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various epithelial cells, thymocytes, alveolar macro-
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The 40 kDa erythrocyte membrane protein p40/
PR69A, previously assigned to the G-protein-coupled

eceptor superfamily, was now identified by peptide-
ntibodies and characterized as a loosely associated
eripheral membrane protein. This result is in strik-

ng contrast to the proposed seven-transmembrane
rotein structure and function and therefore we wish
o correct our previous proposal. p40 is located at the
ytoplasmic side of the membrane and is neither asso-
iated with the cytoskeleton nor lipid rafts. Refined
equence analysis revealed that p40 is related to the
anC family of bacterial membrane-associated pro-

eins which are involved in the biosynthesis of antimi-
robial peptides. Therefore, we rename p40 to LanC-
ike protein 1 (LANCL1) and suggest that it may play a
imilar role as a peptide-modifying enzyme compo-
ent in eukaryotic cells. © 2000 Academic Press

Key Words: erythrocyte; G-protein-coupled receptor;
PR69A; lanthionine synthetase; lantibiotic; peptide
ntibody; peripheral membrane protein; proteolysis;
ed blood cell.

We have previously isolated and characterized the
uman erythrocyte membrane protein p40 (1), and its
urine orthologue (2), which both contain seven hy-

rophobic domains with predicted a-helical transmem-
rane structure. Typically, seven-transmembrane pro-
eins belong to the large superfamily of G-protein-
oupled receptors (GPCR) (3). Although p40 did not
how a significant similarity to any of the known GPCR
ubfamilies, several structural features of p40 were in
ccordance with GPCR characteristics. Analysis of the
issue- and cell-specific localization showed that p40 is
ainly expressed in the brain and testis, in neurons,

1 To whom correspondence should be addressed. Fax: 143-1-4277-
616. E-mail: prohaska@bch.univie.ac.at.
69
hages, and megakaryocytes, suggesting a function as
GPCR within the nervous and immune system (1, 2).
ubsequently, human p40 was included in the GPCR
uperfamily and termed GPR69A by the Human Gene
omenclature Committee. Updated methods for clas-

ifying GPCRs, however, failed to assert its member-
hip (4). Recently, the sequences of orthologues from
at (Accession No. AJ131111), Drosophila melano-
aster (Accession No. AAD38664), and Arabidopsis
haliana (Accession No. AAD20918) have been added
o the GenBank database and many homologues from
arious plants appeared in the EST database, indicat-
ng that this protein plays a fundamental role in ani-

als and plants.
The present data show now that p40 is not an inte-

ral, but a peripheral membrane protein, a finding that
s incompatible with the proposed GPCR structure and
unction. Alternatively, refined sequence analyses re-
eal that p40 is composed of seven hydrophobic re-
eats, which are highly conserved in the eukaryotic
omologues and the prokaryotic peptide-modifying en-
ymes LanC and LanM. This similarity to LanC sug-
ests that p40 could play a role in the modification of
uman peptides.

ATERIALS AND METHODS

Reagents and cells. Human blood was obtained from healthy
onors at the General Hospital Vienna. Red cells and ghosts were
repared routinely, as in (5), p40 was affinity-purified as described
reviously (1). Rabbit antisera were raised against the N- and
-terminus of p40, by immunizing with the octameric MAP peptides

Research Genetics, Huntsville, AL) AQRAFPNPYADYNKSLAEGY
H22 Ab) or ADLLVPTKARFPAFEL (R1 Ab), respectively. The an-
ibodies were affinity-purified using either the MAP- or linear pep-
ides coupled to activated CH-Sepharose (Pharmacia, Uppsala, Swe-
en), at 2 mg/ml gel, and acidic elution (0.1 M glycine–HCl, pH 2.5).
econdary antibodies conjugated with horseradish peroxidase, anti-
ouse IgG (Promega, Madison, WI) and anti-rabbit IgG (Pierce,
ockford, IL), were used with the SuperSignal Chemiluminescent
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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ubstrate (Pierce). The monoclonal antibody against stomatin was
escribed (5). A variety of other reagents were purchased commer-
ially: monoclonal antibodies against band 3 and actin (Sigma, St.
ouis, MO), human tissue samples/Protein Medleys (Clontech, Palo
lto, CA), Proteinase K (Roche Diagnostics, Mannheim, Germany).
ecombinant GST-p40 purified from E. coli was a kind gift of Ka-

harina Ronacher. Chemicals were reagent grade (Merck, Darm-
tadt, Germany).

FIG. 1. Immunochemical identification of p40. (A) The affinity-
urified peptide-antibodies H22 Ab (N-terminus) and R1 Ab (C-
erminus) were tested with purified p40 and GST-p40 fusion protein
y Western blotting. (B) p40 was isolated from a Triton X-100 extract
f red cell ghosts by H22 Ab-Sepharose affinity chromatography and
dentified by silver staining (upper panel) and Western blotting
sing both antibodies (lower panels). Ab, antibody; GST, glutathione
-transferase; G, ghosts; S, supernatant; FT, flow-through, F1, F2,
cidic elution fractions.
70
tandard methods SDS–PAGE/silver staining and Western blot
nalysis, as described (5), except that the SuperSignal (Pierce) de-
ection was used for Western blotting. In one experiment, p40 was
solated by immunoaffinity chromatography (5) and identified by

estern blotting.

Solubilization studies. Red cell ghosts were incubated with var-
ous buffers or detergent solutions, as indicated in the results, the
ncubation mixture was centrifuged (10,000g, 10 min, 4°C) and
he pellet and supernatant fractions were dissolved in electro-
horesis sample buffer. Aliquots of the fractions were analysed by
estern blotting. In one experiment, washed, intact red cells were

ysed with either hypotonic buffer (5 mM Na phosphate, pH 8.0),
r 0.1% saponin in PBS, or by a freeze/thaw cycle (6). The lysed
ells were separated from the supernatant (“cytosol”) by centrifu-
ation (28,000g, 20 min, 4°C) and were washed with cold lysis
uffer, PBS, or buffered KCl solution (6), respectively. The pri-
ary and secondary red cell ghost pellets, the cytosol fractions

nd the wash solutions were analysed by Western blotting. p40
as precipitated from the cytosol at 40% ammonium sulphate

aturation prior to analysis, in order to prevent high background
ue to hemoglobin.

Proteolytic degradation. Red cells were mixed with two volumes
BS or lysis buffer and the intact or disrupted red cells were

ncubated for 15 min at 37°C, with or without proteinase K (0.1
g/ml final concentration). Subsequently, the intact red cells were
ashed three times with PBS, containing 1 mM phenyl methyl

ulphonyl fluoride (PMSF), and lysed with five volumes of lysis
uffer, 1 mM PMSF. The disrupted red cells were also mixed with
ve volumes of lysis buffer, 1 mM PMSF. Red cell ghosts from both

ncubation mixtures were then isolated by centrifugation
10,000g, 5 min, 4°C), washed once with lysis buffer, 1 mM PMSF,
nd analysed by Western blotting. In another experiment, red cell
hosts were prepared by hypotonic lysis, purified by five washing
teps, and incubated for varying times at 37°C, with or without
roteinase K (0.1 mg/ml) in lysis buffer. Aliquots of the incubation
ixtures were heated with electrophoresis buffer and analysed by
estern blotting.

Sequence analyses. The human p40 amino acid sequence (1)
as compared to the sequences in the GenBank database. Twenty

epresentative sequences were identified in the database searches
sing Psi-BLAST (7). Blocks conserved between these represen-
ative sequences were identified and aligned using MACAW (8).

global multiple alignment piled up with CLUSTALW (9), was
sed to calculate and draw a rooted phylogenetic tree with
HYLIP (10).

FIG. 2. Tissue-specific expression of p40. Ten human tissues
Clontech Protein Medleys) were applied to an SDS electrophoresis
el at 0.1 mg total protein per lane, along with 150 ng purified
rythrocyte p40, and identified by H22 Ab Western blotting. The
ighest expression is seen in brain, followed by testis, ovary and
idney.
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p40 Is a Peripheral Membrane Protein
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ESULTS

mmunochemical Identification and Tissue-Specific
Expression of p40

Antibodies against the N- and C-terminus of p40
ere used to identify the protein in various prepara-

ions and tissues. Purified p40 and recombinant GST-
40 fusion protein gave strong signals with both anti-
odies, at 40 kDa and 70 kDa, respectively (Fig. 1A).
dditionally, p40 was H22 Ab-affinity purified from

he Triton X-100 soluble red cell membrane fraction
nd was identified by SDS–PAGE/silver staining and
estern blotting, using either H22 or R1 Ab (Fig. 1B).

hese results prove that both antibodies react specifi-
ally with red cell membrane p40.

Western blot analysis of various human tissues
howed that p40 is mainly expressed in brain, testis,
vary, and kidney (Fig. 2), in accordance with the
orthern blot and mRNA dot blot results previously
escribed (1).

FIG. 3. Western blot analysis of p40 solubilization. Red cell
hosts were treated with (A) detergent or (B) alkaline solutions
nd pelleted. Pellets and supernatants were analysed by Western
lotting. (C) Red cells were lysed by addition of hypotonic buffer,
aponin in PBS, or by freezing/thawing, and the mixtures were
eparated by centrifugation into the ghost pellet and cytosol. The
hosts were washed with the corresponding buffer and separated
gain into the washed ghosts pellet and wash fraction. Aliquots of
ll fractions were analysed by Western blotting. TX-100, Triton
-100; OctGlc, n-octyl glucoside; DOC, Na desoxycholate; PBS,
hosphate buffered saline; Pi, phosphate buffer; P, pellet; S, su-
ernatant.
71
When we treated red cell ghosts with non-ionic de-
ergents, p40 was completely solubilized (Fig. 3A), in-
icating that this protein is neither associated with the
ytoskeleton nor the lipid rafts. On the other hand,
hen we treated ghosts with various basic solutions,
40 was also solubilized (Fig. 3B), showing that it is
ot an integral membrane protein, as previously be-

ieved, but a peripheral protein. Even the red cell lysis
uffer (5 mM Na phosphate, pH 8.0) could partially
xtract p40 from the membranes. Water was not effi-
ient in solubilizing p40 (Fig. 3B). This indicates that
40 is a rather weakly associated peripheral mem-
rane protein. The true solubility of p40 in alkaline
uffer was further tested by ultracentrifugation. p40
as not pelleted after 16 h at 100,000g (data not

hown), indicating that it is not associated with micro-
r nanovesicles.
When red cells were hypotonically lysed, p40 was
ainly bound to the membranes and only a small

mount was found in the cytosol (Fig. 3C). However,
hen red cells were lysed with saponin in PBS or
isrupted by a freeze/thaw cycle, p40 was completely
oluble in the isotonic buffers (Fig. 3C).

roteolysis of p40

When intact erythrocytes were incubated with pro-
einase K in PBS, p40 was not digested (Fig. 4A), as

FIG. 4. Western blot analysis of p40 proteolysis. (A) Intact or
ysed red cells were incubated with or without proteinase K and
nalysed by Western blotting. (B) Washed red cell ghosts were incu-
ated with or without proteinase K in lysis buffer. At the indicated
ntervals, aliquots were taken and analysed by Western blotting.
BC, red blood cell.
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rane protein. The control protein actin was not de-
raded, band 3 protein was cleaved at extracellular
ites (Fig. 4A). On the other hand, the incubation
f disrupted red cells with proteinase K led to the
omplete degradation of p40 and the control proteins
Fig. 4A).

Interestingly, when washed ghosts, prepared by hy-
otonic lysis, were incubated with proteinase K in lysis
uffer, p40 was highly resistant for 4 h. In contrast, the
ontrol proteins actin and stomatin were rapidly de-
raded (Fig. 4B). This result suggests that low salt
onditions induce a protease-resistant conformation
n p40.

40 Is Similar to the Bacterial Lantibiotic Synthetase
C Components (LanC)

Searching the GenBank database for homologues of
ammalian p40, we found related eukaryotic proteins

rom D. melanogaster and A. thaliana with unknown
unction, but also two families of prokaryotic proteins,
anC and LanM, which are involved in the biosynthe-
is of lantibiotic peptides (11). Interestingly, these pro-
eins have seven repetitive hydrophobic domains con-
aining a GxxG motif (Fig. 5), as described for p40 (1).
t seems evident that LanC, LanM and p40 are mem-
ers of the same superfamily of proteins and therefore
e rename p40/GPR69A to LanC-like protein 1

LANCL1). In addition to the general repeat structure
f the seven hydrophobic domains, several residues
ppear invariable in single repeats of all analysed spe-
ies: there is an acidic residue in repeat 3, His in repeat
, Trp and Cys in repeat 5, and Cys and His in repeat
(Fig. 5). It is likely that these residues are essential

or the function of the LanC-related proteins. A rooted
hylogenetic tree based on a global multiple alignment
ndicates the relationship between the members of this
uperfamily (Fig. 5, inset). A tree calculated from the
lignment shown in Fig. 5 does not suggest a signifi-
antly different family organization (data not shown).

FIG. 5. Multiple alignment of representative LanC-like domains,
onsensus motif. Numbers in square brackets indicate the lengths of
op of the alignment, in uppercase if the weighted (19) frequency of
etween 40 and 80% weighted frequency. Glycine residues which
ackground, as are completely conserved residue positions. Grey s
olumns where they are found in 15 or more of the 20 representativ
equences from prokaryots (seven LanC, nine LanM). ORF6_BUTF
epeats. The proteins aligned are (name and gi accession numb
ANCL1_HUMAN (human LANCL1, 5174445), LANCL1_DROME
idopsis thaliana LANCL1, 4454471), SPAC_BACSU (Bacillus sub
PIC_STAEP (Staphylococcus epidermidis EpiC, 1169542), ECIC_S
epC, 2126592), MUTC_STRMU (Streptococcus mutans MutC,
RSM_BACSP (Bacillus sp. MrsM, 6318175), SACM1_STAAU (St

aecalis CylM, 1075688), LCN2_LACLA (L. lactis LCN2, 585385), M
occus pyogenes ScnM, 2502070), LASM_LACSA (Lactobacillus sak
RF6_BUTFI (Butyrivibrio fibrisolvens unknown protein, 3201688

hown in the lower right corner (inset).
73
Previously, the immunochemical and proteinchemi-
al characterization of p40 was hampered, because spe-
ific antibodies were not available. Only recently we
ere able to produce two specific peptide-antisera,
hich identified p40 in red cells and various human

issues (Figs. 1 and 2), in accordance with the pub-
ished protein isolation and tissue-specific mRNA ex-
ression data (1). Unexpectedly, we found that p40 can
e extracted from red cell membranes by alkaline so-
utions (Fig. 3), thereby classifying it as a peripheral

embrane protein. This result is in striking contrast to
he proposed GPCR structure and function, which has
een suggested by the presence of seven hydrophobic
omains with predicted helical secondary structure
nd other similarities to the known features of GPCRs
1).

The analysis of p40 solubility and proteolysis showed
hat this protein is cytoplasmically oriented and nei-
her associated with the cytoskeleton nor the
etergent-insoluble lipid domains. p40 solubility is
eminiscent of the erythrocyte band 6 properties (12)
y showing tight membrane binding in hypotonic buff-
rs and solubilization in isotonic solutions. Band 6 is a
lycolytic enzyme (glyceraldehyde-3-phosphate dehy-
rogenase), which binds to the N-terminal cytoplasmic
omain of band 3 (13). The binding partner of p40 is
urrently unknown, however, its identification will
robably shed light on the function of p40. Interest-
ngly, p40 was highly resistant to proteolysis in washed
hosts under hypotonic conditions, but readily digested
n hemolysate (Figs. 3 and 4) suggesting that this pro-
ein may undergo a structural change during the hy-
otonic lysis and subsequent washing steps, probably
ue to the low ionic strength. An ionic strength-
ependent structural change has been described for
he band 3 protein (14).

Database searches revealed the similarity of eukary-
tic p40 to two prokaryotic protein families, collectively

ch containing seven hydrophobic sequence repeats around the GxxG
aligned regions not displayed. Consensus residues are indicated on
most frequent residue is 80% or more, in lowercase for the interval
e part of the GxxG-motif are highlighted as white text on black
ing indicates residues with apolar and/or aromatic sidechains in
quences. The alignment contains four eukaryotic sequences and 16

s incomplete at its C-terminus, missing two of the expected seven
in parentheses): LANCL1_MOUSE (mouse LANCL1, 3492793),

osophila melanogaster LANCL1, 5052668), LANCL1_ARATH (Ara-
s SpaC, 417797), NISC_LACLA (Lactococcus lactis NisC, 417367),
EP (S. epidermidis EciC, 2708730), PEPC_STAEP (S. epidermidis
8761), SCF1_STRCO (Streptomyces coelicolor SCF1, 5869949),
ylococcus aureus SacM1, 5690276), CYLM_ENTFA (Enterococcus
M_STRMU (S. mutans MutM, 2853236), SCNM_STRPY (Strepto-

LasM, 1150480), LCNDR2_LACLA (L. lactis LCNDR2, 3582217),
rooted phylogenetic tree based on a global multiple alignment is
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omponents of a multimeric membrane-associated lan-
hionine synthetase complex, consisting of the enzyme
ubunits LanB and LanC (or LanM), the ABC trans-
orter LanT, and regulatory factors (11, 15, 16). This
omplex is necessary for the production and export of
antibiotics (11), uniquely modified lanthionine-
ontaining antimicrobial peptides. While these are pro-
uced by Gram-positive bacteria, functionally similar
efense peptides exist in higher organisms, like plants,
nsects and vertebrates, and play an essential role in
he innate immune system (17, 18). In the light of these
ata, it is conceivable that p40 / LANCL1 may have a
unction similar to LanC and LanM as a peptide-
odifying enzyme.
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