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ABSTRACT. The polypeptides of the platelet von Willebrand factor (vWf) receptor, the GP Ib-IX-V complex,
each contain tandem repeats of a sequence that assigns them to the leucine-rich repeat protein family.
Here, we studied the role of conserved Asn residues in the leucine-rich repeats oftGRellligand-

binding subunit of the complex. We replaced the Asn residue in the sixth position of the first or sixth
leucine-rich repeat (of seven) either with a bulky, charged Lys residue or with a Ser residue (sometimes
found in the same position of other leucine-rich repeats) and studied the effect of the mutations on complex
expression, modulator-dependent vWf binding, and interactions with immobilized vWf under fluid shear
stress. As predicted, the Lys substitutions yielded more severe phenotypes, producing proteins that either
were rapidly degraded within the cell (mutant N158K) or failed to bind vWf in the presence of ristocetin

or roll on immobilized vWf under fluid shear stress (mutant N41K). The binding of function-blocking

GP Ibo. antibodies to the N41K mutant was either significantly reduced (AK2 and SZ2) or abolished
(AN51 and CLB-MBA45). Ser mutations were tolerated much better, although both mutants demonstrated
subtle defects in vWIf binding. These results suggest a vital role for the conserved asparagine residues in
the leucine-rich repeats of GPdbor the structure and functions of this polypeptide. The finding that
mutations in the first leucine-rich repeat had a much more profound effect on vWf binding indicates that
the more N-terminal repeats may be directly involved in this interaction.

Assignment of proteins to the large and diverse leucine- Ib-1X-V complex (56). This complex plays vital roles in the
rich repeat family is based on their possession of a conservechemostatic functions of the platelets, following vessel injury
motif containing one or several tandem copies of a2 by adhering the platelets to the vessel wall through an
amino acid sequence with a characteristic spacing of leucineinteraction with von Willebrand factor (vWf), and by
residues 1—3). Members of this family are phylogenetically providing a high-affinity binding site on the plasma mem-
widespread and are not united by common functions or brane for thrombin through which low concentrations of this
cellular locations. They are found in the cell nucleus, in the potent platelet agonist can activate platel&s Recently,
cytoplasm, in internal granules, and on the plasma membranethis complex was also shown to constitute a platelet receptor
or can be secreted to become plasma proteins or constituentfor P-selectin, through which the platelets can interact with
of the extracellular matrix. They subserve such distinct activated endotheliumvyj.
functions as DNA repair, signal transduction, cell adhesion, The GP Ib-IX-V complex comprises four polypeptide
and hormone bindingl( 2, 4). On human platelets, all of  subunits, GP Ib, GP I3, GP IX, and GP V, which are
the known members of this family belong to a large plas- present on the platelet plasma membrane in a stoichiometry
ma membrane complex known as the glycoprotein {GP) of 2:2:2:1, respectively1). Each is oriented as a type |

: transmembrane protein, and each also contains a leucine-
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repeat proteins contain asparagine in the sixth position. Of encoding either wild-type GP tbor one of the Asn mutants,

the GP Ib-1X-V polypeptides, only four of the twenty-four

and the cells were examined by flow cytometry 72 h after

repeats do not contain Asn in this position. The residues thatthe transfection after the cells were labeled with WM23.

replace Asn all contain small, hydrophilic side chains (Ser,
Thr, or Cys), which are likely to maintain the structure of
the region. In a leucine-rich repeat protein for which the

Flow Cytometry Flow cytometric assessment of GRxlb
surface expression was essentially performed as previously
described 18). Cells detached with 0.53 mM EDTA were

three-dimensional structure has been determined, porcineincubated with WM23 (1ug/mL) for 30 min at room

ribonuclease inhibitor, either Asn or Cys in this position
appears to be crucial for allowing a transition frorfi strand
to afa loop (14).

Because the GP b ligand-binding domain (Hist

temperature. After the cells were washed with PBS to remove
unbound antibody, they were incubated with fluorescein
isothiocyanate (FITC)-conjugated rabbit anti-mouse IgG
(Zymed, South San Francisco, CA) in the dark for 30 min

Glu282) also contains the seven tandem leucine-rich repeatsat room temperature. The cells were then analyzed on a
we sought to define how mutations of conserved asparagined~ACScan flow cytometer (Becton Dickinson, San Jose, CA),

within the repeats would influence GPdlexpression and
ligand-binding properties. We mutated the Asn in the first
and sixth leucine-rich repeats, replacing it either with a bulky

stimulating with laser light at 488 nm and collecting light
emitted at>520 nm. The same procedure was used to eval-
uate the expression of epitopes for the GR thonoclonal

charged residue, Lys, or with a residue that is tolerated in antibodies AK2, AN51, SZ2, and CLB-MB45, all of which
other leucine-rich repeats, Ser. Here, we describe the result®ind within the N-terminal 282 amino acids of GPolb

of these changes on the conformation, synthesis, and vWi-

binding function of the GP Ib-IX-V complex.

MATERIALS AND METHODS

Glycoprotein lls. Mutagenesis, Cell Lines, and Transfec-
tions Mutagenesis of the GP ¢bcDNA was carried out by
the method of Deng and Nicklofflg), with primers that

Metabolic Labeling and Immunoprecipitation of Normal
and Mutant GP llo. Polypeptides Cells expressing wild-
type and mutant GP Ib-IX complexes were grown in 100
mm cell-culture dishes. For radiolabeling, the cells were first
washed in cysteine-freea-minimal essential mediumaf
MEM,; Life Technologies, Inc., Grand Island, NY) and then
incubated in this medium for 30 min before addition of 100
uCi of [3S]cysteine (ICN, Irvine, CA). The cells were

incorporated changes of one or two nucleotides to alter thejncubated in the radioactive medium for 4 h, the medium
relevant codons. The mutations were carried out directly in was then removed, and the cells were washed several times

the GP Il expression plasmid, pDX-GP db Mutant

in PBS. The cells were then lysed in lysis buffer (100 mM

plasmids were sequenced completely to verify that only the Tris, pH 7.4, 10ug/mL leupeptin, 1.6:g/mL benzamidine,
intended mutations were made. To construct cell lines 0.1 mg/mL soybean trypsin inhibitor, 1 mM phenylmethyl-

expressing the full GP Ib-IX complex (GPdbGP 13, and
GP IX are the minimal requirements for efficient cell-surface
expression of a functional complex), the mutant Gla Ib
plasmids were transfected into CHfDX cells, which have
stable, high-level expression of GR5land GP 1X (L6). Also

sulfonyl fluoride, and 1% digitonin) and centrifuged at
1000@ for 5 min to remove debris. The lysate was then
incubated with formaldehyde-fixeBtaphylococcus aureus
cells (Pansorbin beads, Calbiochem, San Diego, CA) to
remove nonspecifically bound proteins (4 £@). The beads

cotransfected was the plasmid pREP4, which carries awere removed by centrifugation, WM23 (1@y/mL) was
hygromycin-resistance gene that allows for drug selection added and incubated for 4 h, and Pansorbin beads that had
of the transfectants. The transfections were carried out by heen preequilibrated with rabbit anti-mouse IgGuFmL,

liposome-mediated DNA delivery as describé&d)( Expres-
sion of cell-surface GP Mo in drug-resistant cells was
assayed by flow cytometry after the cells were labeled with
the GP Il monoclonal antibody WM23 (kindly provided
by Dr. Michael C. Berndt, Baker Medical Research Institute,
Melbourne, Australia). This antibody is directed against an
epitope in the mucin-like macroglycopeptide region of GP
Iba, and is unlikely to be affected by the mutations, which
affect a different domain of the protein. Cell lines were
periodically sorted for higher expression by selection of the

4 h) were then added to the lysate. Afte4 hincubation,
the beads were collected by centrifugation at 1@0fad 5
min, resuspended, and washed twice in cell lysis buffer. The
beads were then boiled for 5 min in SDS sample buffer to
remove the bound proteins, which were then loaded onto
reducing SDS-polyacrylamide gels (7.5% acrylamide). After
electrophoresis, the gels were dried on a gel dryer and
evaluated by autoradiography on a Fuji Phosphorimager
(model BAS 1000).

Immunolabeling of Cells and Fluorescence Microscopy

high-expressing cells with antibody-coupled magnetic beads.cells grown to confluence on glass chamber slides (Titer-
For this, cells were detached with 0.53 mM EDTA and tek, Nunc, Naperville, IL) were washed with PBS, fixed with
resuspended in phosphate-buffered saline (PBS) containing4o paraformaldehyde (Sigma Chemical, St. Louis, MO), and
1% bovine serum albumin (BSA). The cells were incubated permeabilized in 0.1% Triton X-100 (Sigma). The cells were
first with WM23 for 30 min at room temperature and then then incubated with WM23 (Geg/mL) for 1 h, washed
with magnetic beads coated with sheep anti-mouse IgG several times with PBS, incubated with FITC-conjugated goat
(Dynabeads, Dynal, Inc., Lake Success, NY). Bead-bound anti-mouse IgG for 1 h, and washed again several times with
cells were separated from unbound cells on a magneticpPBS. The slides were then sealed and stored in the dark at
apparatus (Dynal). 4 °C until they were examined. Microscopy was performed
The studies to examine the effect of the mutations on the on an Olympus 1X50 microscope, and photographed onto
cell-surface expression of the GP Ib-IX complex relied only Fuji Neopan 1600 black-and-white film.
on transient transfection of the wild-type and mutant cDNAs.  RT-PCR We evaluated transcription from the cells trans-
Briefly, CHO pIX cells were transfected with a cDNA fected with the various mutant GPdplasmids, by reverse



3386 Biochemistry, Vol. 39, No. 12, 2000

Afshar-Kharghan et al.

transcription/polymerase chain reaction (RT-PCR) of cellular duplicate sets of five tubes at final concentrations of 0, 0.3,

RNA. Total RNA was extracted from £610’ transfected
cells using a commercial kit (RNeasy Mini kit, QIAGEN,
Valencia, CA), and 35 ug of RNA was used for each RT-

0.6, 1.2, 2.4, and 4.8g/mL. Ristocetin was then added to
both sets of tubes to a final concentration of 1.4 mg/mL.
The final reaction volume was adjusted to 100 with

PCR reaction. Each reverse transcription reaction containedTyrode’s buffer. The mixture was incubated at room tem-

the following: RNA (3-5 uQ), reverse primer (GGTCT-
TCAGCTCATTGCCTT, 0.75¢M), 5 mM MgCl,, 1 mM
dNTP, 1 ULL RNase inhibitor, 2uL of 10% PCR buffer
(500 mM KCI, 100 mM Tris-HCI), and MuLV reverse
transcriptase (2.5 WL). The reaction was brought to 20

perature for 30 min and then layered onto a column
containing 30% sucrose. Membrane-bound vWf was sepa-
rated from free VWf by centrifugation at 1009€r 5 min.

The capillary tips of the column containing the cell pellets
were cut off, and the radioactivity was counted in eounter.

with diethyl pyrocarbonate-treated distilled water. The The binding specificity was determined by incubating CHO

mixture was incubated at £4Z for 15 min, and the resultant

BIX cells with *29-labeled vWf and ristocetin. All direct

reverse transcription product was then denatured by heatingbinding data were normalized to correct for differences in

at 99°C for 5 min. The following were then added to the
tube: forward primer (CTGTGAGGTCTCCAAAGTGG,
final concentration 0.7%xM), 8 uL of the manufacturer’s
PCR buffer, 2.5 units oAmpliTagDNA polymerase, and 4
uL of 25 mM MgClL,. The total volume of each reaction tube
was bought to 10Q:L with distilled water. The reverse
transcription product was then amplified by PCR by first
heating the sample to 9% for 2 min and then subjecting
it to 35 cycles of 95°C for 45 s, 60°C for 60 s, and 72C

surface levels of the complex.

Cell Rolling on Immobilized/Wf. The experiments to
examine the interaction between cells expressing wild-type
or mutant GP Ib-IX complexes and immobilized vWf under
flow were carried out in a parallel-plate flow chamber
consisting of a polycarbonate block, a silicon gasket, and a
glass coverslip coated with vWf. Experiments using such a
flow chamber system have been described previoy. (
Briefly, purified human vWf was coated onto glass coverslips

for 90 s. The RT-PCR products were analyzed by 2% agarosepy incubating the coverslips with a vWf solution (5@/

gel electrophoresis. MuLV reverse transcriptasepliTaq

mL) for 45 min at room temperature. Before each experi-

DNA polymerase, PCR buffer, and RNase inhibitor were ment, a coated coverslip was washed with PBS and as-

all purchased from Perkin-Elmer (Foster City, CA).
vWf Binding by Flow CytometryCells expressing wild-

sembled in the parallel-plate flow chamber such that the
coverslip formed the bottom of the chamber. The three

type or mutant GP Ib-IX complexes were detached from components of the chamber were held together by a vacuum.
culture plates with 0.53 mM EDTA, washed, and SuspendedA Syringe pump connected to the outlet port draws fluid
at1x 10° cells/mL in 1 mL of PBS containing 1% BSAt0  through the chamber at defined flow rates to generate desired
block nonspecific binding (10 min, room temperature). A5 shear stresse&1). The flow chamber was mounted onto an
ng sample of vWf (provided by Dr. Michael Berndt) and inverted-stage microscope (DIAPHOT-TMD; Nikon, Garden
1.5 mg of ristocetin (Sigma, St. Louis, MI) were added to City, NY) equipped with a silicon-intensified target video
each tube and incubated at room temperature. After 30 min camera (mode| C2400; Hammatus, Waltman, MA) connected
the cells were vigorously dispersed and washed with PBS.to a video cassette recorder. To induce cell rolling on
They were then incubated with rabbit anti-vWf antibody immobilized vWf, a cell suspension (100 000 cells/mL) was
(Dako, Carpinteria, CA) at Jug/mL for 1 h at room perfused through the chamber at flow rates calculated to
temperature. The cells were then washed twice in PBS andgenerate fluid shear stresses of 5, 10, and 15 dyh/Ceil
incubated with FITC-conjugated goat anti-rabbit antibody rolling in a single-view field was recorded in real time for 3
(Zymed) for another 30 min. The cells were washed twice min, and the video data were then analyzed off-line using
more with PBS, and their surface fluorescence was analyzedimaging software (|C_300 Modular Image Processing Work-

by flow cytometry.

To correct for the effect on vWf binding of variations in
surface expression of GPdlbetween cell lines, an aliquot
of the cells analyzed for vWf binding was analyzed si-
multaneously for GP I surface expression by flow cy-
tometry after labeling with WM23, and the binding values

station, Inovision Corp., Durham, NC) to calculate the rolling
velocities of 50 or more cells per run. Each experiment was
performed at least three times independently. Cells consid-
ered to be rolling were those observed to be moving in the
direction of fluid flow while maintaining constant contact
with the vWf matrix. Both the number of rolling cells and

were corrected for the relative differences in surface expres-their rolling velocity were calculated®, 23). The distance

sion. The binding to CHOopSIX cells was arbitrarily

a single cell rolled during a defined period determined the

designated as 100%, and the binding values from the otherrolling velocity; the mean velocity was calculated by
cell lines were normalized on the basis of their relative averaging the velocities of all the rolling cells in each

surface levels.
lodination of yWf and Assay of Ligand Bindingurified
human vWf was iodinated with N&PI] by the lodogen

experiment.

Statistical AnalysisStatistical analysis used in this study
included the Student'stest and linear regression analysis.

method as described9) and purified on a Sephadex G25  garistically significant differences were defined as those in
column (Pharmacia Laboratories, Piscataway, NJ). The,,ni-h thep value was<0.05.

binding of the radiolabeled ligand was assessed as previously

described19). Briefly, cells expressing wild-type or mutant RESULTS

GP lboe were detached with EDTA and resuspended in

Tyrode’s buffer to a final concentration of 4 107 cells/ Mutation of Consered Asparagine Residues in the Leu-
mL. A 25 uL sample of the cell suspension was placed into cine-Rich Repeats of GP db One important structural
each of 10 Eppendorf tube¥d-labeled vWf was added to  feature of the repeats in virtually all proteins of the leucine-



Asparagine Mutations of GP éb Biochemistry, Vol. 39, No. 12, 200387

A.

GP Iba X |1 b'e X | T X X
GP Ibf v G N A D T
GP IX L N s s D T
GP V X X X b'd X X
Consensus L ¥XLXXNIXLXJXLPIXGLLIXZXLPIXLIXZX
B.
LRR1 36 LHELSEIRNLLYTFSLATLMPYTRLTAQ 59
LRR2 60 LNLDRCELTERKLQVDGTULPVLGT - - 81
LRR3 82 L DLSHNOQLOQSLPLLGOQTLPALTYV 104
LRR4 105 LDV SFNRLTSLPLGALRGLG GETLOQTE 128
LRR5 129 L YLEKGNELZXKTLPPGLLTPTTPZ XKTLEHK 152
LRR6 153 L SLANNNLTELTPAGLLNGLENTLDT 176
LRR7 177 L L L QE NS L YTIPKGPFVFGSHLTLTPTFA 200
Mutations:
(LRR1) Asn41 (LRR6) Asn158
—Lys —-Lys
—-Ser —Ser

Ficure 1: (A) Consensus sequences of the leucine-rich repeats of the polypeptides of the GP Ib-1X-V complex. The consensus sequences
of the seven GP b and fifteen GP V leucine-rich repeats are shown, along with the sequences of the long &l IBP IX leucine-rich
motifs. (B) Leucine-rich repeats of GPdbThe Asn residues mutated in the current studies are highlighted.

rich repeat family is the presence of asparagine in the sixth of the mutants but N158K were expressed on the cell surface
position of the consensus sequence, implying an important(Figure 2). Both of the N41 mutations decreased expression
role for this residue in the structures of leucine-rich motifs of the mutant GP lb in comparison to the wild-type
(3). The consensus sequences of the leucine-rich repeats opolypeptide (Figure 2). With respect to expression of the
the polypeptides of the GP Ib-IX-V complex are shown in  N158K mutant, we found the same results in stable cell lines
Figure 1A, with the asparagine residues highlighted. Figure selected by growth in hygromycin-containing medium, with
1B depicts the sequence of the seven leucine-rich repeats ohone of the resistant clones from the N158K transfection
GP Ibo with the mutated Asn residues highlighted. We chose expressing GP ko on the cell surface. These data suggested
to mutate the Asn residues in leucine-rich repeats 1 and 6one of three possibilities for the fate of the N158K mutant:
because these repeats are toward opposite ends of the leucinél) that the mutation had such a severe effect on the structure
rich motif and because repeat 1 is not bounded on theof the polypeptide that it was degraded shortly after its
N-terminus by another repeat while repeat 6 is bounded onsynthesis, (2) that the mutant was sequestered within an
both sides by other leucine-rich repeats. Thus, mutations tointracellular compartment and failed to be secreted, or (3)
the two repeats may have different effects on adjacent repeathat the mutation destabilized the mRNA encoding the
sequences. The Asn in these sequences was replaced by eitherotein and precluded its translation. We were able to rule
Lys or Ser. (The mutants are designated N41S, N41K, out the second possibility by microscopy of permeabilized,
N158S, and N158K.) The Lys substitution is predicted to fluorescently labeled cells. The N158S, N41K, and N41S
cause a more profound change in the structure, as the sidenutants all showed staining patterns with fluorescently
chain adds both bulk and charge. The Ser substitution waslabeled antibody similar to that of the cells expressing wild-
chosen because this amino acid has a less bulky side chaintype GP Ik, with most of the polypeptide appearing on the
is sometimes found at this position in other leucine-rich cell surface (Figure 3). In contrast, cells transfected with the
repeat proteins, and differs from Cythe only amino acid N158K mutant had no detectable protein, either on the
other than Asn found in this position of leucine-rich repeat plasma membrane or within the cell (Figure 3, panel E).
consensus sequeneemly in having an oxygen atom instead To further investigate the fate of the mutants, we meta-
of a sulfur. Cys was not chosen because of its potential for bolically labeled the cells with3}S]cysteine and immuno-
forming disulfide bonds. precipitated the labeled GP dbwith WM23. The results

Effect of Mutation of Conseed Asparagine Residues on reflected the microscopy studies. Again, all of the mutants
GP Ib-IX Complex ExpressiolVe studied the biosynthetic ~ were precipitated from their respective cell lines, except
consequences of the mutations by both transient and stableN158K, for which not even a faint band was detected
transfection. Transient transfection studies revealed that all(Figure 4A).
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Relative Expression Levels

Ficure 2: Effects of the Asn mutations of GP dbon the cell
surface expression of the GP Ib-IX complex. The Asn mutants were
transiently transfected into CH@IX cells, and the expression of
the mutants was determined by flow cytometry after the cells were
surface labeled with the monoclonal GRxlantibody WM23. The
values depicted are the relative fluorescence values calculated fro
the mean fluorescence values for each mutant averaged from seve
separate transient transfection studies, after the background fluo
rescence of sham-transfected cells was subtracted. The value fo
the wild-type GP li transfections is arbitrarily designated as 1.0.
All mutants except N158K were expressed on the cell surface. The
asterisk indicatep < 0.001 for comparison with wild-type GPdb
(Student’st test,n = 7).

ofIX  N41S

A N f b B

N41K

L’
N158S
Ficure 3: Immunofluorescence microscopy of GRullmutant-
expressing cell lines. Cells stably expressing wild-type Gidb
the Asn mutants were fixed and permeabilized with 0.1% Triton
X-100, and GP Ib. was then labeled with fluorescent WM23. The
GP Ibo distribution in all of the cell lines was similar, except in
the N158K mutant, in which no GP dbcould be identified.

N158K

To determine whether mRNA instability caused by the
mutation was the cause of the failure to express the mutant,
mRNA was purified from the CH@S1X, CHO gIX, and
N158K lines and reverse transcribed, and a Giedpecific
fragment was amplified using the polymerase-chain reaction.
This experiment showed that the cells expressing N158K
contained similar amounts of GPdlmRNA as did the cells
expressing wild-type GP th(Figure 4B), indicating that the

Afshar-Kharghan et al.
A.

200 kDa -

97 kDa -

Ficure4: (A) The N158K mutation yields an unstable polypeptide.
GP lbo from 35S-metabolically-labeled cells was immunoprecipi-
tated with WM23. Only the N158K polypeptide was undetectable.
(B) RT-PCR of mRNA from cell lines expressing wild-type GP

m|b(1 and the N158K mutant. RNA was reverse transcribed and the

o

A fragment amplified by PCR. Cells expressing wild-type GP
or the N158K mutant produced the expected band, whereas

rCHO BIX (which lacks GP lla) did not.

3

N
'

-
L

Specific Antibody Binding
(relative to binding of WM23)

o
I

ANS51 CLB-MB45 S§Z2

Ficure 5: Antibody binding to the Asn mutants. The binding of
GP Ibo antibodies to the mutant polypeptides as measured by flow
cytometry and expressed as the binding relative to the binding of
WM23, which binds C-terminal to the GP dbligand-binding
region. The N41K mutation affected the binding of all of the
antibodies, most severely affecting the binding of AN51 and CLB-
MBA45. All of the antibodies listed bind within the first 282 amino
acids of GP lio.

failure of the mutant to be expressed on the cell surface
resulted from its rapid posttranslational degradation.
Antibody Binding to the Mutant&Ve next examined the
binding to the cells of four monoclonal antibodies against
GP o with epitopes in the N-terminus to determine whether
any of them could detect a mutation-induced conformational
change. Their binding was compared to the binding of WM23
(Figure 5). As expected, none of the antibodies bound the
N158K cells (data not shown). Of the other mutants, N41K
was the most severely affected. The binding of two of the
antibodies, AN51 and MB45, was eliminated by the muta-
tion. One of these, AN51, has been shown to inhibit risto-
cetin-induced platelet aggregation, possibly by binding
directly to a vWf-binding siteZ4). This antibody also bound
at lower levels to the cells expressing either the N41S mutant
or the N158S mutant.
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FIGURE 6: Ristocetin- and botrocetin-induced vWf binding to the
GP Ibo. mutants measured by flow cytometry using a fluorescently
labeled rabbit anti-vWf antibody. Binding is expressed relative to
the binding to CHQuSIX cells, which was arbitrarily set as 100%.
(A) Ristocetin-induced vWf binding decreased significantly in the
N41K mutants (Student’s test,n = 6, p < 0.01), whereas the
binding to cells expressing the Ser mutants was similar to the
binding to cells expressing wild-type GPdln = 6, p = 0.34).

(B) Botrocetin-induced vWf binding was not affected by any of
the mutations.

von Willebrand Factor BindingWe examined the ability
of the mutant cell lines to support ristocetin- and botrocetin-
induced vWf binding. This was done in two ways. First, we
examined binding by a flow cytometric assay. After the cells
were incubated with vWf at concentrations saturating for
wild-type GP Il and the appropriate modulator, they were
washed, and bound vWf was detected with a rabbit anti-
vWIf polyclonal antibody, followed by FITC-labeled goat
anti-rabbit IgG. Cell fluorescence was then evaluated by flow
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FiGure 7: Ristocetin-induced binding df3-labeled vWji. Cells
expressing wild-type or mutant GPdbwere incubated with in-
creasing concentrations &f3-labeled vWf. At the three highest
concentrations of vWf, vWf binding was significantly lower to the
N41 mutants than to wild-type vWf (Studentgest,n = 3,p <
0.001).

can adhere to and roll on immobilized vWf in a process
analogous to the adhesion of platelets to subendothelial v\Wf
in the vessel wallZ0). This adhesion occurs in the absence
of modulators and thus represents a more physiological test
of vWTf binding. We therefore examined the adhesion of cells
expressing wild-type and mutant GP Ib-IX complexes to vWf
immobilized on glass coverslips. The cells were perfused
over the immobilized vWTf at shear stresses of 5, 10, and 15
dyn/cn? in a parallel-plate flow chambeR(). We evaluated
two functional parameters: cell attachment and cell rolling
velocity. The N41K mutant again demonstrated the most
severe functional defect: cells expressing this mutant neither
attached nor rolled on the immobilized vWf. On the other
hand, cells expressing N41S and N158S both attached to
the vVWf matrix, albeit less efficiently than cells expressing
wild-type GP llx. Of the two Ser mutants, the defect in
N41S was more severe, with significantly fewer cells
attaching at 5 and 10 dyn/énand no cells attaching at 15
dyn/cn? (Figure 8B). In addition, those cells that did attach
rolled faster than both the wild-type cells and the N158S
cells, indicating a more rapid off-rate to the interaction
(Figure 8A).

DISCUSSION

The studies reported here confirm a vital role for conserved
asparagine residues in the leucine-rich repeats of GP Ib
for the structure and functions of this polypeptide. We chose

cytometry. This technique has the advantage over moreto mutate this residue because it is conserved in the repeats

conventional binding techniques in that it allows analysis of
binding on a cell-by-cell basis. When vWf binding was

induced by ristocetin, only the N41K mutant demonstrated
a defect in binding, with the binding being at background
levels (Figure 6A). In contrast, botrocetin-induced binding
did not distinguish any of the mutants from wild-type GP

Iba. (Figure 6B).

The dose-response binding of vWf induced by ristocetin
was also studied using iodinated vWf. The N41K mutant
was again found to be completely defective in binding. In
addition, this method revealed diminished binding to the
N41S mutant (Figure 7).

Adhesion to and Rolling on ImmobilizedVf of Cells
Expressing the GP tb Mutants We have recently shown
that cells expressing GP Ib-IX or GP Ib-IX-V complexes

of the four GP Ib-I1X-V polypeptides, all of which belong to
the leucine-rich repeat superfamily of proteins. Kajadp (
has proposed that this superfamily can be divided into six
subfamilies, on the basis of the length and consensus
sequence of the leucine-rich repeats. Even with this subdivi-
sion of the family, all but one of the groups have Asn in
this position; in the remaining subgroup it is replaced by
Cys. In porcine ribonuclease inhibitor, the Asn or Cys residue
determines the site at whichfastrand ends, giving way to
af—a loop that precedes anhelix (14). A similar structure
has been predicted for the leucine-rich repeats of other
members of this superfamily2p).

The repeating motifs yield an orderly structure with the
helices stacking on the outer face and fretrands stacking
on the inner face to form a parallgl sheet. With the
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A degraded so rapidly that we were unable to detect it by any
2] v opiX of several techniques (Figures 2, 3, and 4A), yet the cells
E 200 - DR transfected with the mutant plasmid contained similar
£ amounts of MRNA as did cells expressing wild-type G& |b
2 150 { ¢ (Figure 4B). The N41K mutant, although expressed on the
- cell surface, was severely defective in terms of its ability to
£ 1007 o - bind vWf, whether induced by ristocetin or under flow in a
T 50 - parallel-plate flow chamber. In the latter assay, cells express-
g ing N41K neither attached to nor rolled on the immobilized

1} L ¥ T VWHI.
5 10 15 The profound effect of the N41K mutation and the subtler
Shear Stress (dyn/cm?2) defect of the N41S mutation on vWf binding are consistent
B with our recent studies with canindduman GP Ib. chimeras
250 1 (27). Here, both ristocetin-induced vWf binding and adhesion
% 200 | to vWf under flow were eliminated in cell lines expressing
S the GP Ib-IX complex when the human GRullsequence
= 150 - was replaced with the corresponding canine sequence to the
£ end of the second leucine-rich repeat. Ristocetin-induced vWf
g 100 - binding was recovered when the chimera containing the
2 s entire N-terminus to residue 282 was “rehumanized” to the
3 ] end of the fourth leucine-rich repeat, an indication that the
0 | most N-terminal sequences of GPRullplay a vital role in

VWi binding. Also of interest was that these chimeras enabled
the mapping of epitopes for function-blocking GPalb
Sdyn/em?  10dynfcm? 15 dyn/cm? antibodies. Most of those that inhibited ristocetin-induced
FiGURe 8: Rolling of cells expressing the Asn mutants on YWfbinding and adhesion of GP Ib-IX complex-expressing
immobilized vWf under fluid shear stress. Interactions between the cells to VW under flow mapped to the N-terminus, from

Asn mutants and immobilized vWf were studied under fluid shear residue 1 to residue 59, including AN51, whose epitope was
stress using a parallel-plate flow chamber system. Cells expressingaholished by the N41K mutation.

either the wild-type or the mutant complexes were perfused over . .
glass coverslips coated with vWf under fluid shear stresses ranging Obviously, the N158K mutation had a much more severe

from 5 to 15 dyn/crd The number of cells that rolled along the €ffect on the structure of the polypeptide than did the N41K
matrix and their rolling velocity under different shear stresses were mutation. This might be accounted for by the location of
then calculated. Cells expressing the N41K mutant failed to roll the mutations. If, as proposed, the mutations affect the orderly
on immobilized vWf under any of the shear stresses tested. (A) stacking of the leucine-rich repeats, N158K, because it affects

g;:lﬁniépgsésgwr?dtgg denl,fm”;ﬁ’L%rgn’t‘?S't'igsff‘ ﬁtir{ﬂ”gﬂg;% %th<er O 4 internal repeat, would disrupt the relationship of repeat 6

0.001) and failed to attach at 15 dyn&r(B) The number of rolling ~ With both repeat 5 and repeat 7. On the other hand, N41K
cells for all the cell types decreased with increasing shear stress,affects the relationship of repeat 1 with only one other repeat,
but the decrease was greater for the cells expressing the Ser mutantgepeat 2, which may explain why this mutation is tolerated
than for c)ells expressing wild-type GPdl{Student’st test,n = 4, better than the N158K mutation

p < 0.05). )

The Ser mutations had a much milder effect on structure.
exception of the first and last repeats in a seriesgtegands Both mutant polypeptides reached the cell surface at levels
are stabilized by hydrogen bonding with the neighboring two comparable to that of wild-type GP db but they still did
strands of the sheel4). The side chains of the conserved not function completely normally in terms of vWf binding.
Asn residues also stabilize the structure, being buried andThe ristocetin-induced binding properties of cells expressing
forming hydrogen bonds with the polypeptide backbone. The N158S were indistinguishable from those of cells expressing
15 leucine-rich repeats of porcine ribonuclease inhibitor form wild-type GP Ik, but the mutation did have a subtle defect
a semicircular structure, with the helices facing outward and detectable in the parallel-plate flow chamber, where fewer
the 3 sheet forming the inner surfacg4). This arrangement  of the N158S cells attached to the vWf matrix than did wild-
allows for the formation of a large inner surface comprising type cells. The defect in the N41S mutant was more severe,
the solvent-exposef sheet through which the protein inter-  being manifested both in the ristocetin-induced binding assay
acts with ribonuclease A2¢). Mutations that prevent the and in the parallel-plate flow chamber. Ristocetin-induced
orderly stacking of the repeats would be expected to precludevWf binding of N41S-expressing cells was half that of cells
formation of this surface and thus to prevent ligand binding. expressing wild-type GP tg and the cells rolled twice as
Such a structural disruption of GP dbby the Asn fast in the flow chamber at equivalent shear stresses and
mutations provides a feasible explanation for our results. As failed to attach at shear stresses above 10 dyh/Timus,
predicted, replacement of Asn with Lys disrupted the mutation in the first repeat more severely affected vWf
structure most severely, yielding a protein that was rapidly binding, which suggests that the more N-terminal repeats
degraded when the residue in leucine-rich repeat 6 wasare directly involved in the interaction with vWf, consistent
mutated (mutant N158K), and producing a protein that did with data derived from our studies of canirleuman GP
not bind function-blocking monoclonal antibodies (AN51 and Iboa. chimeras 27). An effect on the epitope for AN51, an
CLB-MB45) or vWf in the presence of ristocetin when the antibody that blocks the interaction with vWf, also points to
first repeat was mutated (N41K). The N158K mutant was a direct involvement of this region in vWf binding.
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In summary, the findings reported here demonstrate that

the structure of the GP ¢bleucine-rich repeats is vital for
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the synthesis and vWf-binding functions of the GP Ib-I1X-V
complex.
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