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The 40 kDa erythrocyte membrane protein p40/
GPRG69A, previously assigned to the G-protein-coupled
receptor superfamily, was now identified by peptide-
antibodies and characterized as a loosely associated
peripheral membrane protein. This result is in strik-
ing contrast to the proposed seven-transmembrane
protein structure and function and therefore we wish
to correct our previous proposal. p40 is located at the
cytoplasmic side of the membrane and is neither asso-
ciated with the cytoskeleton nor lipid rafts. Refined
sequence analysis revealed that p40 is related to the
LanC family of bacterial membrane-associated pro-
teins which are involved in the biosynthesis of antimi-
crobial peptides. Therefore, we rename p40 to LanC-
like protein 1 (LANCL1) and suggest that it may play a
similar role as a peptide-modifying enzyme compo-
nent in eukaryotic cells. © 2000 Academic Press
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We have previously isolated and characterized the
human erythrocyte membrane protein p40 (1), and its
murine orthologue (2), which both contain seven hy-
drophobic domains with predicted a-helical transmem-
brane structure. Typically, seven-transmembrane pro-
teins belong to the large superfamily of G-protein-
coupled receptors (GPCR) (3). Although p40 did not
show a significant similarity to any of the known GPCR
subfamilies, several structural features of p40 were in
accordance with GPCR characteristics. Analysis of the
tissue- and cell-specific localization showed that p40 is
mainly expressed in the brain and testis, in neurons,
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various epithelial cells, thymocytes, alveolar macro-
phages, and megakaryocytes, suggesting a function as
a GPCR within the nervous and immune system (1, 2).
Subsequently, human p40 was included in the GPCR
superfamily and termed GPR69A by the Human Gene
Nomenclature Committee. Updated methods for clas-
sifying GPCRs, however, failed to assert its member-
ship (4). Recently, the sequences of orthologues from
rat (Accession No. AJ131111), Drosophila melano-
gaster (Accession No. AAD38664), and Arabidopsis
thaliana (Accession No. AAD20918) have been added
to the GenBank database and many homologues from
various plants appeared in the EST database, indicat-
ing that this protein plays a fundamental role in ani-
mals and plants.

The present data show now that p40 is not an inte-
gral, but a peripheral membrane protein, a finding that
is incompatible with the proposed GPCR structure and
function. Alternatively, refined sequence analyses re-
veal that p40 is composed of seven hydrophobic re-
peats, which are highly conserved in the eukaryotic
homologues and the prokaryotic peptide-modifying en-
zymes LanC and LanM. This similarity to LanC sug-
gests that p40 could play a role in the modification of
human peptides.

MATERIALS AND METHODS

Reagents and cells. Human blood was obtained from healthy
donors at the General Hospital Vienna. Red cells and ghosts were
prepared routinely, as in (5), p40 was affinity-purified as described
previously (1). Rabbit antisera were raised against the N- and
C-terminus of p40, by immunizing with the octameric MAP peptides
(Research Genetics, Huntsville, AL) AQRAFPNPYADYNKSLAEGY
(H22 Ab) or ADLLVPTKARFPAFEL (R1 Ab), respectively. The an-
tibodies were affinity-purified using either the MAP- or linear pep-
tides coupled to activated CH-Sepharose (Pharmacia, Uppsala, Swe-
den), at 2 mg/ml gel, and acidic elution (0.1 M glycine—-HCI, pH 2.5).
Secondary antibodies conjugated with horseradish peroxidase, anti-
mouse 1gG (Promega, Madison, WI) and anti-rabbit 1gG (Pierce,
Rockford, IL), were used with the SuperSignal Chemiluminescent
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FIG. 1. Immunochemical identification of p40. (A) The affinity-

purified peptide-antibodies H22 Ab (N-terminus) and R1 Ab (C-
terminus) were tested with purified p40 and GST-p40 fusion protein
by Western blotting. (B) p40 was isolated from a Triton X-100 extract
of red cell ghosts by H22 Ab-Sepharose affinity chromatography and
identified by silver staining (upper panel) and Western blotting
using both antibodies (lower panels). Ab, antibody; GST, glutathione
S-transferase; G, ghosts; S, supernatant; FT, flow-through, F1, F2,
acidic elution fractions.

Substrate (Pierce). The monoclonal antibody against stomatin was
described (5). A variety of other reagents were purchased commer-
cially: monoclonal antibodies against band 3 and actin (Sigma, St.
Louis, MO), human tissue samples/Protein Medleys (Clontech, Palo
Alto, CA), Proteinase K (Roche Diagnostics, Mannheim, Germany).
Recombinant GST-p40 purified from E. coli was a kind gift of Ka-
tharina Ronacher. Chemicals were reagent grade (Merck, Darm-
stadt, Germany).
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Immunochemical identification. Proteins were identified by the
standard methods SDS-PAGEI/silver staining and Western blot
analysis, as described (5), except that the SuperSignal (Pierce) de-
tection was used for Western blotting. In one experiment, p40 was
isolated by immunoaffinity chromatography (5) and identified by
Western blotting.

Solubilization studies. Red cell ghosts were incubated with var-
ious buffers or detergent solutions, as indicated in the results, the
incubation mixture was centrifuged (10,000g, 10 min, 4°C) and
the pellet and supernatant fractions were dissolved in electro-
phoresis sample buffer. Aliquots of the fractions were analysed by
Western blotting. In one experiment, washed, intact red cells were
lysed with either hypotonic buffer (5 mM Na phosphate, pH 8.0),
or 0.1% saponin in PBS, or by a freeze/thaw cycle (6). The lysed
cells were separated from the supernatant (“cytosol”) by centrifu-
gation (28,0009, 20 min, 4°C) and were washed with cold lysis
buffer, PBS, or buffered KCI solution (6), respectively. The pri-
mary and secondary red cell ghost pellets, the cytosol fractions
and the wash solutions were analysed by Western blotting. p40
was precipitated from the cytosol at 40% ammonium sulphate
saturation prior to analysis, in order to prevent high background
due to hemoglobin.

Proteolytic degradation. Red cells were mixed with two volumes
PBS or lysis buffer and the intact or disrupted red cells were
incubated for 15 min at 37°C, with or without proteinase K (0.1
mg/ml final concentration). Subsequently, the intact red cells were
washed three times with PBS, containing 1 mM phenyl methyl
sulphonyl fluoride (PMSF), and lysed with five volumes of lysis
buffer, 1 mM PMSF. The disrupted red cells were also mixed with
five volumes of lysis buffer, 1 mM PMSF. Red cell ghosts from both
incubation mixtures were then isolated by centrifugation
(10,0009, 5 min, 4°C), washed once with lysis buffer, 1 mM PMSF,
and analysed by Western blotting. In another experiment, red cell
ghosts were prepared by hypotonic lysis, purified by five washing
steps, and incubated for varying times at 37°C, with or without
proteinase K (0.1 mg/ml) in lysis buffer. Aliquots of the incubation
mixtures were heated with electrophoresis buffer and analysed by
Western blotting.

Sequence analyses. The human p40 amino acid sequence (1)
was compared to the sequences in the GenBank database. Twenty
representative sequences were identified in the database searches
using Psi-BLAST (7). Blocks conserved between these represen-
tative sequences were identified and aligned using MACAW (8).
A global multiple alignment piled up with CLUSTALW (9), was
used to calculate and draw a rooted phylogenetic tree with
PHYLIP (10).
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FIG. 2. Tissue-specific expression of p40. Ten human tissues
(Clontech Protein Medleys) were applied to an SDS electrophoresis
gel at 0.1 mg total protein per lane, along with 150 ng purified
erythrocyte p40, and identified by H22 Ab Western blotting. The
highest expression is seen in brain, followed by testis, ovary and
kidney.
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FIG. 3. Western blot analysis of p40 solubilization. Red cell
ghosts were treated with (A) detergent or (B) alkaline solutions
and pelleted. Pellets and supernatants were analysed by Western
blotting. (C) Red cells were lysed by addition of hypotonic buffer,
saponin in PBS, or by freezing/thawing, and the mixtures were
separated by centrifugation into the ghost pellet and cytosol. The
ghosts were washed with the corresponding buffer and separated
again into the washed ghosts pellet and wash fraction. Aliquots of
all fractions were analysed by Western blotting. TX-100, Triton
X-100; OctGlc, n-octyl glucoside; DOC, Na desoxycholate; PBS,
phosphate buffered saline; Pi, phosphate buffer; P, pellet; S, su-
pernatant.

RESULTS

Immunochemical Identification and Tissue-Specific
Expression of p40

Antibodies against the N- and C-terminus of p40
were used to identify the protein in various prepara-
tions and tissues. Purified p40 and recombinant GST-
p40 fusion protein gave strong signals with both anti-
bodies, at 40 kDa and 70 kDa, respectively (Fig. 1A).
Additionally, p40 was H22 Ab-affinity purified from
the Triton X-100 soluble red cell membrane fraction
and was identified by SDS—-PAGE/silver staining and
Western blotting, using either H22 or R1 Ab (Fig. 1B).
These results prove that both antibodies react specifi-
cally with red cell membrane p40.

Western blot analysis of various human tissues
showed that p40 is mainly expressed in brain, testis,
ovary, and kidney (Fig. 2), in accordance with the
Northern blot and mRNA dot blot results previously
described (1).
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p40 Is a Peripheral Membrane Protein

When we treated red cell ghosts with non-ionic de-
tergents, p40 was completely solubilized (Fig. 3A), in-
dicating that this protein is neither associated with the
cytoskeleton nor the lipid rafts. On the other hand,
when we treated ghosts with various basic solutions,
p40 was also solubilized (Fig. 3B), showing that it is
not an integral membrane protein, as previously be-
lieved, but a peripheral protein. Even the red cell lysis
buffer (5 mM Na phosphate, pH 8.0) could partially
extract p40 from the membranes. Water was not effi-
cient in solubilizing p40 (Fig. 3B). This indicates that
p40 is a rather weakly associated peripheral mem-
brane protein. The true solubility of p40 in alkaline
buffer was further tested by ultracentrifugation. p40
was not pelleted after 16 h at 100,000g (data not
shown), indicating that it is not associated with micro-
or nanovesicles.

When red cells were hypotonically lysed, p40 was
mainly bound to the membranes and only a small
amount was found in the cytosol (Fig. 3C). However,
when red cells were lysed with saponin in PBS or
disrupted by a freeze/thaw cycle, p40 was completely
soluble in the isotonic buffers (Fig. 3C).

Proteolysis of p40

When intact erythrocytes were incubated with pro-
teinase K in PBS, p40 was not digested (Fig. 4A), as
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FIG. 4. Western blot analysis of p40 proteolysis. (A) Intact or
lysed red cells were incubated with or without proteinase K and
analysed by Western blotting. (B) Washed red cell ghosts were incu-
bated with or without proteinase K in lysis buffer. At the indicated
intervals, aliquots were taken and analysed by Western blotting.
RBC, red blood cell.



Vol.

275, No. 1, 2000

Consensus

LANCL1 _MOUSE
LANCL1_ HUMAN
LANCL1 DROME
LANCL]1 ARATH

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

-1y G——Gl-l I---
.TGYTiE L
.TGYT

. TFLCEDAEPLAVAAVL .
. TELCEDAPTAVAAVL .

. TFLCERAEVCGLGAVA.

s-f-@&--f--—------

SPAC_BACSU . SMESEANETGLAAICL.
NISC_ LACLA .SLYSEANEIALSILHL.
EPIC_STAEP . SLESELSEIGFALDIA.
ECIC_STAEP .SLFEEAFEVIFSLLIC.
PEPC_STAEP . SLFEEAFETTFSLLVC.
MUTC_STRMU . SLEDELAVGFAINYV.
SCF1 STRCO . GVEKEPGALAFAVLLA.
MRSM_BACSP .GAFCETASYLYLLDHL.
SACM1_STAAU .LLMSEIGAFSGMSGIL.
CYLM ENTFA , IFIEYY . SAFFEKGSLIYPLLVD.
LCN2_LACLA [579].DIYKEISEIGLALLEY. [34] .GFYVELIEEYSFLRKY .
MUTM_STRMU (565] . TIYK@TAGTKLAFLLS . [30) . SEYEETFESQLPSYKE.
SCNM_STRPY .SLYE@LSGI ISLSEA. . SEFVEKLETYSALKRE .
LASM_LACSA . SVFSELCELLYCSCYL.
LCNDR2_LACLA SESESLEFLYTHR.
ORF6_BUTFI (PCELTEIYSFIKKY.
Consensus  g-Akl€--€-—-- L--- e--ei-—--1---
LANCL1 MOUSE .[50 IYYYLMQP. [42] PEVIYMLIQA
LANCL1 HUMAN . [50].GAABELAGTYYYIMQP. [42] PEVIYMLIQA
LANCL1 DROME . [48].GAABIELCAILHMLLDS. [51] VYVLAKA
LANCL1 ARATH .[46 EIMHVIMDV. [40] . HeH@AP@TALTLGKA .
SPAC_BACSU . [57 jsle T PEPICVLSSA. [57] . AjleY[ERPEVCLALYKA .
NISC LACLA . [52 @VGCILAYA. [57] . AHeYEGPEISLLYLYG.
EPIC_STAEP .51 o€ [ L@P1,SITALS. [50] . GRI@Y[EDTEIMNTLLLS .
ECIC_STAEP .[43 JifenpeVINILCNS . [46] . AQl®Y[@VPSYAYTIYNL .
PEPC_STAEP . {43 TINTLCNS. [46] . Al@Y[€T.PSVAYTIENV.
MUTC_STRMU . {47 ARleT L @PTTIMSLY . [51] . G Y[@DNGIYSTLELM.
SCF1_STRCO . {54 A€PLALLALA. [57] . AllleY€APEVSRALQLA .
MRSM_BACSP . 143 SETIWALYEI. [47] . AQleN€EAAETGLSRILT .
SACM1_STAAU .| AT SOIMYFFATT. [44] . SUSNELSELLVSYYEG.
CYLM_ENTFA .l GFGHGIYSYVHLLSKF [25] . SOKETVEELLATIEL .
LCN2_ LACLA .1 IATAEVHG. [41] . QUIEHERSEORT ARMEN .
MUTM_STRMU Ll CMTALLIS. (41] . Ngl®HESTEAL TSRLLW.
SCNM_STRPY .1 EIALLYL.[39].NWCHGSTGVLVARLAQ.
LASM_LACSA .1 KLIGMSVL. {31) ‘ DMLLIN
LCNDR2_LACLA .| YLWTIFRI. [29) [LMILSEM
ORF6_BUTFI 0 LMTSLLCM. [42] . Y{JleHESCEIMOARLEY .
Consensus

LANCL1 MOUSE
LANCL1_HUMAN
LANCL1 DROME
LANCL] ARATH

SPAC_BACSU
NISC_LACLA
EPIC_STAEP
ECIC_STAEP
PEPC_STAEP
MUTC_STRMU
SCF1_STRCO

MRSM_BACSP
SACML_STAAU
CYLM_ENTFA
LCN2_LACLA
MUTM_STRMU
SCNM_STRPY
LASM_LACSA
LCNDR2_LACLA
ORF6_BUTFI

.SYMLSTTGLVDSILRY.
.GXEQEWSGETDSALLL.

72

LANCL1_HUMAN
[::LANCL1_MOUSE
LANCL1_ARATH

LANCL1_DROME
PEPC_STAEP
ECIC_STAEP
EPIC_STAEP
MUTC_STRMU
= SPAC_BACSU
NISC_LACLA
SCF1_STRCO
LCNDR2_LACLA
1 LASM_LACSA
LCN2_LACLA
MUTM_STRMU
__1 SCNM_STRPY
ORF6_BUTFI
SACM1_STAAU
MRSM_BACSP

1 CYLM_ENTFA




Vol. 275, No. 1, 2000

expected of a cytoplasmically oriented peripheral mem-
brane protein. The control protein actin was not de-
graded, band 3 protein was cleaved at extracellular
sites (Fig. 4A). On the other hand, the incubation
of disrupted red cells with proteinase K led to the
complete degradation of p40 and the control proteins
(Fig. 4A).

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

p40 Is Similar to the Bacterial Lantibiotic Synthetase
C Components (LanC)

Searching the GenBank database for homologues of
mammalian p40, we found related eukaryotic proteins
from D. melanogaster and A. thaliana with unknown
function, but also two families of prokaryotic proteins,
LanC and LanM, which are involved in the biosynthe-
sis of lantibiotic peptides (11). Interestingly, these pro-
teins have seven repetitive hydrophobic domains con-
taining a GxxG motif (Fig. 5), as described for p40 (1).
It seems evident that LanC, LanM and p40 are mem-
bers of the same superfamily of proteins and therefore
we rename p40/GPR69A to LanC-like protein 1
(LANCL1). In addition to the general repeat structure
of the seven hydrophobic domains, several residues
appear invariable in single repeats of all analysed spe-
cies: there is an acidic residue in repeat 3, His in repeat
4, Trp and Cys in repeat 5, and Cys and His in repeat
6 (Fig. 5). It is likely that these residues are essential
for the function of the LanC-related proteins. A rooted
phylogenetic tree based on a global multiple alignment
indicates the relationship between the members of this
superfamily (Fig. 5, inset). A tree calculated from the
alignment shown in Fig. 5 does not suggest a signifi-
cantly different family organization (data not shown).
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DISCUSSION

Previously, the immunochemical and proteinchemi-
cal characterization of p40 was hampered, because spe-
cific antibodies were not available. Only recently we
were able to produce two specific peptide-antisera,
which identified p40 in red cells and various human
tissues (Figs. 1 and 2), in accordance with the pub-
lished protein isolation and tissue-specific mMRNA ex-
pression data (1). Unexpectedly, we found that p40 can
be extracted from red cell membranes by alkaline so-
lutions (Fig. 3), thereby classifying it as a peripheral
membrane protein. This result is in striking contrast to
the proposed GPCR structure and function, which has
been suggested by the presence of seven hydrophobic
domains with predicted helical secondary structure
and other similarities to the known features of GPCRs
Q.

The analysis of p40 solubility and proteolysis showed
that this protein is cytoplasmically oriented and nei-
ther associated with the cytoskeleton nor the
detergent-insoluble lipid domains. p40 solubility is
reminiscent of the erythrocyte band 6 properties (12)
by showing tight membrane binding in hypotonic buff-
ers and solubilization in isotonic solutions. Band 6 is a
glycolytic enzyme (glyceraldehyde-3-phosphate dehy-
drogenase), which binds to the N-terminal cytoplasmic
domain of band 3 (13). The binding partner of p40 is
currently unknown, however, its identification will
probably shed light on the function of p40. Interest-
ingly, p40 was highly resistant to proteolysis in washed
ghosts under hypotonic conditions, but readily digested
in hemolysate (Figs. 3 and 4) suggesting that this pro-
tein may undergo a structural change during the hy-
potonic lysis and subsequent washing steps, probably
due to the low ionic strength. An ionic strength-
dependent structural change has been described for
the band 3 protein (14).

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

FIG. 5. Multiple alignment of representative LanC-like domains, each containing seven hydrophobic sequence repeats around the GxxG
consensus motif. Numbers in square brackets indicate the lengths of unaligned regions not displayed. Consensus residues are indicated on
top of the alignment, in uppercase if the weighted (19) frequency of the most frequent residue is 80% or more, in lowercase for the interval
between 40 and 80% weighted frequency. Glycine residues which are part of the GxxG-motif are highlighted as white text on black
background, as are completely conserved residue positions. Grey shading indicates residues with apolar and/or aromatic sidechains in
columns where they are found in 15 or more of the 20 representative sequences. The alignment contains four eukaryotic sequences and 16
sequences from prokaryots (seven LanC, nine LanM). ORF6_BUTFI is incomplete at its C-terminus, missing two of the expected seven
repeats. The proteins aligned are (name and gi accession numbers in parentheses): LANCL1 MOUSE (mouse LANCL1, 3492793),
LANCL1 HUMAN (human LANCL1, 5174445), LANCL1_DROME (Drosophila melanogaster LANCL1, 5052668), LANCL1_ARATH (Ara-
bidopsis thaliana LANCL1, 4454471), SPAC_BACSU (Bacillus subtilis SpaC, 417797), NISC_LACLA (Lactococcus lactis NisC, 417367),
EPIC_STAEP (Staphylococcus epidermidis EpiC, 1169542), ECIC_STAEP (S. epidermidis EciC, 2708730), PEPC_STAEP (S. epidermidis
PepC, 2126592), MUTC_STRMU (Streptococcus mutans MutC, 5918761), SCF1_STRCO (Streptomyces coelicolor SCF1, 5869949),
MRSM_BACSP (Bacillus sp. MrsM, 6318175), SACM1_STAAU (Staphylococcus aureus SacM1, 5690276), CYLM_ENTFA (Enterococcus
faecalis CyIM, 1075688), LCN2_LACLA (L. lactis LCN2, 585385), MUTM_STRMU (S. mutans MutM, 2853236), SCNM_STRPY (Strepto-
coccus pyogenes ScnM, 2502070), LASM_LACSA (Lactobacillus sakei LasM, 1150480), LCNDR2_LACLA (L. lactis LCNDR2, 3582217),
ORF6_BUTFI (Butyrivibrio fibrisolvens unknown protein, 3201688). A rooted phylogenetic tree based on a global multiple alignment is
shown in the lower right corner (inset).
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known as LanC and LanM (Fig. 5). These proteins are
components of a multimeric membrane-associated lan-
thionine synthetase complex, consisting of the enzyme
subunits LanB and LanC (or LanM), the ABC trans-
porter LanT, and regulatory factors (11, 15, 16). This
complex is necessary for the production and export of
lantibiotics (11), uniquely modified lanthionine-
containing antimicrobial peptides. While these are pro-
duced by Gram-positive bacteria, functionally similar
defense peptides exist in higher organisms, like plants,
insects and vertebrates, and play an essential role in
the innate immune system (17, 18). In the light of these
data, it is conceivable that p40 / LANCL1 may have a
function similar to LanC and LanM as a peptide-
modifying enzyme.
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