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Abstract

Syndecans are membrane proteoglycans regulating extracellular matrix assembly, cell adhesion and sig-
naling. Their ectodomains can be shed from the cell surface, and act as paracrine and autocrine effectors
or as competitors of full-length syndecans. We report the first biophysical characterization of the recom-
binant ectodomains of the four human syndecans using biophysical techniques, and show that they
behave like flexible random-coil intrinsically disordered proteins, and adopt several conformation ensem-
bles in solution. We have characterized their conformational landscapes using native mass spectrometry
(MS) and ion-mobility MS, and demonstrated that the syndecan ectodomains explore the majority of their
conformational landscape, from minor compact, globular-like, conformations to extended ones. We also
report that the ectodomain of syndecan-4, corresponding to a natural isoform, is able to dimerize via a disul-
fide bond. We have generated a three-dimensional model of the C-terminus of this dimer, which supports
the dimerization via a disulfide bond. Furthermore, we have mapped the NXIP adhesion motif of syndecans
and their sequences involved in the formation of ternary complexes with integrins and growth factor recep-
tors on the major conformations of their ectodomains, and shown that these sequences are not accessible
in all the conformations, suggesting that only some of them are biologically active. Lastly, although the syn-
decan ectodomains have a far lower number of amino acid residues than their membrane partners, their
intrinsic disorder and flexibility allow them to adopt extended conformations, which have roughly the same
size as the cell surface receptors (e.g., integrins and growth factor receptors) they bind to.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The four mammalian syndecans (SDC-1-4) are
membrane  proteoglycans, which  regulate
numerous biological processes including cell
signaling [1,2], cell adhesion, migration, and inter-

actions with their microenvironment [3], angiogene-
sis [4], lipid metabolism [5], growth factor
recruitment and presentation to their receptors [6],
extracellular matrix assembly [7,8], and tissue
regeneration [9]. They exert their functions via a
large interaction network, which comprises 347
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partners [10]. Additionally, numerous studies
pointed out the role of the syndecans in several
pathological processes like tumorigenesis [2],
host-pathogen interactions [11], neurodegenerative
diseases [12,13] and inflammation [14].

The syndecans comprise an ectodomain (ED)
ranging from 20 to 40 kDa, a transmembrane
domain and a cytosolic domain containing a
variable region flanked by two constant regions.
They bear glycosaminoglycan (GAG) chains,
which are covalently attached to their protein core
through conserved serine-glycine motifs. The four
syndecans contain heparan sulfate chains at their
N-terminus but SDC-1 and -3 also carry
chondroitin sulfate chains in the juxtamembrane
region [1,2]. Their shedding by various proteinases
leads to the release of their soluble ectodomains in
the extracellular milieu, where they can act as para-
crine or autocrine effectors and competitive inhibi-
tors of cell surface proteoglycans [15,16]. The
syndecan ectodomains play a role in wound repair,
and modulate the behavior of cancer cells and their
microenvironment [1]. Shed syndecan-2 inhibits
angiogenesis [4], and enhances tumorigenic activi-
ties of cancer cells [17] whereas shed syndecan-1
translocates to the nucleus of cells delivering
growth factors and inhibiting histone acetylation
[18]. This ectodomain is also involved in chemother-
apy resistance via the epidermal growth factor
receptor in cancer [19], and inhibits early stages of
liver fibrogenesis by binding to transforming growth
factor B1 and interfering with its action [20]. Shed
syndecan-4 promotes immune cell recruitment,
extracellular matrix remodeling and mitigates car-
diac dysfunction in response to lipopolysaccharide
[21]. Shed syndecans have been proposed as
biomarkers or as prognostic predictors in several
diseases [22].

However, despite the variety and importance of
their biological roles, very few structures are
available for the syndecans [10], which prevents
detailed studies of their molecular mechanisms of
action. Indeed, the structures of the transmembrane
domain of SDC-2 and SDC-4 and of the cytoplasmic
domain of SDC-1 and -4 alone or in complex with
other proteins have been determined (reviewed in
[10]), but no structural data are available for the
ectodomains of syndecans, which have been pre-
dicted to lack ordered structure [23]. This prompted
us to characterize the ectodomains of the four
human syndecans (ED 1-4) by several biophysical
methods (circular dichroism, CD, dynamic light
scattering, DLS, and size exclusion chromatogra-
phy - small angle X-ray scattering, SEC-SAXS) to
determine their content in disorder and secondary
structure, their shape and size (i.e., the maximum
dimension Dmax, the radius of gyration Rg and their
hydrodynamic radius Rh), and their flexibility. Their
conformational landscape, ranging from compact,
globular-like conformations, to extended conforma-
tions was further explored by native mass spec-

trometry (ESI-MS) and ion-mobility mass
spectrometry (ESI-IM-MS) [24]. The fact that the
NXIP adhesion motif and the sequences involved
in the formation of ternary complexes with integrins
and growth factor receptors are not accessible in all
the ectodomain conformations suggests that only
some of them are biologically active. The extended
conformations of these small disordered proteins
(2040 kDa) have approximately the same size as
the large cell surface receptors they bind to (i.e.,
integrins and growth factor receptors).

Results

The syndecan-4 ectodomain is able to dimerize

The human ectodomains ED-1—4 were
expressed as recombinant proteins in E. coli with
a 6xHis tag at the N-terminus and a FLAG tag at
the C-terminus (Supplementary Table S1). Since
the ectodomains were expressed in E. coli they
did not bear GAG chains but it has been
previously shown that recombinant syndecan EDs
lacking GAG chains are biologically active by
supporting cell adhesion (ED-1, [25]), mediating
heparinase-enhanced migration of myeloma cells
[26], and inhibiting osteoclast differentiation [27].
Furthermore, several syndecan partners (e.g. inte-
grins) bind to the protein core of syndecans but
not to their GAG chains. The natural isoform 2 of
SDC-4, lacking the transmembrane and cytosolic
domains and mimicking the proteolytic ectodomain
shedding [28], was used to study the ectodomain
of SDC-4, and is referred to as ED-4 throughout this
study. The ectodomains were purified by two affinity
chromatography steps using Ni-NTA agarose and
anti-FLAG agarose. An additional step of purifica-
tion by size exclusion chromatography (SEC) was
carried out for SAXS, MALLS, DLS, ESI-MS and
ESI-IM-MS experiments as described in the Meth-
ods section.

A single band was detected by SDS-PAGE
(Fig. 1A) and Western blot (Fig. 1B) for ED-1, ED-
2 and ED-3. In contrast, two major bands
migrating with an apparent molecular weight of
28 kDa and 63 kDa were observed for ED-4
(Fig. 1A and 1B). The reduction of ED-4 by
dithiothreitol (DTT) led to a marked decrease in
the 63-kDa band, and an increase in the 28-kDa
band suggesting that the dimerization may occur
via disulfide bonding. The unique cysteine residue
of syndecan-4 was mutated into alanine (C150A),
and the mutant migrated as a single band
confirming that the role of the disulfide bond in the
dimerization process (Fig. 1C). Full-length
syndecans homo- and heterodimerize via a
conserved transmembrane GxxxG motif [29], but
this is the first report that the ectodomain of
syndecan-4 is able to dimerize.

The molecular weight of the syndecan EDs were
higher than the theoretical values when calculated
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Fig. 1. SDS-PAGE and Western blot analysis of the recombinant ectodomains of human syndecans. 2 pg of
proteins purified by affinity chromatography and gel filtration were analyzed in non-reducing conditions by SDS-PAGE
and stained by Coomassie blue (A), and by Western blot with an anti-FLAG antibody and chemiluminescence
detection (B). The wild-type ectodomain of syndecan-4 (+2 mM DTT), and the C150A mutant were analyzed by SDS-

PAGE (C). Molecular masses indicated are in kDa.

by SDS-PAGE and size-exclusion chromatography
but consistent with them and with the existence of a
dimer of ED-4 when determined by ESI-MS and
SEC-MALLS (Supplementary Table S2 and
Supplementary Fig. S1). The anomalous migration
of syndecan EDs on SDS-PAGE was previously
attributed to the high proline content of the
ectodomains [30] but this could be likely due to
the presence of intrinsic disorder [23], predicted in
the four EDs by a metapredictor of disorder

migrated in SDS-PAGE much slower than to the
other ectodomains with an apparent Mw of
89 kDa. This was consistent with the apparent Mw
of murine ED-3 (90-120 kDa) [30] but far larger than
the theoretical Mw of ED-3. Its slow migration could
not be attributed solely to its higher number of
amino acid residues (Supplementary Table S2)
and/or to its content in intrinsic disorder calculated
from the deconvolution of CD spectra (69%,
Fig. 2), which was identical to that of ED-1. Its
mucin-like sequence of approximately 200 amino

ED-1 £ TFE 104

ED-2 £ TFE

200 220 240 260 200 220 240 260

Wavelength (nm) Wavelength (nm)

(metaPrDOS, Supplementary Fig. S2A). ED-3
A - cC =
T oy
Qo i)
w % -5 — o
o~ <
= o 0] — ED-1 — ED-2 2 A
g o =104 %
S -5 — ED-3 — ED-4 <’
S s Q
X <0 . , y g <
200 220 240 260 w S
Wavelength (nm) % Né
B - Ho-Helx O Tums o
2,;\? 80- | - Strands @ Disorder D 10d
£ _ - ° \
® eo
'g ,5 60 C')S |
S8 wf fl b =
o 2 =~
N+ 2] )
7
Lo -I |H

ED-3 £ TFE 5 ED-4 £ TFE

N M
§ <o°9' &',‘: &'

T T T - T T T
200 220 240 260 200 220 240 260

Wavelength (nm) Wavelength (nm)

Fig. 2. Circular dichroism experiments. A) CD spectra of the syndecan ectodomains (MRE: mean residue molar
ellipticity). B) Percentage of secondary structures and random coil calculated from the deconvolution of CD spectra
using Dichroweb as described in the Methods section. C) CD spectra of the syndecan ectodomains recorded in
presence of increasing concentrations of trifluoroethanol (TFE) from 0 % (black dotted line) to 60 % v/v (the darkest

color).



acids rich in threonine, serine and proline residues
(amino acid residues 115-302), which accounts
for 14% of ED-3 amino acid residues and for less
than 10% for the other ectodomains, likely con-
tribute to its slower electrophoretic mobility.

The four syndecan ectodomains are enriched
in intrinsic disorder

To experimentally estimate their amount of
intrinsic disorder, the syndecan ectodomains were
then analyzed by circular dichroism (Fig. 2A). The
largest ectodomains, ED-1 and ED-3, were the
most disordered (69 % of random coil), whereas
the smallest ones, ED-2 and ED-4, contained 52
% and 44 % of random coil respectively (Fig. 2B).
The content in a-helix of the four ectodomains was
very low (<3 %), but they contained a significant
amount of B-strands, which was higher in ED-2
and ED-4 (26 % and 33 % respectively) than in
ED-1 and ED-3 (16 % and 17 % respectively)
(Fig. 2B). B-strands were predicted to be located
in the C-terminal half of ED-1 and ED-4 but
distributed along ED-2 and ED-3 sequences
(Supplementary Fig. S2A). Although they are
extensively disordered, the syndecan EDs contain
a significant amount of hydrophobic residues (37—
52 %) of the total amino acid residues, which are
usually depleted in IDPs [31].

To determine if the ectodomains were able to
undergo a disorder-to-order transition, the
Molecular Recognition Features (MoRFs), which
are short disordered sequences able to undergo
this transition upon binding to a partner, were
predicted. Two major MoRFs were predicted at
the N- and C-termini of ED-1 and ED-3 and a
short one in their central part (Supplementary
Fig. S2A). In contrast, almost the entire
sequences of ED-2 and ED-4 were predicted to
be a MoRF, except for the N- and C-termini
(Supplementary Fig. S2A). CD experiments were
performed in presence of increased
concentrations of 2,2,2-trifluoroethanol (TFE) to
check if the ectodomains were able to undergo a
disorder-to-order transition. An increase in a-helix
in ED-1 (15 %) and ED-3 (31 %) in presence of 60
% TFE was associated with a decrease in
disorder (22 % and 29 % respectively in ED-1 and
ED-3) (Fig. 2C, Supplementary Fig. S3),
suggesting that they might undergo a disorder-to-
order transition. The gain of a-helix in syndecan-3
could be a cooperative process. In contrast, the
increase in a-helix in ED-2 (21 %) and ED-4 (12
%) was associated with a decrease in B-strands (9
% and 11 % respectively) and a low or negligible
decrease in disorder (6 % and 2 %, respectively)
(Fig. 2C).

CD spectra were also collected in presence of 3 M
and 5 M guanidinium chloride, which destabilizes
folded proteins but stabilizes polyproline 1l helix
[32]. A small increase in signal in the 220-230 nm
region was observed for the four ectodomains in

presence of guanidinium chloride suggesting that
they were not able to form a significant amount of
polyproline Il helix (Supplementary Fig. S2B). CD
spectra were also collected in presence of two
chemical chaperones in order to determine if they
were able to stabilize or favor any conformation of
the ectodomains. The stabilizing osmolyte chaper-
one trimethylamine N-oxide, which shifts the
folding-unfolding equilibrium toward the folded
state, induced changes in the CD signal (Supple-
mentary Fig. S2C), which could be related to a
decrease in disorder. The hydrophobic chaperone
4-phenylbutyric acid, which prevents aggregation,
did not induce significant changes in CD spectra
(Supplementary Fig. S2C).

The syndecan ectodomains are highly
extended and flexible in solution

The four syndecan ectodomains were analyzed
by SEC-small-angle X-ray scattering (SEC-SAXS)
(Fig. 3 and Supplementary Fig. S4). ED-2 and the
monomeric form of ED-4 had a similar radius of
gyration (42.9 + 0.33 A and 41.53 + 0.67 A
respectively), and a similar . maximum
intramolecular distance Dmax (185 A and 180 A
respectively) (Table 1 and Supplementary
Fig. S5). Their pair distribution functions were
superimposed indicating that they share similar
conformations despite their low sequence identity
(<20 %) (Supplementary Fig. S5). ED-3 had the
largest Rg (65.0 = 0.62 A) and Dmax (300 A)
whereas the Rg of ED-1 was 52.7 + 1.43 A, and
its Dmax was 230 A (Table 1 and Supplementary
Fig. S5). The experimental values of the radius of
gyration of the four ectodomains were close to the
theoretical values calculated using the Flory’s
equation for a random coil protein containing the
same number of amino acid residues (Table 1).
Furthermore, the Flory exponential scaling factors
calculated for the syndecan EDs were 0.58 and
0.59, similar to the value calculated for chemically
disordered proteins (0.60) which are more
extended than IDPs [33]. The hydrodynamic radius
(Rh) of the ectodomains, determined by size-
exclusion chromatography-dynamic light scattering
(SEC-DLS), ranged from 34.1 A (ED-2) to 50.1 A
(ED-3), and their Rg/Rh ratio, that provides informa-
tion about protein shape and compactness, ranged
from 1.16 (ED-4 monomer) to 1.31 (ED-4 dimer)
(Table 1). These values were far higher than those
of globular proteins (0.778) and close to those
reported for prolate ellipsoids (1.36-2.24) [34]
(Table 1). The Rh, Rg and Dmax of the ED-4 dimer
were larger than that of the monomer (Table 1 and
Supplementary Fig. S5). The shape of the normal-
ized Kratky plots of the four EDs (Fig. 3C) and of
the ED4-dimer (Fig. 3D) was consistent with those
of IDPs [35]. The Porod exponents of the EDs were
similar (1.7 for ED-1, ED-3 and the monomer of ED-
4, 1.8 for ED-2, and 1.9 for the dimer of ED-4) indi-
cating that they all are flexible, the Porod exponent
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Fig. 3. SEC-SAXS analysis of the syndecan ectodomains. A) SEC-SAXS scattering intensities (colored curves) and
fitting to random coil (RC, black solid line) and pre-molten globule (PMG, black dotted line) models using EOM. The
residual plots for the PMG (black) and RC models (colored) are indicated as well as the smoothed residuals (thick
lines with the same color legend). B) Determination of the radius of gyration according to the Guinier approximation at
low angle. The residual plots and the coefficient of determination (R®) are indicated. Normalized Kratky plots of C) the
four syndecan ectodomains (EDs), and D) the monomeric and dimeric forms of the ectodomain of syndecan-4. E)
Scaled Kratky-Debye plots of the syndecan ectodomains (blue: ED-1, orange: ED-2, green: ED-3, purple: ED-4
monomer, red: ED-4 dimer).

Table 1 Size, shape and compactness of the syndecan ectodomains. The radii of gyration were calculated
experimentally from SEC-SAXS data by Guinier approximation and theoretically using Flory’s equation (see Methods
section). Their hydrodynamic radii (Rh) were determined by SEC-DLS. The C150A mutant was used to calculate the Rh
of the ED-4 monomer.

ED-1 ED-2 ED-3 ED-4 (monomer) ED-4 (dimer)
SAXS
Rg (A) (Guinier approximation Mean + error) 53.30 + 0.3 42.90 + 0.33 65.00 + 0.62 41.53 + 0.67 59.25 + 2.27
Dmax (A) (Pair distribution function ) 230 185 300 180 240
Theoretical Rg calculated using Flory’s equation
Folded protein 18.5 15.9 20.5 16.1 19.7
Pre-molten globule (Mean = error) 46.3 + 0.6 35.2+04 55.9+0.8 36.3 £ 0.5 521 +0.7
Random coil (Mean + error) 542 +11.8 39.6 7.8 67.4 £ 15.7 409 + 8.2 62.2 + 14.1
Hydrodynamic properties (SEC-DLS)
Rh (A) (Mean = error) 449 + 0.8 34.1+0.7 50.1 +1.3 35.7 +0.8 454 +1.2
Shape factor Rg/Rh 1.19 1.26 1.30 1.16 1.31

being equal to 2 for fully flexible systems [36]. The
EDs flexibility was also demonstrated by the plateau
observed in the Kratky-Debye plots (Fig. 3E). The
syndecan ectodomains are thus disordered, flexi-
ble, and extended proteins in solution.

SAXS scattering intensities were then analyzed
using the Ensemble Optimization Method (EOM,

[37]) in order to confirm that they behave as random
coil IDPs, and to explore their conformational land-
scape. Two different pools of conformers corre-
sponding to premolten globule (PMG) and random
coil (RC) proteins were generated. The PMG model
failed to correctly fit scattering intensities at high
angles (>4 A) whereas the RC model perfectly fitted



the experimental data (Fig. 3A and Table 2), and
was thus selected for further analysis of the synde-
can EDs. The values of Rflex for the selected
ensembles of the four ectodomains (81-86 %) were
very close to those of the pools of random coil con-
formers (84—-86 %) (Table 2), in agreement with the
high entropy and conformational heterogeneity of
IDPs [31]. The distributions of Rg and Dmax of the
ensembles fitting experimental SAXS data were
shifted to higher values than those of the random
coil ensemble. The distributions of Rg and Dmax
of the selected ensembles were roughly centered
on Rg ~ 56 A and Dmax ~ 193 A for ED-1 and on
Rg ~ 70 A and Dmax ~ 225 A for ED-3. The multi-
modal distribution of both Rg and Dmax for ED-2
and ED-4 might indicate the existence of several
subpopulations of conformations for these two ecto-
domains (Fig. 4). Selected models of the conforma-
tion ensembles of ED1-4 are presented in Fig. 4.
Biologically active sequences of syndecans (i.e.,
NxIP sequences promoting cell adhesion and syn-
statin sequences involved in the formation of binary
and ternary complexes with growth factor receptors
and/or integrins [26,38—40]) were mapped onto the
models of the ectodomains generated from EOM
analysis. As shown on Fig. 4, these sequences
are not accessible in all the conformations of the
ectodomains, some of them being partially masked
or buried in some conformations. This suggests that
only certain conformations of the syndecan ectodo-
mains are biologically active at the cell surface.

The conformational landscape of syndecan
ectodomains

Electrospray ionization-mass spectrometry (ESI-
MS) in native conditions provides information on
the variable degrees of compactness of IDPs. The
charge state distributions (CSDs) determined by
ESI-MS are related to the global compactness of
proteins upon their transfer from solution to gas
phase, the highest charge states corresponding to
the most extended conformations [42]. The CSDs
of the four ectodomains were trimodal, showing that
the ectodomains of syndecans could adopt prefer-
ential conformations (Fig. 5A). Gaussian functions

were fitted to the CSD envelopes to determine the
relative proportions of the three major conforma-
tional ensembles. The most extended conforma-
tions (i.e. the highest charge states) were the
most abundant for ED-1 (86 %), ED-2 (70 %) and
ED-4 (85 %) but accounted for only 24 % for ED-
3, in which the population with intermediate charge
states predominated (Fig. 5B). Most compact con-
formations were found in minor amount for ED-1
(2 %), ED-2 (4 %), and ED-4 (8 %) and in larger
amount for ED-3 (14 %).

The average solvent-accessible surface area
(SASA) of the ectodomains and of their most
extended and most compact conformations were
calculated (Supplementary Table S3). The
average SASA values of ED-2 (16 074 A?) and of
the monomer of ED-4 (17 780 A?) were in the
same range, as were those of ED-1 (29 653 A?)
and ED-3 (28 624 A?) although the ED-3
sequence is 30 % longer than the ED-1 sequence.
The average SASA values being related to the
extent of protein ionization, this is consistent with
the fact that ED-3 might adopt more compact
conformations than ED-1 as mentioned above.
However, the SASA values of the most extended
conformations of the ectodomains were directly
proportional to the number of their amino acid
residues, ranging from 18 269 A (ED-2) and 18
844 A (ED-4 monomer) to 31 104 A (ED-1) and
42 071 A (ED-3) confirming that ED-3 is also able
to adopt extended conformations.

The average charges of the most compact
conformations of the ectodomains were very close
(=1 proton) to that reported for globular proteins
with a similar number of amino acids residues
[43]. The SASA values of the most compact confor-
mation of ED-1 and ED-3 were 17 % and 23 %
higher than those of the globular proteins carbonic
anhydrase | and ovalbumin (see details in the Meth-
ods section) (Supplementary Table S3). In contrast,
the SASA values of the most compact conformation
of ED-2 and ED-4 were slightly lower than those of
the globular proteins myoglobin and B-lactoglobulin
(Supplementary Table S3), suggesting that ED-2
and ED-4 are able to adopt compact, globular-like,
conformations. In conclusion, ED-1, —2 and —4 pri-

Table 2 Ensemble Optimization Method (EOM) analysis of SAXS data. Fitting assessment between the experimental
and theoretical scattering intensities generated by EOM for the pre-molten globule and the random coil ensembles. The

CorMap test is a goodness-of-fit test [41].

EOM analysis ED-1 ED-2 ED-3 ED-4 (monomer)
Pre-molten globule (PMG) model

Reduced »* 0.904 0.947 0.765 0.636

CorMap p-value 0.0002 0.000 0.008 0.004
Random-coil (RC) model

Reduced 2 0.616 0.632 0.663 0.597

CorMap p-value 0.224 0.227 0.0645 0.0618

Rflex ensemble (%) 82.71 86.17 81.18 84.02

Rflex pool (%) 84.31 85.60 84.59 83.69

Ro 0.92 2.47 0.85 1.01
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marily adopted fully extended conformations in the ~ of ED-2 and ED-4, present in minor amounts, are
gaseous phase as they did in solution, whereas  globular-like. This suggests that the syndecan
ED-3 forms partially extended conformations with ~ EDs cover a large part of their conformational land-
a low but significant contribution of more compact  scape, which was further defined by ion-mobility
states. In addition, the most compact conformations mass spectrometry (ESI-IM-MS) experiments as
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detailed below. The C150A mutant of ED-4, unable
to dimerize, was used for these experiments, and
the dimer of ED-4 was studied by selecting odd
numbers of charge states for ED-4.

The collision cross-section (CCS) distributions of
the ectodomains, calculated by ESI-IM-MS,
increased as a function of their charge state due
to Coulomb repulsion as expected (Fig. 6A). The
boundaries of the accessible CCS space of the
ectodomains were roughly estimated using a
simple model based on the volume of the amino
acid residues in either a sphere or a cylinder as
representatives of the most compact and the most
extended conformations respectively [44]. ED-1
explored approximately half of its accessible CCS
space (54 %) whereas ED-2 (73 %), ED-3 (70 %)
and ED-4 (68 %) explored about 70 % of their
CCS space (Fig. 6A). These results, in combination
with the large range of charge states detected, are
consistent with the high flexibility of the four EDs,
and confirm that they can adopt extended elon-
gated conformations. The predominance of high
charge states with relatively large CCS values sug-
gests that these elongated structures represent a
majority of the sampled conformational space. In
addition, low charge states with low CCS values
confirmed the existence of a more compact confor-
mational ensemble (Fig. 6A).

A transition from a compact conformational
ensemble to a more extended one occurred in the
four ectodomains as the charge state z increased,
yielding to a bimodal CCS distribution. Beveridge
et al. [45] proposed that such transition may be
related to the distinct desolvation mechanisms of
compact and elongated conformations in the elec-

trospray ionization process. The transition between
the compact and extended states occurs when the
radius of an ion of charge state z reaches the max-
imum size of a solvent droplet bearing a charge z,
the so-called Rayleigh limit. It occurred at z = 8—
13 for ED-2 and ED-4, at z = 11-15 for ED-1, and
at z = 16—18 for ED-3. The charge state where the
transition in the CCS distributions arose for each
ED corresponded to 80 to 85 % of the correspond-
ing Rayleigh limit estimated according to Mora et al.
[46]. These results were consistent with the exis-
tence of two different conformational ensembles of
the syndecan ectodomains, each following a single
but different desolvation mechanism, and one tran-
sitional state where both desolvation mechanisms
occur [45]. No transition was observed in the CCS
distribution of the ED-4 dimer suggesting that com-
pact conformations were not favored for the dimer.
Its conformations were thus investigated further.

The ED-4 dimer adopts extended
conformations

Two peaks were observed in the global ESI-IM-
MS arrival time distribution recorded for ED-4
(Fig. 6B). The mass spectrum extracted for the
first peak (drift time 25 ms) displayed a charge
state distribution consistent with 9-11 positive
charges and the mass of ED-4 monomer. The
mass spectrum extracted for the second peak
(drift time 32 ms) corresponded to 18—-23 positive
charges and to the mass of the ED-4 dimer
(Fig. 6C). The drift time of the dimer was higher
than that of the monomer with half charge. The
drift time of a molecular ion being proportional to
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the ratio of its CCS to its charge z, this indicated that
the CCS of the ED-4 dimer was at least twice that of
the monomer. This is consistent with the
association of two ED-4 monomers retaining a
relatively extended conformation, which was
supported by the values of the hydrodynamic
radius of ED-4 monomer (36 A) and dimer (45 A),
and of the radius of gyration (41.5 A and 59.3 A
for ED-4 monomer and dimer respectively). The
monomers could bind to each other via their C-
terminus containing the unique cysteine residue,
with both flexible ectodomains retaining their
flexibility and pointing in opposite directions.
Molecular dynamics simulations were carried then
out on the 40 amino acid residues located at the
C-terminus of ED-4 to investigate this possibility.
The ensemble-averaged properties of the system,
including the plots of heat capacity, ensemble-
averaged fractions of secondary structure, fraction
of disulfide bonds, and the radius of gyration were
described in Supplementary Fig. S6A-D.
According to these data, the system was largely
unstructured at room temperature, with an almost
equal amount of a-helical and B-sheet structure,
and remained a dimer even at high temperatures.
Because the fraction of disulfide bonds was
substantial even at higher temperatures, they
probably largely contribute to the stabilization of
the dimer. The dimer having been experimentally
studied at room temperature, we analyzed its
conformational ensemble at 300 K, which also
corresponded to the heat-capacity peak and to the
switch between B-sheet and a-helical structure
midpoint (Supplementary Figs S6A and S6B).
Four families constituted 95 % of the ensemble
and their representatives, after conversion to all-
atom representation and refinement, are shown in
Fig. 7A. The disulfide-bonded C-termini were

extended and parallel to each other in all
conformations but did not form a regular parallel
B-sheet. Family 1 (50 % of the population) was
largely disordered, with only two short a-helices in
chains A (Ser'®3-Gly'®") and B (Ser'3°-Gly'®")
where A and B serve only to distinguish both
chains of the dimer (Fig. 7A). There was also a
distorted p-hairpin in the Pro'*>-Ser'®? region of
chain A (not marked in the Fig.). The helical
sections were largely extended in the
representative conformation of family 2 (18 %
population) from Glu'®® to Gly'®” in chain A and
from Asp'?* to Ser'?® in chain B. Chain B also
contained a distorted P-hairpin from lle' to
Leu™’ in chain B (Fig. 7A). Similarly, sections of
the same regions remained o-helical in the
representative conformation of family 3 (16 %
population), extending from Glu'?® to Asn'?’ in
chain A and from Glu'?® to Gly'®” in chain B, the
helix in chain A being remarkably shorter
(Fig. 7A). In the representative conformation of
family 4 the only regular structure was a short
anti-parallel B-sheet composed of the Glu'**-
Ala'*® sequence in chain A with Ser'*°-Ser'*®
forming a part of a distorted pB-hairpin that
extended from Ser'® to Ala'*®, Another distorted
B-hairpin extending from Asn'*® to Val'*® was
observed in chain B (Fig. 7A).

Consistent with the small value of the ensemble-
averaged radius of gyration (Supplementary
Fig. S6D), all structures encompassing the C-
terminal 40 residues were compact. The
maximum particle dimension (Dmax) and radius of
gyration (Rg) of the whole syndecan-4 dimer
calculated from SAXS data were 240 A and
59.25 A respectively, suggesting a highly
extended structure. This elongated structure could
be formed provided that the N-termini of the
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dominant conformations of the C-terminal section
studied here were not restricted to point in the
same direction. As shown in Supplementary
Fig. S7A-D, where  the representative
conformations were drawn in tube representation
(the width of the tube being related to the flexibility
of a region), and where other conformations of a
family were superimposed, the N-termini were
very flexible in the dominant families 1-3 so that
they could assume any orientation, while the less
flexible N-terminal regions of the structures of
family 4 pointed in different directions. The
sequence of the C-terminal part of ED-4 contains
numerous positively and negatively charged
residues and polar residues. Therefore, the
compact shape of the dimer C-terminus at 300 K
was Iikel}/ stabilized by salt bridges in addition to
the Cys'®°A-Cys'®°B disulfide bond. Inter- and
intra-chain  salt bridges, shown in the
representative conformations of families 1, 2, and
3, occurred on the protein surface (Fig. 7B). In
family 1, the strongest one was the inter-chain
bridge between Arg'**A and GIu'*B, which
connected two loop regions exhibiting reduced
flexibility compared to the other parts of the
structure (Fig. 7B). In the representative structure
of family 2, Glu'*B forms an intra-chain bridge
with Lys'?8A (Fig. 7B). However, the sequence of
chain A containing Arg'*® was close to Glu'*°B
and, therefore, the Arg'*A-GIu'*B salt bridge
could also be formed in the conformations of
family 2. In the representative conformation of
family 3, there was an inter-chain salt bridge
between Lys''*B and Glu'?'A, which was also
engaged in an intra-chain salt bridge with Arg''°A
(Fig. 7B).
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Discussion

We report here the first characterization of size,
shape, secondary structure, and conformational
landscape of the ectodomains of the four human
syndecans, that play major roles as paracrine or
autocrine effectors or as competitors of full-length
syndecans and are involved in angiogenesis and
in diseases such as cancer and fibrosis. We have
shown that they are enriched in intrinsic disorder,
and provided experimental support to in silico
predictions [23]. The juxtamembrane region of the
four syndecan ectodomains are predicted to be
highly disordered, which is consistent with this
region being highly sensitive to proteolytic cleav-
age, including the ED shedding sites [10,16]. Fur-
ther cleavage sites by metalloproteinases exist
along the sequence of ED-1, ED-2, and ED-4 [10].
The NXIP motif, required for cell adhesion, and
found in the sequence of human ED-2 and ED-4,
is also intrinsically disordered. The ectodomains
contain from ~ 15 % (ED-1 and ED-3) to ~ 30 %
(ED-2 and ED-4) of B-strands, but few, if any o-
helices. However, they are able to form a-helices
in presence of trifluoroethanol. This is in agreement
with the partial folding into a-helix of the ectodomain
of syndecan-4 during molecular dynamic simula-
tions carried out at the glycocalyx level [47].

Full-length syndecans form homo-and
heterodimers [29] but our study is the first one to
report that the isoform-2 of syndecan-4 (ED-4)
dimerizes via a disulfide bridge mediated by a
unique cysteine residue located at its C-terminus.
Indeed, the mutation of this cysteine residue into
alanine (C150A) nearly abolishes the dimerization
process. The dimer of ED-4 remains fully disor-
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dered and flexible as shown by SAXS and MS
experiments. lon-mobility MS data suggests that
ED-4 dimerizes via their C-terminus with the mono-
mers extending in opposite directions, which is con-
sistent with the values of the radius of gyration and
of the hydrodynamic radius calculated for the dimer.
No dimer of ED-2 has been detected, and minute
amount of a dimer of ED-1 and ED-3 has been iden-
tified during ESI-MS experiments, which is consis-
tent with the self-association of syndecan 3
mediated by a motif in the transmembrane domain
and the ectodomain flanking region [48]. The ecto-
domains 1, 2 and 3 do not contain any cysteine
residue.

SEC-SAXS data show that the syndecan
ectodomains are highly flexible and extended in
solution, and behave like random coils rather than
pre-molten globule IDPs. The four ectodomains
display three major ensembles of conformations
with various degrees of compactness in the gas
phase as shown by ESI-MS and ESI-IM-MS. ED-1
explores a reduced part of its conformational
space (54 %) compared to the three other
ectodomains (~70%), suggesting that it might
adopt a restricted number of conformations. The
most compact conformations are the less
abundant for the four EDs. The most extended
conformations account for 70 % to 85 % of the
conformations for ED-2, ED-1 and the monomeric
form of ED-4. In contrast, ED-3 exists mostly as
partially extended conformations with a low but
significant contribution of more compact states,
although it contains the same amount of disorder
but is longer than ED-1. Moreover, ED-3 is able to
form more compact conformations than the other
ectodomains as shown by its SASA and the
intensity of low and intermediate charge states by
ESI-MS. ESI-MS detects different conformers of a
protein with variable degree of compactness and
the distribution of these molecular species without
averaging them in contrast to SAXS. The
intrinsically disordered proteins sample a 3 to 5-
fold broader conformational space in the gas
phase than in solution. The absence of water in
ESI-MS increases intramolecular electrostatic
interactions, which can trigger changes in protein
conformations and generate additional
subpopulations including fully collapsed structures,
which are not detected in solution [49]. This might
explain why the most compact conformations of
the ectodomains were only detected by ESI-MS,
and why the extended conformations were predom-
inant both in SAXS and ESI-MS experiments for the
ectodomains ED-1, ED-2 and ED-4. In contrast,
ED-3 adopted extended conformations in solution
whereas more partially extended conformations
were predominantly detected by ESI-MS together
with a significant amount of compact conformations.
This might be due to the presence in ED-3 of the
mucin-like sequence rich in polar serine and thre-
onine residues, which is predicted to be intrinsically
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disordered and might participate in electrostatic
interactions, and/or in changes induced by the ion-
ization process [50], which might affect ED3 to a
higher extent than the other ectodomains.

The ectodomains of syndecans have a smaller
molecular weight than their cell surface partners
such as avp3, avp5, a3p1 and a4p1 integrins and
growth factor receptors including the insulin
growth factor receptor (IGFR1), the epidermal
growth factor receptor (EGFR), the receptor
tyrosine-protein kinase erbB-2 (HER2) and the
vascular endothelial growth factor receptor 2
(VEGFR2) [26,39,40]. However, the size of their
ectodomains, evaluated by the Dmax calculated
by SEC-SAXS, varies from ~ 180 A (ED-4 and
ED-2) to 230 A (ED-1) and 300 A (ED-3). This is
of the same order of magnitude than the size of
ligand-bound integrins, such as allbB3 integrin,
which extends to 180-200 A in length upon binding
to fibrin [51], and avB3 integrin in its open form
(177 A), and of their other cell surface partners
(Fig. 8). The intrinsic disorder of the syndecan
EDs is thus an important feature allowing them to
accommodate to their partner size at the cell
surface.

The conformations of the syndecan ectodomains
may be modulated upon binding to their numerous
partners [10]. The docking of their partners to the
core protein ectodomain might stabilize particular
conformations of the ectodomains. This will be
investigated by studying complexes formed by syn-
decan EDs and their ligands. On the other hand, the
disorder of syndecan EDs might lead to the forma-
tion of fuzzy complexes with their partners. This
might be the case for the highly disordered synstatin
sequences of human ED-1, namely residues 93—
120, which form a ternary complex with IGFR1
and avp3 integrin [52], and residues 210-240,
which form a ternary complex with VEGFR2 and
a4p1 integrin [26]. Mechanical forces could also
regulate the conformations of the four ectodomains
because conditional disorder may be initiated by
such forces [31], and because the syndecans,
which link the extracellular matrix to the actin
cytoskeleton, act as mechanosensors as reported
for syndecan 4 in cardiac fibroblasts [53], and for
syndecans 1 and 4 in the endothelial glycocalyx
[47,54]. The glycosaminoglycan chains covalently
attached to the syndecan ectodomains can also
modulate their conformational space, and this regu-
lation process might be fine-tuned by the number,
length or number/type of sulfate groups which vary
depending on the cell type, and the physiopatholog-
ical context. The mutual impact of syndecan-1 pro-
tein core and its GAG chains is difficult to analyze
[55]. Ongoing experiments with the EDs expressed
in eukaryotic cells and therefore bearing their GAG
chains will provide new insights on the influence of
GAG chains, which are themselves flexible, on the
conformations and flexibility of the syndecan EDs.
It has been suggested that the fully glycosylated
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chondroitin sulfate-attachment region of human
aggrecan would be less flexible and rather more
extended than its non-glycosylated counterpart
[56], raising the possibility than GAGs could modu-
late the flexibility and size of the aggrecan protein
core. The chondroitin sulfate chains of biglycan
affect the secondary structure of its protein core
and may stabilize it during biosynthesis, whereas
the GAG chain of decorin has no detectable effect
on the structure or conformational stability of its pro-
tein core [57]. The role of GAGs on the structure,
conformation, and stability of the protein core of pro-
teoglycans is thus difficult to predict, and is likely to
be GAG- and protein core-dependent. The ultimate
goal will be to determine how ligand binding to the
protein core and/or the GAG chains of the syndecan
ectodomains influence dimerization of the trans-
membrane domain, and cell signaling.

Another crucial challenge will be to determine J) if
the conformational ensembles of the syndecan
ectodomains identified by SAXS and MS are all
biologically active whatever the biological context,
i) if only some of them are able to fulfill biological
functions, or i) if the different conformational
ensembles are associated with specific functions
in a particular context. Indeed, the mapping of
biologically active sequences of syndecans (i.e.
NxIP sequences of promoting cell adhesion and
synstatin sequences involved in the formation of
ternary complexes with growth factor receptors
and integrins) on the conformations identified by
EOM analysis of SAXS data show that these
sequences are not accessible in all these
conformations. This suggests that only some of
them are biologically active. The study of cell-
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matrix interactions, and cell signaling in presence
of the chemical chaperone trimethylamine N-
oxide, which induces a decrease in disorder in the
syndecan ectodomains, should provide new
insights into the biological role of syndecan
conformations.

Materials and methods

Expression of the recombinant ectodomains of
human syndecans

The constructs for human ectodomains of
syndecans (ED-1 to -3), the isoform 2 of
syndecan-4 (ED-4), and the ED-4 C150A mutant
were synthesized and subcloned in the pET-15b
vector by GenScript (https://www.genscript.com).
They were then expressed as recombinant
proteins containing an N-terminal 6xHis tag and a
C-terminal FLAG tag in Escherichia coli BL21
(DEBR) cells (Supplementary Table S1) and purified
by two affinity chromatography steps followed by

size exclusion chromatography for some
experiments as detailed below.
Escherichia coli BL21 (DE3) cells were

transformed with 80 ng of plasmid, and colonies
were grown at 37 °C on ampicillin-containing LB-
agar plates. Cells were suspended in LB broth
Lennox (Sigma-Aldrich, L3022) with ampicillin
100 pg/ml until the absorbance at 600 nm reached
0.6-0.8. The expression of the EDs was induced
by 1 mM isopropyl-p-D-thiogalactopyranoside for
4 h at 37 °C. After centrifugation at 6 000 x g for
10 min, 4 °C, the pellets were resuspended in
10 mM HEPES, 150 mM NaCl pH 7.4 (HEPES
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buffered saline - HBS) containing 2.5 mM MgCls,
25 mM CaCl,, 100 pg/ml DNAse | (Sigma,
D5025), 1 mM CHAPS (Roche), and a protease
inhibitors cocktail (Complete EDTA-free, Roche)
and lysed for 8 x 30 s with 100 um-diameter glass
beads in a bead beater (BioSpec). The lysates
were then centrifuged twice at 10000 x g for
10 min and the supernatant was loaded on Ni-
NTA agarose resin (Qiagen). The purification
steps were carried out at 4 °C with a flow rate of
20 ml/h. After washing with HBS containing
10 mM and 20 mM imidazole, the recombinant
syndecan EDs were eluted with 100 and 300 mM
imidazole in HBS. Eluates were loaded on anti-
FLAG M2 agarose resin (Sigma-Aldrich, A2220)
and the ectodomains were eluted by the FLAG
peptide at 200 pg/ml in HBS. The purified
ectodomains were then concentrated with Amicon
devices (MWCO 10 kDa). For SEC-SAXS, SEC-
MALLS, SEC-DLS, ESI-MS and ESI-IM-MS
experiments, the ectodomains were further
purified by size exclusion chromatography on a
Superdex S200 Increase 10/300 GL column (GE
Healthcare) at 10 °C, with a flow rate of 0.5 ml/
min. The eluted fractions were concentrated in
Amicon devices (MWCO 10 kDa), centrifuged
20 min at 18 000 x g and stored at —20 °C until use.

SDS-PAGE and Western blot

The purified ectodomains were analyzed by SDS-
PAGE on a 15 % acrylamide gel and stained
overnight with InstantBlue (ISB1L, Sigma-Aldrich).
For Western blotting, proteins were transferred on
a polyvinylidene fluoride membrane (IPVH20200,
Millipore) for 2 h at 250 mA and the membrane
was saturated with phosphate buffered saline
(PBS, 137 mM NaCl, 2.7 mM KCI, 11.9 mM
phosphate, Biosolve) containing 5 % (w/v) fat milk
and 0.05 % (v/v) Tween-20 for 90 min at 37 °C.
The membrane was incubated overnight at 4 °C
with a monoclonal anti-FLAG antibody (F3165,
Sigma-Aldrich, 76 ng/ml in blocking buffer),
washed 4 times with the blocking solution and
incubated with a secondary antibody conjugated
to horseradish peroxidase (40 ng/ml, 172-1011,
Bio-Rad) for 1 h at room temperature. Finally, the
membrane was washed twice in PBS containing
0.05 % (wVv) Tween-20, and twice in PBS alone.
The immunoreactive bands were detected by
chemiluminescence with the Amersham ECL
Prime kit (GE Healthcare), and the signal
recorded with a ChemiDoc XRS + system (Biorad)
after 5 to 60 s of exposure.

Circular dichroism (CD)

Far-UV CD spectra were recorded in a quartz
cuvette at 20 °C with a path length of 0.1 cm in a
Chirascan spectrometer (Applied Photophysics,
SFR BioSciences UMS3444/US8, Protein Science
Facility, Lyon, France), from 260 to 190 nm with a
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step of 0.5 nm, a response time of 1 s and a
bandwidth of 0.5 nm. The purified ectodomains
were diluted in 10 mM potassium phosphate pH
7.5 at 150 pg/ml for ED-1 and ED-4 and 100 pg/ml
for ED-2 and ED-3. Five spectra were collected
and averaged for each sample and the buffer
signal was subtracted. CD signal was recorded in
millidegrees (mdeg) and converted to mean
residue molar ellipticity per residue (deg.cm?.
dmol~".residue™). Some experiments were carried
out in presence of increasing concentrations (10,
20, 30, 45 and 60 % (v/V)) of trifluoroethanol
(TFE). Spectra were deconvolved using the
Dichroweb server (http://dichroweb.cryst.bbk.ac.
uk), and the CDSSTR algorithm with the set 7
containing five chemically denatured proteins [58]
as the reference set.

Size exclusion chromatography - small angle
X-ray scattering (SEC-SAXS)

Scattering intensities were collected at SOLEIL
(SWING beamline, Gif-sur-Yvette, France) with
the scattering intensity / as a function of the
modulus  of the  scattering vector s
withs = 47.sin(6)/4 where 0 is the half of the
scattering angle and A the X-ray wavelength
(Table 3). The calibration was made with water
and the protein samples were centrifuged at
18 000x g for 20 min at 4 °C before injection on
the size exclusion chromatography column. The
concentrations of the ectodomains were
determined by measuring the absorbance at
280 nm and using the theoretical molar extinction
coefficient calculated by ProtParam (https:/
web.expasy.org/protparam/protpar-ref.html). Data
reduction and frames subtraction were done
manually with the beamline software FOXTROT.
Buffer blank frames were taken in the dead
volume of the column.

Gaussian decompositions were performed with
the UltraScan solution modeler (US-SOMO)
HPLC-SAXS module [59] after conversion from
buffer-subtracted I(s) vs s chromatograms to I(t)
vs t (t, time). Scattering curves of the syndecan
EDs were then back-converted to I(s) vs s curves.
These frames (at least 29) were averaged with PRI-
MUSQqt to create the final scattering data file after
curves comparison with the CorMap test imple-
mented in the program [41]. Data points differing
from the Guinier fitting at low angles were deleted
and the useful data range was determined with
SHANUM [41]. The radius of gyration was calcu-
lated at low angles according to the Guinier approx-
imation using the equation
I(s) = 1(0).exp(—s2.Rg/3)with s.Rg < 1.0 or 1.3
depending of the number of points. The theoretical
radius of gyration (Rg) was calculated with the
Flory’s equation Rg = RoN" where N is the number
of amino acid residues, Ry a constant and v an
exponential scaling factor. Ry = 2.54 + 0.01 and
v=0.522 + 0.01 for intrinsically disordered proteins,
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Table 3 Experimental setup for the collection of SEC-SAXS scattering intensities.

Data acquisition

Instrument SWING beamline (SOLEIL, France)
Detector Dectris EIGER 4 M

Wavelength (A) 1.03324

Energy (keV) 12

Sample to detector distance (m) 2.0

s-range (A~ ") 0.0041 - 0.5597

SEC-SAXS experiments
ED-1 ED-2 ED-3 ED-4

SEC column Superdex S200 Increase 5/150 GL (GE Healthcare)

Injection volume (ul) 50

Protein concentration (mg.mi~") 7.7 5.0 14.6 8.3

Flow rate (ml.min~") 0.2

Temperature (°C) 20

Exposure Continuous: 1 frame/s (990 ms exposure and 10 ms dead time)

Buffer HBS (10 mM HEPES, 150 mM NaCl pH 7.4)

Smin (A7) 0.0114020 0.00821002 0.00961379 0.00912193

1(0) (cm™") 0.0430 0.02892 0.04588 0.02070
+1.8x10™ £0.94x10*  +£324x10* = 1.42x10*

Guinier analysis Smax-Rg / 1.29/23 0.998 / 34 1.28 /24 0.985/ 33

number of points

Ro = 1.927 + 0.27 and v = 0.598 + 0.028 for more
extended proteins such as chemically denatured
proteins [60], while Ry = /(3/5) x 4.75 and
v = 0.29 for folded proteins [61]. The flexibility of
the proteins was assessed with the dimensionless
Kratky plot (s.Rg)®./(s)/I(0)vss.Rg and the
Krakty-Debye plot s%I(s)vs s2.

Ensemble Optimization Method (EOM)

Intrinsically disordered proteins do not adopt a
single conformation in solution and each of the

conformations contribute to the collected
scattering  intensities. This ensemble  of
conformation is described according to the

following equation:

/(S) = i Vklk(S)

where vi and I (s) are the volume fraction and the
scattering intensity of the k-th conformers respectively
[33]. SEC-SAXS data were processed with the Ensemble
Optimization Method (EOM 2.0) [37], which computes a
large pool of possible conformations from protein
sequence in order to cover its conformational space.
Gaussian distributions of Rg and Dmax of the generated
conformers as well as their respective theoretical scatter-
ing profile were automatically calculated with CRYSOL
[41]. A genetic algorithm was run to select an ensemble
of conformations which best fits the experimental scatter-
ing intensities. The best ensemble of conformations was
described as a distribution of Rg and Dmax. The flexibil-
ity was evaluated by Rflex (100 % corresponding to the
highest flexibility), with the pool representing a reference
for flexibility [37]. Ro corresponds to the ratio of the stan-
dard deviations for the distributions of the selected
ensemble and of the pool respectively [37]. Two pools
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of 10,000 conformers corresponding to the pre-molten
globule and random-coil models were generated with
specific dihedral angle distribution [37]. The number of
harmonics was set to 15 and 100 cycles were performed
on the generated pool by the genetic algorithm. EOM fit-
ting to the experimental scattering intensities was
assessed with the CorMap test implemented in PRI-
MUSqt [41]. Protein backbone was reconstructed from
alpha-carbon traces using SABBAC [62].

Multi angle laser light scattering and dynamic
light scattering

SEC-MALLS-DLS experiments were carried out
at SOLEIL (SWING beamline, Gif-sur-Yvette,
France) with a Wyatt Dawn Heleos light scattering

instrument equipped with an Optilab rEX
refractometer and a spectrophotometer for
molecular mass measurements. The

hydrodynamic radii (Rh) were measured with a
Wyatt QELS + For ED-1 and ED-2, the
measurements were carried out on line after X-ray
exposure and injection on a Superdex S200
Increase 5/150 GL column (GE Healthcare) as
described above. 50 pl of ED-3 (6.5 mg/ml) and
ED-4 (5.2 mg/ml) were injected on a Superdex
S200 Increase 10/300 GL column (GE
Healthcare) at a flow rate of 0.5 ml/min and at
20 °C in HBS. Data analysis was carried out with
the Astra software and default parameters
(refractive index: 1.331, viscosity: 0.992 cP).

Native electrospray ionization mass
spectrometry (ESI-MS)

ESI-MS experiments were carried out in pseudo-
native conditions, ie. by minimizing potential
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sources of denaturation in solution and during the
desolvation/ionization process [63]. A Superdex
S200 Increase 10/300 GL column (GE Healthcare)
was used to exchange proteins buffer from HBS to
50 mM ammonium acetate pH 7.4 and then the
ectodomain solutions were concentrated as
described above. 200 pl of ED-1 (600 pg/ml), ED-
2 (590 pg/ml), ED-8 (420 pg/ml) and ED-4
(180 ug/ml) in 50 mM ammonium acetate pH 7.4
were injected at a flow rate of 10 pl/min in an Impact
Il mass spectrometer (Bruker) equipped with an
Apollo Il ionization source (Bruker, ICBMS
UMR5246, Villeurbanne, France). The instrument
parameters were set as follows: ESI-source tem-
perature 200 °C, capillary voltage 3 kV, nebulization
gas pressure 41 Psi allowing the detection of spe-
cies between 500 and 3,100 Da, and acquisition fre-
quency 2 Hz. The average solvent-accessible
surface areas (SASA) were calculated according
to Li et al. [64]. Briefly, the average charge z,,
was calculated according to:

B
Zay = Zzili//tat
i=A

where A and B are the lowest and highest charge states
of the distribution respectively. | and |,y are the peak
intensity at a given charge state, and the sum of the
intensities of the charge state distribution of the
conformers respectively. z,, is directly proportional to
SASA for extended conformers according to:
In (za,) = 0.9024 x In (SASA,2) — 5.9013[65]. SASA
from globular proteins were extracted from[43], and cal-
culated for the syndecan EDs according to
In(za,) = 0.6712 x In (SASA,?) — 3.8952. ESI-MS data
were deconvolved as described in [42] using Origin soft-
ware (OriginLab). I(m/z) vs m/z graphs were transformed
into 1(z) vs z and intensities were normalized. Gaussian
fitting was performed until the fit reached at least
R? = 0.99. The SASA of the most compact conformation
of the ectodomains were compared to those of globular
proteins with the same, or a very close, number of amino
acid residues. ED-1 (260 residues) was compared to car-
bonic anhydrase | (PDB 2CAB, 260 residues), ED-2 (154
residues) to myoglobin (PDB 1WLA, 153 residues), ED-3
(373 residues) to ovalbumin (PDB 10VA, 386 residues),
and ED-4 (163 residues) to B-lactoglobulin A (PDB
1BSY, 162 residues).

Electrospray ionization — ion mobility — mass
spectrometry (ESI-IM-MS)

In ion  mobility mass spectrometry,
electrosprayed ions are driven by a weak electric
field through a cell filled with a buffer gas. lons
with higher charge state generally fly faster.
Moreover, the velocity of the ions is affected by
the strength of their interaction with the buffer gas,
depending of their collision cross section (CCS).
Since helium was used as a buffer gas, this CCS
is, in good approximation, a measure of the
geometrical area of an ion. lons with a compact
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structure are less prone to collision with the gas,
and therefore they travel faster through the cell.
lon populations can then be separated as a
function of the compactness of their structure in
an arrival time distribution. The arrival time
distributions were converted into CCS distributions
to ease the comparison between different charge
states. Due to Coulomb repulsion between
charges, CCS generally increases with charge
state. IM-MS experiments were performed using a
home-built dual-drift tube instrument previously
described in details [66]. IM-MS separation was
achieved by injecting ion bunches in a 79-cm long
drift tube filled with 4 Torr helium at room tempera-
ture. The drift voltage across the tube varied from
200 to 600 V. Mass spectra were recorded as a
function of the arrival time of the ions using a
time-of-flight mass spectrometer (Maxis Impact
Bruker, Bremen, Germany). This allowed the
extraction of either arrival time distributions (ATDs)
for ions at the mass-to-charge ratios (m/z) of inter-
est, or of mass spectra for species within a selected
arrival time range. CCS values were derived from
drift time measurements at different drift voltages,
based on the Mason-Schamp relation [67].

Simulation procedure

The calculations were carried out using the
physics-based coarse-grained UNRES model of
polypeptide chains [68-70], in which the polypeptide
chain is represented as a sequence of a-carbon
(C* atoms linked by virtual bonds, with united side
chains (SC) attached to the C*'s and united peptide
groups (p) positioned halfway between the consec-
utive C%s. Only the SC’s and p’s are interaction
sites, while the C%s only define chain geometry.
The latest version of the force field, calibrated with
9 training proteins, was used [71]. The force field
handles the formation and breaking of disulfide
bonds [72], this option was used in the present sim-
ulations. The full procedure is detailed in Supple-
mentary Material.

Data deposition

SAXS data were deposited in the Small Angle
Scattering Biological Data Bank (SASBDB) [73],
SASBDB IDs SASDL69 (ED-1), SASDL79 (ED-2),
SASDL89 (ED-3), SASDL99 (ED-4 monomer) and
SASDLA9 (ED-4 dimer) and structural ensembles
from SAXS data in the Protein Ensemble Database
[74], PED: P00185 (ED-1), PED00186 (ED-2),
PEDO00187 (ED-3) and PED00188 (ED-4).
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