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2.7. HEAT STABILITY MEASUREMENTS OF RED CELL ADA
Hlrschhorn r f ,}J 1179) .

Neat haemolysates were diluted by mixing one part 
haemolysate with five parts of a 0.1 r>M Trls/HCl buffer 

(pH 7.5), containing 0.05M NaCl (haemoglobin concen
trations were between 35 and 50mg/mf). One hundred 
microlitre aliquots of diluted haemolysate were incubated 
at 57°C for periods of between 0 and 50 minutes. After 
heating, the aliquots were cooled in an ice water bath 
and their ADA activities determined by the radiochemical 
method. Heat stability was expressed as a half life, tj, 
the time taken for the enzyme to lose half of it's 
original activity under the specified conditions.

2.8. ISOELECTRIC FOCUSING (IKE)

Isoelectric focusing of ADA was carried out in 
thick gels made of 1 .25 percent w/v glycine, 4.85 peic „L 
w/v aerylamide, 0.15 percent w/v bis-acrylamide, 2 per
cent v/v ampholine, pH 4-6 (LKB 1809-116) and 0.81 
percent v/v of 0.004 percent riboflavin. Polymerization 

was effected by exposing the gel solution of UV light. 

Contact between the gel and the electrodes of an LKB 

Mult iphor apparatus was made by Whatman No 17 filter 
paper strips which had been soaked in 0.1M orthophospho- 

ric acid (anode), and 0.5M sodium hydroxide (cathode).
A cooling system m a i n t a i n e d  the gel at 4°C during the 
separation. P r e f o c u s i n g  was c a r r i e d  out fot thir y
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minutes during which time the voltage was gradually 
increased to 700V. Whatman No 3 filter paper squares 

were soaked with the samples to be focused and placed 2cm 
from the cathode. The voltage was then gradually 

increased until a maximum of 1200V was reached. Focusing 

then took place for a further three hours. The gel was 

stained for ADA activity in the way described under starch 
gel electrophoresis.

2.9. DEOXY-ATP MEASUREMENT

Red blood cell deoxy-ATP levels were determined by an 
assay employing DNA polymerase and a poly (dA.dT) tem
plate as described by Hirschhorn (personal communication

231985) who based her method on that of Solter et al

In the assay, deoxy-ATP from red cells is used

(together with added TTP), by DNA polymerase, to form 
double stranded poly (dA.dT) on a single stranded poly 
(dA.dT) template. The amount of labelled TTP incorpora
ted by DNA polymerase serves as a measure of the amount 
of double stranded poly (dA-dT) formed and hence of the 
amount of deoxy-ATP present in the added red cell extract.

The reaction mixture for the assay of one sample

of cell extract consisted of the following:

28.75u* buffer solution (0.1M Tris HC1, pH 8.3,
0.01M MgCl2 and 0.002mM B-mercaptoethanol)

4\il ^H-TTP (4 0-6 0 ci/mmol, lyCl/y^)

15m/- TTP, 0 . 0 1  5mM



12.5n£ poly (dA.dT), 0.35my/m(
2.5|j^ Bovine scrum albumin (USA),
6.25|if water

20iif of protein tree cell extract was added to 70 
of the react ion mixture which was prepared just before 

the assay. I rotoin free cell extracts were prepared by 
perchloric acid precipitation. One hundred microlitres 
of packed red blood cells was added to 50&i( of ice cold,
10% perchloric acid in an Eppendorf micro test tube and 
mixed well. After spinning for fifteen minutes at O.OOOg in 
Eppendorf centrifuge S0u( of clear protein-free extract 
was removed and neutralized with 1Suf of 2.21M potassium 
hydroxide.

Enchevichia aoli DNA polymerase 1 (Materials) was 
diluted to an activity of 0.1 U/1Oul with a Img/ml BSA 
solution and ten microlitres of this were added to the 
mixture described above in order to start the reaction. 
Reaction mixtures were incubated for one hour at 37nC 
with vortexing at thirty minutes. Forty-five micro 
litre aliquots of reaction mixture were then added to 
2mf of ice cold, 10% trichloroacetic acid (TCA) and the 
resulting precipitate collected by suction aided fi11ra

tion on to Mil1ipore GS 0.22um filters. Filters were 
washed with five 2.Omf aliquots of TCA and then placed 
in vials containing lOmf of scintillation fluid (Instagel
II Hewlett Packard) in which they dissolved. The radio
activity present was then determined by scintillation



counting- Counts were converted to nmoles deoxy-ATP 
incorporated, by means of a standard curve which has 
been constructed by adding known amounts of deoxy-ATP 
(0.80pmoles) to the assay system including a blank with 
no deoxy-ATP. DeoxyadenosIne triphosphate levels in 
red cells were finally expressed as nmoles deoxy-ATP/ml 
packed erythrocytes.



RESULTS

3.1. Family study (Fig 15)

The Isozyme patterns of red cell ADA from all 
individuals in the family of the proband were examined 
as well as the white cell ADA isozyme pattern of the 
proband.

It was found that the proband's sister (II-2) 
also had partial ADA deficiency and that their father 
(1- 1), in addition to being an obligate carrier cf a 
partial ADA deficit’- ele, possessed another rare

ADA allele, probabl* (Fig 16). The proband's
other sister (11-1) also inherited the ADA^ allele from 

her father as well as the ADA allele from her mother 
(1-2) . Starch gel electrophoresis failed to distinguish 
between the residual ADA of the proband and his partially 
ADA-deficient sister (II-2) and ADA individuals with the 
usual ADA-1 phenotype. The ADA isozyme pattern in white 

cell lysates of the proband, however, appeared to con
sist of only one band of activity, corresponding with 

the mobility of the major isozyme band of the ADA-1 
pattern, instead of the usual triple-banded isozyme

pattern (Fig 17).
Activity measurements with adenosine and deoxy- 

adenoslne as substrates confirmed that both the proband 
and his sister (11-2) had deficiencies of red cell ADA 
activity (Tables 2 . 3,. The activities of the probands



| | -  ADA -1 (normal)

-ADA -5

^  -ADA -  partial deficiency

FIGURE 15 : Pedigree of the probanda faiV , Haemolysate ADA activities (nmoles/ 
mnMb/hour) appear below the symbols 
The normal activity level is
67.0 t 13.5 n m o l e s/mgHb/hour.
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—    —  —  —  "V —  —

* # # * * # # * »

1 2 3 4 5 6 7 8 9

FIGURE 16 s Electrophoresis of red blood 
cell ADA on starch gel.
1 ■ ADA 1, controlt 2 • 1-1, AJ;
3 - 1-2, JJ; 4 - II-2, VJ;
5 * II-1, EJ? 6 ■ II-3 KJ?
7 ■ III-1, Vuzt 8 * II-4, PR;
9 = ADA 2-1, control.
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FIGURE 17 E l e c t r o p h o r e s i s  of w h i t e  bloo: cell ADA 
on s t a r c h  gel

= red cell ADA1, control; 2 = II-3 KJ;
= white cell ADA1, control;
» IT-3 KJ; 5 = white cell ADA1, control;
= rod cell ADA 2-1, control.
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ADA Activity lOOt normal
(nmoles/mqUb hour) activity

53.00 8.60 (11)

2-77 5.2
1.52 2.9

ADA activity in RBC at a deoxyadcnosine 
substrate concentration of O.ImM measured 
by the spectrophotometric method

The number in brackets refers to the 
number of observations in different 
normal individuals.
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red cell ADA with adenosine and deoxyadenosine sub
strates were about F-9% and 3% of normal, respectively.
Act ivity levels for the proband1s sister with adenosine 
and deoxyadenosine substrates were 3-5% and 5% of normal 
red cell ADA activity levels. Their sibling (11-1) who 
had the ADA 5-1 phenotype was found to have normal 
activity levels. The parents (1-1 and 1-2) had, as 
expected, intermediate levels of ADA activity (about 41% 

and 61% respectively). The wife of the proband (II-4) 
coincidentally, also has intermediate levels of activity, 
suggesting that she too carries an allele for partial 
ADA deficiency. The proband's son {III-1), having inter

mediate levels of red cell ADA activity, would appear to 
have inherited a partial ADA deficiency allele from the 
proband, and an A D A 1 allele from his mother (II-4).

In contrast to his low red cell ADA activity, the 
level of activity in the white cells of the proband was 

about 26% of normal. The results of measuring white 
cell ADA activities of nine unrelated individuals were a 
mean of 863.3 t 375nmoles/mg Hb/hour, whereas the activity 
of ADA in the white cells of the proband was 222nmol.es/mg 

Hb/hour, a level which was not, in fact, significantly 

below the normal range (0 .2>p>0.05).

Red cell ADA assays of both the partially deficient 

family members were p e r f o r m e d  with a duplicate incorpora- 
ting EHNA, a powerful inhibitor of ADA, whioh revealed
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FIGURE 18 Red cell ADA activity
nmolei/mgHb/hour at
37°C among Xhosa
individuals from
port Elizabeth.

g;6 j;, ( I  • ('.«' 111 la'.e 121'8 14'6 20,0
ftlfi activity (nHoles/ngH’n/hr x 1E+0D

CDO



that all of the detectable red cell ADA activity of 
the proband was due to the major ADA, ADA1.

Subsequent to this family study blood samples in 

ACD were collected from 68 random, Xhosa, volunteer 

blood donors and screened for ADA activity to determine 
the incidence of partial ADA deficiency in these people, 
the same tribe to which the proband and his family belong. 
A histogram of the results was plotted (Fig 18) from 

which a sharp drop occurs at about 40nmoles/mg Hb/hour 
with a modal activity of 67.Olnmoles/mg Hb/hour, although 

the sample is possibly too small to detect any pattern.
If the above cut-off point is accepted, the sample would 
appear to contain two individuals who are heterozygous 
for an ADA partial deficiency allele and the normal allele 
which by gene counting would give allele frequencies of 
ADA 'partial deficiency1 0.015 and ADA 0.985. Starch 
gel electrophoresis of these 68 samples did not reveal 
any phenotype variation in isozyme patterns, all showed 

the ADA-1 pattern.

3.2. ENZYME STUDY

3.2.1. Isoelectric focussing of.A f̂t

isoelectric focusing of red cell adenosine deami

nase (Fig 191 revealed that the residual activity ot 

both the proband and his sister, (11-2) had a higher 
pi than the usual ADA, The pattern produced by ADA of 

the proband's father (1-1) consisted of two bands, a
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FIGURE 19

8 10
Isoelectric focusing of ADA in red blood cells 
from the proband and his family.
1 . 1-1,AJ; 2*1-2, JJ; 3 ■ II-1, &J
4 » II-2, VJ; 5 = ADA-1, control; 6 » II-3, kj
7 * III-2, V J ; 8 = II-4. PR; 9 * ADA 2-1, control

10 ■ ADA 1, control.



cathode 1 band, corresponding to enzyme coded for by 
the same ADA deficiency allele as that present in the 
proband and his sister, and a more anode, band due to 
his purported ADA 1 allele. The proband's mother (1-2) 
however, does not show the cathodal band due to the type 
of ADA deficiency allele which is present in her husband 
but rather an ADA-1 pattern. Yet she has intermediate 
levels of adenosine deaminase activity suggesting that 
she is a carrier of a partial deficiency allele and she 

is, of course, an obligate heterozygote for it.

The proband's wife who has approximately half of 

the normal red cell ADA activity shows the cathodal 
component suggesting that she is heterozygous for the 
same partial deficiency allele as her husband and for 

the normal A D A ] allele. The proband's son (III-D 
appears to have inherited the cathodal component due 

to an allele of ADA for reduced activity which must 
have come from his father as well as the normal ADA-1

component from his mother.

The ADA-5 component of the father (1-1) and his 

iaunhter il-1 were detected as bands which migrated 

more anodally than ADA-1-

3.2.2. determination

m  i.i * "  » ’ ■”

which is not significantly different from that est tna e
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Adenosine (uM) Deoxyadenosine
(UM)

Normal s 51.7 1 11.4 (5) 50.7 t 22.2 (3)

II-3 KJ 47.9 ♦ 15.8 (8) 39.9 + 11.4 (3)
1-1 AJ 59.54 (3)

TABLE 4 : Estimation of Michaelis constant (Km ) for
adenosine and deoxyadenosine as determined 
from standard Lineweaver-Burk plots after 
measuring ADA activity by the radiochemical
method.

Numbers in brackets refer to the number of 
observations rn the same individual or on 
different normal individuals.
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FIGURE 21b : Lincwoavcr-Burk plot of data used to 
estimate the Km for adenosine of ADA
i r h : Z l y s : t 7 o f  a normal Individual 
( 4 9 . 29|iM) .
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FIGURE 24 i Llneweaver-Burk plot of data used to 

ADA deficiency (43.5gM).
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 KJ K m  = 51-33
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FIGURE 26a

|A D EN O SIN E  ( / i M )

Linewuaver-Burk plot of data us<"11 ' 
estimate the Km for adenosine of ADA 
in haemolynatos of the proband wi i 
partial A0A deficiency (51. 33iiM) .
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FIGURE 27 :

ADA deficiency (49.00uM).
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for normal ADA1; 51.7 ± 11.4M (0.80>p>0.70) .
(Table 4 and Figs 20-30) . The for deoxyadenoslne was 
estimated to be 39.9 t 11.4uM for the proband and 50.7 ± 
22.2yM for normal ADA, which were not found to be signi

ficantly different (0.70>p>0.60).

The K for adenosine of the red cell ADA of the m
proband's fa,her (1-1) was determined twice by the 
spectrophotometric methods of measuring ADA activity 
and once by the radiochemical method (Table 4 and Figs 
28-30). The mean was 59.54uM not significantly dif

ferent from that of normal ADA.

3.2.3. Heat stability (Figs 31-35 Table 5)

The half-life measurements suggest that the proband 

and his sister produce an ADA which Is much less stable 
than that of Individuals with the ADA-1 phenotype, 13.5 

1 3.5 minutes compared with 58 1 18 minutes (p<.02).

The half-llf= of the red cell ADA of the proband's father 
,1- 1, was found to be normal: t, 57-C - 45 minutes (Fig

35) (0.5<p<0 .4).

3.3. RF.D CELL DEOVV-ATP LEVELS

The measurement of deoxy-ATP levels in red cells 

Of Six normal controls gave a mean value of 2.99±
1.19nmoles deoxy-ATP/mZ packed erythrocytes, beve s



deoxy-ATP/m£ packed erythrocytes. The proband's sister, 

II-1 who has similar ADA activity levels to the proband 
also appears to have elevated deoxy-ATP levels in her 
red cells with a mean of 5. 24 + 3. 47nmoles deo .y-ATP/mf 
packed erythrocytes although the difference between her 

levels and the mean normal level is not as great as 

that of the proband.
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t,

Normal 58 ' 18 (4)

K J 1 3 • 5
VJ 13.5
A J 4 5 •0

TABLE 5 : Heat Stability.
Half-life at 57°C in minutes. 
Number in brackets refers to 
the number of observations in 
different normal individuals.
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4. DISCUSSION

4.1. Overview

An inherited, marked deficiency of ADA has been 

causally associated with between one-third and one-half 
of SC ID cases in which the mode of inheritance is not 
obviously X-linked (Hirschhorn et al 1979; Hirschhorn 

1978) .

There is no detectable ADA activity in the erythro

cytes of these patients although low levels of putative 

ADA activity have been reported in other tissues 
(Dadonna & Kelley 1980). Although the nature of this 
adenosine Jeaminating activity has not been carefully 

evaluated in all cases, the lack of sufficient ADA 
activity in these patients has been shown to lead to an 
accumulation of two potentially cytotoxic substances, 

deoxyadcnostne and deoxy-ATP, In the lymphocytes of 

affected children (Donofrlo et 1978.. The two most 
popular m echa n is m s  postulated to explain this cytotoxi
city are Inhibition of S-adenosylhomocysteine hydrolase 

by adenosine and deoxyadenoslne and, secondly Inhibition 
of r i b o n u c l e o t . d e  reductase by deoxy-ATP (van Laarhoven

e *■ al 1983) .

Some confusion about the direct causal relation- 

ship of ADA deficiency and SCID arose soon 
c a n y  reports, when a twelve year old , K u n , C —  - 
boy was d i s c o v e r e d  who, at first sight, was deficie
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in adenosine deaminase activity but, in stark con

trast to the ADA-dvficlont SCID patients, was perfectly 

healthy (Jenkins 1973) . Subsequent studies revealed, 
however, that the deficiency in the IKung was not as 

severe as that observed in SCID pationts. He had 2-3% 

of normal enzyme activity in his red cells and 20-30% 

of normal activity in other tissues, levels which appeared 
to be adequate for efficient functioning of the immune 

system. This form of partial ADA deficiency was con
sidered to constitute a recessively inherited entity 
mediated by an allele different from those associated 

with SCID. Population studies on the IKung of the
g

Kalahari s u g g e s t e d  that this allele, designated A! i 
occurred in that population at polymorphic frequencies 

(Jenkins et al 1976, 1979). Several other cases of 
partial ADA deficiency have subsequently been described 

and their residual enzyme characterised (Hirschhorn 

. al 1 9 8 3 ;  Dadonna . ( al 1 9 8 3 ) .  Enzyme, DMA and mRNA 

studies of Ep.teln-Barr Virus transformed B-lymphocyte 

cell lines derived 1 row several partially ADA deficient 
individuals as well as from ADA-deficient SCID patients 

have revealed a great deal of genetic heterogeneity 
,Hirschhorn „  1 9 8 3 ,  Adrian .« at 1984 ,  Dadonna

1985, V a l e r i o  ft al ,„4,. Adenosine deaminase- 

deficient SCID cel 1 lines have less than one percent of 

enzyme activity w h e r e a s  the ADA activity of partially



ADA-deficient c e l l s  v a r y  f rom  a b o " t  5-50% o f  norm al  

( H i r s c h h o r n  >’ t a l  1 9 8 3 ) .

4 . 2 .  A c o m p a r i s o n  w i t h  p r e v i o u s exam ples  o f  

p a r t i a l  ADA d e f i c i e n c y

The  c e l l  l i n e  d e r i v e d  f ro m  t h e  IKung boy ,  GM3043, 

had a d e n o s i n e  d e a m in a s e  w i t h  a g r e a t l y  reduced h a l f -  

l i f e ,  a n o r m a l  e l e c t r o p h o r e t i c  m o b i l i t y  and a normal  

i s o e l e c t r i c  p o i n t  ( p i  4 . 9 )  ( H i r s c h h o r n  e t  a l  1 9 8 3 ) .  

S e v e r a l  DNA p r o b e s  e n c o d in g  t h e  gene o r  p a r t s  o f  th e  

gene f o r  a d e n o s i n e  d e a m in as e  have become a v a i l a b l e  

( V a l e r i o  et al 1 9 8 1 ;  Wig in,.  >n et  a l  1983;  Dadonna et  

al  19 8 4 )  and s t u d i e s  o f  h y b r i d i z a t i o n  between a cDNA 

p r o b e  and  a d e n o s i n e  dea m inas e  mRNA r e v e a l e d  t h a t  the  

ADA mRNA c o n c e n t r a t i o n  was e l e v a t e d  t w o - f o l d  i n  th e  

c e l l  l i n e  f ro m  t h e  IKung boy w n lc h  may e x p l a i n  why h i s  

enzyme a c t i v i t y  l e v e l  was so much h i g h e r  (47 .5% )  than  

was f o u n d  i n  o t h e r  p a r t i a l l y  A D A - d e f i c i e n t  c e l l  l i n e s .  

C e l l  l i n e  GM2294 was d e r i v e d  f rom a b l a c k  American  

i n d i v i d u a l .  D e s p i t e  t h e i r  common A f r i c a n  o r i g i n ,  th e  

p r o p e r t i e s  o f  a d e n o s i n e  deam inase  f rom t h  .s c e l l  

v a r i e d  considerably f ro m  t h e  . K u n ,  c e l l  l i n e ,  GM3043.  

Enzyme a c t i v i t y  was l o w e r ,  t h e  t )  was lo w e r  and th e  

i l c c t r i c  p o i n t  was h i g h e r  ( p i  5 . 0 1 )  i n  GM229 

: o l l  l i n e  .,3043. The h y b r i d i z a b l e  mRNA i n  CM
soe 

n ce

For
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a c t i v i t y  t h e  s p e c t r o p h o t o m e t r i c  method was found t o  be 

s u f f i c i e n t l y  s e n s i t i v e  i n  t h i s  c a s e .  By a l s o  u s in g  th e  

r a d i o c h e m i c a l  m e t h o d , h o w e v e r , i t  was p o s s i b l e  t o  measure  

th e  amount  o f  d e a m in a s e  a c t i v i t y  o c c u r r i n g  in  t h e  

p r e s e n c e  o f  t h e  i n h i b i t o r  o f  t h e  m a jo r  ad e n o s in e  deaminase,  

EHNA. T h i s  a l l o w s  f o r  t h e  e s t i m a t i o n  o f  th e  c o n t r i b u t i o n  

f rom a m i n o r  i s o z y m e  known as ADA^ w hich  may o r  may not  

make a more i m p o r t a n t  c o n t r i b u t i o n  t o  t h e  o v e r a l l  dea m i -  

n a t i n g  a c t i v i t y  o c c u r r i n g  i n  t h e  c e l l s  o f  i n d i v i d u a l s  

w i t h  p a r t i a l  a d e n o s i n e  dea m in as e  d e f i c i e n c y  t h a n  n orm al .

It was shown i n  these e x p e r i m e n t s  t h a t  t h e  r e s i d u a l  

adenosine deaminating activity i n  t h e  two i n d i v i d u a l s  

with partial adenosine deaminase d e f i c i e n c y  was a lmost  a l l  

EHNA-inhibitible ie. not the p r o d u c t  o f  ADA, b u t  r a t h e r  

the major gene for adenosine deaminase.
The differential activity seen in the red and white 

cells in the case of the proband Is characteristic of 
cases of partial deficiency for adenosine deaminase. The 
two most likely explanations of this arc either a mutation 

at a regulatory locus or one at the structural locus 
coding for an unstable form of the enzyme, as explained

in * he introduction.
Analysis of the family pedi^ee data on adenosine

deaminase activity shows that the deficiency Is proba

inherited In a simple Mendellan fashion.
Itability experiment suggests that, under

The heat si



t h e  s p e c i f i e d  e x p e r i m e n t a l  c o n d i t i o n s , t h e  aden o s in e  

d e a m in a s e  o f  t h e  two p a r t i a l l y  d e f i c i e n t  ( I I - 2  and I I - 3 )  

i n d i v i d u a l s  i s  r e d u c e d  by a f a c t o r  o f  a b o u t  f o u r .  The 

in v i ' o  c o n d i t i o n s ,  h o w e v e r ,  a r e  much d i f f e r e n t  f rom  

t h e  e x p e r i m e n t a l  c o n d i t i o n s  and so o' .e must be c a u t i o u s  n o t  

to extrapolate too r e a d i l y  f rom  t h e  e x p e r i m e n t a l  r e s u l t s .  

C e r t a i n l y ,  t h e  r e s u l t s  s u g g e s t  t h a t  t h e  r e s i d u a l  enzyme 

o f  t h e  two p a r t i a l l y  d e f i c i e n t  i n d i v i d u a l s  i s  l e s s  s t a b l e  

t h a n  n o r m a l .  T h i s  w o u ld  h e l p  t o  e x p l a i n  t h e  low red  c e l l  

a d e n o s i n e  d e a m in a s e  a c t i v i t y  and a l s o  t h e  d i f f e r e n t i a l  

t i s s u e  a c t i v i t y  when c o m p a r in g  re d  and w h i t e  c e l l s  o f  

t h e  same i n d i v i d u a l s .  The a n u c l e a t e  re d  c e l l s  l o s e  adeno

s i n e  d e a m in a s e  as t h e  m o l e c u l e  d e g r a d e s ,  and a r e  unab le  

t o  r e p l a c e  i t .  The w h i t e  c e l l s ,  b e in g  n u c l e a t e d  a re  

a b l e  to s y n t h e s i z e  new enzyme,  r e p l a c i n g  t h e  l o s s ,  t o  a 

c e r t a i n  e x t e n t .  The r a t e  o f  r e p l a c e m e n t ,  how eve r .  I s  

n o t  s u f f i c i e n t  t o  f u l l y  com pensate  t h e  r a t e  o f  lo s s  and  

t h e r e f o r e  t h e  w h i t e  c e l l  a c t i v i t y ,  a t  ab o u t  20% o f  n o r m a l ,  

i s  s t i l l  much l o w e r  t h a n  n o r m a l .

Adenosine deaminase derived from red cells and 

white cells of the Xhosa proband reported here appears 
to resemble the enzyme from GM2294 rather than that from 
CM304 3 and, like GM2294, our proband is black. Hi.-, wl, 
cell activity level of 27% of normal compares well with 
the 20% of normal ADA activity of the GM2294 cell line. 
They both have reduced heat stability, normal elecro-
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p h o r e t i c  m o b i l i t y  and an i n c r e a s e d  i s o e l e c t r i c  p o i n t .

C e l l  l i n e  GM4 396 f ro m  a w h i t e ,  p a r t i a l l y  A D A - d e f i c i e n t  

i n d i v i d u a l  had  t h e  l o w e s t  ADA a c t i v i t y  seen f o r  such 

c e l l  l i n e  a t  4 .8% o f  n o r m a l .  The h e a t  s t a b i l i t y  o f  1 

f ro m  t h i s  c e l l  l i n e  was n o t  as low as i n  GM2294 and 

GM3043,  t h e  e l e c t r o p h o r e t i c  m o b i l i t y  was i n c r e a s e d ,  

r e s e m b l i n g  t h e  ADA-5 p h e n o ty p e  on s t a r c h  g e l  e l e c t r o -  

p h e r o g r a m e s ,  and t h e  i s o e l e c t r i c  p o i n t  ( p i  4.8) was 

s l i g h t l y  l o w e r  t h a n  n o rm a l  ( p i  4.9). H y b r i d i z a b l e  mRNA 
l e v e l s  w e re  n o r m a l .  C e l l  l i n e  K.S (P e r ig n o n  et  a l  1979? 

H i r s c h h o r n  e t  a l  1983)  f ro m  a M e d i t e r r a n e a n ,  p a r t i a l l y  

A D A - d e f i c i e n t  i n d i v i d u a l  had p r o p e r t i e s  w hich  d i s t i n 

g u i s h e d  i t  f ro m  a l l  o f  t h e  o t h e r  c e l l  l i n e s  so t h a t ,  in  

f a c t ,  no two enzymes f rom  t h e s e  f o u r  c e l l  l i n e s  possessed  

c o m p a r a b le  p h y s i c a l  p r o p e r t i e s  a p a r t  f rom d i f f e r e n t i a l  

t i s s u e  d i s t r i b u t i o n  ie. e r y t h r o c y t e s  were  more s e v e r e l y  

A D A - d e f i c i e n t  t h a n  w h i t e  c e l l s  i n  a l l  c a s e s .

I t  h as  been seen i n  s e v e r a l  o t h e r  r a r e ,  a u t o s o m a l -  

r e c e s s i v e  d i s o r d e r s ,  such as t h e  h a e m o g lo b in o p a t h ie s  and 

lysosomal enzyme d e f i c i e n c i e s  t h a t  d i f f e r e n t  cases  

r e p r e s e n t  d i f f e r e n t  m u t a t i o n s  a t  t h e  same lo c u s  as p a r t  

o f  an  a U e l i c s e r l e s  (M cK uslck  1 9 7 3 ) .  I n  a n o n -c o n s a n -  

quineous f a m i l y ,  a g i v e n  a f f e c t e d  i n d i v i d u a l  may 

.compound h e t e r o z y g o t e '  c a r r y i n g  two d i f f e r e n t  ' d e f i c i e n c y  

alleles. E v i d e n c e  f ro m  t h e  f o u r  p a r t l a l l y - d e f i c l e n t  

c e l l  l i n e s  is s u g g e s t i v e  o f  a t  l e a s t  f o u r  d i f f e r e n  

s t r u c t u r a l  m u t a t i o n s .  A d e n o s in e  deaminase d e f i c i e n c y



w i t h  SC ID  and  p a r t i a l  ADA d e f i c i e n c y  may form such an 

a l l e l e  s e r i e s .

An i n d i r e c t  c o m p a r is o n  o f  t h e  proband's adenosine 

d e a m in a s e  w i t h  t h a t  o f  t h e  c e l l  l i n e ,  GM2294 , suggests 
t h a t  t h e  same m u t a t i o n  may be involved in t h e  two cases. 
The i s o e l e c t r i c  f o c u s i n g  s t u d y  o f  t h e  proband's family 
s u g g e s t s , h o w e v e r , t h a t  two different ADA deficiency 
a l l e l e s  may be s e g r e g a t i n g  i n  t h i s  family. Both father 
( 1 - 1 )  and  m o t h e r  ( 1 - 2 )  o f  t h e  proband are considered to 
be o b l i g a t e  h e t e r o z y g o t e s  f o r  partial adenosine deaminase 
d e f i c i e n c y  a n d ,  i n d e e d ,  enzyme activity levels support 
t h i s  h y p o t h e s i s .  I s o e l e c t r i c  f o c u s i n g  o f  red cell adeno

s i n e  d e a m in a s e  o f  1 -1  r e v e a l s  a m a jo r  band o f  activity 
w i t h  a l o w e r  p i  than n o r m a l  ADA-1 corresponding t o  h i s  

ADA-5 p h e n o t y p e  w h ic h  was seen on starch g e l  electro
p h o r e s i s .  i n  a d d i t i o n ,  a w e a k l y  s t a i n i n g  band was seen 

w i t h  a more b a s i c  I s o e l e c t r i c  p o i n t  than ADA-1 although 
n o t  as h i g h  as t h a t  o f  ADA-2. T h i s  band corresponds to 

enzyme cod ed  by h i s  ADA d e f i c i e n c y  a l l e l e  w h ich  

i n h e r i t e d  t h r o u g h  two s u c c e s s i v e  g e n e r a t i o n s .  The p r o 

band and  h i s  s i s t e r .  I I - 1, d e m o n s t r a t e  t h i s  band as does 

t h e  p r o b a n d ' s son , 1 1 1 - 1 .  whose a c t i v i t y  l e v e l s  support

n n nmn



by her A D A 1 allele is evident. If any enzyme is coded 
for by the deficiency allele of 1-2, it must be present 
at levels much lower than that coded for by the defici
ency allele of her husband. This does not rule out, 
however, the possibility that it does have the same 
isoelectric point but the probable difference in activity 
is itself evidence of further genetic heterogeneity.

The two partially ADA-deficient individuals, II-2 
and 11-3, are probably 1 compound heterozygotes' and 
possess one of three possible genotypes: (a) both
alleles code for altered proteins, (b) one allele codes 
for an altered protein and the other is inactive or (c) 
one allele codes for an altered protein and the other 
codes for a very small amount because of an alteration 
in the regulation of ADA expression. Data from the iso
electric focusing experiments suggest that there are two 
mutant alleles present but this together with the results 

of the other experiments reported here do not permit 
definitive choices from among these possible genotypes.

There is evidence to support the existence of a 

regulatory locus controlling the expression of ADA.
For example, there is an autosomal dominantly Inherited 

50-fold increase In ADA activity of erytluocytes 
but with normal lymphocyte and fibroblast activity 
(Valentine st nl 1977,. There is also the demonstration 
of the re-expression of human ADA in hybrids between a 
human tumour line not expressing ADA and a normal murine



cell line (Siciliano et al 1978) and the reported rever
sion to normality of an ADA-deficient lymphoblast cell 
line (Uberti «.• t al 1983) . A mutation at the postulated 
ADA-regulatory locus has also been invoked to explain 

the dll ercnce in ADA activity between erythrocytes and 
white cells although the cor.uaonly observed, reduced heat 
stability of the protein itself provides a more likely 
explanation. Reduced heat stability in vitro has been 
shown to reflect in vivo molecular stability. The anu- 
cleate red cells are unable to synthesize protein, so 
unstable ADA molecules are more quickly depleted than 
they would be in white cells which are capable of protein

synthesis.

4 .3 . ADA* in association with partial M ^ d e f i c i e n c y  
Starch gel electrophoretic studies suggest that, 

as well as two rare ADA deficiency alleles, a rare 
structural allele, probably ADA', Is segregating within 

this family. The sister (II-D of the proband has the 
phenotype ADA5-. .having inherited the from her father
and W  from her mother. The rare ADAS-, phenotype was 
first described in 1970 in two unrelated Afro-Americans 
,Better 1970,. a  photograph of an ADA isoenzyme

pattern published elsewhere (Renni.ger . Blmboese
,970) ' also closely resembled the ADA5-1 phenotype,
the Individual involved was again African, being a member

- . . . — - • • •
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(II-1) resembles very closely that first described as 
ADA5-1 as well as that of the Macua tribesman. This 

family is also African, being members of the Xhosa tribe, 

and would support the suggestion that the ADA ̂ allele has 
an African origin. The father of II-1 is very unusual 

because he is heterozygous for the deficient allele of 
ADA and ADA \  His ADA might be considered to have the 

kinetic properties of ADA 5.
As mentioned earlier, ADA from the transformed 

partially ADA-deficient cell line GM4396 has increased 
electrophoretic mobility resembling ADA 5 tHirschorn dt 
al 1979). The finding of an ADA^ allele in the family of 
the proband in association with partial ADA deficiency 

allele (si is therefore of great interest although the 
possible significance of this finding U  not easy to define.

4.4. Michaelis constants
The residual AC of the proband has Michaelis 

constants for adenosine and deoxyadenosine which are very 

similar to the corresponding values of normal ADA. These 
findings suggest that the mutational event which nsults 
in low red cell ADA activity does not affect the active 
site of the enzyme. Thus the apparently low activity of 

the enzyme In red cells and to a lesser degree, white 
cells of the proband, would appear to be due to a reduced 
amount of enzyme rather than an Inefficient enzyme. This 

could be due to a faster rate of enzyme breakdown or a

slower rate of s y n t h e s i s .



4.5. Deoxy-ATP levels 1^ *

It has previously been reported (Hirschhorn et al 
1979; Cohen r t al 1978) that ADA-deficient SCID individu

als have red cell deoxy-ATP levels which are several 
hundred-fold higher than those in normals. Red cells of 
partially ADA-deficient individuals have been shown, 
however, to have only slightly elevated deoxy-ATP levels 
(Hirschhorn al 1979) . In the present study, the pro
band’s red cells were found to have 2-3 times the normal 
level of deoxy-ATP and the red cell? ** his sister, II-2, 

who has the same ADA phenotype, also showed a slight, 
though less marked, elevation in the leve>, of this meta

bolite. These two partially ADA-deficient individuals 

apparently have sufficient residual ADA ictivity to 
prevent the in vivo accumulation of adenosine and deoxy- 
adenosine to toxic levels. It has been suggested (Hirsch

horn 1983) that the red e l l  deoxy-ATP levels as well as 
ADA activity levels should be determined In order to 
assess the susceptibility of the Individual to Immune 
system failure. Adenosine deaminase activities In red 
and white cells from partially deficient Individuals show 

a very wide range which, at the lower end of the range, 

may overlap with activity level, found In ^ - deficient 
SC ID patients. E l e v a t e d  deoxy-ATP levels which, for at 
least one mechanism, provide the causal U n >  between ADA

= = = :  
detection of immunodeficiency.



P o p u l a t i o n  S tu d y

A population sample, drawn from the Xhosa chiefdom 
to which the proband and his family belong, was screened 

for individuals with low red cell ADA activity in order 
to investigate the possible prevalence of the gene Is) 
for partial ADA deficiency in this group. Two out of the 
68 individuals tested had levels which were similar to 

those of the obligatory heterozygotes for partial ADA 
deficiency in the family of the proband and were more 

than two standard deviations below the sample mean. If 

these two individuals are carriers of the partial ADA 

deficiency state then the combined frequency of such alleles 

in this population sample is about 0.015*0.010, a frequency 

at which a polymorphism is deemed to be present. A partial
Q

ADA deficiency allele (called ADA ) occurs, in fact, at a 
polymorphic frequency of about 0.11 in the 1Kung San 
("Bushmen") of the Kalahari (Jenkins et al 1979).

Until quite recently the 1Kung lived in small family 
groups, hunting game and gathering plant foods. The Bantu- 

speaking Negro peoples are agriculturalists known to 
occasionally take San wives, with the result that gene flow 

between these two groups has occurred, mainly from the 
hunter-gatherers to the agriculturalists. It is, there

fore, possible that an allele such as one resulting in 
partial ADA deficiency could have attained polymorphic 
frequencies in the San due to genetic drift and from them 
have been transmitted to the Bantu-speaking tribesmen.
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There is no evidence, however, that the same ADA defici
ency alleles are present in these two groups. There is, 
in fact, phenotypic evidence from studies on eleven 
other partially ADA deficient individuals that at least 
eight different partial ADA deficiency alleles exist in 

the nine individuals of African origin. Such variety does 

not supoort the genetic drift-gene flow hypothesis but 
would be in favour of selection by an environmental agent 
acting over a large area and malaria would be a possible 

agent but other intraerythrocytic parasites could be 
responsible. It is also possible that some of the dif
ferences observed between the products of some of the 

partial ADA deficiency alleles may reflect experimental 
error.

Four of the six previously described partially ADA- 

deficient individuals are of African origin (Hirschhorn 
et at 1983) providing circumstantial evidence that natural 
selection operating in a tropical environment might be 

responsible for the apparent high frequency of the alleles. 

It is hoped thciL DNA sequencing data will elucidate t-he 
problem by revealing the true degree of genotypic diversity 

in the gene for ADA as well as the relationship between 

mutation at the DNA level and structural effects on the 

enzyme.



120.

REFERENCES

ACKERET, c. , PLUSS, II. P., HITZIG, W.H. (1976) . Hereditary 

severe combined immunodeficiency and adenosine deaminase 
deficiency. Pediatr. Hec. JO, 67-70.

ADRIAN, G.S. , HUTTON, J.J. ( 1983). Adenosine deaminase 

messenger RNAs in lymphoblast cell lines derived from 
leukemic pat lent# and patients with hereditary adenosine 
deaminase deficiency. «Z. C l i n .  I nvent .  71 , 1649-1660.

ADR 1 AN t G.S, , WlCiINTON , D . A . , HUTTON, J.J, (1984) . Structure 

of adenosine deaminase mRNA's from normal and adenosine 

deaminase deficient lymphoblast cell lines. Mnl. Ce l l .  

Biol. 4, 1712-1717.

ADRIAN, G.S. , WIGINTON, D.A., HUTTON, J.J. (1984). Charac- 

teristization of normal and mutant adenosine deaminase 
messenger RNAs by translation and hybridization to a cDNA 
probe. Hun. Genet .  68, 169-172.

AGARWAL, R.P., CRABTREE, G.W., PARKS, Jr. R.E., NELSON, J.A., 
KEIGHTLLY,R., PARKMAN, R., ROSEN, R.S., STERN, R.C., 
POMAR, S.H. (1976). Purine nucleotide metabolism in the 

erythrocytes of patients with adenosine deaminase 

deficiency. J. Clin. I n v e s t .  57, 1025-1035.
AKEDO, H . , NISHIHARA, H. , SHINKAI , K. , KOMATSU, K., ISHIKAWA, 

S. (1972). Multiple forms of human adenosine deaminase. 

Purification and characterization of two molecular 

species. Bior l t im.  Piophyi i .  Aota ■ ^ » 257 271 .
ANDY, R.J., KORNFELD, R. (1982). The adenosine deaminase 

binding protein of human skin fibroblasts is located on 

the cell surface. J. Biol. Cham. 1*7, 7022-7925.



121.

ANPY, R.J., KORNFELD, R. (1984). Biosynthesis of the adeno

sine deaminase binding protein in human fibroblasts and 
hepatoma cells. J , Biol. Chem. 259, 9832-9839.

BARTON, R. , MAR T tNIUK, F . , HIRSCHHORN, R., GOLDSCHNEJDER, I.

(1979). The distribution of adenosine deaminase among 
lymphocyte populations in the rat. «7. Immunol. 122, 

£16-220.

BENOIST, C . , O' HARtJ, K . , BREATHNACH, R. , CHAMBON, P. (1980). 

The ovalbumin gene-sequence of putative control regions. 
Nucleic. Aoide Rea. 12, 915-932.

BERLIN, R.D., OLIVER, J.M. (1975). Membrane transport of 

purine and pyrimidine bases and nucleosides in animal 
cells. Int. Rev. Cytol. 42, 287-336. 

t. 'UTLER, E. ( 1975). Fed cell metabolism. A manual of bio
chemical methods. Second edition. Grune and Stratton, 

New York, San Francisco, London.
BONTHRON, D.T., MARKHAM, A.F., GINSBURG, D., ORKIN, S.H.

(1985). Identification of a point mutation in the adeno

sine deaminase gene responsible for immunodeficiency.

J . Clin. Invent. 76, 894-897,
BORIIOWSKY, W. , GERSHON, A. A., SHENKMAN, L. , HIRSCHHORN, R.

(1980). Adenosine deaminase deficiency without immuno

deficiency: clinical and metabolic studies. , (liatr. Res. ,

885-889.
BREATHNACH, R., CHAMBONM P. (1061). Organization and expres

sion of eukaryotic split genes coding for proteins.

Annu. Rev. Biochem. SO, 349-383.



122.

CARSON, D.A., KAYE, J. ,,,79,. Oeoxyribonucleosido toxicity 
in adenosine deaminase and purine nucleoside phosphory- 
lase deficiency : implications for the development of 
new immunosuppressive agents. In, de/eotg and

Immune Dysfunction, Ciba Foundation Symposium 68 (new 
series) Excepta Medica, pp.115-125.

CARSON, D,A., KAYE, J. , MATSUMOTO, S., SEEGMILLER, J.E.,

THOMPSON, L. (1979). Biochemical basis for the enhanced 

toxicity of deoxyribonucleosides towards malignant human 
T cell lines. Prof. Natl. Acad. Sci. USA. 76, 2430-2433. 

CARSON, D.A., KAYE, J. , SEEGMILLER, J.E. (1977). Lympho-

specific toxicity in adenosine deaminase deficiency and 
purine nucleoside phosphorylase deficiency : possible 

role of nucleoside kirase(s). Proc. Natl. Acad. Sci. USA

74, 5677-5681 .

CARSON, D.A., KAYE, J. , SEEGMILLER, J.E. (1978). Differential
sensitivity of human leukemic T cell lines and B cell 
lines to growth inhibition by deoxyadenosine.

J. Immunol. 11! 1 , 1 726-1731 .
CARSON, D.A., KAYE, J., WASSON, D.B. (1981). Potential 

importance of soluble deoxynucleotidase activity in 

mediating deoxyadenosine toxicity in human lymphoblasts. 

«/. Immunol. IP,6, 348-352.
CARSON, D.A., SEEGMILLER, J.E. (1976). Effect of adenosine 

deaminase inhibition upon human lymphocyte blastogenesis.

<7. Clin . Invcc t, 6 7# 274-282 .
CEDERBAUM, S.D., KAITALA, I . , R3 10IN, D.L., STIt ilM,E.R.

(1976) . i  ̂ chondrc'os -  dysplasia of adenosine deami



nase deficiency with severe combined immunodeficiency.
J. Pediatr. Bit, 737-743.

CHAMPIAN, M.J., SHOWS, T.B. (1977). Electrophoretic abnor

malities of lysosomal enzymes in mucolipidosis fibroblast 
lines. Am. J. Hum. Genet. 29, 149-163.

CHAN, l-S . (1J74) . Purine excretion by mouse peritoneal macro
phages lacking adenosine deaminase activity. Proo. Natl. 

Acad. Soi. USA. 76, 925-929.

CHEN, S.H., OCHS, H.D., SCOTT, C.R., GIBLETT, E.R., TINGLE, A.J 
(1978). Adenosine deaminase deficiency: disappearance of 

adenosine deoxynucleotides from a patient's erythrocytes 
after successful bone marrow transplantation. J . Clin. 

Invect. 62, 1386-1389.
COHEN, A., GUDAS, L.J., AMMANN, A.J., STAAL, G.E., MARTIN, Jr. 

D.W. (1978). Deoxyguanosine triphosphate as a potentially 

toxic metabolite in the immunodeficiency associated with 

purine nucleoside phosphorylase deficiency. J . Clin.

Invent. 62, 1405-1409.
COHEN, A., HIRSCHHORN, R. , HOROWITZ, S.D., RUBINSTEIN, A.,

POLMAR, S.H., HONG, R., MARTIN, Jr. D.W. (1978). Deoxy- 
adenosine triphosphate as a possible toxic metabolite in 

adenosine deaminase deficiency. I roc. Natl. Acad.

75, 472.
COHEN, A., ULLMAN, B. , MARTIN, Jr. D.W. (1 979). Characteri 

zation of a mutant mouse lymphoma cell with deficient 
transport of purine and pyrimidine nueleosides. V. Biol.

Chem. 254, 112-116.
COLEMAN, M.S., DONOFRIO, J., HUTTON, J.J-. HAHN,

A., IAMPKIN, H.. DYMINSKI, J • d ” 8). Identification
and quantitation of adenine deoxynucleotides in erythro-



cytes of a patient with adenosine deaminase deficiency 
and severe combined immunodeficiency. J . Biol. Chem 

253, 1619-1626.

COL:,MAN, M.S., HUTTON, J.J. (1975). Micromethod for quanti

tation of adenosine deaminase activity in cells from human 
peripheral blood. BLochem. Med. 73, 46-55.

CREAGAN, R.P., TISCHF1ELD, J.A., NICHOLS, E.A., RUDDLE, F.H.
( 1973). Autosomal assignment of the gene for the form 

of adenosine deaminase which is deficient in patients 

with combined immunodeficiency syndrome. Lancet ii, 1449. 
DADONNA, P.E. (1981). Human adenosine deaminase. Properties 

and turnover in cultured T and B lymphoblasts. J. Biol. 

Chem. 255, 12496-12501.
DADONNA, P.E., DAVIDSON, B.L., PdRlGNON, J.L., KELLEY, W.N. 

(1985). Genetic expression in partial adenosine deami
nase deficiency. mRNA levels and protein turnover for 
the enzyme variants in human B-lymphoblast cell lines.

J. Biol. Chem. 260, 3875-3880.

DADONNA, P.E., FROHMAN, M.A., KELLEY, W.N. (1980). Human
adenosine deaminase and its binding protein In normal and
adenosine deaminase-deficient fibroblast cell strains.

•I. Biol. Chem. 255 , 5681-5687.
DADONNA, P.E. , KELLEY, W.N. ( 1977). Human adenosine deami 

nase purification and subunit structure. J. Biol. Chem.

252, 110-115.
DADONNA, P.O., KELLEY, W.N, (1979). Structural characteris

tics of human adenosine deaminase. In.



125.

of S p e a i f i e  ^ u n i t y  . Ed by p o l l a r a ,  B . _

R.J., Mcuwlsaen, H.J. . Porter, Academic Press
pp.14 5-156.

DADONNA. P.E., KELLEY, W.N. (1980,. Analysis of normal and 
mutant forms of human adenosine deaminase - a review.
Mol .  C e l l  Biot 'hem.  29, 91-101 .

DADONNA, P.E., KELLEY, W.N. ,1981). Characteristics of an
amlnohydrolase distinct from adenosine deaminase in
cultured human lymphoblasts. Bioohem. e t Biophy,. Acta 
658, 280-290.

DAI ONNA, P .K . , MITCHELL, B.S., MEUWISSEN, H.J., DAVIDSON,

B.L., WILSON, J.M., KOLLER, C .A . (1983). Adenosine 
deaminase deficiency with normal immune function - an 

acidic enzyme mutation. J. C l i n .  I .vest. 72, 483-492. 
DADONNA, P.E., SHEWACH, D.S., KELLEY, W.N., ARGOS, P., 

MARKHAM, A.P., ORKIN, S.H. (1984). Human adenosine 

deaminase cDNA and complete primary amino acid sequence. 

B i o l .  Chem. , 2S>9, 12101-12106.
DE LA HAI3A, G. , CANTON I , G.L. ( 1959). The enzymatic syn

thesis of S-adenosyl-L-homocysteine from adenosine and 

homocysteine. J . B i o l .  Chem i S 4 ,  603-608.
DE PIERRE, J.W., KARNOVSKY, M.L. (1974). Ectcuenzyme of

granulocytes : 5 '-nucleotidase. S c ie n ce  I S t ,  1096-1098. 

DET'T’ER, J.C., STAMATOYANNOPOULOS, G. , GIBLETT, E.R.,
MOTULSKY, A .G . (1 970). Adenosine deaminase : racial

distribution and report of a new phenotype. J.  Med. 

Ge ne t .  7, 356-357,



flONOFRIO, J . , COLEMAN, M.S., HUTTON, J . J . ,  DAOUD , A.
LAMPKIN. B., DYMINSKI, j. <1,78,. Overproduction of 
adenosine deoxynucleosldes and deoxynucleotldes In 
adenosine deaminase deficiency with severe combined 
Immunodeficiency disease. J. d i n .  Invest, el, 884-887. 

EDWARDS, Y.H., HOPKINSON, D.A., HARRIS, H. (1971). Adenosine 
deaminase Isozymes In human tissues. Ar.n. Hum. Genet. 35, 
207-219.

ERIKSSON, S.# I HELANDER, L . , AKERMAN, M. (1979). Allosteric 

regulation of calf thymus ribonucleoside diphosphate 
reductase. Biochem. Jfl,2948-2952,

FISCHER, D. , VAN DER WEYDEN, M.B., SYNDERMAN, R., KELLEY, W.N.

(1976). A role for adenosine deaminase in human monocyte 

maturation. J. Clin. Invest. 58, 399-407.
FLEIT, H . , CONKLYN, M . , STEBBINS, R.D., SILBER, R. (1975). 

Function of 5 '-nucleotidase in the uptake of adenosine 
from AMP by human lymphocytes. «/. Biol. Chem, 250, 8889- 

8892.
FOX., I.H., KELLEY, W.N. (1978). The role of adenosine and

2 1-deoxyadcnosinc in mammalian cells. Ann.Rev. Bxoahtrn.

47, 655-686.
FOX, I.H., KEYSTONE, E.C., GLADMAN, D.O., MOORE, M. , CANE,

D. (1975). Inhibition of mitogen mediated lymphocyte 

blastogenesis by adenosine. Immun. iommun. 4,

FRITZSON, P. (197B). Regulation of nucleotidase activities

in animal tissues. Adv. Inxyme Regul. IS,



127.

GELFAND, E.W., D OSCH, H-M. (1983) n •'' ln$ Primary immuno-

defieienay D i s " . . , ,  E<js. Wedgwood, R . J . ,  Rosen, F s _ 
Paul, M.W. Birth Defects Original Article Series
pp65-72. Alan R. Liss Inc. for March of Dimes Birth 
Defects Foundation.

GJBLETT, E.R., ANDERSON, J.W., COHEN, F., POLLARA, B.,

MEUWISSEN, H.J. (1972). Adenosine deaminase deficiency i, 
wo patients with severely impaired cellular immunity. 

L a m e  t i i , 1067-1069.

CLICK, J.M., ROSS, S., LEBOY, P.S. (1975). .'-adenosyl homo

cysteine inhibition of three purified tRNA methyltrans- 
ferases from rat liver. Nucleic Acide Ree. ?,, 1639-1651 . 

GREEN, H . , CHAN, T-S. ( 1973). Pyrimidine starvation induced 

by adenosine in fibroblasts and lymphoid cells ; role of 
adenosine deaminase. Science, 18?., 836-837.

GREVER, M.F., SIAW, M.F.E., JACOB, W.F., BEIDHANS, J.A.,

MISER, J.S., COLEMAN, M.S., HUTTON, J.J., BALCERZAK, S. P. 
(1981). The biochemical and clinical consequences of 2'- 

deoxycoformycin in refractory lymphoprol 1 ferative malig

nancy. Bloo'l, 17, 406-4 17.
HARRIS, H. , HOPKINSON, D.A. (1976) . Handbook of enzyme elec

trophoresis in human genetics. 3 .5.4.4.-AHA. 
HERBSCHLEB-VOOGT, E., GRZESCHICK, K.H., DE WIL, T. , PEARSON, 

P.L. , MEERA KHAN, P. (1979). Assignment of a structiral 

gene for adenosine deaminase complex inn protein (ADCP) 
human chromosome 2 in interspecific somatic cell hybrids 

l'U 1 eg m e  t, t W  / (7<- ne t. "-S 163-164.



HERSHFIELD, M.S. (1979). Apparent suicide inactivation of 
human lymphoblast S-adenosylhomocysteine hydrolase by 
2'-deoxyadenosine and adenine arabinoside. A basis for 
direct toxic effects of analogs of adenosine. «7. Brol.

Chen. 254, 22-25.
HERSHFIELD, M.S.. FRANCE, 0. (1982). The human genea for

S-adenosylhomocysteine hydrolase and adenosino deaminase 

are syntenlc on chromosome 20. Soience ?Z6, 739-742.

HERSHFIELD, M.S.. KREDICH, N.M. (19791. Suicide like
inactivation of Intracellular adenosyl homocysteine 
hydrolase by 2 '-deoxyadenosine : a mechanism which may 
contribute to the i m u n e  dysfunction in adenosine deami

nase deficiency. In: Error, of S p e c i e

Eds. Pollara, B., Pickering, R . J . .  Meuwissen, H.J.,
Porter, I.H. Adacemlc Press, New York, P 269.

HERSHFIELD, M.S.. KREDICK, N.M., OWNBY. D.R., OWNBY,
BUCKLEY, R. (1979). J- « v o  inactivation of eryt r.
a d e n o s y , -homocysteine hydrolase by 2-deoxyadenosine 
adenosine deaminase-deficient patients. A  CUa. —

107. 1284-128/. r:r.— T.r.Uuw
isozymes. A  ««. ^1-667.



129.

HIRSCHHORN, R. (1979) . Clinical delineation ui -
deaminase deficiency. In: Enzyme Defccte and rmmun*

D y s f i n o t i o n .  Ciba Foundation Symposium 68, pp35-49. 
HIRSCHHORN, R. (1983). Genetic deficiencies of adenosine

deaminase and purine nucleoside phosphorylase : overview,

genetic heterogeneity and therapy. In: Primer* 
def ic ie nc y  Di**a..>, Birth Defects Original Article Series.

E d s . Wedgewood, R.J., Rosen, F.S., Paul, N.w.
Lias inc. for March of Dimes Birth Defects F o u n d a t io n

pp73 - 8 2 .

HIRSCHHORN, R.. BERATIS, ROSEN, E.S. ,197„. Characteri
zation o f  residual enzyme activity in fibroblasts from 
p a t i e n t s  w i t h  a d e n o s in e  deaminase deficiency and combined 

immunodeficiency i evidence for a mutant enzyme

« i i =
for an unstable mutant enzyme. V. •

1 1 3 0 - 1 1 3 9 .



130.

HIRSCHHORN, R . , VAWTER, G . E . ,  KIRKPATRICK, J . A .  J r . ,  ROSEN,

F . S .  ( 1 9 7 9 ) .  F re q u e n c y  and c o m p a ra t iv e  p a th o lo g y  in  

a u t o s o m a l l y  r e c e s s i v e  s e v e r e  com bined im m u n o d e f ic ie n c y .  

r l i n .  Immunol.  Immunopathol . 14,  1 0 7 - 1 2 0 .

HOPKINSON, D . A . ,  COOK. P . J . L . ,  HARRIS, H. ( 1 9 6 9 ) .  F u r t h e r  

d a t a  on t h e  a d e n o s in e  d eam inase  (ADA) po lym orph ism  and 

a r e p o r t  o f  a new p h e n o ty p e .  Ann. Hum. Genet.  32,  36 1 -

3 6 7 .

HOVI, T., SMYTH, J.F., ALLISON. A.C., WILLIAMS, S.C. (1976). 
Role of adenosine deaminase In lymphocyte proliferation.

C l i n .  L'xp. Immunol.  23 ,  3 9 5 - 4 0 3 .

HUBER, J., kersey, J. (1975). Pathological Features. In:
C o m H a . d  Immunodefioi.noy Dit.na. and « - " , a a a
DefiH e « c y  , ^ s e c u l a r  Def.ot. Eds. Meuwlssen H.J.. 
Pickeringf R . J -  - U a r a ,  B.. Porter, I.H. New York =

A d acem ic  P re s s  p p 2 7 9 - 2 8 8 ,

HUTTON, J.J., WIGINTOM, D.A. , COLKMAN, M.S., FULLER, S. Pi . ,  

UMOUZE, S., LAMPKIN, B.C. (1981). Biochemical and 
functional a h n o r m a l l t l e s  In lymphocytes from an adenosine 
d e a m i n a s e -deficient patient during enzyme replacemen,

among the IKung
«5-t33.



131.

JENKINS, T. , RABSON, A.R., NURSE, G.T., LANE, A.B., HOPKIN- 
SON, D.A. (1976). Deficiency of adenosine deaminase not 

associated with severe combined immunodeficiency.

J. Pediatr. 89, 732-736.
KEFFORD, R.F., HELMER, M.A., FOX, R.M. (1982). S-adenosyl 

homocysteine hydrolase inhibition in deoxyadenosine- 
treated human T-lymphoblasts and resting peripheral blood 

lymphocytes. Cancer Fee. 42, 3822-3827.
KERR, S.j. (1972). Competing methyltransferase systems.

J. Biol. Chem. 247, 4248-4252.
KOCH, G.. SHOWS. T.B. (19781. A qene on chromosome 6 function, 

in assembly of tissue-specific adenosine deaminase

isozymes. Free. , „ 1 .  ^  3876-388°-
KREDICH, N.M., HERSHFIELD, M.S. (197,1. S-adenosylhomocysteine

toxicity in norma, and adenosine Kinase-deficient lympho- 

blasts of human origin. P-cc. Acad. Sc. 78,

2450-2454.

mouse T lymphoma cells. O i l  931-938.

107-119.



LERNER, M.H., LOWY, B.A. (1974). The formation of adeno 
sine in rabbit liver and its possible role as a direct 
precursor of erythrocyte adenine nucleotides. J. Biol,

Chem. 249, 959-966.
LOWRY, O.H., ROSEBROUGH, N.J., FARR, A.L., RANDALL, R.J. 

(1951). Protein measurement with the Folin phenol 

reagent. V. Biol. Chem. 193, 265-275.
MAGNUSSON. G. (1971). D e o x y r Ibonucleotide phosphatase from 

rat liver and cultured mouse fibroblasts. Ear. J. Bio-

chem. 20,  225-230. 
martin. D.W. Jr. (1981). Metabolism of Purine and Pyrimidine

Nucleotides. In: He ^  B i o c H ^ s t r y  (18th

ed). Eds. Martin, D.W., "ayes, P.A-. Rodwell, V.W.

Ch. 26, pp331-348.
MARTIN, D.W. Jr., GELFAND, E.«. (1981). Bloche.l.try of

diseases of Imunodevelopment. Ann.

J Z Z ' .  m m .  • '

...» ....... " “ •*•    ’

r —
and pseuaourldlne In adenosine deaminase deficiency.

"BEE:::,::.:—'
L i c l e n t  children. C U s .  —



1 33.

MILLS, G.C., SCHMALSTIEU, F.C., TRIMMER, K.B., GOLDMAN, A.S., 
GOLDBLUM, R.M. (1976). Purine metabolism in adenosine 
deaminase deficiency. Proa. Natl. Acad. Sai. USA 7Z, 

2867-2871 .
MITCHELL, B.S., MEJIAS, E . , DADONNA, P.E., KELLEY, W.N.

(1978). P u r i n o g e n i c  immunodeficiency diseases : Selec

tive t o x i c i t y  of d e o x y r i b o n u c l e o s i d e s  for T cells.

Proa. Natl. Aaad. Sai. USA 76, 5011-5014.
MOORE. E.C.. HURLBERT. R.B. .1966). Regulation of mammalian

d e o x y ribonucleotide biosynthesis by nucleotides as

activators and inhibitors. BicZ. 2^, 4802-

4807.
n i s h i h a r a . h .. i s k i k a w a , s ., s h e n k a i . k .. a k e d o . H. (1971, 

Multiple forms of human adenosine deaminase. « •  % '

lation and p r o p e r t i e s  of a conversion factor from

5 = =
191-204.



OSBORNE, W.R.A. , SPENCER, N. (1973). Partial purification 
and properties of the common inherited forms of adeno
sine deaminase from human erythrocytes, tiiochem. J. W ,  

117-123.
PARKER, N.F., JACK, I., VAN DER WEYDEN, M.B. (1982). Adeno

sine and deoxyadenosine-mediated altered pyrimidine 
metabolism In human adenosine deaminase-deficient lympho

blasts. J. lab. Clin. Med. 99, 731-739.
PEGG, A.E. (1971). Studies on Inhibitors of mammalian tRNA

methylases. FEBS Lett. 16, 13 16.
PERIGNON, J., HAMET, M., CARTIER, P., GMSCELLI.C. (1979). 

complete adenosine deaminase (ADA) deficiency without 
I m m u n o d e f i c i e n c y , and with primary hyperoxaluria In a 

,2- y e a r - o l d  boy. C U n .  CH.«. Clin. Bio'***. V .  406.

j : : —

— J — r — -



135.

combined immunodeficiency. .V. Engl. J . Med. 29b, 1 337-

1 343.
P R E N T IC E ,  H . G . , R U S S E L , N . H . ,  L E E ,  N . , GANESHAGURU, K . ,

B L A C K L O C K , H . ,  P I G A ,  A . ,  SM YTH, J.F., HOFFBRAND, A . V .

(1981). Selectivity of and prediction of response to
2 •-deoxycoformycin in acute leukemia. Lancet ii, 1250-

1 254 .
PRENTICE, H.G., SMYTH, J.F., GANESHAGURU, K. , WONKE, B. ,

BRADSTOCK, K.F., JANOSSY, G., GOLDSTONE, A.H., HOFFBRAND, 
A.V. (1980). Remission induction with adenosine deaminase
inhibitor 2 '-deoxycoformycin in thy-lymphoblastic

leukaemia. Lancet ii. 170-172.
PRITCHARD, J.B., O'CONNOR, N., OLIVER. J.M., BERLIN, R.D. 

(1975). uptake and supply of purine compounds by the

liver, jm. v. V h y ' i o l . m ,  967-972.rrr r-

j. Pediat. 9 1 .  4 8 - 5 1 -



136.

SCHRADER, J . , BERNE,R.M., RUBIO, R. (1972). Uptake and 
metabolism of adenosine by human erythrocyte ghosts.

Am. «7. Physiol. 223, 159-166.
SCHRADER, W.P., POLLARA, B., MEUWISSEN, H.J. (1978). Charac

terisation of the residual adenosine deamlnatlng activity 
in the spleen of a patient with combined Immunodeficiency 
disease and adenosine deaminase deficiency. Proa. Natl.

Acad. Soi. VSA 75, 446-450.
SCHRADER, W.P., STACY, A.R., POLLARA, B. (1976). Purification 

of human erythrocyte adenosine deaminase by affinity 
column chromatography. J. Biol. Chen. ?.!•!, <026 4032. 

SICLIANO, M.J., BORDELON, M.R., KOHLER, P.O. (1978).
Expression of human adenosine deaminase after fusion of 
adenosine deaminase-deficient cells with mouse fibroblasts.

Proc. Xatl. Acad. Soi. USA ?t> 936-940.
SIMMONDS, H.A., SAHOTU, A., POTTER, C.F. CAMERON, J.S.,

WADHAN. S.K. (1978). Purine metabolism and immuno
deficiency , urinary purine excretion as a diagnostic 
screening test in adenosine deaminase and purine nu= eo- 

side p h o s p h o r y l a s e  deficiency. Clin. Set. Mol.

» r~ :    — r ~
dextran and phytohemagglutinin methods of so 

leukocytes. M o o d  1 U  4 36 454‘

- r ; ; : : -
Biol. 76 A , 30-39.



137.

SNYDER, F.F., MENDELSOHN, J . , SEEGMILLER, J.E. (1976).
Adenosine metabolism in p h y t o h a e m m a g l u t i n i n - s t i m u l a t e d

human lymphocytes. «7. Clin. Inveet. 58, 654-66.
SOLTER, A.W., HANDSCHUMACHER, R.E. (1969). A rapid quanti

tative determinarion of deoxyribonucleoside triphosphates 
based on the enzymatic synthesis of DNA. Bioehim. Biophys.

Acta 174, 585-590.
SPENCER, N., HOPKINSON, D.A., HARRIS, H. (1968). Adenosine 

deaminase polymorphism in man. Ass. Hum. Genet. 32,

9-1 A.
SWALLOW, D . M . ,  EVANS, L . ,  HOPKINSON, D . A .  (1977). Several 

of the adenosine deaminase isozymes are glycoproteins.

Nature 269,  261-262.
SWALLOW, D . M . .  O 'B R IE N ,  J . S . .  HOOGEVEEN, A . T . , BUCKS, D.W.

n 9 8,,. E l e c t r o p h o r e t i c  analysis of glycoprotein enzymes 

in the s i a l i d o s e s  and mucolipidoses. Ann. Hum. Genet.

" I f : — — —
l y m p h o c y t e s  from normal subjects and patients with
congenital X-linRed agammaglobulinaemia. V. Immune.

“ . : : : : : : : % % % % —  

chromosome 20. Hum. 24, 1 " •



1 3 8 .

JPEBTI, J. , PETERSON, W.D., LIGHTBODY, J.J., JOHNSON, R.M. 
(1983). A phenotypically normal revertant of an adeno
sine deaminase-deficient lymphoblast cell line. «7.

Immunol . ISO,  2 8 6 6 - 2 8 7 0 .

ULLMAN, B., COHEN, A., MARTIN, D.W. Jr. (1976). Characteri
zation of a cell culture model for the study of adenosine 
deaminase and purine nucleoside phosphorylase-defIclent 

Immunologic disease. Cell 205-211, 
ULLMAN, B., LEVINSON, B.B.. HERSHFIELD, M.S.. MARTIN. D.W. Jr.

(1981). A biochemical genetic study of the role 
specific nucleoside kinases in deoxyadenoslne phosphory

lation by cultured human cells. ■ . Bio,. Che 

848-852.
VALENTINE. W.N.. PAGLIA, D.E., TARTAGLIA, A.P. GILSANZ, F.

(1977). Hereditary hemolytic anemia with Increas

cell adenosine deaminase ,45- to 70-fold, and decreased 

adenosine triphosphate. S " " "  783-785.

"eeeeee:



VALERIO, D. , DUYVESTEYN, M.G.C., MEERA KHAN, P., VAN DER
EB, A.J. (1984). Adenosine deaminase (ADA) deficiency
in cells derived from humans with severe combined 
immunodeficiency is due to an aberration of the ADA 

protein. Nucleie Aoida Rea. 12, 1015-1024.

VALERIO, D . , MeIVOR, R.S., WILLIAMS, S.R., DUYVESTEYN,
M.G.C., VAN ORMONDT, H . , VAN DER EB, A.J., MARTIN,
D.W. Jr. (1984). Cloning of human adenosine deaminase

cDNA and expression in mouse cells. Gene 31,

VAN DER WEYDEN, M.B., BUCKLEY, R.H., KELLEY, W.N. (1974).
Molecular form of adenosine deaminase In severe combined 

immunodeficiency. Bioch™. Biophye. Re*. Comm. 57,

590-5 95.
VAN DER WEYDEN, M.B., KELLEY, W.N. (1976). Human adenosine 

deaminase , Distribution and Properties. A  Biol.

251 , 5448-5456.
VAN LAARHOVEN, DE BRUYN, C.H.M.M. (1983). Purln.

metabolism In relation to leukemia and lymphoid ce 
differentiation. 451-480.

WALKER, R.D., DUERRE, J.A. ,1975). S-adenosylhomocysteln. 

metabolism In various species. Can. J. Bioc ... .

312-319."lEHEErEB
(New series) pp135-144.



14n.

WIGINTON, D.A., ADRIAN, G.S., FRIEDMAN, R.L., PARKER SUTTLE,
D . , HUTTON, J.J. (1983). Cloning of cDNA sequences of 
human adenosine deaminase. Pvoo. Natl. Aead. Soi. USA 

80, 7481-7485.
WIGINTON, D.A., HUTTON, J.J. (1982). ImmunoreactIve protein 

In adenosine deaminase deficient human lymphoblast cell 

lines. tf. Biol. Chem. 257, 3211-3217.
WOLFSON, J.J., CROSS, V.F. (1975). The radiographic findings 

in 49 patients with combined immunodeficiency. In: 
Combined Immunodtfioienoy Diaeaeea and Adenoeine Deami

nase Deficiency : A molecular Defect. Eds. Meuwlssen, 
H.J., Pickering, R . J . ,  Pollara, H., Porter, I.H.

Academic Press, New York, cp255-277.
WORTMANN, R.L., MITCHELL, B.S., EDWARDS, M.L., FOX. I.H.

(,979). Biochemical basis for differential deoxyader.o- 

slne toxicity to T and B lymphoblasts , Role for 5'- 
nuclooti dase. Pr„. Katl. Atad. Soi. VSA 71. 4499-4509.

ZAPPIA, V., ZYDEK-CWICK, D.R., SCHLENK, F. (1969). The 
specificity of S-adenosylmethlonlne derivatives In
methyl transfer reactions. » U t .  CH.*. H , .  4499-

4509.



F



Author  Hart S L  
Name of thesis Partial adenosine deaminase deficiency without immunodeficiency: Biochemical and Genetic Studies  1986 
 
 

PUBLISHER: 
University of the Witwatersrand, Johannesburg 

©2013 
 

LEGAL NOTICES: 
 

Copyright Notice: All materials on the Un i ve r s i t y  o f  the  Wi twa te r s rand ,  Johannesbu rg  L ib ra ry  website 
are protected by South African copyright law and may not be distributed, transmitted, displayed, or otherwise 
published in any format, without the prior written permission of the copyright owner. 

 

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you 
may download material (one machine readable copy and one print copy per page) for your personal and/or 
educational non-commercial use only. 

 

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any 
and all liability for any errors in or omissions from the information on the Library website.  

 




