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Abstract A homology model for the A2 domain of von
Willebrand factor (VWF) is presented. A large number of
target—template alignments were combined into a con-
sensus alignment and used for constructing the model
from the structures of six template proteins. Molecular
dynamics simulation was used to study the structural and
dynamic effects of eight mutations introduced into the
model, all associated with type 2A von Willebrand dis-
ease. It was found that the group I mutations G1505R,
L1540P and S1506L cause significant deviations over
multiple regions of the protein, coupled to significant
thermal fluctuations for G1505R and L1540P. This sug-
gests that protein instability may be responsible for their
intracellular retention. The group II mutations R1597W,
E1638K and G1505E caused single loop displacements
near the physiologic VWEF proteolysis site between
Y1605-M1606. These modest structural changes may
affect interactions between VWF and the ADAMTS13
protease. The group II mutations 11628T and L1503Q
caused no significant structural change in the protein,
suggesting that inclusion of the protease in this model is
necessary for understanding their effect.
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Introduction

Von Willebrand factor (VWF), a large protein found in
blood, plays several essential roles in the early stages of
blood-clot formation. The functions of VWEF are at-
tributed to several of its domains which are found in the
following arrangement: D1-D2-D’-D3-A1-A2-A3-B1-
B2-B3-C1-C2; [1] the mature protein (lacking the DI
and D2 propolypeptides) consists of 2,050 residues. When
a blood vessel is damaged, the underlying cells found in
the subendothelium are exposed to blood. VWF is capable
of binding to the subendothelial protein collagen via its
Al and A3 domains and this causes a conformational
change in VWF, thus exposing its platelet-binding sites in
the Al and C1 domains. [2, 3] VWF can bind to several
platelets and these platelets aggregate forming a platelet
plug, which will eventually lead to blood-clot formation.
VWF undergoes extensive post-translational modifica-
tions including dimerization through multiple intramo-
lecular disulfide bonds between the carboxyl-terminal
ends of the protein and then, once transported to the
Golgi, multimerization through interdimer disulfide bonds
between the amino-terminal ends. [4, 5] The resulting
multimers range in size from about 500 to 20,000 kDa and
it is the highest-molecular weight multimers that are most
functionally active. [6, 7] Regulating multimer size is
imperative for proper hemostasis, because circulation of
ultra-large  VWF multimers results in the disorder
thrombotic thrombocytopenic purpura (TTP) and a re-
duction in the size of multimers results in the bleeding
disorder known as von Willebrand disease (VWD). [8, 9]
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The size of VWF is regulated by the recently identified
plasma protease ADAMTS13, which cleaves VWF be-
tween Tyr'®” and Met'®* in the A2 domain (i.e. the
proteolysis site). [10, 11] The A2 domain consists of re-
sidues 1,480-1,672 of VWE. Mutations in the A2 domain
may result in Type 2A VWD which is characterized by
decreased platelet-dependent function resulting from the
absence of large and intermediate molecular weight VWF
multimers. [12, 13, 14] Two distinct pathogenic mecha-
nisms cause Type 2A VWD. [12, 13, 14, 15] Group I
mutations are characterized by impaired intracellular
transport, storage and secretion of high molecular weight
multimers, whereas Group II mutations are characterized
by increased susceptibility of the VWF protein to prote-
olysis by the ADAMTSI13 protease. It is currently not
known why some mutations in the A2 domain result in
group I mutations whereas others result in group II mu-
tations.

When an atomic model of a protein is available, the
changes induced by a mutation can be studied with mo-
lecular dynamics simulation. However, there is no ex-
perimentally determined 3D structure for the VWF A2
domain. Homology modeling is used to predict the
structure of proteins from related proteins of known
structure. [16] Jenkins et al. have used homology mod-
eling to predict the structures of the Al, A2 and A3 do-
mains of VWEF. [17] Since the publication of their work,
the structures of the A1 and A3 domains, and the related
integrins a1-B1 and a2-f1, have been determined by X-
ray crystallography. We have developed a homology
model of the VWF A2 domain using six proteins of
known structure sharing from 22-25% sequence identity
with the A2 domain, and have used it to study several
group I and II type 2A VWD mutations associated with
the A2 domain of VWF.

Methods

Template selection, template alignment,
target-template alignment

Templates related to the A2 domain (the target) were
identified by searching the protein data bank (PDB) using
BLASTP. [18] We have used the CE program [19] for
obtaining a multiple sequence alignment of templates
from their structural superposition. To obtain a multiple
alignment, templates were added by progressively merg-
ing those pairwise alignments that contained the fewest
gaps or insertions. The final structural superposition was
refined with the program QUANTAO97 (Accelrys Inc.; San
Diego, CA) by superimposing only those residues in
conserved regions.

In this work, we used target—template alignments
produced by a variety of methods that can be grouped into
four categories. The term “profile” is used to describe a
scoring (substitution) matrix in which the score associated
with a substitution is modified to reflect its observed
frequency at the corresponding position in related se-

quences. In contrast, generic scoring matrices (e.g. the
BLOSUM matrices) use the same score for a substitution
irrespective of its position in the sequence.

(a) Profile-sequence: using the target sequence, three PSI-
BLAST [18] iterations were performed with the non-
redundant database and an E-value cutoff of 1x107*
for inclusion in the profile derivation. The profile was
saved and used to align the target to each template
structure using the Smith—Waterman local align-
ment algorithm [20] implemented in the program
BLASTPGP. The alignment was repeated using pro-
files constructed with each of the templates (12
alignments). The web servers 3D-PSSM, [21] bioin-
bgu (SEQPRF, PRFSEQ) [22] and mGenTHREADER
[23] generated 15 alignments.

(b) Profile—profile: the PSI-BLAST profiles for the target
(sequence length n) and templates (length m) were
saved in text form. An nxm matrix was formed by
calculating the matrix product of the target profile
(nx20) and the transpose of each template profile
(20xm). Gap penalties are arbitrary quantities that
must be fixed through benchmarking. In order to
transfer the default values used by PSI-BLAST in
profile-sequence alignment, the scores in the nxm
matrices were normalized such that they have the
same mean and standard deviation as the individual
PSI-BLAST profiles of the target and templates. The
optimal path through the normalized matrix was
searched using the Needleman—Wunsch global align-
ment algorithm [24] implemented in the program
MODELLER [25] (six alignments). The web servers
FFAS [26] and 3D-Jigsaw [27, 28] generated seven
alignments.

(c) Hidden Markov models: the web servers SAM-T99
[29] and HMMER [30] seeded with a PFAM database
alignment [31] generated 11 alignments.

(d) Multiple alignments using generic substitution matri-
ces: using the ALIGN2D routine in MODELLER, the
block of template structures was aligned with a block
of four high-identity sequences (64% to 75% identity
with the target), identified with PSI-BLAST. The web
server bioinbgu (GONPM) generated one alignment.

The 53 alignments were merged together by using the
CE-derived structural alignment of the templates as an
anchor. A small number of consensus-derived target—
template alignments were sought for model building. The
following criteria were applied to eliminate alignment
variants from further consideration: (i) insertions or
deletions in conserved regions of the templates, (ii) failure
to reproduce conserved salt-bridges and H-bonds in the
alignment (there are no disulfide bonds), (iii) alignments
in loop regions where the length of a template differs by
two or more amino acids from the length of the target, (iv)
physically impossible alignments as deduced from the
known structures (i.e. stretching too few amino acids over
a distance).



Model building

The program MODELLER was used to create homol-
ogy models. Because PDB structures laox and 1qc5 are
highly similar, only the latter was retained. A thorough
optimization procedure was used to generate 20 models
from 20 randomized starting configurations (non-default
parameters: LIBRARY_SCHEDULE=1, MAX_VAR_
ITERATIONS=300; MD_LEVEL="refine_4’; REPEAT_
OPTIMIZATION=3, MAX_MOLPDF=1E®6).

A clustering procedure was used to produce a con-
sensus model (see TRANSFER_XYZ in the manual). The
ten best models from 20 runs were superposed using the
MALIGN3D command. For each protein atom, the
equivalent atoms from the ten models were clustered and
the average coordinates taken from the largest cluster.
The resulting clustered model was relaxed using conju-
gate-gradient minimization of the probability density
funct10n (PDF). The cluster size was varied from 0.3 A to
2.0 A, and the model with the lowest PDF was retained. In
all cases, this lead to a model with a lower value of the
PDF than the best of 20 single models.

Models containing various mutations were created by
substituting the appropriate amino acid in the wild-type
(WT) model using QUANTA.

Molecular dynamics simulation

Using the program SOLVATE, [32] the protein was sur-
rounded by a large solvent sphere containing NaCl elec-
trolyte at physiological concentration, with ions placed
according to a Debye-Hiickel distribution. This was
truncated to a rectangular parallelepiped, with solvent
extending at least 10 A in every direction from the pro-
tein. The side chains of Asp, Glu, Lys, Arg and His were
set to their charged state. It was decided to charge the two
His residues because of the large negative charge (-8) of
the protein. For the WT protein, this gave an overall
neutral system (SOLVATE added more Na® than CI).
For mutations that affected the charge of the protein, one
ion located far from the protein was removed to neutralize
the system. The WT system consisted of 20,883 atoms
(one protein, 6,040 waters, 32 ions).

Molecular dynamics simulations were carried out us-
ing the program NAMD?2, [33] with the CHARMM?27 all-
atom force field. [34] Accordingly, waters were repre-
sented by the TIP3P model. [35] Bonds to all hydrogen
atoms were kept rigid using SHAKE, [36] permitting a
time step of 2 femtoseconds (fs). The system was simu-
lated in periodic boundary conditions, with full electro-
statics computed using the partlcle mesh Ewald (PME)
method [37] with a grid spacing on the order of 1 A or
less. A cutoff distance of 10.0 A was used for van der
Waals interactions, with a switching function from 8.5 A
to 10.0 A, and a patch size of 12.0 A (i.e. the pairlistdist
parameter). With the protein atoms fixed, the solvent was
subjected to 996 steps of conjugate-gradient energy
minimization, followed by 50 picoseconds (ps) of equil-
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ibration. With only the protein backbone atoms fixed, the
entire system was subjected to 480 minimization steps.
The backbone constraints were then removed, but Ca
atoms were sub{ected to a harmonic restraining potential
of 25 kcal mol™ A? and the system subjected to a further
480 minimization steps. The system was equilibrated for
1,000 ps; the harmonic restraints were removed at 150 ps.
For equilibration, the NpT ensemble was used (constant
pressure and temperature). Pressure was maintained at
1 atm using the Langevin piston method, [38] with a
piston period of 200 fs, a damping time constant of 500 fs,
and piston temperature of 310 K. Temperature was con-
trolled with Langevin dynamics, using a coupling con-
stant of 5 ps~'. After equilibration, temperature and
pressure control were disabled (NVE ensemble). The
system was simulated for a further 9 ns. Coordinates were
saved every 1 ps after the removal of harmonic restraints.
During the equilibration phase, the r-RESPA integrator
[39] was used so that non-bonded interactions could be
calculated at every three steps. This was disabled after
equilibration, as the system energy drifted unacceptably.
Each 10-ns simulation takes 15 days on a SGI Onyx 3800
with 16 R14K 400-MHz processors. The trajectories were
analyzed using QUANTA and InsightIl 2000 (Accelrys
Inc.; San Diego, CA). Solvent accessibility and secondary
structure were evaluated using the algorithms of Lee and
Richards, [40] and Kabsch and Sander, [41] as imple-
mented in QUANTA.

Results

Template selection, template alignment,
target—template alignment

Six template proteins were identified by searching the
PDB with BLASTP (Table 1). Other sequence search and
fold-recognition methods identified the same set of tem-
plates. All templates adopt a flavodoxin-like dinucleotide
binding (Rossmann) fold, [42] with a core of five parallel
[B-sheets and one anti-parallel S-sheet surrounded by six
a-helices.

When the structures of proteins are available, the
correct alignment of sequences can be deduced from their
structures. Excluding the high-identity I1qc5—-1laox pair,
the pairwise sequence identity of the templates ranged
from 16.1% to 34.8%, with Co root mean square devia-
tions (RMSD) of 1.3 A to 2.1 A following superposition
of structures with CE. [19]

The most critical step in homology modeling is the
target—template alignment. For sequences having roughly
25% identity (Table 1), obtaining the correct alignment is
difficult. [43] A consensus alignment was obtained by
merging 53 alignments from an array of methods. Fol-
lowing this process, only a few distinct alignments re-
mained (Fig. 1). The variants “int” and “A” segregate
with the template used in the alignment (i.e. an integrin or
an A domain, respectively). The variant “shift” is ob-
tained by shifting the C-terminal end of the target by one
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Table 1 Description of templates used for homology modeling

Template description PDB code® Resolution (A) % identity with target” Alternative templates

VWEF Al domain lauq® 2.3 22 loak, 1fns

VWF A3 domain latz_A 1.8 24 lao3, 1fe8

integrin o1-51 1qc5_A 2.0 23 Ick4

integrin a2-81°¢ laox_A“ 2.1 22 1dzi

integrin CD-11a° 1zon 2.0 21 leqp, 1zop, 1zoo, 1lfa, 1dgq
integrin CD-11b° 1jlm 2.0 25 lido, lidn, 1bhg, 1bho

* pdb_A indicates that chain A is used

Sequence identity as derived from final target-template alignment (see Methods)

¢ Missing surface side chain: K660 was copied from 1fns_A

4 Missing surface side chains: K168, E204, R243 set to most probable Dunbrack and Karplus rotamer in QUANTA.

¢ Unoccupied ion coordination site

residue in the N-terminal direction. The alignment vari-
ants “int”, “A” and “shift” give a good agreement be-
tween the predicted [44, 45, 46] and observed secondary
structures. Models were built using these three align-
ments, since evaluating an alignment as embodied in a
model is often more reliable than using sequence infor-
mation alone.

Our alignments differ from that of Jenkins et al. [17] in
a key area: the segment from position 99 to 138 (Fig. 1) is
shifted by three residues towards the C-terminus in their
alignment. In the consensus alignment, there is near
unanimity close to the proteolysis site, with only two of
53 methods producing alignments shifted by one residue
towards the C-terminus. Their alignment also appears
problematic when comparing predicted secondary struc-
ture to that of the templates. Nonetheless, we evaluated
this alignment further by constructing an additional model
because of the importance of this region in deriving
conclusions from the model.

Model building

The program MODELLER generates a protein model
through the satisfaction of spatial restraints. The re-
straints, expressed as conditional probability density
functions (PDFs), are obtained by assuming the corre-
sponding distances and angles between aligned residues
in the templates and the target structure are similar. In
addition to information from target—template alignments,
additional restraints are obtained from CHARMM force-
field parameters [34] for bond-lengths, bond angles, and
non-bonded atom contacts. The individual PDFs are
combined into a global function; a structure that best
satisfies this function is sought using numerical opti-
mization.

Aligning target residues with template residues in-
structs the program to derive restraints from those tem-
plate residues. For the conserved sheets and helices, all
five templates were used for the corresponding residues in
the target. The models differ in the templates selected for
loop regions. For the models m_int and m_A, all templates
having no gaps with respect to the target were used for
building loops. The model s uses only the “best” template

structure at each loop, as determined by a consensus of
BLOSUMSG62, PSI-BLAST profile-sequence, and profile—
profile scores for the loop (the labels “m” and “‘s” indicate
multiple or single template for loops). When other tem-
plate loops had similar Ce structure as the highest scoring
loop, they were used for supplying additional side-chain
restraints in the model s. For each of these, the C-terminal
shift in sequence was applied (see above). This gave a
total of seven models: m_int, m_A, s, m_int_shift,
m_A_shift, s_shift and jenkins.

The seven models were evaluated with the structure
validation tool Prosall. [47] The sum of surface and Cj
pair statistical potentials is evaluated at each amino acid
in the structure. Negative values of the sum of potentials
are indicative of a well-folded protein. It was found that
the models using the “shift” alignment have a substan-
tially higher potential at the C-terminal end than the other
models, and that jenkins has a higher potential over the
residues 1,578-1,627 (Fig. 2). Those models were dis-
carded. The comparison of potential profiles for the
templates with those of the models m_int, m_A and s
provides some indication they are reasonable. However,
for the regions L6 (residues 1,591-1,600) and L10 (re-
sidues 1,642-1,648) the potentials for the models lie
significantly above those of the templates (see Fig. 1 for
the definition of regions). The latter also exhibits the
largest violations of the MODELLER restraints. This
suggests that the models are less reliable over these re-
gions.

In order to study the structural effects of mutations on
the A2 domain, it was necessary to select a single model
for performing molecular dynamics simulation. Model
m_int was selected over m_A since the latter has larger
violations of the restraints at alignment positions 58-66.
Model s was selected over m_int as it resulted in smaller
Ca RMSD from the model at the end of the 1-ns equili-
bration (1.6 A and 2.2 A, for s and m_int, respectively).
The difference was largely confined to loop L7, indicating
that it may be more accurately modeled in s. Henceforth,
all references to the homology model concern s.

The location of key features are mapped onto the
model in Fig. 3. These include the proteolysis site, two
glycosylation sites Arg'”'> and Arg'>’#, and the mutations
listed in Table 2. The mutations are not located within



Fig. 1 Final consensus align-
ment obtained from multiple
methods, showing the sequence
of A2 residues 1,496-1,669 that
could be modeled. Alignment
“A” is shown below “int” at
positions 58—-66. Alignment
“shift” is shown below at posi-
tions 176-202. The residue
numbers for the A2 domain are
indicated as “A2 seq” (gaps are
not numbered). For secondary
structure, “E” indicates [3-sheet
and “H” indicates a-helix. Only
the secondary structure predic-
tion for Psipred [44] is shown;
PHD [45] and Jpred [46] gave
similar results. The secondary
structure is the same for all
templates, except for positions
135-139 where that for 1zon is
shown. The secondary structure
for the model is implied through
the region labels B1, L1, Al,
etc., with “B” corresponding to
B-sheet, “A” to a-helix and “L”
to loop. The model solvent ac-
cessibility is indicated by inte-
gers 0-9 where 0 indicates 0—
9% accessible, 1 indicates 10—
20% accessible, etc.
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Fig. 2 Sum of Prosall Cf pair and surface potentials as a function of residue. For clarity, the potentials of the templates (indicated as fine
gray lines) are shown only for residues that are aligned with the A2 domain. The potentials are averaged over a ten-residue window

particular regions of the domain and correspond mostly to

buried residues.

Molecular dynamics simulation of WT

and mutant models

Simulations were performed to investigate the structural
and dynamic effects of mutations on the WT model. In
order to draw conclusions
changes, it is necessary to perform an equivalent simu-
lation for the WT protein. To increase confidence in our
results, we performed two simulations for the WT protein

about mutation-induced

starting from different sets of initial velocities. The all-
atom RMSD with respect to the model is shown in Fig. 4
for the two WT simulations, along with those for G1505E
and G1505R. For both simulations, the WT protein re-
mained stable throughout, with no indications of unfold-
ing. For comparing the structural effects of mutations, an
average structure was calculated from snapshots taken
every 1 ps during the final 3 ns of simulations. The Ca
RMSD for the time-averaged and final structures are
given in Table 3. The simulations of the mutants also
indicate that no dramatic unfolding occurs. In order to
gain insight into local structural changes, it is useful to
examine the Ca RMSD from the model of the time-av-
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Fig. 3 Schematic representa-
tion of the VWF A2 domain
model (two views). The Coa
atoms of mutated residues are
shown as green spheres. Resi-
due 1606 of the proteolysis site
is shown as a red sphere. Two
glycosylation sites are also
shown. Region labels are de-
scribed in Fig. 1

amino

Table 2 Mutations modeled with molecular dynamics simulation

carboxyl
edge

Mutation Residue solvent accessibility =~ Comment*
(in WT model) (%)
Group II R1597W 19 Most common Type 2A mutation, reported in patients from the US, Japan,
France and England
E1638K 15 Loss of high and intermediate molecular weight multimers
11628T 0 Loss of high and intermediate molecular weight multimers
L1503Q 1 Novel mutation resulting in loss of only the highest molecular weight multimers
G1505E 0 Loss of high and intermediate molecular weight multimers
Group I  GI1505R 0 Loss of high and intermediate molecular weight multimers
L1540P 0 Loss of high and intermediate molecular weight multimers
S1506L 2 Loss of high and intermediate molecular weight multimers, reported in patients

from the US, Japan, Argentina and Israel

? VWF database: http://www.shef.ac.uk/vwf/

eraged structure as a function of residue (Fig. 5a). It is
important to interpret changes associated with mutations
in consideration of the deviations observed for the WT
simulations and the deviations of the templates from their
average structure. The latter can be taken as a measure of
the local reliability of the model. Deviations for mutants
that fail to exceed these quantities are not significant.
Also, interpreting which deviations are significant is re-
gion-dependent; a deviation less than 2 A in a loop region
is likely to be insignificant, whereas a similar deviation in
a sheet region would amount to a drastic change. In ad-
dition to structural changes, fluctuations about the aver-
age structure were examined during the final 3 ns of the
simulation (Fig. 5b).

Before discussing specific mutations, some general
remarks can be made. Nearly all simulations produced
large deviations from the model over the residues 1,592—
1,596 (loop L6) and loop L9, similar in magnitude to the
deviation among the templates. The two regions are the
same (L6) or adjacent to (L9) those discussed above,
where high Prosall potentials and MODELLER violations
were observed. For the region L9-A4, it was observed
that all simulations except those for E1638K and G1505R
(see below) resulted in similar structures, with A4 shifted
outwards from its position in the model. Finally, the

i

all-atom RMSD
a2 el

time (ns)

Fig. 4 All-atom root-mean-square deviation from the model as a
function of time. At 10 ns, the series from bottom to top are: WT1
(black), WT2 (gray), G1505E (black), G1505R (gray)

variability over the C-terminal region A5 is attributed to
the truncation of VWF at residue 1,669.

R1597W (Group 1)

The mutation causes a loss of two hydrogen bonds (H-
bonds) between NH, and NH of Arg1597, and each car-
boxyl O of Asp'*® (functional groups are for side chains
unless noted otherwise). In the WT simulation, the other
Arg1597 NH2 group forms an H-bond with the backbone



Table 3 Ca root mean square deviation with respect to the ho-
mology model for time-averaged and final structures

Mutation ~ Coa RMSD from homology model (A)
Time-averaged structure  Final structure (10 ns)
WTI1 1.67 2.09
WT2 1.64 1.87
R1597W 245 2.79
E1638K 2.14 2.18
11628T 2.01 2.05
L1503Q 1.96 2.11
GI1505E 1.97 2.28
GI1505R 2.64 291
L1540P 2.52 3.08
S1506L 2.08 2.18

C=0 of Asp'®®, located at the end of sheet B2. In the
mutant, the phenyl ring of Trp'**7 is involved in edge-to-
face stacking with the imidazole ring of His'>¢ 2.0 A
separation) (Fig. 6a, b). A significant shift occurs over the
residues 1,597-1,602" (superscripted letters refer to
Fig. 5). The segment is adjacent to the high RMSD re-
sidues 1,592-1,596 (L6), and deviations in 1,597-1,602
may appear related. However, the templates and WT
simulations deviate little over 1,597-1,602, with residues
1,601 and 1,602 being part of sheet B4. Even over the
region 1,592-1,596, R1597W is clearly distinct from the
others, having a truncated five-turn at 1,594-1,595. This
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appears to cause a 2-A shift of helix A3® towards the
carboxyl edge of the protein. Of all simulations, R1597W
has Pro'®! closest to Asp'®*? in L8 (Pro'®'-Asp'®*?
distapce of 2.8 A in the mutant simulation, compared to
5.1 A in the WT simulation). The displacement of re-
sidues 1,601-1,602 towards L8 may contribute to the
latter’s shift, although other mutant simulations resulted
in a shift of similar magnitude without the Pro'®®'-
Asp'®* close contact. Sheet B4 and loop L8 lie at either
end of the displaced loop L7°, located near the proteol-
ysis site. The shifted helix A3, of which the carboxyl edge
approaches loop L7, may also contribute to its displace-
ment. Thus, it appears that a mutation in an exposed, non-
core region well away from the proteolysis site effects a
structural change very near to it.

E1638K (Group II)

The mutation leads to the formation of two H-bonds; the
first is between NH; of Lys'®*® and a carboxyl O of
Glu'** (N-H - O distance of 1.6 A) while the second is
between NH; of Lys'®*® and the hydroxyl O of Thr'>"®
(N-H --- O distance of 1.8 A) (Fig. 6c, d). The first causes
a decrease in H-bonding between the carboxyl O of
Glu"* and Thr1608, located at the junction of B4 and L7
(OH - O distance increases from 1.8 A in the WT sim-
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Fig. 5 Root-mean-square deviations (RMSD) as a function of
residue, averaged over a three-residue window. a Ca RMSD from
the homology model of the time-averaged structures. b RMS dis-
placement (fluctuations) of residues about their time-averaged po-
sition. Temperature factors familiar from X-ray crystallography are
obtained by squaring the RMS fluctuation and multiplying by 87%/
3. For reference, the RMSD of the templates with respect to their
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average structure is indicated in bold black in panel a. The WT
simulations are in bold gray, group I mutants are shown with dotted
lines (G1505R in red, L1540P in blue, S1506L in pink) while group
II mutations are shown with solid lines (R1597W in red, E1638K in
blue, 11628T in pink, L1503Q in light green, G1505E in dark
green). Letter labels are discussed in the text. Region labels are
described in Fig. 1
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Fig. 6 Schematic representa-
tions of structures after 10 ns of
simulation for WT protein (left
panels) and mutants (right
panels). R1597W (a, b),
E1638K (¢, d), GIS0SE (e, f)
and S1506L (g, h). Region la-
bels are described in Fig. 1. H-
bonds are indicated as dotted
lines. For G1505E, the L6 label
is positioned between residues
1,594-1,595 (i.e. at the five-
turn). Some parts of the proteins
are omitted for clarity
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ulation to 2.3 A in the mutant simulation). The second
causes a loss of a hydrogen bonding between Thr'>’® and
Tyr'>*2. This appears to have no significant conse-
quences, perhaps because Tyr'>** is solvent exposed. The
shifting of loop L7% may be attributed to decreased H-
bonding between Thr'®*® and Glu'>", although the steric
bulk of the Lys side chain approaching the loop may
contribute. Also, it appears that the mutation tethers A4 to
the core of the protein. This is reasonable in light of the
H-bonds formed by Lys'®*®, and interestingly E1638K is
the only simulation for which A4" deviates little from the
model. Because of the similar L9-A4 placement achieved
by nearly all other simulations, the difference between
E1638K and the other proteins is probably meaningful.

11628T (Group 1)

No significant structural shifts are evident. The mutated
residue is in sheet BS, adjacent to the proteolysis site in
sheet B4. It is a change from a non-polar to a polar res-
idue in the core region of the protein, surrounded by four
non-polar residues.

L1503Q (Group II)

The mutation replaces a non-polar residue with a polar
residue, but the formation of an H-bond with the NH,
group of GIn"*' (N-H - O distance of 2.1 A) helps
compensate the energetic cost of burying a polar residue.
Despite this, GIn'**' maintains an H-bond with the
backbone C=0 of Arg'>* also seen in the WT simulation.
As for 11628T, the change occurs in a sheet region con-
taining the proteolysis site. There is little deviation, ex-
cept for loop L1, and this is not deemed significant as it
does not lie outside the range observed for templates and
most simulations.

GI505E (Group II)

Deviations at loop L3 and GIn'>""** appear to be related
to the side chain of Glu'" extending towards them. For
L3, one carboxyl O of Glu'*** is 3.6 A from a NH, group
of GIn"*!, and the other carboxyl O of Glu'>® is 3.7 A
from the OH group of Ser'>** (Fig. 6e, f). These are not
H-bonds, although they are favorable electrostatic inter-
actions between the negatively charged Glu side chain
and the pocket with positive potential (as determined with
DELPHI; [48] results not shown). In the WT simulation,
GIn'"! is a (weak) H-bond donor for Thr'**” (N-H - O
distance of 3.1 A), and its backbone NH group is a
H-bond donor for GIn'>*' (N-H - O distance of 2.3 A).
GIn'*"! is also a H-bond acceptor for Ser'>** (N-H --- O
distance of 2.2 A). If GIn">"" remained in that position, it
would clash directly with Glu'>. It is doubtful that the
outward displacement of GIn""' is significant in itself, as
the protein surface should be tolerant to such changes.
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Also, the distances between Glu'®® and GIn'>*!' or
Ser'>* are too long for steric interactions to be respon-
sible. Rather, it is likely that the loss of three H-bonds in
loop L3 causes its observed deviation.

G1505R (Group 1)

Large deviations occur at loop L3 and around GIn'>"" as
observed for GI1505E, although the latter displacement
involves more residues. This leads to the disruption of the
same H-bonds between residue GIn'’' and Thr'®,
Ser!>*3 R Thr'>*’. The contacts between Arg'>® and
G1n1541, Ser'™* are closer, at 2.9 A and 2.3 A, respec-
tively. In contrast to G1505E, these contacts involve un-
favorable electrostatic interactions. At 10 ns, the G1505R
simulation contains the largest deviations observed at
almost all rel%ions of the protein. In particular, loops L1-
A1', 13", L5 and L7", all in proximity to the proteolysis
site, contain the largest deviations for the first three loops
and deviations similar to those of S1506L and L.1540P for
L7. From Fig. 5a, the deviation at loop L1-A1 appears to
be barely beyond the range observed for other mutant
models. However, Fig. 5b shows that it exhibits distinctly
larger fluctuations over that region®, beginning in sheet
B1. The deviations in LS stretch over nine residues
whereas only residue 1571 of GI1505E deviates by more
than 2 A from the model. Pronounced fluctuations are
also observed over this region”, and over L7". While no
clear distinction can be made for L6 for the time-averaged
structure, this region" clearly exhibits larger fluctuations
in G1505R. In contrast to the other simulations, the pro-
tein does not seem to be equilibrated at 10 ns (Fig. 4) and
has the largest Coe RMSD from the model at 10 ns.

L1540P (Group )

The mutation in sheet B2 does not cause significant
structural change within that sheet. However, Pro'>*
lacks the ability to provide an H-bond donor for pairing
with the carbonyl oxygen of Phe'>®! in the adjacent sheet
B1, and its C=0 group cannot H-bond with the backbone
NH in Leu™® because of geometric constraints. This
causes a small shift of sheet BI™ towards sheet B2. Given
the high degree of conservation of the sheet structure
among the parents, it appears that the Pro substitution
disrupts it sufficiently to impart other significant changes.
In particular, loop L7 is the most greatly displaced
among all the models, and exhibits the largest fluctua-
tions " . There is some shifting reaching nearly 4 A of the
helical region A2° that is not seen in any other model.
While the Co RMSD at 10 ns is less than for G1505R, the
all-atom RMSD is larger (not shown).
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S1506L (Group 1)

The mutation causes a loss of hydrogen bonding with
acceptor Thr'>’® (O-H - O distance of 3.2 A). Further-
more, the bulk of the leucine side chain causes it to ap-
proach within 3.1 A, 2.8 A, and 3.4 A of the backbone of
residues 1,574-1,576 in L5 (Fig. 6g, h). It does not appear
that this is responsible for the shift of the loop, because of
the small deviation observed at those residues. Rather, the
loss of the H-bond between Thr'*’® and Ser'>“° results in
a 5.3-A shift of the Thr OH group from the WT simula-
tion, as it exposes itself to solvent. This causes the sub-
sequent residues 1,577-1,581 within the region L5-A3P
to shift considerably, with a noticeable unravelling of the
end of A3. In this position, Thr'>’® comes within 1.1 A of
Asp'®™* in loop L7 as positioned in the WT simulation.
This causes L7% to shift away. The shift in L5 (albeit
small at Asn'>’*) causes a loss of H-bonding between
Tyr'>** and Asn"’* (N-H - O distance of 1.9 A in the
WT simulation, 5.1 A in the mutant simulation). This ma

contribute to the observed shift in neighboring loop L3™.

Discussion

It is well established that obtaining good quality homol-
ogy models is difficult for targets having limited sequence
similarity with the templates. [16] However, accuracy can
be significantly increased when multiple sequences and
structures are used, with alignments edited by hand. [49]
In light of this, we have taken unusual care in constructing
the target—template alignment used for building the A2
model. Where alternative alignments could not be elimi-
nated on the basis of sequence information alone, we
constructed the corresponding models in order to allow
structural validation of the alignments. Statistical poten-
tial-based methods such as Prosall [47] are known to be
accurate for ubiquitous folds in the PDB, such as the
Rossman fold to which A domains belong. [50, 51] We
identified two regions (residues 1,592—1,596 of L6 and
L9-A4-L10) over which the model is likely to be inac-
curate. For the latter, it was encouraging to see a con-
vergence for all but two molecular dynamics simulations.
This suggests that that region may be better represented
after refinement with molecular dynamics simulation.
The alignment of Jenkins et al. [17] differs substan-
tially from the present alignment in the key region of the
physiological proteolysis site. The Jenkins alignment
places the proteolysis site within loop L7, while the
present alignment places it within S-sheet B4. We found
no theoretical justification for the Jenkins alignment. Not
a single alignment method proposed it, the predicted
secondary structure of the target and that of the templates
disagreed over the highly conserved S-sheet B4, and the
model built from this alignment showed significantly
higher statistical potentials in the affected region. Simply
examining the alignment reveals some difficulties. The
residues in fB-sheet B4 for the templates are predomi-
nantly non-polar. The Jenkins alignment places a Glu, Pro

and Asp residue within the sheet, residues that are the
three least frequently observed in SB-sheets. [52]

It is instructive to examine the experimental facts re-
garding proteolysis of the A2 domain by the ADAMTS13
protease. Relying on intuition, it may be thought that the
proteolysis site must be located at a solvent-exposed re-
gion of the A2 domain in order for it to be accessible to
the protease. Only under shear-stress conditions that cause
unfolding can the protease cleave VWF in normal indi-
viduals. The situation is similar under assay conditions;
VWF must be subjected to denaturants for proteolysis to
be observed. [53] Because of the multi-domain structure
of VWF, it may be proposed that proteolysis under shear-
stress or denaturing conditions arises from inter-domain
reorganization, not intra-domain structural change (i.e. re-
arranging beads on a string without affecting the nature of
the beads). As the present study addresses only the iso-
lated A2 domain, the burial of the proteolysis site within
our model remains problematic if proteolysis only in-
volves inter-domain changes. Recent experiments have
shown that even for the isolated A2 domain, denaturing
conditions are required for proteolysis to be observed.
[54] This suggests that the proteolysis site is in fact not
accessible to the protease under normal conditions for the
isolated A2 domain.

A homology model by itself could potentially shed
light on the molecular explanation of observed pheno-
types, as seen for type 2M and 2B mutations of the VWF-
Al domain. [17, 51] This is not observed for type 2A
mutations related to the A2 domain model presented here,
with mutations not confined to a particular region of the
protein and not always involving buried residues. By it-
self, the model provides only a limited interpretation of
the effect of mutations.

When the 3D structure of a protein is known, molec-
ular dynamics simulation can be used to assess the
structural change caused by mutations. For group II mu-
tations, we observed either local changes in one loop, or
no change at all. We speculate that the displacement of
loop L7 in R1597W and E1638K, and that of L3 in
G1505E, which are located in proximity to the proteolysis
site, lead to greater susceptibility to proteolytic attack. For
11628T and L1503Q, we observed no significant struc-
tural changes. Both occur in proximity to the proteolysis
site; the observed phenotype may result from specific
interactions of these residues with the protease, a scenario
that cannot be evaluated with the present model. For the
group II mutations studied here, there is no evidence of
structural instability that might prevent proper folding of
the domain. For group I mutations, the changes that were
observed were less subtle, involving larger deviations
over many regions of the protein. The mutation G1505R
produced large deviations from the model in loops L1,
L3, L5, L6 and L7, with those at L1 and L6 extending into
B-sheets B1 and B4. The mutation L1540P appears to
disrupt the sheet structure of the domain, effecting a large
shift in loop L7 and helix A2. Only G1505R and L1540P
exhibit pronounced thermal fluctuations, and both showed
the largest overall deviations from the model, further



highlighting a loss of structural stability. While the
change for S1506L appears less dramatic, it involves
large displacements of loops L3, L5 and L7, and unrav-
elling at the end of helix A3. We speculate that the
phenotype characteristic of group I mutations results from
structural instability of the A2 domain, as best exempli-
fied by G1505R and L1540P.

There are limitations that must be kept in mind when
assessing the results of our simulations. We have used a
homology model as no crystal structure is available.
Significant errors in the model would affect the outcome
of simulations. Conformational changes that occur on
longer time scales would not be observed during our 10-
ns simulations. This is especially true for mutations af-
fecting core regions of the protein, such as L1540P,
11628T and L.1503Q. The simulations started from a well-
folded state. It is possible that this is never achieved in the
cell, and that the actual structure is significantly mis-
folded. Also, we have simulated the isolated A2 domain,
not the multimeric form of VWF. Fortunately, the re-
sidues at which the domain terminates are far from the
crevice leading to the proteolysis site. For group II mu-
tations which involve excess proteolysis, it is necessary to
include the protease itself to fully understand the molec-
ular basis of the phenotype. Notwithstanding these limi-
tations, it was gratifying that many structural changes
could be rationalized by way of altered interactions in-
troduced by the mutations.

Supplementary material

The coordinates of the WT model in PDB format are
available as supplementary material.
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