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ABSTRACT A cDNA coding for human liver NADH-
cytochrome b5 reductase (cytochrome b5 reductase, EC 1.6.2.2)
was cloned from a human liver cDNA library constructed in
phage Agtll. The library was screened by using an affinity-
purified rabbit antibody against NADH-cytochrome b5 reduc-
tase of human erythrocytes. A cDNA about 1.3 kilobase pairs
long was isolated. By using the cDNA as a probe, another cDNA
(pb5Rl41) of 1817 base pairs was isolated that hybridized with
a synthetic oligonucleotide encoding Pro-Asp-lle-Lys-Tyr-Pro,
derived from the amino acid sequence at the amino-terminal
region of the enzyme from human erythrocytes. Furthermore,
by using the pb5Rl41 as a probe, cDNA clones having more 5'
sequence were isolated from a human placenta cDNA library.
The amino acid sequences deduced from the nucleotide se-
quences of these cDNA clones overlapped each other and
consisted of a sequence that completely coincides with that of
human erythrocytes and a sequence of 19 amino acid residues
extended at the amino-terminal side. The latter sequence
closely resembles that of the membrane-binding domain of
steer liver microsomal enzyme.

NADH-cytochrome b5 reductase (b5R; cytochrome b5 reduc-
tase, EC 1.6.2.2) is localized mainly on the cytoplasmic side
of the endoplasmic reticulum of somatic cells and functions
in the desaturation and elongation of fatty acids (1, 2),
cholesterol biosynthesis (3), and drug metabolism (4). The
enzyme also exists in circulating erythrocytes, in which the
enzyme is found in a soluble form, and its role is
methemoglobin reduction (5). The deficiency ofb5R in human
erythrocytes and somatic cells is known to occur in heredi-
tary methemoglobinemia. Mainly two types of enzyme defi-
ciency are known; erythrocyte type (type I), in which the
enzyme is deficient only in erythrocytes with a mild cyanosis,
and generalized type (type II), in which the enzyme is
deficient not only in erythrocytes but also in somatic cells.
Type II is a severe form accompanied with mental retardation
and neurologic impairment (6, 7).

Previously we had developed a simple purification method
for b5R from erythrocytes (8) and determined the complete
amino acid sequence of the enzyme purified from human
erythrocytes (9, 10). These developments allowed us to begin
the study on the genetic basis of the enzyme deficiency in this
disease. As the first step of the study, we attempted to isolate
a cDNA clone of membrane-bound type b5R to determine the
structural relationship between erythrocyte and membrane-
bound type enzymes. In this paper, cloning and sequence
analysis of b5R cDNAs are presented. The results show that
the amino acid sequence (294 residues) deduced from the
nucleotide sequence of the cDNAs contains a sequence that

completely coincides with that (275 residues) of b5R from
human erythrocytes and an extended sequence of 19 amino
acid residues at the amino-terminal side. We are thus able to
show that the amino acid sequence ofhuman erythrocyte b5R
completely coincides with that of the catalytic domain of
membrane-bound type b5R of human somatic cells.

MATERIALS AND METHODS

Peroxidase-conjugated sheep antiserum against rabbit IgG
was purchased from Cappel Laboratories (Cochranville,
PA). Restriction endonucleases were obtained from Takara
Shuzo (Kyoto, Japan) and also from Nippon Gene (Toyama,
Japan). Nitrocellulose filters (0.45 ,um) were a product of
Schleicher & Schull. The human liver cDNA library con-
structed in phage Xgt1l (11) was a kind gift from Savio L. C.
Woo (Howard Hughes Medical Institute, Houston, TX). The
human placenta cDNA library in Xgtll (22), constructed by
using the random primer method, was kindly provided by Y.
Ebina (Kumamoto University). Sequencing primers of the
pUC series were obtained from Pharmacia P-L Biochemicals.
Specific sequencing primers of 16- or 17-mers and oligonu-
cleotide probes deduced from the amino acid sequence ofb5R
of human erythrocytes were synthesized by an automatic
DNA synthesizer (Applied Biosystems, model 380A) and
purified by reversed-phase high-performance liquid chroma-
tography.
Human erythrocyte b5R was purified as described (8-10).
Affinity-Purified Anti-bsR. Rabbit antiserum against b5R of

human erythrocytes was obtained after subcutaneous injec-
tion of the enzyme. The antiserum was purified by fraction-
ation with ammonium sulfate and by chromatography on a
column of DEAE-cellulose/CM-cellulose as described by
Palacios et al. (12). The partially purified antibody was
purified further by immunoaffinity chromatography on a
column of b5R-conjugated CH-Sepharose 4B. The affinity-
purified antibody could detect 1 ng of b5R at a concentration
of 1 ,g/ml by blotting analysis (13).

Screening of cDNA Libraries. Screening of a Agtll human
liver cDNA library was performed by using the method of
Young and Davis (14) using an affinity-purified antibody
against b5R of human erythrocytes, with the following mod-
ifications. An overnight culture of Escherichia coli strain
Y1090 was infected with -2 x 105 recombinant bacterio-
phage Xgtll particles per plate. Induction of fusion proteins
in Xgtll by an isopropyl f3-D-thiogalactoside-treated filter
was carried out at 37°C overnight (instead of 2-8 hr).
Blocking solution used in this study consisted of TBS buffer
(50 mM Tris HCl, pH 8.0/150 mM NaCl), 3% bovine serum
albumin, and 0.1% merthiolate (instead of 20% fetal calf
serum). Detection of the antibody immobilized on the filter
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was performed by the reaction with peroxidase-conjugated
sheep anti-rabbit IgG (instead of "25I-labeled protein A). The
antibody on the filter was incubated with the secondary
antibody at room temperature for 2 hr, and color develop-
ment by the peroxidase was detected by using the method of
Hawkes et al. (13). Plaques corresponding to purple spots
were picked up from the agar plates with a sterile toothpick.
Successive rescreenings were carried out to purify the phage
containing the cDNA of b5R.

Screening of cDNA libraries using DNA probes was
carried out by the plaque hybridization method (15).

Preparation of Insert DNA. Recombinant phage were
grown in a large-scale liquid culture, and phage DNA was
prepared as described by Maniatis et al. (16) with modifica-
tions. Recombinant phage DNA was digested by EcoRI, and
the insert DNA was separated by gel electrophoresis and
electroeluted into a dialysis bag (17).

Blot Hybridization with Oligonucleotide Probes. Oligonu-
cleotides were synthesized based on the amino acid sequence
ofb5R ofhuman erythrocytes as described above and labeled
at the 5'-OH end with [y-32P]ATP (2000-5000 Ci/mmol; 1 Ci
= 37 GBq) and T4 polynucleotide kinase (15). DNA filters
were prepared as described by Maniatis et al. (16). Hybrid-
ization was carried out in 6x concentrated NET buffer (1 x
NET = 0.15 M NaCl/0.015 M TrisHCl, pH 7.5/1 mM
EDTA), 1Ox concentrated Denhardt's solution (lx Den-
hardt's solution = 0.02% Ficoll/0.02% polyvinylpyrrolidone/
0.02% bovine serum albumin), 0.1% sodium lauryl sulfate,
0.1% Na4P207, 20 ug of yeast tRNA per ml, 2 ug of ATP per
ml, and 32P-labeled oligonucleotide (1 ng) at room tempera-
ture for 16-20 hr. The filter was washed twice with 0.9 M
NaCl/0.09 M sodium citrate at 37°C for several minutes.

Subcloning and DNA Sequencing Analysis. The insert DNA
was digested with restriction enzymes, and the DNA frag-
ments were subcloned into pUC13 at appropriate restriction
sites. The nucleotide sequence of the recombinant plasmids
was determined by the modified dideoxy method using a
denatured template as a template (18).

RESULTS
Isolation ofcDNA Clones for Human Liver b5R. The human

liver cDNA library in Xgtll phage was screened by the
polyclonal affinity-purified antibody against b5R of human
erythrocytes. The total of 28 positive pinhole-like spots was
selected from -1.8 x 101 plaques of Xgtll library at the first
screening, and among these spots only 3 clones were positive
at the third successive replating. The isolated plaques that
showed a strong positive signal after the third successive
replating by the antibody are shown in Fig. 1. However, only
one of the three clones was found to be positive by the blot
hybridization analysis with an oligonucleotide probe (17-mer)
encoding Glu-Ala-Trp-Asp-Tyr-Gly (Fig. 2), synthesized
based on the amino acid sequence at the C-terminal region of
b5R ofhuman erythrocytes (9, 10). The size ofthe insertDNA
was estimated by EcoRI digestion and subsequent electro-
phoresis on agarose gel to be about 1.3 kilobase pairs (kbp)
long. Sequence analysis of the clone showed that the cDNA
had an open reading frame about 300 base pairs (bp) long
encoding only 100 amino acid residues at the C-terminal
region of human b5R (data not shown). The size of the 3'
noncoding region was found to be about 1 kbp long. To isolate
a clone carrying a longer cDNA, the Xgtll human liver cDNA
library was rescreened by the plaque hybridization method
(16) using the 1.3-kbp cDNA as a probe. A total of 36 positive
clones was selected from 2 x 106 plaques by this rescreening,
and 3 clones were positive by blot hybridization analysis with
probe 1 encoding the amino acid sequence from position 13
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FIG. 1. Positive signals on a nitrocellulose filter of Xgtll human
liver cDNA library screened with affinity-purified anti-b5R. The
arrows indicate strongly positive plaques obtained by the third
successive replating.

to position 18 (Fig. 2). The size of the insert DNA was about
1.8 kbp long. Nucleotide sequence analysis of the 5' region of
one ofthese clones (pb5R141) showed that the cDNA was not
full size and that the amino acid sequence encoded by the first
24 bp following the EcoRI site was completely different from
that of the N-terminal region of the erythrocyte-type b5R (as
discussed below, this may be due to an artifact of the cDNA
cloning process).

Further attempts were made to obtain a cDNA clone
covering more 5' portion of b5R mRNA. For screening, we
employed a human placenta cDNA library that was con-
structed by using a mixture of oligonucleotides as primes.
Several cDNA clones were obtained, and the one having the
longest 5' region (pb5R-P, see Fig. 3) was further analyzed.

Restriction Map and Nucleotide Sequence of the cDNA
Clones. The cDNAs (pb5R141 and pb5R-P) were cleaved with
combinations of various restriction endonucleases, and the
restriction maps were constructed (Fig. 3). The appropriate
restriction fragments were subcloned into pUC13 and the
nucleotide sequence was determined by the strategy shown
in Fig. 3. The nucleotide sequences of these clones over-
lapped each other (except the first 24 bp following the EcoRI
site ofpb5R141), and the results are summarized in Fig. 4. The
deduced amino acid sequence is also shown in Fig. 4. The
total size of the cDNA sequence was 1879 bp long, and it
contained a coding region of 882 bp for 294 amino acid
residues, termination codon, 3' noncoding region with 985
bp, and poly(A) tail. The deduced amino acid sequence (275
amino acid residues) starting from the 66th nucleotide com-
pletely coincided with the sequence determined on the
enzyme from human erythrocytes (9, 10). The cDNA also
encoded a sequence of 19 amino acid residues extended at the
amino-terminal side. The extended sequence is probably a
portion of the membrane-binding domain, because the se-
quence is closely similar to that of the membrane-binding
domain of steer liver b5R (19) (Fig. 4).

DISCUSSION
In this study we screened the human liver expression cDNA
library by using the affinity-purified antibody against b5R of
human erythrocytes and isolated a clone carrying b5R cDNA
of 1.3 kbp. By rescreening the same cDNA library with
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13 14 15 16 17 18
: Pro-Asp-Ile-Lys-Tyr-Pro

: 5' CCU-GAU-AUU-AAA-UAU-CCU 3'
C C C G C C
A A A

G

: 3' GGA-CTA-TAA-TTT-ATA-GG 5'
G G G C G
T T
C

218 219 220 221 222 223
Glu-Ala-Trp-Asp-Tyr-Gly

5' GAA-GCU-UGG-GAU-UAU-GGU 3'
G C C C C

A
G

A
G

3' CTT-CGA--ACC-CTA-ATA-CC 5'
C G G G

T
C

FIG. 2. Synthetic oligonucleotide probes. Probe 1 consisted of 96 different 17-mers corresponding to the amino acid sequence from position
13 to position 18, and probe 2 consisted of 32 different 17-mers corresponding to the amino acid sequence from position 218 to position 223 of
b5R of human erythrocytes (9, 10).

labeled 1.3-kbp b5R cDNA as a probe, we isolated a cDNA
clone 1.8 kbp long, designated pb5R141. Sequence analysis
revealed that pb5R141 is definitely a cDNA clone of b5R,
although the amino acid sequence of the first eight residues
deduced from the nucleotide sequence was unusual. A
further attempt was made to isolate cDNA clones carrying
more 5' sequence of b5R cDNA by screening a placenta
cDNA library. Finally, we obtained cDNA clones covering
1879 bp.
The amount of b5R in human liver would appear to be very

low. We obtained one clone (including short clones) per 105
plaques after taking account of the orientation and fusion
frame for insertion. Okada and Omura (20) found <0.01% of
the enzyme, on a protein basis, in rat liver. If rat and human
liver are in the same range, their value would suggest that we

should find less than one clone per 104 colonies on the phage
plaques of the cDNA library.

It is interesting and surprising that the amino acid sequence
of somatic cell type b5R deduced from the nucleotide se-
quence of the cDNA completely coincided with that of b5R
ofhuman erythrocytes (9, 10). Thus, human somatic cell type
b5R has the hydrophilic catalytic domain identical to b5R of
erythrocytes, and it is conceivable that both types of en-
zymes are coded by the same gene at least in part. The
sequence of the first 19 amino acid residues was found to be
closely similar to that of the membrane-binding domain of
steer liver b5R (19). These results provide strong support for
the hypothesis of Hultquist et al. (21), who proposed that
cytochrome b5 and b5R bound on the membrane of the
endoplasmic reticulum in erythroid cells are solubilized by
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FIG. 3. Restriction map and strategy for sequence determination of cDNAs. The restriction map was constructed by digestion of the DNA
with combinations of restriction enzymes as indicated. The arrows indicate the direction and extent of nucleotide sequence determination by
the dideoxy method of Hattori and Sakaki (18). The boxes show the coding region.
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pb 31-P a A CC CTG, OGC CAT ATGOT7 CTC TTC &A TC TOG TTC CTG TAC AGT CTG CiT ATG6LAG MCTCCiAG CCC TCC ACG, CCA GCC ATC CC
Hi0b Rs LouGly His Not ValLou he Pro ValTrp Ph* Lou yr Ser LouLouNot Lys LouPhe Gln Arg Ser Thr Pro Ala1e1.Thr

H1 b R: A
S.L b R - - Val- Ser - Lou - - - - Ile- - Gln Arg Her Thr Pro Ala Ile Thr

12Q 1 5 QRA
pb R-P: CTCGGCCAGCCCGGAC ATC AAG TAC CCG CTGCCGGCTCATC GACCOGGAGATC ATC AGC AT GACACC CGGCCGC TTCCGCTTTGCC CCTC
H1f b R1 Losu Glu Ser Pro Amp Ile Lys Tyr Pro Leu Arg Leu Ile Asp Arg Glu Ile Ile Ser His. Amp Thr Arg Arg Ph. Arg Ph. Al. Lou Pro
pbi121: CTC, GAG GCM AC ATCAMG DSCrG CTCCGOGCTC ATC ACOGGGAG ATC ATC AGCCATGAC ACC CGGCGC TTC CGCTTTGCCCCGCOG
R b R1: Lou Clu Ser Pro Ampnti Lys TIyr Pro Lou Arg Lou Ile Amp Arg Glu Ile Ile Ser His Amp Thr Arg Arg Ph. Arg Ph. Ala Lou Pro

S.L~b R - Ann-Lys - Val-

21Q 24.9 279
pb 31-P TCA CCC CAG CAC ATC CTG CCC CTC CCT 6TC GGC GAG CAC ATC TAC CTC TCG CC? CGA AT? CAT GGA AAC CTG, GTC GTC CGC CCC TAT ACA
H~fb ft Ser ProGln HismIle Lou ly Lou Pro ValGly ln Hits l1eTyr Lou SerAlaArg IleAsp ly AmnLou ValValArg Pro Tyr Thr
pb R111; CCA CCC CAG CAC ATC CTC GGC CTC CCT GTC GCC CAG CAC ATC TAC CTC TCG GCC CCA AT? CAT CCA AAC CTG GTC CC CCC CCC TAT ACA
H E b5R: Ser r~ni~ee~yProGnHsn o o ro Val ly Gln Hismle Tyr LouSer Ala Argne Aspiy AnnLou ValVal Arg Pro Tyr Tkr
SLb A: Glu-Ile

.5.
309 330 360

pb RP CCA ATC TCCAGCCGAT GAT GACGAAGCGGC TCTCGGGACCTGCGTC ATC AAGCTTTAC TTC1ACGAGACGCCCAT CCCMAG TTT CCCGCT GGA 6C
. P. b; It Pro Ile Ser Her Asp Amp Amp Lye Cly Ph. Val Asp Lou Val flo Lys Val Tyr Ph. Lys Amp Thr Hie Pro Lye Ph. Pro Ala Cly Cly

pb R121,: CCA ATC 7CC AGCG AT CAT GAG AAG GGC TTCGCTG CAC CTG GTC ATC MAG CT? TAG TTC MAG GAG AGG CA? CCC AAG T?? CCC CC? CCA CCG
H bb R: Pro flo Ser Ser Amp Amp Amp Lye Gly Ph. Val Amp Lou Va.1 I. Lys Va1 Tyr Ph. Lys Asp Thr His Pro Lys Ph. Pro Ala Cly Gly
S.L~b R: -Val-

399 4.20 4.50
pb R-P AAG AMTC7TCA TACGC GCAG AGCATGCAL ATTCGA GAQ ACCGA7TTAG TTCCCCG C CCAGT GGGCTGCTGGC7CTAC CAG GCC AAA 6GG
H~fb R- Lys Met Ser ln Tyr Lou Glu Ser MetGln IleGlyAsp Thr Ilelu Phe Arg ly Pro Ser ly Lou Lou ValTyr Gln lyLys Gly
pb Ri 11 MAAAMTCTOTCAG TAGCCGGAGAGCCAMGAG ATTCAGA GAGGCCATT GAG TTGGCGGCGGC CGCACTGTCCCTGCCTG CTAC CAGGCAGACGG
Hl : LysMet Ser G~nTyr LauGluSerMetGlnIe Gly AspThr Il oClu PbeArgGly ProSer Gly Lou LouVa~lTyrGln ly LysGly

S.L~bR:GlAn

4.80 519 54.0
pb R-P: MAGTTCGCGATGCGA CCT GAGWMAAG CGMGCGCTATATC AGGAGGACAQTGMAGTCT GTGGGCAMGATCGCCGC GACGGGACAGCCGATG IGG
H~~- Lys PheAla IleArg Pro AspLys LyeserAennPro noIeArg Thr ValLyser Val Gly Met neAlaGly ly ThrGly Ie Thr

pb R121": AA TTCG CCC ATG CGA CC? GAG AMA MG 7GG MGC CC? ATG ATG AGG AGA CTC MAG TCT CTC CCC AMC ATCGCCC GGA CCCG AGA GCG ATG AGG
H. 5: Lye Ph. Al. In. Arg Pro Asp Lye Lye Ser A,9n Pro n.e no Arg 7hr Val Lye Ser Va1 Cly met ne Al. Cly Cly 7kw Cly ne 7kw

S.L~bR- Ser- - Asp - Va1 -Lye-

.570 600 630
pb R-P GCCOAM ?CACTGC GAT GC GCCCGATC ATGMGAC CCT GAT GAGCAGACTGT0G TGAC C CMCTCTTT OCGMGACAG AGGGAG AAG&AC
H~fb R Pro MetLou G3n'Vl.1IeoArg AlaIleMet ~ysAspProAsp Asp HisThr ValCrs His Lou LouPhe A1.Amnnln Th lu Lys Asp
pb R1~1:, CCG AM CTCCAGCCTCATC CCGCCGGATGATMCAGGAGCCTGAT GAGCAC ACTCGMTGC CAC CTCCTC TTT CCACMCCAC'ACC GAGMAG GAC
H. .b R: Pro MetLou ln Va.InloArgLa ne MetLys Asp Pro Asp Asp HismThrValys HisLou LouPheoAla Asn ln Thr GluLys'Asp

.5
660 690 720

pb R-P: ATC CTCCTGCGA CCTGACCTG GAG GAA CTGAGGMGACAAA CATGTCGCAGCGCTTICMAG&IGCTOG TAG AGGCTCGAC LA?
HBfb R Ile Lou LouArg ProGluLeu Glu lu Lou Arg AnnLys HismSer AlaArg PheLysLou TrpTyr ThrLou Asp
pb R 1 :, ATCGCTG CTGCGA CCT GAGGTGGAG GAACTGACGMGAMGAL ATTCTCACGCGTTCMAG CTGTOCTAGACG CTGGAC ACACCCGCCTGAAGCC
H 1R IeLeu Lou Arg Pro Glu Leu luGlu Lou Arg Asn LyslHis SerAla ArgPhe LysLouTrp Tyr Th Leu AspArg AlaProClu Ala

-.~5:AspGlu.Vol - Lys - - -

750 780 819
pbR141: TGGGAGTAC GCCCAGGCTGC GCTGMAT UGGAG AMGATCCGG AGCAGGCTTCCA CCC6CA GAGCGAGGAG CCCCTG GTG CTGAM 'MT G

.E.bR: Trp Asp Tyr Gly Clh Gly Ph. Val Ann Clu Glu Me't ne Arg Amp His Lou Pro Pro Pro G'lu Glu Clu Pro Lou Val Lou Met Gym Cly
.5
pb3111.1GG CGA CC AC AC GG TAG CCC 81.0 870 9,GCC0GC
AR11:CC CA CC AT AT CAGTACGCTOGC TT CCC MAC GTG GAG AGAGCTC CACGA CCC 1CC GAG CCC TOG TTCGCTC TTC TAGA GC6C

Hib R: Pro Pro ProMet neGln Tyr Ala.ys LouProAnn Lou AmpHismVol lyHs Pro Thr Glu Arg Cys PheV4 Phe0
S.L~bR: Arg - - -Lys Ala -

5
959 1000

CCGGTCAGACGGCCCACCGCC CGCGGGGAGG GGAGGGGGTG TTCAcCGTCA GCAGCTCAGG TCGGGAGATCG CCAGATGGG GCCGGGGGTT CAGGGT6CCC TOGCGTGCTCG
1059 1109

CTGCTGA.TC ACCGGTCCTCA GCAGTTCGGC T`GGAGGGGGT TCGGGAGCGA GCTGTGCTC¶CGAGAATOGCCG ACGGCTGTAGC GTTCGAAGTA CTCTCTGGGT GCGACTTACT
1159 1200

GGTGCTTAGG AGACACGGGG AGGGGGATCG CTGTCGTGAT GAGGGGTGCT CCAGGGGGGA CAGAGACTAT MAGGCTGAGQ CCGGGACGA CGGCTCGTCTG GCCACCA??C
1250 1309

CCOGCCGGTGG AGGATA&TGG GGATGTGAGC AGAGAGAGAT CGAGCGGGCA MAGCTGCAGG TCGGAGGCCG CAGCGQAGCC ACGCCTGTCA CCGGGAGTGG CCGGTGAGGG
1350 11.09 14.50

GGAGGC6GAG CGGTGAGGAG CTGACGGTGC ATAGAGACTT GAGAGCGACA AGGGGTCTTG GGGGGACTGC TCCCTACGCC AGGCCGTGGTGCCGAGGGGCA GCTTGo TCT
1500 1559

GGTCTGGCTA GAGTGGGAAG AGGGGGCTGG GGATGGGGCC CTCCCA6AAC CTCAGCATTT GCTTGCAGGC CATGGAMACA CGTAGCGACG CTTGCGGGAAC CCGGAGCTGG
1600 1659

GGGCCTTGGCA CGGGACTGGA CCGCCTGAGG GTTTTGC&CT CGGTGCCTGG GCCGAGATGG CTGATGGCAG MACTGGGAGA AGGAGATGTA TTTATTGCTC TGTCGTMAAG
1709 1759

GTCTGGGTGG TTGCGTGACG CCGAGGAGAG GCGGGATTCTG AGCGCTOGGT CTTGCTGAG GGAGATATGA CTGAGGTCCA CGTTGCCTTT ACACTACGAT TGTOTTAGGC
1809 185Q

TGTTGCGTAT TrGGGTTTTTC AGAGTCATTT ATGAGGAGAA MAAAAAAAAG TAAMACTTTG CTTAATTM AAAAAAAAAA AMAAAAMCAG

FIG. 4. Nucleotide sequence of pb5R141 and pb5R-P and amino acid sequence deduced from the cDNAs. EcoPJ sites that were introduced
for cDNA cloning are boxed. Regions for probes 1 and 2 are indicated by solid underlines. For comparison, the amino acid sequence of b5R
from steer liver microsomes (S.L.b5R) (19) is shown by indicating the only residues different from those of human liver or placenta. The arrows
indicate the N and C termini of human erythrocyte b5R (9, 10) (275 residues). The wavy line shows an unusual sequence of pb5R141 that may
be introduced by an artifact of cDNA cloning (see text). H.L., human liver; H.P., human placenta.

the action of some protease, such as cathepsin D, during the In this study the full-size cDNA of b5R was not obtained.
maturation of erythroid cells. Curiously, two independent cDNA clones obtained from the
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placenta cDNA library terminated at almost identical 5'
positions (data not shown) for unknown reasons.
The genetic basis of methemoglobinemia is not well un-

derstood. Assuming that soluble b5R of the erythrocyte type
can be derived from the enzyme with the membrane-binding
domain in somatic cells, the abnormality or deficiency of
such processing enzyme(s) in erythroid cells may lead to the
disappearance of soluble b5R in erythroid cells and conse-
quently cause type I methemoglobinemia. Alternatively, type
I methemoglobinemia may be caused by a mutation ofthe b5R
gene itself, leading to production of an unstable protein. On
the other hand, type II methemoglobinemia may be caused by
a mutation in the b5R gene, because enzyme activity of
erythrocyte-type and somatic cell-type b5R are both absent in
this disease. The b5R cDNA isolated in this study should lead
to a means of identification of the mutation responsible for
the disease and to an understanding of the process leading to
the disease at the molecular level.
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