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TO THE EDITOR:
Disulfide exchange in multimerization of von Willebrand
factor and gel-forming mucins
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von Willebrand factor (VWF) monomers dimerize through their
C-terminal domain in the endoplasmic reticulum (ER). The un-
usual process of disulfide bond formation between N-terminal
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D’D3 assemblies (Figure 1) of neighboring dimers during tubule
formation in the Golgi apparatus then forms the ultralong, tail-to-
tail, head-to-head concatemers required for VWF activation in
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hemostasis.”> C-terminally truncated VWF fragments are se-
creted as mixtures of monomers and dimers; the monomers
contain 2 free cysteines, Cys-1099 and Cys-1142, which were
proposed to form the dimerizing interchain disulfide bonds.¢
However, chemical determination of disulfide bonds in VWF is
challenging’? and only the Cys-1142/Cys-1142’ disulfide has
been confirmed." Surprisingly, a recent VWF D’'D3 monomer
crystal structure showed burial of Cys-1099 and Cys-1142, thus
revealing how these residues are protected from disulfide bond
formation in the ER, but little about disulfide bond formation in
the Golgi apparatus.” Gel-forming mucins contain D assemblies
homologous to those of VWF and also form multimers in the
Golgi apparatus’®; however, in mucin MUC2, homologs of VWF
Cys-1142 and Cys-1097 but not Cys-1099 formed dimerizing
disulfides. Multiple explanations for the discrepancy were pro-
posed but not resolved."" Here, we present evidence suggesting
that disulfide exchange between 3 Cys residues in VWF frees
Cys-1097 to form a dimerizing disulfide bond.

In the monomeric D’'D3 crystal structure, Cys-1099 and Cys-1142
were mutated to alanine and modeled as Cys. Cys-1099, with
disulfide-bonded Cys-1091 and Cys-1097, forms a triad of 3 Cys
residues that locate close to one another in the C8-3 module
(Figures 1C and 2). The free sulfhydryl (SH) group of Cys-1099 is
shielded by the von Willebrand factor D 3 (VWD3) module,
making Cys-1099 inaccessible for disulfide bond formation.?
Furthermore, movement of Cys-1099 is limited by its position in
an a-helix with 2 disulfide bonds to other structural elements
in C8-3.

In contrast, rearrangement of disulfide bonds within the cysteine
triad is highly feasible, a possibility we were careful not to ex-
clude with the previous conclusion “that structural rearrange-
ments are required for D3 dimerization in the Golgi.”?®'32% The
Cys-1099 SH group is only 4.7 A away from the disulfide-bonded
sulfur atoms of Cys-1091 and Cys-1097, with no nearby atoms to
hinder nucleophilic attack by Cys-1099 on the disulfide. Fur-
thermore, the Cys-1091/Cys-1097 disulfide is exposed to sol-
vent in a loop that contains a Gly residue that can confer
flexibility and is invariant in VWF and mucins (Figure 2C). Thus,
the most plausible mechanism for exposure of cysteine for di-
merization is nucleophilic attack by the S~ anion of C1099 on the
disulfide, thereby freeing Cys-1097 for formation of a disulfide
bond to another monomer. Given the high local concentrations
of these residues within the triad loop, disulfide exchange
among them is likely to be in rapid equilibrium. At neutral pH,
the equilibrium favors free Cys-1099.¢ At acidic pH, interactions
among D assemblies at the ends of growing VWF tubules in the
Golgi apparatus may favor free Cys-1097, the homolog of which
in MUC2 forms the interchain disulfide.”” The triad loop also
contains Glu-1092 and Asp-1096, which are always acidic or in-
variant, respectively, in VWF and gel-forming mucins (Figure 2C).
These acidic residues might have a dual function in deprotonating
the Cys SH group for nucleophilic attack and ionically repelling
interactions between triad loops in different monomers in the ER
to prevent premature D3 dimerization.

To test the feasibility of VWF dimerization through Cys-1097, we
built a dimer model. The VWF D3 assembly aligns well by se-
quence with mucins (38% identity with MUC2) with no sequence
insertions or deletions in the key C8-3 module among VWF and
all 5, human, gel-forming mucins (Figure 1C-D; supplemental
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Figure 1, available on the Blood Web site). Monomeric VWF
D'D3? was superimposed on each monomer of dimeric MUC2
D3'"" with a root-mean-square deviation of 1.3 A over 330 res-
idues per monomer. Using this dimeric template and homology
modeling, we constructed a robust model of dimeric VWF D'D3
(Figures 1E-G and 2B; supplemental Figure 1).

The feasibility of the model is supported by the structure of the
dimeric interface. The only significant structural differences between
the monomer and dimer in this interface are in C8-3 module residues
1090 to 1099, which comprise the loop containing the cysteine triad,
and in trypsin inhibitor-like 3 (TIL3) module residues 1131 to 1143,
which contain Cys-1142 (black overlines in Figure 1C-D) (Figure 2). In
between, residues 1122 to 1130 are in the interface but are in
identical backbone conformations in dimeric MUC2 and mo-
nomeric VWF. Preservation of the geometry in monomeric VWF
at dimer interfacial residues 1122 to 1130, with the ability to
properly model interfacial disulfide formation in the dimer,
supports our model of disulfide exchange to free Cys-1097
prior to 1097-1097" disulfide formation.

The model suggests that D3 dimerization is accompanied by no
change in backbone position of Cys-1099, which is well embedded
in an a-helix. Only the side chain of Cys-1099 rotates to form a
disulfide to Cys-1091, which moves in its loop. Residues 1096 to
1098 in the cysteine triad loop alter to a-helical conformation and
add on to the end of the a4-helix bearing Cys-1099 (Figure 2C). In
its new helical conformation, Cys-1097 disulfide bonds across the
dimer interface to its mate in the other monomer. Furthermore,
Asp-1096 in each monomer forms hydrogen bonds to backbone
across the dimer interface (Figure 2B). To make the tum between
the a4-helix and the loop bearing Cys-1091, Gly-1095 changes to
the La conformation, which is only allowed for glycine, explaining
the invariance of this residue in VWF and gel-forming mucins.
Dimerization further requires the loop that buries Cys-1142 in
VWF monomers to partially unfurl with an 1 1-A movement of Cys-
1142 to disulfide bond across the dimer interface.

In the loop bearing the cysteine triad, the 3 cysteines, Gly-1095,
and Asp-1096 and their equivalents, are invariant in all sequenced
animal species in VWF, MUC2, MUC5AC, MUC5B, and MUCé.
Our results thus suggest that not only VWF, but also 4 of the 5 gel-
forming mucins, have a free, buried Cys-1099 equivalent that is
protected from disulfide formation in the ER and that undergoes
disulfide exchange in the Golgi apparatus so that the more ex-
posed Cys-1097 equivalent is free to form the dimerizing disulfide
bond. In contrast, Muc19 contains only the Cys-1091 equivalent
(Figure 2C), has Lys in place of VWF Asp-1096, and thus has a
different conformation at the dimerization interface, which might
involve dimerization through the equivalent of Cys-1091. We
welcome confirmation of our model by determining whether
single or double mutations in the cysteine triad in VWF or mucins
compromise normal multimerization in the Golgi apparatus or
lead to aberrant multimerization such as by exposing Cys-1097 or
its equivalent in mucins in the ER.

As originally proposed by Sadler and colleagues’ and found in
MUC2 dimers,"" monomers align parallel to one anotherin D’D3
dimers, with the twofold rotational symmetry (dyad) axis passing
between the Cys-1097/Cys-1097" and Cys-1142/Cys-1142' pairs
(Figure 1E-G). Electron microscopy class averages of dimers con-
taining D'D3 linked to A1 through the flexible mucin segment'?
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VWF 1043 PATCHNN IMKQTMVDSSCR I LTSDVFQDCNKLVDPEPYLDVCIYDTCSEES IGD F DT IAAYAHVCAQHGKVVTWRTATLCP 1127
MUC2 1034 PEPCSLNPHRRSWAEKQCS I LKSSVFS | CHSKVDPKPFYEACVHDSCSEDTGGDEEEFCSAVASYAQECTKEGABVFWRTPDLCP 1118
MUCS5AC 1078 KDPCTANPFRKSWAQKQCS | LHGPTFAACHAHVEPARYYEACVNDACAED SGGDEEEFCTAVAAYAQACHEVGLEBVSWRTPS ICP 1162
MUC5B 1068 KDPCTANPFRKSWAQKQCS | LHGPTFAACRSQVDSTKYYEACVNDACAEDSGGDEEEFCTAVAAYAQACHDAGLEBVSWRTPDTCP 1152
MUC6 1044 TDPCSLNAFRRSWAERKCSVINSQTFATCHSKVYHLPYYEACVRDACGEDSGGDEEECLCDAVAAYAQACLDKGVE@VDWRTPAFCP 1128
MUC19 1453 TFPCDSNPYCKAWAVRKCE | LRDSTFRDCHNKVDPSAYHDAC I EE MEGKYLGFCTAVAMYAEACSAVGVEVSWRKPNLCP 1537
D TiL3 B B2 B B

*

VWF 1128 QSCEERNLR- - - - -- - - - - ENGYECEWRYNSCAPACQVTCQHPEP LAC- - PVQCVEGCHAHCPPGK- | LDELLQTCVDPEDC 1196
MUC2 1119 IFCDYYNPP - - - - - - - - - - - - HECEWHYEPEGNRSFETCRTINGIHSNISVSYLEGCYPRCPKDRP I YEEDLKKCVTADKC 1187
MUCS5AC 1163 LFCDYYNPE - - - - - - -« = - - - GQECEWHYQPEGVPCLRTCRNPRG - LRDVRGLEGCYPKCPPEAP | FDEDKMQCV AT-C 1228
MUC5B 1153 LFCDFYNPH- - - - - - - - o - GGEEWHYQPEGAPCLKTCRNPSG-HCLVDLPGLEGCYPKCPPSQPFFNEDQMKCV-AQ-C 1218
MUC6 1129 1 YCGFYNTHTQDGHGEYQYTQEANETWHYQP@L - - - - - - CPSQ- - -PQSVPGSN IEGCYN-CSQDE - YFDHEEGVCVP- - -C 1196
MUC19 1538 VYCDYYNAP - - - - -c-cmnn-n GECRWHYEPEGTVTAKTCKDQLVGQKFS - - SLLEGCYAKCPDSAPYLDENTMKCVSLSEC 1604

Figure 1. Modeling D’'D3 dimerization. (A) Domain architecture and position of dimerizing cysteine residues (red vertical lines with S) in D'D3 assembly (top) and VWF
monomer (bottom). (B) Solvent-accessible surface of D'D3.7 (C-D) Sequence alignments of D3 C8-3 and TIL3 modules in VWF and gel-forming mucins (see supplemental Figure 1
for VWD3 and E3). Cysteines implicated in disulfide exchange and interchain disulfides are noted with asterisks (*) and highlighted in red, whereas those that form intrachain
disulfides are linked and highlighted in other colors. (E-G) The D’D3 dimer model is shown as a solvent-accessible surface colored by module with its twofold rotational axis as a
double-ended arrow colored green on one end and blue on the other. D3 C termini in E3 are marked with large light-blue spheres. Residues mutated in VWF disease that cause
loss of VWF binding (type 2M) and no other phenotypes (types 1, 3, 2A, and 2B) are marked with large red spheres. VWF tubules in Weibel-Palade bodies also have a dyad
symmetry axis** to which the D’'D3 dimer axis must be parallel. VWF biology suggests that the dimer axis end colored green in panels E through G would orient toward the
outside rather than the inside of tubules. This side links to A1 and the VWF C terminus and bears VWF disease mutations that specifically abolish factor VIl binding,” which occurs
during biosynthesis.'” A model of VWF tubules based on MUC2 filaments also supports this orientation.?® The dimer model was created with Modeler 9.6*' as described in the
text with each monomer templated with the segments of VWF and MUC2 (PDB ID 6N29 and 6RBF, respectively) shown in supplemental Figure 2. (H) Cross-correlation of the
D’'D3 dimer model to electron microscopy class averages of D'D3-A1 dimers'? was as described.'??? The best-correlating D'D3 dimer orientation is shown enlarged as a ribbon
diagram with coloring similar to that in panels E through G and with spheres at C termini of E3 to show where the mucin linker to A1 attaches. Owing to flexibility of this linker, A1
(a round globule) appears in different orientations or does not appear in class averages. CK, C-terminal cystine-knot domain. Modified from Springer.®
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Figure 2. Conformational change in VWF C8-3 and TIL3 during dimerization. (A-B) Comparison of monomeric crystal structure model (A) and dimeric homology model (B) of
D3. The monomer on the left is color-coded identically in panels A and B. Each module is labeled and has a distinct color for carbon atoms, except regions that change
substantially in conformation upon dimerization are colored magenta. The other monomer on the right in the dimer in panel B lacks the color code for conformational change
and its modules are shown in slightly different colors than in panel A. Its module and side-chain names are distinguished with an appended apostrophe. Side chains of cysteines
and other selected residues are shown as sticks with yellow sulfurs and red oxygens. Additionally, sulfur atoms of cysteines in the triad in C8-3 and C1142 in TIL3 are shown as
spheres. Dashed black arrows represent vectors for change in position of the sulfur atoms. Backbone Ca atoms of Cys triad residues are connected with cyan lines in panel A. The
hydrogen bonds between the Asp-1096 side chain and main chain of the other monomer in the dimer are shown as red dashed lines for 1 of 2 reciprocal interactions in panel B.
(C) Sequence alignment of the cysteine triad in human VWF and gel-like mucins. In VWF and MUC2, cysteines in intrachain disulfides are green and those as free cysteines in the
VWF monomer or in interchain linkages in dimers are red. Cysteines in other mucins are black; however, 4 have cysteine triad sequences highly identical among VWF and
4 mucins and are predicted to undergo disulfide exchange between monomers and dimers, like VWF. MUC19 differs substantially in the same region, including having only
1 cysteine. It is predicted to be free in the monomer and disulfide linked in the dimer, much like Cys-1142 in VWF and its equivalent in all gel-like mucins.

cross-correlate well to the model, show hom-like D' projections and
A1 domain positions not far from the C terminus of D3, and provide
further confirmation for the proposed dimerization mode (Figure TH).

with cysteine residues in a CGLC sequence that functioned, as
in protein disulfide isomerases, to catalyze oxidation of the
dimerizing disulfides in D3.' D3 is highly homologous to D1 and
D2 and has the same CGLC sequence.® The D3 structure shows

What triggers D3 dimerization? In the trans-Golgi apparatus, the
D1D2 prodomain packs against D'D3 and these D1 to D3 units
in turn pack further with one another and assemble into tubules
with helical symmetry that characterize Weibel-Palade bodies.?*
D1D2 is required for both tubule assembly® and D3-D3 dimer
formation.’>'> D1D2 was proposed to be an oxidoreductase
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that the CGLC sequence is highly buried in the VWD module and
that its cysteines disulfide-link to other VWD cysteines distal in
sequence and could not be alternately reduced and disulfide-
linked to one another as required in an oxidoreductase.” Dis-
ruption of VWF multimer formation when an extra glycine is
inserted into D1 or D2 CGLC sequences'® therefore should be
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reinterpreted as a disruption of domain conformation that might
alter packing in tubules.

This reinterpretation supports the model by Sadler and colleagues
in which tubule formation in the trans-Golgi apparatus facili-
tates VWF N-terminal dimerization by juxtaposing D3 domains.?
Between the ER and the trans-Golgi apparatus, the pH decreases
from 7.2 t0 5.8, and a pH of ~5.8 is required for both VWF tubule
formation in vitro and multimerization in vivo and in vitro.3'>"
Histidine has a pKa of ~6. Mutation of His residues that are
conserved in VWF and mucins has shown that histidines in D2 and
D1 regulate VWF multimerization'; furthermore, homology to D3
shows that these His residues are distributed around the periphery
of the D1 and D2 assemblies, where contacts between neighboring
D assembilies in tubules are expected to occur.®® Therefore, we
propose that the pH-dependent contacts between D assemblies as
they assemble on the growing ends of tubules in the trans-Golgi
apparatus, including between juxtaposed D3 assembilies, trigger
conformational changes that stabilize D3 dimer formation. Juxta-
position of D3 domains in tubules would stabilize a new confor-
mation of the cysteine triad loop and disulfide exchange within it,
freeing Cys-1097; and would also stabilize a new conformation of
the loop containing Cys-1142. Thus, Cys-1097 and Cys-1142 would
be juxtaposed with their mates in the neighboring D3 assembly.

How are the Cys-1097/Cys-1097’ and Cys-1142/Cys-1142’ disulfides
oxidized? As we propose that disulfide exchange in the cysteine
triad loop occurs directly, the redox function of a protein disulfide
isomerase is not required; its oxidase function would suffice. Al-
ternatively, a sulfhydryl oxidase, such as QSOX1, which localizes to
the Golgi apparatus, might catalyze disulfide formation.®
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