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ABSTRACT

Von Willebrand Factor (VWF), a 300-kDa plasma protein key to homeostasis, is cleaved at a single site
by multi-domain metallopeptidase ADAMTS-13. vVWF is the only known substrate of this peptidase, which
circulates in a latent form and becomes allosterically activated by substrate binding. Herein, we characterised
the complex formed by a competent peptidase construct (AD13-MDTCS) comprising metallopeptidase (M),
disintegrin-like (D), thrombospondin (T), cysteine-rich (C), and spacer (S) domains, with a 73-residue
functionally relevant vVWF-peptide, using nine complementary techniques. Pull-down assays, gel electrophoresis,
and surface plasmon resonance revealed tight binding with sub-micromolar affinity. Cross-linking mass
spectrometry with four reagents showed that, within the peptidase, domain D approaches M, C, and S. S is
positioned close to M and C, and the peptide contacts all domains. Hydrogen/deuterium exchange mass
spectrometry revealed strong and weak protection for C/D and M/S, respectively. Structural analysis by multi-
angle laser light scattering and small-angle X-ray scattering in solution revealed that the enzyme adopted highly
flexible unbound, latent structures and peptide-bound, active structures that differed from the AD13-MDTCS
crystal structure. Moreover, the peptide behaved like a self-avoiding random chain. We integrated the results
with computational approaches, derived an ensemble of structures that collectively satisfied all experimental
restraints, and discussed the functional implications. The interaction conforms to a ‘fuzzy complex’ that follows
a ‘dynamic zipper’ mechanism involving numerous reversible, weak but additive interactions that result in strong
binding and cleavage. Our findings contribute to illuminating the biochemistry of the vVWF:ADAMTS-13 axis.

INTRODUCTION

Von Willebrand factor (vWF) is a large, abundant multimeric plasma protein mediating blood
homeostasis [1, 2]. It is synthesized by endothelial cells and megakaryocytes as a polyglycosylated 2813-residue
multi-domain pre-pro-protein with a signal peptide, a pro-region, and a mature region. The latter encompasses
domains D’-D3-A1-A2-A3-D4-C1-C2-C3-C4-C5-C6-CK [3] and is secreted into the blood as multimers ranging
from dimers to ultra-large ~100-mers (ULVWEF). These particles possess potent haemostatic activity and are
attached to the endothelium at sites of vascular injury as VWF strings that bridge the subendothelial collagen
matrix and receptor complex GPIb-IX-V on the surface of platelets to set off plug formation [2, 4]. Under
homeostatic conditions, ULVWEF is specifically processed to smaller multimers with lower adhesive activity by
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metallopeptidase (MP) ADAMTS-13 (Fig. 1a), for which VWF is the only known substrate [5-8]. Impaired
ADAMTS-13 function leads to excess VWF activity, which induces thrombi due to aberrant agglutination of
platelets in the absence of vascular lesions (Fig. 1a) [2, 9]. Thrombi cause ischaemic stroke, myocardial
infarction, thrombotic thrombocytopenic purpura and pulmonary embolism, among other cardio- and
cerebrovascular conditions, which collectively are responsible for one in four deaths worldwide [10-14]. By
contrast, excessive processing of VWF leads to the bleeding disorders Heyde’s syndrome and von Willebrand
disease [15-19].

A oottt Figure 1 — Physiological function
RN of von Willebrand factor, protein
e (3 production and purification,
(S reverons 13 l@~ binding studies, and biochemical
@B roresronnts s assays. (A) Scheme depicting one
Q@ ronactiaies it o8 function of VWF in the circulation.
Actvated platele o (Left panel) Under homeostatic
(FRRERERERERURNRNR uLvwr @ Cond!tlons’ ULVWF muItlmers in
solution or strings are processed by
ADAMTS-13 (@ and @), which
transits from a latent to an active
conformation  upon  substrate
binding (@). This creates smaller
VWF multimers (@) with lower
adhesive and thrombogenic activity.
(Right panel) When ADATMS-13
activity is impaired or deficient,
thrombogenic ULVWFs multimers
accumulate, which favours the
activation of platelets (®) and
augments circulating thrombi (®).
- (B) SDS-PAGE of pure AD13-
- , = A MDTCS-E?%Q (left) and AD13-
y fiii\ MDTCS (right). (C) SDS-PAGE of
\ , [ \= |\ pure VWEF-strep-peptide (right) and
[ T (I ‘ VWF-peptide (left). (D) (Top panel)
(— \ i/ Pull-down assay of VWF-strep-
' : = y*“\\ peptide (lane 1) and AD13-
E— R - o e e s B W MDTCS-E??°Q (lane 2). The
peptide was anchored to the resin
until saturation (lane 3; FT, flow through) and washed (lane 4, washing step W1). The peptidase was passed through the column several
times (lane 5; FT, flow through), and the resin was extensively washed (lane 6, washing step W2). The complex was then eluted with
biotin-containing buffer (lanes 7-9, steps E1-E3). (Bottom panel) Western blotting of the above gel on which the VWF-strep-peptide was
detected with a streptavidin antibody. (E) (Top panel) Coomassie-stained native PAGE of AD13-MDTCS-E?%Q (lane 1) and fluorophore-
labelled vWF-strep-peptide (lane 2), as well as incubation of both molecules at three peptidase:peptide molar ratios (lanes 3-5). (Bottom
panel) The previous gel before staining visualized in a fluorescence imaging device to show fluorophore-labelled vVWF-strep-peptide in
the high-molecular-weight bands in complex with the peptidase. (F) VWF-strep-peptide (lane 1) was incubated with AD13-MDTCS-
E??°Q (lane 2), AD13-MDTCS (lanes 3-5), or AD13-MDTCS plus EDTA (lane 6) according to markers (lane 7). The peptide was
cleaved after 10 min by active AD13-MDTCS but not in the other reaction mixtures. (G) SPR sensorgrams of the interaction of AD13-
MDTCS-E??°Q as analyte and vVWF-strep-peptide as anchored ligand. Curves from a multi-cycle run at analyte concentrations between
20 nM and 625 nM are depicted, from which the kinetic equilibrium dissociation constant (Ko = 1.42x107 M) was determined. (H) Plot
of the steady-state response values of (G). The vertical line corresponds to the equilibrium dissociation constant (Ko = 1.50x107 M). (1)
SEC-MALLS chromatograms of vVWF-strep-peptide (red curve) and the AD13-MDTCS-E?°Q:vWF-strep-peptide complex (blue curve),
which reveals an excess of peptide (right peak). The respective experimental molecular masses (in kDa) are indicated. The theoretical
mass values of the peptide and the complex are 11.2 A and ~89 A (incl. ~10 kDa glycans), respectively.
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ADAMTS-13 is a soluble 1398-residue multi-domain protein containing a catalytic domain (domain M,
residues A”>~A2%; numbering in superscript according to UniProt [UP] entry Q76LX8). It is preceded by a signal
peptide and a pro-domain (P*-R7) that is removed by furin-type cleavage [20]. In contrast to most
metallopeptidases [21], the pro-domain is not required for latency [20]; instead, the unbound enzyme is inactive
and only becomes allosterically activated by substrate binding [22, 23]. This latency explains the long half-life
of ADAMTS-13 of up to a week in the circulation [24]. The M domain contains the characteristic zinc-binding
consensus motif of metzincin MPs (H??*-E-X-X-H-X-X-G-X-X-H*4) for metal binding and catalysis [25], and
mutation of the general base glutamate to glutamine (E??°Q) renders the enzyme incapable of cleaving VWF [26].
The M domain is followed by a disintegrin-like domain (D; G**-P37), a thrombospondin-type 1 repeat (T; 138
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E*%), a cysteine-rich domain (C; K*°—C5%%), a spacer domain (S; S°°-P%?2) a further seven T-like repeats, and
two C-terminal CUB domains [23, 27, 28].

Cleavage of VWF by ADAMTS-13 occurs within domain A2 (D14gs—Viess; VWF residue numbers in
subscript according to UP P04275), exclusively at the Y1ss—Mus0s boONd [29]. Notably, the crystal structure of
isolated A2 reveals a globular domain in which the cleavage site is not accessible [30]. Indeed, turbulent flow in
the bloodstream and shear stress during VWF string-mediated binding and agglutination of platelets triggers
unfolding of A2 to expose the scissile bond [26, 31, 32]. Remarkably, the interaction between A2 and ADAMTS-
13 exceeds the M domain because the minimal length of a VWF-derived fragment that mimics the unfolded state
of A2 and is cleaved spans 73 residues (Dises—R16ss ; VWF-peptide, see [33]). Thus, exosites of ADAMTS-13
domains downstream of M must participate in substrate recognition and binding, which explains the strict
substrate specificity of the enzyme [23, 28, 34]. Recognition of E1sso-Riess by S, followed by binding of D1614 by
D through R3* and of Ligos by the active-site cleft of ADAMTS-13 places the scissile bond for cleaving in what
has been dubbed a ‘molecular zipper’ model [34, 35].

Currently, structural information for ADAMTS-13 at the atomic level is available for the non-catalytic
DTCS domains [36] and for a construct spanning domains MDTCS (AD13-MDTCS). The latter is in a substrate-
unbound, latent conformation with an occluded active site, which was crystallised with a monoclonal antibody
antigen-binding fragment (Fab) owing to the intrinsic flexibility of the molecule [23]. Moreover, structural
information based on the M-domain coordinates of ADAMTS-4 and those of the aforementioned non-catalytic
domains of ADAMTS-13 has been derived for various constructs in solution by small-angle X-ray scattering
(SAXS), which has illuminated how the full-length protein is autoinhibited [22, 28, 37].

Herein, the inability to obtain a crystal structure of active ADAMTS-13 in complex with a vWF-derived
fragment led us to perform an integrative structural biology approach. We developed high-yield recombinant
production systems in human cells for highly active AD13-MDTCS and its inactive AD13-MDTCS-E??°Q
mutant. We comprehensively characterised its complex with vVWF-derived peptides in solution by pull-down
assays, gel electrophoresis (including western blotting), proteolytic assays, surface plasmon resonance (SPR),
chemical cross-linking followed by mass spectrometry (MS) (CLMS), hydrogen/deuterium exchange MS
(H/DXMS), multi-angle laser light scattering (MALLS) after size-exclusion chromatography (SEC), SAXS, and
biocomputing. The integration of the data enabled us to propose a working model of the competent complex in
solution.

RESULTS AND DISCUSSION

Protein production and purification, biochemical binding, and cleavage assays — We developed
efficient recombinant expression systems in human Expi293F cells, and purification schemes for AD13-MDTCS
and active site point mutant AD13-MDTCS-E?°Q, which were obtained in highly pure form with yields of ~1.8
and ~2.0 mg per litre of expression medium, respectively (Fig. 1b). We also produced vVWF-peptide and vVWF-
strep-peptide, a variant with a C-terminal Strep-tag, in large quantities in a bacterial system as fusion constructs
with glutathione S-transferase, which was removed after initial affinity chromatography purification (Fig. 1c).
We performed pull-down assays with VWF-strep-peptide anchored to Strep-Tactin-resin and AD13-MDTCS-
E?2°Q in the liquid phase, followed by SDS-PAGE and western blotting analysis. The proteins coeluted owing
to a strong interaction that outcompeted binding to the resin (Fig. 1d). In addition, fluorophore labelling of the
peptide and incubation with AD13-MDTCS-E?%Q revealed the presence of the peptide in a fluorescent band
migrating according to the mass of the peptidase in native PAGE (Fig. 1e). This result confirms that the proteins
formed a complex that prevails over interactions with the gel matrix. Finally, we analysed cleavage by incubating
AD13-MDTCS or AD13-MDTCS-E?*Q with the vWF-strep-peptide and found that the former but not the latter
completely cleaved the substrate at a single site after 10 min, which suggests that our peptidase preparation is
more active than a recently published one from insect cells (see Fig. 1f in [23]). The cleavage is consistent with
the reported processing at Yisos—Magos [29] and was ablated with the general metal chelator EDTA, which
inactivates MPs (Fig. 1f).

Determination of the complex affinity and kinetic parameters — The peptidase:peptide interaction
was further investigated by SPR in a multicycle, double-referenced experiment. The vWF-strep-peptide ligand
was first immobilised through a Strep-tag on chip-bound Strep-Tactin. Subsequently, binding to the AD13-
MDTCS-E?Q analyte was monitored at six serially diluted concentrations. The resulting sensorgrams revealed
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fast association and dissociation of the binding partners, which indicated high-affinity complex formation (Fig.
1g). Moreover, the response curves were fitted with an excellent goodness-of-fit (x2 = 0.81% of Rmax; U-value =
5). The derived rate constants for association (k.) and dissociation (kq) were 5.15x10° M*s? and 7.28x102 s,
respectively, with an estimated dissociation halftime (ti = In2/kos) of 9.5 s and 7.3% complex decay per s. The
equilibrium dissociation constants (Kp) from the kinetic and steady-state analysis were 1.42x10" and 1.50x10”
M, respectively (Fig. 1h), which are equivalent and signify remarkable sub-micromolar affinity. Overall, the
peptide was strongly bound, which is notable for a disordered molecule of this size.

Chemical cross-linking analysis — The interaction was also assessed by CLMS using cross-linking
agents EDC/NHS, BS3, DSG, and DSA in separate experiments. The agent DSA in its ?C (light) and *C (heavy)
variants was used for quantitative studies of complex formation. The best conditions for reaction with EDC/NHS
and BS3 were 5 mM EDC plus 10 mM NHS and 0.5 mM BS3, respectively (Fig. 2a,c). The latter was verified
by western blotting analysis, revealing that even the highest reagent concentration did not cause significant cross-
linking of the separate proteins (Fig. 2d), which excludes binding in trans under the assay conditions. The best
conditions for DSG and DSA involved 50-fold excess of reagent (Fig. 2b).
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MS analysis of the resulting
tryptic peptides revealed 10
(EDC/NHS), 5 (BS3), 4 (DSG) and 3
(DSA) intra-peptidase  connections
(Suppl. Tables 1 and 2). Remarkably,
K38 which is exposed on the D
domain, was involved in 12 links in
total with residues from the C (Y*%,
E492, K497, DSOO, and DSlG), M (Dll7,
D2 and E®), and S (K*°, E®4 and

D®3%) domains. Moreover, other cross-links were found between domains M and D (S?"%-K3% and S?"°-K3%), M
and S (EX-K59), Cand S (E*?-K559 and K*7—K®%), and within D (K¥4-K368 and T58-K368), C (K*1-T*%® and
T#3-K*0), and S (K®°-T°%). Overall, these results indicate that peptide-bound active AD13-MDTCS exhibits
great flexibility in solution, which brings D close to M, C, and S, as well as M and C close to S, in agreement
with previous reports (see [23, 28] and references therein) and the results from H/DXMS (see below).
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Interestingly, while some of these cross-links are compatible with the unbound latent crystal structure in complex
with an Fab fragment (PDB 6QIQ; [23]), taking into account some breathing of the hinges between vicinal
domains, others require substantial structural rearrangement. This implies that the active structure in solution is
significantly different or is highly flexible. Indeed, the ratios between light and heavy peptides obtained with the
DSA cross-linker suggest that the peptidase adopts a more compact conformation in the presence of vVWF-strep-
peptide (Suppl. Fig. 1).

Regarding inter-molecular cross-links, experiments with EDC/NHS and DSG but not BS3 or DSA
further revealed 11 cross-links in total between S266 from M, K38 from D, S%®28 from T, K*7 from C, and K5
from S, with VWF residues ranging Y 1s0s—D16s3 (Suppl. Tables 1 and 2). Remarkably, D was found cross-linked
with peptide residues that were previously shown to interact with S [73, 74]). This sheds new light on published
findings that a monoclonal antibody against S exposes an epitope of another monoclonal antibody against M
[75]. Finally, DSG and EDC/NHS produced a link between S*! and a residue from the C-terminal Strep-tag.
This supports reported biochemical evidence that S interacts with the C-terminal part of the VWF A2 domain
[36, 73, 74, 76]. Overall, these results indicate that the peptide creeps along the surface of active AD13-MDTCS
by contacting all domains.

Surface protection studies — The complex was further studied by H/DXMS (Fig. 2e and Suppl. Fig.
2). The resulting heatmap evinces dynamic protection of the peptidase surface against deuterium exchange by
the peptide. The strongest protection is observed in regions L3°—L3% and C*°-K*®’ which would constitute the
main interaction surface of the complex, with secondary interactions involving T24-T221 Y305_A318 gnd 1645
E®SL. These results indicate that the peptidase interacts with the peptide mainly via D and C, and secondarily with
M and S, which is overall consistent with the results from CLMS (see above). Moreover, these data are in good
agreement with previous reports [36, 77], including the identification of R34°-L3! as a peptidase exosite [35] and
the shielding of C by the peptide [74].

Latent AD13-MDTCS in solution is flexible and deviates from the crystal structure — While
reanalysing SAXS data reported previously for unbound latent AD13-MDTCS in solution [28], we found that
the experimental SAXS profile did not match the theoretical SAXS profile derived from the latent crystal
structure (x?=6.0). This implied substantial rearrangement of the peptidase in solution. Thus, we sampled
conformations along the first five nontrivial normal modes (Suppl. Fig. 4a), which revealed bending and twisting
along the T domain while the relative orientations of the M and D domains and C and S domains remained
relatively constant. Consistently, three hinge residues were identified in the middle of the T domain (Suppl. Fig.
4b). We then selected sub-ensembles of conformations sampled along these normal modes that collectively fitted
the SAXS data, and found that allowing for flexibility along the hinge points substantially improved the
agreement between the coordinates and the experimental SAXS data (x>=1.8) (Fig. 3a,b). However, some
departures from a perfect fit were observed, most probably due to the simplicity of the normal mode description
of protein dynamics. Notably, these structures were mainly sampled by one nontrivial normal mode (mode 7),
which largely accounts for the flexibility of the peptidase in solution (Suppl. Fig. 4c). The results demonstrate
that the unbound latent peptidase is monomeric and flexible in solution, and behaves as two rigid bodies
consisting of M and D, and C and S, respectively, connected by a flexible T domain that acts as a hinge.

The VWF-strep-peptide is a self-avoiding random chain — Next, we analysed peptide disorder by
employing several bioinformatics approaches, which predicted general disorder except for the central region that
has some degree of structure, based on transient secondary structure elements (Fig. 3c). Moreover, assessment
of the secondary structure propensity by residue further indicated that the central region is partially structured.
Subsequently, we used SAXS to investigate the conformational space sampled by the peptide in solution (Suppl.
Table 3). The SAXS intensity profile and Guinier plots at the highest concentration tested are shown in Fig. 3d,
and the pairwise distance distribution (P(r)) is shown in Suppl. Fig. 3. The low-Q range indicates minimal
aggregation, as inferred from similar radius-of-gyration (Rg) values for different concentrations (3.08+0.03 nm
at 3 mg/mL and 3.04+0.02 nm at 6 mg/mL; Suppl. Table 3). The experimental molecular weight was calculated
to be 12.0£1.2 kDa, which matches data from SEC-MALLS (11.5 kDa; Fig. 1i) and the theoretical molecular
weight (11.2 kDa). This indicates that the protein is monomeric in solution, even at high concentration. Finally,
the lack of a peak in the normalized Kratky plot further implies that the peptide is disordered (Fig. 3e).

Interestingly, Ry was higher than expected for an intrinsically disordered protein (2.86 nm) based on
Flory’s equation [78]. Together with the disorder prediction, this confirms some level of regular structure that
results in a more elongated conformation than that expectable for a random chain. Indeed, the Flory exponent of
0.6 calculated using the molecular form factor approach is consistent with a self-avoiding random chain rather
than an intrinsically disordered protein [79]. We subsequently generated peptide conformations to select sub-
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ensembles of 20 conformations that collectively best described the SAXS data for the peptide using the EOM
method. The results from one of the cycles are shown in Suppl. Fig. 4d, and the corresponding fit to the
experimental data is shown in Fig. 3d. The peptide has a broad distribution of Ry values with an average of 3.2
nm (Fig. 3f). Again, the distribution is slightly shifted toward an extended conformation rather than a pure
random coil, which further indicates partial regular structure.
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Figure 3 — Flexibility of AD13-MDTCS and vWF-strep-peptide in solution. (A) SAXS profile of AD13-MDTCS from [28] along
with the theoretical curve computed from the crystal structure (black) and the fit obtained using EOM with the conformations sampled
along the normal modes (red). The residuals are presented at the bottom with the shaded region showing the range of intensities from —
3to +3. (B) Two orthogonal views of the AD13-MDTCS conformations selected by EOM. (C) Disorder assessment of the peptide using
different predictors. The bars show the propensity of each residue to adopt an a-helical (red) or p-strand (blue) conformation. (D) SAXS
profiles of vVWF-strep-peptide at 6 mg/mL (orange). The black line shows the fit obtained using EOM, and the residual plot (bottom)
reveals the difference between the experimental and the optimised curves. The Guinier plot with the linear fit is shown in the inset (black
line). (E) Normalized Kratky plot of the profile shown in (D) with the fit using the molecular form factor approach (black line). (F) Ry
distributions for the initial pool (black) and the sub-ensemble selected using EOM (orange).

Solution structure of the AD13-MDTCS-E?*Q:vWF-strep-peptide complex — Analysis of the
complex by SEC-MALLS revealed a single peak of 96.8 kDa (Fig. 1i), which is consistent with the theoretical
value of ~89 kDa. Next, we collected SAXS data for the peptidase:peptide complex in SEC-SAXS mode (Fig.
4a and Suppl. Table 3). The extracted profile of the complex corresponded to a globular particle (Rq = 4.38+0.01
nm), which is larger than the unbound peptidase (Ry = 3.80+0.05 nm). Consistently, the peak of the normalized
Kratky plot was shifted from 2.0 to 2.3 upon complex formation (Fig. 4a), which implies that the peptidase
displays moderate flexibility and that, upon complex formation, an increase in flexibility caused by the peptide
is further observed. This finding was substantiated by inspection of the P(r) function of the complex, which
displays fewer signatures than the peptidase alone (Suppl. Fig. 3).

We subsequently performed ensemble modelling. To provide an accurate starting molecular model for
the active peptidase, the M domain from the latent crystal structure was remodelled to match active ADAMTS
structures while the remaining domains were kept intact. As depicted in Fig. 4a, the ensemble generated with the
rigid peptidase model based on the crystal structure did not fit the experimental SAXS profile (y? = 10.1). This
was expected given that the unbound latent peptidase in solution already diverged from the latent crystal structure
(see above). We then allowed for flexibility by building distinct peptide conformations for each of the
conformational ensembles generated for the isolated peptidase using normal modes (see above), resulting in
120,000 structures of the complex. Subjecting this ensemble to genetic algorithm-based optimization gave an
excellent fit to the data (y>=1.2; Fig. 4a). The conformations selected in one of the cycles are shown in Fig. 4c.
The Ry distribution of the selected pool was quite broad, which supports high flexibility of the complex and a
slight preference for more extended structures compared with the total pool (Fig. 4b).
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We also examined the flexibility of the peptidase in the active conformation within the complex by
analysing the motional modes sampled by the individual conformations selected with the SAXS data.
Interestingly, the ensembles were almost exclusively constituted from modes 8 and 9, with sporadic contributions
of mode 7, suggesting that these modes alone describe the overall interdomain motions (Fig. 4d). These results
differ from those obtained for the unliganded latent peptidase, where mode 7 made the largest contribution to
the selected ensembles, and suggests that peptide binding changes the inherent molecular motions of the
peptidase. On the other hand, the Ry distribution of the selected peptide conformations within the complex was
almost identical to that of the total pool, which indicated no preferential selection of the peptide in terms of size
or extension (Fig. 4e). Thus, the peptide displayed a similar degree of disorder to the unbound state upon complex
formation. This observation also indicates that the putative occurrence of multiple simultaneous binding events
suggested by the ‘molecular zipper’ model [23, 34] must be transient in nature, and SAXS is not sensitive enough
to detect them.
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Validation of the complex structure — We next analysed the compatibility of the inter-molecular
distance restraints resulting from CLMS (Suppl. Table 1) with the SAXS-derived structure ensembles. We
filtered the total pool of structures and retained only those in which the peptidase is in a conformation selected
by at least one of the EOM cycles. Such filtering was not required for the peptide due to its much higher flexibility
(see above). The positions of the Ca atoms of the cross-linked amino acids of the peptide and the peptidase, for
which cross-linking was observed, are shown individually in Suppl. Fig. 5. The high flexibility of the peptide in
the complex is evidenced by the large space explored by these individual residues, which systematically increases
with the distance between the cross-linked amino acids and the docked peptide. In all cases, we found overlap
between the spaces explored by the pairs of cross-linked residues. Therefore, the CLMS data are compatible
with the structural model of the complex derived from SAXS data and computational methods.

A working model for the functional AD13-MDTCS:vWF-strep-peptide complex in solution — To
generate molecular models for the competent complex, we selected peptidase conformations identified at least
once by EOM from the SAXS data, and calculated peptides in random-coil conformation. Using a genetic
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algorithm-based selection, we acquired sub-ensembles of five conformations that agreed with all the
experimental CLMS restraints, one of which is presented in Fig. 5a. Running the genetic algorithm multiple
times yielded different, equally valid sub-ensembles, which indicates that there are multiple ways in which the
proteins may interact. It is also important to note that these sub-ensembles alone do not fit the SAXS data but
represent minimal clusters that collectively fulfil all the distance restraints.

I I . v
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Figure 5 — Integrative atomic model of the AD13-MDTCS-E?*Q:vWF-strep-peptide complex. (A) Example of a sub-ensemble of
five complex structures (1-V) selected by artificial intelligence that fulfils all the 11 inter-molecular cross-linking restraints (Suppl. Table
1). AD13-MDTCS is shown as cyan ribbons and VWF-strep-peptide as a grey string of beads, each representing a Ca atom. Black
cylinders connect the cross-linked Ca atoms. The surfaces that are protected in H/DXMS experiments are coloured in yellow, and peptide
residues that confer protection in H/DXMS experiments are shown as green spheres. These residues lie within ~5 A of the protected
surface. In this particular ensemble, the CLMS data can be explained with three structures, while fulfilment of H/DXMS data requires
two additional structures. (B) Ribbon-type plot of the peptidase moiety of model 11 of (A), which fulfils 7/11 of the experimental inter-
molecular CLMS restraints (see also Suppl. Table 1), with the M, D, T, C, and S domains coloured in sky blue, salmon, gold, hot pink,
and sea green, respectively. The zinc ion is coloured magenta, and calcium ions are red. The M domain of the model is superposed onto
the crystal structure of latent AD13-MDTCS-E?*Q (M, D, C, and S in white, T in grey). The largest distance is found between the
respective Y6 residues (blue arrow). (C) Ribbon plot of the peptidase:peptide complex in the orientation shown in (B). The peptide is
represented as a green coil for segment Dises—R1668, and residues upstream and downstream of the construct are coloured purple.

We subsequently constructed a full-atom model for one of the conformers of this sub-ensemble (Fig.
5c¢). Superposition of the M domain onto that of the latent crystal structure (Fig. 5b) reveals that D is very close
in both structures, with a maximal deviation of ~3 A. A rotation of ~10° around P3"® within the linker between
D and T causes a maximal displacement of ~10 A for S**° in the distal part of the latter domain. Furthermore,
the TC linker contains a hinge point, and a ~17° rotation about A**” leads to a maximal deviation of ~6 A at H*™®.
Finally, only a small rearrangement is observed between C and S. Overall, these changes lead to a maximal
displacement of ~47 A at the most distal part of S (Fig. 5b).

Conclusions — The molecular details of the complex formed between active AD13-MDTCS and its
cognate region of the VWF A2 domain encompassing the scissile bond have proved difficult to elucidate using
classical structural methods for years. Previous studies identified several binding sites on the enzyme surface
that are bound by the unfolded A2 domain of vWF. Binding to these exosites, which transcend the M domain,
positions the peptide within the active site cleft in the correct conformation and orientation for cleavage in what
has been dubbed a ‘molecular zipper’ model [23, 34]. Herein, we set out to comprehensively analyse the
peptidase:peptide interaction through an integrative structural biology approach, applying nine complementary
biophysical, biochemical and biocomputational techniques.

SAXS and SEC-MALLS analyses demonstrated that the isolated proteins are highly flexible in solution.
This plasticity is maintained in the complex, which therefore cannot be recapitulated by a single, rigid structure
but rather conforms to a ‘fuzzy complex.” Such complexes often link regulation to protein dynamics [80, 81].
This further implies that binding of the peptide to the peptidase, which involves specific residue pairs and
protected regions identified by CLMS and H/DXMS, respectively, is transient in nature. Thus, the high binding
affinity and very efficient cleavage observed in gel-electrophoresis, pull-down, SPR, and peptidolysis assays are
the result of multiple low-affinity interactions and small individual energy contributions that simultaneously
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populate the interaction sites in a variety of ways. Counterintuitively, the complex remains highly disordered
while driving the peptide in the optimal orientation for catalysis. This property is characteristic of intrinsically
disordered proteins, which comprise several consecutive polypeptide stretches that recognize multiple partners
or multiple sites of the same partner [82]. This feature enables cooperative binding while preserving plasticity,
which reduces the entropic cost of the interaction. Overall, the ADAMTS-13: vVWF-peptide interaction revealed
herein appears to conform to a ‘dynamic zipper’ mechanism, consistent with previous studies showing that
modifying individual exosites of the peptidase only moderately reduces the affinity for, and cleavage of, the
peptide [23, 34].

MATERIALS AND METHODS

Expression and purification of recombinant AD13-MDTCS and AD13-MDTCS-E?Q — A cDNA
encoding AD13-MDTCS fragment A">-A85 was amplified from plasmid pcDNA4/TO [38] and cloned between
Smal and Notl (Thermo Fisher Scientific) restriction sites of a modified pCMV-SPORT®6 vector using three
forward primers for consecutive PCR amplifications (5’-CTGGGTTCCAGGTTCCACTGGTGACGCTG
CAGGCGGCATCCTA-3", 5>-TCCTGCTATGGGTACTGCTGCTCTGGGTTCCAGGTT-3’, and 5’-ATGGA
GACAGACACACTCCTGCTATGGGTA-3’) and reverse primer 5’-GCATGCGGCCGCAAGCTTATTAG-3’
(all purchased from Sigma-Aldrich). The resulting pS6-AD13-MDTCS plasmid contained the signal peptide
from the V-J2-C region of a mouse Ig k-chain instead of the native leader sequence, and a C-terminal human
rhinovirus 3C proteinase cleavage site plus a hexahistidine (Hisg)-tag. Thus, the resulting protein comprised
residues D+A-ASS+| EVLFQGPHHHHHH. This construct was used to generate A13-MDTCS-E?**Q
(plasmid pS6-AD13-MDTCS-E225Q) via a QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies),
forward primer 5’-AGTCACCATTGCCCATCAGATTGGGCACAG-3’, and reverse primer 5’-
CTGTGCCCAATCTGATGG GCAATGGTGACT-3’. PCR amplifications were performed with Phusion High
Fidelity DNA polymerase (Thermo Fisher Scientific), plasmids were purified with the GeneJET Plasmid
MaxiPrep Kit (Thermo Fisher Scientific), and constructs were verified by DNA sequencing.

Human Expi293-F cells (Thermo Fisher Scientific) adapted to FreeStyle F17 expression medium
(Gibco) were grown at 37°C to a density of 3-5x10° cells/mL in a Multitron Cell Shaker Incubator (Infors HT)
at 150 rpm in a humidified atmosphere with 8% CO,, and sub-cultured every 34 days by dilution to 0.3-0.5x10°
cells/mL. Cells were then sub-cultured to 0.7x108 cells/mL in medium containing penicillin/streptomycin, 0.5
pg/mL amphotericin, 8 mM L-glutamine, and 0.2% Pluronic F-68 (Gibco). After 24 h, cells at a density of 1x10°
cells/mL were transfected with 1 mg vector DNA and 3 mg linear 25 kDa polyethyleneimine (Polysciences
Europe) in 20 mL Opti-MEM medium (Gibco), previously incubated at room temperature for 15-20 min, per
litre of expression medium. After 3 days, the cell culture supernatant was harvested, cleared at 4°C by
centrifugation at 3,500xg for 30 min, and filtered through a 0.45 um cellulose acetate filter (Millipore).

The supernatant was then supplemented with 15 mM imidazole, incubated with nickel-nitrilotriacetic
acid resin (Ni-NTA; Invitrogen) for 3—4 h, loaded onto a Poly-Prep open column (Bio-Rad) for batch affinity
chromatography purification, and washed extensively with 50 mM Tris-HCI pH 7.4, 250 mM sodium chloride,
50 mM L-arginine, 50 mM L-glutamine, 20 mM imidazole. The protein was eluted with the same buffer
containing 300 mM imidazole, and fractions were pooled and desalted with the same buffer without imidazole
using a PD10 column (Sigma-Aldrich). The sample was concentrated and subjected to SEC on a Superdex 200
10/300 column (GE Healthcare) attached to an AKTA Purifier liquid chromatography system (GE Healthcare)
operated at room temperature. Protein purity and identity were assessed by 12% glycine SDS-PAGE stained
with Coomassie Brilliant Blue (Thermo Fisher Scientific), as well as peptide mass fingerprinting and N-terminal
sequencing at the Protein Chemistry Service and the Proteomics Facility of the Centro de Investigaciones
Bioldgicas (Madrid, Spain), respectively. Ultrafiltration steps were performed with Vivaspin 15 and Vivaspin 2
filter devices with a 10 kDa cutoff (Sartorius Stedim Biotech). Approximate protein concentrations were
determined by measuring the absorbance at 280 nm (Azs0) With a spectrophotometer (NanoDrop), and applying
the theoretical extinction coefficient. Purified proteins were concentrated and dialysed against 10 mM HEPES
pH 7.4, 150 mM sodium chloride for subsequent studies.

Expression and purification of recombinant vWF-peptide and vVWF-strep-peptide — A synthetic
gene (GeneScript) encoding vVWF-peptide (D1sss—R1668), codon-optimised for expression in Escherichia coli, was
amplified with forward primer 5’-ATGCCCATGGAAGATCGTGAGCAA-3’ and reverse primer 5’-
GCATCTCGAGTTAACGTTGCAGAACCA-3’, and introduced into the pCri-6b vector [39] between Ncol and
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Xhol restriction sites. The resulting plasmid (pCri6b-vWF-pep) conferred kanamycin resistance and attached an
N-terminal Hisg-tagged glutathione S-transferase moiety plus a tobacco etch virus endopeptidase (TEV) cleavage
site. An extra C-terminal Strep-tag was introduced by consecutive PCR amplifications to generate VWF-strep-
peptide (plasmid pCri6b-vWF-strep-pep) using forward primer 5°-ATGCCCATGGAAGATCGTGAGCAA-3’
and reverse primers 5’-TTCGAATTGTGGATGGCTCCAACCTCCACGTTGCAGAACCAGGT-3’, 5’-
ACTTCCACCTCCAGAACCTCCACCCTTTTCGAATTGTGGATGG-3’, 5>-AATTGTGGATGGCTCCATG
CGCTACCTCCACTTCCACCTCCAGAA-3’, and 5’- GCATCTCGAGCTACTTTTCGAATTGTGGATGGC
TCCA-3’. The plasmids were separately transformed into E. coli BL21 (DE3) cells (Novagen), which were
grown at 37°C in Luria Bertani medium supplemented with 30 pg/mL kanamycin. Cultures were induced at an
Asoo of ~0.8 with 0.4 mM isopropyl-B-D-thiogalactopyranoside and incubated overnight at 20°C. Cell cultures
were centrifuged at 5,000xg for 20 min at 4°C, the pellet was washed with 50 mM Tris-HCI pH 8.0, 150 mM
sodium chloride, resuspended in the same buffer plus 20 mM imidazole, and supplemented with cOmplete
EDTA-free inhibitor cocktail tablets and DNase | (both Roche Diagnostics). Cells were lysed with a cell
disruptor (Constant Systems) at 1.35 kbar, and the cell debris was removed by centrifugation at 20,000xg for 30
min at 4°C.

The supernatant containing the fusion construct of VWF-peptide was subsequently filtered and loaded
onto a 5-mL Ni-NTA HisTrap HP column (GE Healthcare), and the protein was eluted with a 20-500 mM
imidazole gradient in 50 mM Tris-HCI pH 8.0, 150 mM sodium chloride. For the vVWF-strep-peptide, the Ni-
NTA step was replaced with affinity chromatography using Strep-Tactin XT Superflow Suspension resin (IBA
Life Sciences), with elution buffer 100 mM Tris-HCI pH 8.0, 150 mM sodium chloride, 50 mM biotin (VWR
Life Science). Subsequently, samples were dialysed overnight at 4°C against 20 mM Tris-HCI pH 8.0, 150 mM
sodium chloride, 1 mM dithiothreitol (DTT) in the presence of Hiss-tagged TEV at an enzyme-to-sample molar
ratio of 1:100. TEV cleavage left additional residues at the N-terminus of both VWF-peptide and vVWF-strep-
peptide, which spanned residues GAME+D1596—R166s and GAME+D1506—R166stGGWSHPQFEKGGGSGGGSG
GWSHPQFEK, respectively. Digested samples were passed several times through Ni-NTA resin, previously
equilibrated each time with 50 mM Tris-HCI pH 8.0, 150 mM sodium chloride, 20 mM imidazole, to trap Hise-
tagged molecules, and the flow-through containing molecules without Hise-tag was collected. Samples were
pooled and dialysed overnight against 20 mM Tris:HCI pH 8.0 and further purified by ion-exchange
chromatography in a TSK gel DEAE-2SW column (TOSOH Bioscience) operated with a 2-50% gradient of 1
M sodium chloride in 20 mM Tris-HCI pH 8.0 applied over 40 mL. Samples were collected, pooled, concentrated
by ultrafiltration, and subjected to SEC on a Superdex 75 10/300 column. The peptides were further analysed by
Coomassie-stained 15% tricine SDS-PAGE. Ultrafiltration steps were performed using Vivaspin 15 and
Vivaspin 500 filter devices with a 3 kDa cutoff (Sartorius Stedim Biotech).

Pull-down assays and western blotting analysis — vWF-strep-peptide was incubated with Strep-
Tactin resin previously equilibrated in 100 mM Tris-HCI pH 8.0, 150 mM sodium chloride for 10 min at room
temperature, and then loaded onto a Poly-Prep open column (Biorad). Then, AD13-MDTCS-E?Q at 0.4 mg/mL
in 50 mM Tris-HCI pH 7.4, 250 mM sodium chloride was passed several times through the column. After
extensive washing with 100 mM Tris-HCI pH 8.0, 150 mM sodium chloride, the complex was eluted with the
same buffer plus 50 mM biotin and analysed by 12% tricine SDS-PAGE. Gels were transferred to Hybond ECL
nitrocellulose membranes (GE Healthcare) and blocked for 2 hours under gentle stirring at room temperature
with 50 mL phosphate-buffered saline (PBS) plus 0.1% Tween 20 and 5% bovine serum albumin (BSA). VWF-
strep-peptide was detected with the Streptavidin Peroxidase Conjugated Antibody from Streptomyces avidinii
(Sigma-Aldrich) diluted 1:1000 in PBS plus 0.1% Tween 20 and 1% BSA. Complexes were detected using a
Super Signal West Pico Chemiluminescent enhanced chemiluminescence system (Pierce). Membranes were
exposed to Hyperfilm ECL films (GE Healthcare).

SEC followed by MALLS — Binding of VWF-strep-peptide to AD13-MDTCS-E?%Q was assessed at
a 10:1 molar ratio by SEC-MALLS at the joint IBMB/IRB Automated Crystallography Platform, Barcelona
Science Park (Catalonia, Spain) as previously described for other proteins [40, 41]. Briefly, a Dawn Helios Il
apparatus (Wyatt Technologies) was used, which was coupled to a SEC Superose 6 10/300 column equilibrated
in 10 mM HEPES pH 7.4, 150 mM sodium chloride at 25°C. All experiments were performed in triplicate, and
the ASTRA 7 software (WYyatt Technologies) was used for data processing and analysis, for which a dn/dc value
typical for proteins (0.185 mL/g) was assumed.

Fluorogenic binding assay — vWF-strep-peptide was labelled with an amine-reactive fluorophore
(sulfosuccinimidyl-7-amino-4-methylcoumarin-3-acetate; Thermo Fisher Scientific) in 10 mM HEPES pH 7.4,
150 mM sodium chloride at tenfold molar excess of reagent for 1 h at room temperature according to the
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manufacturer’s instructions. Thereafter, the peptide was extensively dialysed against the same buffer to remove
non-reacted dye, and mixed with AD13-MDTCS-E?Q at peptidase:peptide molar ratios of 1:5, 1:10, and 1:15.
Reaction mixtures were incubated for 1 h at 37°C and subsequently analysed by 12% native PAGE. Fluorescence
(Aex=345-350 nm and Aem = 440-460 nm) was visualised by a G:BOX F3 Gel Doc System gel reader (Syngene),
and gels were thereafter stained with Coomassie.

Proteolytic cleavage of vWF-strep-peptide by AD13-MDTCS — AD13-MDTCS and AD13-
MDTCS- E?Q in 25mM Tris-HCI pH 7.5, 250 mM sodium chloride were preincubated in a 100 pL reaction
volume with 5 mM calcium chloride and 250 pM zinc chloride (final concentration) for 10 min at 37°C. vWF-
strep peptide in 20mM Tris-HCI pH 7.4, 150 mM sodium chloride was subsequently added at a peptidase:peptide
weight ratio of 1:10 in the absence or presence of 10 mM EDTA. Reactions were stopped at specific time points
by boiling aliquots in reducing/denaturing buffer, and samples were further analysed by 15% tricine SDS-PAGE
with Coomassie staining.

SPR data acquisition, processing and kinetic data analysis — Binding studies of AD13-MDTCS-
E??°Q and VWF-strep-peptide were analysed using a Biacore T200 biosensor system (GE Healthcare) at the
Scientific and Technological Centres of the University of Barcelona (Catalonia, Spain). Protein Strep-Tactin
(IBA LifeSciences) was immobilised on the surface of the four flow cells of a CM5 series S sensor chip (GE
Healthcare) through amine coupling as described by the manufacturer. Briefly, the chip was activated by
injection of 50 mM N-hydroxysuccinimide and 200 mM N-ethyl-N’-(dimethylaminopropyl)carbodiimide at a
flow rate of 10 pL/min for 10 min. Strep-Tactin at 50 pg/mL in 10 mM sodium acetate pH 5.0 was injected over
the sensor surface at 5 uL/min for 10 min. Following this procedure, 3000 resonance units (RU) of Strep-Tactin
were immobilized on the sensor surface. Excessive reactive groups on the sensor chip were deactivated with 1
M ethanolamine hydrochloride pH 8.5 at 10 pL/min for 10 min. vWF-strep-peptide as ligand in running buffer
(10 mM HEPES pH 7.4, 150 mM sodium chloride, 0.05% Tween 20) was bound to Strep-Tactin at 25°C at low
density (20 RU) and a flow rate of 5 pL/min. AD13-MDTCS-E?*Q as the analyte was dialysed against 10 mM
HEPES pH 7.5, 150 mM sodium chloride, filtered, subjected to twofold serial dilution (625 nM to 20 nM), and
injected at 30 pL/min for 120 s. The association and dissociation phases of the complex were monitored over 90
s to determine the respective rate constants k, and kq. After each round of measurements, the sensor chip surface
was regenerated by washing with 3 M guanidine hydrochloride at 30 uL/min for 30 s to remove the ligand. These
experiments were double-referenced so that the final signal was the measured signal minus the reference signal
(flow cell without ligand) and the signal at analyte concentration zero. The overall equilibrium dissociation
constant (Kp) was determined by plotting the binding responses in the steady-state region of the sensorgrams
(Reg) against analyte concentrations. The constant was also calculated from the ratio of the association and
dissociation rate constants (Kp=ka/ka). Sensorgrams were analysed with the BlAevaluation program (version 3.1;
GE Healthcare) and fitted to a 1:1 Langmuir interaction model using global curve fitting analysis. The goodness-
of-fit was assessed through the »?statistical parameter and the U-value.

CLMS data acquisition and processing — In the first set of experiments, cross-linking of the AD13-
MDTCS-E?»Q:vWF-strep-peptide  complex was performed either with 5 mM 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC; Pierce) plus increasing amounts of N-hydroxysulfosuccinimide
(NHS; Sigma; 50 uM to 50 mM) or with bis(sulfosuccinimidyl)suberate (BS3; Pierce; 1 uM to 1 mM) in 10 mM
HEPES pH 7.4, 150 mM sodium chloride. For EDC/NHS, peptidase at 15 pg/mL and peptide at 300 pg/mL were
incubated with NHS for 15 min at room temperature. Subsequently, EDC was added to a final concentration of
5 mM and incubated for a further 2 h at room temperature. For BS3, peptidase at 50 pg/mL was incubated with
peptide at 300 pg/mL at 4°C for 45 min. Reactions were subsequently quenched with 2 M Tris-HCI pH 8.0 to a
final concentration of 50 mM. EDC/NHS- and BS3-treated samples were assessed by 12% glycine-gradient
SDS-PAGE. Reaction with BS3 was further verified by western blotting (see above). The best results were
obtained with 0.5 mM BS3 after 45 min at 4°C and with 5 mM or 10 mM EDC/NHS after 2 h at room
temperature, respectively.

Cross-linked proteins were prepared for MS by in-gel digestion as described previously [42]. Briefly,
SDS-PAGE bands corresponding to the complex were excised from the gel and dehydrated with acetonitrile.
Dried bands were incubated with a 1:1 mixture of 100 mM ammonium bicarbonate and acetonitrile for 15 min,
dried in a SpeedVac vacuum centrifuge concentrator (Savant), and digested overnight with 25 ng/mL trypsin
(Promega) in 30 uL. 50 mM ammonium bicarbonate. The resulting tryptic peptides were desalted with Empore
C18 SPE Disks (from 3M) packed in 10 pL pipette tips [43]. The cross-linked complex was also digested in
solution. Reaction mixtures were dried in a SpeedVac vacuum concentrator (Thermo Fisher Scientific) and
denatured in 200 mM ammonium bicarbonate, 8 M urea, 10 mM DTT. Subsequently, samples were alkylated
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with 30 mM iodoacetamide for 30 min at room temperature in the dark, diluted to a final urea concentration of
1 M with 100 mM ammonium bicarbonate, and subsequently digested with 10 pg trypsin overnight at 37°C. The
reaction was stopped through acidification of the sample to pH <2.5 with formic acid. Tryptic peptides resulting
from either digestion procedure were separated by strong cationic exchange (SCX) coupled to reversed-phase
chromatography. Specifically, SCX column material (PolyLC) was dissolved in 0.1% formic acid and loaded
onto a pipette-tip with an Empore C18 SPE Disk. Peptides were separated with a stepwise sodium chloride
gradient (50-600 mM) and subsequently eluted with 70% 0.1% formic acid in acetonitrile for analysis. The
micro-purified peptides were then subjected to LC-MS/MS analysis using an EASY nLC-1000 liquid
chromatography column (Thermo Fisher Scientific) connected to an Orbitrap QE+ mass spectrometer (Thermo
Fisher Scientific). Samples were injected, trapped, and desalted isocratically on a fritted precolumn
(100 um x 2 cm inner diameter) packed in-house with RP ReproSil-Pur C18-AQ 3 um resin. Peptides were
eluted and separated on a 15 cm analytical column of 75 pm inner diameter packed with the same resin using a
30 min gradient (5-35%) of 0.1% formic acid in acetonitrile at a flow rate of 250 nL/min. Cross-linked peptides
were identified with the MeroX software [44]. The results from three independent parallel experiments were
combined.

A second set of experiments was performed with disuccinimidyl glutarate (DSG; Creative Molecules)
as cross-linking agent. AD13-MDTCS-E?*°Q and VWF-strep-peptide (1:5 molar ratio) at 1 mg/mL in 10 mM
HEPES pH 7.6, 150 mM sodium chloride was mixed with freshly prepared DSG at 50-fold molar excess and
incubated for 1 h at room temperature. For quantitative studies, the peptidase:peptide complex, as well as AD13-
MDTCS-E??5Q alone, were incubated with a 50-fold molar excess of light (*2C) or heavy (*3C) disuccinimidyl
adipate (DSA; Creative Molecules). After a 30 min incubation at room temperature, AD13-MDTCS-E?*Q
labelled with *2C or **C DSA and the complex labelled with *C or 2C DSA, respectively, were mixed at a 1:1
ratio.

For DSG-mediated cross-linking, samples were separated by 4-12% Bis-Tris NUPAGE, and bands
corresponding to the linked complex were excised. Cysteines were reduced with 50 mM DTT and then alkylated
with 100 mM iodoacetamide in the dark. AD13-MDTCS-E??°Q was in-gel deglycosylated with PNGase F (New
England BioLabs) at 37°C overnight, followed by digestion with trypsin at a sample:peptidase weight ratio of
20:1, also overnight at 37°C. For DSA-mediated cross-linking, proteins in solution were reduced with 10 mM
DTT, alkylated with 30 mM iodoacetamide, and digested overnight with trypsin at 37°C. Peptides were injected
onto a Luna Omega 5 um Polar C18 100A 20%0.3 mm column (Phenomenex) and desalted at 20 uL/min for 5
min. Peptides were then separated through reversed-phase chromatography with a Luna Omega 3 um Polar C18
100A 150x0.3 mm column (Phenomenex) at 10 pL/min using a UHPLC 1290 Infinity I chromatography system
(Agilent Technologies) with a gradient sequence of 1-10% for 1 min, 10-45% for 19 min, and 45-95% for 5
min of solvent A (0.1% formic acid, 98% acetonitrile in water) in solvent B (0.1% formic acid, 2% acetonitrile
in water). The column was heated to 50°C and directly connected to a 15T solariX XR FT-ICR mass spectrometer
(Bruker Daltonics) with an electrospray ion source. Cross-linked peptides were identified with the StavroX
software [45], which was set to account for fixed carbamidomethylation of cysteines and variable methionine
oxidation. DSG was assumed to react with N-termini, lysines, serines, threonines, and tyrosines. The mass error
threshold was set to 2 ppm, and all assigned fragments were manually curated. For quantitative studies, the Links
software [46] was used for identification of cross-linked peptides. Non-overlapping isotopes of peptides cross-
linked with 12C and 3C DSA were used to calculate isotope ratios. All experiments were performed in triplicate.

H/DXMS data acquisition and processing — AD13-MDTCS-E?%Q at 300 pM in 10 mM HEPES pH
7.6, 150 mM sodium chloride, with or without a 10-fold molar excess of vVWF-strep-peptide, was labelled using
10-fold dilutions in 10 mM Hepes pD 7.6 in D,O plus 150 mM sodium chloride, and incubated at room
temperature for 20 s, 2 min, and 20 min. Reaction mixtures were quenched by instant acidification with 1 M
glycine pH 2.3, 6 M urea, 800 mM tris(2-carboxyethyl)phosphine at a 1:1 volume ratio, and immediately flash-
frozen in liquid nitrogen. Prior to analysis, samples were thawed and manually injected onto a nepenthesin-2
column. After a 3 min digestion and desalting with a Luna Omega 5 pm Polar C18 100A 20x0.3 mm column
(Phenomenex) and an isocratic pump delivering 0.4% formic acid in water at 400 pL/min, peptides were
separated on a Luna Omega 1.6 um Polar C18 100A 100x1.0 mm column (Phenomenex) with a linear 10-35%
gradient of solvent C (0.4% formic acid, 95% acetonitrile in water) in solvent D (0.4% formic acid, 2%
acetonitrile in water) over 12 min. In-column digestion, desalting, and separation were carried out in ice bath to
reduce back-exchange. Peptides were detected using a 15T SolariX XR FT-ICR mass spectrometer operating in
positive mode, and data were processed with the DataAnalysis software (version 4.2; Bruker Daltonics) and the
in-house DeutEX software.
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Protein disorder analysis — The disorder propensity of vVWF-strep-peptide was assessed in silico using
POODLE-S and POODLE-L [47], PrDOS [48], RONN [49], Spritz-L and Spritz-S [50], IUPred-L and IUPred-
S [51], DISpro, and iPDA [52] through the Genesilico MetaDisorder web server [53]. In addition, the secondary
structure propensity of each residue was calculated by the LS2P method [54].

SAXS data acquisition and processing — Samples were prepared in 10 mM HEPES pH 7.4, 150 mM
sodium chloride, and scattering data were collected at beamline P12 of the Petra 111 storage ring of the Deutsches
Elektronensynchrotron (DESY) in Hamburg (Germany) at 20°C. The isolated vVWF-strep-peptide was analysed
at 3 and 6 mg/mL in 40 ul volumes. Data were collected in batch mode in 40 frames of 45 ms exposure flanked
by two exposures of the buffer, and were subjected to radial averaging, background subtraction, and merging
using the SASFLOW pipeline [55]. For the AD13-MDTCS-E?*Q:peptide complex (1:10 molar ratio), data at
1.5-6.0 mg/mL concentration were collected using size-exclusion chromatography coupled to SAXS (SEC-
SAXS) and processed using the CHROMIXS program [56]. This included selection of the frames corresponding
to protein and buffer, buffer subtraction and averaging. The SAXS profiles obtained from either batch mode or
SEC-SAXS were analysed using the ATSAS suite of programs [57]. Moreover, reported SAXS data for wild-
type AD13-MDTCS [28] were also reanalysed. Finally, molecular mass estimates derived from the SAXS data
were calculated by Bayesian inference of values calculated using MoW [58], Size&Shape [59], V. [60], and
MMgp [61]. SAXS curves for VWEF-strep-peptide at 3 mg/mL and 6 mg/mL, as well as the AD13-MDTCS-
E2%Q:vWF-strep peptide complex, were deposited at the SASBDB repository {Kikhney, 2020 #5621} with
codes SASDKT8, SASDKUS8 and SASDKVS8, respectively.

Ensemble generation for unbound latent AD13-MDTCS and fitting to SAXS data — The atomic
coordinates of latent AD13-MDTCS (PDB 6QIG; [23]) were assessed for hinge points with HingeProt [62], and
alternative conformations were generated using normal mode analysis employing an elastic network model with
the eINémo server [63]. The first five nontrivial modes were used, and the range between minimal and maximal
perturbation (-500, +500) was sampled in 20 steps. These structures were supplied to GAJOE within the
Ensemble Optimization Methods (EOM) program [64, 65], which is part of the ATSAS suite, to obtain a sub-
ensemble that collectively best described the experimental SAXS data. GAJOE employs a genetic algorithm of
artificial intelligence to minimize the discrepancy (x?) between the theoretical SAXS profile of the selected sub-
ensemble and the experimental one according to Equation 1:

m 2
1 —k Iy .
2 = 1 Z exp(4) flt(q) (Equation 1)
m— 1 SEI
k=1 ex p(q)

where lep(q) and lsie(q) are the experimental and ensemble-averaged scattering intensities, respectively, SEex ()
are the associated experimental errors, and K is a scaling factor that is optimized during calculations.

VWEF-strep-peptide ensemble generation — EOM was used in two steps to derive a set of
conformations for vVWF-strep-peptide that collectively best described the SAXS data. First, a pool of 10,000
random-coil conformations was generated for the peptide using the RanCh pool generator within the EOM
program. Next, a subset of 20 conformations from this pool was selected with GAJOE based on their collective
fitting to the experimental curve using Equation 1.

AD13-MDTCS-E?»Q:vWF-strep-peptide complex ensemble generation — A starting molecular
model of active AD13-MDTCS was built for subsequent calculations. To this end, the M domain of the latent
structure was remodelled with the COOT program [66] to adopt an active conformation based on active
ADAMTS structures and energy-minimised with the same program. In addition, a peptide spanning Lisos—T 1608
was modelled along the active site cleft according to templates provided by other ADAMTS and MP complexes.
Finally, the rest of the AD13-MDTCS structure was kept unaltered. Based on these coordinates, an initial
ensemble for the complex was generated in two steps. First, various conformations of the peptidase were
generated using normal mode analysis as described above for unbound latent AD13-MDTCS. Second, for each
conformation of the peptidase, 1200 conformations of the peptide were generated. For these calculations, the
segment of the peptide bound in the active site was fixed while the rest of the residues upstream and downstream
were modelled with RanCh. This yielded a total of 120,000 structures of the complex for which the theoretical
scattering profiles were computed with CRYSOL [67]. Finally, GAJOE was run for 200 cycles to select sub-
ensembles of five structures from the total ensemble of complex structures. The optimized ensemble from each
cycle was analysed to determine the number of structures belonging to each of the sampled normal modes of the
peptidase.
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Validation of SAXS ensembles with CLMS data — To analyse the agreement between the SAXS-
derived structures of the complex and the restraints derived from CLMS, we first filtered the ensemble of
complexes to retain only the peptidase conformations selected by EOM. Next, based on the observation that the
conformational distribution of vVWF-strep-peptide was not modified upon binding to the peptidase, we enlarged
the ensemble complex by docking 3200 peptide conformers to the peptidase. Using this enlarged ensemble, we
investigated whether the Ca atoms of the cross-linked residues were within binding distance of each other in the
individual structures.

Assembling models for the AD13-MDTCS:vWF-strep-peptide complex in solution — Based on the
SAXS-derived structure ensembles of the peptidase:peptide complex, we compiled sets of five molecular models
that collectively best described the CLMS and H/DXMS data. To this end, we subjected the ensemble generated
for analysing the agreement with CLMS to collective optimisation using CLMS and H/DXMS data. For each of
the complex structures of the pool, the distance between all the cross-linked residues measured experimentally,
and the buried solvent surface area of the protected regions of AD13-MDTCS-E??°Q, were computed with python
scripts using MDAnalysis [68] and the Tcl scripts using VMD [69]. Subsequently, a genetic algorithm of
artificial intelligence was developed using the DEAP library [70] to collectively fit the experimental data.
Briefly, this algorithm searches for an ensemble of five conformations in which all the CLMS and H/DXMS
constraints are fulfilled. The objective function maximised by the genetic algorithm is provided by Equation 2:

maxBS{™ 1 om minCLins—minCLi‘wl

f = e " (Equation 2)

n maxBSipoul m&k=1

maxCszl—minCLzom

where maxBS; is the maximal buried surface area found in the selected ensemble (ens) or in the pool for site i,
minCLx is the minimum distance for the cross-link k for the same ensembles, and m and n are the total number
of experimental cross-links and protected surface areas used for selection, respectively.
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Suppl. Fig. 1 — Original spectra from quantitative CLMS analysis of DSA-linked peptides. (A-C) AD13-MDTCS-
E??5Q peptides VAFGPKAVACTFAR and AIGESFIMKR from intra-molecular cross-linking (see Suppl. Table 2) in the
absence (A) or presence (B,C) of vWF-strep-peptide. In (B), the complex and AD13-MDTCS-E?°Q were modified with light
(*2C) and heavy (*3C) DSA, respectively. In (C), the complex and AD13-MDTCS-E??°Q were modified with heavy (**C) and
light (*2C) DSA, respectively. (D-F) Same as (A—C) for AD13-MDTCS-E?*Q peptides LLVPLLDGTECGVEK and WCSK.
(G-1) Same as (A—C) for AD13-MDTCS-E?*Q peptides SSPGGASFYHWGAAVPHSQGDALCRHMCRAIGESFIMK and
VVAGKMSISPD TTYPSLLEDGR.
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Suppl. Fig. 2 — Original data from H/DXMS. Deuterium uptake plots for AD13-MDTCS-E?%Q in the presence of VWF-
strep-peptide at time points 2 s, 2 min, and 20 min.
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Suppl. Fig. 3— P(r) functions. Plot depicting the values of P(r) for the peptidase, the peptide and the
complex as a function of Dmax.
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Suppl. Fig. 4 — Conformational studies. (A) Top five nontrivial normal modes (mode-7 to mode-11, top to bottom) used
to sample the conformational space of AD13-MDTCS. (B) The three derived hinge residues within the T domain are shown
as cyan spheres in two orthogonal views of the latent unbound crystal structure. (C) The number of structures from each of
the five normal modes selected in each of the 200 EOM cycles. (D) Example of conformations of vVWF-strep-peptide selected
by one of the EOM cycles.
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Sony . LS

Suppl. Fig. 5— Model validation through CLMS-derived restraints. Graphical representation of the overlap between the
space explored by pairs of residues observed to form cross-links (Suppl. Table 1) based on the SAXS-derived structures.
Small orange spheres show the positions of Ca atoms of the cross-linked residues of the peptide, while the large semi-
transparent spheres show the positions of the corresponding residues in the distinct conformations of the peptidase. AD13-
MDTCS-E??°Q and VWF-strep-peptide residues are labelled in red and blue, respectively.
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Suppl. Table 1 — Inter- and intramolecular distance restraints derived from CLMS.
Inter-molecular Intra-peptidase
Residues Max. distance (A) Residues Max. distance (A)
S266_Y 1 40s 29 DL7_K?318 15
K318_D g0 15 D182 _K?318 15
KB318_F 1635 15 El184 K318 15
K3187E1 640 15 E184_|559 15
KB318_Ege5 15 g272_ K368 30
KB318_E 1660 15 g275_ K368 30
K318_D1663 15 K318_ Y468 30
S%88_Si613 22 K318_E492 15
K497_T1656 22 K318_K497 22
K497_E1660 15 K318_K497 30
K559_F 1660 15 K318_[)500 15
K?318_[516 15
K318_|559 30
K318_[)634 15
K318_E634/D635 15
T358_|K368 22
K364_|K 368 22
T435_T441 22
T453_|K440 22
E492_ K559 15
K497_K 608 22
K559_T575 29
ADAMTS-13 residues with superscript numbers according to UP Q76LX8; VWF residue numbers
in subscript according to UP P04275. Maximal Ca-Ca. distances of 15, 30, and 22 A result from
reagents EDC/NHS, BS3, and DSG or DSA, respectively [1].

[1] Merkley ED, Rysavy S, Kahraman A, Hafen RP, Daggett V, Adkins JN. Distance restraints
from crosslinking mass spectrometry: mining a molecular dynamics simulation database to
evaluate lysine-lysine distances. Protein Sci. 2014;23:747-59.
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. Error Linked Linked
Crosslinker [M+H+] (ppm) Sequence 1 Protein 1 From To Sequence 2 Protein 2 From To resl1due reslzdue
DSG
Intermolecular
5926.9855 0 AGLAWSPCSR AD13 (M-S)E225Q 258 267 EQAPNLVYMVTGNPASDEIKRLPGDIQVVPIGVGPNANVQELER VWEF-Strep-pep 1599 1641 S266 Y1605
5697.8783 0.43 WSSWGPR AD13 (M-S)E225Q 386 392 EQAPNLVYMVTGNPASDEIKRLPGDIQVVPIGVGPNANVQELER VWEF-Strep-pep 1598 1641 S388 S1613
4348.316 -0.1 AIGESFIMKR AD13 (M-S)E225Q 489 498 IGWPNAPILIQDFETLPREAPDLVLQR VWE-Strep-pep 1642 1668 K497 T1656
5296.7495 0.59 AIGESFIMKRGDSFLDGTR AD13 (M-S)E225Q 489 507 IGWPNAPILIQDFETLPREAPDLVLQR VWEF-Strep-pep 1642 1668 K497 T1656
3632.6334 0.22 GSFTAGR AD13 (M-S)E225Q 560 566 GGWSHPQFEKGGGSGGGSGGWSHPQFEK VWEF-Strep-pep 1669* 1697* S561 S1673*
Intramolecular
2531.263 -0.1 WCSKGR AD13 (M-S)E225Q 365 370 LLVPLLDGTECGVEK AD13 (M-S)E225Q 350 364 K368 T358
3749.577 -0.6 TQLEFMSQQCAR AD13 (M-S)E225Q 441 452 ACVGADLQAEMCNTQACEK AD13 (M-S)E225Q 422 440 T441 T435
4516.9711 -0.1 TDGQPLR AD13 (M-S)E225Q 453 459 ACVGADLQAEMCNTQACEKTQLEFMSQQCAR AD13 (M-S)E225Q 422 452 T453 K440
4619.4536 0.31 KGSFTAGRAR AD13 (M-S)E225Q 559 568 EYVTFLTVTPNLTSVYIANHRPLFTHLAVR AD13 (M-S)E225Q 569 598 K559 T575
DSA
Intramolecular
2755.44 -0.1 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 AIGESFIMKR AD13 (M-S)E225Q 489 498 K318 K497
2332.16 0.1 LLVPLLDGTECGVEK AD13 (M-S)E225Q 350 364 WCSK AD13 (M-S)E225Q 365 368 K364 K368
6800.19 0.2 YVVAGKMSISPDTTYPSLLEDGR AD13 (M-S)E225Q 603 625 SSPGGASFYHWGAAVPHSQGDALCRHMCRAIGESFIMK AD13 (M-S)E225Q 460 497 K608 K497
EDC/NHS
Intermolecular
3890,06021 -3,68 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 LPGDIQVVPIGVGPNANVQELER VWEF-Strep-pep 1619 1641 K318 D1622
3890,07557 0,26 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 LPGDIQVVPIGVGPNANVQELER VWEF-Strep-pep 1619 1641 K318 E1638
3890,06873 -1,49 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 LPGDIQVVPIGVGPNANVQELER VWEF-Strep-pep 1619 1641 K318 E1640
3555,88441 -2,5 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 IGWPNAPILIQDFETLPR VWEF-Strep-pep 1642 1659 K318 E1655
2516,34262 -0,64 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 EAPDLVLQR VWEF-Strep-pep 1660 1668 K318 E1660
2516,34172 -0,99 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 EAPDLVLQR VWEF-Strep-pep 1660 1668 K318 D1663
2173,18669 3,18 AIGESFIMKR AD13 (M-S)E225Q 489 498 EAPDLVLQR VWEF-Strep-pep 1660 1668 K497 E1660
1844,99905 0,72 KGSFTAGR AD13 (M-S)E225Q 559 568 EAPDLVLQR VWE-Strep-pep 1660 1668 K559 E1660
Intramolecular
2466,27553 1,8 DPSLGAQFR AD13 (M-S)E225Q 117 125 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 D117 K318
2651,34217 0,87 FDLELPDGNR AD13 (M-S)E225Q 181 190 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 E184 K318
2651,33584 -1,52 FDLELPDGNR AD13 (M-S)E225Q 181 190 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 D182 K318
1979,99513 0,89 FDLELPDGNR AD13 (M-S)E225Q 181 190 KGSFTAGR AD13 (M-S)E225Q 559 566 E184 K559
2471,29725 1,41 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 AIGESFIMK AD13 (M-S)E225Q 489 497 K318 E492
2443,2145 -1,71 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 GDSFLDGTR AD13 (M-S)E225Q 499 507 K318 D500
3016,44693 1,05 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 EDGTLSLCVSGSCR AD13 (M-S)E225Q 515 528 K318 D516
2279,19913 1,15 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 VALTEDR AD13 (M-S)E225Q 630 636 K318 D634
2279,19064 -2,57 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 VALTEDR AD13 (M-S)E225Q 630 636 K318 D635
1799,94593 -0,74 AIGESFIMK AD13 (M-S)E225Q 489 497 KGSFTAGR AD13 (M-S)E225Q 559 566 E492 K559
BS3
Intramolecular
2144,17713 0,66 RQLLSLLSAGR AD13 (M-S)E225Q 268 278 WCSKGR AD13 (M-S)E225Q 365 370 S272 K368
2144,17617 0,22 RQLLSLLSAGR AD13 (M-S)E225Q 268 278 WCSKGR AD13 (M-S)E225Q 365 370 S275 K368
4247,04879 3,53 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 SSPGGASFYHWGAAVPHSQGDALCR AD13 (M-S)E225Q 460 484 K318 Y468
2413,28848 0,07 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 SFIMKR AD13 (M-S)E225Q 493 498 K318 K497
2455,29041 -0,43 VAFGPKAVACTFAR AD13 (M-S)E225Q 313 326 KGSFTAGR AD13 (M-S)E225Q 559 566 K318 K559

* These residues belong to the C-terminal Strep-tag.

Suppl. Table 2— Original data from CLMS. The table depicts the inter- and intramolecular peptides of AD13-MDTCS-E??°Q and VWF-strep-peptide cross-linked with
reagents DSG, DSA, EDC/NHS or BS3 and subsequently enzymatically digested. The residue numbers are from UP Q76LX8 and UP P04275, respectively.
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Suppl. Table 3 — Data collection and scattering-derived parameters.

Instrumention and software VWE-Strep peptide AD13-MDTCS-vWF complex
(Batch) (SEC-SAXS)

Instrument / EMBL-P12 BioSAXS EMBL-P12 BioSAXS

Beam geometry Point collimation () Point collimation ()

Detector Pilatus6M Pilatus6M

Wavelength (nm) 0.124 0.124

Sample to detector distance 3.0m 3.0m

Exposure time 0.05s*40 frames 1s*600 frames

Measured g range (hm™) 0.02-7.32 0.02-7.32

Temperature (K) 293 293

Software employed

Primary data reduction SASFLOW SASFLOW

Data processing PRIMUSQT CHROMIXS

Guinier Analysis PRIMUS QT PRIMUS QT

IFT Analysis GNOM 4.6 GNOM 4.6

Ab initio analysis - -

Ensemble generation RanCh Normal mode Analysis + RanCh

Ensemble Fitting EOM EOM

Three-dimensional graphics PyMOL, VMD PyMOL, VMD

representations

Data-collection and derived parameters

VWEFE-Strep peptide AD13-MDTCS-vWF
(Batch) complex (SEC-SAXS)
Concentration (mg mL™) 3 mg/mL 6 mg/mL 6 mg/mL
Calculated monomeric (My) 11.2 11.2 76.7
from sequence
Structural parameterst

1(0) (AU) 0.046 + 3.9E-04 0.02 £ 0.12e-03 8723 + 14.72
[from P(n)]
Rg (nm) 3.4+0.06 3.4+0.04 449 +0.14
[from P(n)]
1(0) (AU) 0.045 + 3.1e-04 0.019 + 8.4e-05 8686.41 + 14.98
(from Guinier)
Rg(nm) 3.08 £0.03 3.04 £0.02 4.38+0.01
(from Guinier)
Dmax (nm) 14 16.3
Molecular mass (M) 14.1 12.0 113.6
[Bayesian Estimate]
SASBDB Entry SASDKTS8 SASDKUS SASDKV8
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