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Perspectives

Paroxysmal Nocturnal Hemoglobinuria and
the Glycosylphosphatidylinositol Anchor
Edward T. H. Yeh and Wendell F. Rosse
Department of Medicine, University of Texas, Houston, Texas 77030; and Department of Medicine, Duke University Medical Center,
Durham, North Carolina 27710

Although the clinical syndrome of paroxysmal nocturnal he-
moglobinuria (PNH) ' was recognized many years ago ( 1 ), its
complexity was difficult to explain. The erythrocytes were
known to be susceptible to the hemolytic action of comple-
ment, and this characteristic formed the basis for the diagnosis
of the disease (2). In addition, many patients suffered throm-
boses and/or had evidence of relative or absolute diminution
in hematopoiesis (3). Although the disease appeared to be ac-
quired, no specific lesion could be delineated which could ac-
count for the complex clinical symptoms.

The first identified biochemical defects were the absence of
two enzymes: acetylcholinesterase from the red cells (4) and
alkaline phosphatase from the leukocytes (5, 6). Considerably
later, the absence of the complement regulatory protein, decay
accelerating factor (DAF), was identified (7). To date, at least
14 proteins have been found to be missing or markedly dimin-
ished on the abnormal blood cells in PNH(Table I). For many
of these, functions are known, and the lack of those functions
may be related to the pathogenesis of PNH; in other cases, the
function of the missing protein is not known. Further, it is
likely that other proteins, as yet unidentified, are probably also
missing.

The recognition, first, that alkaline phosphatase (8) and,
later, that DAF(9) were tethered to the plasma membrane by a
glycosylphosphatidylinositol anchor directed research on the
pathogenesis of the defects in PNHto the biosynthesis of that
molecule.

The glycosylphosphatidylinositol anchor
and its biosynthesis
A large number of eukaryotic proteins are attached to the cell
surface by novel glycolipids called glycosylphosphatidylinosi-
tols (GPIs) (10-13). This type of glycolipid constitutes a
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1. Abbreviations used in this paper: DAF, decay accelerating factor;
DPM, dolichol-phosphate-mannose; ER, endoplasmic reticulum;
GPIs, glycosylphosphatidylinositols; PI-PLC, phosphatidylinositol-
specific phospholipase C; PNH, paroxysmal nocturnal hemoglobin-
una.

minor fraction of total cellular glycolipids and was recognized
to be an alternative mechanism for anchoring proteins to the
cell membranes only in the late 1 970s. The first breakthrough
came from the identification of a bacterial phosphatidylinosi-
tol-specific phospholipase C (PI-PLC) that could cleave GPI-
anchored proteins from the cell surface (8, 14). Special proper-
ties, such as increased translational mobility, phospholipase-
mediated shedding, apical targeting, and transmembrane
signal transduction, have been attributed to GPI-anchored pro-
teins ( 10, 12, 15-17). Elucidation of the GPI biosynthetic
pathway is a prerequisite to a better understanding of these
unique functional properties of GPI-anchored proteins.

The GPI structures of rat brain Thy- 1, human erythrocyte
acetyl-cholinesterase, and trypanosome variant surface glyco-
protein were elucidated in the late 1980s by nuclear magnetic
resonance spectroscopy and fast atom bombardment mass
spectroscopy (18-20). They share a remarkably conserved
core structure consisting of ethanolamine (ETN )-PO4-6 man-
nose a1-2 mannose a1-6 mannose a 1-4 glucosamine a l-6
inositol (see Fig. 1; the mannose residues are marked M1 -M3,
and the glucosamine residue is marked Gfor future reference).
As shown, the ethanolamine phosphate residue is linked by an
amide bond to the COOHterminus of a protein. In mamma-
lian cells, the conserved GPI core can be further modified by
addition of ethanolamine phosphate residues to mannose resi-
dues Ml or M2 (Fig. 1). The presence of more than one etha-
nolamine phosphate residue is a distinctive feature of mamma-
lian GPIs. In rat brain Thy- 1, a fourth mannose residue is
added to M3, and an N-acetylgalactosamine residue is attached
to M1. The significance of these side chain variations in differ-
ent GPIs is not known.

An uncommon form of inositol phospholipid, alkylacyl PI,
in which an ether linkage is present in the Cl position of the
glycerol backbone, has been found in a large number of mam-
malian GPIs (10, 12, 13, 20). In contrast, the trypanosomal
GPIs use exclusively diacyl PIs. Interestingly, in all mannosyl-
ated GPI precursors in mammalian cells, and probably in
yeast, there is an additional fatty acid attached to the inositol
ring by an ester linkage (21, 22). These fatty acylated GPIs are
resistant to PI-PLC treatment, but still retain sensitivity to a
GPI-specific phospholipase D (21-23). The advantage of fatty
acylation during GPI precursor biosynthesis is not known; how-
ever, the additional fatty acid is removed after transfer of GPI
anchor precursors to proteins. As a result, most of the cell-sur-
face GPI-anchored proteins are sensitive to PI-PLC treatment.
In special cases, cell-surface GPI-anchored proteins may still
contain the additional fatty acid and are refractory to PI-PLC
cleavage. Thus, one must be cautious in using PI-PLC sensitiv-
ity as the sole criterion for determining whether or not a pro-
tein is GPI anchored.
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Table L Proteins Known to Be Deficient in Abnormal PNHCells

Complement defense proteins
DAF(CD55) (7, 66)
Membrane inhibitor of reactive lysis (MIRL, CD59, protectin) (58)
C8 binding protein (homologous restriction factor, HRF) (67, 68)

Enzymes
Acetylcholinesterase (erythrocyte) (4, 69)
Alkaline phosphatase (leukocyte) (5)
5Y-Ectonucleotidase (lymphocytes) (70)

Receptors
Fcy receptor III (CDl6a) (71)
Urokinase receptor (UPAR) (64)
Folate receptor (72)
Endotoxin binding protein receptor (CD 14) (73)
Immunological contact receptors

LFA-3 (CD58) (all cells) (74)
CD48 (lymphocytes) (75)
CDw52(Campath-l) (lymphocytes, some monocytes) (76)

Other proteins of unknown function
JMH-bearing protein (erythrocytes) (77)
CD24 (78)
CD66 (79)
CD67 (78)
p-50-80 (granulocytes) (78)

UDP-GlcNAc
Acyl-CoA AIH

G-PI- 2 G-PI *- GIcNAc-PI < x PI
E

FDPM< x GDP-Man+Dol-P

MI-G-PI- L;1G-PI-

_ _ _ _ _ _ rE i

M2-MI-G-PI'- M2-M1-G-PI-
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Transfer to Proteins
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Figure 2. Biosynthesis of the GPI anchor in mammalian cells. PI,
phosphoinositol lipid; GlcNAc, N-acetylglucosamine; G, glucosamine;
Dol-P, dolichyl phosphate; E enclosed in brackets indicates isomers
which have the ethanolamine phosphate residue attached to either
mannose residues MI or M2. Biosynthetic blocks in Hyman's com-
plementation classes are indicated by A, B, C, E, F, and H (80).

The first step in GPI anchor biosynthesis is the transfer of
GlcNAc from UDP-GlcNAc to a phosphoinositol lipid accep-
tor (PI) to form GlcNAc-PI (Fig. 2). This step is regulated by at
least three different genes belonging to the A, C, and Hcomple-
mentation classes (24, 25). The class A and H cDNAs have
been identified by expression cloning techniques (26, 27). The
human class A cDNA predicts a 54-kD protein of 484 amino
acids (26). There is no apparent NH2-terminal leader se-
quence. Near the COOHterminus, there is a hydrophobic se-
quence of 27 amino acids that may act as a transmembrane
domain. Thus, it appears to be a type II integral membrane
protein with the NH2 terminus present in the cytoplasmic face
of the endoplasmic reticulum (ER) membrane.

Protein

Figure 1. Structure of a GPI-anchored pro-
tein. ETN, ethanolamine; Ml-3, mannose;
G, glucosamine; I, inositol. Please see text for
more detail on modifications that are not
shown on this figure.

The human class HcDNApredicts a 2 l-kD protein of 188
amino acids (27). There are no potential N-linked glycosyla-
tion sites. Kyte-Doolittle hydropathy plot of the protein sug-
gests that the first and last 30 amino acids are relatively hydro-
philic, while the internal core is relatively hydrophobic. The
absence of a hydrophobic leader sequence suggests that this
protein is not a luminal ER protein. The biphasic, strong hy-
drophobic stretch between residues 40 and 85 may represent an
internal hydrophobic core or a site for interaction with lipid or
the hydrophobic regions of other proteins.

These results are consistent with the localization of the first
GPI intermediate, GlcNAc-PI, to the cytoplasmic leaflet of the
ERmembrane bilayer (28). The precise functions of the class
A and H gene products have not yet been identified. Conceiv-
ably, they could form an enzyme complex in bringing the hy-
drophobic PI acceptor and the hydrophilic UDP-GlcNAc do-
nor into close proximity for the transfer to occur.

The second step of GPI anchor biosynthesis is a deacetyla-
tion reaction which converts GlcNAc-PI to GlcNH2-PI (G-PI)
(24, 25). This reaction is enhanced by hydrolysis of GTP(29).
The third biosynthetic step is the addition of a fatty acid to the
inositol ring to form G-PI- (21 ). Fatty acylated GPIs can no
longer be hydrolyzed by PI-PLC, but remain susceptible to
GPI-PLD treatment (21 ). These first three reactions probably
occur on the cytosolic leaflet of the ER. The precise step in
which GPI intermediates are "flipped" to the luminal side of
the ERis not known. One possibility is that G-PI- is flipped to
the luminal side of the ERto accept mannose donated by doli-
chol-phosphate-mannose (DPM). A similar process has been
postulated in the transport of dolichol-PP-GlcNAc2Man5 to
the luminal leaflet of the ER to be further mannosylated
by DPM.

After fatty acylation of the inositol ring, mannose residues
are added sequentially. Since all of the DPM-deficient mutants
cannot form mannose-containing GPI precursors, it was as-
sumed that DPMis the mannose donor for the GPI anchor.
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This hypothesis was proven by transfecting into the DPM-defi-
cient mutant the yeast DPMsynthase gene (30, 31 ). Reconsti-
tution of the DPMdeficiency also permitted mannose addition
to the GPI core to proceed and led to reexpression of GPI-an-
chored proteins on the cell-surface (30), proving that the resi-
due Ml is donated by DPM. Menon et al. (32) have shown that
all of the mannose residues in the trypanosomes are derived
from DPM. Mammalian cells most likely also use DPMas the
mannose donor for residues M2and M3. The class B mutant is
defective in adding the third mannose residue to the GPI core,
thus accumulating GPI intermediates which only contain two
mannose residues (24, 33).

A major difference between the mammalian and trypano-
somal GPIs is the number of ethanolamine phosphate residues
attached to the core glycans. The donor for the ethanolamine
phosphates is most likely phosphatidylethanolamine (34, 35).
The completed trypanosome GPI anchor contains a single resi-
due of ethanolamine phosphate attached to M3. In contrast, up
to three ethanolamine phosphates may be added to the mam-
malian GPI core. Furthermore, ethanolamine phosphate can
be added to GPI biosynthetic intermediates containing only
one or two mannose residues. Thus, the GPI intermediate
which accumulates in the class B mutant contains an ethanol-
amine phosphate residue attached to either Ml or M2(36, 37).

The class F mutant cannot add an ethanolamine phosphate
residue to M3 (24), but can add ethanolamine phosphates to
either Ml or M2 (36-38). These results suggest that addition
of ethanolamine phosphate is regulated by at least two different
genes. The importance of having an ethanolamine phosphate
attached to M3 is attested by the fact that the class F mutant is
unable to express Thy- 1 on the cell surface. Surprisingly, GPIs
with a single ethanolamine phosphate residue attached to M3
cannot be detected even in the wild-type cells. This may be
because of the rapidity of further ethanolamine phosphate ad-
dition or a rapid transfer of GPIs with a single ethanolamine
phosphate to proteins (36). Recently, the class F cDNA has
been cloned, which predicates a novel hydrophobic polypep-
tide of 210 amino acids (39).

The preformed GPIs that contain an ethanolamine phos-
phate residue attached to M3 are transferred to proteins by a
transamidase reaction (40) (Fig. 3). Typically, the precursor to
a GPI-anchored protein contains both an NH2-terminal signal
peptide and, at the COOHterminus, a short hydrophobic se-
quence (15-20 amino acids) which is preceded by a spacer
containing 5-10 hydrophilic amino acids. The transamidase
has a binding surface for the COOH-terminal hydrophobic
peptide. The actual cleavage site is indicated by w, and the
adjacent amino acids by w+1 and w+2, respectively. The w site
is usually occupied by small amino acids: glycine, aspartic acid,
asparagine, alanine, serine, or cysteine. The w+2 site similarly
requires small amino acids. However, the w+1 site has a less
stringent requirement for the size of the amino acid. The w site
is probably positioned near a nucleophilic oxygen in the trans-
amidase, which results in the production of an active carbonyl
group. Reaction of the NH2group on the ethanolamine of the
GPI precursor to the activated carbonyl group forms an amide
linkage. The GPIs also play a role in activating the transami-
dase in the cleavage of COOH-terminal signal peptide. In mu-
tant cells, which only make truncated GPIs, cleavage of the
COOH-terminal signal peptide of alkaline phosphatase does
not occur (41 ). This cleavage can be reconstituted in vitro by
addition of glycolipid preparations containing GPIs derived
from wild-type but not mutant cells.

COOH

Figure 3. Transfer of the GPI anchor precursors to protein. W is the
cleavage site. For simplicity, additional ethanolamine phosphate resi-
dues attached to mannose residues Ml, M2, or both are not shown.

Most cell-surface GPI-anchored proteins are sensitive to
PI-PLC treatment, indicating that fatty acid attached to the
inositol ring has been removed. A deacylation step must occur
either immediately after the transfer of GPIs to the COOH
termini of proteins or later during protein transport. The de-
acylation step, however, is not active in some cells, such that
the surface GPI-anchored proteins remain resistant to PI-PLC
treatment (20).

The GPI anchor defect in PNH
The finding that at least 14 GPI-linked proteins are missing
from the abnormal cells in patients with PNHimplies clearly
that the biosynthesis of the GPI anchor is defective (42). Initial
studies showed that the defective granulocytes were not able to
make detectable amounts of the core of the anchor (43). Later
studies using immortalized lymphocyte cell lines indicated that
the defect was before the addition of the first sugar, N-acetylglu-
cosamine (44-47). In some patients who had a marked diminu-
tion but not an absence of surface expression of GPI-anchored
proteins, a small quantity of mannosylated derivatives could be
detected.

In all cases (- 40) so far investigated by fusion and com-
plementation of either lymphocyte cell lines or granulocytes
from peripheral blood or by direct determination of the defect,
the defect appears to be the same as the defect in class A of the
Thy- 1 (-) murine cell lines (44, 45, 48-50). The defect can be
repleted in both murine class A and PNHlymphocyte cell lines
by specific cDNAderived from the PIG-A gene (see above).

The gene encoding this protein has been called the pig-A
gene; it is located at the end of the short arm (p2 1) of the X
chromosome in both mice and humans (26, 5 1 ). Its location
on the X chromosome explains why PNHarises so frequently
as the result of an acquired somatic defect since only a single
"hit" is necessary for the abrogation of expression; males have
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only one X chromosome, and in females one of the X chromo-
somes has been inactivated by "lyonization" in somatic cells.
The genes for two other proteins mediating the biosynthesis of
the GPI anchor have been located on autosomal chromo-
somes; that for PIG-H is on chromosome 14 in humans (27),
and that for PIG-F is on chromosome 2 (39).

To date, a number of defects in the pig-A gene have been
identified in the abnormal cells of patients with PNH(48-50,
52). In some patients, the mRNAis altered in concentration or
size; in one such case, an error at the consensus splice site of the
fifth exon resulted in a misspliced transcription product (48).
In many patients, the defect is the out-of-frame dropping or
addition of one or two nucleotides; in all cases, this results in a
premature stop codon. Missense mutations have also been
identified, but since the function of the protein is not known, it
is not certain what the effect of these is on that function. To
date, all the identified defects have been in the coding region of
the protein, but this may be an artifact of the method of anal-
ysis.

Some or all of the abnormal cells of some patients with
PNHmay have a small amount of the GPI-anchored proteins
on the surface (53, 54). In some of these patients, these cells
appear as a second and distinct population; these cells have
been called PNHII cells (53). In other patients, the abnormal
cells have a spectrum of surface expression of GPI-linked pro-
teins without evidence of a discrete population (54). The rea-
sons for these differences have not yet been elucidated, but
probably are related to defects that result in the production of
small amounts of the anchor; such defects could include pro-
moter abnormalities, missense mutations yielding less effective
protein products, alternative spicing defects, and defects result-
ing in unstable mRNA.Although some of these types of defects
have been described, there has been no systematic correlation
with the presence of type of cells of intermediate abnormality.

When the defect is partial, the anchored proteins are not
equally expressed on the surface in both murine cell lines (55)
and PNHgranulocytes (56), as, for instance, the Fc y III recep-
tor (CD 1 6a) appears to be present in larger amounts than
CD59 or CDS5. Presumably, this is because of the fact that the
structure of the protein near the carboxyl terminus that directs
the attachment to the anchor is more efficient in CD16 than in
CD59.

So far, with one apparent exception (49), the defect has
been different in each patient, as one might expect from ran-
dom mutations. Although the incidence of PNH is not pre-
cisely known, it is uncommon but not rare; > 280 patients
have been seen at Duke University alone. It is not certain
whether the incidence represents the usual rate of random mu-
tation of a gene or whether the pig-A gene is unusually suscepti-
ble to such mutations.

Presumably, the sequence of events leading to the clinical
manifestations of PNHbegins when some mutagenic event
alters the pig-A gene in a single hematopoietic stem cell. For
unclear reasons, this gives a proliferative advantage to this cell
and its progeny, which then repopulate the marrow to a greater
or lesser extent. The erythrocytes that arise from this abnormal
clone are hemolyzed by complement during circulation be-
cause they lack the GPI-anchored complement defense pro-
teins, CD55 (7, 57) and CD59 (58, 59); this results in anemia,
loss of iron through the kidney (60), and, in some patients,
damage to the kidneys (61 ).

The thrombosis characteristic of the disease is thought to be
due to abnormalities of the platelets (62, 63), which in re-

sponse to attack by complement form greater numbers of
thrombogenic vesicles than normal cells (63). The receptor for
urokinase is lacking on the nucleated blood cells and may also
contribute to the thrombotic tendency (64). The other mani-
festations of the disorder (diminished hematopoiesis, infec-
tions, evolution to leukemia, etc. [65]) are less well under-
stood, but are also presumably due to the lack of GPI-linked
proteins; many of these may not have been identified yet.

The understanding of the pathogenesis and the identifica-
tion of the defective gene in PNHmay have implications for
therapy. It is now clear that the earliest precursors are abnor-
mal (43); it may be possible to remove them and permit the
growth of the residual normal appearing clone. It maybe possi-
ble to transfect the gene into the abnormal cells, thus correcting
the defect (50), although the problems of adequate transfec-
tion appear to be great at this time.

Many problems remain to be investigated: the nature of the
hematopoietic defect, the unusual distribution of the abnormal
lymphocytes, the genesis of the partial defect and its impor-
tance in understanding the clinical manifestations, the details
of the thrombotic tendency, the reason for the evolution to
leukemia, etc.

It would have been impossible to predict, 20 or even 10 yr
ago, what the fundamental defect in PNHis. Only by applica-
tion of basic knowledge in an effort to understand the clinical
manifestations has some of the mystery of this remarkable dis-
ease been unraveled.
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