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Processing and Stability of the Platelet GPIb-1X Adhesion Receptor
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ABSTRACT: Glycoprotein (GP) Il is a major adhesive receptor of platelets, surface expressed as part of
the GPIb-IX-V complex. However, important questions about how the four gene produetstifh 1X,

and V) composing this complex are processed remain. A deficiency of or nonfunctioning GPIb-1X-V is
characteristic of the Bernard-Soulier syndrome (BSS), an inherited bleeding disease. We now report a
BSS variant whose platelets have little or no Bllr GPIX, but where residual GRibwas selectively
located in flow cytometry by monoclonal antibodies (WM23 and Bx-1) recognizing denatured epitopes.
Whereas WM23 immunoprecipitated GBIfL30 kDa), GPIX, and GPbfrom control platelets, a single
surface protein of66 kDa was obtained for the patient. DNA sequencing revealed a homozygotfs Asn
— Thr substitution in the GPJhfrom the patient. This substitution modified a conserved residue in the
COOH-terminal region flanking the single-copy leucine-rich domain of BPWhen GPIF64Thr was
coexpressed in a stable CHO cell line with wild-type Gieind GPIX, flow cytometry and confocal
microscopy failed to show GPIb-IX complexes at the cell surface. Intracellulardcéiid GPIIF were
detected and largely confined to the endoplasmic reticulum, and little GPIX was seern. GBb
immunoprecipitated as a 660 kDa protein ir?S metabolic studies and lacked O-glycosidic side chains.
Also, it was not disulfide bound to the mutated GRII hus, a single amino acid substitution in the
extracellular domain of GPbcan affect both the maturation of GRiland GPIX stability. GPIB has

a pivotal role in regulating GPIb-IX-V biosynthesis.

Platelet interaction with von Willebrand factor (VWF)
during thrombus formation first involves collagen-bound
VWF exposed at sites of blood vessel injuty. (This process
depends on an initial interaction with the GPIb-IX-V complex

binding pocket 4—6). The presence of leucine-rich repeats
characterizes the GRibsubunit as does tyrosine sulfation
and a heavily glycosylated mucin core bridging the active
sites and the transmembrane domain. Single leucine-rich

and the subsequent stabilization of the adherence afterrepeats are also present in GPIX and GRNhile GPV has

activation of integrinsn261 andallbs3. The GPIb-I1X-V
complex is composed of four distinct gene products, @PIb
disulfide-linked to GPIB, GPIX, and GPV 2, 3). The sites
responsible for vVWF binding lie within the 293 N-terminal
residues of GPI& with a primary role for a disulfide-linked

15, and these are thought to have an important role in
governing subunit structure.

BSS is an inherited bleeding disease symptoms of which
include giant platelets and a small number of circulating
platelets with defective platelet adhesion to VWE; 7).

double loop domain located after seven leucine-rich repeatS’Quantitative deficiencies of the GPIb-IX-V complex char-

although the latter may also intervene in forming the vVWF

*To whom correspondence should be addressed. Telephone:

33.5.57.65.68.08. Fax:
cnrshl.u-bordeaux2.fr.
*INSERM U311-Etablissement Fraais du Sang.
§ Hopital Cardiologique.
"CHU Timone.
! Abbreviations: VWF, von Willebrand factor; GP, glycoprotein;

33.5.57.65.65.31. E-mail: Alan.Nurden@

BSS, Bernard-Soulier syndrome; CHO, Chinese hamster ovary; ACD-

A, acid-citrate-dextrose; RT, room temperature; MoAb, monoclonal
antibody; PFA, paraformaldehyde; FITC, fluorescein isothiocyanate;
FACS, fluorescence-activated cell sorting; MFI, mean fluorescent
intensity; sulfo-NHS-LC-biotin, sulfosuccinimidyl-6-(biotinamido)-
hexanoate; SDSPAGE, SDS-polyacrylamide gel electrophoresis;
PVDF, polyvinylidene difluoride; BSA, bovine serum albumin; HRP,
horseradish peroxidase; DTT, dithiothreitol; ERGIC, ERolgi—
intermediate compartment; ER, endoplasmic reticulum; LR, leucine-
rich repeat.

10.1021/bi026213d CCC: $25.00

acterize this syndrome, and a nonfunctional complex is
present in rare cases. A majority of the reported molecular
defects in BSS concern the Gléllgene, and give rise to a
structurally modified or truncated protein with severely
inhibited or absent expression of GRllon the platelet
surface 8, 7). This in turn leads to a much reduced level of
surface expression of both GPIX and GPV. An example is
an early reported Cy¥ — Ser missense mutation where
platelets and megakaryocytes totally lacked GPdind only

had small residual intracellular pools of GPIX and GRY (

9). Findings such as this suggested that the formation of a
stable complex between GRIpGPIL3, and GPIX was a
necessary prerequisite for normal transport of each gene
product through the membrane systems of the maturing
megakaryocyte. It was soon recognized that genetic lesions
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within the GPIB and GPIX genes can also give rise to BSS. trisodium citrate, and 136 mM glucose (pH 6.5)]. Blood from
Transfection of heterologous cells with combinations of control donors was centrifuged at 2bfbr 15 min. Blood
GPlo, GPIKS, and GPIX genes, mutated or not, showed from the patient was subjected either to two cycles of low-
that if complex formation did not occur, trafficking of the speed centrifugation (15 min at @@&nd then at 12§) to
individual subunits was severely impairetid{-13). recover the maximum of platelets or to centrifugation across

Although the pathological effects of mutations in the @ Lymphoprep Ficoll gradient (Nycomed Pharma, Oslo,
GPlho and GPIX genes have been well-studied, the influence Norway) as described previouslg@). PGE (Sigma Chemi-
of mutations in the GPJB gene on GPIb-IX maturation is ~ ¢al Co., St. Louis, MO), at a final concentration of 20 ng/
less clear. Two early independent reports have associatedL, and apyrase (grade I, Sigma) at25/mL were added
heterozygous GPpbdeficiencies with the Di George/velo- to the platelet-rich plasma (PRP). Unless otherwise stated,
cardio-facial syndrome characterized by a microdeletion platelets were washed three times and resuspended at a final
within 22q11.2 {4, 15). The GPIIf gene maps to this region. ~ concentration of 1dper mL (patient) or 19per mL (control)
In the first such patient, one allele contained the deletion in @ modified Tyrodes-Hepes buffe2).
and in the second allele the GPlgene containga C to G FACS Analysis of PlateletExperiments were performed
transversion at the base 133 positions downstream of theusing PRP with or without prior fixation performed by
transcription start site. The mutation changed a GATA incubating with 1% PFA for 30 min at RT8(21, 22). On
consensus binding site, disrupting GATA-1 binding and One occasion, washed platelets were incubated aC3for
decreasing promoter activity by 849%46). In a second 10 min with or without 0.5 unit/mLo-thrombin (Ortho
patient, the undeleted allele contained a translational frame-Diagnostic Systems, Raritan, NJ) prior to fixatioR1).
shift and encoded a truncated and nonfunctional @PIb Incubation with MoAbs was according to our standard
protein (L5). Heterozygous and homozygous amino acid Procedures32, 23). A range of murine MoAbs was used:
substitutions were then reported within the GP#xtracel-  AP-1 (from T. Kunicki, La Jolla, CA), AK2 (obtained from
lular domain in the absence of Di George syndrome—{( the Boston Workshop, 1994), SZ2 (Immunotech Coulter,
19). These prevented surface expression of GPIb-IX when Marseille, France), and ALMA.12 (all directed against the
the mutated gene was coexpressed with the wild-type genedNHz-terminal domain of GPl); Bx-1 and WM23 (from
for the other subunits in heterologous cells. We now report M. Berndt, Melbourne, Australia) (both recognizing the
a novel homozygous Aéh— Thr mutation within the ~ membrane proximal fragment of GRijy FMC25 (AMRAD
COOH flanking domain of the leucine-rich repeat of GPIb ~ Biotech, Boronia, Australia), ALMA.16, Beb-1 {SWork-
in a young Algerian boy with BSS. The effect of the mutant Shop on Human Leukocyte Differentiation Antigens, Boston,
protein on the processing of wild-type GRland GPIX was ~ 1994), and SZ1 (Beckman Coulter, Roissy, France) (all anti-
studied in detail following site-directed mutagenesis in GPIX); SW16 (from A. von dem Borne, Amsterdam, The
Chinese hamster ovary (CHO) cells, and shown to result in Netherlands) (anti-GPV); Gi27 (from S. Santoso, Giessen,
GPIX instability as well as an incomplete maturation of the Germany) (anti-GPI8); Gi9 (Immunotech Coulter) (anti-
GPlbo subunit. GPIB therefore has a dual chaperone-like @251); AP-2 (from T. Kunicki) (antiedlb3); and VH10
role in the biosynthetic pathway of this important adhesion (anti-P-selectin). Where no citation is given, MoAbs were

receptor. from the authors’ laboratories. Antibodies were used at
predetermined saturating concentrations as assessed for
MATERIALS AND METHODS control platelets, and isotype murine 1gG controls were also

performed 22). Cell-bound IgG was detected using FITC-

Patient Information The case under study is a 16-year- conjugated affinity-purified F(aly fragments of a sheep
old Algerian boy living in France. He has a severe bleeding antibody to mouse IgG (AMRAD Biotech®®, 23). Samples
condition. His platelets are giant on peripheral blood smear, were analyzed with a Becton Dickinson FACScan flow
and the typical morphology of BSS was confirmed by cytometer (Becton Dickinson Immunocytometry Systems, Le
electron microscopy (see patient S.B. in26f. This included  pont de Claix, France) using LYSIS Il software, and values
a rounded shape, with abundant vacuoles and abnormal zonefor the mean fluorescent intensity (MFI) are given on an
of membrane complexes. His platelet count is lowsdiO arithmetical scale2?). In each experiment, 10 000 platelets
x 10° peruL. An unusual characteristic of this patientis a were analyzed.
spontaneous agglutination when his platelets are stirred in  western Blotting of Platelet Extract$Vashed platelets
EDTA or citrate-anticoagulated blood. This disappears after from the patient, his father, and one brother (Mo.B.) as well
platelet washing. Bleeding has required transfusion therapy. as from control donors were solubilized by heating at@7
In June 2001, testing his serum for anti-platelet antibodies for 10 min in the presence of 1% SDS, 5 mM-
revealed a strong antibody to GPIb-IX-V complexes of ethylmaleimide, and 3 mM EDTA (pH 7.02®). Electro-
normal platelets. Blood samples from his father (H.B.), phoresis was performed on 7 to 12% gradient gels. Proteins
mother (D.B.), two brothers (Mo.B. and Me.B.), and a sister were transferred to a nitrocellulose membra28).(Mem-
(A.B.) were sent from Algeria for DNA testing. Blood was pranes were incubated with MoAbs to GRIBXx-1), allb
also obtained for glycoprotein evaluation from H.B. and (Sz22, Immunotech Coulter), @8 (XIIF9), and bound IgG
Mo.B. Patient S.B. has been studied by us on four occasionswas revealed using a HRP-conjugated antibody specific for
spread over several years. Control donors were normalmouse IgG (Jackson ImmunoResearch, West Grove, PA)
hospital staff. All studies were performed with informed ejther colorimetrically or by chemiluminescence (ECL
consent. Detection Kit, Amersham, Les Ulis, France).

Platelet Isolation Six volumes of blood was anticoagulated Surface Biotinylation and Immunoprecipitation Procedures
with 1 volume of ACD-A [38 mM citric acid, 61 mM Using PlateletsAfter the first wash, platelets were incubated
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with 0.5 mg/mL sulfo-NHS-LC-biotin (Pierce, Rockford, IL) The pDX expression vector bears the prokaryotic ampicillin
for 30 min at 37°C, and then washing was continued using resistance gene, and eukaryotic gene expression is driven
the procedures described above. Immunoprecipitations wereby the adenovirus major late promoter and the SV 40
performed on platelet lysates. Samples of washed plateletsenhancer. The pCDNA3 vector conferring G418 resistance
(1C® per mL) were incubated with an equal volume of NP- was purchased from Invitrogen (San Diego, CA).
40 lysis buffer composed of 2% Nonidet P-40, 300 mM  Cell Culture and TransfectiorCells of the CHO-K1 cell
NaCl, 20 mM Tris-HCI, 1 mM PMSF, 10 mM EDTA, 2 line were grown in Ham’s F-12 medium (Gibco BRL, Life
mM NaVO,, 20 ug/mL leupeptin (Sigma), ag/mL pep- Technologies GmbH, Eggenstein, Germany) with 10% fetal
statin (Sigma), and 5 mM NaF. After 30 min on ice, lysates bovine serum. Plasmids for transfection were purified using
were precleared by centrifugation for 10 min at 10800 the Plasmid Maxi Kit (Qiagen). A fixed amount (150 ng) of
Immunoprecipitations were carried out on the supernatantseach expression plasmid and 50 ng of pcDNA3 were used
with 5 ug of WM23, a MoAb to GPll. After 2 h, a volume for the transfection performed using ExGen 500 (Euromedex,
of protein G-Sepharose beads (Sigma) was added and theStrasbourg, France), according to the manufacturer’s condi-
incubation continued for a further 4 h. The protein tions. Briefly, plasmids were resuspended in 150 mM NacCl,
G—Sepharose beads were washed five times and the boundnd 5uL of ExGenkg of DNA was added. The mixture
proteins recovered by SDS solubilization. Proteins were was added to a dish containing the CHO cells. After 3 h,
separated by SDSPAGE on 7 to 15% gradient gels and the cells were washed and allowed to grow in F12 medium
transferred to a PVDF membrane. The membranes weresupplemented with 10% fetal calf serum (Gibco BRL). Three
blotted for I using WM23 (0.54g/mL) or, for biotinylated days after transfection, the cells were subjected to selection
glycoprotein, with horseradish peroxidase (HRP)-conjugated by G418 (400ug/mL) (Boehringer-Mannheim). Cloning
avidin (1:5000 dilution, Sigma). Bound IgG was revealed rings were used to isolate resistant clones 10 days after
by chemiluminescence using a HRP-conjugated antibody transfection. In “rescue” experiments with clones expressing
specific for mouse IgG (Jackson ImmunoResearch). p64Thr, cells were additionally treated with the pDX
Immunofluorescence Microscopy of Platele®atelets expression vector in the presence of ExGen and the cell
were fixed with 3.7% PFA for 30 min and allowed to population was analyzed after 48 h. Transient transfections
sediment on glass slides coated with polylysine as describedwere also performed using CHO cells stably expressing the
previously @4). Slides were saturated for 30 min with GPIba and GPIX subunits (CH@-1X) and selected after
modified Tyrodes-Hepes buffer containing 1% BSA and then transfection of the corresponding PDX plasmids and of
incubated with murine MoAbs to GRi(WM23, Bx-1, and pcDNA3, G418 selection, and cloning as described above.
AP-1), allb (SZ22, Immunotech Coulter), g83 (XIIF9). FACS Analysis of CHO Cells Expressing Recombinant
After several washes, the FITC-labeled antibody to mouse GPIb-IX. Cells (5 x 10* cells/point) were detached with
IgG was added as in flow cytometry, and incubations were EDTA, resuspended in PBS, fixed for 15 min at RT with
continued for an additional 1 h. After further washing had 1% PFA in a final volume of 2 mL, and permeabilized or
been carried out, mounting medium and antifading agent not with 1% saponin. They were then incubated with
(Molecular Probes, Interchim, Montlan, France) were  predetermined saturating concentrations of the primary
added together with a coverslip. Controls were performed MoAb for 30 min at 4°C, washed, and incubated for 30
without the primary antibody. Cells were observed under a min at 4°C in the dark with a 100-fold dilution of FITC-
confocal microscope (Nikon Eclipse E800, Nikon, Champigny/ labeled goat anti-mouse IgG (Jackson ImmunoResearch).
Marne, France)Z4). Samples were analyzed on a FACScalibur flow cytometer
DNA Extraction, Amplification, and SequenciliNA was using Cell Quest software (Becton Dickinson Biosciences,
extracted from 20QuL of citrated blood with a QIAamp  Rungis, France). A rat monoclonal antibody (RAM.1) to the
Blood Kit (QIAGEN GmbH, Hilden, Germany). Amplifica-  extracellular domain of GPfbwas used in some experiments
tion of GPIbn, GPI3, and GPIX was performed using two and detected with the DTAF-labeled goat antibody to rat IgG
pairs of nested primers for GRib(P1 and P2 followed by  (Jackson ImmunoResearctd7].
P3 and P4) and GPfb(P5 and P6 followed by P7 and P8) Immunoprecipitation and Western Blotting of Transfected
and one pair of primers for GPIX (P9 and P10). GPlb CHO Cell LysatesCells (2 x 1f per point) were washed
primers were P1 (29512980), P2 (51325104), P3 (3045 twice in PBS and resuspended in lysis buffer [PBS containing
3068), and P4 (50345011) (GenBank entry M22403), 1% Triton X-100, X protease inhibitor cocktail, and®)/
GPIkS primers P5 (1262112646), P6 (1363213607), P7 mL calpain inhibitor (Roche diagnostics GMBH, Mannheim,
(12655-12680), and P8 (1359613572) (GenBank entry  Germany)] for 20 min at 2C. The suspension was cleared
AF006988), and GPIX primers P9 (67698) and P10 by centrifugation at 800@dfor 15 min at 4°C. Supernatants
(2298-2276) (GenBank entry M80478). Sequencing was were cleared twice fol h at 4°C with 100uL of protein
carried out on PCR products using a DNA sequencing kit G—agarose beads (Sigma) and incubated overnight°&t 4
and an ABI PRISM 377 DNA sequencer (Perkin-Elmer, with 10 ug/mL ALMA.12 and 100ul of fresh protein
Foster City, CA) 5). G—agarose beads. After a rapid centrifugation, the beads
In Vitro Mutagenesis.Site-directed mutagenesis was were washed four times in lysis buffer. Immunoprecipitated
performed by replacing thécd —Sma (nucleotides 13120 proteins were solubilized by boiling for 5 min at 9T in
13494) fragment of the GPfbcDNA cloned into the PDX Laemmli buffer containing (reduced) or not (nonreduced)
expression vector by the equivalent fragment obtained by 10 mM DTT and separated by SB®AGE on 7.5 to 15%
PCR amplification from the patient’s genomic DNA. The gradient gels.
cDNAs encoding each chain of the GPIb-IX complex were  Proteins were transferred to Immobilon-P membranes
subcloned individually in the pDX expression vect@6). (Millipore, Saint Quentin en Yvelines, France). After satura-
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tion with 10% Genosys blocking solution (Sigma) in PBS RESULTS

containing 0.05% (w/v) Tween 20, the membrane was )

incubated for 30 min at RT with a 2000-fold dilution of F'?]CS Analysis ch Clomponentslpf the GPIb-IX-V Corl]”npélex

polyclonal K5834, a rabbit anti-GPIb-1X complex antibody on t.e Patient’s Plateletdn a preliminary report, we ha

(provided by B. Steiner, Hoffmann-La Roche, Basel, Swit- previously noted that washed platelets from patient S.B.
' ' ! ' ._expressed residual GRIbas detected by a single MoADb,

zerland). The membrane was washed four times for 30 min Bx-1 (20). We now describe a more comprehensive FACS

in a 0.05% PBS/Tween mixture and then incubated for 1 h ) b

. o X analysis of the surface expression of GPIb-IX-V on his
at RT with a 10000-fold dilution of HRP-conjugated goat | ; - -
. . . o atelets. Typical fluorescence histograms obtained for PFA-
anti-rabbit 1gG in PBS containing 0.05% Tween 20. After b yp g

) . 4 X fixed normal and S.B. platelets are shown in Figure 1.
extensive washing had been carried out, the bound antibodyg aciqual binding of Bx-1 was again seen and was also

was revealed by chemiluminescence. observed for WM23. Nevertheless, binding of the two
Immunoprecipitation of Metabolically Labeled Proteins MoAbs showed different characteristics. Thus, in the il-

Cells (5 x 107 per mL) were incubated twice in 50 mL of lustrated experiment, Bx-1 recognized 63% of the platelets

cysteine- and methionine-free RPMI medium (ICN, Costa With an MFI of 83 compared to an MFI of 170 for the

Mesa, CA) without fetal calf serum for 30 min at 3T. control. WM23 bound to virtually all platelets but with an
The cells were then pulse-labeled for 15 min at’87with MFI of 34. In contrast, binding of AP-1 remained at
3 mCi (111 MBg) of a mixture of¥S]methionine and®S]- background levels as did those of SZ2 and AK2 (not shown).

AP-1 and AK2 recognize exposed conformation-dependent
epitopes on GPl, while SZ2 requires tyrosine sulfation
(Table 1). Significantly, MoAbs to GPIX, such as FMC25,
SZ1 (both illustrated in Figure 1), and Beb-1 (not shown),
all bound minimally to the patient’s platelets. GPV was
clearly present on-50% of the platelets. All platelets from

cysteine (Amersham Pharmacia Biotecf)( The cells were
diluted in 10 volumes of ice-cold PBS, washed once, and
chased for different amounts of time at 3€ in RPMI
containing 10% dialyzed fetal calf serum. At each chase time,
cell samples were washed twice in ice-cold PBS and lysed

in buffer 1 [20 mM Tris (pH 7.5), 150 mM NaCl, 5 mM S.B. abundantl s
. .B. y bound AP-2, a MoAb recognizing the
EDTA, 0.2% BSA, 1% Triton X-100, and axl protease allb/33 integrin (Figure 1), and also bound Gi9 (an@81)

inhibitor cocktail]. Cell lysates were clarified by incubating (not shown). The above results were reproducible, and a
them twice with 10QuL of protein G-agarose beads for 1 hsitive binding of Bx-1 and WM23 to platelets of the patient
hat4°C. The lysates were then incubated overnight @4 \yas seen on four occasions spread over a period of 4 years.
with 10 ug of the chosen antibodies and 100 of fresh  Results were unaffected by how the PRP was prepared for
protein G-agarose beads. After centrifugation, the bead the patient (see Materials and Methods) or by PFA fixation,
pellets were washed four times in buffer | containing 0.1% unfixed platelets in PRP showing a comparable reactivity.
Triton X-100, resuspended in Laemmli buffer in the presence After stimulation with a large dose of-thrombin (0.5 unit/

or absence of 10 mM DTT, and boiled for 5 min. Proteins mL), washed platelets from S.B. underwent secretion after
were resolved by SDSPAGE on 7.5 to 15% gradient gels, which P-selectin was homogeneously expressed within the
and radiolabeled proteins were detected by autoradiographytotal population (not shown).

Confocal MicroscopyCHO cells were seeded on polyl- Immunofluorescence Microscofi3f-A-fixed platelets from
ysine-coated coverslips for 15 min at RT. After washing had the patient and controls were observed in a confocal
been carried out, the cells were fixed with 3% PFA and Microscope after labeling with MoAbs WM23, AP-1, and
permeabilized with 0.05% saponin in a blocking solution S422 as in the flow cytometry experiments. As can be seen
composed of PBS containing 0.2% BSA and 1% goat serum " Figure 2A, normal platelets were uniformly recognized
(28). In addition to MoAbs to GPIb-IX, antibody markers by all three_MoAbs, whereas pIateIets_ from tf‘e pat|er,1t were
to specific intracellular membrane fractions were also used. not recognized b3|' A'T'l' Platelgtts VV\C}CIZ%”' ar:rr:ular tﬂu?[,'
These included GS28, a MoAb against GS28 (a specific cis- rescence were clearly seen wi n the patients

. . . . ) opulation, confirming a plasma membrane localization for
Golgi marker) (StressGen Biotechnologies, Victoria, BC); Fheprecognized protei%. l\Fl)O labeling was seen with FMC25

Gi93, a MoAb recognizing an ERGoIgi—@ntermgdiate . to GPIX (data not shown). SZ22, a MoAb to thdb subunit
compartment (ERGIC, from M. Bornens, Institut Curie, Paris, of the allbB3 integrin, gave strong and homogeneous
France); and a polyclonal antibody to calnexin, a marker of |gheling of the patient's platelets. The negative result with
the ER (Chemicon, Temecula, CA). Antibodies were incu- ap.1 additionally provides a control that the patient's
bated in blocking solution for 45 min at RT as follows: platelets were not binding the secondary FITC-labeled
ALMA.12 (A|12), Gi27, Gi93, and GS28 at Ag/mL and antibody alone.

polyclonal anti-calnexin at Jg/mL. When not directly Biotinylation of Platelets from S.B. and Immunoprecipi-
labeled with a fluorophore, murine MoAbs were revealed tation with WM23 Washed platelets from the patient and a
with GAM-Cy3 (Jackson ImmunoResearch) or GAM-Alexa - control donor were surface biotinylated; lysates were obtained
488 (Molecular Probes, Eugene, OR) at a 1:400 dilution. and incubated with WM23 before addition of protein
Anti-calnexin was revealed with a donkey anti-rabbit anti- G—Sepharose beads. As shown in Figure 2B, whereas
body coupled to Texas Red (Jackson ImmunoResearch)biotinylated GPllx was immunoprecipitated from the control
Labeled cells were examined under a Zeiss laser scanningplatelets, there was no band in the 130 kDa position
microscope (LSM 410 invert) equipped with a planapo oil corresponding to this protein in the patient's sample. In
immersion lens (68, n.a.= 1.4) as described elsewhere contrast, a single biotin-labeled band was present at 66 kDa.
(28). An identically migrating band and one of 56 kDa were also
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No MoAb GPlbo. GPIlba GPlba
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Ficure 1: FACS analysis of platelets from patient S.B. Platelets in PRP from the patient and a control were fixed with PFA prior to
incubation with MoAbs to the N-terminal domain of GIBAP-1), the mucin-like core region of GRI(Bx-1 and WM23), GPIX (FMC25
and SZ1), GPV (SW16), andllb3 (AP-2). Bound IgG was detected using the FITC-labeled second antibody and flow cytometry. The

results showed that the patient (white histograms) as compared to the control (gray histograms) possessed a variant form of BSS with

residual and structurally abnormal GRllariably detected by MoAbs to this subunit, with residual GPV but lacking the GPIX component
of the complex. A control incubation with the FITC-labeled second antibody alone is also shown (no MoAb).

Table 1: Specificity of the MoAbs to GPtbUsed in This Study Pare”t$ and two bmth_ers were heterozygous for th_e substitu-
tion (Figure 3B). A sister did not have the mutation. The

MoAb specificty ref Asn — Thr change fell within the COOH region flanking
ﬁi-zl rceggu"é;'%’ékéggo?V;O'Iéi‘éicr;':r'irc'ﬁhr;]%%” g the LR motif of GPI§ (Figure 3C). Alignment of corre-
S72 sulfated tyrosine residues 26862 5 sponding sequences from other subunits of the GP_Ib-I)_(-V
ALMA.12 NH_-terminal 45 kDa fragment 26, 28 complex and from selected members of the LR family with
WM23 macroglycopeptide 2 a C-terminal flanking Cys clusteB() revealed that the Asn
Bx-1 macroglycopeptide 21,28 mutated in patient S.B. is highly conserved (Figure 3D).

2 The macroglycopeptide refers to a soluble protease-released frag- Expression of the Mutant GPIb-IX Complex in CHO Cells.
ment of the extracellular domain of GRilthat contains the mucin- To test whether the mutation of the GBligene causally
rich core. The 45 kDa fragment is terminal to the macroglycopeptide . . .
and contains the leucine-rich repeats. resgltefi in a loss of GPIb-IX expression as (_)bserved.m the

patient’s platelets, thg64Thr mutation was inserted in a

GPIlp3 expression vector and cotransfected in CHO cells with

observed on the control pattern. Low-molecular mass bandsyyjig-type GPIm and GPIX. None of the G418 resistant
probably corresponding to GFiband GPIX were visible  ¢lones was found to be positive for GPIb-IX surface

on the control platelet pattern bqt not detected for the patient. expression by FACS analysis. Two clones were selected on
None of the bands were seen in the absence of WM23.  ihe pasis of RT-PCR positive responses for the @GPIb
Family StudiesFACS analysis using the MoAb, AP-1, GPIy, and GPIX transcripts (data not given). One stable
initially confirmed that platelets from the patient’s father clone (364Thr-CHO) was chosen, as was a clone encoding
(H.B.) and a brother (Mo.B.) expressed intermediate amountsthe three wild-type genes3§4Asn-CHO). As shown in
of GPIbo.. This was confirmed by Western blotting using Figure 4, FACS analysis confirmed that both Géland
platelet lysates when the level of relative staining of the GPIb GPIX were abundantly detected at the surfacg@4Asn-
band was specifically reduced compared todlié and 53 CHO cells [the anti-GP|B MoAb used, Gi27, fails to have
bands on incubating membranes with a mixture of MoAbs access to its epitope on intact cells being directed against an
to each GP followed by HRP-labeled anti-mouse IgG and intracellular domainZ0)]. FACS analysis of364Thr-CHO
colorimetric detection (not illustrated). cells showed that none of the gene products reached the
Sequence Analysis of the Components of the GPlb-IXsurface (not illustrated). However, as presented in Figure 4,
Complex The genes encoding GRIbGPIR3, and GPIX FACS analysis after membrane permeabilization with sapo-
were amplified using DNA from the patient’s leukocytes and nin gave positive responses for GRIlwith WM23 and
directly sequenced. No mutations were found in the @PIb ALMA.12. Results remained negative for AP-1 (not il-
or GPIX genes, but the GPflgene contained a homozygous lustrated) and for two different GPIX MoAbs (FMC25 and
A to C transversion at position 919 according to the ALMA.16). Positivity was also detected for GRAGI27)
nomenclature of Yagi et al2@). The substitution led to an  (see the arrow on the histogram).
asparagine (Asn) to threonine (Thr) amino acid change at When the stablg64Thr-CHO clone was further transiently
position 64 of the mature polypeptide (Figure 3A). Both transfected with the wild-type human GBligene, FACS
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A Control Patient A

Normal His Leu Gly Ala|Asn|Pro Trp Arg Cys 68
CAC CTG GGC GCC|AAC|CCC TGG CGC TGC 13228

Patient S.B.
B
AAC/ACC AAC/ACC
(D.B.) (H.B)
AAC/ACC ACC/ACC AAC/AAC AAC/ACC
(Mo.B)  (S.B) (A.B.) (Me.B.)
Cys loops LR C-flank Cys loops
NOILNCNIN @l
1 —-( O T . 181
Asn64->Thr
D

LRTAHLGANPWRCDCRLVPL GPIbp (AAA20398)
LPFAFLHGNPWLCNCEILYF GPlba (NP-000164)
LQTLDVTQNPWHCDCSLTYL GPIX (P14770)
LTEVLLGHNSWRCDCGLGPF GPV (P40197)
LVHVDLNDNPLVCDCTILWF Toll (P08953)
TSELLVSDNKFICDCRLQWI Connectin(Q01819)
LOELVLSGNPLHCSCALRWL TRK-A (P04629)
LETLALTNNPWKCTCQLRGL Chondroadherin (XP008426)

LXXLXLXXNPWXCDCXLXXL Consensus C-flank

Ficure 3: Sequence analysis of the GBlgene. (A) A homozy-
gous A to C transition at nucleotide 919 of the GPlene was
identified for the patient S.B. The mutation led to an g0 Thr
substitution. (B) This mutation was present in a heterozygous form
in the father and mother, confirming a classic mendelian autosomal

100 - ; recessive inheritance. (C) The &$n~ Thr change occurred within
E _ the COOH region flanking the LR motif and the Cys cluster of
75 -4_ GPI5. (D) The substitution (vertical arrow) occurs in a highly
conserved region in members of the leucine-rich family with a
50 - B9 C-terminal flanking Cys cluster3().
[ o
37 - fected a stable CHO cell line preselected for its capacity to

express GPl& and, to a lesser extent, GPIX (Figure 5A).

One goal was to rule out possible phenotypic drift in the
25 — . p64Thr-CHO clone unrelated to the mutation. Transient
expression of wild-type GPbin the CHO a-IX cells
allowed for efficient GPIB-1X expression in~30% of the
cells both inside the cells (Figure 5B) and on the surface
Ficure 2: Fluorescence microscopic detection of G#land (data not shovyn). _Transfection pB4Thr failed to sustain
analysis of surface-biotinylated platelets. (A) PFA-fixed platelets GPIX expression in the cells. Thus, the Aé4 to Thr
from patient S.B. and a control were examined with a confocal substitution clearly has a major impact on GPIX expression.
microscope after incubation with WM23, AP-1, and SZ22, a MoAb - GpP|h364Thr itself was not recognized by RAM.1.
to allb. Bound mouse 1gG was detected using the FITC-labeled ; )
second antibody. Note the residual Gib S.B. platelets detected The GPI$ Asr?* — Thr Mutation Resulted in Abnormal
by WM23 but not AP-1. (B) Surface-biotinylated platelets were Maturation of GPllm. SDS-PAGE of $64Asn-CHO cell

oo o s Do B e Ao s olowed by Westem bloting with 2 poyclona
HRP-ch))und avidin. Results,showgsinglg bane:@6 kDa for the an_tlbody prepared against pl.mfle(.j. GF.)Ib_IX complexes
patient. (Figure 6A) clearly allowed the identification of a large 130
kDa GPllx band after disulfide reduction (left panel) as well
analysis 48 h after transfection showed that the biosynthesisas the fast migrating GPIX and GPlbands (right panel).
of normal GPIIF led to surface expression of GRllin the In contrast, the results obtained f884Thr-CHO cell lysates
cells as located using ALMA.12 (ratio MB&4Thr+ wild- showed a prominent band ai66 kDa and no band at 130
type SAsn/364Thr= 1.61). As a control364Thr-CHO cells kDa. While a band corresponding to GPlbontinued to be
transiently transfected with the GPIX gene in place of the seen, there was no band in the position of GPIX. Immuno-
wild-type human GPIB gene failed to express surface precipitation of Triton X-100 lysates frop64Thr-CHO cells
GPIa. Nevertheless, the amount of expression in these with ALMA.12 followed by Western blotting with a poly-
experiments remained weak. So we also transiently trans-clonal antibody raised against GPIb-1X also failed to reveal
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Ficure 4: FACS analysis of the GP#Thr64 substitution on GPIb-IX expression in a CHO cell line. Subunit surface expression was
examined on PFA-fixed cells expressing the wild-type GPIb-IX compi&dAsn-CHO). Note the abundant expression of GPIb-IX on the

surface of the cells transfected with the three wild-type genes (histograms with thick lines). PFA-fixed cells transfected with wild-type
GPlbo and GPIX genes and the GPllgene containing the patient's mutatigp6dThr-CHO) were analyzed in parallel (histograms with

thin lines). As none of the gene products reached the surface (not shown), results are presented after saponin permeabilization which shows
an intracellular pool recognized by MoAbs against GPHnd GPIIB (see the arrow) but not against GPIX.

a band of the expected size for GRllunder reducing (Figure 7). The presence of the mutated subunit confirms
conditions, and ar:66 kDa band was again obtained (Figure the FACS analysis performed earlier. Again, GPIX was not
6B). On the basis of the Gi27 reactivity by FACS (Figure detected, and little reactivity was seen with AP-1, directed
4), the presence of GRPAIhr64 had been established in the against the LR region of GPéb(not illustrated). The labeling
permeabilized cells. The fact that the66 kDa band was  with ALMA.12 contrasted with the annular peripheral
again revealed under nonreducing conditions confirmed thatstaining for GPliot in 364Asn-CHO cells. Comparison with
it was not disulfide-linked with GP}hwhen a mass o&90 markers of the ER, ERGIC, and Golgi compartments
kDa would be predicted. This was additionally confirmed indicated that the labeling patterns for GRland GPIIF in
by the inability of Gi27 to co-immunoprecipitate the [(64Thr-CHO cells more closely matched that of the ER and
abnormal GPIb. and its ability to do it for the wild-type  were clearly distinct from that visualized with the ERGIC
subunit (not shown). and Golgi markers where a more punctuate fluorescence was
Biosynthetic studies were next performed to assess aobserved.
possible maturation defect in the GRBllsubunit.364Thr-
CHO cells were pulse-labeled with°§]Met and Cys and DISCUSSION
immunoprecipitated with ALMA.12 (Figure 6C). At early It is now well-established that GRih GPIl3, GPIX, and
chase times, a 66 kDa band was detected which only slightly GPV are expressed as a multiprotein complex in platelets
increased in molecular mass duia 4 hchase. No increase  (data reviewed in reR). Early interactions between the
in molecular mass was observed under nonreducing condi-individual subunits are vital for their processing and transport
tions, indicating again a lack of association with GRIn to the cell surface. A novel way of studying these interactions
contrast, for364Asn-CHO cells, a band representing im- s through the BSS, an inherited disorder in which natural
mature GPlb and migrating at-70 kDa was progressively — mutations in the GPl, GPIR3, and GPIX genes affect the
replaced by mature GRib(Figure 6D). Here, molecular  maturation and processing of the adhesion receptor. An
mass changes under nonreducing conditions were consistengxception is GPV, which although its level of platelets is
with disulfide-linked complex formation with GPfbeven severely decreased in BSS patients lacking GPIb-1X has been
for the immature form. The fact that wild-type immature reported to be independently expressed on transfected cells
GPlbo. had a slightly slower migration than the equivalent (31). Nevertheless, expressed GPV appears to require the
band obtained fgf64Thr-CHO cells suggested that the latter other three subunits for correct surface stability. The fact
also possessed a modified initial glycosylation. that GPV-deficient platelets in transgenic mice have a normal
Fluorescence Microscopy of Transfected CHO Cdllse ultrastructure and size, have a full surface expression of GPIb
subcellular distribution of GPtband GPIIf in 564Thr-CHO and GPIX, and show none of the platelet function deficien-
cells was compared to that observe@vdAsn-CHO cells, cies normally associated with BSS suggests that defects of
i.e., cells transfected with wild-type genes. In single labeling the GPV gene are unlikely to be a cause of human B2S (
experiments, GPkb and GPIIB were found intracellularly ~ 33). For these reasons, our studies have focused on the
in f64Thr-CHO cells with a fine vesicular appearance assembly of the GPty GPIk3, and GPIX subunits.
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Ficure 5: Effect of the GPIBThr64 substitution on transient expression of GPIX in CHO cells. A subcloned @#Ocell line stably
expressing GPib and GPIX (A) was transiently transfected with wild-type GPIbr with GPIR364Thr and analyzed by FACS after
saponin permeabilization for GPIX with ALMA.16 and for GBlwith RAM.1 (B). Note that efficient expression of GPIX and GBWas
seen with the wild type, but that GPIX was not enhanced in the presence op@&@Hllr which was itself not recognized by RAM.1.
Isotype controls are given (thin lines).

Characterizing the molecular defect of our BSS patient performed to explain how this mutation interfered with GPIb-
revealed a novel homozygous GPRlmissense mutation with  IX complex maturation.

autosomal recessive inheritance. The possession of a single E|gw cytometry, confocal microscopy, and Western blot-
affected allele by both parents, together with an absence ofting confirmed that GPIB64Thr was present in transfected
associated skeletal defects in the patient, permitted us toCHO cells but showed the mutated protein to be retained in
exclude the involvement of Di George/velo-cardio-facial internal compartments. A comparison with other intracellular
syndrome. In three other BSS patients, a single defective markers revealed a pattern of fluorescence more typical of
GPIhj allele was associated with a second allele containing the ER rather than of ERGIC or the cis-Golgi apparatus. This
a microdeletion within 22q11.2, the site for the location of jmplies an early block within the processing of this subunit.
the GPIIB gene, and typical of Di George syndromB4(  Although GPIl was present, it had a much lower molecular
15, 34). The defects in these patients involved loss of a mass (66-70 kDa) in the GPIB64Thr-CHO cells. It has
GATA-1 binding site in the GPIB promoter (4), a previously been shown that GRilmormally forms a complex
frameshift leading to a stop cododf), and a missense  with GPIp3 and GPIX within the ER prior to its transport
mutation @4); thus, they are clearly unrelated. The fact that into the Golgi cistaernael®, 26). Immunoprecipitating
our patient did not have this association is thus worthy of GPlo in GPI364Thr-CHO cell lysates with ALMA.12
comment. Transfection experiments involving the preparation resulted in no detectable coprecipitation of GPllas

of stable CHO cells expressing wild-type GR|twild-type indicated by the lack of a change in the migration of GPIb
GPIX, and wild-type GPIf or GPI64Thr showed thatthe  from the nonreduced to the reduced state. @GRitaches to
homozygous mutation detected in our patient fully explained GPIho through a disulfide linking Cys residues proximal to
the BSS phenotype. Transient expression rescue experimentbut extracellular to the transmembrane domains. Therefore,
involving the introduction of wild-type GPfbin 564Thr- one possibility is that the GPfiAsn64— Thr substitution
CHO cells reinforced this conclusion. Experiments were then interferes with the conformation of flsso that this disulfide
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Ficure 6: Effect of the GPIBThr64 substitution on GPIb-IX maturation in a CHO cell line. (A) SDS-soluble extracts fied\sn-CHO
andp64Thr-CHO cells were subjected to SBBAGE after disulfide reduction and transferred to a nitrocellulose membrane prior to being
probed with a rabbit antibody (K5834) prepared against isolated GPIb-IX. The presgfiter6 led to marked changes in the maturation

of GPIu. (left panel), while no GPIX was detected (right panel). (B) Triton X-100 extracts fi64Thr-CHO cells were immunoprecipitated

with ALMA.12 (anti-GPIn), Gi27 (anti-GPII8), or Mopc21 (control mouse IgG) followed by SB®AGE under both reducing (R) and
nonreducing (NR) conditions and immunoblotting using the antibody K5834 to GPIb-IX. The results confirmed that a low-molecular mass
form of GPIm was immunoprecipitated by ALMA.12 and tha8Thr64 was not disulfide-linked to GP#b (C) To follow the maturation

of GPIho, f64Thr-CHO cells were metabolically labeled wi#ts and pulse-chased for 2 h. Time-dependent changes inoGRéluration
confirmed the presence of a#66 kDa component immunoprecipitated by ALMA.12 whose apparent size increased by 4 kDa during a 2
h chase. No molecular mass changes were observed under nonreducing conditions. (D) In contrast, in control experinggdasising

CHO cells, GPIl progressively matured to a 130 kDa product. Furthermore, increased molecular masses under nonreducing conditions
indicated disulfide association of mature and immature GRtbGPIkKS.

cannot form. Structural considerations support this hypoth- and which accounts for approximately 40% of the mass
esis. The mutation occurs in the COOH region flanking the giving GPlhu its characteristic mucin-like structure (reviewed
single LR element of the subunit (Figure 3). From analysis in ref 2). In addition, a lack of reactivity with the MoADb,

of other LR proteins, this region could be viewed as a half- SZ2, suggests that tyrosine sulfation of Gdltvas also
repeat with g5-strand predicted structur8@, 35, 36). The defective. The implication is that formation of the GRib
mutated Asn occupies a conserved position in the flanking GPI3 disulfide is required for the maturation and processing
region and may affect the packing and stability of the LR of GPIba from an early stage. BSS variant Nancy | refers
motif. This assumes that a single LR motif by itself would to a patient with a deletion of Lé{? in the seventh leucine
adopt the conformation observed in the crystallized proteins repeat of GPIb. (25). Intriguingly, when GPlbALeu was
which have multiple repeats and arhelix structure. Within coexpressed in CHO cells with wild-type GBland GPIX,

LR repeats with g3-loop—helix motif, a conserved Asn all three gene products reached the surface but &®lleu
forms hydrogen bonds with main chain atoms in its own was found in smaller amounts and had a major O-glycosy-
repeat and with those in the preceding repeat, and a similarlation defect with a molecular mass 00 kDa @6). This
function could be proposed for residues in the flanking molecular mass was nonetheless greater than that seen for
region. GPIIBAsn64 is also located close to a CDC motif CHOB64 cells, suggesting that residual G&Ibn the
thought to engage in disulfide bond formation, giving the CHQO364 cells had more severe post-translational deficien-
double-loop structure in the extracellular membrane proximal cies. Significantly, in the GPtoALeu model, GPIbALey3IX
domain of GPIIB (29). Thus, there are several ways in which and GPIIBIX complexes were both detected, showing that
the presence of GPHIhr64 could interfere with efficient  the glycosylation defect per se did not totally abrogate
bond formation, leading to an unstable complex. complex formation or processing. Thus, the GFaBAsn—

The apparent molecular mass of the residual GR}b66 Thr substitution leads to more profound abnormalities.
kDa) detected ing64Thr-CHO cells is similar to that GPIX was not detected in CHO cells transfected with wild-
previously shown to represent an intermediate form of type GPllw, GPIX, and GPIB64Thr genes. GPIX is known
maturing GPllo. (12, 28). This was confirmed in the control ~ to associate at least in part with GBllby way of GPIIf,
pulse chase experiments where the mass increased by onlpalthough a direct interaction may also occtif,(12). Site-
~4 kDa over a 4 tperiod. This form probably represents directed mutagenesis has been used to evaluate the effect of
partially N-glycosylated GPio that has not undergone Asp?*— Gly and Asrif® — Ser substitutions in GPIX on the
O-glycosylation, a process occurring in the Golgi apparatus surface expression of GRiin CHO cells (L3). Unlike wild-
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A p64Asn-CHO B64Thr-CHO readily detectable levels on the platelets and GPV approached
normal density. Both GPIX and GRilwere coprecipitated
with GPIho, albeit at a concentration much lower than
normal. It was subsequently shown that the ®¥y+ Cys
substitution suppressed the expression of GPIb-IX complexes
in transiently transfected 293T cell87%). A homozygous
Pro’*— Arg mutation in the GPIB gene led to the absence
of GPIl3 from platelets of a young Japanese girl despite a
B p64Thr-CHO normal transcriptionX8). Flow cytometric analysis showed
that the levels of surface expression of Gieland GPIX
were severely reduced. Transient transfection in 293T cells
Calnexin showed that the Pfb— Arg substitution was responsible
(ER) for the BSS phenotype, but the mechanism behind its effect
was not elucidated.
A unique finding in CHO cells expressing GBg4 was
an immature form of GPlb noncomplexed with GPJh
Pulse chase studies in the presenc&%{abeled amino acids
confirmed this to be an incompletely mature protein rather
Gs28 than a degraded GRIb A similar low-molecular mass form
(Cis Golgi) of GPlbu was also present in platelets, albeit in small
amounts and with a heterogeneous distribution in the total
. . . . cell population. Significantly, not all MoAbs to GRib
Ficure 7: Fluorescence microscopy showing the influence of . L . . .
BThré4 on the localization of GPtband GPIif in a CHO cell recognized this immature form of GRilwhich was insensi-
line. f64Asn-CHO and364Thr-CHO cells were immobilized on  tive to AP-1, which blocks the binding of VWF to GPIb-IX,
polylysine-coated coverslips, fixed, permeabilized, and singly and recognizes a conformation-sensitive epitope within the
labeled with the indicated MoAbs as described in Materials and terminal 45 kDa sequence and to SZ2 whose b|nd|ng requires

Methods. The cells were analyzed by immunofluorescence confocal : ; ;
microscopy using filters for Cy3, Alexa-488, or Texas red as sulfated tyrosine residues at the carboxyl terminus of the

required. (A) InB64Asn-CHO cells, GPib labeling was mainly ~ Same sequences. Experiments with surface-biotinylated
associated with the plasma membrane. In contrast, labeling wasplatelets and fluorescence microscopy confirmed that some
mainly intracellular in364Thr-CHO cells with a fine vesicular  noncovalently linked GPllb had been transported to the
appearance. (B) A similar labeling was observegédAsn-CHO surface membrane. Why then were small amounts of
Eﬂlségc;?g Ifngngom?s compared with that for markers of the immature GPlb present alone on the platelets of patient

' ' ' S.B. but not on transfected CHO cells? This may reflect
type GPIX, neither of the mutants was able to bring GPlb  profound differences in the way membranes are processed
onto the cell surface despite their presence in small amountsin megakaryocytes and/or surface targeted when new platelets
in the intracellular compartment. Furthermore, although are formed, processes that are abnormal in BS§). (
cotransfection of wild-type GPIX with GPfbresulted in the Significantly, HEL cells with some megakaryocytic markers
appearance of some GPIX on the CHO cell surface, neitherexpress in their surface membrane a similar immature form
of the GPIXGIy* and -Sef® mutants reached the cell surface of GPlba in the absence of GPfoor GPIX (39). As ER
in appreciable quantities. Our studies would suggest thathas recently been shown to possess unexpected pluripotent
GPI364Thr is unable to form a complex with GPIX and fusion properties and to be involved in cell trafficking
that the interaction between these two subunits is highly processes4(), this is an important area for further study.
susceptible to changes in the conformation of the extracellular In conclusion, our studies mean that GPlbas a dual
domains of these two subunits. This conclusion was rein- role in the maturation and trafficking of GRibBy interact-
forced by transient expression experiments using GHX ing with GPIX, it stabilizes the latter so that the complex
cells where wild-type GPJbbut not GPIB64Thr markedly acts as a chaperone by guiding the transport of GPIb
enhanced GPIX expression. One hypothesis is that singlethrough the membrane systems of the maturing megakaryo-
LRR-containing proteins such as GBland GPIX need to  cyte and onto the surface of newly formed platelets. Second,
associate via their repeat to form a multi-LR stable structure. the covalent association of GPlwith GPlbo ensures the
Our failure to detect GPIX in the presence of GFBAThr maturation of GPIlb. and its O-glycosylation, in so doing
suggests that alone it is highly susceptible to proteolytic inducing long-range conformational changes that render the
degradation. Thus, the patient's mutation in GPéixercises ~ VWF binding sites functional.
dual effects, affecting both the stability of GPIX and the

ALMA.12
(GPlba)

Gi27
(GPIbB)

Gio3
(ERGIC)
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