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Abstract

Paroxysmal nocturnal hemoglobinuria (PNH) leukocytes fail
to express decay-accelerating factor (DAF) but contain DAF
mRNAtranscripts resembling those in normal cells. To further
investigate the nature of the DAFdefect in affected cells, pa-
tients' polymorphonuclear and mononuclear leukocytes (PMN
and MNC) were biosynthetically labeled and newly synthe-
sized DAF proteins examined. Analyses of > 98% surface
DAF-negative PMNand MNCfrom a patient with PNHIII
erythrocytes showed precursor DAF protein - 3 kD smaller
in each cell type than in normal cells. The proportion of pre-
cursor to mature (O-glycosylated) DAFprotein was increased
and soluble DAFprotein was detected in the medium. Studies
of 70-80% surface DAF-negative PMNand MNCfrom four
patients with type II erythrocytes showed mixtures of the 3 kD
smaller and normal DAFprecursors. Partitioning with Triton
X-114 detergent and biosynthetic labeling with the anchor
precursor I3Hiethanolamine indicated that the abnormal pep-
tides lacked glycosyl-inositolphospholipid membrane-anchor-
ing structures. Thus, in PNHcells nascent DAFpolypeptides
are synthesized. Someof the abnormal pro-DAF molecules are
processed in the Golgi and some are released extracellularly.
(J. Clin. Invest. 1990. 85:47-54.) decay-accelerating factor -

glycosyl-inositolphospholipid anchor- paroxysmal nocturnal
hemoglobinuria

Introduction

Paroxysmal nocturnal hemoglobinuria (PNH)' is an acquired
disorder in which subpopulations of blood elements that are
unable to regulate autologous complement appear in the cir-
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culation. Activation of the cascade on the surface of these cells
results in intravascular hemolysis, thromboembolic events,
and leukocyte abnormalities (reviewed in reference 1). The
disease is believed to result from the clonal expansion of blood
cell progenitors altered by somatic mutation. The nature and
site of the genetic alteration(s) are unknown.

A hallmark of affected PNHcells is accumulation of autol-
ogous C3 activation fragments on their membranes (2). This
abnormality is causally related to deficiency of the decay-accel-
erating factor (DAF; 2-4), a membrane-associated comple-
ment regulatory protein that interferes with formation of au-
tologous C3 convertases and thereby protects blood cells from
complement activation on their surfaces (4, 5). Despite the
importance of the DAFdefect in PNHpathogenesis, however,
it only partially accounts for the phenotype of the disorder
since affected cells lack other membrane molecules (1). Eryth-
rocytes (E) show deficits of acetylcholinesterase (6, 7) and
lymphocyte function associated antigen-3 (8, 9), PMNexhibit
deficiencies of alkaline phosphatase (10) and Fcy receptor type
III (CD 16) (1 1), and mononuclear cells (MNC) show dimin-
ished 5' nucleotidase ( 12). Correlative analyses of these differ-
ent defects in PNHcells (13, 14) have shown that they overlap
in the same cell populations.

Two patterns of cell abnormalities are recognized in PNH.
In some patients, affected E (designated type II) exhibit five-
fold greater sensitivity to complement-mediated lysis than
normal E, while in others affected E (designated type III) ex-
hibit 15-25-fold increased sensitivity (1). Patients with either
type of E show variable proportions of complement-resistant,
presumably unaffected E (designated type I), since unaltered as
well as altered progenitors are present in their marrow. In the
former individuals, DAF-negative and -positive subpopula-
tions of PMN, monocytes, and platelets are similarly distin-
guishable, whereas in the latter, only DAF-negative PMN,
monocytes, and platelets are found (13, 15). Recent studies
(16, 17) have shown that the augmented complement sensitiv-
ity of type III E is secondary to the absence of a membrane
inhibitor of autologous C9 uptake/polymerization, termed ho-
mologous restriction factor (HRF), as well as DAF. However,
the mechanisms accounting for the differential expression of
HRFin type II and III PNHE and for the difference in affected
leukocyte distributions associated with the two E types are
unknown.

Biochemical (18, 19) and enzymatic (9, 20, 21) studies
have provided evidence that each of the deficient molecules in
PNHcells (including HRF [22-24]) is membrane-anchored
via a glycosyl-inositolphospholipid (GPL) moiety rather than
by a conventional membrane-spanning polypeptide domain.
Biosynthetic labeling of proteins anchored in this way has
shown that the GPL-anchoring structures are preassembled in
cells and are incorporated en bloc into nascent polypeptides
immediately posttranslationally in the rough endoplasmic re-
ticulum (reviewed in references 25 and 26). Sequence analyses
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of cDNAs have indicated that these proteins are initially syn-
thesized with COOH-terminal extensions resembling polypep-
tide anchors, but that these extensions are removed from na-
scent polypeptides concurrent with GPL-anchor attachment.
These observations have prompted the suggestion that a defect
in the assembly or protein attachment of the GPL structure
could underlie PNH.

The recent isolation of DAFcDNAs (27, 28) established
that DAFconforms to the above pattern and permitted com-
parative analyses of the DAFgenome and DAFmRNAtran-
scripts in PNHand normal cells (29). Southern analyses of
affected leukocytes showed DNArestriction fragment profiles
identical to those of normal leukocytes. Similarly, Northern
analyses revealed DAFmRNAspecies qualitatively and quan-
titatively indistinguishable from normal DAF transcripts.
These findings suggested that DAFgene structure and func-
tion in PNHcells is intact. Whether the DAFmRNAcan be
translated, however, remained unestablished.

In the present study, biosynthetic labeling analyses of cir-
culating peripheral blood leukocytes (30-32) of PNHpatients
were carried out and DAFpolypeptides newly synthesized by
affected cells were examined by SDS-PAGE/fluorography and
TX-1 14 detergent partitioning of cell extracts and by immu-
noradiometric assay (IRMA) of culture media. The analyses
revealed DAFprecursors in affected cells - 3,000 smaller in
apparent Mr than those in normal cells, and increased concen-
trations of soluble DAF polypeptides in affected cell super-
nates as compared with control media. These findings consti-
tute the first demonstration of defective protein synthesis by
affected PNHcells.

Methods

Proteins and reagents. Anti-DAF MAbs(IA 10, 11H6, and VIIIA7) were
prepared as described (15). Anti-RPC5 and -MOPCnonrelevant MAbs
were from Cappel Laboratories (Cochranville, PA). L-[35SJCys (370
mBq/ml), L-[3-3H]Thr (37 mBq/ml), L-[3-3H]Ser (37 mBq/ml), and
[l-3H]ethan-I-ol-2-amine hydrochloride (37 mBq/ml) were purchased
from Amersham Corp. (Arlington Heights, IL). Protein A-Sepharose
was purchased from Zymed (San Francisco, CA).

Dialyzed fetal bovine serum and RPMI-1640 Select-amine kit were
obtained from Gibco Laboratories (Grand Island, NY). Ficoll and
dextran T-500 were from Pharmacia Fine Chemicals (Piscataway, NJ),
Hypaque-M (75%) was from Winthrop-Breon Laboratories (New
York, NY), and heparin (1,000 U. S. Pharmacopeia units/ml) was
from Elkins-Sinn (Cherry Hill, NJ). Triton X- 1 14 detergent and apro-
tinin were from Sigma Chemical Co. (St. Louis, MO).

Clinical specimens. PNHpatients were followed at Case Western
Reserve University (M.W.), Cleveland Clinic (D.O. and C.P.), and
Akron General Hospital (J.V. and J.B.). All had consistent clinical
manifestations and laboratory findings (including positive Hamtests).
Bystander lysis (in cobra venom-treated serum [ 13]) and complement
lysis sensitivity assays (the latter performed courtesy of W. Rosse,
Duke University Medical Center) showed that J.V. had exclusively
affected type III E and that all other patients had variable proportions
of type II E. Healthy laboratory and clerical volunteers served as con-
trols. Blood specimens were collected in heparin (10 U/ml) and pa-
tients' and controls' samples were processed in parallel.

Cell fractionations. Heparinized blood was mixed (1:1) with PBS
containing 5 mMEDTA, underlayered with Ficoll-Hypaque (d
= 1.358), and centrifuged for 30 min at 400 g at 20°C. MNCharvested
from the interface were washed with PBS-EDTA. PMNcontained in
the pellets were mixed with PBS-EDTA and 4.5% dextran (in PBS-
EDTA; 1:1:1) and allowed to settle for 30 min at 20°C. After removal

of contaminating E by lysis for 1 min with 3 vol of water, 3.6% NaCI
was added and the PMNwere washed with PBS-EDTA. Monocytes
were separated from lymphocytes by incubating 5 X 106 MNC/ml for
60 min at 370C in 5%CO2on 100-mm tissue culture dishes (Becton-
Dickinson and Co., Lincoln Park, NJ) and collecting adherent cells,
and DAF-negative PMNsubpopulations were purified by incubating I
X 106 cells/ml for 30 min at 20C on dishes precoated with anti-DAF
MAbIA10 (20 ,g/ml) and decanting nonadherent cells.

Biosynthetic labeling. PMNor MNCwere suspended to 2-5 X 106
cells/ml in Cys- or Cys-, Ser-, and Thr-deficient RPMI-1640 supple-
mented with glutamine and 20% dialyzed heat-inactivated (560C for
30 min) fetal bovine serum. After preincubation for 1 h at 370C, 500
ACi [35S]Cys or 500 MCi [35S]Cys and 100 MCi [3-3H]Thr and 100 MCi
[3-3H]Ser, respectively, were added and incubation was continued at
37°C for 4 h. For ethanolamine labeling, cells were preincubated in
RPMI supplemented with glutamine and 20% dialyzed heat-inacti-
vated fetal bovine serum. 2 mCi of [3H]ethanolamine were added and
incubation continued at 37°C for 4 h. Labeled cells were separated by
centrifugation and media saved for analysis (see below). Washed cell
pellets were extracted with 500 Ml of boiling 20 mMTris-HC1, pH 7.4,
containing 2%SDSand 100 U/ml aprotinin and extracts transferred to
Eppendorf tubes. After sonication for 15 s, boiling for 3 min, and
centrifugation to remove insoluble materials, extracts were diluted 1:5
with 50 mMTris-HCl, pH 7.4, containing 190 mMNaCl, 6 mM
EDTA, 2.5% Triton X-100, 0.02% NaN3, and 100 U/ml aprotinin
(solution A).

Immunoprecipitations and SDS-PAGE/fluorography. Samples of
cell extracts were preadsorbed for 2 h at 20°C with 100 Ml of 10%
protein A-Sepharose in solution A containing 1 mg/ml ovalbumin.
After centrifugation, supernatants were transferred to new tubes,
pooled anti-DAF (IA 10, IIH6, and VIIIA7, 5 ;tg/mI each; see reference
15) or nonrelevant (anti-RPC5 and -MOPC, 5 and 10 Mg/ml, respec-
tively) MAbsadded, and the mixtures rotated for 2 h at 20°C. Immune
complexes were precipitated by addition of 100 ul protein A-Sepha-
rose (10% in solution A with 1 mg/ml ovalbumin) and rotation for 1 h
at 20°C. Centrifuged beads were thoroughly washed and immunopre-
cipitated proteins were extracted by addition of 50 ul SDS-PAGE
sample buffer (10% SDS, 10% glycerol, 2 mMEDTA, 50 mMTris-
HCI, pH 7.5, 0.02% Bromphenol blue) and boiling for 3 min.

SDS-PAGEwas performed on nonreduced 7.5% slab gels by the
method of Laemmli (33). Gels were treated with EN3HANCE(New
England Nuclear, Boston, MA) or 2,5-diphenyloxazole (Sigma Chemi-
cal Co.) in DMSObefore drying and autoradiographs prepared at
-70°C on X-OMATXAR-5 film (Eastman Kodak Co., Roches-
ter, NY).

IRMA for DAF. Cell extracts and supernatants were prepared and
the two-site assay (using anti-DAF MAbIA10 as capturing and IIH6 as
detection reagents) carried out exactly as described in reference 15.

Flow cytometry. Leukocytes were stained with anti-DAF (IA 10) or
nonrelevant MOPC(Litton Bionetics, Inc., Kensington, MD) MAbof
corresponding subclass followed by heavy and light chain-specific,
FITC-conjugated sheep F(ab')2 anti-mouse IgG (Cappel Laboratories)
and analyzed on a cytofluorograph 2S (Ortho Diagnostic Systems Inc.,
Westwood, MA) as described (15, 29).

Results

Characterization of patients' blood cells. Fig. 1 shows flow
cytometric analyses of anti-DAF MAb-stained blood cells
from the five PNHpatients studied compared with those of
blood cells from a normal control. Patient J.V. (with exclu-
sively type III-affected E [see Methods]) exhibited virtually
100% DAF-negative PMN, while patients J.B., M.W., D.O.,
and C.P. (with type II E) showed discrete subpopulations of
DAF-positive (20, 30, 25, and 30%, respectively) and -negative
PMN. Similarly, patient J.V. demonstrated essentially DAF-
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negative monocytes and predominantly DAF-negative lym-
phocytes, while patients J.B., M.W., D.O., and C.P. exhibited
discrete DAF-negative and -positive monocyte subpopulations
resembling their PMNsubpopulations. The latter four patients
showed lymphocytes with wide distributions of DAF levels
corresponding to those of patients with type II E that have
been described previously (15).

Identification of aberrant DAFpolypeptides in patients'
leukocytes. PMNand MNCfrom the five PNHstudy patients
and from five healthy control subjects were labeled with [35S]J
Cys, and anti-DAF immunoprecipitates of cell extracts pre-
pared as described in Methods. SDS-PAGE/fluorographs of
the immunoprecipitated proteins are shown for studies of J.V.
(the single patient with 100% DAF-negative leukocytes) in Fig.
2, and for studies of J.B. and M.W. (representative patients
with mixed populations of DAF-negative and -positive leuko-
cytes) in Fig. 3.

In PMNof patient J.V. (Fig. 2 A) small amounts of mature
DAF protein were apparent. This contrasts with findings in
PMNof patient J.B. (Fig. 3 A), as well as M.W., D.O., and C.P.
(not shown), with mixed populations of cells, in which larger
amounts of mature DAFprotein (deriving from unaffected as
well as affected cells) were seen. In all cases, more abundant
amounts of intracellular DAFprecursor (in patients with type
II E deriving from unaffected as well as affected cells) were

present than in the control cells. With patient J.V. (exhibiting
precursor deriving exclusively from affected cells) and normal
control J.W. (Fig. 2 A) densimetric measurements showed
79%, as compared with 6% of the total DAF protein in the
precursor band. In many studies, lower molecular weight spe-

cies (presumably representing degradation products) were

present in variable amounts, but no differences were detect-
able in any experiments between patient and control pairs.

In all patients the precursor and mature DAF molecules
that were present migrated with lower apparent M, than corre-

sponding species in normal PMN. In patients with peptides
deriving from mixed populations of cells (e.g., D.O.), separa-

tion of DAF-negative PMN(by elution of nonadherent cells
from anti-DAF MAb-coated plates) and biosynthetic labeling

Figure 1. Flow-cytomet-
nc analyses of E and leu-
kocytes from a represen-
tative normal individual
(A) and five PNHpa-
tients (B-F). E were
stained with a mixture of
three MAbs (IA 10, 11H6,
and VIIIA7) to DAFand
FITC-sheep F(ab')2 anti-
mouse IgG (solid lines).
Dashed lines represent
the same cells stained
with a mixture of MAbs
of corresponding sub-
classes, but directed
against nonrelevant anti-
gens. Buffy coat cells
were stained with anti-
DAFMAbIA IO or a sin-
gle corresponding nonrel-
evant MAb.

of the purified cells verified that the DAF-negative PMNpopu-
lation was the source of the more rapidly migrating DAFpep-
tides (not shown). Side-by-side analyses on long-run SDS-
PAGE/fluorographs demonstrated that the abnormal DAF
proteins in different patients (J.V., J.B., M.W., and C.P.) mi-
grated with the same mobility. Taking normal precursor and
mature PMNDAF proteins as 47 and 80 kD, respectively,
comparative sizing of J.V.'s peptides (Fig. 2 B) yielded appar-
ent Mrs of 44,000 and 77,000, the mobility of the latter protein
corresponding to that of phosphatidylinositol-specific phos-
pholipase C (PI-PLC) cleaved normal surface PMNDAF. The
detection of aberrant O-glycosylated mature DAFprotein in
patient J.V. with virtually 100% affected cells indicates that
some of the abnormal DAFprecursor proteins synthesized in
PNHcells can undergo Golgi processing (19).

In MNCof patient J.V. (Fig. 2 A) with essentially DAF-
negative monocytes and predominately DAF-negative lym-
phocytes (see Fig. 1), as observed with PMN, reduced amounts
of mature DAF, greater abundance of precursor DAF, and
reductions in the apparent Mrs ofboth were evident. In patient
M.W. (Fig. 3 B) and J.B., C.P., and D.O. (not shown) with
unaffected as well as affected monocytes and lymphocytes (see
Fig. 1), bands corresponding to precursor and mature DAF
protein were broader and more diffuse, suggesting the presence
of a mixture of abnormal and normal DAFproteins. Compa-
rable banding patterns were observed in studies of purified
monocytes of patients C.P. and J.B. (not shown).

Detection of soluble DAFproteins in PNHculture superna-
tants. To investigate the fate of the aberrant DAF proteins
synthesized in PNHcells, culture media of PNHand control
cells were assayed for DAFantigen by two-site IRMA based on

anti-DAF MAbs (15). The results summarized in Table I
showed that culture media from PNHPMNand MNCcon-
tained DAF levels higher than supernatants from control
PMNand MNC. Plasmas separated from the patients' blood
samples exhibited corresponding increases in DAF antigen
levels.

Characterization ofthe abnormal PNHDAFmolecules. To
determine if the aberrant DAFproteins detected in the PNH

Nature of the Paroxysmal Nocturnal Hemoglobinuria Defect 49

® Normal

a:

0 .

0
.

0 I

z.If I

6!

, -_

Un - :l_

-o - ,2~~~~~~~
o _

w
CID

z
-J
-J
w
u-

...........I



A PMN MNC
-... 1....;. to p

DAF -

pro - DAF -

- dye front

+
_

+
_ +-_ +

JV LLJWLJ
Jv Jw iv Jw

B PMN

dv Jw

I -9I

dv UW

Figure 2. Biosynthetic labeling of PMNand MNCfrom
a patient with PNHIII E and a control individual. PMN
or MNCwere biosynthetically labeled with [35S]Cys and
after extraction of cells, newly synthesized DAFproteins
were analyzed by SDS-PAGE/fluorography. + and -
designate specific and nonspecific immunoprecipitates.
Studies of PNHpatient J.V. (with type III E and > 98%
DAF-negative leukocytes) are compared with those of a
normal control J.W. A, Standard 7.5% PAGE/fluoro-
graph for examination of products. The more abundant
precursor and less abundant mature DAFmolecules in
J.V.'s cells appear smaller in size than those in J.W.'s
cells. B, Long-run 7.5% PAGE/fluorograph for estima-
tion of molecular mass differences. The aberrant precur-
sor and mature DAFproteins in J.V.'s cells exhibit ap-
parent Mrs of 44,000 and 77,000, respectively. In A the
positions of the gel top and dye front are shown, and in
B size markers are indicated.

leukocytes lack hydrophobic domains, two types of experi-
ments were performed.

In the first, extracts of [35S]Cys-labeled PMNfrom PNH
patient C.P. and control D.C. were mixed with Triton X-1 14, a

detergent which, upon micellar aggregation and centrifuga-
tion, partitions into hydrophobic and hydrophilic phases (34).
After separation, the two phases were immunoprecipitated
with anti-DAF or nonrelevent MAbs, and labeled proteins in
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Figure 3. Biosynthetic la-
beling of PMNand MNC
from patients with PNH
II E and control individ-
uals. PMNand MNC
were analyzed as de-
scribed in Fig. 2. Studies
of PMNfrom PNHpa-
tient J.B. (with type II E)
are compared with those
from normal control B.H.
(A), and MNCfrom PNH
patient M.W. are com-
pared with those from
normal control K.M. (B).
For both PMNand
MNC, the precursor DAF
molecule in the PNHpa-
tient is more abundant
and smaller in size than
that in the normal control.

the immunoprecipitates were analyzed by SDS-PAGE/fluo-
rography. As seen in Fig. 4, normal precursor as well as mature
DAF molecules synthesized by the control cells partitioned
virtually entirely into the detergent phase (lane 5) in accor-
dance with previous findings (19) that GPL-anchor structures
are incorporated into precursor DAFprotein before Golgi pro-
cessing. In contrast, the aberrant precursor and mature DAF
peptides synthesized by the PNHcells partitioned predomi-
nantly into the aqueous phase (lane 3), indicating that they
both lacked anchoring structures. As observed in studies of
J.V. (see above), densimetric analysis showed that of 76% of

Table I. Soluble DAFAntigen in Cell Cultures* and Plasmast

PMN MNC Plasma

Mean Mean±SD Mean Mean±SD Mean Mean±SD

Normal controls
J.W. 8 5 23
K.M. 2 15 ND
D.C. 10 13 27

6±4 11±5 25

PNHpatients with
type III E
J.V. 37 22 68

37 22 68

PNHpatients with
type II E
J.B. ND ND 138
M.W. 8 7 70
C.P. 19 42 32
D.O. ND ND 57

14 24 74±45

* ng DAF/5 ml culture media; t ng DAF/ml after Ficoll-Hypaque.

the total DAFprotein in C.P.'s cells (lane 3), which partitioned
into the aqueous phase, 23% was associated with the aberrant
precursor as compared with only 5% in D.C.'s cells (lane 5). In
patient C.P., 24% of the total DAFprotein corresponding to
normal mature DAF molecules (presumably deriving from

PMN
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CP DC
I if

1 2345678-top

- dye front

IL tL J L j J

det aq det aq
Figure 4. TX- 1 14 detergent partitioning of DAFproteins synthesized
by a patient with PNHII E. Biosynthetically labeled cell extracts
from patient C.P. and control D.C. were partitioned into hydropho-
bic (detergent) and hydrophilic (aqueous) phases of Triton X- 1 14.
Anti-DAF (+) or nonrelevant (-) MAbimmunoprecipitates were an-

alyzed by SDS-PAGE/fluorography. Aberrant precursor and mature
DAFprotein in the PNHcells partitioned with the hydrophilic phase.
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unaffected DAF-positive PMN) partitioned into the hydro-
phobic phase (lane 1).

In the second set of experiments, PNHand normal PMN
were labeled with [3H]ethanolamine, a precursor that incorpo-
rates into GPL-anchor structures (19). Uptake of the anchor-
precursor into DAF proteins was then assessed by SDS-
PAGE/fluorography of anti-DAF immunoprecipitates (see
Methods). To minimize interpretive complexities, patient
J.V., with no detectable DAF-positive cells (Fig. 1), was stud-
ied. As shown in Fig. 5, whereas the [3H]ethanolamine incor-
porated normally into DAF protein in control cells, no label-
ing of DAF was observed in the PNH cells. Since ethanol-
amine is the most proximal GPL-anchor component, its
absence implies the absence of more distal GPL-anchor con-
stituents.

Discussion

The site of the cell lesion underlying defective expression of
membrane molecules in PNHhas not previously been identi-
fied. The experiments performed in this study demonstrate de
novo biosynthesis of abnormal precursor and mature DAF
proteins in affected PNHcells (Figs. 2 and 3). The proportion
of precursor DAF protein in affected cells is greater than in
normal cells. Although the proportion of mature DAFprotein
is markedly diminished, some is detectable. Both precursor
and mature DAFmolecules in affected PNHcells are smaller
in apparent Mr than corresponding DAF species in normal
cells. Moreover, soluble DAF protein is released into culture
media of affected cells. In conjunction with previous observa-
tions (29) that DAFmRNAtranscripts in affected PNHcells

PMN
-top

DAF-

pro-DAF

-dye front

JV TD
Figure 5. Ethanolamine labeling of PMNfrom a patient with PNH
III E and a control individual. PMNwere biosynthetically labeled
with [3H]ethanolamine, and after extraction of cells newly synthe-
sized DAFproteins were analyzed by SDS-PAGE/fluorography. +

and - designate specific and nonspecific immunoprecipitates. Stud-
ies of PNHpatient J.V. (type III E) are compared with those of con-

trol T.D. While DAFsynthesized by control cells incorporates etha-

nolamine, DAFprotein synthesized by PNHcells does not.

are indistinguishable from those in normal cells, findings in
this study (Figs. 4 and 5) that the PNHDAF proteins are
hydrophilic and lack the proximal anchor constituent ethanol-
amine indicate that the defect in DAF synthesis in affected
cells lies in abnormal COOH-terminal peptide/GPL-anchor
substitution.

Studies of DAFbiosynthesis in HeLa (19) and HL-60 (35)
cells have shown that N-glycosylation accounts for only

2,000 of the apparent Mr of membrane DAFand that the
marked Mr increase associated with conversion of pro-DAF
into mature membrane DAFresults from O-glycosylation in
the Golgi. Consistent with these investigations, nucleotide se-
quence analyses of DAFcDNA (27, 28) have demonstrated
that DAFcontains only a single N-glycosylation site 61 resi-
dues from its NH2terminus, and that it is unusually rich (in its
membrane proximal region) in Thr and Ser O-glycosylation
sites. Short-time pulse labeling experiments in HL-60 cells (35)
have revealed a 43-kD DAFprecursor species that is rapidly
converted into a 46-kD intermediate via a reaction indepen-
dent of N- or O-glycosylation. The biochemical modifications
associated with this conversion have not been clarified, but our
observation that abnormal precursor DAFprotein in affected
cells is - 3,000 smaller in apparent Mr than normal precursor
DAF protein raises the possibility that the two species could
represent intermediates in GPL-anchor processing.

Analyses of trypanosome variant surface glycoprotein bio-
synthesis performed with different labeled GPL-anchor pre-
cursors have shown parallel label incorporation kinetics indi-
cating that GPL-anchors are added en bloc to nascent polypep-
tides of GPL-anchored proteins (36, 37). TLC analyses of
extracts of Trypanosoma brucei simultaneously labeled with
anchor components bearing different radionuclides have
identified multiply labeled intracellular species, one of which,
after PI-PLC digestion, exhibits migration changes character-
istic of a phosphatidylinositol-containing structure (38, 39).
These findings imply that GPL-anchors are preassembled in
cells and are available for uptake upon encountering precur-
sors of appropriate GPL-anchored acceptor polypeptides and
predict that defective anchor assembly could abrogate anchor
incorporation into GPL-anchored proteins. The findings in
the present study that abnormal DAFprecursors contained in
PNH cells do not partition with the hydrophobic phase of
Triton X- 1 14 detergent and do not contain ethanolamine are
in accordance with this prediction and further establish that
truncated anchors are not incorporated. The 3 kD smaller
size and Triton X- 114 aqueous phase partitioning of the ab-
normal peptides suggest that they lack the COOH-terminal
extension peptide predicted by DAFcDNAand thereby imply
that COOH-terminal signal peptidase activity is intact. This
interpretation would be in accordance with recent findings
that upon addition of rough microsomes to in vitro-synthe-
sized nascent alkaline phosphatase polypeptides, COOH-ter-
minal extension peptide excision occurred without GPL-an-
chor attachment (40). However, direct studies are necessary to
formally establish this point in affected cells. Additionally, fur-
ther studies will be required to determine if defective anchor
incorporation into aberrant PNHDAF peptides is a conse-
quence of an abnormality in anchor assembly or in its transfer
to protein.

Complementation analyses of Thy- 1-negative T lym-
phoma mutant cell lines (41) have demonstrated that failed
expression of Thy- I (a 25-kD murine brain- and lymphocyte-

52 D. J. Carothers, S. V. Hazra, S. WAndreson, and M. E. Medof



associated, GPL-anchored protein) can result from at least
eight different defects, only two of which (classes D and G)
involve altered transcription of the Thy- I gene. In the case of
the other six defects, mutant cell lines (designated classes A-C,
E, F, and H) synthesize Thy-l antigen but fail to anchor the
protein in the membrane, indicating that the defects in these
cases involve abnormal GPL-anchoring. Different mutant cell
lines exhibit differences in kinetics of Thy-l degradation and
secretion (41, 42). In class E mutants, biosynthetic analyses
have yielded confficting data. In one study, secretion of aber-
rant Thy-l peptide predominantly into culture media with
some partitioning into Triton X-1 14 detergent was found (42),
whereas in the other, retention of a Trp residue uniquely pres-
ent in the Thy-l COOH-terminal extension peptide and pre-
dominant (PI-PLC resistant) partitioning into Triton X-1 14
detergent was observed (43). In class E cells, dolichol-phos-
phate mannose synthesis is abnormal (41) but the relationship
of this abnormality to the defect in GPL-anchor uptake in this
cell line is unknown.

The alterations of DAFproteins in affected PNHcells ob-
served in the present study most closely resemble the abnor-
malities (with respect to Triton X-1 14 partitioning, ethanol-
amine labeling, and secretion) of Thy- 1 proteins synthesized
by class B mutant cells (41-43). The detection in the PNHcells
of intact O-glycosylation as evidenced by the apparently nor-
mal increase in apparent Mr between the aberrant precursor
and mature DAFforms is consistent with experimental obser-
vations for groups A-C and F cells. The demonstration that
multiple biochemical defects affecting GPL-anchor synthesis
or attachment underlie Thy-1-negative lines suggests that
more than one biosynthetic defect may similarly underlie the
PNHphenotype.
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