followed (usually after 15 residues) by a second motif of 16 AAs, spans the two motifs identified here, and it has as its

G(X)sP(X)H(X)aN (part of PRINTS motif GERMIN2). When one — ¢|5sest neighbor [P(N)0.00028] the polyketide synthase
uses the bean storage protein phaseolin (Lawrence et al. 1994) and t@23157 referred to below

related sucrose-binding protein (Braun et al. 1996) as structural refer- . . . L
ences, these two histidine-containing motifs are part ofgfetrands Despite the fact that the critical residues within each

designated, respectively, C/D and G/H within the t@<arrel ele- motif have been conserved in all three examples, there
ments. Considering the first motif, the two flanking glycines corre- gre a number of significant differences between the se-
spond to the strictly conserved Gffy and GIy*®° which assist in the quences of these proteins. First, the gap between motifs

formation of the short interstrand | B-C and D-E within the C- . . L
ormation of ‘e SToT IMersianc 'oops an W e =" in P42106 is 15 AA (the overall minimum), and 20 AA

terminal B-barrel of phaseolin. Similarly, the second motif contains a .
proline corresponding to conserved Bfowhich is part of the inter-  IN the other two examples. Second, overlaps of the du-
strand loop between strands G and H. The variable space betwedplicated regions are of different length, and in addition,
motifs is equivalent to the insertions (seven to 25 residues) tolerated IBLASTP searches with BEAUTY annotation (Worley et
the E-F loop (see Gane et al. 1997). o al. 1990) show that the stretches of sequence showing
Gene families found to contain these two specific motifs are con- . .. Lo . .

sidered below, with summary details provided in Table 1 and Fig. 1. Inslgmﬁcant Slmllarlty to Oth.er proteins are located primar-
order to provide a link to previous publications"(Balein et al. 1995;  ily in the C-terminal section of oxalate decarboxylase,
Braun et al. 1996; Lane et al. 1991; Lawrence et al. 1994) these sumwhereas they are located mostly in the N-terminal half of
maries include phaseolin (gi|230247), a spherulin (P09351), a vicilingccession P42106. The third protein, D90907, has equal

(Z254364) fqund in qures of_the Ostrich detattguccia struthiopteris similarity (particularly to germins/vicilins) in each half.
(the C-terminal domain of this sequence is particularly similar to wheat In t f thei uti th b i
germin) and the reference standard wheat germin gf2.8 (P15290). n terms o eir evoluuon, there are a number 0

It should be noted that there are two examples described below (i.e POSSible origins for this duplication, which previously
VIRT18179 and VIRT13653) in which TBLASTN searches revealed has never been found outside the plant kingdom. The

previously unknown coding regions in upstream sequences of othesimplest hypothesis is that the two domains of each pro-

genes. The explanation for the presence of these cryptic genes (Somféin have diverged differentially after a single duplica-
times encoded by sequences in different frames) probably lies in clon:

ing artifacts caused by accidental ligation of two different DNA frag- tion event. Alt?matlvely’ dupllcatlon .m'ght have C_)C'
ments. curred three times, most recently fBynechocystis

(D90907), in which the two domains show equal simi-
larity to other proteins. The third possibility is that this
Results Igtter protein is the only one to be a product of duplica-
tion, and the other two examples have evolved from a
homologous recombination event between two similar
Oxalate Decarboxylase and Other Duplicated Proteins DNA sequences. In this case, D90907 would be the di-
rect and sole ancestor of the higher plant storage pro-
This study revealed three examples of two-domain proteins.
teins (Fig. 2) in which each domain contains both of the
two motifs, and there is significant similarity to GLPs RN ;
and their relatives. The first, and best described in terméa\uxIn Binding Proteins
of function, is the oxalate decarboxylase (ODC) enzymeAn extremely high level of similarity (66% identity; 77%
(125120) (Mehta and Datta 1991) from the wood-rotting similarity) was identified between two auxin-binding



Table 1. Summary of single- and double-domain proteins which contain motifs 1 and 2

Species Accession Length (AA) Name/function

i) Single domain
Prokaryote:Archaea

Desulfurococcusp. D84067 118 VIRT18179, unknown

Methanococcus jannaschii U67602 125 ?PMI/GDP
Prokaryote:Eubacteria:Protebacteria

Erwinia chrysanthemi Q05527 110 Unknown

Escherichia coli pP38522 121 Aldehyde dehydrogenase

Erwinia chrysanthemi L39897 132 ORF 1/unknown

Enterobacter aerogenes ue0777 140 Pepl

Desulfibrio desulfuricans 711975 163 VIRT13653, unknown

Neisseria meningitidis L09188 180 Deoxyglucose epimerase

Escherichia coli gi|1788802 233 Unknown

Escherichia coli P17410 280 Cel operon repressor

Yersinia enterocolitica U46859 465 Mannose pyrophosphorylase

Xanthomonas campestris P29956 466 Phosphomannose isomerase
Prokaryote:Eubacteria:Firmicutes:Actinomycete

Streptomyces coelicolor u37580 77 Membrane-spanning protein

Mycobacterium tuberculosis 781360 116 Unknown

Streptomyces cyaneus Q02586 154 CurC/?cyclase

Mycobacterium tuberculosis 0i|1781124 263 ?regulatory protein
Prokaryote:Eubacteria:Firmicutes:LowG+C gram positive

Bacillus subtilis 0i|1881251 113 YdbB/unknown

Bacillus subtilis P54430 186 YrkC/unknown

Acholeplasma laidlawii S33518 369 Unknown

Staphylococcus aureus u81973 371 Cap5F/unknown

Bacillus subtilis P39631 432 Spore polysacch. synth.

Clostridium thermocellum P26208 448 B-glucosidase A
Prokaryote:Eubacteria:Cyanobacteria

Synechocystisp. PCC6803 D64001 128 Phosphomannose isomerase

Synechocystisp. PCC6803 D90909 135 Unknown

Synechocystisp. PCC6803 D90910 143 Unknown/?cytochrome c551

Synechococcusp. S04426 150 Unknown/?PMI
Eukaryote:Fungi:Ascomycetes

Saccharomyces cerevisiae P47096 177 ?3-HAO

Saccharomyces cerevisiae S53039 179 Unknown
Eukaryote:Myxomycetes

Physarum polycephalum P09351 248 Spherulin
Eukaryote:Plant:Angiosperm

Arabidopsis thaliana P33487 198 Auxin-binding protein

Triticum aestivum P15290 201 Germin/oxalate oxidase

Prunus persica 0i|1916807 214 Auxin-binding protein

Arabidopsis thaliana Q05212 230 DRT 102/DNA damage repair

Vicia faba X95995 1641 ENBP1/zinc finger protein
Eukaryote:Animal

Caenorhabditis elegans gi|1082118 104 Unknown

Caenorhabditis elegans gi|1707132 159 Unknown

Caenorhabditis elegans P39645 190 RFBC/epimerase

Caenorhabditis elegans Z70755 207 3-HAO

Caenorhabditis elegans gi|726397 221 Unknown

Caenorhabditis elegans gi|1572766 349 Unknown

Caenorhabditis elegans Z50070 645 Unknown

Caenorhabditis elegans gi|1572765 910 Unknown

Caenorhabditis elegans u00043 1070 Unknown

Rattus norvegicus pP21816 200 Cysteine dioxygenase

Rattus rattus D44494 286 3-HAO

Rattus norvegicus X59993 1214 Zinc finger protein

if) Double domain
Prokaryote:Eubacteria:Firmicutes:LowG+C gram positive

Bacillus subtilis P42106 337 Unknown
Prokaryote:Eubacteria:Cyanobacteria

Synechocystisp.PCC6803 D90907 394 Unknown
Eukaryote:Fungi:Basidiomycete

Collybia velutipes 125120 447 Oxalate decarboxylase
Eukaryote:Plant:Pteridophyte

Matteuccia struthiopteris 754364 504 Spore vicilin

Eukaryote:Plant:Angiosperm
Phaseolus vulgaris gi|230247 397 Phaseolin
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Details of the two conserved motifs and their spacing, present in a range of proteins identified by their GenBank accession numbe

Fig. 1.

Section(i) denotes microbial and plant proteins, secti@ij),animal proteins, and sectidii) two-domain proteins. Suffixe@) and(b) represent,

respectively, the first and second domains in these two-domain proteins. Highly conserved residues are shaded and are shown in the boxes |

each alignment. Nomenclature pfstrands is according to Lawrence et al. (1994).

Indeed, on the basis of their sequence, these peach ABPs

proteins (ABPs) fromPrunus persica(gi|1916807,

0i|1916809) and several germins (e.g., U75193) fromshould probably be reclassified as germin-like proteins

Arabidopsis thalianaConsidering only the two motifs,

(GLPs). However, extensive similarities to GLPs were

this similarity to U75193 increases to 17/21 (81%) iden-also detected in sequences from functionally defined

tity for motif 1 and 14/16 (88%) identity for motif 2. ABPs (Venis and Napier 1995) such as that frém
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a). Oxalate decarboxylase (125120) from Collybia velutipes

1 MFNNFQRLLTVILLSGFTAGVPLASTTTGTGTATGTSTAAEPSATVPFASTDPNPVLWNETSDPALVKPE
227 TFLLTDWLSHVPMEVALKNFRAKND

71 RNQLGATIQGPDNLPADLONPDLLAPPTTDHGFVGNAKWPFSFSKQRLOTGGWARQQONEVVLPLATNLAC
252 AAWSHIPAQQLYIFPSEPPADNQPDPVSPQGTVPLPYSFNFSSVEPTQYSGGTAKIADSTTFNISVAIAV
*

* k *k * *

141 TNMRLEALSS A 11):840:-C3 {1V B {eSTQT SAVDNEGRNY ISTVGPOn g4 3ddean ) SN ATADDPE
322 AEVTVEPEZNAIAA AN G H)HU D RE{eNARVTIFAAQSVASTFDYQGE)0a9:% alpF:-Xoiu(e): 8 AU N TGNTTL
* *

211 GSEFILVFDSGAFNDDGIFLLIDWLSHVPMEVALKNFRAKNPAAWSHIPAQOLYIFPS 267
392 TYLE--VFNTDRFADVSLSQWLALTPPSVVQAHLNLDDETLAELKQFATKATVVGPVN 447
* *

* %k

b). Hypothetical protein (D90907) from Synechocystis

1 MVNSVIGWLRRRFLLVGLSVLLITFLGIFTPTIAQSEQWRSLSNVVWGKDLPAFTYAFSKTPLVLYDGGT
183 TPIAWVEENLGWTAAQVAQLPKKQOVYISSYGPASGPLASATPQGQTAKIEVPHTHNLLGQQPLVSLGGNE
* *

* k%

71 TRQVGTYNFPVSKGMAGVYMSLEP[E):N8:343H 11t N\-VNAY-NayUi{eRTRITLTSPEGKVEIADVD
253 LRLASAKREFPGSFNMTGALIHLEP{&:Ni{e)A:1:020:N0)40(e) a4 Al EMDLTVFASEGKASVSRLQ
*

*xk * * * * % %k * %k %k
141 pp3ileifei tp8de IGPDTAKFLLVFNDGTFSEGATFSVTDWLSH VAQLPKKQVYI
323 RYHe)(e RN SSORKPLDIVVVFNDGDYQSIDLSTWLASNPSSVLGNTFQISPELTKKLPVQDTIFSLPT
*kkkk
211 SY 212
393 QP 394

c). Hypothetical protein (P42106) from Bacillus subtilis

1 MKTLCTHSLPREKMPYLLRSGEGERYLFGRQVATVMANGRSTGDLFEIVLLSGGKEI NP 3f:q 1400y te)
173 ARLAELTELPDGAVPYVLESGEGDRLLTGDQLHRIVAAQRNTDGQFIVVSSEGPKEIn MR :4:ih 48004y

* **k *k k hhkkk *k * * * * * * * * %
71 ELTLDGERYLLIS[¢}0)9: N 8:)Xepw3: 3¢ MO SHRTRLVSYTMKGNVAHLYSVIGNPYDHAEHP
243 MTMWTDGQEIQLNP{¢}0) 3 H:alaF N il i3 N EDSHYTRMVGVLVPGLFEPFFRTLGDPYEGHIFP
* & * *hk ok * * * kk *

141 PYASEEVSNERFAEAAAVATIVFLDEAKPACS 172
313 CKPQALRFDRILQNIEALDLKVMKP 337

Fig. 2. Sequence comparisons showing the two-domain nature ofequences between the duplicated segments andidbked regions
three microbial proteins—namely oxalate decarboxylase fCattybia denote the two conserved motiisterisksdenote identity of residues
velutipes(a) and hypothetical proteins fro®ynechocysti¢) andBa- within the two duplicated domains.

cillus subtilis (c). The underlined residues represent intervening

thaliana(P33487) (Fig. 1). Interestingly, the ABP oligo- HXH(X) ,E (equivalent to the germin box). In terms of
peptide designated D16 (Venis and Napier 1995), or BoXunction, there is an interesting potential link between
1 (Brown and Jones 1994), and thought to be involved igermin, GLPs, and ABPs in that the wheat germin pro-
the binding of the carboxylic acid group, contains themoter contains several auxin-responsive elements (Berna
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and Bernier 1997). It is therefore possible that an ABPenzyme is involved in the polymerization of alginate—a
could modify the expression of germin by reducing thecompound that protects the cell from host immune re-
level of free auxin. sponses and antibiotics and is also the major cause of
mortality in patients suffering from cystic fibrosis.

There are also eukaryotic equivalents of these en-
zymes (e.g., S53039 from yeast) in which either one or
both motifs are conserved. Related sequences €am
norhabditis elegan@clude two with unknown function,
gi|1707132 and @i|1082118.

Polyketide Synthases

Amongst the sequences with the closest similarity
[G(X)sHYHPYSEE(X)G] to GLPs is accession
M33704. ThisStreptomyces cyanewggene (Bergh and
Uhlen 1992),curC (probably a cyclase), is part of
the synthetic pathway of the antibiotic curamycin. Epimerases Involved in Cell Wall Synthesis

Closely related genes in oth&treptomycespecies

include P23157, Q05362, and P16558 (see Fig. 4 idn addition to those of the previous section, another
Blanco et al. 1993, which also identified residues 47—609roup of capsule enzymes share the two-motif structure.
PGERISEHYHPYSE, cf. motif 1, as being conserved These are the epimerases such as TDP-deoxyglucose epi-
amongst severg-glucosidases; see P26208 fr@tos- Merase (L09188) frorleisseria meningitidiand a simi-
tridium thermocelluh Additional members include the lar sequence (L33181) froiviersinia pseudotuberculosis

B. subtilis sequence P54430 and the sequence Pep(]ThOfSOﬂ et al. 1994). A smaller member of this family is
(Smith et al. 1993) (U60777) frornterobacter aero- the sequence (Z81360) recently reported fidycobac-
genesThe smallest (110132 AA) proteins in this group terium tuberculosisThis study also identified one se-

are those fromErwinia chrysanthemi(accessions quence, of animal origin, with particular similarity to the
Q05527, L39897) and. subtilis(gi|1881251). Neisseriaepimerase described above. This is a DTDP-
4-rhamnose-3,5-epimerase (U39645) fr@melegans.

Phosphomannose Isomerase and Related Enzymes o
Concerned With Polysaccharide Synthesis Eukaryotic Dioxygenases

Phosphomannose isomerases (PMIs) are zinc-containirfane clags qf the.s.e iron-containing enzymes contgins the
enzymes that catalyze the interconversion of mannosdWO motifs identified here, although the first motif has
6-phosphate and fructose-6-phosphate. The class Il PMRNY @ single histidine. These enzymes are the 3-
(Proudfoot et al. 1994) are involved in a variety of path- Nydroxyanthranilate-3,4-dioxygenases (3-HAO) that
ways including capsular polysaccharide biosynthesis anfat@lyze the synthesis of quinolinic acid from 3-
p-mannose metabolism. Their similarity to proteins of Nydroxyanthranilic acid. They include sequences from
the previous section was already known from the ProY€ast (P47096)C. elegangZ70755), and rat (D44494)
Dom database, which includes 17 proteins with the do{Malherbe et al. 1994). Additionally, the cysteine dioxy-
main 1428. These 17 include PMIs, polyketide Syn_genases such as thgt (P2181_6) from _rat (Hospkayva et al.
thases, and the duplicated subtilissequence referred to 1990) clearly contain an equivalent first motif (Fig. 1),
above. Notable amongst the former category are th&lthough the second is either absent or present as a
spore polysaccharide protein (P39631) frémsubtilis, ~Weakly similar motif separated by a gap of approxi-
the Cap5F and Cap8F proteins fr@taphylococcus au- Mately 40 residues.

reus(Sau and Lee 1996), and the closely related (>90%)

sequence (S33518) from the mycoplasAeholeplasma  proteins Related to DNA Structure and Metabolism
laidlawii. This class of PMI includes, toward their C-

terminus, histidine-containing motifs similar in sequenceUse of the consensus of domain 1428 in a BLASTP
and spacing to those described above. One difference earch shows other nonenzymatic proteins which contain
that the histidines of the first motif are often displaced tothe two motifs. One such example is the sequence
give a G(X)HXH(X) 4G sequence. Of this group of pro- (X52890) encoding the 280-AA CelD operon repressor
teins, the smallest (128 AA) is fronsynechocystis from E. coli (Parker and Hall 1990). This protein is a
(D64001). Others include: a sequence frégnechococ- unique member of the ARAC/XYLS family of transcrip-
cus(S04426); a sequence (created as Swissprot sequentienal regulators (Bustos and Schleif 1993); exception-
VIRT18179) in the upstream region of the aspartate raally, it is a repressor protein, whereas all other members
cemase gene (D84067) from the archaBasulfurococ- are positive regulators. With the exception of the recently
cus(Yohda et al. 1996); GDP-mannose pyrophosphory4dentified sequences @i|1781124 frokh. tuberculosis
lase (Q46859) fromYersinia enterocolitica;and and gi|1788802 fronk. coli, the other members of the
P07874—the 56-kDa bifunctional enzyme frétseudo- family contain only the second motif. Three other DNA-
monas aerugineavith both PMI and GDP-mannose py- binding proteins known to contain only the second motif
rophosphorylase activities (May et al. 1994). This latterare zinc-finger proteins from the rat (X59993) (Hoog et
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al. 1991), mouse (Z232675), bean (X95995), a#dbi- it provides evidence that amongst a broad range of
dopsis(gi|1922960). They all contain this motif about 70 mostly microbial organisms, there has been evolution,
residues from the C-terminus. presumably by recombination and minor duplication, to
Also in this category is arabidopsisprotein (DRT  produce several progressively larger proteins, ranging in
102) concerned with DNA damage repair/toleration andength from the 77-AAStreptomycesmembrane-
identified in a search for genes to compleméntcoli  spanning protein to the 1,214-AA rat zinc-finger protein.
mutants lacking defence against UV-light damage toEach protein contains a conserved sequence, usually in-
DNA (Pang et al. 1993). Such a function may be relevantcluding two histidine-containing motifs separated by 15—
to the discussion on the SASP proteins below. 27 residues (summarized in Table 1); the exact distance
between motifs is a diagnostic feature of the specific
class of protein. It is known that homologous proteins
can evolve either different (Murzin 1993) or related
Additional analysis identified a series of progressively (Babbit et al. 1995) enzymatic activities, but this series is
smaller proteins, each of which contains motifs 1 and 2possibly unique in the range of function ascribed to the
Amongst these proteins, none of which has any knowrvarious proteins—namely, types of isomerase, epimer-
function, are two similar accessions (D90909,D90910)ase, cyclase, oxidase, dioxygenase, decarboxylase, and
from Synechocystighe first of which has thérabidop- ~ dehydrogenase, as well as binding proteins for auxin,
sisGLP X91957 as the closest relative, and the second o$ucrose, and DNA. Many of these enzymes are involved
which is similar to cytochrome ¢551 froRhodococcus. in production of the extracellular matrix, particularly as
Slightly shorter sequences include U67602 from pre-part of the sporulation/encystment process. This obser-
dicted coding region MJ1618 dflethanococcus jan- Vvation is in agreement with the results of a much more
naschii (Bult et al. 1996) and twcE. coli sequences, limited study onE. coli (Labedan and Riley 1995) in
(P38522) similar to an aldehyde dehydrogenase (Heinwhich most of the sequence-related proteins were also
and Strehler 1991), and its longer version—the immunityrelated in cellular function; they concluded that 971
repressor protein (D90768). The smallest (77 AA) of all paralogous genes could have been derived from only 204
those identified is a membrane-spanning protein (MSPpRncestral genes.
(Li and Strohl 1996) (U37580) frorStreptomyces coe- Preliminary predictions of tertiary structure of the
licolor. This protein, which has similarity tB. coliPMI, ~ smaller single-domain proteins described in this study
and also to an upstream sequence (SwissProt virtual séeveal a predominantl-strand form (data not shown).
quence VIRT13653) in the prismane gene (Z11975)Presumably, the terminal-helices found in the larger
from Desulfovibrio desulfurican{Stokkermans et al. proteins (>ca. 150 AA), along with the extended gap
1992), is the putative progenitor of all these two motif (>15 AA) between motifs, were added to the core se-
proteins. guence at a very early stage of evolution. These additions
Subsequently, a BLASTP search revealed similarityto the ends and to the center of the sequence occurred
(11/29 residues identical) between a region spanning thgrior to the development of land plants and were part of
central (intermotif) portion of the MSP sequence and parthe increasing complexity that led eventually to the tri-
of the 71-AA small, acid-soluble spore protein (SASP)meric structure of the desiccation tolerant storage pro-
from Thermactinomyces thalpophil@13042). This is  teins (approx. molecular mass 150-200 kDa) found in
one member of a family of proteins that bind to sporeseeds. It can be anticipated (see Gane et al. 1997) that
DNA (double stranded) and cause the DNA to change t@tructural studies will soon help to describe the exact role
an A-like conformation. They thus protect the DNA of the two motifs, determine the components which pro-
backbone from enzymic and nonenzymic cleavage (Setvide the resistance to environmental extremes, and iden-
low 1995). Of particular relevance is their resistance totify the various catalytic residues.
hydrogen peroxide (Popham et al. 1995)—a most un-

usual feature also found in the cereal oxalate oxidasécknowledgments. J.M. Dunwell should like to thank the BBSRC
described above. and ZENECA plc. for financial support during the course of this study.
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