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Abstract

Wehave determined the mutation in a child with partial aden-
osine deaminase (ADA) deficiency who is phenotypically ho-
mozygous for a mutant ADAgene encoding a heat-labile en-

zyme (Am. J. Hum. Genet. 38:13-25). Sequencing of cDNA
demonstrated a C to A transversion that results in the replace-
ment of a proline by a glutamine residue at codon 297. As this
mutation generated a new recognition site in exon 10 of geno-

mic DNAfor the enzyme Alu I, Southern blot analysis was

used to establish that this child was indeed homozygous for the
mutation. The abnormal restriction fragment generated by this
mutation was also found in a second partially ADA-deficient
patient who phenotypically is a genetic compound and also
expresses a heat-labile ADA(in addition to a more acidic than
normal ADA) (Am. J. Hum. Genet. 38:13-25). Sequencing of
cDNAclones from the second patient established the identical
codon 297 mutation. Transfection of the mutant cDNA into
heterologous cells resulted in expression of a heat-labile ADA
of normal electrophoretic mobility and isoelectric point, prop-
erties exhibited by the ADAin the patients' cells.

Introduction

Mutations at the adenosine deaminase (ADA)' locus that di-
minish enzyme activity result in three overlapping pheno-
types. Those mutations that result in virtually complete loss of
enzyme activity in all cell types cause a rapidly fatal, infantile
onset syndrome of severe combined immunodeficiency
(SCID). In contrast, mutations that abolish enzyme activity in

erythrocytes but allow expression of variable residual ADAin
other cell types (partial ADA deficiency), are usually asso-

ciated with normal immunologic function. However, at least
two patients with partial ADAdeficiency have presented with
a late onset immunodeficiency syndrome (reviewed in Refer-
ence 1). Additionally, we have previously reported an appar-
ently increased prevalence of partial ADAdeficiency in popu-
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1. Abbreviations used in this paper: ADA, adenosine deaminase;
RFLP, restriction fragment length polymorphism; SCID, severe com-

bined immunodeficiency.

lations derived from the Caribbean, that phenotypically does
not appear to be due to the spread of a single mutation (2). To
further elucidate the molecular basis for this clustering of par-
tial ADAdeficiency among individuals from the Caribbean as
well as for the clinical heterogeneity, we have sought to define
the mutant genes and examine their function in vitro. From
sequence analysis of cDNAwe have now determined the mu-
tation in a partially ADA-deficient child from Santo Domingo
who phenotypically appears to be homozygous for a mutant
ADAgene coding for an enzyme that is labile at febrile tem-
peratures (2). The single base substitution found resulted in an
abnormal restriction fragment, which enabled us to determine
that a second unrelated partially ADA-deficient child carried
the same mutation.

Methods

Materials
Cell lines from the two partially ADA-deficient children (GM 6142
and 6143A) were obtained from the National Institutes of Health
Genetic Mutant Repository, Camden, NJ. Both children were ascer-
tained by the NewYork State Newborn Screening Program for ADA
deficiency and determined to be partially ADAdeficient (2, unpub-
lished observations). The parents of both children came from Santo
Domingo, but they were not related and did not have last names in
common.

Methods for analysis of DNAand RNA
Isolation of DNAand RNA, electrophoresis in agarose gels, Southern
and Northern blotting, and hybridization with radiolabeled cDNA
probes were performed as we have previously described by essentially
standard methods (3, 4). An ADA cDNA containing the complete
coding sequence and extending from the Nae I site to the 3' Nco I site
was used as probe (5). For delineation of the abnormal restriction
fragment generated by the exon 10 mutation, a cDNA fragment (Bgl
II/Pst I) spanning exons 9-1 1 was used (6). RNAwas extracted from
normal and mutant lymphoid B cell lines by the method of Chirgwin et
al. (7) as described by Adrian et al. (8) and mRNAwas isolated by
binding to and elution from oligo dT columns (4). Analysis of the
structural integrity of mRNAwas assessed by sensitivity of mRNA-
cDNAhybrids to digestion with S I nuclease, essentially as described by
Adrian (8), based on the methods of Favaloro (9). The probe used was a
1.45-kb single-stranded M13 clone containing the entire ADAcDNA
antisense coding sequences and extending from the Nae I site to an
Nco I site in the 3' untranslated sequence (5).

The cDNA libraries were constructed in lambda gt 11 (10) essen-
tially as described by Gubler and Hoffman (1 1). Primary platings of
library cDNA were screened using randomly labeled ADAcDNA
probes (4, 12). cDNA inserts were subcloned into M13 mp 19 or pUC
19 for the DNAsequence analysis using a series of ADA-specific
primers (13-15).

Transient and stable expression in heterologous cells
Subcloning of the cDNA into pSV2-Hind III. Full-length cDNA insert
was subcloned into the Eco RI site of Puc 13 and digested with Nco I
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and Hinf I to release a 1.125-kb fragment containing the complete
coding sequences and extending from 1 bp before the initiation ATG
to 31 bp 3' of the stop codon (5, 6). The 3' recessed ends were filled in
using the Klenow fragment of DNApolymerase, ligated to phosphor-
ylated Hind III linkers, and digested with Hind III. The cDNA frag-
ment was isolated after electrophoresis in 1% low melt agarose and
ligated into a unique Hind III site of the expression vector pSV2-Hind
III (5). A clone was chosen in which the orientation of the cDNAwas
correct, the plasmid was amplified, and DNAwas purified by centrifu-
gation in cesium chloride (4).

Expression in heterologous cells and analysis of properties of the
expressed ADA. Cos I monkey kidney cells were grown to confluency
in DMEsupplemented with 10%FCS, trypsinized, diluted to 0.5 X 106
cells/ 100-mm2 petri dish, and grown overnight. The cells were trans-
fected with 15 ,ug of plasmid DNAper petri by calcium phosphate
precipitation as previously described ( 16) and 8 h later briefly exposed
to 16.7% glycerol. Cells were grown for a total of 48 h from the time of
transfection, rinsed, harvested by scraping, and lysed by brief sonica-
tion. The 10,000 g supernatant was analyzed for human ADAactivity
after electrophoresis in starch gel or isoelectric focusing as previously
described (2, 17).

Stable transformants were isolated after transfection of mouse 3T3
cells with 0.5 Mg of pBR-Neo together with the ADAplasmid. Clones
expressing the Neo gene (G418 resistant), were selected as we have
previously described (16). 10 G418-resistant clones analyzed all ex-
pressed human ADA. For studies of heat stability, cells from a 75-cm2
flask were resuspended in 40 ,l 0.01 M phosphate buffer, pH 7.5,
briefly sonicated, one-half of a 10,000 g supernatant placed at 56°C for
15 min, and ADAactivity visualized after electrophoresis in starch gel
(2, 17).

Table L Identity of RFLPs and Silent Polymorphic
Base Pair Substitutions

Polymorphic sites GM6142 GM6143A

bp*
192 (G/A) G/G G/ND
239 (A/G) A/A A/ND
330 (C/T) C/C C/ND
390 (G/A) G/G G/ND
534 (A/G)t A/A A/ND

RFLPs§
Pst I IVS 2 (-) -/-
MspI IVS 3(+) +/+ +/+
Msp I IVS 5(+) +/+ +/+
MspI IVS 6(+) +/+ +/+
Msp I IVS 8(+) +/+ +/+
Msp IIVS0(+) +/+ +/+
Bal I exon 6 (-)* -/-
Pvu II IVS8 (-) -/-
Ban II IVS 4 (+) +/+ +/+

* The base found most frequently is listed first. The bases are num-
bered with the A of the ATG= 1.
* The Bal I RFLPand the basepair substitution at bp 534 are synon-
ymous.
§ For RFLPs (+) indicates the presence of the restriction site. The
most frequent form is indicated in parentheses. The assignment of
haplotypes in GM6143Ais based on family studies (not shown).

Results

Gross structure of the mutant ADAgene. The presence of sub-
stantial, albeit heat-labile, ADAin lymphoid cells of this child
(GM6142) (2) suggested that a missense mutation was respon-
sible for the abnormal ADA. However, in view of expected
genetic heterogeneity, the child might be a genetic compound
for a single nucleotide substitution and a deletion which would
result in a nonexpressed ADA. Therefore, genomic DNAand
B cell mRNAfrom GM6142 was examined for gross aberra-
tions in structure of the ADAgene. No abnormal restriction
fragments were seen after digestion of DNAwith nine different
enzymes (Eco RI, Hind III, Bgl II, Bal I, PVUII, Ban II, Msp I,
Taq I, Pst I) and hybridization to a full-length cDNA probe.
The child was homozygous for the most common haplotype
defined by restriction fragment length polymorphisms
(RFLPs) detected with five of these enzymes (13, 18, 19; Table
I). The mRNAwas normal in size and abundance. In addition,
no digestion of mRNA-cDNAhybrids by S1 nuclease was
observed (not shown).

Sequence of the mutant ADA and detection of the same
mutation in a second patient. To determine the molecular de-
fect in this patient, ADAcDNA clones derived from immor-
talized B cells were studied. Complete sequencing of a full-
length cDNA clone revealed only a C to A transversion at
nucleotide 890 (A of the initiation ATG = 1) (Fig. 1). The
same base substitution was found in two additional cDNA
clones. Two of the three clones began 30 bp upstream of the
previously reported site of initiation (20, 21). This replacement
results in the substitution of a glutamine for a proline residue
in codon 297 (6).

The base substitution predicts the generation of a new site
for the enzyme Alu I in exon 10, which should result in loss of

a 0.585-kb fragment and appearance of smaller 0.321- and
0.264-kb fragments (22) as detected by a Bgl II/Pst I cDNA
probe spanning exons 9-1 1. Analysis of genomic DNAfrom
GM6142 digested with Alu I revealed loss of an - 0.6-kb
fragment and appearance of a smaller fragment (Fig. 2). The
loss of the 0.6-kb fragment and concomitant appearance of an
abnormal fragment is consistent with homozygosity for this
mutation.

We next sought to determine if any additional partially
ADA-deficient individuals, particularly those exhibiting a
heat-labile enzyme, also exhibited this abnormal Alu I frag-
ment. One other partially ADA-deficient child (GM 6143 A)
who is a genetic compound expressing a heat-labile ADAand
an acidic ADA(1) also showed a smaller abnormal Alu I frag-
ment with approximately half the intensity of that seen in GM
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Figure 1. Nucleotide sequence of mutant and normal cDNAs. There
is a C to A transversion at bp 890 (bp 1 = A of the first ATG). The
mutation occurs at codon 297 and results in replacement of a proline
(CCG) by a glutamine (CAG).

498 R. Hirschhorn, S. Tzall, A. Ellenbogen, and S. H. Orkin



Kb

0-890 ,;4 .:.....*
0.585_ *..i
0.3217-
0.264

1 2 3 4 5

Normal

Mutant

0.585 0.103 0.890

0.264 0.321
++ I f 4s ++f

cDNA probe //

Figure 2. Abnormal restriction fragments resulting from the muta-
tion. A C to A transversion in exon 10 creates a new site for the re-
striction enzyme Alu I. This results in abnormal restriction frag-
ments as well as loss of a normal fragment after digestion with Alu I
and hybridization with a cDNAprobe containing exons 9-1 1. Nor-
mal, lanes 1, 3, and 5; GM6142, lane 2 (the 0.585-kb band contain-
ing exon 10 is absent, indicating homozygosity for the mutation, and
has been replaced by two smaller comigrating bands); GM6143, lane
4 (the 0.585-kb band is still present but diminished in intensity as
compared with the 0.890-kb exon 11 band, and the abnormal band
is - half the intensity of the band in GM6142, consistent with he-
terozygosity for the mutation in GM6143).

6142. (The 0.6-kb normal fragment was still present, repre-
senting the second allele bearing a different mutation.) The
father of GM6143A, who also expresses a heat-labile ADA,
but together with a normal ADA, also exhibited the smaller
abnormal Alu I fragment. None of 21 other individuals (11
normal, 7 partially ADA-deficient, and 3 with ADA-SCID)
showed this abnormal Alu I fragment. The identity of the
mutation in the two patients was confirmed by sequencing of
two cDNAclones from this second patient.

Since the same mutation can occur on different chromo-
somal backgrounds (23, 24) we also determined RFLPs at the
ADA locus, as well as additional polymorphic basepair
changes. The DNAsequence at each of the five polymorphic
sites in the coding portion of ADAcDNA was identical in
cDNAs from both children (Table I) with the most common
nucleotide occurring at each site (13, 24). One child was ho-
mozygous for the commonhaplotype defined by eight RFLPs
at the ADA locus (13, 18, 19) while the second child was
heterozygous for an RFLP detected after digestion with Pst I
(18), consistent with his phenotype as a genetic compound (2).
Family studies (data not shown) confirm that the Pst I RFLP
in GM6143 is on the chromosome bearing a different muta-
tion.

Comparison of the properties of the cloned and endogenous
mutant ADA. To determine if the isolated mutant cDNA
coded for an enzyme with the properties of the mutant ADA
expressed in the lymphoid cells of the patients, we inserted the
coding portions of the cDNA into an SV40-derived expression
vector and transiently expressed the mutant cDNAin COS 1
monkey kidney cells. The ADA transiently expressed by the

cloned ADAcDNAhad a normal mobility after electrophore-
sis in starch gel and a normal pI (not shown), properties exhib-
ited by the enzyme found in the cells of these patients (2). To
study heat stability of the mutant enzyme under more physio-
logic conditions, we next isolated stable transformants ex-
pressing the mutant ADA. The pSV2 ADAwas cotransfected
into mouse 3T3 fibroblasts with a pSV neo plasmid specifying
the dominant selectable Neo gene and stable transformants
expressing human ADA isolated. The ADAexpressed by the
stable transformants exhibited the same normal electropho-
retic mobility as the transiently expressed ADAand was labile
to heat, as was the mutant ADAin the patients' cells (Fig. 3).

Discussion

Six different mutations at the ADAlocus have previously been
precisely defined in children with ADAdeficiency and SCID
(13, 24-27). Wenow report the first definition of a mutation
that results in partial ADAdeficiency in two unrelated chil-
dren, both of whomexpress a heat-labile mutant ADAeither
alone or in combination with a second mutant ADA. The
mutation is a C to A transversion at bp 890 and results in the
replacement of a hydrophobic proline by a polar glutamine
residue at codon 297. The substitution occurs at a boundary
between a turn and a beta configuration in the predicted sec-
ondary structure (6) and predicts a modest increase in hydro-
phylicity extending from a transition of a turn to a beta config-
uration and into the hydrophobic region of the beta configura-
tion (Table II; 28-30), consistent with the increased lability to
heat observed for this mutant enzyme (2). The mutation
occurs seven codons preceeding a mutation in the same exon
10 detected in a patient with ADA-SCID (25). This latter mu-
tation results in replacement of a hydrophobic leucine by the
basic amino acid arginine at codon 304. According to the
predicted secondary structure, the two different mutations
occur at either side of a seven-amino acid stretch with a beta
configuration. Both represent loss of hydrophobic amino
acids, but in the case of the mutation resulting in total defi-
ciency of ADAand SCID the replacement is by a very polar
basic amino acid that is predicted to result in a major increase
in hydrophylicity (26-28), extending back into the beta struc-
ture and altering the site of transition to a turn.

Mouse --

0 15' 0 15'
Normal Mutant

Cloned

0 15'
Mutant
Cells

Figure 3. Heat lability
of mutant ADA. Cell
extracts were heated at
56°C for 15' (15') or not
heated (0), electrophor-
esed in starch gel, and
the gel stained for ADA
activity (1, 17), Normal,
normal B cell line; mu-
tant, GM6142 B cell
line; mutant cloned,
mouse 3T3 cells stably
transformed with the
mutant cDNA. The
upper band of enzyme
activity is the endoge-
nous murine ADAof
the 3T3 cells.
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Table II. Effects of Two Mutations in Exon 10 on Hydrophilicity

Secondary Mutant Mutant
Codon structure* Normal 279t 304

292 T 1.357 1.357 1.357
293 T 1.357 1.357 1.357
294 T 1.400 1.671 1.400
295 T 0.743 1.014 0.743
296 B 0.643 0.914 0.643
297t B -0.257 0.014 -0.257
298 B 0.200 0.471 0.200
299 B -0.186 0.086 -0.186
300 B -0.586 -0.314 -0.586
301 B -1.357 -1.357 -0.171
302 B -0.314 -0.314 0.871
303 * 0.429 0.429 1.614
304§ * 1.329 1.329 2.514
305 T 0.957 0.957 2.143
306 T 1.343 1.343 2.529
307 T 0.971 0.971 2.157
308 T 1.614 1.614 1.614

Analyzed by the GCGprogram based on Kyte-Doolittle (26, 28).
* Predicted secondary structure of normal as calculated by GCG
based on Gamier-Osguthorpe-Robson (29).
t Proline to glutamine in GM6142.
§ Leucine to arginine in GM2434.

Wehave previously reported that there is an apparent in-
creased prevalence of partial ADAdeficiency in the Caribbean
(2) that did not appear to reflect the spread of a single mutation
due to "founder effect" combined with a high coefficient of
inbreeding. Thus we defined at least six different mutations in
six of these children on the basis of characterization of the
mutant ADAs (2, 31, 32). Wehave now unambiguously dem-
onstrated that there are indeed different mutations in this pop-
ulation, since we have identified one mutation that is present
in two unrelated partially ADA-deficient children from the
Caribbean but not in any of the other partially ADA-deficient
children. One child is homozygous for the mutation while the
second child is a genetic compound carrying a second muta-
tion. Both children are unrelated, but since both derive from
Santo Domingo it is likely that they represent descendants of a
commonancestor carrying the mutation. In support of a com-
mon progenitor, the children showed the same changes at mul-
tiple polymorphic sites. However, since the haplotype on
which this mutation occurs in both children is very common
(- 60%), there is still a substantial chance that the mutations
occurred independently on different chromosomes not distin-
guishable by available markers (13, 18, 19, 24). The finding of
multiple different mutations at the ADA locus in a limited
geographic and ethnic background suggests a selective advan-
tage for partial ADA deficiency in heterozygous or homozy-
gous form. Alternatively, the chance fixation of one or more
partial mutation(s) in a limited population (genetic drift)
would then result in the increased ascertainment by a screen-
ing program for ADAdeficiency of individuals who are genetic
compounds carrying one or more common alleles for partial
deficiency in combination with different unique partial or null
alleles.
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