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Human adenosine deaminase (ADA) is a purine catabolic enzyme that catalyzes the
irreversible hydrolytic deamination of adenosine and deoxyadenosine. The enzyme is
broadly distributed in human tissues with highest activity in lymphoid cells."* Aden-
osine deaminase purified from human erythrocytes is a soluble monomeric protein
with an estimated molecular weight of about 38,000 daltons that exhibits post-trans-
lational modification.** In all tissues the enzyme is encoded for by a single genetic
locus on the long arm of chromosome 20.%’

An inherited deficiency of adenosine deaminase in its most extreme form is as-
sociated with an autosomal recessive form of severe combined immunodeficiency
disease (SCID).® Patients have severe T cell and variable B cell dysfunction. In the
absence of ADA activity, immature T cells selectively accumulate and are sensitive
to dATP and deoxyadenosine toxicity. Patients have recurrent severe infections that
usually become fatal within the first few years of life’ These patients have undetectable
enzyme activity in their erythrocytes and residual lymphocytes, but may have variable
amounts of ADA enzymatic activity and immunoreactive protein in other tissues.'®
As evidence for genetic heterogeneity in human ADA deficiency, a smaller group of
partially ADA-deficient subjects have been identified through a genetic screening
program or by serendipity. Subjects have undetectable ADA activity in senescent
erythrocytes but 1-20% of normal lymphocyte enzyme activity.!""* The partial ADA
lymphocyte activity apparently protects these individuals against immunodeficiency
and they remain healthy. Transformed B lymphoblast cell lines derived from these
partially ADA-deficient individuals show characteristically low enzyme activity and
structural mutations in the enzyme associated with electrophoretically altered" or
heat-labile ADA protein.'” Recent studies by Hutton and associates have described
an elevated level of ADA mRNA in a B lymphoblast cell line derived from a severely
and a partially ADA-deficient subject.'*"* The mutation in both cases may be associated
with an unstable ADA protein.

9This work was supported by grant nos. RO1-HD-GM 18128 (to SHO) and R0O1-AM19045
(to WNK) from the National Institutes of Health and grant no. RO1-CA 26284 (to PED) from
the National Cancer Institute.
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We have previously reported the isolation of a partial human T cell ADA cDNA
gene sequence (0.8 kilobase insert).'® Subsequently, ADA ¢cDNA sequences have been
isolated from rat, mouse, and human cDNA libraries by others."*'""'"® In this report
we describe the complete ADA primary amino acid sequence, an essentially complete
T cell ADA ¢cDNA sequence, and ADA mRNA levels in B lymphoblasts from a
group of severely ADA-deficient subjects.

RESULTS AND DISCUSSION
Adenosine Deaminase Peptide Sequencing

Adenosine deaminase was purified from human erythrocyte protein using a pre-
viously described method.” The enzyme was reduced and cystine residues were al-
kylated with vinylpyridine to prevent protein cross-linking. An aliquot of enzyme was

T {80
T

5 i

< L

o 2

ol @ Q

£ <

2 a®

&

<

0 0

Time (min)
FIGURE 1. Tryptic ADA peptide separation. Pyridylethylated ADA protein was digested with
TPCK-trypsin. The peptide mixture was fractionated by high-pressure liquid chromatography

on a Syn Chrom RP-P (300A, 25 cm) column using an aqueous acetonitrile gradient containing
0.1% trifluoroacetic acid.

digested with TPCK-trypsin and another aliquot with cyanogen bromide
FiGURE 1 shows a representative separation of tryptic ADA peptides using reverse
phase high-pressure liquid chromatography. Based on the amino acid composition of
ADA, tryptic cleavage should generate a minimum of 40 peptides. We resolved 45
peptides in this analysis. Individual peptides were collected, assessed for purity, and
sequenced by a manual Edman degradation technique. In a similar manner nine ADA
peptides were generated by cyanogen bromide cleavage (CNBr peptides), purified, and
sequenced.

Adenosine Deaminase cDNA Cloning

The cloning of human ADA cDNA sequences was undertaken using partial ADA
peptide sequence information to design a specific ADA oligonucleotide probe. From
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partial ADA peptide sequencing, the peptide designated CNBr8 (Gly-Phe-Thr-Glu-
Glu-Glu-Phe-Lys-Arg-Leu-Asn-Ile-Asn-Ala-Ala) was determined to be suitable for
construction of an oligonucleotide mixture for direct screening of recombinant cDNA
clones. Human T cell human peripheral blood acute lymphoblastic leukemia mRNA
was used to construct a cDNA library inserted into the PstI site of pBR322 plasmid.'®
By screening over 100,000 cDNA clones using the **P-17mer oligonucleotide as probe,
a hybridization frequency of 1/1000 was observed. The clone bearing the largest
cDNA insert, designated D1, was selected and sequenced. The cDNA insert was 0.8
kilobases (kb) in length. The region corresponding to the oligonucleotide probe was
localized by DNA sequencing and the deduced amino acid sequence of the CNBr8
peptide as well as 16 other ADA peptides could be identified in this clone.'® The D1
clone contained an in-phase termination signal (TGA) and encoded for the ADA C-
terminal peptide (CNBr4). Given the expected size of the ADA protein (about 38,000
daltons), the D1 cloned insert represented only about two-thirds of the structure
coding region of the polypeptide. Failure to isolate a full-length cDNA was probably
related to difficulties in first strand DNA synthesis in the cDNA library preparation.
Thus, in order to isolate the remaining ADA cDNA sequences, a new T cell cDNA
library was constructed. FIGURE 2 shows a schematic of the proposed ADA cDNA

s coding region 3 FIGURE 2, Li f ADA cDNA cl
. . Linear map of c clones.
\ Gz , The coding region from the initiator ATG to the
' ” 1 translation terminator is hatched. DI, C10, A3, and
- - E3 refer to various isolated cDNA clones. Restric-
885 g ;,-:; E‘ ,{:’l tion sites from which Maxam-Gilbert sequencing
ZZm o T was performed are indicated. The bold portion of
the restriction map includes those sequences be-
longing to ADA mRNA. The 5'-most 250 nucleo-
tides of clone E3 are derived from another unknown
mRNA species via a cloning artifact. (From
E3 +—-«—— Daddona er al.*® Reprinted by permission of J. Biol.

Chem.)

Clo I

200 bp

sequences for reference. The HPB-ALL cDNA library was screened using a 3’ PstI
restriction fragment of D1 as a probe. Clone C10 was isolated; it had a poly(A)
addition signal and a short poly(A) tail designating the complete 3’ end of the cDNA.
Using a 5’ Bgl/II restriction fragment of clone D1 as probe, clones A3 and E3 were
isolated from the library. Sequencing of DNA was performed on all clones as previously
described.”

ADA Sequences

FIGURE 3 shows the cDNA sequence corresponding to ADA mRNA and the
complete primary protein sequence deduced from sequences of cloned ADA ¢cDNAs
combined with direct ADA peptide sequencing analysis. The cDNA sequences span
1478 nucleotides, contain a consensus poly(A) addition signal and a short poly(A)
tail denoting the 3’ end of the cDNA. At the 5 end the consensus sequence
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CC(A or G)CCAUG(G) for translation start sites surrounds the initiator methionine
codon. At the 3' end TGA is the termination signal for the polypeptide. The ADA
protein is encoded for by 1088 nucleotides.

The protein sequence is 362 amino acids excluding the initiator methionine and
gives a calculated molecular weight of 40,638, a value which is in good agreement
with previously published estimates.*>?' The N-terminal amino acid deduced from the
cDNA sequence is alanine. In the purified erythrocyte ADA protein the N-terminal
is blocked to Edman degradation. Many soluble erythrocyte proteins are blocked at
the N-terminal amino acid and in a majority of the cases the N-terminal has been
shown to be acetylated.”? The C-terminal amino acid of ADA is a leucine. Direct
amino acid sequencing determined 73% of the protein sequence and was in good
agreement with the deduced sequence in all cases. The amino acid composition de-
termined for the intact purified erythrocyte protein and that predicted from the DNA
sequencing also agree well.”

After the completion of this study, Hutton and associates reported the cDNA and
deduced amino acid sequence for human T cell ADA.” Our data agrees favorably
with their findings and our direct analysis confirms the ADA sequences. During their
cloning of T cell ADA cDNA, they encountered in a small fraction of their ADA
cDNA a short nonstructure coding sequence within the structure coding portion.
They propose that this sequence may represent a nonprocessed intron in the ADA
mRNA.

ADA mRNA Analysis

In an attempt to gain further insight into the mechanism(s) of ADA deficiency,
we have examined specific ADA mRNA levels in B lymphoblast cell lines derived
from patients with severe ADA deficiency (< 1% enzyme activity) and SCID. Total
mRNA was isolated from lymphoblasts and fractionated on a 1% agarose-formal-
dehyde gel as previously described.” After Northern blotting, ADA mRNA was
hybridized to the nick-translated insert fragment of pHADA-1 (D1, 0.65 kb) and
visualized by autoradiography.

FIGURE 4 shows a Northern blot analysis of mRNA derived from two normal B
lymphoblast cell lines, GM 333 and GM 558, six lymphoblast cell lines from unrelated
patients with severe ADA deficiency and SCID, GM 4258, GM 2825, GM 1715, GM
2756, GM 2606, and GM 2471, and an ADA-deficient null lymphoblast cell line,
DHL-9, derived from a null cell leukemia patient.”® As shown, the major ADA mRNA
in normal cells is about 1.6 to 1.8 kb in size and agrees with the size of full-length
ADA c¢DNA. A minor and variable RNA hybridizing species is also present at 5.8
kb and has been observed in mouse T cell, MOLT-4, HeLa and B lymphoblast mRNA
by others.*'”'** The 5.8 kb hybridizing RNA species is too small to be a primary
precursor RNA of the mature ADA mRNA since 2 minimum estimate for the human
ADA gene is 18-23 kb." It is possible that this RNA species could be a minor
processed transcript of ADA; however the amount of this species is variable relative
to the 1.6-1.8 kb ADA mRNA under stringent hybridization and washing conditions,
suggesting minimal shared sequence homology between the two species.

As shown in FIGURE 4, mRNA from an ADA-deficient null cell line (DHL-9)
shows no detectable 1.6-1.8 kb transcript but the presence of 5.8 kb RNA. The six"
patients with ADA deficiency and SCID all have detectable ADA mRNA of apparently
normal size, suggesting the absence of major mRNA defects such as a large deletion
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FIGURE 4. Northern blot analysis of mRNA from human lymphoblast cell lines. GM 333 and
GM 558 represent mRNA from normal B lymphoblast cell lines. GM 4258, GM 2825, GM
1715, GM 2756, GM 2606, and GM 2471 are ADA-deficient B lymphoblasts derived from
ADA-deficient SCID patients. DHL-9 is an ADA-deficient null lymphoblast cell line from a
null cell leukemia patient and represents a negative control. (From Daddona et al.*® Reprinted
by permission of J. Biol. Chem.)

mutation or an mRNA processing defect. However, this analysis cannot detect small
deletions or insertions of under 100 nucleotides or the presence of point mutations in
the mRNA. Quantitation of hybridizable mRNA shows that all of these cell lines
have a virtually normal ADA mRNA level. Cell line GM 2606 is an exception, having
a fourfold elevation of ADA mRNA. A similar result to this has been reported by
Hutton et al.™* Southern blot analysis of GM 2606 DNA has ruled out ADA gene
amplification as a mechanism for the elevated mRNA level.
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Now that the ADA ¢cDNA sequences are available, it will be possible to characterize
fully both mRNA and DNA in ADA deficiency. Since all ADA-deficient cell lines
derived from patients with immunodeficiency are ADA mRNA positive, this will
allow mRNA analysis by S1 nuclease assays and cloning and sequencing of mutant
ADA cDNA from cDNA libraries derived from each of these cell lines. Further
knowledge of primary amino acid sequence of ADA will aid in defining structural
mutations leading to functional defects in enzyme variants from subjects with partial
ADA deficiency. Finally, with the entire cloned coding region for human ADA
available, gene transfer and expression can now be undertaken.
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