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Abstract Three independent cDNAs coding for the erythrocyte
isoform of human acylphosphatase were isolated and character-
ized. All the clones were incomplete at the 5’ end, but Northern
blot analysis using the cDNA as a probe showed the presence of
an unusually long mRNA 5’-untranslated region. The transcript
was present in a variety of human cell lines of different origins,
although at different levels. Southern blot analysis on DNA from
different individuals revealed a simple hybridization pattern.
Large amounts of pure enzyme with kinetic characteristics very
similar to those of the native protein were expressed in E. coli.
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1. Introduction

Acylphosphatase (EC 3.6.1.7) is a small (M, 11,000) and
cytosolic enzyme widely distributed in several tissues of verte-
brates. The enzyme catalyzes the hydrolysis of the carboxyl-
phosphate bond of acylphosphates. These substrates can be
either physiological (1,3-bis-phospho-glycerate, carbamoyl
phosphate, succinoyl phosphate, acetyl phosphate, f-aspartyl
phosphate) or synthetic (benzoyl phosphate, p-nitrobenzoyl
phosphate). Two isoenzymes have been isolated, called ‘muscle’
and ‘erythrocyte’ acylphosphatase, due to their main localiza-
tion. The two isoforms show 60% homology in the amino acid
sequence and exhibit the same substrate specificity, even if the
erythrocyte isoform has higher catalytic activity. For a review
see Stefani and Ramponi {1]. Using NMR techniques the three-
dimensional structure in solution of the skeletal muscle acyl-
phosphatase has been determined [2]. The enzyme consists of
two interleaved S-a-f packing units. The construction of a
synthetic gene coding for the muscle isoform of acyl-
phosphatase [3] allowed us to produce a large amount of cata-
lytically active enzyme both in E. coli and S. cerevisiae and to
begin to study the structure of the active site with in vitro
mutagenesis experiments [4,5]. The physiological function of
acylphosphatase is still being debated. Previous studies have
shown that the enzyme is able to hydrolyze the phosphoenzyme
intermediate of different membrane pumps such as Na*,K*-
ATPase, Ca> ,Mg?*-ATPase and Ca?*-ATPase [6,7]. This effect
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is probably due to the dephosphorylation of an aspartate resi-
due [8].

Several results have suggested that acylphosphatase may be
involved in cellular differentiation mechanisms. It has been
shown that the muscle isoenzyme level increased during the
differentiation of L6J1 myoblasts into myotubes, in parallel
with some other proteins known to represent differentiating
markers: this fact suggests a possible role of the enzyme during
this phenomenon [9]. A possible involvement of the acyl-
phosphatase in metabolic variations in hyperthyroidism has
been postulated. Several studies have evidenced that the
amount of the enzyme increased in muscle, liver and erythro-
cytes of trilodothyronine-treated rabbits. This effect may be
due to a biosynthesis of acylphosphatase induced by the T,
hormone [10]. Recent studies have demonstrated that T, con-
trols transcription of the acylphosphatase gene. In particular,
results have shown increased levels of skeletal muscle isoform
mRNA in T; treated K562 cells. In contrast, the hormone
seems unable to regulate the amount of the erythrocyte isoen-
zyme mRNA [11].

In order to obtain a useful tool for elucidating the physiolog-
ical role of erythrocyte acylphosphatase isoenzyme, we have
cloned the cDNA coding for this protein and expressed the
functional enzyme in E. cofi. Using the cDNA as a probe we
have evaluated the level of the transcript in different cell lines
and performed a Southern blot analysis on human DNAs.

2. Materials and methods

2.1. Materials

Restriction endonucleases and Thermus aquaticus (Tag) DNA
polymerase were from Promega. Sequenase was obtained from USB.
Agtll human placental cDNA library was a gift of Maria Luisa Melli
(Biocine, Siena, Italy). cDNA Synthesis System Plus, cDNA rapid
adaptor ligation module, cDNA rapid cloning module, in vitro Packag-
ing module and nitrocellulose membrane Hybond-N* were from Amer-
sham. mRNA purification Kit was from Quiagen. Synthetic oligonucle-
otides and pGEX-KT prokaryotic vector were from Pharmacia. IPTG
was from Boeringher and ampicillin, lysozyme, bovine thrombin and
glutathione-linked agarose resin from Sigma. Bluescript SK prokar-
yotic vector was from Stratagene. Human cell lines SH-SY5Y (neuro-
blastoma), RD (rhabdomyosarcoma, embryonic), A549 (carcinoma,
lung), Hep G2 (carcinoma, liver), JURKAT (leukaemia, T cell), IMR-
90 (lung, embryonic), K562 (leukaemia, chronic myeloid) and HL-60
(peripheral blood, leukaemia, promyelocytic) was a gift of Lucia Mag-
nelli (Institute of General Pathology, Florence, Italy).

2.2. ¢DNA isolation

In an early experiment, a 500 ng DNA sample from a human placen-
tal cDNA library in Agtll phage vector, was used as a template in the
polymerase chain reaction (PCR), primed with two degenerate oligonu-
cleotides for 40 temperature cycles in 50 mM KCI, 1.5 mM MgCl,, 0.2
mM dNTPs, 15 mM Tris-HCI, pH 8.4. Each cycle consisted of 1 min
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at 95°C, 42°C and 72°C in an MJ Research Minicycler. The sequences
of the two oligonucleotides were 5-GTNGAC(T)TAC(T)GAG(A)A-
TACTTTC(T)GG and 5-TTG(A)AAG(A)TTG(A)TTG(A)CTC(T)-
TTC(T)CA, which correspond to the amino acids 9-15 (Val-Asp-Tyr-
Glu-Ile-Phe-Gly) and 79-85 (Asn-Phe-Asn-Asn-Glu-Lys-Val) of the
human erythrocyte acylphosphatase.

A c¢DNA library was prepared from K562 mRNA. Double-stranded
¢DNA was synthesized using 2 ug of purified poly(A)* mRNA obtained
from K562 cells using the cDNA Synthesis System Plus and ligated to
an EcoRI adaptor according to the cDNA rapid adaptor ligation mod-
ule. The cDNA was then inserted into the cloning vector Moss /ox and
packaged in vitro using the cDNA rapid cloning module and in vitro
Packaging module. The primary cDNA library contained about 1 x 10°
independent clones. Screening was performed with standard methods
[12]. The positive clones were sequenced by the Sanger method using
a Sequenase kit.

2.3. RNA preparation and analysis

Total RNA was purified using the method of Sacchi et al. [13].
Poly(A)" mRNA fraction was isolated using mRNA Purification Kit.
Northern blot analysis was performed according to Solito et al. [14],

2.4. Southern blot analysis

Genomic DNA was isolated from human blood according to Kunkel
et al. [15]. Hybridization was performed using the R clone cDNA insert
as probe, ?P-labelled with the random-priming method [12] in 50%
formamide, 10 x Denhart’s, 2 x SSC, 0.2% SDS at 42°C overnight.
Filters were washed in 2 x SSC, 0.2% SDS at 65°C. For low-stringency
conditions, filters were hybridized at 37°C and washed at 60°C. Au-
toradiography lasted for 6 days, with intensifying screens.

2.5. Expression and purification of recombinant erythrocyte
acylphosphatase

Two synthetic oligonucleotides (5-TTTGGATCCGCAGAGGGA-
AACACCCTG-¥ and 5-CTTAGAAAACTTGAATTCAGG-3'),
containing BamHI and EcoRI restriction sites respectively, were used
in a PCR experiment using R clone as a template. The resulting frag-
ment, containing the entire coding sequence of the enzyme, was digested
with BamHI and EcoRI restriction enzymes and inserted into the
unique sites BamHI and EcoRI of the pGEX-KT vector, downstream
and in frame with the glutathione-S-transferase coding sequence.

The expression of the fusion protein and the purification of the
enzyme was according to Taddei et al. [16].

2.6. Characterization of recombinant enzyme

Acylphosphatase activity was measured using benzoyl phosphate as
substrate at 25°C in 0.1 M acetate buffer, pH 5.3, according to Ram-
poni et al. [17]. K, was calculated by plotting the reciprocal of the initial
velocities measured at various substrate concentrations vs. the recipro-
cal of substrate concentrations according to Lineweaver and Burk [18].

3. Results and discussion

3.1. Isolation and characterization of three cDNA clones

In an early experiment two degenerate oligonucleotides were
synthesized, based on the primary structure of the protein [1],
corresponding to the 9-15th and 79-85th amino acid se-
quences, respectively. The two oligonucleotides were utilized in
a polymerase chain reaction (PCR) experiment using DNA
from a Agtl1 human placental cDNA library as a template. The
PCR product, of the predicted length of about 230 bp was
subcloned in the Bluescript SK vector. DNA sequence analysis
from both strands with the Sanger method shows that it corre-
sponds to the desired erythrocyte acylphosphatase cDNA frag-
ment. This fragment was used as a probe for screening a A
phage ¢cDNA library constructed using the poly(A)" mRNA
fraction of K562 cell. This human erythroblastoid cell line was
chosen because it expresses abundant mRNA coding for the
erythrocyte acylphosphatase. 5 x 10° independent plaques were
screened and three independent positive clones were isolated.
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DNA sequence analysis of the isolated clones (named R, H and
D) were performed on both strands and the resulting sequence
is shown in Fig. 1. Clone R, the longest one, is 556 base pairs
in length and contains 54 bases of 5-untranslated region, an
open reading frame of 294 bp encoding the whole amino acid
sequence of the enzyme, 201 bases of 3’-untranslated region and
a poly(A) tail. A putative polyadenylation signal, AATAAA,
is located 15 nucleotides upstream of the poly(A) tail. Clone H
is a little shorter than clone R, having only 49 bases of 5'-
untranslated region. Apart from this fact the two sequences are
completely identical. Clone D is even shorter, starting at codon
28 of the coding region. The sequence of this clone is identical
to clones H and R, except for the 3’-end, where an additive
fragment, 16 nucleotides in length, is present just before the
poly(A) tail, perhaps representing a 3’-end polymorphism of
acylphosphatase mRNA. This variability in the polyadenyla-
tion site position in eukaryotic mRNA has been found in
mRNAs from human fetal liver [19]. Our results suggest that
this variability might be the result of an alternative processing
of the primary transcript of the erythrocyte acylphosphatase
gene.

According to a Northern blot experiment (see next section),
the predicted mRNA length is about 1400 bases. Because of the
fact that even the two longest isolated cDNA clones are both
only about 600 bases in length and result to contain the 3’-end,
we must conclude that they are largely incomplete at their
5’-end. The failure to isolate the full-length cDNA may be due
to the inability of reverse transcriptase to copy efficiently this
mRNA molecule. In fact, other attempts to isolate the 5’-end
with the use of the RACE technique [20] have always given
fragments of similar length: elongation always seems to stop
about 50 bases upstream from the ATG codon, perhaps in an
area where particularly stable mRNA secondary structure may
be present. Considering the results of Northern blot experi-
ments, it is clear that the 5’-untranslated region of this mRNA
is unusually long (about 800 bp). Previous studies have sug-
gested a possible regulatory role on translation of certain
eukaryotic mRNA by some structural elements present in the
5’-untranslated region [21-24]. Also in the case of erythrocyte
acylphosphatase this region may be important for the transla-
tional regulation, as it has been demonstrated for other proteins
[25,26]. For these reasons new attempts to isolate the full-length
c¢DNA will be made

3.2. Expression of erythrocyte acylphosphatase mRN A in human
cell lines

A Northern blot analysis on total RNA purified from K562
cells was performed, using the R clone as a probe in order to
assess the approximate transcript length: as shown in Fig. 2A,
a single band of about 1400 bases in length is visible. The
specific mRNA, as expected, is relatively abundant in these cells
which represent a precursor of erythrocytes, the kind of cells
where this enzyme is maximally expressed. In order to evaluate
the erythrocyte acylphosphatase mRNA levels, total RNA was
purified from a number of human cell lines originated from
different tissues and used in Northern blot experiments. The
results show that the specific transcript is always expressed,
although at different levels. In Fig. 2B, densitometric evalua-
tion of the signal corresponding to the 1400 base-long specific
band is presented as percentage of mRNA level in K562 cells.
As shown in Fig. 2, the level of mRNA is also quite high in lung
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Fig. 1. (A) Nucleotide and deduced amino acid sequence of acylphosphatase cDNA, clone R. Position 1 corresponds to the A of start codon. Putative
poyadenylation signal is underlined. (B) Additive fragment present at the 3’-end of clone D (in bold).

cell lines A549 and in HL-60, while it decreased greatly in
IMR-90. In contrast, the liver cell line HepG2 shows a lower
mRNA level. All the autoradiographic data presented were
normalized to an internal control: for this purpose the same
filters were hybridized with a human actin probe. These results
are in agreement with the quantity of protein present in the
corresponding human tissues.

3.3. Genomic blot analysis

A Southern blot analysis of human genomic DNA purified
from leukocytes from three unrelated donors was performed
using **P-labelled R clone cDNA. DNAs were treated with

A

08 +
288-

18s- 06 1

04 1

BamHI, EcoR1 or HindlII restriction endonucleases until com-
plete digestion. Autoradiography evidenced that a single posi-
tive band is present in all three digested DNAs, approximately
12 kb in length for BamHI and HindIIl and 3 kb for EcoRI
digestion, as determined for comparison with molecular weight
markers (data not shown). Hybridization shows a simple pat-
tern: this fact suggests that a single gene coding for erythrocyte
acylphosphatase may be present per haploid genome. The same
filter was hybridized again with the cDNA probe under low-
stringency conditions in order to evaluate the possible presence
of sequences closely related to that of acylphosphatase: no
additional positive band appears even after long exposure.

A

B

Cc D E F G H

Fig. 2. (A) Northern blot analysis of K562 total RNA using human erythrocyte acylphosphatase cDNA as a probe: 20 and 5 ug were used respectively.
28S and 18S rRNA positions are shown. Exposure time was 48 h at —80° C with intensifying screen. (B) Erythrocyte acylphosphatase mRNA level
in different human cell lines (see section 2), evaluated with Northern blot analysis using human erythrocyte acylphosphatase cDNA as a probe.
Densitometric scanning data are expressed as percentage of the value obtained with K562 cells, after normalization with an internal control. Lane
A = SH-SYS5Y, lane B = RD, lane C = A549, lane D = Hep G2, lane E = Jurkat, lane F = IMR-90, lane G = K562 and lane H = HL-60.
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Table 1

Comparison of the kinetic parameters of native (A), glutathione-S-
transferase erythrocyte acylposphatase fusion protein (B) and purifyied
recombinant enzyme (C) Standard deviation values are indicated

Specific K

activity (U/mg) (mM)
A 7500 % 320 0.15 £ 0.08
B 4000 + 125 0.15 + 0.09
C 4000 + 140 0.15 £ 0.07

DNA from the three unrelated donors give identical results
with all the restriction enzymes used: it is likely that no exten-
sive polymorphism of this locus is present in our population,
at least in relation with the restriction enzymes used in this test.

3.4. Expression in E. coli and characterization of erythrocyte
acylphosphatase isoenzyme

The sequence encoding the human erythrocyte acyl-
phosphatase was cloned into the pGEX-KT prokaryotic ex-
pression vector. The correct insertion of the sequence was
checked by DNA sequence analysis. In the pGEX-KT vector
the coding sequence was under the control of the IPTG-induc-
ible tac promoter and the protein was obtained as a fusion,
where the carboxyl-terminus of the glutathione-S-transferase
was linked to the recombinant amino-terminus of acyl-
phosphatase. The presence of a thrombin cleavage site at the
joining point of the chimeric protein permitted the cleavage of
the recombinant enzyme from the fusion protein using purified
bovine thrombin. Purification of the protein by affinity chro-
matography allows the purification of about 7 mg of pure
recombinant acylphosphatase per litre of culture. The catalytic
activity of recombinant erythrocyte acylphosphatase was inves-
tigated using benzoyl-phosphate as a substrate. Kinetic para-
meters were determined using either the recombinant purified
enzyme or the protein still fused with glutathione-S-transferase,
before thrombin treatment, and compared to the same parame-
ters obtained with the protein purified from human erythro-
cytes (Table 1): the K, values (0.15 mM) are identical for all
the samples. On the other hand, a two-fold decrease of the
specific activity (4000 against 7500 U/mg) can be noticed by
comparing the recombinant and native enzymes. No difference
in the catalytic activity can be seen between the purified recom-
binant enzyme and the fusion protein. These results show that
the K, value of the recombinant enzyme is identical to that of
the native enzyme where, in contrast, the specific activity is
reduced to 60%. This fact could be correlated with the acetyl-
ation present on the N-terminal residue of the native protein:
in fact the protein obtained from E. coli does not have this
modification. A very similar feature has already been observed
for the muscle form expressed in bacteria [3]. It is interesting
to notice that kinetic parameters are not influenced by the
presence of the glutathione-S-transferase sequence fused to the
enzyme.

4. Conclusions

Isolation of erythrocyte acylphosphatase cDNA have dem-
onstrated an unusual feature of the acylphosphatase mRNA
molecule that may assume an important role in the regulation
of the enzyme level in the cell. Recent results seems to point out
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that muscle isoenzyme may have different roles in the cell re-
spect to erythrocyte acylphosphatase: for this reason it could
be interesting to investigate if also the muscle isoform presents
similar characteristics. With the availability of this cDNA as a
probe it will be possible to perform experiments on the regula-
tion of transcription of this gene, while the possibility of pro-
ducing the recombinant protein will allow us to design a mut-
agenesis strategy in order to define the active site and the
catalytic mechanism of this enzyme.

Acknowledgements: This work was supported by grants from MURST
(40% and 60%) and from Italian Association for Cancer Research
(AIRC).

References

[1] Stefani, M. and Ramponi, G. (1995) Life Chem. Rep. 12, 271-301.

[2] Pastore, A., Saudek, V., Ramponi, G. and Williams, R.J.P. (1992)
J. Mol. Biol. 224, 427-440.

[3] Modesti, A., Raugei, G., Taddei, N., Marzocchini, R., Vecchi, M.,
Camici, G., Manao, G. and Ramponi. G. (1993) Biochim. Bio-
phys. Acta 1216, 396-374.

[4] Taddei, N., Stefani, M., Vecchi, M., Modesti, A., Raugei, G.,
Bucciantini, M., Magherini, F. and Ramponi, G. (1994) Biochim.
Biophys. Acta 1208, 75-80..

{5] Taddei, N., Modesti, A., Bucciantini, M., Stefani, M., Magherini,
F., Vecchi, M., Raugei, G. and Ramponi, G. (1995) FEBS Lett.
(in press)..

[6] Ramponi, G., Nassi, P., Nediani, C., Liguri, G., Taddei, N. and
Ruggiero, M. (1990) Biochem. Biophys. Res. Commun. 168, 651-
658.

[7] Nassi, P., Nediani, C., Liguri, G., Taddei, N. and Ramponi, G.
(1991) J. Biol. Chem. 266, 10867-10871.

[8] Horisberger, J.D., Lemas, V., Krachubul, M. and Rossier, B.C.
(1991) Annu. Rev. Physiol. 53, 565-584.

[9] Berti, A., Degl’Innocenti, D., Stefani, M. and Ramponi, G. (1992)
Arch. Biochem. Biophys. 294, 261-264.

[10] Nassi, P, Liguri, G., Nediani, C., Taddei, N. and Ramponi, G.
(1990) Horm. Metabol. Res. 22, 33-37.

[11] Chiarugi, P., Raugei, G., Marzocchini, R., Fiaschi, T., Ciccarelli,
C., Berti, A. and Ramponi, G. (1994) submitted.

[12] Maniatis, T., Fritsh, E. and Sambrook, J. (1989) Molecular Clon-
ing: a Laboratory Manual, Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY.

[13] Chomczynski, P. and Sacchi, N. (1987) Anal. Biochem. 162, 156
159.

[14] Solito, E., Raugei, G., Melli, M. and Parente, L. (1991) FEBS Lett.
291, 238-244.

[15] Kunkel, L. N. et al. (1977) Proc. Natl. Acad. Sci. USA 74, 1245-
1249.

[16] Taddei, N., Chiarugi, P., Cirri, P., Fiaschi, T., Stefani, M., Camici,
G., Raugei, G. and Ramponi, G. (1994) FEBS Lett. 350, 328-332.

[17] Ramponi, G., Treves, C. and Guerritore, A. (1966) Arch. Bio-
chem. Biophys. 115, 129-135.

[18] Lineweaver, H. and Burk, D. (1934) J. Am. Chem. Soc. 56, 658—
666.

[19] Dmitrenko, V.V. and Kavsan, V.M. (1991) FEBS Lett. 280, 284
286.

[20] Frohman, M.A., (1990) in: PCR Protocols: A Guide to Methods
and Applications (Innis, M.A., Gelfand, D.H., Sninsky, J.J. and
White, T.J. eds.) pp. 28-38, Academic Press, San Diego, CA.

[21] Pelletier, J. and Sonenberg, N. (1985) Cell 40, 515-526.

[22] Kozak, M. (1986) Proc. Natl. Acad. Sci. USA 83, 2850-2854.

[23] Mueller, P.P. and Hinnebush, A.G. (1986) Cell 45, 201-207.

[24] Marth, J.D., Overell, R.'W., Meier, K.E., Krebs, E.G. and
Perlmutter, R.M. (1988) Nature 332, 171-173.

[25] Horiuchi, T., Macon, K.J., Kidd, V.J. and Volanakis, J.E. (1990)
J. Biol. Chem. 265 (12), 6521-6524.

[26] Dozin, B., Descalzi, F., Briata, L.,Hayashi, M., Gentili, C.,
Hayashi, K., Quarto, R. and Cancedda, R. (1992) J. Biol. Chem.
267 (5), 2979-2985.



