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I n t ro d u c t i o n
The ABO blood group system is the most cl i n i c a l ly sig-

n i ficant system in transfusion medicine. A n t i gens of the
ABO system consist of an A or a B carbohy d rate stru c t u re
c a rried on the substrate H antige n .The A or B gly c o s y l-
t ra n s fe rase encoded at the A B O locus on ch romosome 9
d e fines which specific carbohy d rate is added to the end
of the H substance oligo s a c ch a ride chains (GalNA c 1 - 3
for A and Gal 1-3 for B). The H antigen is defined by a
fucose sugar attached to the C-2 position of a term i n a l
galactose residue in an 1-2 linkage on a type II pre c u r-
sor substrate chain (pre d o m i n a n t ly) via a fucosyltra n s-
fe rase encoded at a locus on ch romosome 19. ABO phe-
notyping using modern blood banking re agents allow s
for sero l o gic detection of these specific sugars on re d
blood cells (RBCs), d e t e rmining an individual’s A B O
blood gro u p .To a limited ex t e n t , p o lymorphisms in the
ABO blood group system can be sero l o gi c a l ly detected
in the fo rm of subgro u p s . The degree and reactivity pat-
t e rn of RBC agglutination with monoclonal re age n t s
i n cluding anti-A, – B , –A,B and –H along with the pre s-
ence or absence of A , B , and H substances in the saliva
help to distinguish one subgroup from another.1 T h e
adsorption and elution method is capable of sero l o gi c a l-
ly detecting the presence of  small amounts of ABO anti-
gens carried on the RBC. H oweve r, quite often, u n ex-
p l a i n able ABO phenotyping results cannot be re s o l ve d
s e ro l o gi c a l ly. If this occurs in a patient,group O blood is
u s u a l ly transfused and the clinical care of the patient is
not compro m i s e d . Due to recent advances in molecular
b i o l o gy, m a ny of the ABO va riations seen sero l o gi c a l ly
can now be explained at the genetic level and have been
s h own to be a consequence of point mu t a t i o n s , d e l e-
t i o n s ,and gene re a rra n gements that result in va riant A B O
g ly c o s y l t ra n s fe rases with diffe rent specificity and activi-
t y.2 – 2 2 Despite this detailed know l e d ge ,we still use basi-
c a l ly the same appro a ch to ABO typing as that descri b e d
by Landsteiner 100 ye a rs ago .

G l y c o s y l t r a n s f e r a s e s
G ly c o s y l t ra n s fe rases are enzymes that catalyze tra n s-

g lycosylation reactions between sugar-nu cleotide donor
and acceptor substra t e s . The A gly c o s y l t ra n s fe ra s e ,
(1,3) N- a c e t y l g a l a c t o s a m i ny l t ra n s fe ra s e , and the B gly c o-
s y l t ra n s fe ra s e , (1,3) galactosaminy l t ra n s fe ra s e , use the
same substra t e , a fucose that defines the H antige n . T h e
ability of the gly c o s y l t ra n s fe rases (which are proteins) to
e ffi c i e n t ly catalyze tra n s g lycosylation reactions (addition
of a sugar) depends on their specific confo rm a t i o n a l
s t ru c t u re that allows optimal binding to the substra t e .
The confo rmational or tert i a ry stru c t u re of a protein is
d e fined by its amino acid sequence. The chemical pro p-
e rties of each amino acid, whether it is hy d rophobic or
hy d ro p h i l i c , polar or nonpolar, gre a t ly affect the confo r-
mational stru c t u re of a pro t e i n . An amino acid substitu-
tion within a protein has the ability to alter the speci-
ficity of the binding site, resulting in a less cataly t i c a l ly
functional enzyme. Amino acid substitution, re s u l t i n g
f rom mu t a t i o n s ,d e l e t i o n s ,or gene recombination within
exon 6 and 7 of the coding DNA of va riant ABO gly c o-
s y l t ra n s fe ra s e s , is re s p o n s i ble for less efficient tra n s fer of
the immunodominant sugar residues to the H substra t e ,
w h i ch results in weak sero l o gic re a c t i o n s .

A B O G e n e s
The molecular genetic basis of the A B O genes has

been revealed during the past decade. In 1990, the par-
tial amino acid sequence was deri ved from a solubl e
fo rm of A ge n e - d e fined tra n s fe ra s e , U D P - G a l NA c : F u c 1 - 2
Gal1-3 GalNAc from human lung tissue.1 6 Based on this
p a rtial amino acid sequence,cloning of the cDNA for the
A tra n s fe rase was made possibl e .1 7 Po ly (A) RNA fro m
human stomach cancer cell lines ex p ressing high leve l s
of A antigen we re used to construct a cDNA libra ry. T h e
A tra n s fe rase protein consists of three domains: a short
N - t e rm i n a l , a hy d rophobic tra n s m e m b ra n e ,and a long C-
t e rminal domain. The puri fied soluble fo rm of the
enzyme is cataly t i c a l ly active but was shown to lack the
N - t e rminal and the hy d rophobic domains, l e aving the
long C-terminal domain most like ly re s p o n s i ble for cat-

ABO blood group system: a rev i ew
of molecular aspects
A . H . LE E A N D M . E . RE I D



A.H. LEE AND M.E. REID

a lytic activity. Because exons 6 and 7 of the A B O ge n e
a re re s p o n s i ble for translation of the C-terminal domain
of gly c o s y l t ra n s fe ra s e s , re s e a rch e rs focused on these
exons to discriminate A B O alleles and to cl a rify sero l o g-
ic pro blems seen at the phenotypic leve l . Cloning and
sequencing cDNA of human colon adenocarcinoma cell
lines of phenotypes A B , B , and O showed that there are
s even nu cleotide diffe rences between A and B alleles at
positions 297, 5 2 6 ,6 5 7 ,7 0 3 ,7 9 6 ,8 0 3 , and 930, re s u l t i n g
in four amino acid ch a n ges at residues 176,2 3 5 ,2 6 6 ,a n d
2 6 8 .1 8 P revious studies based on gene re c o n s t ru c t i o n
ex p e riments and studies of ex p ression in DNA tra n s fe c t-
ed Hela cells show that the second,t h i rd , and the fo u rt h
amino acids are crucial in determining nu cl e o t i d e - s u g a r
s p e c i fi c i t y. The fi rst amino acid substitution (Arg 1 7 6 G ly )
was not found to be important in determining the sugar-
nu cleotide specificity (see Tables 1 and 2).1 9 – 2 3 C l e a r ly,
the C-terminal re gion of the protein is important for effi-
ciency and acceptor specificity of enzymatic function.
Perhaps the best example of this would be the group O
phenotype (see Table 3). 3 – 7

Molecular Events that Silence A or B Gene (O
P h e n o t y p e )

All the adenocarcinoma cell lines from group O indi-
viduals have a stru c t u ral sequence identical to that of the
o ri ginal A1 p ri m o rdial gene descri b e d , with the ex c e p-
tion of a nu cleotide deletion in the coding re gion at
nu cleotide position 261, indicating that the lack of tra n s-
fe rase activity in group O individuals is due to a shift in
the reading frame that pre m a t u re ly codes for a stop
codon and translation of an entire ly diffe rent pro t e i n
d evoid of any enzymatic function.1 8 In 1994,a mutant O
allele in which the nu cleotide deletion at position 261
was absent was detected and sequenced, but the B-asso-
ciated 297A>G and 526C>G mutations we re observe d .
The lack of A or B tra n s fe rase activity was explained by
the presence of a third mu t a t i o n ,8 0 2 G > A , resulting in a
g ly c i n e - t o - a rginine substitution in the re gion of the gly-
c o s y l t ra n s fe rase thought to be invo l ved in enzymatic
s u b s t rate specificity (Table 3). This allele was named
O2.4

Table 1. A A l l e l e s



An O3 allele that does not contain the 261 nu cl e o t i d e
deletion was re c e n t ly identified in one Swe d i s h - D a n i s h
fa m i ly. In a recent study to validate an ABO ge n o t y p e
s c reening method, one ABO genotype assignment did
not correlate with the sero l o gi c a l ly obtained phenotype.
The propositus and his father consistently phenotyped
as group O and had strong anti-A and anti-B in their
s e ru m . Adsorption and elution studies failed to detect
the presence of A or B antigens on their RBCs. T h e
p ropositus and his father we re initially genotyped as
A2O1. Suspecting a novel O a l l e l e , exons 6 and 7 of the
A B O gene of the propositus we re sequenced after
cloning into a bacterial ve c t o r. The ABO ge n o t y p i n g
revealed the propositus and his father to be a combina-
tion of the A2 and Ae l a l l e l e s , containing a triple mu t a-
tion that totally inactivated the gly c o s y l t ra n s fe ra s e ,
resulting in a sero l o gi c a l ly group O phenotype.5

In the Brazilian population, p rev i o u s ly unidentifi e d
alleles have been found that are believed to be the cause
of re c o m b i n a t i o n , hy b rid alleles, and cro s s over eve n t s
b e t ween O, A, and B a l l e l e s , resulting in a cataly t i c a l ly
a c t i ve enzyme and a sero l o gical phenotype of group O.
I n d e e d , as more populations are genotyped for A B O,
m o re alleles will be identifi e d .6

Molecular Events that Cause Altered Activity
of Glycosyltransferases7

The most common ABO subgroup identified is the A2
p h e n o t y p e ,w h i ch is sero l o gi c a l ly identified by its ab i l i t y
to be agglutinated by anti-A  but not by anti-A1. It has
been a long standing debate as to whether the diffe re n c e
of the A antigen on A1 and A2 RBCs is a quantitative or
q u a l i t a t i ve one. In a study by Yamamoto et al.,8 it wa s
found that genomic DNA from all eight of A2 s a m p l e s
a n a lyzed contained a single nu cleotide deletion at posi-
tion 1059, 1 0 6 0 , or 1061 (all of which are C) as com-
p a red to an A1a l l e l e . This single base deletion located at
the end of the C-term i nus ch a n ges the reading frame and
results in a protein with 21 additional amino acids, l e a d-
ing to a 30- to 50-fold decrease in the A tra n s fe rase activ-
i t y. This finding re i n fo rces the view that the C-term i n a l
re gion of the protein is important for efficiency and
acceptor specificity of enzymatic function.8

Another va riant ABO phenotype seen sero l o gi c a l ly is
the A3 p h e n o t y p e . This is sero l o gi c a l ly cl a s s i fied by a
m i xe d - field pattern of reactivity with commerc i a l ly ava i l-
able anti-A sera . Molecular analysis has shown that two
d i ffe rent A3B people have a single nu cleotide substitu-
tion at 871 G>A as compared to A1 a l l e l e s , resulting in

the amino acid substitution A s p 2 9 1 A s n . In the A3 p h e-
n o t y p e ,one nu cleotide substitution effects ag g l u t i n a t i o n
of approx i m a t e ly 60 percent of RBCs.9

A ra re phenotype encountered in blood banking is
the cis-AB phenotype. Two possible genetic mech a n i s m s
we re proposed for this phenotype. The fi rst was based
on an unequal cro s s over event resulting in a gene with
p a rt of A and part of B. The second theory was based on
a stru c t u ral gly c o s y l t ra n s fe rase mutation in either the A
or B ge n e , resulting in bifunctional activity. M o l e c u l a r
a n a lysis showed that the c i s - A B alleles are identical to A1

alleles except for two nu cleotide substitutions. One at
nu cleotide 467 (C>T) corresponds to the amino acid
substitution of  Pro 1 5 6 L e u , and the other at nu cl e o t i d e
803 (G>C) corresponds to an amino acid ch a n ge fro m
g lycine to alanine at position 268 as compared with the
A1 a l l e l e .This glycine–alanine substitution is located at
the fo u rth position of the substitutions, w h i ch discri m i-
nates A1 and B tra n s fe ra s e s . It is now believed that the
c i s - A B allele arose through a point mutation fro m A
t ra n s fe rase during evolution of A B O genes rather 
than through the recombination between A and B
a l l e l e s .1 0 – 1 2

H G e n e
The human H gene encoding the H enzyme, an 1 , 2

f u c o s y l t ra n s fe ra s e , was fi rst cloned by the ex p re s s i o n
cloning method. Molecular analyses of va rious Bombay
and para - B o m b ay individuals have identified deletions
and missense mutations in the H allele that abolish or
gre a t ly reduce the enzymatic activity of the fucosyl-
t ra n s fe rase (Table 4).1 3 – 1 7 , 2 4 , 2 5 E a ch gly c o s y l t ra n s fe ra s e
must have a we l l - d e fined substrate to tra n s fer their
i m munodominant sugar. T h e re fo re , a mutation ex i s t i n g
within the H gene will result in a reduced amount of H
a n t i gen ava i l able on the RBC for the wild type A and B
g ly c o s y l t ra n s fe rase to effe c t i ve ly tra n s fer their immu n o-
dominant sugar. In these cases, s e ro l o gic reactions with
anti-A or anti-B will be we a kened due to a mutation with-
in the H gene re g a rdless of norm a l A and B alleles pre-
s e n t .1 3 – 1 7

P e r s p e c t i v e
The dramatic advances in molecular biology within

the past decade have provided blood banke rs with the
k n ow l e d ge of diffe rent A B O alleles and methods to
detect them. Po ly m e ra s e - chain reaction (PCR)-based
t e ch n i q u e s ,s u ch as re s t riction fragment-length poly m o r-
p h i s m , a l l e l e - s p e c i fic PCR, s i n g l e - s t randed confo rm a t i o n
p o ly m o r p h i s m , and denaturing gradient gel elec-
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t ro p h o re s i s ,h ave been used for the identification of A B O
ge n o t y p e s . Blood banke rs and fo rensic scientists are
e m p l oying these techniques because they offer seve ra l
a d va n t ages over routine sero l o gic methods; ge n o t y p i n g
does not re q u i re RBCs and only a small sample is need-
ed for prenatal and fo rensic inve s t i g a t i o n s .2 3 , 2 6

In previous studies, A B O genotyping results we re
c o m p a red with the determined sero l o gic phenotype.2 3

A correlation of 98.7 percent of the individuals studied
was ach i eve d . H oweve r, caution must be exe rc i s e d
when attempting to predict an individual’s phenotype
f rom ABO genotyping re s u l t s . The re q u i rement that
nu cleotide substitutions are cl e a r ly related to specifi c
phenotypes must be met. Genotyping methods for some
ra re blood groups whose allelic sequences are unknow n
a re prone to be misinterpre t e d . The A1 allele cannot be
d i re c t ly detected; its determination is always linked to
ex clusion of other known alleles.2 3 , 2 6

Phenotype prediction also depends on the functional
i n t e grity of the allele. ABO genotyping often will identi-
fy hetero z y gotes with one “ n o rm a l ” A B O allele and one
allele with a mu t a t i o n . It is often difficult to predict the
c a t a lytic capabilities of the less efficient gly c o s y l t ra n s-
fe rase and, t h e re fo re , the phenotype.R e c e n t ly, a supera c-
t i ve B tra n s fe rase was identified in  bl a ck and Ja p a n e s e
p o p u l a t i o n s . This strong B tra n s fe rase is two to fi ve
times more efficient at conve rting H substance to B anti-
gens than a “ n o rm a l ” B tra n s fe ra s e . It has been show n
that an individual who inherits a normal A1 a l l e l e
(A B O * A 1 0 1) and the allele encoding this strong B tra n s-
fe rase will phenotype as A2B as a result of competition
b e t ween the A1 t ra n s fe rase and the ove r p owe ring B
t ra n s fe rase for conve rting the H antige n . An individual
with an A2B phenotype has the potential of having an
a n t i - A1 in their seru m . ABO genotyping would pre d i c t
this individual to be an AB phenotype without distin-
guishing between A1B and A2B .2 7 – 2 9

T h e re are many fa c t o rs affecting what is seen at the
molecular level to what protein will be ex p ressed on the
s u r face of the RBC. If DNA sequencing of the entire A B O
gene becomes a routine screening pro c e d u re ,d e fects in
gene control and ex p ression still could indicate a ge n o-
type that is inconsistent with the sero l o gi c a l ly observe d
p h e n o t y p e . The clinical implications of a misinterpre t e d
ABO phenotype prevents genotyping from re p l a c i n g
s e ro l o gy in transfusion medicine. S e ro l o gic inve s t i g a-
tions supplemented with molecular biology have unrav-
eled many blood banking my s t e ries and provide fa s t e r
and safer transfusions for patient care .
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Key Wo rds: Rh blood gro u p ,R h D, R h C E ,R h AG, Rh pro t e i n s , R H ge n e s

I n t ro d u c t i o n
The Rh blood group system consists of at least 45 independent antigens and is considered the most poly m o r-

phic human blood group system. The great immu n o genicity of the Rh antigens makes the system of considerabl e
clinical importance in transfusion medicine:Rh antigens are invo l ved in hemolytic transfusion re a c t i o n s ,h e m o ly t-
ic disease of the new b o rn (HDN), and autoimmune hemolytic anemia. The morphological and functional ab n o r-
malities of red blood cells (RBCs) deficient in Rh antigens (Rhnu l l and Rhm o d phenotypes) indicate that the Rh pro-
teins are necessary for red cell membrane integri t y.

The Rh blood group system: t h e
fi rst 60 ye a rs of discove ry
C . LO M A S- FR A N C I S A N D M .E . RE I D

From kill to ove rk i l l : 100 ye a rs of
(perhaps too mu ch) pro gre s s
P. D. IS S I T T

Key Wo rds: compatibility tests, a n t i b o dy screening tests, antiglobulin tests, e n z y m e - t reated red cells,p o ly b re n e ,
P E G, solid phase, gel methods, a u t o m a t i o n

I n t ro d u c t i o n
The 1900 re p o rt of Landsteiner,1 d e s c ribing discove ry of the ABO gro u p s ,p rov i d e d , by fa r, the most signifi c a n t

a d vance ever made in enhancing the safety of red cell blood tra n s f u s i o n s . In the 100 ye a rs that fo l l owe d , nu m e r-
ous other blood group systems we re discove red and methods used to detect blood group antibodies in the sera of
patients to be transfused became incre a s i n g ly sensitive . G reat emphasis has been placed on increasing that sensi-
t i v i t y. A ge n e ral philosophy about any new method has been that if it detects more antibodies, it must be better.
In the year 2000, s u ch reasoning is no longer va l i d . Some re c e n t ly devised methods detect antibodies that are of
no clinical re l evance to the patients in whom they are fo u n d . The use of ove rs e n s i t i ve tests increases the cost of
t ransfusion and, wo rs e ,m ay prevent or delay essential transfusion while a cl i n i c a l ly meaningless in vitro finding is
i nve s t i g a t e d . In the detection of blood group antibodies, m o re is not always better. The 1900 discove ry prov i d e d
a means by which killing the patient with ABO incompatible blood could be avo i d e d . One hundred ye a rs later,we
a re sometimes guilty of ove rkill in our zealous attempts to detect blood group antibodies. This rev i ew documents
the historical development of antibody screening and compatibility testing methods and identifies the point at
w h i ch ove rkill became a re a l i t y.
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B a c k g ro u n d

Blood group antigens and their significance for blood tra n s f u s i o n
Blood group antigens are polymorphisms in protein or carbohy d rate molecules on the surface of red blood cells

( R B C s ) ,w h i ch may be recognized as fo reign by a re c i p i e n t ’s immune system after RBC tra n s f u s i o n . O ver 200 diffe r-
ent blood group antigens have been identified to date.1

The ABO system antigens are of pri m a ry significance for blood tra n s f u s i o n , because antibodies to the A or B anti-
gens occur natura l ly in most subjects. The accidental administration of A B O - i n c o m p a t i ble blood usually results in
rapid intravascular hemolysis of the transfused RBCs, with serious and sometimes fatal consequences. For this re a-
s o n ,eve ry donated unit of blood is ro u t i n e ly ABO typed,and great care is taken to ensure that eve ry unit of tra n s f u s e d
blood is ABO compatibl e . T h u s , the ABO antigens ra re ly cause any tra n s f u s i o n - related complications for the re c i p i e n t .
The practical significance of the ABO antigens relates more to the logistics of providing blood for tra n s f u s i o n ,i . e . ,t o
c over the possible demand for each type, blood banks must collect and store more blood than is actually needed fo r
t ra n s f u s i o n . T h u s , some units will remain unused and become outdated. D i ffe rences in the frequencies of A , B and O
a n t i gens between the recipient and donor pools also may produce re l a t i ve short ages and surpluses of certain types,
re q u i ring the tra n s fer of blood between diffe rent re gions to equalize supply and demand.

PEG-coated red blood cells—
simplifying blood transfusion in
the new millennium?
T. C . FI S H E R

Key Wo rd s : t ransfusion safe t y, t ra n s m i s s i ble disease, red cell modifi c a t i o n ,human blood altern a t i ve s

I n t ro d u c t i o n
The twentieth century was escorted in with the ex t ra o rd i n a ry finding of the ABO blood gro u p s . K a r l

L a n d s t e i n e r, in 1900, using blood samples collected from his co-wo rke rs described the agglutination and lysis of
red cells when they we re mixed with another pers o n ’s seru m . He sorted these findings to define the A ,B , and 0
( z e ro) blood groups of “ m a n .”1 , 2 With similar technique and with Landsteiner’s urgi n g , Decastello and Sturli
d e s c ribed the remaining blood gro u p ,A B , in 1902.3 These fi n d i n g s ,w h i ch today seem simplistic and often lost in
s i g n i fi c a n c e ,p rovided the most important contribution to safety throughout the history of transfusion medicine.
The 1930 Nobel Prize for Medicine awa rded to Karl Landsteiner was among those most ri ch ly deserve d .

Almost 100 ye a rs later, as if metered by a ch ro n o l o gical design, the century closes with a frenetic push of bl o o d
m i c robial tests and microbial inactivation pro c e d u res that advanced transfusion safety another giant stri d e .

I m p roving transfusion safe t y :
the bookends of a century
W. C . SH E RWO O D



Key Wo rds:  p roposed ISBT term i n o l o gy, g ly c o t o p e s ,c a r b o hy d rate blood group antige n s

I n t ro d u c t i o n
In 1980, the International Society of Blood Transfusion (ISBT) fo rmed a wo rking party with the mandate to dev i s e

a ge n e t i c a l ly based term i n o l o gy for red cell surface antige n s .1 After 20 ye a rs this group has assigned nu m b e rs to most
systems and antige n s . As of 1999, most carbohy d rate systems have been assigned system nu m b e rs and many of the

s t ru c t u res commonly recognized by antibodies with-
in the systems have been gi ven (antigen) nu m b e rs
( Table 1).2

At present the ISBT wo rking party does not have a
t e rm i n o l o gy that can accura t e ly describe all the dif-
fe rent fo rms of carbohy d rate antige n s / g ly c o t o p e s
p resent on a red cell.G lycotope is the wo rd now used
to describe carbohy d rate epitopes.3 Being able to
d e s c ribe antigens and glycotopes is import a n t .
Although the blood group glycotopes on the large
g lycoconjugate stru c t u res do not exceed seve ral sug-

a rs in size, the presence of a glycotope on diffe rent-sized stru c t u res influences their ex p ression and pro b ably bio-
l o gical ch a ra c t e ri s t i c s ,e s p e c i a l ly when present in the (red) cell membra n e . For ex a m p l e , a blood group A gly c o t o p e
p resent on a short backbone is ge n e ra l ly less re a c t i ve on red cells than one that is present on an extended ch a i n .
A l t e rn a t i ve ly, a stru c t u re bearing two identical glycotopes can cross-link antibody (monogamous biva l e n c y ) ,w h i ch
s i g n i fi c a n t ly ch a n ges the binding av i d i t y.

P rev i ew 2000: p roposal for a 
n ew term i n o l o gy to describe 
c a r b o hy d rate histo-blood gro u p
a n t i ge n s / g lycotopes within the
ISBT term i n o l o gy fra m ewo rk
S . M . HE N RY A N D J. J. MO U L D S

Table 1. Summary of current (1998) terminology (major carbohy-
drate blood group antigens only) 

Antigen number
S y s t e m 0 0 1 0 0 2 0 0 3 0 0 4 0 0 5
0 0 6

001  ABO A B A , B A1
003  P P1
007  LE L ea L eb L ea b L eb H A L eb

B L eb

018  H H
209  GLOB P Pk L K E
2 1 0 L ec L ed


