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Rat Prominin, Like Its Mouse and Human Orthologues,
Is a Pentaspan Membrane Glycoprotein
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Mouse prominin is the first characterized member of
a novel family of membrane glycoproteins. It displays
a characteristic membrane topology with five trans-
membrane segments and two large glycosylated extra-
cellular loops. Prominin orthologues and paralogues
have been identified in human, fish, fly, and worm.
Recently, a cDNA sequence encoding the rat homo-
logue of mouse prominin has been reported [Zhu et al.
(2001) Biochem. Biophys. Res. Commun. 281, 951-956].
Surprisingly, due to a single nucleotide deletion that
shifts the reading frame and introduces a premature
stop codon, the protein predicted from this cDNA
would correspond to a C-terminally truncated form of
prominin with only four transmembrane segments.
Here we report evidence that is in contrast to the
report of Zhu et al. (2001). We isolated a rat prominin
cDNA devoid of any frameshift mutation, demonstrate
that rat prominin, like the other mammalian promi-
nins, is a full-length 120-kDa pentaspan membrane
glycoprotein, and have not been able to detect any
C-terminally truncated form of rat prominin. o 2001
Academic Press
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The prominins are an emerging family of proteins
that among the multispan membrane proteins display
a novel topology (1). Mouse prominin (2) and human
prominin (mouse)-like 1 (PROML1; alias AC133 anti-
gen, CD133) (3) are predicted to contain five mem-
brane-spanning domains, with an N-terminal domain
exposed to the extracellular space followed by four,
alternating small cytoplasmic and large extracellular,
loops and a cytoplasmic C-terminal domain. Experi-
mentally, this pentaspan membrane topology is sup-

The sequence reported in this paper has been deposited in the
GenBank database (Accession No. AF386758).
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ported by analyses of N-glycosylation and epitope ac-
cessibility (1-4).

Prominins are widely distributed throughout the an-
imal kingdom. Predicted proteins structurally related
to prominin have been identified in Caenorhabditis
elegans (2, 5) zebrafish Danio rerio and Drosophila
melanogaster (1). Vertebrate prominins are expressed
in epithelial cells (2, 6) and epithelial-derived cells
such as rod photoreceptor cells (4), as well as in non-
epithelial cells, notably hematopoietic stem cells (6, 7).
Irrespective of the cell type, prominins are concen-
trated in microvilli and other plasma membrane pro-
trusions (2, 4, 6, 8) by a molecular mechanism that
involves a novel cholesterol-based lipid microdomain
(9). Although the physiological role of prominin has not
yet been elucidated, recent studies using morphologi-
cal, biochemical and genetic approaches suggest a role
of prominin in plasma membrane protrusion morpho-
genesis (1, 4, 9).

Recently, after identifying expressed sequence tag
clones corresponding to mMRNA species differentially
expressed in rat skeletal muscle upon high (versus
normal) concentration of blood glucose (10), Zhu and
colleagues (11) have reported the molecular cloning of
one of the corresponding cDNAs. The protein encoded
by this cDNA (11) was proposed to be the rat homo-
logue of mouse prominin (2) and human PROML1 (3).
Surprisingly, due to a single nucleotide deletion that
shifts the reading frame and introduces a premature
stop codon, the rat cDNA isolated by Zhu et al. (11)
predicts a protein that would consist of only 591 amino
acid residues and that would correspond to a C-ter-
minally truncated version of mouse prominin (858
amino acid residues). By comparison with mouse pro-
minin, the predicted rat homologue would lack about
half of the second extracellular loop, the fifth trans-
membrane segment and the cytoplasmic C-terminal
domain (11). However, Zhu et al. (11) did not present
any evidence eliminating the possibility that the
C-terminal truncation is virtual rather than real, being
due to, e.g., a sequencing error, and showing that a
C-terminally truncated prominin indeed exists in vivo.

0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.



Vol. 285, No. 4, 2001

In disagreement with Zhu et al. (11), we report here
the isolation of a rat prominin cDNA devoid of any
nucleotide deletion introducing a premature stop
codon. By immunoblotting, rat prominin, like its mouse
and human orthologues, is shown to be a full-length
120-kDa glycoprotein containing the cytoplasmic
C-terminal domain.

MATERIALS AND METHODS

PCR amplification of rat prominin. To amplify by PCR the com-
plete open reading frame of rat prominin, the gene-specific sense
primer (SDF1; 5-TTACCAGCCAGGAGGCAGAAGATT-3') and anti-
sense primer (SDR1; 5-ACTGTGAACCAGGACCAGTGGCT-3')
were designed based on the published rat cDNA sequence (GenBank
Accession No. AF263368) (11). Rat kidney Marathon-ready cDNA
was used as template (Clontech, Palo Alto, CA; Cat. No. 7472-1). In
addition to the amplification using the gene-specific primers, an
independent PCR was performed using the SDF1 sense primer and
the linker-specific adaptor primer 1 (AP1) supplied with the
Marathon-ready cDNA kit. PCRs were carried out according to the
manufacturer’s instructions using Advantage cDNA Polymerase Mix
(Clontech; Cat. No. 8417-1) for thirty cycles of denaturation (94°C,
30 s) and annealing/extension (68°C, 4 min) in a PTC-200 Peltier
thermal cycler (MJ Research, Waltham, MA).

Cloning and cDNA sequencing. PCR products were subcloned in
the pCR-Blunt Il TOPO vector according to the manufacturer’s in-
structions (Zero Blunt TOPO PCR cloning kit; Invitrogen BV, Gro-
ningen, Netherlands). Purified DNA plasmids were obtained from
TOP10 bacterial cell cultures with a commercially available kit
(Qiagen GmbH, Hilden, Germany; Cat. No. 12163). cDNA inserts
were completely sequenced on both strands using the BigDye Ter-
minator Cycle Sequencing V2.0 kit (Applied Biosystems, Foster City,
CA). Sense (SDF3; 5'-CTACCTGCTCAACGATCA-3') and antisense
(SDR3; 5'-CGAATGTTCTGTGCATCCA-3') primers were used for
sequencing the cDNA region containing the postulated nucleotide
deletion (11). DNA sequence acquisition and the initial analysis were
performed using an ABI PRISM 377 DNA sequencer and the DNA
Sequencing Analysis software version 3.4.1 (Applied Biosystems).
Sequence alignments were performed at the National Center for
Biotechnology Information using the BLAST network services (12).

Protein sequence analysis. The amino acid sequence deduced
from the rat prominin ¢cDNA was compared with its mouse and
human orthologues using the CLUSTAL W program (13) with BLO-
SUM series matrix and a 10.0 penalty for opening up gaps and a 0.05
penalty for gap extensions and manually adjusted according to the
human PROMLL1 gene (4). The putative signal peptide cleavage site
was determined using SignalP V1.1 software (14) at SignalP WWW
Prediction Server, Center for Biological Sequence Analysis (http://
www.cbs.dtu.dk/services/SignalP/index.html).

Membrane preparation. Kidneys from adult Sprague-Dawley
rats were homogenized in buffered sucrose (300 mM sucrose, 5 mM
EDTA, 10 mM Hepes—KOH, pH 7.5, 1 mM PMSF, 2 ug/ml leupeptin,
10 pg/ml aprotinin, 300 mg tissue/5 ml buffer) at 4°C by ten strokes
in a glass-Teflon homogenizer at 3000 rpm, and centrifuged at 1000g
for 10 min. The supernatant was centrifuged at 40,000g for 30 min,
and the membrane pellet resuspended in 1% SDS, 20 mM sodium
phosphate, pH 7.5, and boiled for 2 min. This material, referred to
as solubilized membranes, was then used for deglycosylation and
immunoblotting.

Endoglycosidase digestion and immunoblotting. Proteins (50 ng)
in the solubilized rat kidney membranes were incubated overnight at
37°C in the absence or presence of 1U PNGase F according to the
manufacturer’s instructions (Roche Molecular Biochemicals, Mann-
heim, Germany). Proteins were then analyzed by SDS-PAGE and
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transferred to poly(vinylidene difluoride) membranes (Millipore
Corp., Bedford, MA; pore size 0.45 um) using a semi-dry transfer cell
system (Cti, ldstein, Germany). After transfer, membranes were
incubated overnight at 4°C in blocking buffer (PBS containing 5%
lowfat milk powder and 0.3% Tween 20). Prominin was then detected
using either «E2 antiserum (1/20,000) or «l3 antiserum (1/20,000)
(8) followed by horseradish peroxidase-conjugated secondary anti-
body, all diluted in blocking buffer. Antigen-antibody complexes
were visualized using enhanced chemiluminescence (ECL system,
Amersham Corp.).

RESULTS AND DISCUSSION
Isolation and Characterization of a Rat Prominin cDNA

To isolate, by PCR, a rat prominin cDNA containing
the complete open reading frame, we designed two
oligonucleotide primers, SDF1 and SDR1, based on the
rat nucleotide sequence reported by Zhu et al. (11). The
sequences of the sense (SDF1) and the antisense
(SDR1) primers correspond to nucleotides (nt) 89-112
of the 5'-untranslated region and nt 3514-3536 of the
3’-untranslated region, respectively. Given the high
expression of prominin in adult mouse kidney (2), a
kidney cDNA pool (Marathon-ready) derived from the
same rat strain (Sprague—Dawley) as used by Zhu et al.
(11) was chosen as template. A cDNA fragment of
approximately 3.5 kb was thus amplified and sub-
cloned in the pCR-Blunt 11 TOPO vector. cDNA-inserts
from four independent clones were completely se-
guenced on both strands. To reduce the probability of
PCR errors, an independent PCR with SDF1 and AP1
primers (see Materials and Methods) was performed in
parallel. One of the cDNA clones obtained, containing a
polyadenylation consensus sequence followed by a
poly-A tail (not shown), was completely sequenced on
both strands. The sequence consensus obtained from
the five cDNAs analyzed yielded a 3449 nt long rat
prominin cDNA (GenBank Accession No. AF386758),
which is identical to nucleotides 89-3536 of the rat
cDNA reported by Zhu et al. (11), except for six nucleo-
tides.

The first difference is the substitution of cytosine 713
(11) by a thymine (nt 625 in the present sequence),
which has no consequence for the predicted rat promi-
nin amino acid sequence. Second, thymine 1330 (11) is
changed to cytosine (nt 1242 in the present sequence),
which changes the phenylalanine residue 382 (11) to a
serine, which is also found in the corresponding posi-
tion in mouse prominin (residue 383) and human
PROML1 (residue 391) (see Fig. 3, below). The next
three differences concern the region in rat prominin
that has been referred to as “non—homologous” with
regard to mouse prominin by Zhu et al. (11). The nu-
cleotide sequence reported by these authors (11) lacks
the adenine residue in position 1314 of the present
sequence and contains an additional adenine residue
between nucleotide 1334 and 1335 of the present se-
guence (Fig. 1A, shaded nucleotides marked by aster-
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A
* *
rat prominin G CAGCACCA GGTACATCCACGA AGTCGCTGCCCAGA
(ref. 11) 10l
rat prominin 1313(_3ﬁﬁ«C}f*«GCAACAG TAC AC GTCGCTGCCCAGA
(this study)
mouseprominin 140{5ACAGCAACAG TAC AC G GCTGCCCAAG
B
rat prominin 406A APGTSTKS L PR
(ref. 11)
rat prominin 4060 S NRY|IHE S|L P|R
(this study)
mouse prominin 407N SNRY LNQE|L P[K

FIG. 1. The so-called “nonhomologous” region of rat prominin is, in fact, homologous to mouse prominin. (A) The nucleotide sequence of
rat prominin reported by Zhu et al. (11) (GenBank Accession No. AF263368) was compared, from position 1401 to 1436, to the corresponding
sequences of rat prominin determined in the present study (GenBank Accession No. AF386758) and mouse prominin (GenBank Accession No.
AF026269); numbers refer to the respective sequence deposited in GenBank. Shaded nucleotides represent differences between the rat
sequence reported by Zhu et al. (11) and that reported in the present study. Asterisks indicate the differences causing an apparent frameshift
in the sequence reported by Zhu et al. (11). Nucleotides identical between the present rat prominin sequence and mouse prominin are boxed.
(B) Comparison of the amino acid sequences predicted from the nucleotide sequences shown in (A). Amino acid residues identical between

the present rat prominin sequence and mouse prominin are boxed.

isks). Compared to the present nucleotide sequence,
which predicts, for this region of rat prominin, an
amino acid sequence highly homologous to mouse pro-
minin (Fig. 1B), this adenine deletion/addition results
in reading frame shift over 21 bases, which is respon-
sible for the apparent lack of amino acid sequence
homology in the case of the rat cDNA studied by Zhu et
al. (11). This region of the rat prominin cDNA contains
an additional substitution (cytosine 1407 (11) to ade-
nine 1320 in the present sequence) (Fig. 1A, shaded
nucleotide without asterisk).

The sixth difference between the two rat prominin
nucleotide sequences, but the one with the greatest
consequence for the predicted protein sequence, is in
the region for which Zhu et al. (11) reported a single
nucleotide deletion (i.e., between nt 1958 and 1959)
(Fig. 2A, triangle) shifting the reading frame and in-
troducing a premature stop codon (Fig. 2A, boxed nu-
cleotides). Aside from the fact that the position of the
nucleotide missing from the sequence reported by
these investigators is actually further upstream than
claimed (i.e., in the triple-adenine stretch), we have
found that this adenine stretch consists of four rather
than three nucleotides (Figs. 2A and 2B). Consequently,
no frame shift occurs, and rat prominin is predicted to
be as long as the mouse and human orthologues.

Rat Prominin Is Predicted to be a Pentaspan
Membrane Protein

The present rat prominin cDNA contains an open
reading frame from nt 98 to 2668, which encodes a

putative 857-amino acid protein with a predicted mo-
lecular weight of 96,631. The sequence surrounding
the putative translational start codon meets the Kozak
consensus criteria for initiation of translation (not
shown, see GenBank Accession No. AF386758). The
predicted primary structure of rat prominin shows an
average of 83 and 60% amino acid identity to mouse
prominin and human PROML1, respectively (Fig. 3).
Hydropathy plot analysis of the rat prominin reveals
six hydrophobic segments. The first, N-terminal hydro-
phobic segment most likely corresponds to a signal
peptide (dashed line in Fig. 3). A potential signal pep-
tidase cleavage site is found between Gly-20 and
Gly-21 (Fig. 3). Cleavage at this site would generate an
837-amino acid protein with a predicted molecular
weight of 94,626 and isoelectric point of 6.05. The other
five hydrophobic segments constitute presumptive
transmembrane domains (underlined in Fig. 3). Con-
sequently, rat prominin, like its murine and human
counterparts, would consist of an extracellular N-ter-
minal domain, five transmembrane domains flanking
two short cytoplasmic loops and two large extracellular
loops, and a cytoplasmic C-terminal domain. The six
cysteine residues present in the extracellular loops of
rat prominin are conserved in position (Fig. 3, letters
C), as is the cysteine-rich region at the transition of the
first transmembrane segment and the first cytoplasmic
loop (Fig. 3, asterisks). Rat prominin contains eleven
potential N-glycosylation sites in its extracellular do-
mains (Fig. 3, # symbols). Seven of these are located in
the first loop (N211, N263, N281, N322, N364, N386,
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A

v
rat prominin GAAGGAGTTGG AAAGCTGAATGTGAA
(ref.11) 1943 K E L E S *
rat prominin GAAGGAGTTGGAAAAGCTGAATGTGAA
(this studly) 85 Kk E L E K L N V

TACGGAGTTGGAAAACCTGAATGTGAA

mouse prominin 4,0 T E L E N L N V

B sense primer

GAAGGAGTTGGAAAAGCTGAATGTGAA
1855 1881

antisense primer

T TG AGRANTEI G A G C T T-T T C CARNCHT CCIT-T.C
1881 1855

il

FIG. 2. The rat prominin cDNA does not contain a single nucle-
otide deletion leading to a shift in the reading frame. (A) The nucle-
otide sequence reported by Zhu et al. (11) (GenBank Accession No.
AF263368) was aligned, from position 1943 to 1968, with the corre-
sponding sequences of rat prominin determined in the present study
(GenBank Accession No. AF386758) and mouse prominin (GenBank
Accession No. AF026269); numbers refer to the respective sequence
deposited in GenBank. Deduced amino acids are given in blue letters
underneath the second nucleotide of the corresponding codon. The
triangle indicates the position of the single nucleotide deletion as
claimed by Zhu et al. (11); the postulated premature stop codon (nt
1959-1961) is boxed. The single nucleotide actually missing from the
sequence reported by Zhu et al. (11) is one of the adenines of the
tetra-adenine stretch (the choice of the shaded adenine is arbitrary).
(B) Sequencing runs showing the stretch of four (rather than three)
adenine residues in the rat prominin sequence determined in the
present study. DNA sequencing reactions were performed on both
strands using the SDF3 sense primer (top panel) and the SDR3
antisense primer (bottom panel). Red lines indicate the tetra-
adenine stretch (nt 1866-1869) (top panel) and the tetra-thymine
stretch in the complementary sequence (bottom panel).

N405) and four in the second (N544, N571, N622,
N722); eight of these sites are conserved in position
compared to mouse prominin (Fig. 3).
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Immunological Characterization of Rat Prominin

So far, all conclusions as to whether rat prominin is
C-terminally truncated (11) or full-length (this study)
are based on predictions from cDNA sequences rather
than experimental facts. We therefore characterized
the actual rat prominin protein existing in vivo. Spe-
cifically, adult rat kidney membranes were analyzed by
immunoblotting using the aE2 antiserum (8), which
was raised against the first extracellular loop (amino
acids 183-426) of mouse prominin. This region exhib-
its ~80% amino acid identity to rat prominin. Rat
prominin was detected as immunoreactive band with a
mean apparent molecular mass of ~120 kDa (Fig. 4,
top panel, left lane, bracket). The same result was
obtained (Fig. 4, bottom panel, left lane, bracket) using
another antiserum, referred to as «l3 (8), which recog-
nizes the highly conserved (see Fig. 3) cytoplasmic
C-terminal domain of mouse prominin.

Rat prominin showed a slightly slower electro-
phoretic mobility (120 kDa) (Fig. 4) than prominin
from mouse kidney (115 kDa; (2)) (data not shown).
This presumably reflects the presence of additional
N-glycosylation sites in the rat (as compared to mouse)
prominin (Fig. 3). Upon removal of N-linked glycans by
PNGase F treatment, prominin was detected as a sin-
gle immunoreactive band of ~90 kDa using either the
aE2 (Fig. 4, top panel, right lane, arrow) or «l3 (Fig. 4,
bottom panel, right lane, arrow) antibody. Collectively,
our data show that there is no significant difference in
length between rat prominin and its mouse and human
orthologues, and that rat prominin contains the
C-terminal domain previously shown (for mouse pro-
minin) to be located in the cytoplasm (2). Importantly,
we did not detect, using the «E2 antibody recognizing
the first extracellular loop of prominin, any immuno-
reactivity band in the 90 kDa range without, and in the
65 kDa range with, PNGase F treatment, as would be
expected if rat prominin were C-terminally truncated
as claimed by Zhu et al. (11).

Conclusions

In conclusion, our results show that rat prominin is
a ~120 kDa glycoprotein (=90 kDa after N-deglyco-
sylation) containing the cytoplasmic C-terminal do-
main. These data are inconsistent with the claim of
Zhu et al. (11) that rat prominin, in contrast to its
mouse and human orthologues, should not be a penta-
span membrane protein but be C-terminally truncated,
lacking about half of the second extracellular loop, the
fiftth transmembrane segment and the cytoplasmic
C-terminal domain. It should be emphasized that Zhu
et al. (11), in contrast to the present study, did not
provide any protein data on endogenously expressed
rat prominin. Hence, the only discrepancy to be ex-
plained concerns the difference between the previous
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FIG. 3. Comparison of the amino acid sequence of rodent prominin and human PROML1. The rat prominin sequence determined in the
present study (GenBank Accession No. AF386758) (r, top) was aligned with mouse prominin (GenBank Accession No. AF026269) (m, middle)
and human PROML1 (GenBank Accession No. AF027208) (h, bottom). Shaded boxes, identical amino acid residues; dashed line, putative
signal peptide; solid lines, predicted membrane-spanning segments; asterisk stretch, cysteine-rich region; C, conserved cysteine residues in
the extracellular domains; #, potential N-glycosylation sites in rat prominin.

(11) and present rat prominin nucleotide sequence. The
single nucleotide (adenine) deletion (Fig. 2A) present
in the previously reported sequence (11) may reflect a
cloning artifact or sequencing error. Clearly, this dele-
tion is not a feature generally found in rats, as we have
detected a ~120 kDa protein using the «l3 antibody in
immunoblots of kidney membranes from Wistar rats
(data not shown), nor is it specific for Sprague—Dawley
rats, which were used by Zhu et al. (11), but also in the
present study. Indeed, given that prominin's mem-
brane topology is conserved throughout the animal

kingdom (1), why should rats be different and express a
C-terminally truncated form of prominin that, extrapo-
lating from previous data (4), would not exhibit its char-
acteristic location in plasma membrane protrusions?
Though unlikely, a point mutation in the genome of
the individual rats from which the DNA analyzed by
Zhu et al. (11) originated, cannot be ruled out at this
stage. However, we feel that the claim of a “C-terminal
truncated rat homologue of mouse prominin” (11)
should be abandoned unless evidence is provided for
the in vivo existence of such a protein. Even if such a
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FIG. 4. Rat prominin is a full-length ~120 kDa glycoprotein.
Proteins (50 pg) solubilized from adult kidney membranes were
incubated in the absence (—) or presence (+) of 1 U PNGase F and
analyzed by immunoblotting using either «aE2 antiserum (top panel)
or «l3 antiserum (bottom panel). Brackets, ~120 kDa form of rat
prominin; arrows, N-deglycosylated ~90 kDa form of rat prominin;
asterisks, PNGase F-insensitive, nonspecific immunoreactive band.
The position of prestained apparent molecular mass markers (in
kDa) is indicated on the left.

protein were shown to exist, it should be referred to as
prominin,_se, rather than called by the new name “fu-
denine,” which bears a (perhaps coincidental) resem-
blance to the first name of the last author of the Zhu et
al. paper (11).
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