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GRAPHICAL ABSTRACT

» The three-dimensional model of
ADAMTS13 metalloprotease domain
(M13) was built by homology model-
ing techniques.

» The model was validated against all
known artificial and natural mutations
found in M13 sequence.

» The peptide VWF(1604-1607) of von
Willebrand factor (VWF) was docked
into the protease active site.

» The docking model explains why oxida-
tion of Met1606 to methionine sulfoxide
inhibits VWF proteolysis by ADAMTS13.

» The model explains why Val1607Asp
mutation in type 2A von Willebrand
disease accelerates proteolysis of VWF
by ADAMTS13.
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ABSTRACT

The haemostatic potential of von Willebrand factor, a glycoprotein expressed by endothelial cells as ultra-
large polymers (UL-vWF)!, increases with its length, which in turn is regulated proteolytically by ADAMTS13,
a zinc-metalloprotease selectively cleaving VWF at the Tyr1605-Met1606 bond. We have recently shown that
in vitro oxidation of Met1606, under conditions mimicking those found in diseases characterized by high
oxidative stress, severely impairs proteolysis by ADAMTS13, with a resulting pro-thrombotic effect caused by
the accumulation of UL-vWF species. Conversely, Val1607Asp mutation, found in vWF from patients with type
2A von Willebrand disease, accelerates proteolysis of VWF, with a final hemorrhagic effect. Considering the
physio-pathological importance of ADAMTS13-vWF interaction and the absence of experimental structural
data, here we produced by homology modeling techniques a three-dimensional model of ADAMTS13
metalloprotease domain (M13). Thereafter, the VWF(1604-1607) peptide, containing the cleavable Tyr1605-
Met1606 bond, was manually docked into the protease active site and the resulting model complex provided
us key information for interpreting on structural grounds the variable effects that chemical modifications/
mutations in vVWF have on proteolysis by ADAMTS13.

© 2011 Elsevier B.V. All rights reserved.

Abbreviations: ADAMTS, A Disintegrin-like And Metalloprotease with ThromboSpondin type I repeats; a.m.u, atomic mass units; CaBS, calcium binding site; M13, the
metalloprotease domain of ADAMTS-13; MetSO, methionine sulfoxide; PDB, Protein Data Bank; PN, peroxynitrite; T2DP, type-2 diabetes patients; vWF, von Willebrand factor;
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1. Introduction

Von Willebrand factor (vWF)! is a large (240 kDa; 2050 amino
acids) multidomain protein mainly expressed in vascular endothelial
cells (EC) and platelets [1]. The majority of mature vVWF is stored as
ultralarge VWF polymers (UL-vWF, up to 200 monomers with a
molecular weight of 20-50x 106 Da) into EC Weibel-Palade bodies or
platelets a-granules, from which it is released upon basal and
stimulated secretion [2]. Under conditions of normal blood flow,
UL-vWF polymers are in a collapsed state and exert only poor
haemostatic activity. Conversely, under high shear forces, UL-vWF
multimers elongate to unmask A1, A3 and C1 domains, thus initiating
primary hemostasis [3,4]. Notably, shorter VWF species are intrinsi-
cally less sensitive to shear-induced unfolding [5] and therefore the
platelet aggregating potential of VWF is strongly dependent on its
length, with longer UL-vWF being more pro-thrombotic than shorter
VWEF species [6].

The length of UL-vWF is regulated by ADAMTS13 that selectively
cleaves VWF at the single peptide bond Tyr1605-Met1606 [7], which is
buried in the VWF A2 domain and becomes exposed upon shear-
induced unfolding [3]. ADAMTS13, a member of the disintegrin-like and
metalloprotease family with thrombospondin type-1 repeats, is a
190 kDa multidomain glycoprotein secreted by the liver in a constitu-
tively active form, with its metalloprotease (M) domain containing
three calcium ions and a catalytic zinc in the active site [8,9]. The
proposed cleavage mechanism of ADAMTS13, which is common to
other matrix metalloproteases, is schematically depicted in Fig. 1. The
data accumulated so far indicate that VWEF is the only substrate that is
cleaved by ADAMTS13 [10]. Hence, the prothrombotic potential of VWF
is the result of a dynamic equilibrium between the concentration of
bioactive UL-vWF and the proteolytic activity of ADAMTS13. Several
genetic, immunological, physical, and chemical factors, affecting both
VWF and ADAMTS13, can alter this delicate balance thus promoting
either a prothrombotic or hemorrhagic state. For instance, in congenital
thrombotic thrombocytopenic purpura (TTP), a life-threatening genetic
disease, UL-vWF polymers accumulate as a result of decreased
ADAMTS-13 activity, with a resulting thrombotic state [11]. At variance,
in type 2A von Willebrand disease (T2A-VWD), a common inherited
human bleeding disorder, Val1607Asp mutation induces loss of
UL-vWF polymers and hemorrhagic diathesis [12,13].

Peroxynitrite (PN) is produced in vivo by different cell lines (e.g.,
vascular and intestinal endothelial cells and activated leukocytes)
from nitric oxide (*NO) and superoxide (O,°_) radicals, easily crosses
membranes and, despite its short biological half-life (~10 ms), it can
target biomolecules within 5-20 um distance from the site of
production, inducing cell death by apoptosis or necrosis [14,15]. PN
preferentially modifies Cys, Met, Trp, and Tyr to generate sulphenic
acid, methionine sulfoxide (MetSO), 2-oxindolylalanine, or 3-nitro-

D s Zn°2 M1606
H228

’Q\ H224

H224 H234

H228
H234

I. Michaelis complex

ii. Tetrahedral intermediate

tyrosine [16] and its concentration increases (i.e., form 0.3 uM-s~!
under basal conditions up to 300 uM-s™ ' at inflammatory sites) in
pathological settings sustained by oxidative stress and inflammatory
processes (e.g., cardiovascular and neurodegenerative diseases,
atherosclerosis, rheumatoid arthritis, renal and heart failure, and
type 2 diabetes) [14,15]. Very recently, we have shown that treatment
of vVWF with PN under conditions mimicking those found in vivo
attacks the vulnerable Tyr1605-Met1606 bond by oxidizing Met1606
to MetSO, without appreciably modifying Tyr1605 [17,18]. More
importantly, oxidation of Met1606 severely inhibits hydrolysis of vVWF
by ADAMTS13, with a resulting accumulation of the more pro-
thrombotic UL-vWF polymers [17,18]. Hence, we proposed that
impairment of ADAMTS13-mediated proteolytic shortening of vVWF
by Met-oxidation might represent a novel prothrombotic mechanism
in the pathogenesis of diseases related to chronic inflammatory states
sustained by high oxidative stress and developing at the endothelial
level, where also VWF is expressed and released. Consistent with this
hypothesis, VWF purified from the plasma of patients with type 2
diabetes (T2DPs), a severe metabolic disease characterized by high
oxidative stress and complicated by dramatic thrombotic microagio-
pathies [19], contains carbonyl levels 5-30 fold higher than those
found in VWF from healthy subjects [17]. The carbonyl content is a
reliable marker of protein oxidation and in T2DPs it has been found to
favorably correlate with a greater proportion of UL-vWF polymers
[17].

Considering the importance of ADAMTS13 in hemostasis and the
pathological implications of PN-induced vWF oxidation, in the
absence of any experimentally determined three-dimensional struc-
ture of the enzyme, here we first produced a homology model of
ADAMTS13 metalloprotease domain (M13) and then modeled
ADAMTS13-vWF interaction by manually docking the cleavable vVWF
segment '°%Val-Tyr-Met-Val'®" into the protease binding cleft. The
docking model allowed us to explain the variable and even opposing
effect that vVWF modifications (i.e., Met1606 — MetSO, or Val1607 —
Asp) have on the efficiency of ADAMTS13 hydrolysis.

2. Methods
2.1. Model building

Homology modeling and energy calculations were performed using
the Molecular Operating Environment (MOE) suite, version 2008.10
(The Chemical Computing Group, Montreal, Canada). The sequence
76Ala-Ser®”®, encompassing the putative metalloprotease (M) (7®Ala-
Pro?8) and disintegrin-like (D) (?8’Arg-Ser>”3) domain of ADAMTS13
(MD13), was collected from the SwissProt protein sequence database
(entry code: Q76LX8) and a sequence similarity search for the
polypeptide chain against all other sequences in the data base was
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Fig. 1. Proposed mechanism of ADAMTS13 catalysis [55]. Substrate binding occurs in an extended conformation, with Tyr1605 interacting with the protease S1 site and Met1606
with the S1’ site, to form the Michaelis complex (step I). In this complex, the catalytic zinc ion, represented as a sphere, is coordinated in a pentameric fashion by the Ne2 atoms of
the three conserved histidines, by the carbonyl group of Tyr1605 at the scissile bond and by a catalytic solvent molecule, which is strongly polarized by the zinc ion and the
carboxylate group of Glu225. In the Michaelis complex, the polarized water is highly nucleophilic and attacks the carbonyl group to form a tetrahedral intermediate (step II), which
undergoes two consecutive proton shuffling reactions and evolves into the cleavage products with the formation of new carboxylate and ct-ammonium groups (step III).
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performed using the “PDB-Search” option. Hence, the crystallographic
structure of ADAMTS4 MD domains (MD4), solved at 2.8-A resolution
in the inhibitor-bound (2rpj_A) form [20], was used as a template for
modeling MD13 by homology. Alternatively, the ADAMTS13 sequence
76Ala-Asp?®* was modeled on the M-domain structure of ADAMTS5, M5
(3b8z_A; sequence 2%Ser-Asp?’4), solved at 1.4-A resolution in the
inhibitor-bound form [21]. Sequence alignment was performed using
the “Align” tool, based on the BLOSUMG62 substitution matrix, with
increased values for the gap start penalty of 7 and gap extension
penalty of 1. Thereafter, the model was built using the automated
“Homology Model” tool comprising the following steps: 1) initial
partial geometry specification, whereby a partial geometry for the
target sequence was copied from regions of the template structure;
2) modeling of outgaps, insertions and deletions starting from
fragments of high resolution structures in the PDB; 3) creation of
independent protein models using a side-chain rotamer library and
loop dictionary derived from known X-ray structures in the PDB;
4) selection of the best model candidate according to the GB/VI scoring
function; 5) refinement of the model using the AMBER-99 force field as
implemented in MOE; 6) evaluation of the stereochemical quality of the
model by the “Quality Evaluation” tool in MOE or the WhatCheck [22]
and ProCheck [23] software programs. The atomic coordinates of MD13
and M13 were subjected to several cycles of restrained energy
refinement, using the AMBER-99 force field [24], in order to
compensate for unfavorable intramolecular contacts introduced during
modeling. A 1000-steps descent gradient was performed, followed by a
conjugate gradient minimization until the r.m.s. of the potential energy
was less than 0.1 kcal mol~'-A~ 1, Satisfactory stereochemistry for the
Ca*? binding sites in M-13 model was obtained by copying the
coordinates of Ca™2-ions of the M-5 template (3b8z) and imposing in
the M13 model the Ca™2-ligand distances of the template structure. In
the final step, local restrained energy minimization was performed. A
similar procedure was used for modeling the disulfide bond Cys242-
Cys265, which was not formed after building M13 model. The Sy-Svy
distance was constrained at 2.04 A, typical of S-S bonds in proteins,
and then local restrained energy minimization was performed.

Amino acid substitutions in M13 (Table 1) were simulated with the
Mutate option in MOE. Side chain conformation was modeled using the
Rotamer Explorer option, followed by local restrained minimization

Table 1

within 5-A radius from the Ca atom of the mutated residue. Thereafter,
the relative conformational stability of each M13 mutant was estimated
by a resident version of the Fold-X 3.0 program [25], using default
parameters, without taking into account water molecules.

2.2. Docking

The peptide segment %4Val-Tyr-Met-Val'®°? of vWF, vVWF(1604-
1607), comprising the cleavable '5°>Tyr-Met'®% bond, was manually
docked into the binding cleft of M13 model. As a starting template for
ligand modeling, we used the crystallographic structure of the matrix
metalloproteinase 12 (MMP12) (PDB code: 20xz; 1.9-A resolution)
[26], obtained by soaking the MMP12 crystal with the peptide segment
204pro-GIn-Gly-Ile-Ala-Gly*® of the o1 collagen chain. This peptide is
known to be cleaved by MMP12 at the Gly-Ile bond, where Gly?°® and
11e*%7 represent the P1 and P1’ specificity sites of the substrate for the
protease, respectively. Of note, only the cleavage products 2%°GIn-Gly?°°
and 2%Ile-Ala-Gly?°® could be detected in the crystal structure. The
choice of MMP12-collagen complex was motivated by the following
considerations: 1) MMP12 has protein fold, active site geometry,
substrate binding mode, and catalytic mechanism similar to that of the
M domains of ADAMTS4 and ADAMTS5 we used for modeling M13
structure; 2) as shown in Fig. S3, the active-site geometry of MMP12 is
superimposable with that of the modeled M13; 3) to the best of our
knowledge, 2o0xz.pdb is the only available structure of a metzincin
protease noncovalently bound to a peptidyl substrate either at the
primed and nonprimed side of the scissile bond. The geometry of
205GIn-Gly®*® segment bound to MMP12, therefore, stores key infor-
mation (e.g., distance and orientation of the carbonyl oxygen from the
zinc ion and the conserved catalytic water molecule) for modeling the
VWE sequence '%4Val-Tyr-Met-Val'®" into the active site cleft of M13.
The backbone geometry of GIn-Gly dipeptide was first copied from the
template structure of MMP12 to the M13 model and then elongated
toward the C-terminus in an extended conformation (¢ =—120° ¢ =
+140°). After side-chain substitution, the backbone structure (i.e.,
Cou(Tyr'69%)-CO(Tyr!®%%)-NH(Met'5%6)-Co(Met'6%)) of the scissile
bond was constrained in the conformation assumed by the C-terminal
carboxylate of Gly??®, whereas either ligand and receptor atoms within
8-A distance from the scissile bond were energy minimized using

Effect of mutations, found in ADAMTS13 gene of TTP patients, on the proteolytic activity of ADAMTS13.

Gene mutation Amino acid exchange Clinical manifestations of TTP* Proteolytic activity” Method used for estimating ADAMTS-13 activity ¢ Reference

c237C>G 179M ?¢ ?¢ Plasma® [34]
c.262G>A V88M Moderate 18% In vitro expr? [35,36]
40% in vitro expr
¢.286C>G H96D Severe 2-7% Plasma [37]
c.304CT R102C Severe 2-7% Plasma [37]
c.356C>T S119F Moderate 50-60% Plasma [38,39]
50% in vitro expr
¢.533T>C 1178T Severe 0.5-3% Plasma [40]
c.577CT R193W Severe ~0% In vitro expr [41]
c.587C>T T1961 Severe 2-7% Plasma [37]
c.607T>C S203P Severe <5% Plasma [34,42]
~0% in vitro expr
C.695T>A L232Q Severe 2-6% Plasma [43]
c.702C>A H234Q Severe <3% Plasma [44]
€.703G>C D235H  Mild na.’ nal [45]
c.749CT A250V Severe ~0% In vitro expr [46]
¢.788C>G $263C Mild 37% Plasma [43]
¢.803G>C R268P Severe ~0% In vitro expr [47,42]
in vitro expr

a
b
c
d
e
f

The clinical manifestations in TTP patients were classified as severe, moderate and mild, according to the disease symptoms reported [11].

The proteolytic activity of ADAMTS13 is reported as the per cent ADAMTS13 activity of plasma from normal individuals (100%) or of wild-type recombinant ADAMTS13.
The activity of ADAMTS13 was determined in the plasma of TTP patients without any further purification.
ADAMTS13 mutants were expressed in eukaryotic systems in vitro, purified and tested for proteolytic activity.
Mutation 179M occurs in a compound heterozygote containing also the deleterious mutation R268P.

Data not available.
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AMBER-99 force field and the LigX tool in MOE. To better refine the
docked complex, a rotamer exploration of all side chains directly
(within 5-A distance) involved in the binding was carried out using the
“Rotamer Search” tool, while energy minimization was run until the
conjugate r.m.s. gradient was less than 0.05 kcal/(mol-A). The
geometry of MetSO in the M13-vWF(1604-1607)/Met1606MetSO
complex was optimized using the bond length and angle parameters
derived from the crystal structure of the corresponding free amino acid
[27].

al

3. Results and discussion

3.1. Modeling ADAMTS13 metalloprotease (M) and disintegrin (D)
domains

After sequence alignment, the best score was obtained for the
aggrecan-cleaving proteases ADAMTS4 (E=4.3x10"33) and
ADAMTS5 (E=2.5x10723) and for the anti-angiogenic protease
ADAMTS1 (E=25x10"2") (see Fig. 2). The chain ®Ala-Ser®’3,
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Fig. 2. Structure-based alignment of ADAMTS13 with ADAMTS-1, -4, and -5. The alignment was carried out using the “Align” tool in MOE. The symbols under the aligned sequences
indicate identity (*), or high (:) and low (.) similarity of the amino acids, according to their physico-chemical properties. Helical segments are colored in cyan, while 3-strands are in
magenta. For ADAMTS13, the predicted secondary structure segments are underlined. Highly conserved residues located outside the helical or 3-sheet structures are colored in gray,

while Cys-residues are in yellow. The amino acids forming the CaBS-I are colored in light green, while those in the CaBS-1I are in dark green. The Zn*?

-chelating amino acids in the

active site are boxed in red, while those forming the “Met-turn” are boxed in black. Sequence and secondary structure elements were deduced from the SwissProt and Protein Data
Bank. ADAMTS1: Q9UHIS, 2jih_A. ADAMTS4: 075173, 2rjp_A. ADAMTS5: Q9UNAO, 3b8z_A. ADAMTS13: Q76LX8. Of note, the peptide segment comprising a5-helix, in ADAMTS13

is predicted to assume a nonregular conformation.
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encompassing the M and D domains of ADAMTS13 (MD13), was then
modeled on the low-resolution (i.e., 2.8 A) structure of MD4, (2rpj_A)
[20] (Fig. S1). MD13 sequence “®Ala-Ser>”* displayed 32.5% sequence
identity with MD4 sequence 2'“Ala-His>*%. However, a better stereo-
chemistry was obtained when the 7®Ala-Asp?®* chain, encompassing
the M13 domain, was modeled on the structure of ADAMTS5
metalloprotease domain (M5) (3b8z_A) [21], solved at 1.4-A resolution
(Fig. 3). M13 sequence "®Ala-Asp?®* displayed 26.8% sequence identity
and 38.3% sequence similarity with M5 sequence 2%‘Ser-Asp*’“. The
structural organization of M13 resembles the a/p structure typical of
the metzincins family, with a shallow active-site cleft located at the
interface between a major “upper” domain and a small “lower” domain
(Fig. 3A) [28,29]. The modeled structures can be easily superimposed to
those of MD4 or M5 templates, showing variability only in the
peripheral loop regions (Fig. S1). Significant differences exist in the
L33p4-loop, where a disulfide bond is missing in ADAMTS13, and in the
peptide segment downstream of a4-helix, which assumes a non-
regular conformation in M13 whereas it is helical in other ADAMTS
structures (Fig. 2 and Fig. S1). Evaluation of the stereochemical quality
of the models reveals that essentially no clash is present in the model
structures and that most of the amino acids occupy low-energy side-
chain and backbone conformations, as shown in Fig. S2 (Supplementary
Materials).

In the M13 sequence the zinc-binding consensus motif of
metzincins family (HEXXHXXGXXH) is totally conserved (Fig. 2)
and the catalytic zinc ion is tetrahedrically coordinated by the Ne2
atoms of the three His-residues and by a catalytic water molecule,
which is polarized by Glu225 and is involved in the nucleophilic attack
at the scissile bond of the peptide substrate (Fig. 3B) [28,29]. The chain
then continues with the Met-turn (His247-Ala250), containing an
absolutely conserved methionine (Fig. 2) at position 3 that forms a

Cys242

hydrophobic base beneath the catalytic Zn"2 and is responsible for
the structural integrity of the zinc-binding site in metzincins [30]. As
shown in Fig. S1, downstream of at6-helix the chain wraps around the
back of the M domain and then returns to the front side to form the
smaller disintegrin-like D domain (i.e. sequence 2°°Ala-Ser3”3),
which seems to restrict accessibility to the S1’ site. The D domain
has a unique fold of two consecutive a-helices and two short 3-sheets
(Fig. S1C) stabilized by four conserved disulfide bonds (see Fig. 2).
Notably, the modeled D13 structure is largely superimposable to that
of the corresponding D domain in the crystallographic structure of the
non-catalytic ADAMTS13 domains (3ghm.pdb) [31], except for the
340A5p-Leu®° region. Excluding the latter segment, the rmsd value
drops from 1.0 to 0.7 A.

From the conservation of the Cys-residues in ADAMTS family
(Fig. 2) and in the absence of direct chemical determination of
disulfide connectivities in M13, it can be predicted that three of the
four disulfide bonds present in the three-dimensional structure of M1,
M4, and M5 are also formed in M13 (Fig. 3A), whereas the S—S bond
in the L334 loop is missing, as already observed in ADAMTS-2, -3 and
-14. In our model, the disulfide Cys155-Cys208 connects a3-helix to
35-strand in the central 3-sheet, while Cys242-Cys265 in the “lower”
domain helps to stabilize the active site and the “Met-turn”. Finally,
the third disulfide Cys202-Cys281 links the L34p5 loop to the chain
segment connecting the M and D domains, thus strengthening the
interactions between the “upper” and “lower” domain.

The structure-based alignment of M13 with other members of
ADAMTS family shows that most of the amino acids involved in the
CaBSs of M1, M4 and M5 are also conserved in M13. Hence, two
putative calcium binding sites, CaBS-I and CaBS-II, can be identified
in M13 (Fig. 3C,D). Our model (Fig. 3C) shows that CaBS-I can
accommodate two Ca™2 ions and is formed by highly conserved

CaBSdl

Fig. 3. (A) Structural organization of ADAMTS13 metalloprotease domain (M13). The model was obtained by homology on the M5 structure (3b8z_A). 3-strands are colored
magenta, helices are in cyan, and disulfide bridges are yellow; the catalytic zinc (green) and the calcium ions (orange) are also shown. (B-D) Close-up view of the catalytic and
calcium binding sites. (B) The Zn™ 2-binding motif is structurally conserved and the catalytic zinc ion is tetrahedrically coordinated by His224, His228 and His234, and by a catalytic
water molecule that is polarized by Glu225 for nucleophilic attack. (C) CaBS-I is contributed by the carboxylates of Glu83 (31-strand), Asp166 and Asp173 (La3(33 loop), and Asp284
(connector loop), and by the carbonyl oxygen-atoms of Asp166 (La3[33 loop) and Cys281 (connector loop). (D) CaBS-Il is contributed by the carboxylates of Asp182 and the carbonyl
oxygen-atoms of Leu183, Arg190 and Val192 in the L334 loop, and by the carboxylate of Glu212 in the p5-strand. The salt bridge possibly forming between Glu184 and Arg190 is
indicated by a dashed line (green). Ribbon drawing was generated using the program PyMol (DeLano Scientific LLC, CA).
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amino acids in the La3R3 loop, the p1-strand, and the connector loop
downstream of a6-helix (Fig. 2). At variance with CaBS-I, CaBS-II is
adjacent to the active site and binds a single Ca™2 ion (Fig. 3D). It is
contributed by Asp182, Leu183, Arg190 and Val192 in the L3334 loop,
and by Glu212 in the B5-strand. Of these, only Asp182, Leu183 and
Glu212 are conserved in ADAMTS family (Fig. 2). As already
mentioned, the disulfide bond that in other ADAMTS cross-links the
L33p4 loop, is missing in ADAMTS13. Nevertheless, the two bridged
cysteines are replaced by Glu184 and Arg190, which in our model
form a salt-bridge and thus may help to stabilize the L3334 loop and
CaBS-II (Fig. 3D).

3.2. Validation of M13 model by experimental data

Our model was successfully validated against the effect that all
known artificial and natural mutations in the M13 sequence have on
the proteolytic activity of ADAMTS13. In particular, artificial muta-
tions are localized in the calcium-binding site 11 [32,33] (Figs. 4 and 5),
whereas natural mutations are distributed throughout the metallo-
protease domain (Table 1 and Figs. 4 and 6) causing mild to severe
symptoms of congenital thrombotic thrombocytopenic purpura
(TTP), a genetic disease characterized by reduced proteolytic activity
of ADAMTS13 and accumulation of UL-vWF species [11]. Finally, the
effect of mutations on the energetics of M13 mutants was estimated
using the Fold-X force field (Fig. 7) and correlated with the severity of
clinical manifestation of TTP.

3.2.1. Artificial mutations in M13 calcium-binding sites (CABSs)

Our model is consistent with recent biochemical and mutagenesis
studies indicating that ADAMTS-13 contains two calcium binding
sites, CaBS-1 and CaBS-II [32,33]. In particular, CaBS-I is a low-affinity

R102C
1178T

E212A
R190A
D187A

R193W, R193A

~‘ < 'rll',t

- I‘;@'/ H234Q
" “E’, 7 R119F/A
. D235H

§263C

R268P

Fig. 4. Artificial (blue labeled) and natural (black labeled) mutations in ADAMTS-13
metalloprotease domain. The effect of natural mutations in ADAMTS13 gene are
reported in Table 1. Helical and B-sheet secondary structures are colored in cyan and
magenta, respectively. Disulfide bridges are in yellow, while calcium and zinc ions are
in orange and green, respectively. The side chains of the catalytic His224, His228,
His234 and Glu225 are also shown.

Fig. 5. M13 model: close-up view of the hydrogen bond network involving Asp187
(A) and ionic interactions in CaBS-II (B). Hydrogen bonds are indicated by dashed lines
(green), while calcium ions and disulfides are in orange and yellow, respectively.

site, contains two Ca™* 2 jons and mainly exerts a structural role; CaBS-
11, instead, binds only one Ca™2 ion, has high affinity for calcium and
plays a functional role, likely by opening the S1/S1’ sites for substrate
binding [32]. The model also shows that (at variance with CaBS-I)
CaBS-II is stabilized by a network of ionic interactions within the
L3R4 loop or between this loop and nearby regions of the enzyme.
These interactions help to stabilize the L3334 loop and orient the side-
chains of the chelating amino acids in the right conformation for
calcium binding. Single-point mutations of selected amino acids with
Ala in CaBS-II indicate that: 1) mutation of Asp187, Arg190, Arg193 or
Glu212 markedly decreases Ca™? binding affinity and protease
activity by 2-10 fold; 2) Glu184Ala exchange, instead, only moder-
ately reduces the affinity for calcium and does not appreciably affect
ADAMTS-13 function [32,33]. As discussed in the following, our model
provides convincing structural interpretation of these results (Fig. 5).

Asp187Ala The carboxylate of Asp187 in the L334 loop, shaping
the S1 site, is hydrogen bonded to Asn146 and Thr148 in the N-
terminal region of a3-helix, thus contributing to stabilize the S1 site.
Therefore, disruption of these hydrogen bonds by Ala-mutation is
expected to decrease Ca™? affinity and thus optimal proteolytic
function (Fig. 5A).

Glu212Ala Glu212 is directly involved in Ca™? binding and
therefore the mutation of this residue with Ala can be easily predicted
to alter both protease structure and function (Fig. 5B).

Arg190Ala Arg190 forms a salt bridge with Glu184, thus helping to
stabilize the L3334 loop, shaping CaBS-II. Furthermore, Arg190 is also
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Arg102Cys

ValgsMet

Ser119Phe

Fig. 6. M13 model: close-up view of the chemical environment surrounding selected amino acids that are mutated in ADAMTS13 gene of TTP patients.

electrostatically coupled to Asp182 in the coordination shell of Ca*2.
Hence, Arg — Ala exchange can be safely predicted to destabilize the
L33p4 loop, with a resulting decrease of Ca™ 2 affinity and proteolytic
activity. Our model also reasonably explains why Glu184Ala mutation
reduces calcium affinity by only 3-fold and does not appreciably affect
ADAMTS-13 function [32,33]. In fact, the lack of Glu184 disrupts the
surface exposed salt bridge Glu184-Arg190, but does not impair the
possibility for Arg190 to favorably interact with Asp182 in the
coordination shell, without altering the conformation of CaBS-II
(Fig. 5B).

Arg193Ala Arg193 is salt bridged to Glu212 in the coordination
shell of Ca*? and to Asp217 in the N-terminal region of a4-helix,
containing the catalytic amino acids His224, Glu225 and His228.
Therefore, Arg193Ala exchange is expected to destabilize the
electrostatic link connecting CaBS-II to the active site, thus explaining
the lower proteolytic efficiency of the mutant enzyme [33] (Fig. 5B).
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R268P
§263C < 1
A2507 - —
D235H o 1
H234Q
L232Q
S203P

T19861
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Per Cent AAG/AAG 5,

Mutations

Fig. 7. Relative stability of M13 mutants calculated with the Fold-X force field. The
conformational stability of each mutant (AAG = AGM — AGT) is expressed as the per
cent variation with respect to AAGpax, calculated for the R193W mutant. Mutations
causing mild, moderate, or severe clinical manifestations of TTP are shown in white,
light gray and dark gray, respectively. A positive value of AAG/AAGn.x indicates
destabilization induced by mutation. For the R102C mutant, where the mutated amino
acid is at the interface between the M and D domain, calculations were carried out on
the modeled MD13 structure.

3.2.2. Natural pathogenic mutations of M13

Ile79Met Based on the reduced ADAMTS-13 activity of plasma from
selected TTP patients, this mutation has been proposed as causative of
the disease [34]. From our model, however, lle79Met mutation does
not seem to have dramatic consequences neither on the enzyme
structure nor function. Ile79 is, in fact, located in the N-terminal
region of the metalloprotease domain, on the protein surface and
quite distant from the active site. Notably, this mutation has been
found in association with the Arg268Pro mutation, which is well
known to abolish protease activity by itself (Table 1) [42,47]. In this
view, the hypothetical modest effect of lle79Met mutation would be
masked by the deleterious effect of Arg268Pro mutation (Fig. 4).

Val88Met Val88 is located at the C-terminal end of 31-strand, at
about 20 A distance from the catalytic site, and buried in the protein
core. Modeling Val — Met exchange suggests that it is difficult, if not
impossible, to accommodate Met without severe clashes. In fact, the
longer Met side-chain clashes against Val92 in ac1-helix or Thr100 and
Val104 in a2-helix, which is tightly packed with the “catalytic” a4-
helix and the Lada5 loop, shaping the S1’ site. Hence, the
perturbation introduced by Val — Met exchange might be transmitted
long-range to the active site, with a moderate decrease of catalytic
function [35,36] (Fig. 6A).

His96Asp His96 is located at the C-terminal end of a1-helix; it is
hydrogen bonded to Asp213 in the L35a4 loop and stacked onto the
aromatic ring of Tyr103 in a2-helix, which also makes a hydrogen
bond with Asp213. Hence His96Asp mutation is expected to affect
M13 structure and severely decrease function [37] by 1) introducing a
strong electrostatic repulsion with Asp213 that may alter the correct
packing of a2 and o4 helices, 2) destroying the energetically
favorable His96-Tyr103 aromatic-aromatic interaction [48], and 3)
introducing an unfavorable charge-helix dipole interaction [49]
(Fig. 6B).

Arg102Cys Arg102 is located at the N-terminal region of a2-helix,
facing the D domain. Arg102 in the native M13 structure stabilizes a
negative cluster formed by Glu101, Asp99, and Glu98. Therefore,
replacement of a positive amino acid like Arg with a neutral amino
acid like Cys is expected to strongly destabilize M13 and to possibly
weaken the interactions between the M and D domains, with a
resulting decrease of proteolytic function [37] (Fig. 6C).

Ser119Phe and Ser119Ala Our model suggests that the — OH group
of Ser119 in the La:232 loop makes two hydrogen bonds with the
amide -NH group of Trp262 in the Loda5 loop and with the


image of Fig.�6
image of Fig.�7

8 N. Pozzi et al. / Biophysical Chemistry 160 (2012) 1-11

carboxylate of Asp117 at the C-terminal end of a2-helix. Trp262 is
absolutely conserved in ADAMTS family (see Fig. 2) and forms a
hydrophobic floor at the bottom of the S1’ site. Hydrogen bonding of
Ser119 with Asp117 locally stabilizes the protein structure by
alleviating unfavorable charge-helix dipole interaction [49]. The loss
of these hydrogen bonds might alter the local conformation of the S1’
site with a resulting moderate decrease of protease activity [38,39].
That alteration of hydrogen bonding is the major cause of the
deleterious effect of Ser119Phe mutation is also supported by the fact
that the side-chain of Phe can be modeled without major clashes and,
more importantly, by the reduced proteolytic activity of the artificial
Ser119Ala mutant [39] (Fig. 6D).

lle178Thr 1le178 is located in the B3-strand, behind the catalytic
a4-helix, in a highly apolar environment formed by Val88 (P1-
strand), Val104 (a2-helix), Lue176 (PB3-strand), and Leu218 (a4-
helix). The replacement of Ile with a more polar and smaller residue
like Thr destabilizes the native M13 structure, and thus strongly
decreases protease function [40], not only by weakening hydrophobic
interactions, but also by creating an uncompensated cavity that may
alter the precise side-chain packing in a “hot” region nearby the
catalytic site (Fig. 4).

Arg193Trp At variance with the artificial Arg193Ala mutation, that
was found to reduce ADAMTS13 activity by only 4-fold [33], Arg — Trp
exchange completely abolished enzyme activity [41]. As for
Agr193Ala, Argl93Trp exchange disrupts ionic interactions that
Arg193 counteracts in CaBS-II. In addition, the bulky Trp side-chain
further alters side-chain packing in CaBS-II, enhances the hydrophobic
surface that becomes exposed to the solvent, and (partially) occludes
entrance of the S1’ site (Fig. 5B).

Thr196lle Our model suggests that Thr196 side-chain in the 4-
strand may help, via hydrogen bonding, to correctly position Glu225 for
catalysis. Upon Thr196Ile mutation, this interaction is lost and the C51
methyl of Ile clashes against the backbone carbonyl oxygen of the
catalytic Glu225 and the imidazole ring of the catalytic His228. These
changes are expected to alter the stereochemistry of the catalytic site in
ADAMTS13, thus explaining the strong decrease of proteolytic function
[37] (Fig. 6E).

Ser203Pro Ser203 is solvent exposed in the L3435 loop, precedes
the conserved Pro204 and follows the conserved disulfide bridge
Cys202-Cys281 connecting the “upper” and “lower” domains (Fig. 3).
The presence of a sterically constrained —Pro-Pro- sequence is likely to
perturb the conformation of L3435 loop and impair correct position-
ing of the disulfide bond Cys202-Cys281 and a6-helix lying beneath
the catalytic site. The backbone geometry of Ser203 in our model
structure (b: —156°, ¢: +71°) is indeed not compatible with the
preferred conformation of Pro, with s centered at + 145° [49]. Hence,
it is conceivable that local perturbations introduced by Ser — Pro
mutation can be transmitted long-range to the active site with a
resulting deleterious effect on ADAMTS13 function [34,42] (Fig. 4).

Leu232GIn Leu232 follows the catalytic a4-helix between His228
and His234, is adjacent to the active site and is buried in a hydrophobic
environment formed by Phe230 (a4-helix) and the conserved Met249
(Met-turn) and Trp262 (Lada6 loop). In other ADAMTS family
members, the position equivalent to Leu232 is always an apolar amino
acid (i.e, Leu, Ile, or Met). The strong decrease of enzymatic activity of
the Leu232GIn mutant [43] can be explained considering that
replacement of Leu with the longer and more polar GIn may alter the
hydrophobic packing in a key region for catalysis (Fig. 4).

His234GIn His234 chelates the catalytic zinc ion and is highly
conserved throughout the metzincin family. As expected, mutation of
this residue with an amino acid like Gln, having different structural
and chemical properties, almost abrogates ADAMTS13 catalytic
efficiency [44] (Fig. 4).

Asp235His and Ser263Cys Asp235 in the Lada6 loop follows the
catalytic His234 and is highly conserved in the ADAMTS family (Fig. 2).
Our model shows that Asp235 is shielded from the solvents and, rather

surprisingly, its side chain points in the protein interior. Besides
Asp235, other conserved polar amino acids nearby are buried in the
protein structure (i.e., Ser263 and Ser266). Clearly, the burial of an
uncompensated charge would be highly destabilizing [49]. However,
the crystallographic structures of ADAMTS-1, -4, and -5 reveal that the
buried Asp is hydrogen bonded with two conserved Ser/Thr residues, at
positions equivalent to those occupied by Ser263 and Ser266 in M13,
and with at least one buried structural water molecule. Perhaps,
Asp — His mutation displaces the structural water molecule, likely
present also in the M13 structure, but does not disrupt the hydrogen
bond network linking La4a6 loop to the rest of the protein. This
conclusion is consistent with clinical data showing that Asp235His
exchange is associated with only mild clinical manifestation of TTP [45]
(Fig. 4).

Similar considerations hold for the Ser263Cys substitution, at the
beginning of the a6-helix, associated with mild clinical symptoms of TTP
[43]. Our model predicts that this mutation does not perturb neither
M13 structure nor function because the bulkier Cys-residue can be
snugly accommodated at the mutation site.

Ala250Val Ala250 is located at the fourth position of the highly
conserved Met-turn in the Lada6 loop, at the mouth of the S1’ site
and preceding the structurally important Met249 [30] (Fig. 4 and Fig.
6F). Ala250Val mutation is predicted to dramatically decrease
ADAMTS13 catalytic efficiency primarily by restricting accessibility
of the S1’ site to substrate binding and secondarily by altering Met-
turn conformation [46]. With respect to the latter point, the backbone
geometry of the amino acid corresponding to Ala250 in ADAMTS-1, -4,
and -5 (average dihedral angles: & —59°4+1, ¢ +140°+5) is not
compatible with the minimum energy conformation of Val (i.e., ¢:
—90° : +100°) [50] (Fig. 6F).

Arg268Pro Arg268 is located in the middle of a6-helix and helps to
stabilize the active site conformation by forming a key salt bridge with
Glu233, preceding the catalytic His234. Clearly, Arg— Pro exchange
impairs salt-bridge formation and disrupts o:6-helix, as expected form
the known helix-breaking properties of proline [49]. These changes
can dramatically alter the structure of the “lower” domain, contrib-
uting to the active-site, and easily explain how Arg268Pro mutation
abrogates ADAMTS13 function [42,47] (Fig. 6G).

3.2.3. Effect of natural mutations on the energetics of M13 structure

The analysis reported above suggests that natural mutations found
in TTP patients can variably destabilize the folded structure of M13,
which therefore might undergo conformational transitions toward
new, less active conformations. Even in the absence of gross structural
changes, however, destabilization of the native state per se is expected
to affect the energetics of enzyme catalysis [51].

Here, the effect of mutations on the conformational stability of the
modeled M13 structure was estimated using the Fold-X empirical
force field, a widely used program based on experimental free energy
data [25]. The free energy of folding (AG=Gy—Gy) is calculated
between the structure of the native form and that of a hypothetical
unfolded reference state for which no structural detail is available. For
this reason, significant error is introduced in the Fold-X predictions of
absolute AG values. Nevertheless, higher accuracy is achieved when
the free energy difference is calculated between a mutant and the
wild-type protein (AAG=AGM—AG"“T). As expected, the data
shown in Fig. 7 indicate that all mutations destabilize the folded
M13 structure, compared to the wild-type enzyme, and that this
relative destabilization favorably correlates with the decrease of
proteolytic efficiency of M13 mutants and with the severity of TTP
(see Table 1), in the sense that mutations associated with mild or
moderate clinical manifestations of TTP have relative AAG values
lower than those mutations associated with severe TTP. For the amino
acid exchanges D235H and S263C, Fold-X predicts a destabilization
higher than that expected from the mild symptoms that the mutations
cause in TTP patients. This apparent discrepancy can be explained
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considering that, as discussed above, both substitutions might affect
binding in the protein core of a buried water molecule, which is not
taken into account in Fold-X calculations.

3.3. Modeling ADAMTS13-vWF interaction

3.3.1. Docking wild-type VWF(1604-1607) into M13 active site

The cleavable !6%%val-Tyr-Met-Val'®%? segment of VWF A2
domain, VWF(1604-1607), was manually docked into M13 binding
cleft (Fig. 8). As already observed with metzincins and matrix
metalloproteases (MMPs), the stereochemistry of the active site in
the M13 model entails that peptidyl substrates bind in an extended
conformation [28,29] (Fig. 2). This assumption is experimentally
supported by the fact that (partial) unfolding of A2 domain is a pre-
requisite for ADAMTS13 cleavage [3,7]. p4-strand forms the upper rim
of the active-site crevice and binds the peptide backbone in an
antiparallel B-like structure (Fig. 8A), from left (N-terminal non-
primed side) to right (C-terminal primed side), while the L3334 loop
contributes to the CaBS-II and protrudes from the protein surface with
a bulge-like structure, whose wide concave face shapes the S1 site.
Similarly to other metzincins, substrate specificity is principally
determined by the S1’ site, a deep hydrophobic cavity contributed
by specific amino acids in the La4a6 loop (Val248-Pro256), in the N-
terminal region of a4-helix (Val220, Thr221 and Ala223), and in the
C-terminal end of a2-helix (Leu114), while the conserved Trp262
(Fig. 2) forms the hydrophobic floor of the cavity.

Docking was carried out using as a starting template the high-
resolution structure of MMP12 bound to a peptidyl substrate derived

Fig. 8. M13-vWF interaction. (A) Docking of the vVWF peptide '®*4Val-Tyr-Met-Val'®"7
into M13 active site. The protease surface is in gray; the regions comprising the S1 and
S1’ site are colored green and blue, respectively, while the active site (AS) is in red. The
ligand peptide is represented in stick (carbon, magenta; nitrogen, blue; oxygen, red;
sulfur, yellow). (B) Close-up view of the interaction of the ligand peptide with M13
active site. The side chains of His224, His228, His234 and Glu225 in the active site are
indicated; the zinc ion (green) and the catalytic water molecule (red) are also shown.

from a1 collagen chain [26] (see Methods and Fig. S3). On the
nonprimed side, Val1604 at P2 harbors Leu198 in the [34-strand and
His228 in the catalytic site, while the carbonyl oxygen of Tyr1605 at
P1 chelates the zinc ion (Fig. 8B). Of note, the aromatic side chain of
Tyr1605 contacts the wide and accessible cavity of the S1 site on the
protease surface. On the primed side, Met1606 at P1’ easily penetrates
with its long side chain into the deep and apolar S1’ pocket, making
numerous van der Waals contacts with Ala250 and Asp251 backbone
atoms in the Lada6 loop, with Val220 and Thr221 in the a4-helix, and
with His224 in the catalytic site (Fig. 8B). Notably, the polarizable Sy
of Met1606 contacts the aromatic ring of His224 in an energetically
favorable interaction [48], that might contribute to strengthen vVWF-
ADAMTS13 complex. Finally, Val1607 at P2’ points toward the convex
surface of the L334 loop, shaping the S2’ site.

3.3.2. Docking VWF(1604-1607)/Met1606MetSO analog into M13 active site

The structure of M13 complexed to the peptide VWF(1604-1607)
containing the substitution Met1606 — MetSO, vWF(1604-1607)/
Met1606MetSO, is shown in Fig. 9A. Although oxidation of Met to
MetSO only slightly increases the side-chain volume by only 6-8 A3, it
dramatically alters its physico-chemical properties in terms of hydro-
phobicity, polarizability and conformational propensity. Indeed, oxida-
tion of Sy converts a hydrophobic amino acid like Met (logP =2.33) into
a polar amino acid like MetSO (logP = —1.04) [52]. Hence, considering
the apolar nature of the protease S1’ site and that of the VWF substrate
segment '"9°QAPNLVY-MVTGNPA'6'2, Met —MetSO exchange is
expected to hinder productive binding of vVWF to ADAMTS13 predom-
inantly by weakening hydrophobic interactions. Next, the electrophilic
0Od-atom of MetSO abrogates the polarizable character of Met Sy-atom
[53], thus disrupting the stabilizing Met-His interaction previously
highlighted. Finally, due to the tetrahedral geometry of Sy-atom, Met
oxidation produces a mixture of (R)- and (S)-MetSO diastereomers. The
structure of M13-vWF complex clearly shows that the (R)-MetSO isomer

Fig. 9. Close-up view of the docking model of M13 with vVWF(1604-1607) peptide
segment, %94Val-Tyr-Met-Val'®®’, containing the mutation Met1606MetSO (A) or
Val1607Asp (B). Notably, the MetSO Ob-atom clashes against the imidazole ring of
His224 (panel A), while the negatively charged Asp-residue at position 1607 of vVWF
(panel B) harbors the positive Arg193 in the L{33(4 loop of M13, thus strengthening
ADAMTS13-vWF interaction.
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can be easily accommodated in the S1’ site, whereas the O6-atom of the
(S)-MeSO isomer clashes against the imidazole ring of the catalytic
His224 (Fig. 9A), thus hindering substrate binding to the proteases active
site.

Analysis of M13-vWF interaction by the AMBER-99 force field [24]
gives a difference in the free energy change of binding (AAG, = AGY* —
AGY'T) between the oxidized and unmodified VWF(1604-1607) of
2.0 kcal/mol, corresponding to a 30-fold decrease in the affinity for M13
at 25 °C. This value compares favorably with kinetic data showing that
Met oxidation almost abrogates cleavage of VWF-74 [17,18] and that
Met1606 — Ala exchange reduces cleavage of VWF-115 by 15-18 fold
[33].

3.3.3. Docking vVWF(1604-1607)/Val1607Asp analog into M13 active site

Val1607Asp substitution at the substrate P2’ site has been
identified as one of the key mutations of VWF in type 2A von
Willebrand disease (T2A-VWD) [12,13], a common inherited human
bleeding disorder characterized by loss UL-vWF polymers and
hemorrhagic diathesis [12]. Notably, the recombinant Val1607Asp
vWF mutant is cleaved by ADAMTS13 more efficiently than the wild-
type protein [13]. Visual inspection of the A2 domain structure (3gxb)
[54] reveals that Val1607 is buried in a hydrophobic environment,
containing a structural water molecule that might favorably interact
with Asp1607 in the vVWF mutant. Our model (Fig. 9B) strongly
suggests that, upon shear-induced unfolding of VWF A2 domain and
exposure of the cleavable segment [3], Asp1607 can electrostatically
couple with Arg193 nearby in the L3334 loop of the protease to form a
stabilizing salt bridge, thus strengthening M13-vWF interaction and
accelerating vVWF hydrolysis.

4. Conclusions

Despite its key role in hemostasis and its involvement in different
thrombotic or hemorrhagic diseases, the crystal structure of
ADAMTS13 still awaits experimental determination, while only the
structure of some non-proteolytic C-terminal domains is available
[31]. Using homology modeling techniques, here we generated the
structure of ADAMTS13 metalloprotease domain, M13. The final
model was validated against all known mutations found in M13
sequence (Table 1), variably affecting proteolytic function and
representing a natural protein engineering system useful for studying
structure-activity relationships in ADAMTS13. In all cases, simple
visual inspection of the model allowed us to easily explain the
observed functional changes on the basis of the structural perturba-
tion introduced upon mutation. Thereafter, we manually docked the
VWEF(1604-1607) peptide segment into the protease active site and
demonstrated that the higher resistance of oxidized VWF to
proteolysis by ADAMTS13 is mainly caused by a reduced binding
affinity of the substrate, due to loss of hydrophobic and specific Met-
His interactions as well as to steric hindrance introduced upon Met
oxidation. Interestingly, our model also provided reasonable struc-
tural basis for explaining the hemorrhagic effect of VWF Val1607Asp
mutation found in T2A-VWD. With respect to this point, our docking
model may be also useful for designing (peptide-based) inhibitors
with potential pharmacological applications in hemorrhagic diseases
related to enhanced proteolysis of VWF by ADAMTS13 (e.g., T2A-
VWD).
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