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Abstract

metal-dependent hydrolases.

Background: A number of membrane-spanning proteins possess enzymatic activity and catalyze important
reactions involving proteins, lipids or other substrates located within or near lipid bilayers. Alkaline ceramidases are
seven-transmembrane proteins that hydrolyze the amide bond in ceramide to form sphingosine. Recently, a group
of putative transmembrane receptors called progestin and adipoQ receptors (PAQRs) were found to be distantly
related to alkaline ceramidases, raising the possibility that they may also function as membrane enzymes.

Results: Using sensitive similarity search methods, we identified statistically significant sequence similarities among
several transmembrane protein families including alkaline ceramidases and PAQRs. They were unified into a large
and diverse superfamily of putative membrane-bound hydrolases called CREST (alkaline ceramidase, PAQR receptor,
Perl, SID-1 and TMEMS). The CREST superfamily embraces a plethora of cellular functions and biochemical
activities, including putative lipid-modifying enzymes such as ceramidases and the Per1 family of putative
phospholipases involved in lipid remodeling of GPl-anchored proteins, putative hormone receptors, bacterial
hemolysins, the TMEMS family of putative tumor suppressors, and the SID-1 family of putative double-stranded
RNA transporters involved in RNA interference. Extensive similarity searches and clustering analysis also revealed
several groups of proteins with unknown function in the CREST superfamily. Members of the CREST superfamily
share seven predicted core transmembrane segments with several conserved sequence motifs.

Conclusions: Universal conservation of a set of histidine and aspartate residues across all groups in the CREST
superfamily, coupled with independent discoveries of hydrolase activities in alkaline ceramidases and the Perl1
family as well as results from previous mutational studies of Per1, suggests that the majority of CREST members are
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Background

Membrane proteins play important roles in various biolo-
gical processes such as transportation and signal trans-
duction across the membrane. Although a significant
fraction of proteins in genomes are predicted to be inte-
gral membrane proteins [1], our understandings of their
function, mechanism and evolution remain limited due
to experimental difficulties in assaying their activities and
obtaining their structures. The low complexity of the
hydrophobic membrane-spanning segments also renders
transmembrane proteins difficult targets for computa-
tional sequence analysis and structure prediction [2].
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Membrane-bound enzymes catalyze a variety of key
reactions involving proteins, lipids or other substrates
within or near lipid bilayers. A limited number of mem-
brane-bound enzymes with known structures exist, includ-
ing several intramembrane proteases [3] and members of
the MAPEG (membrane-associated proteins in eicosanoid
and glutathione metabolism) family [4]. A family of alka-
line ceramidases, which are seven-transmembrane proteins
without known structures, catalyze the hydrolysis of the
amide bond in ceramide to form sphingosine [5]. Sphingo-
sine, ceramide and their phosphorylated products are
bioactive sphingolipid molecules involved in a number of
biological processes [6]. Recently, a large group of putative
transmembrane hormone receptors called progestin and
adipoQ receptors (PAQRs) were found to be distantly
related to alkaline ceramidases, raising the possibility that
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they may also function as membrane enzymes [7,8]. Inter-
estingly, the bacterial homologs of these receptors have
hemolysin activities [9].

In this study, we employed sensitive sequence compari-
son methods to search for homologs of alkaline cerami-
dases and PAQRs. Three additional known protein
families were identified: the Per1 family of fatty acid remo-
deling hydrolases for GPI-anchored proteins [10,11], the
SID-1 family of putative RNA transporters involved in sys-
tematic RNA interference [12,13], and the TMEMS family
of putative tumor suppressors [14,15]. In addition, we
identified distant homologs comprising five distinct groups
of proteins with unknown function. We unified these pro-
teins into a superfamily of putative transmembrane hydro-
lases called CREST (alkaline ceramidase, PAQR receptor,
Perl, SID-1 and TMEMS). They share a core structure of
seven predicted transmembrane segments and five con-
served residues (three histidines, one aspartic acid and one
serine). Sequence conservation and mutational studies in
the Perl family [10] suggest that most members of this
superfamily are metal-dependent hydrolases. Our analyses
and predictions offer insights into functions and mechan-
isms for members in this diverse superfamily.

Results

Sequence similarity searches and homology inference for

the CREST superfamily

Extensive transitive PSI-BLAST [16] searches (see Meth-
ods for details) uncovered statistically significant sequence
similarities between alkaline ceramidases, PAQR receptors,
bacterial hemolysins III, the SID-1 family, and the
TMEMS family. For example, a PSI-BLAST search starting
with a human alkaline ceramidase ACER3 (NCBI gene
identification (gi) number: 296439452, with an e-value
inclusion cutoff of 1e-4) found a bacterial hypothetical
protein (gi: 114706410 from Fulvimarina pelagi) with an
e-value of 6e-7 in the fourth iteration. The PSI-BLAST
search using this bacterial protein identified statistically
significant similarities to PAQR receptors and various bac-
terial hemolysins III (e.g. a human PAQR receptor (gi:
38018661) was found in the ninth iteration with an e-
value of le-6 and a sequence identity of 13%). Similarly,
the homologous relationship between alkaline ceramidases
and the SID-1 family was supported by statistically signifi-
cant hits through intermediate protein sequences (e.g. a
hypothetical protein from Nitrosomonas eutropha (gi:
114331832) was found by human ACER3 with an e-value
of 2e-6 in the seventh iteration, and it in turn found a sea
urchin SID-1 protein (gi: 115686293) with an e-value of
4e-06 in the third iteration). A PSI-BLAST search starting
with a bacterial hemolysin III (gi: 1708219 from Bacillus
cereus) found a TMEMS protein (gi: 47227992 from Tetra-
odon nigroviridis) with an e-value of 9e-6 and a sequence
identity of 12% at the fourth iteration. Conversely,
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transitive PSI-BLAST searches starting from TMEMS pro-
teins also found PAQRs and bacterial hemolysins III with
statistically significant e-values (less than le-4).

Using the sensitive profile-profile-based similarity
search method HHpred [17], we also identified the Perl
family to be distantly related to alkaline ceramidases. For
example, an HHpred search using the profile built from
the human alkaline ceramidase ACER3 (gi: 296439452)
against the Pfam profile database identified the Perl
family (Pfam: PF04080, alignment coverage: 54 to 265
out of 267 profile positions of PF04080, alignment
sequence identity: 17%) with a probability score of 98.3
and an e-value of le-4. HHpred searches also reinforced
other findings in PSI-BLAST searches. For example, the
HHpred search using the same alkaline ceramidase query
against the profile database of human proteome found a
human SID-1 protein (gi: 8923171, alignment coverage:
residues 472 to 812, sequence identity: 18%) with a prob-
ability score of 97.4 and an e-value of 0.028. Examination
of the PSI-BLAST and HHpred alignments revealed sev-
eral motifs harboring conserved residues aligned between
members of these families (Figure 1, with motifs
described below), further supporting the proposed homo-
logous relationships among them. Transitive PSI-BLAST
searches starting from members of the SID-1 family and
the Perl family converged to closely related sequences
respectively, suggesting that each of them is distantly
related to the other families.

Additional support of homology among these families
was obtained by online CSI-BLAST [18] searches (e-value
inclusion cutoff 1e-4, against nr database). For example, a
CSI-BLAST search starting from the human alkaline cera-
midase ACER3 found PAQR, TMEMS, SID-1 and Perl
family members with statistically significant e-values (less
than le-4).

Sequence groups of the CREST superfamily

We identified nearly 3000 CREST members from the
NCBI non-redundant database using transitive PSI-
BLAST searches starting from queries in alkaline cerami-
dase, PAQR, Perl, SID-1 and TMEMS families (see Addi-
tional file 1 for the list of proteins). Clustering of the
transmembrane domains in these proteins by CLANS [19]
revealed eleven major sequence groups (Figure 2)
described below. A multiple sequence alignment of repre-
sentative members of these groups is shown in Figure 1. It
covers three predicted core transmembrane segments with
putative active site residues (see Additional file 2 for an
alignment of all seven predicted core transmembrane
segments).

Alkaline ceramidases

Three types of ceramidases exist in mammalian genomes
and are classified according the the pH optima of their
catalytic activity [5]. Acid ceramidase resides in the
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Alkaline ceramidase

19424128 ACER1 Hs 57 RYIYVVWVLFMIIGLFEMYF] ST LISITFPYGMVTMA
71043498 ACER2 Hs 62 SGIYLIWTLLVVVGIGEVYF] CMWiIILICLAAYLGCVCFA
170932467 ACER3 Hs 61 KRYIASYLALTVVGMGREWCE] IAWWBIILTGLGSYLHILFSL
19921574 Dm 72 PGIHVIWVLLIVVGLSEMYF] GEFWEIIFIFIAAYTVLVLFA
6325170 66 TRYILIGMGFSLVGIGEWLEF! IAWWERILLTGTGVYIFVVYLQ
6319660 Ypclp 67 KRFLLIGFGYGLVGVGREWLE] GWWsIILTGMGIYFYIVSLE
18415901 ATCES1 At 59 KRFSILHISNMILAIGEMLY| IAL! FMSFNSYCANTFLM
PAQR group 1

21361519 ADIPOR1 Hs 171 VVFEGMFFLGAVLCLSEEWLEEITVYCH- (6) TFSKLBYSGIALLIMGSFVPWLYYSFY (103) WEQSEIQIFiVLVVAAAFVHFYGVS
38261973 ADIPOR2 Hs 182 VVFGLFFLGAILCLSFRWLETVYCH- (6) LESKLBYSGIALLIMGSFVPWLYYSFY (103) WEHSEIQLETFVVAGAFVHFHGVS
30410020 PAQR7 Hs 105 LPLFIIVLASFTYLSFEALABLLOAK- (6) SFFFLMYVGVAVYQFGSALAHFYYAIE (107) FGQGiIQLFEIIFLVLCTLAQLEAVA
94158915 PAQR3 Hs 106 VICSICLFCFQVCMLCEVGYEILFSCH- (7) RWMALBYAGISIGILGCYVSGVEYAFY (104) LGSSiEIQT ILAVVMLYWWHQSTV
38348324 PAQRY Hs 120 LPLWCYASGVLLTFAMECT. FSCL- (6) AFFYLWYASTISYYGFGSTVAYYYYLLP (128) IGHSEIQLEEIIFTFLSIYDQVYYVE
24649047 Dm 238 IVFGAFFIGAIVCLGEFFAFEITLSCH- (6) LESKLWYCGIALLIMGSFVPWLYYGFY (103) WGQSEIOTFiRITLVIAAAFVHYHGIS
6320699 Izhlp 119 TVINIFLMGAFSCLMCHSCEREICMKQH- (6) FWSKLWYLGIISLISCSMIPIIYFGYF (103) FGSSKIQIFERIIMVVLGSVCHLKATT
27808716 1Izh2p 116 MVIDLFYSGAFACLILESSERICLKSH- (6) LGNKLWYLGICILIVTSMVSILYYGYF (103) WGHSEIQLEEFLVVIAALCHLRGLL
6323051 Izh3p 296 WIVFMFLAAALKCMLSHVEWEITENGT- (7) KFACVR)YSGITILITASILTTEFVTMY (154) FGCSiTFWEIFFVVLGVIGHYRAIL
6324471 Izh4dp 103 IVENFYLLNVEVECMVHFIYFVKNI- (7) HWQKFSYLSNINLLISSQITILYYLFY (106) WNHSEYLEERLLISGTAFYHFFILT
15241302 HHP1 At 137 WPFFVFLGGSMFCLLAESIC LECCH- (6)FLLRIDYAGITAMIITSFFPPIFYIFQ 102)VGHSEQIF FVLLGALSHYAAAL
PAQR group 2

52630445 MMD Hs 60 ITAWIYGMGLCALFIVETVERIIVSWK— (79) IPFARIAT LEVATAAAVHYYATW
24640324 Dm 118 LVAWVYGGALCMLETVETFEEICSCYC ( (82) IPMARIAT LEVVLAAGCHYYAIL
16079238 Bs 42 VSFTIFGVSMLLLYLSHTLLiISITHK- (81) IPFHRATWIEISFVLGGSAAMFFCVL
15894169 Ca 42 AASIIFGVSLIFLYSABASYBILINVS- (87) YEGFRIETFBLFVMAGSLFHFIMIY
15608225 Mt 69 LTTLAYTAATITMET TY)sIRVNWK— (87) TEGYRIEFFRACTAVAATICHY IAMW
Per1

45505180 PGAP3 Hs 137 HTCVAFAWVSLNAWEWETVEETRDTD----LTEKMMYFCASTVILHSIYLCCVRTVG- (90) VLDABATIWEISTIPVHVLFFSFLE
19921698 Dm 144 MLTHIFAVTSLNGWI IFEITRDFP----LTELLBYAFAYSTIILCSLYVMVMRMLH- (90) ILDARALWELATIPLASLYYDEMI
6319892 Perlp 157 WNYLYVTVAGMLAWTARSVERICRDLI----ITEKLWYFFAGLTVLTGFHATIFARMTS-112) QIDABALWELCTIWPSWVLYDFFL
15219283 At 159 GLWHIYGLLSMNSWEWSAVE]ISRDVD----LTERLYSSAVAILGFSLILAILRTEFD- (88) YFDABISIWEAATIPLTILWWSFIR
18424554 At 164 GIVHIYAIIVMNSLEWRSICEISRDVE----LTERLYSSATVLAGFSLILAILRSFS- (88) YIDARALWRGAGIPLSYLWWSEVC
SID-1

116812584 SIDT1 Hs 543 GLFYAMGIALMMEGVLEACY|;(VCPNY----SNFQFNTSFMYMIAGLCMLKLYQTRHP (191) FEDDRIDIWEFLSATALFFSFLVLL
94721340 SIDT2 Hs 548 GLEFYAMGTALMMEGLLEACY] —-TNFQFWTSFMYMIAGLCMLKLYQKRHP (191) FEDDiEIDT FLSSIAMFGSFLVLL
157694508 Sira Tc 475 GVYYAMGIALIIEGILEACYEIICPSQ----SNYQFNTSFMYVMAVLCMIKLYQNRHP (189) FYDKEIDVWELLSAPALYLTFMFLL
17570717 tag-130 Ce 473 GLMTAIGLAVIMEGISHATYIVCPNN----INYQFWBTALMYVIGMLGKLKIWSLRHP (190) FYDNEIDLWEILSSAFAIFFSFTAIN
166240207 Dd 147 SLYYSLGLTIILEGIFSALY] —-LNFQFWTTYMLIGSGLLFFALHQKRHA (192) YWDTEDLWEFLSAIGLFSIMAIVY
25154290 sid-1 Ce 520 LLDVTIGVEMVLQSI TYRIICPSD-—--VAFQEBTPCIQVICGLLMVROWEVRHE (163) FEGSEIDLWEIFGALAGLETFIFVS
133965429 Ce 445 APKVVCFLGLVSMGILWTITNNCPHR----TTIHLBMYTSSWIFYAAFMWIYSKRHG (201)GIDLNDLR)YSCAVDCFLFICLMD
TMEMS8

157676334 TMEM8A Hs 568 RFFLVEASVYAYTMFEETEYRACDQP (11) TLQYCBFLGSGAAIWVTILCMARLKTV- (86) YYYTiIST ILLAGSAALLLPPPD
110556642 TMEM8B Hs 256 SRYVLEAAVYTETMFEETEYACDOP (11) VLQFCBFLGSLMSVWVTVIAMARLQPV- (86) YEYIBISTWEMLIAGSVGFLLPPRA
122937402 TMEM8C Hs 28 RRFHMEAMVYLFTLFFVALHZACNGP (11) ILEYFSVYGTALSMWVSLMALADFDEP- (84) YTYVEISEYEICALAMSFVLLLPKVN
116008425 Dm 814 RRYYTEGVIYFFAMFEEIFYEIACDAG (12) VLQFCBFYCGLLSIWVTLVAMAHVRTE- (85) YHI ST MALSILCLLPSRK
30690202 At 585 QREYPEWVLFTSSGISEALYJACDVG- (8) VLOFMYFWLSFMAVVGTFVYLSTAGEA (111) YWMWiISIWEFTIYTSSFFFLCSKI
Hypothetical group 1

15223970 SAGl8 At 83 IGWTCFYIGVAAVAFGHSYYBILHPND----ATLLWORLPMTIAFTSIMAIFVIERID- ISLKiILCAAMVPVFLTLMLA
15239801 At 93 WGWTLFYAGIASLAFGEAFY:LKPDD----NRIVWNTLPILIAYSSLFSSFLVERAG— ISLEEILCSAVATLLLTIMLL
113867303 Re 90 WPFRLLFLAVFLVGLGEAY Y):ILAPDN— TLKEWVFAALAVYGVLLRLK
54302125 Pp 85 LQYPFFFFALMLAFFANSYY[;ILTPND----FTLMFRIPITLAFIALYCIMLTEFVS- SIKiIVIAAMGAYFIYIGFR
Hypothetical group 2

170749327 Mr 50 RTCLGLAALIAAVGVGHFLERTLAVY----WAMLA (95) PTGTiIPLWEVLNAVVLYALVATAT
254471798 Ps 62 NAALVLIALLAIIGIGEFLEF] (83) PVGTiISLWEIILNATVLFILIRAFT
220906069 Cs 48 KSVWIIIGLSGSIGVGEFLEETFATR--—-WANILMIIPILLFQLWFLWLYLRQVIR- (82) GIGTEIFLWEIIFNGILLYLSARALI
86741083 Fs 25 ASVAFMPPLAVLIGVGEFAFEITLATR----WAQVLMIAPIGLFVFIYVGSFLRWFYR- (88) PIGTIFIWELLTELLIFVVGRALA
Hypothetical group 3

66825793 Dd 36 RGSAYEGIIGISCALABMMYENVGEVE ( QWHRLu [VETILTFOALCFFLMDIQSQ- (82) LRINGIGIWEFFIGISFYFIFLSKE
72391880 Tb 34 KRYAYESVLGIFGLTABLMY|3ICEAF- (9) AWHRVNILVISLLGAWSVYMCALHDP- (81)FRMY STW FFCGIASYLMWTLLK
145515449 Pt 41 ISNAHTLFLSVLLFEVSEFMYEILSEST ( ) DWHQLBINITASICGLMELFNY LMONDRR~- ) LRL! LAMNQAYFHLYQLFN
Hypothetical group 4

79350419 At 104 LNTKVYANSLIGVGIABSLY]:ASRGK- (3) YLRWVINYTMIATTTICLSRALRNENPK- ) TPFL LAAAIGVGTCNKLLE
18409704 At 100 LNMKVYANSLIGVGIAESLY):ISSRGK- ) YLRWAB)YTMIATATICLTRALREENPK- ) TPFI LAAAIGVGTCNKLLQ
159490668 Cr 77 ASGKAWGASVVAAGAAEMVEBISSYGS- (3) WGRRLIJFWTIAGASNIMTRALFPGVPK- ) LPL SAW LLSSVSVATLNHLMH
Hypothetical group 5

255083963 Ms 95 PVIWFAVVTEVIPYWARTAL} CVPWR—(6)LALALDFLGISAGFVGQSVGWVGVGTW 111 ) VWS P) ICAILVLHCLQLHAVS
145346762 ol 61 ERASLFVQCTMLTYLGETCL) PWK- (6) VALAMBIFIGISWGFTSHSILWT! ) VWGP IILVVHLLQLKALL
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Figure 1 A multiple sequence alignment of CREST proteins. Three predicted core transmembrane segments (labeled TM2, TM3 and TM7
respectively below the sequences) with conserved motifs are shown for representative sequences of eleven CREST groups. Putative active site
residues are shown on black background, whereas mutations in these positions are on grey background. Non-charged residues in mainly
hydrophobic positions are on yellow background. NCBI gene identification numbers, along with common names for some proteins, are shown
before the species abbreviations. The numbers of residues in between the three segments are shown in parentheses. Starting/ending residue
numbers and sequence lengths are shown in italic font and in brackets, respectively. Species abbreviations are as follows: At, Arabidopsis
thaliana; Bs, Bacillus subtilis; Ca, Clostridium acetobutylicum; Ce, Caenorhabditis elegans; Cr, Chlamydomonas reinhardtii; Cs, Cyanothece sp.; Dd,
Dictyostelium discoideum; Dm, Drosophila melanogaster; Fs, Frankia sp.; Hs, Homo sapiens; Mp, Micromonas sp.; Mr, Methylobacterium radiotolerans;
Mt, Mycobacterium tuberculosis; Ol, Ostreococcus lucimarinus; Pp, Photobacterium profundum; Ps, Pseudovibrio sp.; Pt, Paramecium tetraurelia; Re,
Ralstonia eutropha; Sc, Saccharomyces cerevisiae; Tb, Trypanosoma brucei; Tc, Tribolium castaneum. They are colored as follows: metazoans, black;
fungi, brown; plants, green; protists, red; and bacteria, blue.
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Figure 2 A sequence cluster diagram of CREST proteins. This
diagram is generated by the CLANS program on a non-redundant
set of CREST domains (see Methods). Protein domains are
represented as dots and the connections between them suggest
BLAST hits with p-values less than 1e-6. Eleven groups of proteins
are labeled. ‘Hypo." is the abbreviation for a hypothetical protein
group. Members from known families and hypothetical groups have
upper and lower triangle contours, respectively.

lysosome and its catalytic domain exhibits similarity to
members of the Ntn (N-terminal nucleophile)-hydrolases
[20]. Neutral ceramidase is a metal-dependent hydrolase
with a different structural fold [21]. The three copies of
alkaline ceramidases in mammalian genomes are trans-
membrane proteins located in the ER and Golgi that
have been indicated in intracellular sphingolipid regula-
tion [5,22]. Close homologs of mammalian alkaline cera-
midases form a tight group in the CLANS clustering
result (Figure 2). Alkaline ceramidases are populated in
other eukaryotic organisms, such as insects, fungi and
plants. Interestingly, alkaline ceramidases from both
fungi [23] and insects [24] have been shown to have a
negative effect on life span, suggesting that they are
potential targets in ageing studies.

Two distinct groups of PAQR receptors

Several members of the PAQR receptor family [25] have
been identified as putative receptors for progestin
[26,27] and the adipose-derived protein adiponectin
(also called adipoQ) [28]. Adiponectin and its receptors
are associated with a number of pathophysiological con-
ditions including obesity and type 2 diabetes [29,30].
The CLANS sequence clustering revealed two distinct
groups in the large PAQR family (Figure 2) comprising
nearly 2,000 eukaryotic and bacterial proteins.

The first PAQR group consists of only eukaryotic pro-
teins and includes the originally identified adiponectin
receptors in mammals [28] and the putative membrane-
bound progestin receptors in fish [26] and their mam-
malian orthologs [31] (their subcellular localization and
function as progestin receptors have been controversial
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and under debate [27]). This group also includes mem-
bers from fungi [32], plants [33] and various protists.
An expansion of this group occurs in many eukaryotic
species, e.g., the human genome has nine members and
the budding yeast Saccharomyces cerevisiae has four
members (Izh1-4p, Figure 1), suggesting that these puta-
tive receptors can potentially accept a variety of ligands.
The four S. cerevisiae members have been shown to
play a role in zinc metabolism [32]. One of them
(Izh2p) was also shown to be involved in lipid and phos-
phate metabolism [34] and to inhibit the expression of a
gene involved in iron uptake [35].

The second PAQR group consists of bacterial and
eukaryotic proteins. The bacterial homologs are frequently
annotated as ‘hemolysin III’, suggesting the role of a cyto-
toxin. A bacterial member from Bacillus cereus was shown
to be a pore-forming hemolysin [9]. The same activity was
demonstrated for a homolog from the Gram-negative
pathogen Vibrio vulnificus [36]. Members of this group
are widely distributed in various Gram-positive and Gram-
negative bacterial phyla (see Additional file 1). The
STRING protein-protein interaction server [37] revealed
that some of the bacterial hemolysin III genes are neigh-
bors to a gene encoding a hypothetical protein that con-
tains a DegV domain (Pfam entry: PF02645) known to
bind fatty acids (e.g., gi: 81428574 from Lactobacillus sakei
found a DegV domain-containing protein LSA0964 with a
score of 0.752). For some other bacterial members, the
STRING server reported the gene neighborhood associa-
tion with a DUF1836 domain-containing protein (e.g. gi:
157151576 from Streptococcus gordonii found a DUF1836
domain-containing hypothetical protein SGO_1308 with a
score of 0.877). DUF1836 is classified in the helix-turn-
helix (HTH) clan in the Pfam database and could serve as
a transcriptional regulator for some of the bacterial hemo-
lysins III. The two human proteins from the second group
(PAQR10 and PAQRI11) are annotated as ‘monocyte to
macrophage differentiation factors’ [38] with limited
experimental studies [39]. Compared to the first PAQR
group, the second group has a more restricted distribution
in eukaryotes. This group has no plant members and the
only two species from fungi in this group belong to the
parasitic Microsporidia phylum.

The Per1 family

The Perlp protein in S. cerevisiae was originally identi-
fied as a suppressor of the cdcl mutant [40] and was sug-
gested to play a role in manganese homeostasis [41].
Later studies showed that Perlp and its mammalian
ortholog PGAP3 are involved in the lipid remodeling of
GPI-anchored proteins [10,11]. This remodeling process
involves the detachment of lipid chains from the inter-
mediate GPI-anchored proteins and the reattachment of
new, usually saturated lipid chains, thus facilitating the
localization of GPI-anchored proteins to specialized
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microdomains (lipid rafts’). Both the yeast Perlp and the
mammalian PGAP3 were shown to be required for the
hydrolysis of lipid moieties from GPI-anchored proteins.
Direct evidence of hydrolase activity in Perlp or PGAP3
is lacking. However, their homology relationship to alka-
line ceramidase (which catalyzes a similar hydrolysis
reaction) and the conservation of similar residues (dis-
cussed below) together suggest that Perlp and PGAP3
are hydrolases. The Perl family (Figure 2) comprises
about 150 closely related eukaryotic proteins mainly from
fungi, plants and metazoans.

The SID-1 family

The SID-1 protein from Caenorhabditis elegans was char-
acterized as a transmembrane protein that facilitates dou-
ble-stranded RNA (dsRNA) uptake and thus plays a key
role in the systematic RNAI response [12,13]. Its mamma-
lian homologs were also implicated in the RNAi pathways
[42,43]. SID-1 members have a restricted distribution in
eukaryotes, as they are only found in metazoan species
and a few lower organisms such as Dictyostelium discoi-
deum and Monosiga brevicollis. Mammalian genomes con-
tain two closely related SID-1 homologs, while copy
number varies in insects (e.g., no copies in Drosophila mel-
anogaster but up to three copies in Tribolium castaneum)
[44,45]. SID-1 proteins are usually long with more than
800 amino acids and have four additional predicted mem-
brane segments in addition to the seven core membrane
segments (discussed below).

Lineage-specific expansion of the SID-1 family is
observed in C. elegans and Caenorhabditis briggsae, with
several divergent copies of SID-1-like proteins in both
genomes. In C. elegans, only the originally identified SID-1
protein and another SID-1-like protein tag-130 possess
the complete set of conserved residues (Figure 1), while
the other SID-1-like proteins could have lost the proposed
hydrolase activity. The SID-1-like protein tag-130 in
C. elegans exhibits higher sequence similarity to SID-1-like
proteins in mammals and insects than the originally iden-
tified C. elegans SID-1 protein. Experimental studies have
shown that unlike SID-1, tag-130 does not contribute to
systematic RNAIi response in C. elegans [44] and its func-
tion remains to be investigated.

The TMEM8 family

The TMEMS family proteins share a Pfam domain of
unknown function (DUF3522) corresponding to the
transmembrane region that is homologous to other
CREST members. They are present in metazoans and
plants. Vertebrate genomes have three copies of TMEMS8
proteins (TMEMS8a-c) while most insects only have one
copy. TMEM8a and TMEMSD in vertebrates, as well as
the TMEMS family members in other metazoan species
and plants, are multi-domain proteins usually with more
than 400 amino acids. The transmembrane domains are
located at their C-termini. They also possess a divergent
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EGF domain with six conserved cysteines (detected by
HHpred) and an unannotated N-terminal region.
TMEMSc proteins in vertebrates are single-domain pro-
teins of about 220 amino acids. The conserved serine and
aspartic acid are absent in TMEMS8c proteins (Figure 1),
possibly resulting in the loss of hydrolase activity.
Recently, several studies have indicated that human
TMEMSb (also named NGX6 for nasopharyngeal carci-
noma associated gene 6) was down-regulated in several
cancer cell lines and may be a tumor suppressor [14,15].
Five groups of proteins with unknown function

In addition to the known protein groups, CLANS cluster-
ing revealed five groups of proteins of unknown function
often annotated as hypothetical proteins (Figures 1 and 2,
named hypothetical groups 1-5). Their relationships to the
known CREST groups were investigated by the phyloge-
netic reconstruction of the CREST sequences in Figure 1
using MOLPHY (see Methods). Consistent with the
CLANS grouping, each of the eleven groups in Figure 1
is monophyletic in the MOLPHY phylogenetic tree (Figure
3), generally with good statistical support (nine out of the
eleven groups with bootstrap percentage values above
80%). A similar tree generated by PhyML also supports
the separation of these groups (see Additional file 3).

Hypothetical group 1 consists of proteins from bacteria
and plants. One member in this group is SAG18 (gi:
15223970) from Arabidopsis thaliana, which was found
in a screen of senescence-associated genes [46]. The bac-
terial members of this group are mainly from Proteobac-
teria (see Additional file 1). Hypothetical group 2 consists
of only bacterial proteins. They are mainly from the
Alphaproteobacteria class (see Additional file 1). These
two hypothetical groups appear to be more closely
related to alkaline ceramidases (with a modest bootstrap
percentage value of 82% for grouping them with alkaline
ceramidases) than to the other known groups according
to the phylogenetic tree (Figure 3). Therefore, it would
be interesting to experimentally test the ceramidase activ-
ity for these hypothetical proteins. Proteins of hypotheti-
cal group 3 are from various protists of genera such as
Trypanosoma, Toxoplasma and Paramecium, as well as
from the Choanoflagellate Monosiga brevicollis. They
form a well-supported clade with the TMEMS8 group
(Figure 3). Hypothetical groups 4 and 5 consist of pro-
teins from green plants (Viridiplantae) and green algae
(Chlorophyta) respectively. Hypothetical group 5 and the
two PAQR groups form a well-supported clade, whereas
the relationship of hypothetical group 4 to the other
groups remains unclear (it clusters with the Perl group
with a low bootstrap support value) (Figure 3).

The phylogenetic tree revealed two separate locations
of bacterial sequences (blue names in Figure 3). One
cluster of bacterial sequences (from hypothetical groups
1 and 2) are clustered with alkaline ceramidases from
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eukaryotes, and the other cluster (bacterial hemolysins
III) is grouped with PAQRs from eukaryotes. Such a dis-
tribution suggests that at least two copies of CREST
members are present in the last common ancestor of
bacteria and eukaryotes. No CREST members were
found from archaeal organisms, likely reflecting the dif-
ference of membrane lipid composition of archaea from
bacteria and eukaryotes [47]. Alkaline ceramidase and
Perl are hydrolases acting on the amide or ester bond
between the hydrophobic acyl group and the hydrophilic
head group (sphingosine or glycerol). However, ether
bond exists between the acyl group and the head group
of archaeal membrane lipids, in contrast to the ester or
amide bond in bacterial and eukaryotic membrane
lipids.

Domain architecture and sequence motifs of the CREST
superfamily

Members of the CREST superfamily share seven predicted
core transmembrane segments (Figure 4a). Some members
of the PAQRSs, such as human progestin receptor a, have
an additional eighth predicted membrane segment at the
C-terminus (Figure 4b). The N- and C-terminal soluble
segments of most CREST members are generally short,
e.g., the N-terminus of the Perl family proteins contains
an uncharacterized short sequence segment with several
conserved cysteines. The N-terminal segment in alkaline
ceramidase 2 (ACER2) were found to be indispensible for
its enzymatic activity [48]. A unique feature of the SID-1
family proteins is the presence of four more predicted
transmembrane segments in addition to the seven core
membrane segments. Two of the four additional predicted
transmembrane segments are located N-terminally to the
CREST domain. As SID-1 was proposed to be an RNA
transporter, these two additional predicted transmem-
brane segments could contribute to pore forming in the
membrane similar to ion-channel-linked receptors. The
other two additional predicted transmembrane segments
are inserted within the core CREST domain (Figure 4b).
They probably would not affect the topology of the core
structure and the active site placement if they form an up-
and-down helical hairpin commonly found in transmem-
brane proteins. Alternatively, they could be embedded
hydrophobic segments that do not span the lipid bilayer,
as indicated by the gene truncation experiment aimed at
determining the topology of SID-1 [13] (it should be noted
that truncation of a transmembrane protein could cause
structural changes or misfolding and lead to inconsistent
results, which were observed in some of the SID-1 trunca-
tions [13]). The additional membrane segments in SID-1
may contribute to structural stability or substrate gating
that is also found in intramembrane proteases [3]. Except
for some long bacterial hemolysin III proteins and the
EGF domain-containing TMEM8 members (Figure 4b),
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no other known domains were detected in CREST mem-
bers. Signal peptides were predicted in Perl, SID-1 and
some TMEMS family members.

Three conserved sequence motifs with semi-invariant
residues were identified in all CREST groups (Figure 1).
The first motif SxxxH ('x” is any amino acid) is located at
the end of the second predicted core transmembrane seg-
ment. The second motif with a conserved aspartic acid is
located at the beginning of the third predicted core trans-
membrane segment. The third motif with two conserved
histidines (HxxxH) resides at the beginning of the
seventh predicted core transmembrane segment. We also
observed a conserved position comprising mainly small
residues in the sixth predicted core transmembrane seg-
ment (see Additional file 2). Topologically, the three
motifs are predicted to be located near the same side of
the membrane and thus may be proximal to each other
and form the putative active site (Figure 4a). The three
predicted core transmembrane segments (TM2, TM3
and TM7) harboring the motifs could also be spatially
close to each other (shown in Figure 4a). Coincidently, in
the seven-transmembrane GPCR structures [49], trans-
membrane segments 2, 3 and 7 are also spatially close
and interact with each other. We did not detect statisti-
cally significant sequence similarities between CREST
members and GPCRs. The set of CREST-specific
sequence motifs was not found in GPCRs, and GPCRs
have a different topology than PAQRs in the plasma
membrane (discussed below). Structure determination of
CREST members could help elucidate whether CREST
members exhibit a similar structural fold as GPCRs and
whether they are evolutionarily related to GPCRs.

Discussion

Cataloguing distantly related protein families into super-
families helps understanding their evolution and dedu-
cing useful information about their structure and
function. Such a level of classification is used in protein
structure classification databases such as SCOP [50] and
CATH [51] (the superfamily level), the Pfam protein
families database [52] (the clan level), the MEROPS pep-
tidase database [53] (the clan level), and in membrane
transporter classification [54] (the superfamily level). Dis-
tantly related protein families can result from gene dupli-
cation events followed by sequence and functional
divergence, or from accelerated evolution in certain evo-
lutionary lineages. Although they can have different cel-
lular functions and/or phylogenetic distributions,
distantly related protein families often share similar bio-
chemical activities, exemplified by enzymes performing
similar reactions. The identities and placements of active
site residues responsible for their common biochemical
activities are usually conserved as well. Cross-referencing
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Figure 4 A diagram of predicted core transmembrane segments and domain diagrams of CREST proteins. (a) A cartoon diagram
showing the seven predicted core transmembrane segments of CREST proteins. The N- and C-termini are labeled. The predicted core
transmembrane segments (TM) are labeled 1-7 from the N-terminus to the C-terminus. TM7 is placed as neighboring to TM2 and TM3 to reflect
possible spatial closeness among TM2, TM3 and TM7 that harbor motifs with conserved putative active site residues (shown inside them). (b)
Domain diagrams of representative CREST members. NCBI gene identification numbers and annotations are shown beside the domain diagrams.
Species names are shown in brackets. The last five proteins are from hypothetical groups 1-5, respectively.

information of distantly related protein families can shed transmembrane hydrolases comprising nearly 3000
light on their function and help experimental design. sequences in the current sequence database. The statisti-

In this study, we unified five known protein families as  cally significant sequence similarities detected by multi-
well as several groups of proteins with unknown func-  ple similarity search methods, together with shared
tion into a large and diverse superfamily of putative sequence motifs, support the homologous relationships
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among members of the CREST superfamily. The most
striking feature of the CREST superfamily of transmem-
brane proteins is the large functional capacity revealed
by independent experimental studies of its members,
with diverse and seemingly unrelated functions of hor-
mone receptors (PAQRs), bacterial hemolysins, dsSRNA
transporters (SID-1) and putative tumor suppressers
(TMEMS). It also remains unclear how the putative
hydrolase activity contributes to these functions. The
hydrolase prediction could open new directions for the
future research of CREST members.

The hydrolase activity has been independently
assigned to the alkaline ceramidase family [5] and the
Perl family [10,11]. They catalyze similar reactions on
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different substrates (Figure 5). Alkaline ceramidase
hydrolyzes the amide bond in ceramide to produce
sphingosine and a fatty acid. Perl is responsible for the
phospholipase A2 activity that removes fatty acids in
GPI-anchored proteins. Human alkaline ceramidase 2
(ACER2), an enzyme residing in the membrane of the
Golgi apparatus, was shown to have its C-terminus in
the cytosol [48]. Such a topology positions its putative
active site residues (Figure 4a) near the lumen side of
the Golgi membrane (Figure 5). Therefore, the sub-
strates and products of the catalysis would be within or
near the Golgi inner lipid layer (Figure 5). Likewise, the
ER membrane-located human alkaline ceramidase 1
(ACER1) [55] is predicted to have the same topology as
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Figure 5 The topology and subcellular localization of four CREST proteins. Like in Figure 4a, TM7 is set as neighboring to TM2 and TM3 to
reflect possible spatial closeness between TM2, TM3 and TM7. Putative active site locations are marked by six-point stars. Alkaline ceramidases
and Per1/PGAP3 are located in the ER or the Golgi membrane with their C-termini in the cytosol. Alkaline ceramidases catalyze the hydrolysis of
ceramide to sphingosine. Per1/PGAP3 is required for phospholipase A2 activity that removes one of the two fatty acid chains (shown in
zigzagged shapes) from the GPl-anchored protein (labeled ‘G-A-P'). The chemical structures of ceramide and the GPl-anchored protein are shown
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protein, respectively). The amide bond in ceramide hydrolyzed by alkaline ceramidase and the ester bond in the GPl-anchored protein

N-termini in the cytosol. Adiponectin receptors interact with the extracellular hormone adiponectin (shown as a triangle) and may possess
ceramidase or other hydrolase activity (marked by a dotted arrow). The putative dsRNA transporter SID-1 may possess an unknown hydrolase
activity (marked by a question mark).

hydrolyzed by Per1/PGAP3 are indicated by downward arrows. Adiponectin receptors and SID-1 are located in the plasma membrane with their
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ACER2 [38]. Perl is also located in the ER membrane
and has the same predicted topology with its C-termi-
nus in the cytosol (Figure 5). Such a topology is consis-
tent with the ER localization of Perl’s substrates, GPI-
anchored proteins (before they are delivered to the
plasma membrane), which are anchored to the inner
lipid layer of the ER membrane using fatty acids [56]
(Figure 5). The substrates of alkaline ceramidase and
Perl have similar chemical structures in their lipid moi-
eties with two aliphatic chains (Figure 5), suggesting
similar modes of substrate binding and catalytic
mechanisms.

Based on the inferred homologous relationship
between PAQRs and alkaline ceramidases, it has been
speculated that PAQRs could function as ceramidases
and generate sphingosine as a second messenger for
downstream signaling [7]. Although no direct evidence of
these receptors being hydrolases currently exist, experi-
mental results showed that sphingolipids function as
downstream effectors of a PAQR member in yeast [7],
and that a ceramidase inhibitor can antagonize human
PAQRs [57]. Furthermore, a latest study showed that adi-
ponectin can induce increased ceramidase activity and
this effect is associated with adiponectin receptors [8]. As
two of the CREST groups, alkaline ceramidase and Perl,
perform similar yet distinct hydrolysis reactions on differ-
ent substrates, it is also possible that the substrates and
reaction products of the other CREST groups differ,
which could contribute to their functional diversity.
Therefore, the future experimental studies of PAQRs
should not be restricted to just the potential effects of
ceramidase activity. Other hydrolase activities on various
lipid molecules, especially the phospholipase A2 activity
(suggested for Perl), and their cellular effects can be
tested for PAQR members. The products of the phospho-
lipase A2 activity on a phospholipid substrate are a lyso-
phospholipid molecule and a free fatty acid [58], both of
which are potential precursors of second messengers that
could regulate downstream signaling events [59,60].

Classic seven-transmembrane GPCR receptors trans-
duce signals across the plasma membrane and rely on a
separate effector protein (such as adenylate cyclase or
phospholipase C) to produce second messengers. Well-
studied enzyme-linked receptors, such as receptor tyrosine
kinases, receptor guanylate cyclases and histidine kinases,
are multi-domain proteins that have soluble domains in
the cytosol with enzymatic activities. If PAQRs do prove
to be receptors with hydrolase activity, they would repre-
sent a unique type of receptors that uses the enzymatic
activity in the transmembrane domain to generate second
messengers (such as sphingosine resulted from ceramidase
activity) or their precursors (such as lysophospholipid
molecules resulted from phospholipase A2 activity).
Further studies are required to determine if PAQRs
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possess intrinsic ceramidase or other hydrolase activity. A
recent genetic linkage analysis revealed that one single
nucleotide polymorphism (rs10920533) in human ADI-
PORI (the gene encoding adiponectin receptor 1) interacts
with plasma saturated fatty acids [61], indirectly support-
ing its role in lipid modification. Another interesting ques-
tion is if and how the hydrolase activity can be modulated
by the binding of extracellular ligands such as adiponectin.
The second group of PAQRs includes bacterial hemoly-
sins. Besides pore forming [9], these toxins could exert
their virulence through the putative hydrolase activity, e.g.,
by changing membrane lipid composition or generating
second messengers to modify signaling events in host cells.

In contrast to GPCR receptors, human adiponectin
receptors have an internal N-terminus and an extracel-
lular C-terminus [28], thus positioning the conserved,
putative active site residues near the cytosol side of the
plasma membrane (Figure 5). The other human PAQR
members were also predicted to have their N-termini
residing in the cytosol (predictions made by Phobius
[38]). The C. elegans SID-1, also located in the plasma
membrane, adopts a topology similar to adiponectin
receptors with its N-terminus in the cytosol and its
putative active site near the inner lipid layer of the
plasma membrane [13] (Figure 5). SID-1 was proposed
to be a dsRNA transporter as its transfection to Droso-
phila (lacking an endogenic SID-1 ortholog) cells is suf-
ficient to enable dsRNA uptake [13,62]. In this case,
SID-1 has the pore-forming ability similar to bacterial
hemolysins III. In a less likely scenario, SID-1 itself is
not a dsRNA transporter, but indirectly causes dsRNA
uptake by regulating the activity of a separate dsRNA
transporter [13]. The proposed hydrolase activity of
SID-1 could be involved in regulating its dsSRNA trans-
port ability, whether such a transport process is directly
or indirectly mediated by SID-1. It would also be inter-
esting to test the hydrolase activity and its roles in the
TMEMS family of putative tumor suppressors.

The specific roles of the conserved residues in CREST
proteins have not been reported, and the catalytic
mechanisms of alkaline ceramidases and Perl are yet to
be determined. Mutational studies performed on yeast
Perlp [10] with the proposed phospholipase A2 activity
offer valuable information about the relative importance
of some conserved residues. Alanine mutation of either
the conserved histidine in the first motif (‘SxxxH’) or
the first conserved histidine in the third motif (‘HxxxH’)
abolished Perlp activity, suggesting that these histidines
are candidates of active site residues that directly contri-
bute to catalysis. On the other hand, alanine mutation
of the conserved serine residue in the first motif (the
only serine conserved among all CREST groups), as well
as alanine mutations of several other residues that are
not conserved among all CREST groups, did not affect
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the activity of Perlp. Therefore, the proposed phospholi-
pase A2 activity of Perlp is unlikely to have a serine
esterase-type mechanism that is utilized in certain
groups of soluble phospholipase A2 enzymes with an
o/p hydrolase fold [58]. Although the conserved serine
in the first motif may not directly involve in catalysis, it
could participate in hydrogen-bonding interactions with
an active site residue to help maintain its optimal orien-
tation for metal-binding or catalysis. This serine appears
to be important for the activity of SID-1, as one of the
RNA interference-defective SID-1 mutants has a single
mutation of this serine to an isoleucine (see the supple-
mental Figure S3 in reference [12]).

Three histidines and one aspartate are conserved in
CREST proteins, reminiscent of the active site composi-
tion of several well-studied metal-dependent hydrolases
such as thermolysin [63], bovine carboxypeptidase A
[64], D-Ala-D-Ala carboxypeptidase [65] and the intra-
membrane S2P-like proteases [66]. These enzymes
adopt different structural folds, yet they all utilize histi-
dines and negatively charged residues for their catalytic
activity (three residues used for metal binding and one
residue used for activating a metal-bound water mole-
cule as the nucleophile to attack the scissile bond). The
presence of such a set of conserved residues in the
CREST superfamily and the mutational results of yeast
Perlp support the hypothesis that most CREST mem-
bers are metal-dependent hydrolases. A large group of
secreted enzymes with phospholipase A2 activity (pro-
posed for Perlp) are also metal-dependent hydrolases
with histidines in their active sites [58].

Conclusions

We inferred distant homologous relationships among five
transmembrane protein families (alkaline ceramidase,
PAQR, Perl, SID-1 and TMEMS) and several groups of
proteins with unknown function. Members of this super-
family share seven predicted core transmembrane seg-
ments and a set of conserved histidine and aspartate
residues. Such a conservation pattern coupled with
experimental evidence suggests that they are putative
metal-dependent hydrolases acting on molecules with
fatty acid moieties. It remains unclear how such putative
hydrolase activity contributes to the diverse and see-
mingly unrelated functions of hormone receptors, bacter-
ial hemolysins, the SID-1 dsRNA transporters and the
TMEMBS putative tumor suppressers. Further experimen-
tal investigations could reveal new aspects of lipid biology
in the actions of these transmembrane proteins.

Methods

Sequence similarity searches

PSI-BLAST [16] was used to search for homologs of the
alkaline ceramidase family starting with the human
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alkaline ceramidase protein ACER3 (NCBI gene identifica-
tion (gi) number: 296439452) against the non-redundant
(nr) protein database (e-value inclusion cutoff: 1e-4, more
stringent than the default value in NCBI PSI-BLAST web
server (0.005)). To perform transitive searches, the protein
hits found by PSI-BLAST were grouped by BLASTCLUST
(with the score coverage threshold (-S, defined as the bit
score divided by alignment length) set to 1, length cover-
age threshold (-L) set to 0.5, and no requirement of length
coverage on both sequences (-b F)) and a representative
sequence from each group was used to initiate new PSI-
BLAST searches. The HHpred web server [17] was used
for profile-against-profile-based similarity searches using
several members found by PSI-BLAST against the Pfam
database [52] and the human proteome database with
default parameter settings. Newly identified human homo-
logs were again subject to transitive PSI-BLAST searches.
Several CREST members were also submitted to the CSI-
BLAST server [18] (database: nr; e-value inclusion cutoff:
le-4; maximum iteration number: 20) to further verify the
findings of PSI-BLAST and HHpred.

Domain architecture analysis

HMMER3 [67] and HHpred were used to detect known
Pfam domains (Pfam version: 24.0) in CREST members
with default parameter settings. Phobius [38] was used
to predict transmembrane segments and membrane
topology. Phobius and SignalP 3.0 [68] were used to
predict signal peptides.

Sequence clustering, alignment and phylogenetic
reconstruction

For sequence clustering, highly similar sequences were
removed at the 95% identity level by CD-HIT [69].
Sequence fragments with less than 100 residues were
removed. CLANS [19] was used to cluster the reduced
non-redundant set of domains based on pairwise BLAST
p-values. The clustering was run to equilibrium in a 2D
representation under default settings. Connections
between points (sequences) in the final diagram were set
by a BLAST P-value cutoff of 1e-6. For sequence align-
ment, representative CREST members in each group were
manually selected to sample sequences from diverse
organisms with emphasis on those that have been experi-
mentally studied and described in this article. The multiple
sequence alignment of these representatives was made by
PROMALS that uses information of predicted secondary
structures and database homologs [70]. The alignment
was then improved by manual curation. The MOLPHY
package [71] was used for phylogenetic reconstruction
based on this alignment (positions with gap fractions lar-
ger than 0.1 were removed). The JTT amino acid substitu-
tion model [72] was used in MOLPHY. The local
estimates of bootstrap percentages were obtained by the
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RELL method [73] (-R option in the ProtML program of
MOLPHY). We also used PhyML (version 3.0) [74] for
phylogenetic reconstruction with default parameter set-
tings (the LG amino acid substitution model [75], four
rate categories of a discrete gamma model to take into
account rate variability among sites, and an approximate
likelihood-ratio test for branch support [76]).
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Information

This paper describes new superfamily of membrane pro-
teins predicted to be metal-dependent hydrolases. Among
this superfamily there are several important eukaryotic
families that before were not recognized as being homolo-
gous. Generally this is a good paper with all conclusions
well-supported and justified. In my opinion, however, the
important message of the paper could be fit in a shorter
format, like, for example, the “Discovery note” in Biology
Direct. For instance, the Results section of the paper
describing the support for unification of these families is
an “overkill”. It would be enough to briefly describe the
results of either PSI-BLAST or HHpred and mention that
other programs support them. The description of the
others work related to these families also could be briefer,
since not everything what was shown is related to this
work. There are other areas for omitting in family descrip-
tion and discussion, just because that they reiterate the
same information that is already present in the text
somewhere.

Authors’ response

We considered other article types when preparing the
manuscript, but decided that the length (less than 1500
words) and figure number (no more than one figure or
table) limits of the discovery note format could not accom-
modate the complete contents of this work. In this revised
version, one more figure is added to make a total of five fig-
ures. We feel that the new figure showing the phylogenetic
tree is necessary since it provided additional information
about the relationships among the CREST groups and
helped address comments raised by all three reviewers.
Researchers can have different opinions on the necessity of
detailed description of similarity search results. For exam-
ple, the third reviewer asked for more support from other
similarity search methods. We feel that providing details of
the similarity search results makes the descriptions scienti-
fically more rigorous and would be appealing to audiences
who are interested in these details. We agree that some of
the cited works appeared to be not closely related to this
work. However, we still considered them worthwhile since
not much is known for many CREST groups and the lim-
ited existing literature could potentially be useful for cross
reference when new experimental data are available in the
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future. We checked the manuscript and deleted some texts
that were reiterated.

I have also several suggestions and questions.

1. For people who are interested in these proteins it
would be helpful to provide a supplementary material
with all ~ 3000 identified protein IDs and other related
information like organism where it was found and
assignment to a family.

Authors’ response

We added a supplementary data file listing CREST pro-
teins found by transitive PSI-BLAST searches. They are
grouped according to the CLANS clustering results and
have species information, definitions and html links to
their NCBI records.

2. There are a lot of bacterial proteins in CREST super-
family. For most of them no functional information is
available. Neighborhood analysis can provide some
insights (same “guilt by association approach” as the analy-
sis of domain fusions) into their function and point to the
potential functionally related gene families. Have you tried
to look into it? If not, it is worth checking and reporting.
Authors’ response
We previously did try to find functional linkages of bacter-
ial CREST members to other proteins using the STRING
functional association server, but did not include the
results since we did not obtain substantial information
regarding the functions of these proteins. One frequent top
hit of the gene neighborhood analysis reported by STRING
for bacterial hemolysins Il is a hypothetical protein con-
taining a domain of unknown function (DUF1836). Pfam
classified DUF1836 in the HTH (helix-turn-helix) clan,
which is also supported by HHpred searches of DUF1836
proteins. This linkage suggests that some bacterial hemo-
lysins III are regulated by putative transcription factors
with DUF1836 domains. Another hit for some bacterial
hemolysins III is a DegV domain-containing protein
known to bind fatty acids. Bacterial hemolysin III genes
were also frequently linked to proteins with various enzy-
matic activities, such as methylases, glycosyltransferases
and phosphotransferases, mostly with marginal to med-
ium scores (most of the scores examined were below 0.7,
which is considered to be a cutoff for high confidence asso-
ciations in the STRING server). While possible associa-
tions with proteins having enzyme activities may suggest
that bacterial hemolysins Il are also enzymes performing
concerted reactions along with other enzymes, we did not
obtain further definitive cellular function information
based on these associations. For the two groups of
hypothetical proteins with bacterial members, we also did
not find substantial functional information by the gene
association analysis using the STRING server. We added
the STRING gene association results linking bacterial
hemolysins 111 to DegV and DUFI1836 in the revised
manuscript.
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3. The CREST superfamily has two nice motifs: SxxxH
and HxxxH. Have you tried to apply motif search in
order to identify families with the same motifs but not
found by sequence similarity approach? Surprisingly this
approach still can be useful (as we recently showed for
FtsZ superfamily - PMID: 20459678). In any event it
would be interesting to know the outcome of this
search.

Authors’ response

As the reviewer suggested, we searched the pattern
SxxxHx(100,10000)HxxxH’ (the length in between the two
motifs was set to be 100 or above since they are separated
by five predicted core transmembrane segments) against
the nr database. Over 55000 sequences were found and
the majority of the hits appear to be not homologous to
CREST members according to our manual inspection (in
contrast, a search of the GGGTG(S/T)G motif characteris-
tic of the FtsZ superfamily only retrieved about 7500 hits
from the nr database and the majority of them appeared
to be FtsZ homologs according to their annotations). Thus
we conclude that these two motifs (SxxxH and HxxxH)
themselves are not enough for characterization of the
CREST members. As these motifs lie within or near the
end of the predicted transmembrane segments (TMs, see
Figure 1), we devised a new search strategy that takes into
account their relative positioning in predicted TMs. The
following steps were conducted: (1). Predict the TMs using
Phobius for a target protein set. (2). For each protein in
the set, analyze the motif patterns for its predicted TMs
in the following way. For each predicted TM defined by
the starting position i and the ending position j, search for
the pattern SxxxH in the range [(i+j)/2, j+5] (correspond-
ing to the C-terminal half of the TM plus 5 residues
C-terminal to the TM). Search for the pattern HxxxH in
the range [i-5, (i+])/2] (corresponding to the N-terminal
half of the predicted TM plus 5 residues N-terminal to
the predicted TM). (3). A positive motif match is reported
if SxxxH and HxxxH are found in two separate predicted
TMs under the conditions that SxxxH is N-terminal to
HxxxH and they are at least 3 predicted TMs apart from
each other (SxxxH is in core TM2 and HxxxH is in core
TM?7 in Figure 1, so they should be at least 5 TMs apart
(SID-1 has an additional pair of TMs in between), but to
correct for potential missing TMs by the prediction pro-
gram, this number is relaxed to 3 predicted TMs apart).
We applied this strategy to a number of eukaryote pro-
teomes (human, fruit fly, budding yeast and Arabidopsis
thaliana) and about 1100 prokaryotic proteomes down-
loaded from the NCBI ftp site. The results were clustered
by BLASTCLUST and each cluster was manually
checked. We did not find new candidates of CREST
members.

4. What is your opinion on the origin of CREST
family? Could the ancestor be placed in LUCA and if
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yes, are there any ideas, on its ancestral function. Have
you noticed any representatives of CREST family in
archaea?

Authors’ response

We built a phylogenetic tree using MOLPHY for the ele-
ven groups of representative sequences shown in Figure 1.
According to this tree, there are two separate groups of
bacterial proteins associated with eukaryotic alkaline
ceramidases and PAQR receptors, respectively. We thus
proposed in the revised manuscript that there might be
at least two copies of CREST members in the last com-
mon ancestor of eukaryotes and bacteria. We did not
find members of the CREST superfamily in archaea. We
proposed in the revised manuscript that the lack of
CREST members in archaea is likely related to the differ-
ence of archaeal membrane lipid composition from those
of the bacteria and eukaryotes. CREST members such as
alkaline ceramidase and Perl are proposed to hydrolyze
the amide or ester bond between the hydrophobic acyl
group and the hydrophilic head group (sphingosine or
glycerol). However, in archaea, such amide and ester
bonds are replaced by the ether bonds in membrane
lipids. Therefore, the reactions catalyzed by CREST
members may not be useful in archaea.

Reviewer’s report 2

Igor B. Zhulin, University of Tennessee at Knoxville

The paper by Pei et al. describes a superfamily of puta-
tive transmembrane hydrolases, which includes more
than 3000 proteins from eukaryotes and prokaryotes.
From the technical point of view, this is a very well exe-
cuted study. All relationships between protein sequences
were established using careful analysis. I have two pro-
blems with this paper:

1. The novelty is rather marginal. A relationship
between eukaryotic PAQR proteins and bacterial
hemolysin-type proteins has been captured in the Pfam
HIyIII family (PF03006), which includes more than
2000 transmembrane proteins. Current work does
expand this family into a superfamily by essentially
combining it with other Pfam families, such as Cerami-
dase (PF05875), and DUF3522 (PF12036) and also
identifies several novel families within this superfamily.
This is definitely a finding, but it does not sound too
exciting. Authors postulate that “Cataloguing distantly
related protein families into superfamilies helps under-
standing their evolution and deducing useful informa-
tion about their structure and function”. I agree, but
this work does not suggest too much about the evolu-
tion of this superfamily and useful information about
function is rather limited. It appears to me that the
most useful information is the identification of con-
served residues that suggest the hydrolase activity -
something, which is testable experimentally.
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Authors’ response

We agree that limited functional information was
inferred for CREST groups, which is characterized by a
diverse functional capacity. To obtain more evolutionary
information, we used phylogenetic reconstruction to
investigate the relationships between the eleven CREST
groups. The phylogenetic trees built by MOLPHY and
PhyML were added in the revised manuscript.

2. More serious concern is that no actual data is pro-
vided other than some examples. I understand that there
are more than 3000 protein sequences, but there must be
some way of presenting it. Figure 1 shows a representative
alignment of less than 60 sequences. As for the rest, we
have to take authors’ word for it. Providing the actual data
(as a supplementary file, I suppose) is especially important
in this case, because (i) cataloguing is the whole purpose
of this work (but “the full catalog” is missing, we’ve got
only “the advertisement with ‘best buy’ items”), and (ii) in
the absence of a model deposited to a public resource (e.g.
Pfam) this is the only way for biologists to obtain this
information. I think both of these concerns can be easily
addressed by placing more emphasis on novelty and
potential impact and by providing data.

Authors’ response

In the revised manuscript, we provided supplementary
data listing the eleven groups of CREST proteins found by
transitive PSI-BLAST searches. Besides the linking of var-
ious known protein families and hypothetical groups in the
CREST superfamily and the identification of the conserved
and potential active site residues, we feel that one novel
aspect of this work lies in the discovery of a diverse array of
cellular functions that this superfamily encompasses. While
the alkaline ceramidase and Perl were proposed to possess
hydrolase activities in ceramide or GPI-anchored protein
biosynthesis pathways, it is quite interesting how such
putative hydrolase activity contributes to the diverse and
seemingly unrelated functions of hormone receptors, bacter-
ial hemolysins, the SID1 dsRNA transporters and the
TMEMS putative tumor suppressers. The hydrolase predic-
tion can potentially provide new directions in the future
experimental studies of these proteins. We proposed that
PAQRs could represent a novel type of receptors that use
their transmembrane domains to generate second messen-
gers. We also suggested that the experimental work on
these receptors should not be restricted to testing the cera-
midase activity, as CREST members can catalyze different
reactions exemplified by alkaline ceramidases and Perl.
We emphasized these points in the discussion and conclu-
sions of the revised manuscript.

Reviewer’s report 3

Rob Knight, University of Colorado at Boulder

In this manuscript, the authors unite several families of
putative transmembrane hydrolases into one superfamily

Page 14 of 17

using similarity search methods, specifically iterated PSI-
BLAST. The superfamily contains several protein families
of unknown function, providing a clear hypothesis con-
cerning the function of these new members (although no
experimental data are provided for validation). Overall,
the paper is competently written and executed, though
not especially groundbreaking. One puzzle is that the
authors use iterated PSI-BLAST rather than profile-pro-
file techniques such as COMPASS, which might be
worth commenting on as the same group has previously
argued that profile-profile methods provide substantially
better results than sequence-profile matching, especially
for detecting similarities in highly diverged protein
families. The technique is also similar to the Shotgun
algorithm from Patsy Babbitt’s lab and implemented in
some of our own software, which the authors might con-
sider citing (although the approach is straightforward
and has likely been independently invented many times).
Authors’ response

For similarity searches, we used HHpred, a profile-profile-
based method similar to COMPASS, but with the pre-
dicted secondary structure in its scoring to obtain better
sensitivity. Transitive PSI-BLAST searches were still used
since (1) they helped linking most of the groups with sta-
tistical support; (2) they enabled exhaustive search for
members of the CREST superfamily in the NCBI nonre-
dundant sequence database (nr). No profile-profile based
searches on the nr database currently exist as far as we
know, possibly due to the time-consuming nature of such
searches. We submitted some CREST members to the
COMPASS web server http://prodata.swmed.edu/com-
pass. Using the alkaline ceramidase ACER3 from human
as a query against the Pfam 23.0 database, COMPASS
did identify Hemolysin III (e-value: 8.05e-13) as the third
best hit and Perl (e-value: 2.94e-06) among the top 20
hits. However, most of the top 20 hits with statistically sig-
nificant e-values (less than 1e-4), such as Herpes_LMP1I
and Macoilin, appear to be false positives as they do not
possess the conserved motifs unique to the CREST super-
family. A COMPASS search using yeast Perlp as the
query also retrieved many false positives as significant
hits. These results reflect possible issues with the profiles
of membrane proteins on which COMPASS has not been
extensively tested. We thus did not include the COMPASS
results in the manuscript.

It would be interesting to compare an explicit phylo-
genetic tree with the clans output shown in Figure 1.
Doug Theobald, now at Brandeis, developed a method
for converting COMPASS profile-profile significance
scores into a phylogenetic tree (PMID 16266719) which
it might be interesting to use here.

Authors’ response
As the COMPASS results of several CREST members fre-
quently included false positives among the top hits, we
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chose not to use the method suggested by the reviewer. We
instead added the phylogenetic analysis of CREST mem-
bers by MOLPHY, a frequently used tree reconstruction
method based on maximum likelihood. The tree reported
by MOLPHY is consistent with the CLANS grouping and
provided more information about the positioning of the
hypothetical groups relative to the known groups. We
added the phylogenetic analysis results in the revised
manuscript. We also provided the phylogenetic tree recon-
structed by another program PhyML in the supplementary
data.

The discussion of the relationships among protein
families and conclusions generally seem appropriate,
and the manuscript should be a useful contribution to
the literature, especially if specific experimental tests
could be proposed that would confirm the function of
the unknown protein families and if the results could be
confirmed with the additional methods suggested above.
Authors’ response
In the revised manuscript, we proposed to test the cera-
midase activity for hypothetical groups 1 and 2 since
they are more closely related to alkaline ceramidases
than to the other known groups. Since two of the CREST
groups, alkaline ceramidase and Perl, catalyze similar
yet distinct reactions on different substrates, we reason
that the substrates for the other CREST groups, such as
PAQRs, could also differ. We thus proposed in the
revised manuscript that experimental studies of PAQRs
should not be restricted to just the ceramidase activity.
Other potential lipid hydrolase activities should also be
considered. Specifically, we proposed in the revised
manuscript that the phospholipase A2 activity (pre-
viously suggested for Perl) could be tested. The reaction
products (a lysophospholipid molecule and a free fatty
acid) of the phospholipase A2 activity on a phospholipid
substrate can be precursors of second messengers that
could function in PAQR signaling.

Additional material

Additional file 1: A list of proteins belonging to the CREST
superfamily. This file contains a list of CREST proteins found in transitive
PSI-BLAST searches (sequence fragments with less than 100 amino acids
are excluded). They are grouped according to the CLANS clustering
results.

Additional file 2: A multiple sequence alignment of CREST domains.
This file contains the alignment of CREST domains covering seven
predicted core transmembrane segments for sequences shown in Figure
1.

Additional file 3: Phylogenetic reconstruction by PhyML for
representative CREST domains. This file contains the phylogenetic tree
generated by PhyML (version 3.0) (see Methods) for sequences shown in
Figure 1. The eleven CREST groups are labeled to the right of the tree.
The root of each group is marked by a black circle. Species abbreviations
and coloring schemes are the same as those described in the legend to
Figure 3.
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