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Summary. Glucose-6-phosphate dehydrogenase (G6PD) 
deficiency has previously been repor ted among both the 
black and white populations of Costa Rica. All 28 G6PD 
A -  samples were found to be of the common G6PD 
A--376G/2~ A previously described mutation asso- 
ciated with nonspherocytic hemolytic anemia,  G6PD 
Puerto Lim6n, was found to be due to a G--*A transition 
at nucleotide (nt) 1192, causing a glu--~lys substitution. 
Mutations in this region of the G6PD molecule seem in- 
variably to be associated with chronic hemolytic anemia. 
G 6 P D  Santamar ia  had been  described previously in 
two unrelated white subjects. We found that both did, 
indeed, have the same mutations.  In this variant the 
A---~G substitution at nt 376 that is characteristic of G6PD 
A was present ,  but an A---~T mutat ion at nt 542, appar- 
ently superimposed on the ancient G6PD A mutation, 
resulted in an asp--*val substitution. Thus, the gain of a 
negative charge at amino acid 126 was counterbalanced 
by the loss of a charge at amino acid 181, giving rise to a 
variant with the G6PD A mutat ion but with normal elec- 
t rophoret ic  mobility. 

Introduction 

Over  400 putative variants of glucose-6-phosphate dehy- 
drogenase (G6PD) have been distinguished f rom one 
another  by biochemical characterization in the last 30 
years (Beutler  1990). Analysis of the D N A  sequence of 
the coding port ion of the G6PD gene has made possible 
precise classification of G6PD variants for the first time. 
Our  studies and those of others have revealed that the 
number  of  different mutat ions is probably substantially 
less than had previously been believed on the basis of 
biochemical Characterization; a recent review of 46 os- 
tensibly distinct variants revealed only 23 different muta- 
tions (Beutler 1991). 

The predominant ly  white populat ion of Costa Rica, 
formerly a Spanish colony, is largely of Spanish origin. 
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The black population, representing basically migrants 
f rom Jamaica,  is considered to have originated in West 
Africa. Several different G6PD variants have been de- 
scribed among the populations of Costa Rica. These in- 
clude G6PD Puerto Lim6n, a variant with severe defi- 
ciency causing hereditary nonspherocytic hemolytic ane- 
mia (Elizondo et al. 1982) and G6PD Santamaria (Saenz 
et al. 1984), in which hemolysis was observed only under 
stress. In addition, investigation of 1097 children of the 
San Jos6 province revealed a high incidence of G6PD 
deficiency among black boys, most  of the deficient chil- 
dren having residual enzyme with fast mobility, so that it 
could be classified as G6PD A - .  Interestingly, a few 
black boys with G6PD deficiency were found to have en- 
zyme with normal electrophoretic mobility (Chaves et 
al. 1988). This is a very unusual finding: deficient sam- 
ples from persons of African origin are almost always 
electrophoretically rapid, and are thus phenotypically 
classified as G6PD A - .  

We have now analyzed deficient variants in Costa 
Rica at the D N A  level, identifying the mutations both in 
enzyme-deficient black males and in the previously re- 
ported cases in whites. 

Materials and methods 

G6PD-deficient blood samples 

Blood for analysis was obtained from the patient originally de- 
scribed to have G6PD Puerto Lim6n and from the two patients 
originally described to have G6PD Santamaria. Blood samples 
from 289 black males from the province of Lim6n were screened 
for G6PD deficiency using the fluorescent spot test (Beutler 1966). 
We detected 29 deficient samples. All of the G6PD deficient sam- 
ples were shipped from Costa Rica to La Jolla, Calif., where DNA 
was extracted using the Applied Biosystems DNA extractor. 

DNA sequence analysis 

All DNA samples were screened for the A---~G mutation at nuc- 
leotide (nt) 376 that is characteristic of G6PD A -  and G6PD A+ 
and for the G---~A mutation of nt 202 that is characteristic of the 
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most common form of G6PD A - ,  using polymerase chain reaction 
(PCR) amplification and digestion with the appropriate restriction 
endonuclease as previously described (Hirono and Beutler 1988; 
Beutler et al. 1991b). When both of these mutations were present 
the subject was classified as G6PD m -376G/202A, the common G6PD 
A -  genotype (Beutler 1989). When these mutations were not pre- 
sent, the entire coding region was sequenced using PCR-amplified 
DNA as previously described (Beutler et al. 1991a). Mutations 
that were encountered were confirmed by sequencing the reverse 
strand. 

Results 

Samples from black males 

Of the 29 black male samples 28 were found to be G6PD 
A -376G/202A. A repeat  sample from the 29th patient was 
obtained and found to have normal G6PD activity and 
normal electrophoretic mobility of the enzyme. 

G6PD Puerto Lim6n 

The mutation of G6PD Puerto Lim6n was found to be a 
G---~A transition at nt 1192, causing a substitution of the 
amino acid lysine for the normal glutamate at amino acid 
398. 

G6PD Santamaria 

Both samples of G6PD Santamaria were, indeed, found 
to have the same mutation, confirming the impression 
from their biochemical properties that they were the 
same, although found in unrelated persons (Saenz et al. 
1984). Two mutations were found. One of these was the 
A---~G substitution at nt 376 characteristic of G6PD A +  
and G6PD A - .  However ,  the mutation at nt 202 charac- 
teristic of G6PD A -  was no t  present. Instead an A ~ T  
transversion was identified at nt 542, causing a substitu- 
tion of valine for the normal aspartic acid. 

Discussion 

G6PD Puerto Lim6n is a severely deficient G6PD var- 
iant associated with hereditary nonspherocytic hemolytic 
anemia. It is thus categorized as a class 1 variant in the 
usual classification (Yoshida et al. 1971). While it was 
once believed that such variants would prove to be very 
heterogeneous,  our recent studies have indicated that 
many such variants that were believed to be distinct are, 
in reality, identical to each other on DNA sequence anal- 
ysis (Beutler 1991). However ,  the mutation we iden- 
tified in G6PD Puerto Lim6n is one that has not been 
encountered previously. Its position at nt 1192 places it 
in a domain of the G6PD molecule that is involved in the 
binding of N A D P  (Hirono et al. 1989). Mutations in this 
region seem invariably to be associated with hereditary 
nonspherocytic hemolytic anemia (Beutler 1991). The 
mutation of G6PD Puerto Lim6n is located between the 
mutations of G6PD Anaheim and G6PD Nashville, iden- 
tical variants with a mutation at nt 1178, and G6PD 
Riverside, with a mutation at nt 1228. Both of these var- 

iants are associated with nonspherocytic hemolytic ane- 
mia. The substitution of a positively charged lysine at 
amino acid 398 for the negatively charged glutamic acid 
normally present accounts for the reported very rapid 
electrophoretic mobility of the enzyme (Elizondo et al. 
1982). 

The other variants we have investigated in Costa Rica 
were not associated with chronic hemolytic anemia; one 
of the patients with G6PD Santamaria had some evi- 
dence of hemolysis but the other  was perfectly normal. 
These variants therefore represent examples of the ex- 
tensive polymorphism involving this enzyme that has ap, 
patently evolved as a mechanism of protection against 
Falciparum malaria (Luzzatto et al. 1986). G6PD defi- 
ciency among people of African origin is phenotypically 
almost always G6PD A - .  Sequence analysis has shown, 
however,  that G6PD A -  is actually heterogeneous.  At 
nt 376 an A---~G substitution, which occurs also in G6PD 
A, is always present. This mutation, causing the sub" 
stitution of asparagine by aspartic acid is responsible fo x 
the rapid electrophoretic mobility of G6PD A and G6PD 
A - .  The deficiency is due to the second mutation, which 
most commonly is a G---~A substitution at nt 202. Occa- 
sionally, however, the second mutation is different: a 
T--~C may be present at nt 968 or a G--~T at nt 680 
(Hirono and Beutler 1988; Beutler et al. 1989). The 
forms of G6PD A- characterized by two of these second 
mutations, those at nt 202 and at nt 968, have also been 
found among Spaniards, in whom the mutation had pre- 
viously been thought to be a unique variant, G6PD Betica 
(Beutler et al. 1989). 

The fact that virtually all African deficiency muta- 
tions of G6PD arose in the context of G6PD A has led us 
to suggest that G6PD A might have been the predomin- 
ant mutation in Africa at one time (Beutler et al. 1989). 
Alternatively, it has been suggested that deficiency mu- 
tations might be better tolerated in the context of the nt 
376 mutation (Yoshida 1989). The existence among per- 
sons of African descent of G6PD mutations in which the 
residual enzyme manifested normal electrophoretic mo- 
bility (Chaves et al. 1988), as had been found in Costa 
Rica, was therefore of special interest. 

Unfortunately the original subjects in which such a 
mutation had been observed were no longer available 
for study, and none of the 29 black males we studied fell 
into this category. However ,  although found in white 
subjects, G6PD Santamaria may provide an explanation 
for the existence of African deficient variants with nor- 
mal electrophoretic mobility, in that we already recog- 
nize that G6PD deficiency in Spain reflects G6PD defi- 
ciency in Africa. This variant, which has normal electro- 
phoretic mobility, was found to have the G6PD A muta- 
tion at nt 376. However,  the aspartic acid that was gained 
at amino acid 126 was lost by the mutation at nt 542, 
which causes a change from aspartic acid to valine at 
amino acid 181. The net change in amino acid composi- 
tion is a loss of an asparagine and the gain of a valine 
with no change in charge. The double-banded pattern 
originally reported in the subjects with this enzyme re- 
mains unexplained, but could be due to aggregation of 
the mutant enzyme molecules as is believed to occur also 
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in G 6 P D  T e l - H a s h o m e r  ( K i r k m a n  et  al. 1969). Whi l e  
G 6 P D  S a n t a m a r i a  canno t  be  cons ide red  to be  an exam-  
p le  of  G 6 P D  A -  pheno typ i ca l l y ,  it does  r ep re sen t  a 
four th  e x a m p l e  of  a def ic iency  m u t a t i o n  arising in the  
con tex t  of  the  nt  376 A---~G t rans i t ion .  The  fact  tha t  the  
m u t a n t  was or ig ina l ly  de sc r ibed  in two u n r e l a t e d  males  
(Saenz  et  al. 1984) cou ld  be  the  resul t  of  r e m o t e ,  un- 
k n o w n  k insh ip ,  bu t  cou ld  also ind ica te  tha t  this is ye t  
a n o t h e r  p o l y m o r p h i c  fo rm of  G 6 P D  def ic iency.  Consis-  
t en t  with the  l a t t e r  i n t e r p r e t a t i o n  is the  fact tha t  no 
h e m a t o l o g i c  a b n o r m a l i t i e s  were  regu la r ly  p r e sen t  in the  
absence  of  stress.  I t  r ema ins  to  be  seen  w h e t h e r  this mu-  
tan t  will a lso be  f o u n d  in pe r sons  of  Af r i c an  ances t ry  as 
have  b e e n  o t h e r  Span i sh  G 6 P D  def ic ient  var iants ,  but  it 
cou ld  exp la in  the  occas iona l  f inding of  G 6 P D  def ic ient  
var ian ts  with n o r m a l  e l e c t r o p h o r e t i c  mob i l i t y  a m o n g  Af -  
r icans.  
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