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Molecular Modeling of Ligand and Mutation Sites of the Type A Domains of
Human von Willebrand Factor and Their Relevance to von Willebrand’s Disease

By P. Vincent Jenkins, K. John Pasi, and Stephen J. Perkins

von Willebrand factor (VWF) is a large multimeric, multido-
main glycoprotein found in platelets, endothelial cells and
plasma. The A1, A2, and A3 domains in VWF mediate binding
to glycoprotein Ib, ristocetin, botrocetin, collagen, sulphat-
ides, and heparin and provide a protease cleavage site.
Mutations causing types 2B, 2M, and 2A von Willebrand’s
disease (VWD) are located in the A1l and A2 domains.
Homology modeling was performed to provide a molecular
interpretation of vWF function and mutation sites. This was
based on our previous alignment of 75 VWF-A sequences, the
doubly wound o/ fold seen in recent vVWF-A crystal struc-
tures from complement receptor type 3 and lymphocyte
function-associated antigen-1, and our new alignment of 28
VWF Al and A2 sequences from different species. The active
site in doubly-wound «/f folds forms a crevice that is
located at the switch point between the two halves of the
central B-sheet, and usually contains two metal-binding Asp
residues in the VWF-A superfamily. Although one of these
Asp residues is absent from the Al, A2, and A3 domains, this
crevice is shown to correspond to the ristocetin binding site
in the A1 domain and the protease cleavage site in the A2

domain. The residues R571-K572-R578-R579-K585 are found
to be conserved in 28 Al sequences and are predicted to
constitute the heparin binding site in the A1 domain. Inspec-
tion of the type 2M vWD mutation sites that are involved in
downregulation of glycoprotein |Ib (Gplb) binding to VWF
shows that these are spatially clustered at the carboxyl-edge
of the B-sheet and above it in the A1 domain and may
directly perturb Gplb binding. In contrast, the type 2B vWD
mutation sites that are involved in upregulation of Gplb
binding to VWF are spatially clustered at the amino edge of
this B-sheet and below it and are located on the opposite
side of the A1 domain from the type 2M mutation sites. The
type 2B mutations are located between the heparin and Gplb
binding sites. Because heparin binding inhibits the interac-
tion with Gplb, this provides an explanation of VWF upregu-
lation. The type 2A vWD mutation sites in the A2 domain
correspond to buried residues that are otherwise 100%
conserved across all 28 species, and are likely to be impor-
tant for the correct folding of the A2 domain and its physi-
ologically important protease site.
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ON WILLEBRAND FACTOR (VWF) is a large glycopro- spontaneously to Gplb. Conformational changes are thought to
tein that is found in plasma and platelets and is synthe-expose the VWF-A1 domain after the binding of other regions of
sized by megakaryocytes and endothelial cellsWF plays at  vWF to collagen on the subendothelium. In vitro tests show that
least two essential roles in hemostasis. It is involved in platelet/WF can be stimulated to bind to platelets by the antibiotic
adhesion to the damaged vascular endothelium, and it stabilize$stocetin (molecular weight of several thousands) and two
factor VIl in plasma by acting as its carrier molecule. Precursorforms of the snake venom derivative botrocetin (molecular
VWF contains 13 domains in its monomeric structure, which areyeight 25,000 and 26,500), although these two compounds
multiples of four domain types A to D in the arrangement jnyolve different residues in the VWF-A1 domdithe vVWF-A1
D1-D2-D'-D3-A1-A2-A3-D4-B1-B2-B3-C1-CZAfter synthe-  domain also contains distinct binding sites for heparin and
sis, the precursor is modified by post-translational processingsu“ohatideS and a further site for collagenThe binding of
in which it dimerizes, and cleavage of the D1-D2 domain pairywr to collagen permits its interaction with Gplb, whereas
occurs. The monomer contains 2,050 residues of moleculajyyr pinding to heparin inhibits it. The VWF-A2 domain spans
weight 220,000. Multimeric vVWF contains between 2 to 100 regjques 717 to 909 and does not contain a disulfide bridge
subunits with molecular weights ranging up to:2aC°. between its N- and C-termini (although there is a bridge
The A1, A2, and A3 domains mediate key macromolecuIarbetween Cys906 and Cys907). It contains a physiological

Zggr?ct;(irés. by V\tNF' TC\;&FAlhdom?\lln co(;rgs?ond.s.to re,s'quz%leavage site between Tyr842 and Met843 that is associated
° In mature vV, whose I\- and ©-termini aré Joined, .., 5 metalloprotease in normal circulatibhThe VWF-A3

by a disulfide bridge at Cys509 and Cys695. It is involved in domain spans residues 910 11 in which its N- and

VWF binding to the platelet receptor glycoprotein Ib (Gplb). ~" - . L .
This is the primary mechanism by which vWF binds to plateletsC termini are joined by a disulfide bridge between Cys923 and

under conditions of high shear stress. VWF does not bincggﬁ;;eoig’];hls contains the major binding site for fibrillar

von Willebrand’'s Disease (VWD) is the most common
From the Katherine Dormandy Haemophilia and Haemostasis Cen—mheme_d bleeding dlso.r_der,_ in which type 2 vWD corres_p_onds
tre, Department of Haematology and the Department of Biochemistry© functional abnormalities in VWF (as opposed to a deficiency

and Molecular Biology, Royal Free Hospital and School of Medicine, OF absence of VWF in types 1 and 3 vWD, respectivély}A
London, UK. large number of mutated residues that give rise to three variant

Submitted May 20, 1997; accepted November 6, 1997. types 2A, 2B, and 2M vWD have been found in the vVWF-A1l
Address reprint requests to Stephen J. Perkins, DPhil, Department oand vVWF-A2 domains. Type 2B VWD is characterized by the
Biochemistry and Molecular Biology, Royal Free Hospital School of |ggg of high molecular weight multimers of VWF as a result of

Medicine, Rowland Hill St, London NW3 2PF, UK. an increased affinity of VWF for Gplb, and shown in vitro by
The publication costs of this article were defrayed in part by page .

charge payment. This article must therefore be hereby mdikeder- mcreg;edv\ll’lgtocetlr!-mdgcedl bmd":]g of VWF to Plathelet\j\'”':vl'Zit
tisement”in accordance with 18 U.S.C. section 1734 solely to indicate type . v mutations invo V("? ashort segment inthe VWF-
domaint1415Type 2M vWD is characterized by a normal

this fact.
pattern of VWF multimers but a decreased binding of VWF to

© 1998 by The American Society of Hematology.
0006-4971/98/9106-0029$3.00/0 Gplb and a decreased ristocetin-induced binding of VWF to
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platelets. Mutations causing type 2M vWD are also located insolvent accessibilities were calculated by the method of Lee and
the VWF-A1 domairt&19Type 2A vWD results from the loss of ~Richards using a probe diameter of 1.4 A in the COMPARER
high and intermediate VWF multimers, either through the Program?>3The secondary structures and accessibilities of 1zon, 1zoo,

impaired intracellular transport of VWF multimers (group | and 1zop were indistinguishable, and their mean is shown in Fig 1.
mutations) or the abnormal proteolytic degradation of VWF Figure 1 shows that the secondary structures of LFA-1 and both forms

. . - - L of CR3 are very similar with the exception of changes in theh@lix
0
gﬁrou\?/::l ?;fjatlon_sz'l ;l'lyzge 2A mutations arise mainly within (G) anda-helix (H) content of A7 and minor ones in A6. Likewise, if
e VWF- omairt:-<+

the sidechain accessibilities were classified as exposed (values of 2 to 9)

Three-dimensional structures are required to provide a MOy inaccessible (0 to 1), Fig 1 shows that the three crystal structures are
lecular interpretation of VWF function and a molecular explana-very similar except for small changes at two carboxyl-edge loops
tion of the mutations involved in type 2 vWD. The VWF-A connecting BD with A5 and BE with A6, and the C-termiraktrand
domains belong to a large superfamily that include other plasm&F anda-helix A7. These differences are negligible in terms of the
proteins, collagens, integrins, and other extracellular proteingnalyses of the ristocetin binding site and the types 2B, 2M, and 2A
that mediate cell-cell, cell-matrix, and matrix-matrix interac- YWD mutations below.

tions2425 The VWF-A protein fold was first identified by our Construction of VWF-A homology modelsProtein structures were

structure prediction analysis, and this included an initial consid-v'sual'zed and modeled using INSIGHT 1l 95.0 software with

. . . HOMOLOGY and DISCOVER modules (Biosym/MSI, San Diego,
m 27
eration of VWF mutation site®:2" Crystal structures of the CA) on INDY Workstations (Silicon Graphics, Reading, UK). The rigid

VWF-A domains in hgman .complement receptor type 3 ((_:R?’)body fragment assembly method used in HOMOLOGY was used to
and the leukocyte integrin lymphocyte function-associatedgonsiruct the three models. A conserved core of 138 todBelix,
antigen-1 (LFA-1) have since been determined to confirm theg-strand and loop residues was defined based on the lido crystal
prediction?8-31 Since then, VWF sequences from 28 different structure. In the VWF-A1 model, the remaining 26 residues at five
mammalian species from 15 placental orders are now availsurface loop regions were modeled from a database of protein fragments
able?532The combination of our vVWF-A predictions with these using the Brookhaven loop database of INSIGHT II. These were
crystal structures and new sequences now make it possible fftween L544-K549, G588-V591, S607-P612, V635-Q639, and P655-
create homology models for the human vVWF-A1, -A2, and -A3 L\?\?g A\(\/zheredscleq;:ncegnserpon_s Ior deletions OCdcul”gd t(I\F/:gESlS).DI?;Qe
. . . - VWF-A2 model, 34 residues in six loops were modeled a - ,
domains and assess them. We show that major functional Sitega; w13 1855 g9, D851-G858, N870-V873, and W8B1-AB84.
in the Al ar_]d A2 dea'”S correspond to the classic active _Sm?n the VWF-A3 model, 29 residues in five loops were modeled at
region of this protein fold. _Recent crystal structures o_f protein-ygs7.1 964, G1003-G1008, M1022-G1024, A1051-T1056, and D1066-
heparin complexé3 permit a set of conserved residues in A1071. All the sidechains were replaced according to the human
VWEF-A1 to be identified as a heparin blndlng site. The type ZBVWF—A sequences. Energy refinements using DISCOVER were per-
vWD mutations are shown to be located between the hepariformed at the loop splice junctions, then on the loop regions, and finally
and Gplb binding sites and this provides an explanation of howthe mutated core residues. The core residues were tethered to their
VWF binding is upregulated, whereas those involved in type 2Moriginal positions with greater energy terms than the reconstructed
VWD are shown to be directly associated with the Gplb bindingIOOpS- The refinements were based on the consistent valence forcefield,
site and explain how VWF binding is downregulated. The and iterations were made using a combination of the steepest descent

VWE-A2 mutations that lead to tyoe 2A VWD are shown to and conjugate algorithms. These improved the connectivity of the
yp .model and reduced the proportion of bad contacts or stereochemistry as

correspond to buried conserved residues, and these are dléénfirmed by the use of the PROCHECK progré&iithe vVWF mutation
cussed also. residues in the VWF-A1 and vVWF-A2 domains are summarized in Table
1. The site of each one was identified by a sphere attbarbon atom

in the VWF-A models of Fig 6.

Crystal structures in the VWF-A superfamilyMolecular graphics Electrostatic determination of the surfaces was performed using
models of the three VWF-AL, -A2, and -A3 domains in human vWF DELPHI (Biosym/MSI)38 The total electrostatic energy of the system
were constructed as follows. The multiple sequence alignment of 73vas calculated using a full coulombic boundary condition, with the
VWF-A sequencé8 was used to align the three VWF-A sequences to beinterior and exterior dielectric constants set as 2 and 80, respectively,
modeled with the crystal structures of CR3 (CD11b/CD18) and LFA-1 and assuming an ionic strength corresponding to a 0.145 mol/L salt
(CD11a/CD18), and this is summarized in Fig 1 using the samesolution. The solvent accessible surface of the molecule was displayed
sequence numbering as in Perkins ebdResidues L512-Y693 of the using the Connolly algorithm with a solvent probe radius of 0.14 nm.
VWF-A1 domain (out of residues 479 to 716), V733-Q904 of the This surface was colored red for potentials less thahkT (acidic),
VWF-A2 domain (out of residues 717 to 909), and P926-F1104 ofblue for potentials greater than 4 KT (basic), and white for neutral
the VWF-A3 domain (out of residues 910%h11)could be modeled. Al potentials of O KT. Linear interpolation was used to produce the colors
three models were based on the crystal structure of the Mg-bound CRBetween these values.

VWF-A domairt® (Brookhaven code lido). As a control of this
structure, the lido coordinates were compared with those for Mn-bound RESULTS

CR3 (code 1jlm) and for LFA-B%31which correspond to metal-free Homology models for the VWF-AL, -A2, and -A3 domains.

LFA-1 (code 1zon), Mg-bound LFA-1 (code 1zoo0), and Mn-bound . : B )
LFA-1 (code 1zop) in Fig 1. A conformational change has been reportedThe homology modeling of the VWF-AL -A2, and -A3

between Mg-bound and Mn-bound CR3 that involves the metal site, thgtruptures on the b_asns of five related crystal str_uc?&?ésvas
a-helix A7, and three of the five loops on the carboxyl-edge of the Straightforward (Fig 1). The use of a multiple sequence
B-shee? Only a-helix A7 moves in metal-free LFA-1, which has a alignment for the VWF-A superfamily significantly enhanced
structure otherwise identical to Mg-bound and Mn-bound LFA-1, the the reliability of aligning the vVWF-AL, -A2, and -A3 sequences
latter pair having identical structurésThe DSSP progratiwas used ~ with those of the crystal structurésThe three VWF-A struc-

to assign secondary structure in the crystal structures. Side-chaitures containing 172 to 182 residues were modeled starting

MATERIALS AND METHODS
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10 20 30 40 50 60
P - - S [ (R
Hu_CR3 DSDIAFLIDGSGSITPHDFRRMKEF VSTVMEQL --KKSKTLFSLMQYSEEFR
Hu_LFA-1 ~--GNVDLVFLFDGSMSLQPDEFQKILDFMKDVMKKL --SNTSYQFAAVQFSTSYK
Hu_vWF-Al (512) ~=~—=—--| LLDLVFLLDGSSRLSEAEFEVLKAFVVDMMERLRISQKWVRVAVVEYHDGSH
Hu_vWF-A2 (733) - e VLDVAFVLEGSDKIGEADFNRSKEFMEEVIQRMDVGQDS THVTVLQYSYMVT
Hu_vWF-A3 (926) —-=————- PLDVILLLDGSSSFPASYFDEMKSFAKAF ISKANIGPRLTQVSVLQYGSITT
>7a£6 Consel‘ved (75 Sequences) *EXKRARKEK * * * k% *% * *kkk k¥
CR3 Mg site (3 x #), CHO site (N), rebuilt loops # 44 N rebuilt
A-HELIX/B-STRAND: <--BA--> R et Al----> <--BB--> <~

Hu_CR3(1ido) :
Hu_CR3(1j1m) :
Hu_LFA-1 :
Hu_vWF-Al

Hu_vWF-A2

Hu_vWF-A3 :
SOLVENT ACCESSIBILITY:
Hu_CR3(1lido) :
Hu_CR3(1j1m) :

-------------- EEEEEEEE-STTS -HHHHHHHHHHHHHHHHHS - - -~ TTEEEEEEEESSSEE
-EEEEEEEE--STTS-HHHHHHHHHHHHHHHHHH-~--TTEEEEEEEESSSEE
-------------- EEEEEEEE-BTT - -HHHHHHHHHHHHHHHHHT - -TTSSEEEEEEEESSSEE
EEEEEEEE-STTS-HHHHHHHHHHHHHHHHHHHHH-SSEEEEEEEESSSEE
~~EEEEEEEE-STTS-HHHHHHHHHHHHHHHHHHNTT -~ -EEEEEEESSSSEE
EEEEEEEE-STTS-HHHHHHHHHHHHHHHHHHHAS -TT-EEEEEEESSSEE

————————————— 600000000005606892071014000600350--54970100000004415
------------- 510000000004707752052016000200440--35970000000004516

Hu LFA-1 = - emmmeeeee 9800000000007509772064004002300610--48360100000004936
Hu_vWF-Al : (512) ~—-—=——- 4100000000093089940930250004003501941990000000013636
Hu_vWF-A2 : (733) == 9100000000095099940500060025004708999491200000008937
Hu_vWF-A3 B (926) -~ ~—---- 6300000000066047930730161026104403873770200000002613
70 80 90 100 110 120 130 140
_____________ SR VU - -
Hu_CR3 : IHFTFKEFQNNPNPRSLVKPITQLLG-  RTHTATGIRKVVRELFNITNGARKNAFKILVVITDGEKFGDPLGYEDVIP
Hu LFA-1 TEFDFSDYVKWKDPDALLKHVKHMLL-  LTNTFGAINYVATEVFREELGARPDATKVLIIITDGEATDSGNIDAAK--
Hu_vWF-Al : AYIGLKDRKRPSELRRIASQVKYAGSQ  VASTSEVLKYTLFQIFSK--IDRPEASRIALLLMASQEPQRMSRNFVRYV
Hu_vWF-A2 VEYPFSEAQSKGDILQRVREIRYQGGN __ RTNTGLALRYLSDHSF-~-LVSQGDREQAPNLVYMVTGNPASDEIKRL -~
Hu_vWF-A3 IDVPWNVVPEKAHLLSLYDVMQREGGPSQIGDALGFAVRYLTSEMH----GARPGASKAVVILVTDVSVDSVDAAADAAR
>70% conserved, CHO site (N) * N ** * *EE
CR3 Mg site (3 x #), rebuilt loops rebuilt# rebuilt ## rebu--
A-HELIX/B-STRAND: BC> <-A2-> <-A3> <--=-A4---> <--BD--> <-

Hu_CR3(1ido) :
Hu_CR3(1j1m) :
Hu_LFA-1 :
Hu_vWF-Al

Hu_vWF-A2 :
Hu_vWF-A3 :
SOLVENT ACCESSIBILITY:
Hu_CR3(1ido) :
Hu_CR3(1j1m) :

EEE-HHHHHH- - -HHHHHTT -—--- S-
EEE-HHHHH-S--HHHHHTT -~~~ - S-
EEE-HHHHHH -~ -HHHHHT T -——-- B-

EEE -HHHHHS -~ -HHHHHHT - - - - -- S
EEE-HHHHHH - - ~HHHHHHT -~ -TT -~
EEE-TTHHHH---HHHHHHT -~~~ -~ 17

21010560575560541096091067 -
21010560686460551086091175-

-B-HHHHHHHHHHHT T -GGGT--SS-EEEEEEEE-S--BB-S--GGGTHH
-B-HHHHHHHHHHTTT -GGGT--TTSEEEEEEEESS--BS~SS-GGGTHH
---HHHHHHHHHHHTS-GGGT--TT-EEEEEEEESS--S--S--G66T --
-B-HHHHHHHHHHHT -TT--STTTT--EEEEEE--S---B-SS-SSTTTS
~--HHHHHHHHHHHHT - - -TSS-SS-EEEEEEE-~S---S-SS-GG6G~~~
————— HHHHHHHHHHH-T----TS-SS-EEEEEEEE-S---S-SS-GGG-HH

50100200220054005882203990510000001051730722084015
60100100230054005682302990811000001441870623194014

Hu LFA 1 : 20010750497651410088092155-  512003004200640068625126905500000001405299906606--
Hu_vWF-Al : 601607406846516900960922919  000000002500570093--099292500000001081460929064990
Hu_vWF-A2 : 420108807999617910960949927  0320010034017306---94199905000000010674919350881 -~
Hu_vWF-A3 4203073027564055108909225058941010010044018409----912990523000000053650918295080
150 160 170 180 190 200
______________ - - |_
Hu_CR3 : EADREGVIRYVIGVGDAFRSEKSRQELNTIASKPPRDHVFQVNNFEALKT IQNQLREKIF --~---
Hu_LFA-1 : ----DIIRYIIGIGKHFQTKESQETLHKFASKPASEFVKILDTFEKLKDLFTELQKKIY-----~
Hu_vWF-Al H QGLKKKKVIVIPVGIGPHA -NLKQIRL TEKQAPENKAFVLSSVDELEQQRDEIVSY---(693)
Hu_vWF-A2 PGDIQVVPIGVGPNA ~-NVQELERIGWPN --APILIQDFETLPREAPDLYLQ---(904)
Hu_vWF-A3 : SNRVTVFPIGIGDRY -DAAQLRILAGPAGDSNVVKLQRIEDLPTMVTLGNSF-- (1104)
>70% conserved {75 sequences) * ** * A *
Rebuilt loops  c=aea ilt rebuilt rebuilt
A-HELIX/B-STRAND: A5> <--BE-> <-=-AB---> <BF QemeAT ==

Hu_CR3(1ido) :
Hu_CR3(1j1m) :
Hu_LFA-1 :
Hu_vWF-Al
Hu_vWF-A2
Hu_vWF-A3 :
SOLVENT ACCESSIBILITY:
Hu_CR3(1ido) :
Hu_CR3(1j1m) :
Hu_LFA-1
Hu_vWF-Al
Hu_vWF-A2
Hu_vWF-A3

HHHHTTEEEEEEE -TTTTSSHHHHHHHHHHS ~-SSHHHHEEETT -TTHHHHHHHHGG6 -~ - - ———--
HHHHTT -EEEEEEESGGGSSHHHHHHHHHHS -S -HHHHEEEESSGGGGGGGHHHHHHHHH ~ -~ - -
----TSEEEEEEESGGG~SHHHHHTTGGGS ~S ~ ~-HHHHEEEESSSTHHHHHHHHHHTTE - -~ ——-
HHHHHHHHTEEEEEEE-SS ~-—HHHHHHS-SSGGGTEEETT-TTHHHHHHHHTT - —--- (693)
--TT-B--EEEESS- ---HHHHHHSSTT -~-EEETT-TTHHHHHHHHTT----- (904)
HH-TTEEEEEEE-6G6 ~GHHHHHHHS -SSGGGTEEETT-TTHHHHHHHHTT---- (1104)

20675903000000470265860451035002943851016074890165027 308820~ ~-~-~
2067590500000038306799036103500193385100109707303711860263039---~
----80302000009509799025204600195292002307516509511651245032---~

0241078390400000189 -148104600097 396200409399009600930679-- (693)
989761210000069 -796006300690 --033517489005603740798--(904)
176940511000049 -058207700286196111705496004506635955- (1104)
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Table 1. Mutations in the vVWF-Al and vWF-A2 Domains of VWF Giving Rise to vWD

Mutation Site Location of
in Mature Database Mutation in Model
VWD Type Polypeptide Notation* (Fig 3) Reference
VWF-A1l domain
2B 540insM In Al 11
2B R543W R1306W/Q/C In Al 11
2B R545C R1308C/P Between Al and BB 11
2B W550C W1313C Between Al and BB 11
2B V551L/F V1314L/F In BB 11, 14,15
2B V553M V1316M In BB 11
2B P574L P1337L Between A2 and A3 11
2B R578Q R1341Q/P In A3 11
2M G561S G1324S Between BB and BC 16
2M R611H/C Between A4 and BD 17
2M K645del K1408del Between A5 and BE 18
2M R629-Q639del Between BD and into A5 19
VWF-A2 domain
2A G742E/R G1505E/R Between BA and Al 11
2A S743L S1506L Between BA and Al 11
2A F751C F1514C In Al 11
2A L777pP L1540P In BB 11
2A L799P L1562P In A3 11
2A L817P L1580P In A4 21
2A R834W/Q R1597WIQ/G Between A4 and BD 11
2A V844D V1607D Between BD and A5 11
2A GB846R G1609R Between BD and A5 22
2A S850P S1613P Between BD and A5 11
2A 1865T 11628T In BE 11
2A E875K E1638K In A6 11
2A P885S P1648S In BF 23
2A V902E V1665E Post A7 22

*Database at http://mmg2im.med.umich.edu/VWF/mut-list.cgi. Subtract 763 to obtain the mature polypeptide residue number.

from the CR3 crystal structure using five to six short remodeledCOMPARER analysis of sidechain accessibilities in the three
loops with lengths of three to eight residues that totalled 26 tomodels showed that these agreed with the crystallographic
34 residues. Regions of sequence insertion and deletion correralues (Fig 1). Two glycosylation sites in the vVWF-A2 domain
sponded to surface locations in the structure betwebrlices  at N751 onx-helix A1 and N811 between-helices A3 and A4
and/orB-strands, including the partial exceptionschelices  were exposed to solvent as required. All three VWF-A models
A5 and A6. An additional three to four residues were added also satisfied stereochemical verification by PROCHECK.
position 142/143 in the vWF-A1 domain and position 92/93 in  The use of the vVWF-A1 and -A2 models was enhanced by the
the VWF-A3 domain. Two segments of 3/4 residues and 6use of 28 mammalian VWF-A1 and -A2 sequences representing
residues were deleted at positions 109 to 112 and 157/158t least 15 placental orders and mostly derived from the recent
respectively, in the models. These changes showed that onlgequencing of exon 28 in the VWF gef&heir alignment (Fig
minimal perturbations of secondary structures were required ir2) showed only a single one-residue insertion in the Al
the three modelings, although a one-to-one correspondence skquences and none in the A2 sequences, and no gaps. On the
residues cannot be assumed in the loop regions that wergasis of Fig 2, residues that are seen to be 100% conserved in all
rebuilt. 28 sequences may be essential for function or structural folding
Support for a satisfactory outcome of the modelings wasin these two domains.
provided by DSSP analysis of the secondary structure to show Structure and function of the vVWF-A1l domainThe vWF-A
that all 13a-helices ang-strands seen in the crystal structures protein fold is closely related in topology to the doubly-wound
were retained after energy refinement, except for the truncated/ fold found in intracellular nucleotide binding proteins such
A5 a-helix in the VWF-A2 domain (Fig 1). Likewise the as flavodoxin and the GTP-binding domain of ras-g&4’.In

Fig1l. Sequence alignmentfor human CR3 and LFA-1 and the vVWF-A1, -A2, and -A3 domains. The VWF sequence numbering is indicated at the
start and end of each VWF-A sequence. The a-helix and B-strand secondary structures in the CR3 and LFA-1 crystal structures and the three
VWEF-A models are denoted by Al to A7 and BA to BF, respectively. Residues that were rebuilt as new loops are denoted in bold and underlined.
The DSSP analysis is represented as follows: E, B-strand; B, single residue B-ladders; T, turn; G, 3,, helix; and H, a-helix. The COMPARER sidechain
solvent accessibilities are on a scale of 0 to 9 for each residue, where 0 corresponds to 0% to 9% solvent exposure, 1 to 11% to 19% solvent
exposure, and so on, and buried residues have accessibilities of 0 or 1.
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the latter, the nucleotide binding site occurs on the carboxywith the basic residues K27, R121, K126, and K136 (whose
edge of the parallgd-sheet found at the center of the fold, close a-carbon atoms are arranged as a near-rectangle on loops
to the switch point when the3-strands wind in opposite betweerB-strands at one end of the protein), and no conforma-
directions, and this creates a crevice that is where the active sitidonal changes were observed between the heparin-free and
is located® (Fig 3). Thea-helices A4, A5, and A6 are above the heparin-bound structuré%.The distances between adjacent
plane of theB-sheet to the right as visualized in Fig 3, whereas pairs ofa-carbon atoms of these four basic residues are between
thea-helices A1, A2, and A3 to the left are below this plane. In 6 to 9 A and are maximally 14 A between any pair. Although it
many VWF-A domains, two buried conserved Asp residues ats not clear whether all three residues within the set R571-K572-
positions 21 and 127 in Fig 1 are located at this switch point,R573 are involved in heparin binding in VWF-AL, it is
which serves as an active site and binds n@&t#iThe CR3and concluded that the accessibility and separation of these three
LFA-1 crystal structures show bound metal at this locatioi.  sets of basic residues in VWF-Al is comparable with the
Inspection of the VWF-A1 domain shows that D520 is heparin-binding residues in antithrombin Ill and basic fibroblast
located in this active site crevice and is fully conserved in CR3,growth factor.
LFA-1, and other VWF-A sequences (Fig 1) and in all the 28 Heparin corresponds to a disaccharide repeat of L-iduronic
VWF-A1 sequences (Fig 2). However, the second Asp residue acid and D-glucosamine with three types of sulphate groups
position 127 in CR3 and LFA-1 (Fig 1) is missing from all 28 connected to the sugar rings via an O-link, a,&didk, and an
VWF-A1 sequences. Although the conserved vVWF-A1 residueN-link. The sulphate and carboxyl groups are positioned on the
E626 is close to this position, this omission implies that nosurface of a central ribbon of sugar ringg The distances
metal binding occurs at this location in VWF-Al. Residues between neighboring pairs of the same type of sulphate group in
important for the ristocetin-induced binding of VWF to platelets heparin is 12.5 A from one side of the ribbon to the opposite and
have been shown to be D520-R524, E527-E531, K534, and7.5 A on the same side of the ribbon (codes 1bfb, 1bfc, and
E626 in VWF-A1 by scanning alanine mutagené8iBigure 2 1hpn). The shortest distances between different types of sul-
shows that D520, S522, E529, F530, K534, and E626 arghate groups on the same side of the ribbon are 6 to 8 A. In
conserved in VWF from 28 species. As ristocetin is cationic, therelation to the predicted heparin binding site, the separations of
involvement of D520, E529, and E626 is of great interest, andanionic groups in heparin are compatible with those found for
the similar location of the ristocetin and Mg coordination  the conserved residues R571-K572, R578-R579, and K585 in
sites in the VWF-A structure is shown in Fig 4. Because Fig 3the vVWF-A1 domain.
shows that these three acidic residues are close to the active site,The binding of the snake venom botrocetin to VWF-Al
it is concluded that the crevice is of functional significance in occurs at different locations to that of ristocetiReptide studies
the VWF-A1 domain. have shown that residues 539-553, 569-583, and 629-643 are
The heparin binding site in the vVWF-A1 domain can be critical in mediating botrocetin-induced vWF binding to plate-
predicted from the model. This has previously been mapped tdets. The first two of these correspond to the heparin binding
residues 565 to 587, and the binding of sulphatides has likewiseegion, whereas the third is close to the ristocetin binding
been mapped to residues 569 to %84.Both ligands are residues on the opposite face of the VWF-AL structure (Fig 3).
negatively charged and are complementary in charge to thés botrocetin is a large protein, its size may either permit it to
positively charged surface seen in electrostatic maps at thismask a large surface of the vVWF-A1 domain or to induce
region of the vVWF-A1 model (Fig 5). Within this sequence, Fig conformational changes that are transmitted through the vWF-Al
2 shows that the R571-K572 pair, the R578-R579 pair, anddomain to affect both sides of the domain.
K585 are fully conserved in 28 species and that R573 is Mapping of type 2B and 2M vWD mutation sites in the
conserved in 24 species. The significance of this observation isWF-A1 domain. The mapping of eight type 2B vWD muta-
underscored by noting that this pattern of three sets of contion sites in the VWF-A1 domain (Table 1) showed that these are
served basic residues is not found in any of the other 72 vWF-Aocated in one spatial region of the structure (Figs 3 and 6). This
domains in the sequence alignment for this superfafhilihe is at the amino-edge of tigesheet, and all are located below the
VWF-A1 model shows that these five basic residues are locateglane of thig3-sheet. Four mutations (R543W, R545C, W550C,
on thea-helices A2 and A3 in an extended linear structure (Figand P574L) correspond to replacements of surface-exposed
4). The K572-R573 pair, the R578-R579 pair, and K585 showloop residues that are moderately conserved in VWF from 28
60% to 100% sidechain accessibility to solvent and to heparirspecies. Two mutations, V551L/F and V553M, correspond to
(Fig 1). In addition, thex-carbon distances between adjacentthe replacement of two fully conserved smaller hydrophobic
sets of these residues are between 10 to 14 A and are maximalhgsidues by larger ones in the buriggtrand BB (Fig 2a). Both
22 A between the first and last ones. These dimensions arthese are presumed to disrupt the packing of the local protein
comparable with those seen for two known heparin bindingstructure. The insertion of a third methionine at 540insM (where
sites. In the crystal structure of antithrombin Il (Brookhaven M540 and M451 are both buried) will alter the conformation
code lant), a heparin binding site has been located on aand packing ofx-helix A1. One mutation involves the replace-
extended region that involves five basic residues R24, K114ment of the predicted heparin-binding residue R578Q with a
R47, K125, and R12% The distances between adjacent pairs neutral residue. The location of these mutations in the VWF-Al
of thesea-carbon atoms range between 6 to 10 A, and themodel corresponds well to a region that is situated between the
distance between the first and fifthcarbon atoms spans 26 A. heparin site ati-helices A2 and A3 and the Gplb binding site
In the crystal structure of the basic fibroblast growth factor- between residues 514-542 that encompagsssand BA and
heparin complex (codes 1bfb and 1bfc), heparin makes contact-helix Al. As the effect of heparin binding is to inhibit VWWF,
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vWF-A1 domain
Front: Carboxyl edge

R524 R629
O

Back: Amino edge

P574 R578

- in
VWF-A2 doma Front: Carboxyl edge

Fig 3. Supersecondary structure topology for the
doubly wound open o/ fold of the vWf-A domain.
a-Helices are represented as cylinders, for which
those above the central B-sheet are shaded and
those below are unshaded. The B-strands are shown
as arrows and labeled to follow Fig 1. N and C denote
the N- and C-terminus, respectively. The positions of
mutations are shown on the appropriate topology
diagram as filled circles. Residues important in risto-
cetin binding are shown as clear circles in the VWF-A1
domain. Residues important in the protease cleav-
age site Y842-M843 are likewise shown as clear
circles in the VWF-A2 domain.

Back: Amino edge

L799 L817

itis concluded that the type 2B mutations (while not necessarilydownregulation of VWF binding to Gplb, it is possible that the
preventing heparin binding) will perturb the local protein Gplb binding site is directly affected. This could be confirmed
structure involved in heparin binding and the transmission of arin the case of R611, because R611 is close to D514 at the
allosteric signal from the heparin site to the Gplb site. ThisN-terminus of the vVWF-A1 domain and D514 has been
would explain why these modifications upregulate VWF bindingidentified to be important for the interaction of VWF with
to Gplb. platelets via the Gplb receptttBoth R611 and D514 are fully
The mapping of the type 2M mutation sites showed that theseonserved in all 28 vWF-A1 sequences (Fig 2), and D514 is
are distributed on the carboxyl-edge and amino-edge of thainusual in that it is buried (Fig 1). Molecular graphic views
B-sheet, and all are above the plane of@hsheet (Fig 3). This  show that these form a well-defined salt bridge in the crystal
occurred in a different region of vWF-A1 from that correspond- structure of CR3 (Fig 3). The multiple-residue 2M Milwaukee
ing to the type 2B mutations. The three single-site 2M mutationsdeletion R629-Q639 is at the loop between BD and A5 (Fig 2).
(G561S, R611H/C, and K645del) involve high solvent accessi-The construction of a vVWF-A1 model with this deletion was
bilities and are located on loops. As two of these three residuestereochemically feasible, and no loss of secondary structure
are fully conserved in all species, whereas the third K645delas found apart from a shortening of thehelix A5 by four
corresponds to a deletion of one of four lysines of which K642residues. The effect of this mutation is nonetheless sizeable, and
and K643 are fully conserved, this implies that loop structureswould be expected to alter the protein structure at its Gplb
have been perturbed. Because type 2M vWD corresponds to binding site between residues 514 and 542 (Fig 3). Although

Fig 2. Alignment of vWF-Aland VWF-A2 sequences from 28 mammalian species. The sequences are identified by accession numbers. The
numbering is taken from human vWF, and the location of a-helices and B-strands follows that of Fig 1. Residues that are 100% absolutely or
conservatively conserved are indicated by an asterisk. (Conservative: G=A=S, D=E, I=L=V=M; S=T, R=K=H, F=Y=W=H; X is disregarded). (A)
The positions of D520 and E626 at the active site and the proposed heparin site RK-RR-K (residues 571-585) are marked by a dollar sign ($). The
positions of the type 2B and 2M mutations are marked by a number sign (#). (B) The position of D744 at the active site and the protease cleavage
site at Y842-M843 are marked by $. The positions of the type 2A mutations are marked by #. The positions of two conserved putative N-linked
glycosylation sites are marked by N.

20z dunr g0 uo 3sanb Aq Jpd'ze0z/66961 ¥ 1/2£02/9/16/4pd-al01E/PO0IqABU"SUOHEDNIGNdYSE//:d}Y WOy papeojumog



2040 JENKINS, PASI, AND PERKINS

Fig 4. Comparison of the active sites in the VWF-Al and VWF-A2
domains. The upper panels compare the ristocetin-binding residues
in the VWF-A1 domain with the Mg?* binding site in the CR3 vVWF-A
domain. These residues are shown as dot representation of the van
der Waal radii of the residues in question. For comparison with Fig 6,
the type 2M and 2B mutation sites in the VWF-Al domain are
indicated using spheres at the a-carbon positions. The lower panels
show the proposed heparin binding site on the a-helices A3 and A4 in
the VWF-A1 domain, and the protease cleavage site at Y842-M843 on
the VWF-A2 domain, also using a-carbon positions.

there is no simple explanation for the effect of the remaining
mutations at G561 and K645 at present, it is conceivable tha
they, too, can influence Gplb binding.

Structure and function of the VWF-A2 domairiThe main
structural difference between the VWF-A2 and -Al models is
that the former has a more even distribution of positive and
negative charges on its surface than the predominantly pos
tively charged surface of the latter (Fig 5). The vVWF-A2 domain
is the only one of the three in VWF that contains two putative
glycosylation sites at N752 and N811. Figure 2 shows that thes
are fully conserved in all 28 VWF-A2 sequences, suggesting
that this may be important.

A metalloprotease that is involved in the physiological
cleavage of large VWF multimers acts on the VWF-A2 do-
main®7 In the presence of divalent cations with aas the
activator?> it cleaves the peptide bond between Y842 and
M843. Both Y842 and M843 are fully conserved in the 28
VWF-A2 sequences. In addition, M843 corresponds precisely i
position to the absent second conserved Asp residue in CR3 a
LFA-1 that binds M@" in most members of the VWF-A
superfamily and, therefore, is located centrally in the active sitg
of the doubly-wounda/g fold.2® The VWF-A2 model also
shows that the two conserved glycosylation sites N752 ang
N811 are close to the active site but on the opposite side of thi
crevice from Y842 and M843 (Fig 4). It is possible that the
glycosylation of these sites may define access to this region to _ ) S
direct protease activity specifically towards Y842 and M843 Fig 5. Electrostatic maps of the VWF-A domains in human vWF.

*  The electostatic maps show the Connolly surface of the domains with

Whereas not all type 2A mutations are localized to theacolor range of red representing a potential of less than —4 kT, blue a
VWF-A2 domain, those within this domain (Table 1) are found potential of more than +4KkT (basic) and white as OkT (neutral). Linear
in diverse locations (Figs 3 and 6). All 13 mutations Correspondinterpolation of the colprs represents potentials betvx{een .—4 KT apd
to fully conserved residues in VWF from 28 species, except thaf * KT- The electrostatic surfaces are shown alongside ribbon dia-

N N R . grams of the protein backbone of the respective domains. The
the L817P mutation corresponds to L817, which is conserved ifjomains are shown in two perspectives, rotated along the vertical
27 of the 28 species (Fig 2b). Interestingly, the sidechain solvenixis by 180°. The ribbon views permit comparison with Figs 4 and 6.

Fral
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WAF=A1 domain
Mack

viRF-A2

Fig 6. Location of the types 2B, 2M, and 2A mutation sites in homology models of the vWF-Al and vWF-A2 domains. Each of the vVWF-A1 and
VWF-A2 domains is shown in two orthogonal perspectives rotated by 90° along the vertical axis. The central B-sheet is seen edge-on in both
views. The mutation residues are identified by spheres at their a-carbon atom. The protein backbone is represented by a ribbon. The eleven
residues deleted in the type 2M “Milwaukee” mutation are shown as the cyan ribbon in the vWF-Al model.

accessibilities of the 13 mutation sites (Fig 1) showed that nineconserved glycosylation site at N752. Because all these muta-
correspond to buried locations, unlike the predominantly surfacetions correspond to conserved buried or sterically constrained
exposed mutation sites in types 2B and 2M vWD. These areesidues, this implies that type 2A vWD is associated with
G742E/R, S743L, F751C, L777P, L817P, R834W/Q, V844D, alterations in protein folding, which, although minor in scope,
1865T, and E875K. Three more surface-exposed 2A mutationgre sufficient to disable its secretion or increase its susceptibility
(L799P, S850P, and P885S) involved mutations to or from Prao proteolysis.
residues, which are sterically constrained in their sidechain Structural properties of the vVWF-A3 domainAlthough the
conformations, and one (G846R) involved a mutation from aprotein model of the VWF-A3 domain is similar to those of the
small residue to a larger one. -Al and -A2 domains, its electrostatic map shows that there is a
There are two groups of type 2A mutatiog°The group | large negatively charged area on its front surface that is not seen
mutations are characterized by abnormal intracellular transporin the -Al and -A2 domains, and this corresponds to the crevice
resulting in a decrease in VWF secretion and a selective loss aff the doubly-wounda/B fold. No large positively charged
the larger VWF multimers, and this may be consistent withareas were found that correspond to those seen in the VWF-Al
defective protein folding. The group | mutation sites known to domain. The negatively charged surface of the A3 domain
date (G742E/R, S743L, L777P, L817P, and V844D) are notresembles one calculated for the corresponding area of CR3
spatially located to one region in VWF-A2 (Figs 2 and 3). The (not shown) where Mg is coordinated. The DxSxS motif of
group Il mutation sites (G742E/R, L799P, 1865T, and R834W/Q)half the metal binding site of CR3 at positions 21 to 25 in Fig 1
are characterized by the secretion of normal vVWF multimers buts conserved in the vVWF-A3 domain, unlike the vWF-A1 and
are sensitive to protease activity. These sites are also not located2 domains. Although two Asp residues are found at positions
spatially in VWF-A2. One site at F751C is adjacent to the 94 and 128 in the vVWF-A3 domain that correspond to the other
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half of the CR3 metal-binding motif at residues 94, 127 ,andbinding to VWF, leading to downregulation. Both these explana-
129, the latter three metal binding residues are not conserved itions require the involvement of two VWF-A1 conformations
VWF-A3. It is unlikely that the active site of this domain that are transmitted through its structure. This is consistent with
interacts with cations. a recent proposal that the vVWF-A1 domain exists in either the
The VWF-A3 domain is critical for the binding of vVWF to “on” or “off” states, 1°>and that the type 2B mutations switch it
collagen?1° and residues 948 to 998 have been implicated into “on” to facilitate Gplb binding. The ristocetin-binding site
this2 These residues are mapped to the N-terminal region of thevould be left exposed to facilitate VWF binding to Gplb.
domain including thex-helices Al to A3 below the central Evidence that other members of the VWF-A superfamily can
B-sheet. The molecular mechanism of the interaction withtransmit such signals has been observed in LFA-1. Mutations at
collagen is unknown. The binding of some collagen groups toresidues IKGN at the N-terminus of LFA-1 (Fig 1), which is at
platelets is often mediated and dependent via divalent cationghe opposite end of the vVWF-A structure to the metal-binding
in which the binding of collagen types |, lll, and IV to platelet site (Fig 3), disrupt the interactions of LFA-1 with its ligand
receptors at high shear stress rates is particularly sensitive timtracellular adhesion molecule-3 (ICAM-3) without affecting
variations in M@+ concentratiort® Possibly the binding of the interactions of LFA-1 with ICAM-21.50 Structural studies

VWF-A3 to collagen acts by a similar mechanism. on the LFA-1 vVWF-A domain show that there are significant
alterations in the metal binding site in the bound and free
DISCUSSION states® In distinction to this, but consistent with this, the

Past experience with homology modethéf shows that structure of the CR3 vVWF-A domain has been seen to switch

although the accuracy of the models will be better in the proteiP€tween two conformations depending on whether®Mgr
core where it is aligned with the 8helices ang-strands and ~ MN** is bound®29 _ _
will be reduced in the rebuilt loop regions (Fig 1), the use ofa "€ ftypeé 2M mutations are characterized by decreased
good alignment from multiple sequen&emgether with known ~ YWF-Al binding to Gplb, as detected by reduced vWF binding
homologous crystal structuf8$! is sufficiently accurate to to plgtelets in the presence _of ristocetin, as well as from binding
assess VWE function. studies of recombinant wild-type and mutated VWF-A1 to
Functional sites in the three VWE-A domainResidues at  GPIP. This is often accompanied by a decreased VWF binding to
the switch point between the two halves of fhesheet in the platelets in the presence of botrocetin. These obser_vations imply
VWF-A domains have functional significance because thesdhat the molecular effect of the type 2M mutations would
occur in a crevice. The conserved DxSxS motif and the Thr,lnvolve the direct perturbation of the ristocetin or Gplb binding
Asp, and Glu residues in the metal binding site of CR3 is Sites. Evidence for this was found from the analysis of the type
conserved in many VWF type-A domains. Despite that, this is2M mutatic_m invqlving the _Ioss of R611,_which ip turn causes
only partially conserved in VWF-A3, and is replaced in the sglt bridge with D51_4 in the Gplb binding site to be lost.
VWF-A1 by DxSxR and in VWF-A2 by ExSxK. Metal binding Likewise the Igrgg delgtlon R629-Q639 would be expected to
is not predicted for the VWF-A domains of VWF. Despite these Perturb Gplb binding directly. ) ) )
sequence differences, the present modeling has shown that this Mutation sites on the vVWF-A2 domainDefective mutations
active site region in VWF-A is involved in ristocetin binding in i the VWF-A2 domain do not involve direct functional
VWF-AL and contains the physiologically relevant protease'meracnons with IlganQS. Unlike the type 2B fand 2M mutf’mons,
cleavage site in VWWF-A2. In distinction to these active sites, the?ll the type 2A mutations were found to involve sterically-
predicted heparin binding site R571-K572-R578-R579-K585Significant residues that Were_fully c_on_serv_ed at buried snte§ in
occurs on the reverse side of the VWF-AL structure to that of the/\WF sequences from 28 species. This implies that the mutations
active site. An analogous location was identified for the heparif™@y correspond to a modified folding of the VWF-A2 protein
binding site in antithrombin 111, which is also distant from the Structure, which would affect its physiological function directly
physiological active site in this proteff. or indirectly through a signal transmission mechanism. Several
Mutation sites on the VWFE-A1 domainWhereas earlier Of the type 2A mutations are close to the protease cleavage site
analyses of the type 2B mutation sites on the VWF-A1 domairn@t Y842-M843 or to the nearby glycosylation site at N752.
had indicated some degree of spatial cluste®f§the present Evidence that makes this hypothesis Ilkely_ is foun_d frgm the
modeling now showed that all the currently known type 28 Nature of groups | and Il of type 2A VWD, which are implicated
mutations are grouped at the amino edge of@kgheet in the N the secret!on of VWF and its stability tq proteolytl'c attack. An
VWF-A1 domain below the3-sheet and close to a predicted 2ltered folding of the VWF-A2 domain may hinder vWF
heparin binding site. In distinction, the type 2M mutations secretion or alter the likelihood of physiological cleavage.
correspond to a spatially different set of residues that are located
on the carboxyl-edge of tHsheet above thg-sheet (Fig 6). It CONCLUSION
is likely that the separate location of these mutation types in In this study, the comparative homology modeling of the
VWF-AL are related to the upregulation (type 2B) or downregu-vWF-Al, -A2, and -A3 domains has been successful in
lation (type 2M) of Gplb binding by VWF. It is known that correlating known biochemical properties of these three do-
heparin binding inhibits the VWF-Gplb interactiéh.The mains with the basic molecular features of &g fold in these
simplest molecular explanation of these mutations is that typestructures. Although the models will not substitute for the
2B vWD involves the decoupling of the inhibitory effects of atomic detail available in crystal structures for each domain,
heparin binding on the VWF-Gplb interaction, leading to recent reports of forthcoming crystal structures for the vVWF-A1l
upregulation, whereas type 2M involves the disabling of Gplband -A3 domains support the use of homology modeling for
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these structure®:52In the present study, the active site crevices 16. Rabinowitz |, Tuley EA, Mancuso DJ, Randi AM, Firkin BG,
in the VWF-A1 and -A2 domains were shown to contain Howard MA, Sadler JE: A missense mutation selectively abolishes
functionally important residues, and a separate heparin bindingis.tocetin—induced von Wi!lebrand factor binding to platelet glycopro-
site in the VWF-A1 domain was predicted. The models have'®in IB. Proc Natl Acad Sci USA 89:9846,1992
also enabled a molecular mechanism for the VWD type 2B, 2M 17. Hilbert L, Gaucher C, Mazurier C: Identification of two muta-
and 2A mutation sites to be assessed. This explanation of th ons (Arg611Cys and Arg11His) in the AL loop of von Willebrand
o ) : . . t WF ible for t 2 Willebrand di ith
molecular defects arising from these mutations will facilitate actor (VWF) responsible for type 2 von Willebrand disease wi

h . ol . f . | h | | decreased platelet-dependent function of vWF. Blood 86:1010, 1995
the rational planning ot experiments to explore the molecular 18. Gaucher C, Hilbert L, Meriane F, Mazurier C, Pernod G: Type 2

pathology of vWD. In addition, the sequence conservationvon Willebrand disease resulting from an insertion or deletion in the

analysis of Fig 2 together with the views in Figs 3 and 6 will 509695 disulphide loop of von Willebrand factor. Thromb Haemost
provide a rational basis for the assessment of further mutatiorr;1168, 1995 (abstr)

sites that may be discovered. This is exemplified by our recent 19. Mancuso DJ, Kroner PA, Chrisopherson PA, Vokac EA, Gill JC,
characterization of the K645del mutation and its identificationMontgomery RR: Type 2M:Milwaukee-1 von Willebrand disease: An

as atype 2M defedg 53 in-frame deletion in the Cys509-Cys695 loop of the von Willebrand
factor A1 domain causes deficient binding of von Willebrand factor to
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