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The human erythrocyte 2,3-bisphosphoglycerate mutase
(BPGM) is a multifunctional enzyme which controls the
metabolism of 2,3-diphosphoglycerate, the main allosteric
effector of haemoglobin. Several cDNA banks were construct-
ed from reticulocyte mRNA, either by conventional cloning
methods in pBR322 and screening with specific mixed oligo-
nucleotide probes, or in the expression vector Xgt 11. The
largest cDNA isolated contained 1673 bases [plus the poly(A)
tail], which is slightly smaller than the size of the intact mRNA
as estimated by Northern blot analysis (- 1800 bases). This
cDNA encodes for a protein of 258 residues; the protein
yielded 34 tryptic peptides which were subsequently isolated
by h.p.l.c. Our nucleotide sequence data were entirely con-
firmed by the amino acid composition of these tryptic pep-
tides and reveal several major differences from the published
sequence; the revised amino acid sequence of human BPGM
is presented. These findings represent the first step in the
study of the expression and regulation of this enzyme as a
specific marker of the erythroid cell line.
Key words: cell differentiation/2,3-bisphosphoglycerate mutase/
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combinant DNA

Introduction
In human and in several other animal species, the functional
properties of haemoglobin are regulated within red blood cells
by organic phosphates. Such regulation in mammals is effected
through 2,3-diphosphoglycerate (2,3-DPG) (Benesch and Ben-
esch, 1967; Benesch et al., 1968), a small molecule present at
high concentration inside red blood cells, which binds to the
deoxy form of haemoglobin (Benesch et al., 1968) and decreases
its oxygen affinity. Therefore 2,3-DPG acts as the key mechanism
in facilitating the supply of oxygen to the tissues (for review,
see Bunn and Forget, 1986).
Rapoport and Luebering (1950) first described the molecular

pathways in red blood cells which lead to the synthesis of 2,3-
DPG and its degradation. Originally, it was speculated that both
reactions were catalysed by two different enzymes, diphospho-
glycerate mutase, which synthesizes 2,3-DPG, and diphospho-
glycerate phosphatase which catalyses its degradation.

Since then, it has been shown that, in man, the two enzymatic
activities were related to the same multifunctional protein (Rosa

et al., 1973, 1975; Sasaki et al., 1975; Rose and Dube, 1976)
initially called 2,3-diphosphoglycerate mutase or bisphosphogly-
cerate synthase and later named 2,3-bisphosphoglycerate mutase
(BPGM) (EC 2.7.5.4) according to the official nomenclature.
In addition, this enzyme displays a third activity identical to that
of another glycolytic enzyme, i.e. phosphoglycerate mutase
(PGM) (EC 2.7.5.3). In the red cells nevertheless, the major por-
tion of PGM activity is expressed by PGM, a protein genetically
distinct from BPGM but structurally related to it (Fothergill-
Gilmore, 1986).
The same multifunctional enzyme has been described in the

red blood cells of different species (Rosa et al., 1973), including
the rabbit (Narita, 1979), horse (Rose and Dube, 1976) and pig
(Sasaki et al., 1976).

In contrast with red blood cells, only minute amounts of 2,3-
DPG were detected in other tissues, where it acts as a co-factor
to PGM. Moreover, attempts to detect any BPGM activity in
human tissues other than red blood cells have failed. BPGM
appears therefore to be a specific marker of differentiation in
this human erythroid cell line.
The levels of 2,3-DPG and ofBPGM enzyme activity increase

during the maturation of erythroid precursor cells in rabbit mar-
row (Narita et al., 1980), in murine Friend cells (Narita et al.,
1981) and in human K562 cells (Wu et al., 1982), indicating
that BPGM is induced during the late stages of differentiation.
More recently it was shown by in vitro translation in rabbit
reticulocyte lysate and specific immunoprecipitation that BPGM
mRNA was present in human reticulocytes and foetal liver but
was absent in adult liver (Dubart et al., 1984).

In this paper, we report the molecular cloning of human ery-
throcyte BPGM cDNA and the deduced BPGM amino acid se-
quence. The sequence of our BPGM cDNA clones, as well as
the amino acid compositions of tryptic peptides of the purified
protein, revealed several differences with the protein sequence
published earlier (Haggarty et al., 1983). This work is the first
step in the study of the expression and regulation of this enzyme
as a specific marker of the erythroid cell line.

Results

Isolation of human erythrocyte BPGM. Preparation of specific
polyclonal antibodies
BPGM was isolated from normal human red blood cells accord-
ing to the procedure previously described (Rosa et al., 1983).
This procedure, which involves several successive chromato-
graphic steps, is probably more tedious than other more rapid
procedures (Haggarty et al., 1983), but in our hands it has given
a protein of higher purity, with two identical chains of mol. wt
30 000 daltons as estimated by SDS -polyacrylamide gel electro-
phoresis. Monospecific polyclonal antibodies against purified
human BPGM were raised in adult rabbits as previously described
(Dubart et al., 1984) and purified by affinity chromatography.
These antibodies did not show any cross-reaction with PGM.
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Fig. 1. Strategy for the sequencing of the human BPGM. The top line represents the mRNA, including the 5'- and 3'-untranslated regions and the poly(A)
tail. The coding region is indicated as a black box. The partial restriction map was deduced from our sequence data. The open boxes indicate the EcoRI
linker sequences used for cloning in Xgt 11 phage vector. Two short cDNA inserts in pBR322 (pE10 and pJ9) were sequenced by the chemical method of
Maxam and Gilbert (1980). All the Xgt 11 recombinant clones (XA1, XB1, XF1, XD1, XA4 and XE3) were sequenced after subcloning in phage M13 (Messing
and Vieira, 1982) by the method of Sanger et al. (1977). Overlapping clones for long fragments were obtained by the method described by Dale et al. (1985)
with slight modification. The arrows indicate the direction and the extent of the sequence obtained for each individual clone. The solid lines indicate one
strand of the DNA corresponding to the coding strand in the mRNA; the dotted lines indicate the other strand.

Isolation andfractionation ofhuman reticulocyte BPGM mRNA
Adult reticulocytes, whose mRNAs contain 10-4% of translat-
able BPGM mRNA (Dubart et al., 1984) was used as the most
convenient source of material.
Blood containing 20% reticulocytes was withdrawn during ex-

change transfusion from a female patient carrying a sickle cell
disease. Previous studies had shown that her red blood cell 2,3-
DPG and BPGM activity were high, as is usual in sickle cell
disease, and that the electrophoretic mobility of the enzyme was
similar to that of a control.

After preparation of total poly(A) + RNA and its fractionation
on a sucrose gradient, the presence of BPGM mRNA was check-
ed by cell-free translation of the contents of each fraction and
immunoprecipitation. The fractions containing BPGM mRNA
(corresponding to a 12S coefficient) were pooled, ethanol pre-
cipitated and used as starting material for cloning. Assay of the
radioactivity incorporated in the newly synthesized proteins
showed that high mol. wt mRNAs were enriched, and more spe-
cifically that the BPGM mRNA was enriched 10-20 times, but
that the fractions still contained 50% globin mRNAs.
Construction of human reticulocyte libraries
Two different cDNA libraries were constructed using the 12S
fractions of poly(A)+ reticulocyte RNA.
The first one (bank no. 1) was prepared by conventional

methods using GC tailing at the Psti site of plasmid pBR322.
Recombinants obtained from bank no. 1 were first screened with
[32P]cDNA made by reverse transcription of 9S RNA. This step
selected 12 000 non-globin cDNA recombinants which were
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stored in individual 96-well plates and frozen. Minipreparations
of randomly chosen clones indicated that the inserted cDNAs
were rather short with an average length of 300 bp, though some
were larger ( 600 bp). Such a result was probably related to
the SI nuclease step used during the cDNA cloning procedure.
The second cDNA library (bank no. 2) was prepared as de-

scribed by Okayama and Berg (1982) with slight modifications.
After methylation of DNA at potential EcoRI sites and addition
of EcoRl linkers, the resulting cDNAs were fractionated by Agar-
ose A-Sm column chromatography. Each fraction was individ-
ually ligated with dephosphorylated EcoRI cut Xgt 11 arms, and
packaged. Several banks were obtained (named 2a, 2b, 2c) and
stored. Bank no. 2a contained the largest inserts (> 1200 bp) and
was shown to contain 20% of globin recombinants out of 4.55 x
I05 recombinants, while bank no. 2b with shorter inserts (in the
range 500-1200 bp) was more abundant (1.5 x 106 recombi-
nants) with - 50% of globin cDNAs. Bank no. 2c was not further
characterized. Both banks no. 2a and 2b contain < 5 % of wild-
type Xgt 11 phage as assayed by the Lac + phenotype of recom-
binant plaques. They were screened without any amplification.
Screening ofBPGM cDNAs
Two independent approaches were followed in order to screen

the human BPGM cDNA clones.
The first approach was related to the immunological screen-

ing of the cDNA library made in Xgt 11 phage. Assuming that
the concentration of BPGM mRNA was 10-4 in the starting
material, it was expected to detect at least 10 positive recombi-
nants if there was no enrichment and probably more based on
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Fig. 2. The DNA sequence of the strand corresponding to the human BPGM mRNA is displayed above the deduced protein sequence; the poly(A) nucleotide
tail is not shown. The polyadenylation signal is indicated by an open box. The two potential polyadenylation-like signals found upstream to the more likely
authentic signal are underlined.

the fact that the high mol. wt mRNAs were 10 times enriched.
A polyclonal rabbit anti-human BPGM antiserum was used to
screen 5 x 105 recombinants from bank 2b and 2 x 105 recom-
binants from bank 2a, but no positive signal was detected.
The second approach for screening was related to oligonucleo-

tide probes. Two probes 16 times degenerated and 14-mer in
length were selected from the published amino acid sequence
(Haggarty et al., 1983). Probe I: TA(T/C)TA(T/C)CA(A/G)
GA(A/G)AT corresponds to amino acids 129- 133 Tyr-Tyr-Gln-
Glu-Ile and probe H: TA(T/C)TGGAA(T/C)GA(A/G)(A/C)G to
amino acids 161-165 Tyr-Trp-Asn-Glu-Arg (according to the
sequence of Haggarty et al., 1983).

Screening with oligonucleotide probes was restricted to the

cDNA library made using the pBR322 vector (bank no. 1) in
order to avoid any possible cross-hybridization with the DNA
sequence of the Xgt 11 vector. We first screened with probe II
because it was thought to hybridize with a region located in the
3' area of the coding region, and which should be more repre-
sented in the short cDNA inserts of this bank. Screening of bank
no. 1 gave a high background level for all clones, no distinct
signal under the washing conditions used, but several slightly
positive clones which were selected and analyzed. Characteriz-
ation and sequencing of these clones indicated that none of them
was related to the human BPGM cDNA. In addition, it was shown
that control human a and ,B globin cDNA plasmids could be
detected by probe H under the low stringency washing conditions
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Fig. 3. The upper line corresponds to the amino acid sequence deduced
from the cDNA sequence and from the amino acid composition of tryptic
peptides of BPGM. Differences observed with Haggarty's sequence
(Haggarty et al., 1983) are indicated in lower case letters or as - for
missing residues. Numbers in parentheses refer to Haggarty's sequence. The
sequences selected for the design of oligonucleotide probes used in the
screening of cDNA banks are indicated by *. Tryptic peptides are indicated
by Roman numerals (see Table I).

used in these experiments. Conversely, using probe I, six positive
clones were selected among the 12 000 non-globin recombinants
of bank no. 1, giving a strong positive signal, even after final
washing under high stringency conditions (0.2 x SSC at room
temperature for 2 x 30 min).
The size of the inserted cDNAs ranges from 100 bp (clone

pE0) to 450 bp (clone pJ9). The sequences ofE0 and pJ9 were
determined (Maxam and Gilbert, 1980) (Figure 1). Clone pElO
corresponds to amino acids 105-136 and clone pJ9 to amino
acids 108-201 of the protein sequence of Haggarty et al. (1983).
The sequence determination of clone pJ9 indicated several amino
acid differences upon comparison with the published protein se-
quence. More precisely, it was found that the sequence of residues
161-165 used to design probe II was Tyr-Trp-Asn-Glu-Arg in-
stead of Tyr-Trp-Gln-Asp-Arg.

Isolation of a full length (XEE1) cDNA was performed by screen-
ing 6 x 105 recombinants of the Xgt 11 cDNA libraries (banks
no. 2a and 2b) with nick-translated pElO or pJ9 inserts. Six posi-
tive recombinants were picked up by the screening of 2 x 105
recombinants from bank no. 2a, and seven by the screening of
105 recombinants of bank no. 2b. Screening of the 13 positive
Xgt 11 recombinant clones with polyclonal anti-BPGM antibodies
gave only one positive signal after induction with isopropyl
,B-D-thiogalactopyranoside (IPITG).
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Nucleotide sequence ofBPGM cDNAs
Figure 1 gives a summary of the sequencing experiments per-
formed. With the exception of the two short inserts isolated from
the pBR322 cDNA bank which were sequenced by the chemical
method of Maxam and Gilbert (1980), all other data were ob-
tained after subcloning of inserts into phage M13. Sequencing
experiments were performed at least in duplicate and the sequence
determination of large fragments was performed by the procedure
described by Dale et al. (1985). During this study, we sequenced
several different clones either completely or partially. The data
obtained from individual clones were identical in their common
parts.
The sequence of the human reticulocyte BPGM cDNA is pre-

sented in Figure 2 and extended for 1673 bases. The coding
region extends for 780 bases and encodes for 258 amino acids,
plus the initiator and termination codons (Figure 2). This result
differs from the 239 amino acids in the published sequence of
Haggarty et al. (1983) and accounts for the insertion of one amino
acid in their sequence on the C-terminal side of positions 139,
140, 141, 142, 173, 175 and 217, for the insertion of two amino
acids on the C-terminal side of position 2, and for the presence
of an extra tail of 10 amino acids at the C terminus. In addition,
interchanges were found in several positions (Figure 3). The 3'-
untranslated region is 785 bases long [plus the poly(A) tail]; its
G + C content is lower (37.4%) than for the coding region
(46.6%). It contains a polyadenylation signal located 21 bases
upstream from the poly(A) tail, and two additional potential poly-
adenylation signals in positions 1551 and 1632.
Isolation and amino acid composition of tryptic peptides
Our nucleotide sequence data for the BPGM cDNA and the
derived amino acid sequence were verified at the protein level.
Around 1 mg of total purified protein was digested with trypsin.
Peptides were isolated by h.p.l.c. on a reverse phase column
(Figure 4); their amino acid composition is given in Table I. The
data are entirely consistent with our nucleotide sequence and cor-
respond to a total of 34 tryptic peptides (Table I).
Northern blot analysis
Total reticulocyte poly(A) + RNA and the 12S fraction used as
starting material for cloning experiments were electrophoresed
and hybridized with nick-translated BPGM cDNA. A single band
was found with a length of - 1800 bases (Figure 5).

Discussion
2,3-DPG is the main allosteric effector of haemoglobin, and plays
a role in determining the affinity of haemoglobin for oxygen by
favoring the R-T transition of the high to low affinity forms.
Adaptation to variations in oxygen pressure in red blood cells
is effected by the adjustment of the level of 2,3-DPG. Several
clinical conditions involve abnormalities in the amount of 2,3-
DPG, such as sickle cell disease in which its level is increased,
favoring the formation of deoxyhaemoglobin S fibers (Briehl and
Ewert, 1973).

After having previously demonstrated the presence of BPGM
mRNA in human reticulocytes (Dubart et al., 1984), we presently
report the cloning of its cDNA and the determination of the se-
quence of the enzyme. This represents the first step in the study
of the specificity and regulation of the expression of this marker
during differentiation of the red blood cell line.

According to the low frequency of specific BPGM mRNA mol-
ecules found in human reticulocytes (Dubart et al., 1984) one
of the main problems anticipated in the cloning of its cDNA was
the presence of >90% of globin mRNA in total reticulocyte
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Fig. 4. Elution pattern upon h.p.l.c. fractionation of tryptic peptides of human reticulocyte BPGM. The amino acid composition of individual peptides was
determined after acid hydrolysis and the presence of tryptophan evaluated by specific staining (see Table I).

poly(A)+ RNA. The size of BPGM mRNA as determined by
sucrose gradient centrifugation was relatively higher than that
of globin mRNAs, a finding deriving both from the 2-fold longer
coding region predicted by the amino acid sequence (Haggarty
et al., 1983) and from the larger untranslated regions found
during our study. The gradient fractionation of mRNA was a
useful method for initial purification which permitted an 10-fold
enrichment. As the BPGM mRNA is about twice as large as the
globin message, the sizing of cDNAs constituted the second
crucial step in the cloning procedure. The nature of bank no. 2b,
which contained only 20% globin cDNA, indicated that the size
fractionation steps at the mRNAs and cDNAs levels were
successful.
The positive screening of BPGM recombinant clones was based

upon the synthesis of mixed oligonucleotide probes predicted by
the published protein sequence (Haggarty et al., 1983). Exam-
ination of the sequence indicates that there were very few clusters
of codons with limited possibilities according to the genetic code.
In addition, the sequences of the designed probes were relatively
low in G + C content and, as a consequence, the hybridization
temperatures used were relatively low. Furthermore, the occur-
rence of several discrepancies between the published amino acid
sequences and the sequence determined during the present investi-
gation prevented the use of some probes and accounted for the
failure observed when we used probe II during screening.
Our first attempts to obtain a non-globin cDNA library from

human reticulocytes were made using conventional cDNA synthe-
sis and cloning followed by the elimination of globin recombinants
by hybridization with 9S cDNA. Although this bank contained
relatively short inserts, screening with synthetic oligonucleotide
probes was useful in order to isolate a larger specific probe to
be used for subsequent screening.
A full length cDNA bank was made by the modified method

of Okayama and Berg (1982) for synthesis of cDNAs and inser-
tion in Xgt 11. We decided to use such a vector because it allowed
us to screen recombinants by the expression of BPGM using
specific antibodies as well as by DNA hybridization. Neverthe-
less no positive clone was obtained in several attempts to directly
screen the cDNA banks with specific antibodies. In addition,
among the 13 purified positive clones detected by DNA hybridiz-
ation, only one expressed the BPGM protein in Xgt 11. The fur-
ther characterization of the clones provided explanations for the
negative results according to the size or orientation of the BPGM
cDNA inserts. The Xgt 11 cDNA cloning system and screening
with expression using specific antibodies has been shown to be
very useful for several purposes (Young and Davis, 1983). Our
results illustrate one of the limitations of such methods: i.e. cal-
culations based upon the abundance ofBPGM mRNA in reticulo-
cyte indicate that we should have detected several positive clones.
Moreover, the expression of the specific protein in one of the
13 authentic BPGM clones which were isolated indicates that the
efficiency of the system is lower than could be expected from
a theoretical point of view.
Our results on the cDNA sequence of the human protein indi-

cate that it encodes for a protein 258 amino acids in length. Since
the sequence previously published involves 239 residues (Hag-
garty et al., 1983) and in spite of the specificity of our clones,
we have checked and entirely confirmed our sequence data at
the protein level by the examination of the amino acid composi-
tion of tryptic peptides derived from pure human reticulocyte
BPGM. The 3'-untranslated region of the cDNA is rather long
(785 bases) in comparison with the length of the coding area for
the protein (774 bases). The signal AATAAA which is involved
in polyadenylation of the mRNA is located 21 bases before the
poly(A) tail. Two additional polyadenylation-like signals were
found upstream to this more likely authentic signal. The occur-
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Table I. Amino acid composition of tryptic peptides from BPGM

Peptide no. TI T2 T3 T4 T5 T6 T7 T8 T9 TIO Tll T12 T13 T14 T15 T16 T17

Lys 1.02 1.0 0.93 0.96 1.05 1.03
(1) (1) (1) (1) (1) (1)

His 0.86 1.08 0.99 1.06 1.10
(1) (1) (1) (1) (1)

Arg 1.04 0.98 1.01 1.14 1.23 1.06 1.02 1.20 0.98 1 1.06
(1) (1) (1) (1) (1) (1) (1) (1) (1) (1) (1)

Asx 0.93 0.98 0.90 1.1 0.98 3.19 0.91 1.1 1.04 2.98
Thr(1) (1) (1) (1) (1) (3)4 1.08 (1) (1) (1) (3)

Thr 0.94 1.08 0.99
(1) (1) (1)

Ser 0.98 0.90 0.81 0.83 2.57 1.65
(1) (1) (1) (1) (3) (2)

Glx 1.16 1.03 1.1 2.82 0.91 0.83 4.71 0.97 4.77 3.83
(1) (1) (1) (3) (1) (1) (5) (1) (5) (4)

Pro 0.80 4.01
(1) (4)

Gly 1.82 1.07 1.0 1.22 1.95 1.09
(2) (1) (1) (1) (2) (1)

Ala 0.95 1.05 0.80 1.06 1.06 0.98
(1) (1) (1) (1) (1) (1)

Val 0.95 2.04 1.97 1.02 1.2
(1) (2) (2) (1) (1)

Met 0.70 0.70 0.69
(1) (1) (1)

Cys 0.80 0.60
(1) (1)

Ile 1.13 2.0 1.05 2.10
(1) (2) (1) (2)

Leu 2.00 1.03 1.07 3.2 2.98 1.06 1.92 1.01 1.02
(2) (1) (1) (3) (3) (1) (2) (1) (1)

Tyr 1.0 0.91 3.6
(1) (1) (4)

Phe 0.93 2.83

Trpb +
(1) (3)

Trpb + + + +

Table I. continued

Peptide no. T18 T19 T20 T21 T22 T23 T24 T25 T26 T27

Lys 1.0 1.12 1.00 1.05
(1) (1) (1) (1)

His 1.16
(1)

Arg 1 1.11 0.98 0.92 1.08 0.98
(1) (1) (1) (1) (1) (1)

Asp 2.11 0.97 1.1 1.07
(2) (1) (1) (1)

Thr 1.0
(1)

Ser 1.70 2.74
(2) (3)

Glu 0.96 1.08 1.03 1.27 1.07
(1) (1) (1) (1) (1)

Pro 1.66 1.09 0.86
(2) (1) (1)

Gly 1.00 1.03
(1) (1)

Ala 1.00 0.99 0.90
(1) (1) (1)

Val 1.83 0.96 1.00
(2) (1) (1)

Met

0.52
(1)

1.00
(1)

1.91 1.00 1.05 1.7 0.97
(2) (1) (1) (2) (1)

1.0 0.92
(1) (1)

T28 T29 T30-31 T32 T33 T34

1.0 2.07 1.1 1.0 1.0
(1) (2) (1) (1) (1)

1.16 1.00
(1) (1)
1.33
(1)
4.70 1.15 0.99
(5) (1) (1)
1.76
(2)
1.15
(1)
3.80 3.77 1.91 1.1
(4) (4) (2) (1)
1.64 1.05
(2) (1)
1.99 2.10 0.99
(2) (2) (1)

3.6 0.91
(4) (1)

1.21 1.1 1.06 0.98
(1) (1) (1) (1)

1.97 4.57 2.00
(2) (5) (2)
1.1 2.05 5.7 1.11
(1) (2) (6) (1)

1.00
(1)

aValues in parentheses indicate the amino acid composition expected according to the cDNA sequence.
bTryptophan detected by specific staining according to Easley (1965).
Tryptic peptides were isolated by h.p.l.c. as indicated in Figure 4 and their amino acid composition determined after acid hydrolysis. Results are expressed as
moles of residues per mole of peptide. Tryptophan was assayed by specific staining of each isolated peptide.
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Cys

Ile

Leu

Tyr

Phe

Trpb

T21-22

1.23
(1)

1.02
(1)
1.03
(1)

1.79
(2)
2.06
(2)

1.03
(1)

1.82
(2)
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Fig. 5. Northern blot analysis of human BPGM mRNA. The total poly(A)+
RNA prepared from human reticulocyte (lane 1) and the 12S fraction (lane
2) isolated from a sucrose gradient were electrophoresed on agarose gel,
transferred to a nitrocellulose membrane and hybridized with nick-translated
XAl-inserted DNA.

rence of several polyadenylation signals could lead to production
ofmRNAs differing in their 3' ends. Examination of the lengths
of the 3'-untranslated regions in the clones studied did not give
any evidence for such a phenomenon, and the only differences
observed between clones were related to differences in the length
of their poly(A) tails. Northern blot analysis showed that the size
of the BPGM mRNA is larger than the longest cDNA sequenced
[1673 bases + poly(A) tail], indicating that around 100-150
bases were missing in the 5' region.
The positive identification of the human BPGM cDNA cloned

was related to the expression of the BPGM protein in Xgt 11,
to the determination of its nucleotide sequence and to the trans-
lation into an amino acid sequence. Nevertheless numerous dif-
ferences were observed between our derived protein sequence
and the protein sequence determined earlier (Haggarty et al.,
1983). The present sequence corresponds to a protein of mol.
wt 29 840 daltons instead of 27 533 daltons, as found by Hag-
garty and colleagues. Indeed, our results are entirely consistent
with the data published earlier indicating a mol. wt of 30 000
daltons (Rose and Whalen, 1973).
The discrepancies between our sequence and that of Haggarty

et al. are significant since they involve 21 % of the residues of
the protein. These differences include the insertion of nine resi-
dues, the addition of 10 amino acids in the C-terminal region
and 36 amino acid replacements. Such marked differences are

most unlikely to relate to a polymorphism within the protein,

since only one electrophoretic variant was found in two families
during the screening of > 1500 subjects throughout the world
(Chen et al., 1971; R.Rosa, unpublished data); our nucleotide
sequence data were strictly identical in five unrelated cDNA
clones, and most of the amino acid replacements observed involve
multiple base substitutions. Furthermore all our nucleotide data
correlate perfectly with the results obtained by analyses at the
protein level. One of the most striking distinctions from Hag-
garty's sequence concerns the lack of the C-terminal tail. In this
regard, it is relevant that heterogeneity was not observed in this
part of the molecule during the study of the tryptic digests of
six different BPGM samples.
Most of the differences observed between the sequence of

Haggarty et al. and our own are located between residues 140
and 239. Haggarty et al. determined the sequence in this region
on a large CNBr peptide. This peptide was only partially sequenc-
ed by automated degradation and the remainder of the sequence
was obtained by several different enzymatic cleavages. Such an
approach does not exclude the possible risk of mispositioning
small peptides or an eventual misassignment of amides. In view
of the lack of precision regarding enzymatic yields and peptide
separations, it is impossible to interpret their data further. In ad-
dition, alignment of the protein sequences of the human BPGM
and yeast PGM (Fothergill and Harkins, 1982) implies the oc-
currence of gaps in this region. This observation emphasizes the
risk involved in the use of data from supposed sequence hom-
ologies to determine or to confirm the sequence of related proteins
in different species.
The cloning of the BPGM cDNA is a fundamental step in the

investigation of its expression during the differentiation of red
blood cells and for understanding of its control at the genetic
level. At the protein level, new information on its catalytic regu-
lation may be deduced from the amino acid sequence. Com-
parison of the revised BPGM sequence with that of the yeast PGM
(Fothergill and Harkins, 1982) indicates a degree of similarity
which is slightly higher than previously described (49% versus
47% homology). This result favors a common origin for both
enzymes (Fothergill-Gilmore, 1986).

Materials and methods
BPGM purification and preparation of specific antibodies
BPGM was purified from out-dated normal blood obtained from a blood bank
(Rosa et al., 1983). Antibodies against pure BPGM were prepared in rabbits and
checked for specificity (Dubart et al., 1984). Non-specific anti-Escherichia coli
antibodies were removed by binding to BPGM-Sepharose and elution. Affinity-
purified antibodies were used at a dilution of 1:50 with respect to the starting
antiserum.
Isolation of mRNA and fractionation
Total RNA was isolated from blood withdrawn for blood exchange transfusion
of a patient with sickle cell disease by phenol extraction as described earlier (Goos-
sens and Kan, 1981). Poly(A)+ RNA was selected by two successive chromato-
graphic steps using oligo(dT)-cellulose type 3 from Collaborative Research (Aviv
and Leder, 1972). After sucrose gradient centrifugation and translation in a rabbit
reticulocyte lysate system (BRL) in the presence of [35S]methionine, followed
by immunoprecipitation and analysis of products by SDS-polyacrylamide gel
electrophoresis (Dubart et al., 1984; Laemmli, 1970), fractions containing enriched
BPGM mRNA were pooled and ethanol precipitated.
cDNA synthesis and cloning in plasmid pBR322 (bank no. 1)
A standard procedure was followed for cDNA cloning and the transformation
of E. coli strain MC 1061 (Wickens et al., 1978; Michelson and Orkin, 1982;
Hanahan, 1983). Non-globin clones were selected after hybridization with a [32p]_
cDNA probe derived from smaller poly(A)+ RNAs isolated on a sucrose gradient
(9S) and stored at -80°C in 96-well microtitration plates (Gergen et al., 1979).
cDNA synthesis and cloning in Xgt 11 (bank no. 2)

Full length cDNAs were prepared by the procedure described by Okayama and
Berg (1982), with slight modification (Lapeyre and Amalric, 1985). After frac-
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tionation by Agarose A-5m column chromatography, the double-stranded cDNAs
were ligated with dephosphorylated EcoRI Xgt 11 arms (Vector Cloning System)
at a molar ratio of 1: 1, packaged with Packagene preparation (Vector Cloning
System) and stored at 4°C under chloroform. The libraries were titred on an
E. coli Y1088 strain (Young and Davis, 1983). Estimation of globin recombinants
was made by hybridization with a labelled globin probe as described below.
Screening ofpBR322 library
Oligonucleotide synthesis was performed by the solid-phase phosphotriester method
on an Applied Biosystem or a Bio-Research DNA synthesizer.

Oligonucleotides were labelled at the 5' end using [.y-32P]ATP (3000 Ci/mmol)
(Amersham, UK) and T4 polynucleotide kinase (Pharmacia) (Maniatis et al., 1982)
and purified by chromatography through a 0.9 x 80 cm Sephadex G25 column.
Nick translation of DNA was performed by standard techniques (Maniatis et al.,
1982).
Replicas from the ordered colonies in 96-well microtitration plates were grown

overnight on LB plates and transferred to Whatman 540 filters (Gergen et al.,
1979). The filters were hybridized overnight at 30°C with labelled probe (106
c.p.m./filter) in 6 x NET (1 x NET = 150 mM NaCl, 15 mM Tris, 1 mM
EDTA, pH 7.5) containing 0.5% Nonidet P-40 (NP40), and 100 ug/ml sonicated
salmon DNA. The papers were then washed sequentially with 6 x SSC (1 x SSC
= 150 mM NaCl, 15 mM sodium citrate, pH 7.0) containing 0.1% SDS (four
times 30 min each at 4°C) followed by twice for 20 min at room temperature
and an additional wash for 20 min in 2 x SSC. Filters were finally dried and
exposed at -80°C to Kodak AR5 X-ray films with intensifying screens. More
stringent washes were performed in 0.2 x SSC at room temperature twice for
30 min.
Screening of Xgt 11 library
Overnight cultures of E. coli strain Y1088 (Young and Davis, 1983) were in-
fected with 50 000 plaque-forming units of recombinants from bank 2a or 2b,
diluted with 7 ml of melted top agar and plated on 150-mm diameter NZCYM
plates (Maniatis et al., 1982). Nitrocellulose sheets (Schleicher and Schull BA85
membrane) were overlaid on plates and hybridized with nick-translated probes
(Grunstein and Hogness, 1975). For antibody screening, the Xgt 11 library and
the 13 isolated positive clones were absorbed to E. coli strain Y1090, plated on
NZCYM plates and grown at 42°C for 4 h (Young and Davis, 1983).
Isolation of phages and plasmids, insert purifications
Candidate positive signals obtained in the first high-density screen were taken
through four to five screening rounds with labelled cDNA probe at progressively
lower plaque density. Lysogens were made from isolated Xgt 11 positive recombi-
nant clones in E. coli strain Y1089 (Young and Davis, 1983). Large-scale prep-
arations were performed after chloroform treatment of lysogen strains followed
by precipitation with polyethylene glycol. Phage DNA was obtained after two
successive CsCl gradients (Maniatis et al., 1982). DNA was digested with EcoRI
and the fragments separated by electrophoresis on agarose gels and subcloned
into the EcoRI site of phage M13 mp8 for sequencing purposes (Messing and
Vieira, 1982).
Northern blot
About 10 jg of human reticulocyte poly(A)+ RNA were electrophoresed on
1.2% agarose gel in the presence of formaldehyde (Lehrach et al., 1977). Con-
ditions for transfer to nitrocellulose, hybridization and washing of filters were
as described by Thomas (1980).
DNA sequence analysis
DNA fragments were labelled at their 3' ends with terminal deoxytransferase
and [a-32P]ddATP (3000 Ci/mmol) (Amersham, UK). After digestion with a sec-
ond restriction enzyme or strand separation, single end-labelled fragments were
sequenced by the chemical modification method with slight modification (Maxam
and Gilbert, 1980).
The chain termination procedure (Sanger et al., 1977) was performed after

subcloning fragments at the EcoRI site of M13 mp8 (Messing and Vieira, 1983)
using [c-35S]dATP (400 Ci/mmol) (Amersham, UK). Sequence determination
of long fragments was performed using the Cyclone System (IBI, New Haven,
CT, USA) with slight modification (Dale et al., 1985).

Sequence data were stored and processed with the DB system programs of Staden
(1980). Translation of the nucleotide sequence to amino acid sequence and se-
quence comparisons were performed using programs described by Staden (1977).
Isolation of tryptic peptides of BPGM and amino acid composition
Purified human BPGM was digested with TPCK-treated trypsin (Worthington,
Freehold, NJ, USA) with a ratio trypsin/BPGM of 4% (w/w) (Schroeder et al.,
1979). Tryptic peptides,were isolated by h.p.l.c. on a Macherey and Nagel Nucleo-
sil C18 column (300 A, 5 jm, i.d. 4.6 mm, 13 cm) using a Beckman system
343 with a Kratos detector set at 214 nm (Kratos Analytical Institute, Ramsey,
NJ, USA). Solvents were made according to Schroeder et al. (1979) with the
following modifications: solvent A, 0.1% trifluoroacetic acid (TFA), solvent B,

0.1 % TFA, 60% acetonitrile. The gradient was linear from 0 to 100% solvent
B, in 60 min with a flow-rate of I ml/min. When necessary, the peptides were
purified by a second h.p.l.c. step using the same solvents and gradient, but on
a different column (Brownlee C18, 5 jim, i.d. 4.6 mm, 25 cm). The amino acid
composition of tryptic peptides was determined on a Biotronik 6001.E apparatus
(Biotronik, Munchen) after 20 h hydrolysis in 6 M HCI. Tryptophan identification
was performed by specific staining (Easley, 1965).
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Note added in proof
Since this paper was submitted for publication, we heard that similar work has
been performed by Sasaki's group, in Kyoto, on the rabbit 2,3-bisphosphoglycerate
mutase mRNA [S.I.Yanagawa, K.Hitomi, R.Sasaki and H.Chiba (1986) Gene,
in press]. Their data indicate that the rabbit mRNA is slightly smaller than the
human mRNA (1700 nucleotides versus 1800). Both mRNAs encode for a pro-
tein of 258 residues. Divergence at the nucleotide level in the coding region is
10.7% which accounts for only 8 amino acid differences. The differences observed
between our amino acid sequence data and those of Haggarty (Haggarty et al.,
1983) are located in the same positions in the rabbit protein. Homology in the
3' untranslated regions is lower than in the coding region; 71 % of the bases were
found to be identical after computer alignments, which included several gaps in
the sequences in order to give the best fits.
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