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Abstract

Among the structural proteins of SARS-CoV-2, the nucleocapsid (N) protein stands out for its pronounced
structural heterogeneity and multifunctionality throughout the viral life cycle. Recent studies have demon-
strated that the N protein localizes to the surface of infected and neighboring non-infected cells, by inter-
acting with heparan sulfate in the extracellular matrix. The N protein (419 residues) comprises two folded
domains (**NTD'® and 24°CTD®¢") interspersed with three intrinsically disordered regions ('IDR1%3,
181|DR22%8 | 3¢2|pR3*1%). The coexistence of ordered and disordered elements raises a key question:
how does this structural heterogeneity influence N’s interactions with biological partners? Here we
employ high-resolution NMR spectroscopy as the primary technique to characterize the interaction of
three N protein constructs (**NTD'®, "NTR?*8, and "N*'°) with heparin-based ligands of increasing com-
plexity. NMR provides atomic level information on the structured NTD domain and on the otherwise diffi-
cult to investigate flexible regions. Molecular dynamics simulations further probe the interaction between
NTD and short heparin oligosaccharides. Our data reveal a clear correlation between ligand size and
binding affinity: longer saccharide chains promote stronger binding. Additionally, the inclusion of intrinsi-
cally disordered regions in the NTR construct significantly enhances the interaction compared to NTD,
highlighting the functional relevance of structural disorder. Finally, the full-length protein exhibits distinct
spectral behavior with the investigated heparin-based ligand, potentially reflecting additional binding con-
tributions and altered dynamics arising from its complex structure. These findings underscore the utility
of NMR spectroscopy in elucidating the dynamic, multivalent nature of protein—polyanion interactions, par-
ticularly in highly flexible proteins with a modular domain organization.

© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-
mons.org/licenses/by/4.0/).
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Introduction

The recent pandemics, originated by the diffusion
of the SARS-CoV-2 virus, the agent causing the
Covid19 disease, has affected a large portion of
the world population. Among those infected, a
significant number continue to experience long-
term effects of varying severity, which impact their
lifestyle [1—4]. Research in the field of SARS-CoV-
2 is thus still an active area of research.

While vaccines have significantly contributed to
mitigate the devastating effects of the pandemics,
the search for efficient drugs to cure the disease
is still ongoing. Most of the efforts focused on
identifying vaccines and drugs that interfere with
the Spike protein or with the Main Protease
(8CLpro) [5-7]. The Nucleocapsid (N) protein,
despite its importance for the virus life cycle,
was not initially considered as a potential target.
However, it is one of the viral proteins expressed
in higher quantity and with highly immunogenic
potential. Indeed, many of the quick COVID-19
swab tests are based on the identification of the
N protein [8,9].

The main protein function for the virus consists in
genomic RNA encapsulation [10]. However, the
protein also engages in interactions with both viral
and host proteins to activate gene expression
[11,12]. Therefore, the identification of strategies
to interfere with the N function would constitute a

HE? + s? NTD \

promising alternative to the ongoing drug discovery
initiatives [13]. However, the highly heterogeneous
structural and dynamic properties of the protein,
constituted by alternating globular domains and
highly flexible regions, prevent the use of more
established drug-discovery pipelines that generally
require a well-defined three-dimensional structure
of the target protein to identify small molecules as
ligands that perfectly fit in defined protein pockets.
A promising strategy to interfere with the SARS-
CoV-2 N protein involves investigating its
interactions with linear polyanions [14—-17] as well
as other molecules [18,19] which share common
features to RNA backbones and thus might interfere
with one of the key functions of the protein.
Recent studies have demonstrated that the N
protein, mainly located inside the virion while
packaging RNA, can also be observed on the
surface of infected cells, as well as on non-
infected neighboring cells, by interacting with
heparan sulfate naturally present in the
extracellular matrix [15]. Moreover, the presence
of N on cell surfaces was recently shown to con-
tribute to the activation of immune reactions through
the complement pathway not only aimed at infected
cells but also at non-infected ones. The interaction
with soluble low-molecular-weight heparins can
exert antiviral effects by targeting the N protein, with
the added benefit of protecting uninfected cells from
complement-mediated cytotoxicity.

Figure 1. The scheme shows the workflow followed in the present paper. The first studied interaction involves the
two smallest constructs (bottom left). A first layer of complexity is introduced by increasing the ligand length (from
bottom left to top left). A second layer of complexity is then introduced moving from the study of the interaction of
enoxaparin (HEP) with NTD (top left) to the study of the interaction of HEP with the full length N protein (top right). The
structural models shown for the different heparin constructs are obtained by manually readapting the THPN PDB entry
[20,21]. The structure shown for the NTD construct is obtained from the 6YI3 PDB entry [22]. The structural models
shown for NTR and N constructs were generated by AlphaFold [23].
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Heparin and heparan sulfate are linear,
negatively charged polysaccharides belonging to
the glycosaminoglycan family. They are
composed of repeating disaccharide units
consisting of an uronic acid (either B-D-glucuronic
or o-L-iduronic acid) 1-4 linked to a o-D-
glucosamine (Supplementary Figure 1). The
uronic acid can be 2-O-sulfated, while the
glucosamine can be 2-N-acetylated or 2-N-
sulfated, 6-O-sulfated and more rarely 3-O-
sulfated, depending on the animal origin or tissue
from which these polyanions are extracted [24—27].

Given the relevance of N-heparin interactions,
we aim to elucidate the molecular determinants
underlying this binding. High resolution Nuclear
Magnetic Resonance (NMR) spectroscopy was
employed to investigate how the structural and
dynamic properties of both the ligand and the
protein modulate the binding. We explored the
role of the ligand chain length by studying two size
homogeneous heparin oligosaccharide fractions
obtained through fractionation of enoxaparin
(HEP), a clinically used low molecular weight
heparin. In addition we analyzed the full
enoxaparin mixture which on average comprises
16 monomeric units. The two fractions correspond
to hexa- and dodecasaccharides, hereafter
referred to as HexaHEP, and DodecaHEP
respectively (Figure 1).

On the protein side, three constructs of increasing
complexity of the N protein were investigated. The
N protein is inherently modular, featuring three
intrinsically disordered regions (IDRs: IDR11-43,
IDR2 181-248, and IDR3 362—419) interleaved by
two folded domains: the N-terminal domain (NTD,
44-180) and the C-terminal domain (CTD, 249-
361) [28,29]. The NTD is composed of seven short
B-strands and two short a-helices, forming a com-
pact but dynamically heterogeneous fold. Despite
its defined secondary structure elements, the NTD
retains a degree of conformational flexibility, partic-
ularly in loop regions [22]. Flanking the two folded
domains IDR1, IDR2 and IDR3 are disordered and
contribute to the overall flexibility of the protein.
IDR2, which connects the NTD to the CTD, is
enriched in serine/arginine (SR) dipeptides and
contains a poly-leucine (PolyL) motif [30]. The SR-
rich region in IDR2 is thought to promote dynamic
interactions with RNA and other proteins
[16,29,31-34], while the hydrophobic nature of the
PolyL segment may promote crosstalk with
hydrophobic regions of the two globular domains,
as well as protein oligomerization [16,31]. IDR2
was also shown to influence the phase separation
behavior [34,35]. The CTD forms a compact, o-
helix-rich domain that assembles into a highly
stable dimer via domain-swapped B-hairpins, con-
tributing to the oligomerization of the N protein
[29,36,37].

Here we investigated the interactions using
several constructs: the isolated *NTD'®, an

extended N-terminal fragment including adjacent
disordered regions, 'NTR?*, and the full-length
protein (N, residues 1-419), as schematically
illustrated in Figure 1.

Our findings demonstrate that the length of the
ligand and the increasing complexity of the
studied N constructs critically influence binding
affinity and mode of interaction. Moreover, the
heterogeneous structural and dynamic properties
of the N protein are crucial to allow the protein to
engage in multiple local interactions which
contribute to increasing the overall affinity for
negatively charged polyanions such as heparin-
based ligands.

Results

Interaction of NTD with heparin-based ligands

The NTD construct and its interactions with three
different heparin-based ligands, the hexamer
(HexaHEP), the dodecamer (DodecaHEP) and
enoxaparin (HEP) were investigated acquiring two
dimensional "H-">"N HSQC NMR experiments (2D
HN) upon addition of increasing amounts of ligand
(Table 1). The ligands were obtained from natural
products as described in the Materials and
Methods section.

The Chemical Shift Perturbation (CSP) for each
peak determined by the addition of the ligands
was measured, and based on these values graphs
were constructed plotting the CSP values against
the residue number (Figure 2).

As can be observed in Figure 2, the use of three
different heparin-based ligands causes distinct
changes in the spectra and it is possible to identify
three protein stretches which turn out to be
particularly affected: residues T49-F66, R92-D108
(the region that contains the so called “basic
finger’) and G164-S176. However, the changes
become more pronounced as the length of the
polyanion increases with the largest perturbations
observed for HEP: in this case changes are
already observed for an NTD:HEP ratio of 1:0.1
(Supplementary Figure 2), with more cross peaks

Table 1 Titration points of NTD with HexaHEP, Dodeca-
HEP and HEP monitored through 2D HN NMR experi-
ments. The concentration of NTD used was 90 pM in
25 mM TRIS, 150 mM NaCl buffer at pH 7.3 and
T =298 K.

NTD:HexaHEP NTD:DodecaHEP NTD:HEP

0 0 0

0.1 Eq (9.0 uM) 0.1 Eq (9.0 uM) 0.1 Eq (9.0 uM)
0.3 Eq (27 uM) 0.3 Eq (27 uM) 0.3 Eq (27 uM)

0.6 Eq (54 uM) 0.6 Eq (54 uM) 0.6 Eq (54 uM)

1.2 Eq (108 uM) 1.2 Eq (108 uM) 1.2 Eq (108 uM)
3.6 Eq (324 uM) 3.6 Eq (324 uM) 3.6 Eq (324 uM)
6.0 Eq (540 pM) 6.0 Eq (540 uM) 6.0 Eq (540 uM)

12 Eq (1080 pM) 12 Eq (1080 pM)
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Figure 2. Plots of '"H-"°N CSP values against the residue number. Panels (a), (b) and (c) report the plots of the
titration of NTD with HexaHEP, DodecaHEP and HEP at 1:0.3, 1:0.6, 1:1.2, 1:3.6 NTD:ligand molar ratios,

respectively.

showing shifts in the spectrum and the shifts
themselves being more pronounced.

Even with the medium length heparin-based
ligand, the DodecaHEP, the titration shows
variations in the spectra at as little as 0.3 Eq of
ligand added, although their shift changes are
lower than those with enoxaparin. On the contrary,
the shorter heparin-based ligand, HexaHEP,
causes variations only at higher concentrations.
This indicates that longer ligands have higher
affinity for the protein.

The increase in affinity with the polyanion length
is also stressed by the plots of CSP values
against NTD residue numbers at NTD:ligand ratio
corresponding to 1:0.6, as shown in Figure 3. The
figure clearly highlights the trend described above:
a progressive increase in the CSP values moving
from the HexaHEP to HEP is evident.

To visualize the protein’s most perturbed regions,
the CSP values determined in the three titrations
(NTD:HexaHEP 1:0.6, NTD:DodecaHEP 1:0.6
and NTD:HEP 1:0.6) were mapped onto the NTD
three-dimensional structure [22]. The figure shows
that the perturbed regions are similar across the
three different titrations, but as the ligand length
increases, the interaction capability also rises. How-
ever, the effect of DodecaHEP and HEP are closer
to one another particularly in the primary binding
region, the basic finger, which is similarly affected
by the interaction with these two ligands. This
observation supports that a correlation exists
between heparin-based ligand length and interac-
tion strength (Figure 3).

Figure 4a highlights a region of the spectra
showing several peak shifts in the three cases to
emphasize the differences between the three
NMR titrations. To provide a representative
overview, CSP plots at increasing ligand
concentrations are shown for three residues (T57,
R92, and T166) each located in one of the three

most strongly perturbed regions of the protein
(Figure 4b). These plots consistently indicate that
the interaction increases from HexaHEP to
DodecaHEP to HEP, following the same trend
across all three regions. To gain qualitative
insights into these interactions, Ky values were
estimated using the CSP data (reported in the
table of Supplementary Figure 3) assuming
formation of a 1:1 complex. The K values should
be intended as “apparent K, values which reflect
local changes associated to a binding event
(rather than the dissociation of a univocally
defined binary complex). For this analysis, only
well isolated cross peaks that significantly
changed their chemical shifts upon addition of the
ligand were used. As a representative case,
Figure 4c reports the CSP plots and
corresponding apparent K, values for residue 194,
confirming an increase in affinity from HexaHEP to
DodecaHEP to HEP. A similar trend is observed
for other strongly perturbed residues, as shown in
Supplementary Figure 3, supporting the general
nature of this behavior. These differences
correlate with the heparin-based ligand length and
demonstrate that the affinity for NTD increases
with the polyanion length. This corresponds to an
increase of the net charge of these linear
polyanions; it is thus interesting to inspect the
CSP values as a function of increasing charge
concentration (Supplementary Figure 4).

MD simulation of HexaHEP NTD complex

HexaHEP is composed of three (1 — 4)-linked
disaccharide units, each containing 2-O-sulfated
a-L-iduronic acid (IdoA2S) and 2-N-sulfated, 6-O-
sulfated a-D-glucosamine (GIcNS6S) (Scheme 1).

Putative geometries of the complex between
HexaHEP and the globular NTD domain have
been obtained by docking and molecular dynamic
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Figure 3. The plots of 'H-"°N CSP values against the residue number of NTD at 1:0.6 molar ratio for NTD:
HexaHEP (left), NTD:DodecaHEP (middle) and NTD:HEP (right) are reported above. The CSP values are shown on
the three dimensional structure of one of the conformers of NTD available in the PDB 6YI13 [22] starting from NTD:
HexaHEP (left), to NTD:DodecaHEP (middle) and to NTD:HEP (right). The CSP values are shown according to the
values of the average and the standard deviation: 0 < CSP < average value (white), average value < CSP < 3 x s-
tandard deviation (orange), CSP > 3 x standard deviation (dark red). In all three cases shown in the figure the
average value is defined as that of the NTD:HEP interaction, which is taken as the reference for comparison.

(MD) simulation in explicit solvent. An
hexasaccharide  representing the average
composition of heparin (Scheme 1) has been
docked on NTD. Three poses (1, 2 and 3) have
been selected according to the AutoDock score
function (—8.9, —4.9, and +0.38 Kcal mol~'), and
their position in the active site of NTD according to
the CSP map. Between 100 and 200 ns of MD
simulation, the inter-glycosidic conformation of
HexaHEP, as well as the epitope map in all the
simulated complexes become stable; poses 1, 2
and 3 have been rescored using the MMPBSA
free [38] energy of binding (—71.1(3), —50.8(3),
—25.4(3) Kcal mol™"). Pose 1 exhibiting the lowest
binding energy was therefore selected for accurate
contact analysis and reported in Figure 5. The alter-
native poses 2 and 3 were superposed to pose 1
and reported in Supplementary Figure 5 upon
200 ns of MD simulation. A detailed examination
of the contacts between HexaHEP and NTD
revealed key interactions that are in good agree-
ment with the experimental CSP (Figure 3 and Sup-
plementary Figure 6). The NTD residues most
involved in binding are R92, 194, G96 and K102.
Precisely, the guanidinium group of R92 interacts
with the carboxylic group of IdoA2S(B) (Scheme 1),
maintaining an average distance of approximately
4.4 A (Supplementary Figure 7) and a persistent

hydrogen bond (94% population) between these
two groups (Supplementary Table 1). Residue 194
is proximal to GIcNS6S(E); the distance between
the anomeric carbon of GICNS6S(E) and the (-
carbon of 194 is around 4.6 A corresponding to a
Van der Waals contact between two apolar sur-
faces. The backbone NH of G96 interacts with the
N-sulfate group of GICNS6S(E) through a hydrogen
bond, with an approximate distance of 4.0 A
between them. The side chain of K102 is located
between 1doA2S(B) and GIcNS6S(A). Notably, the
distance between the 2-O-sulfate group of IdoA2S
(B) and the amine group of K102 decreases from
5.8 A to 4.2 A during the simulation time, indicating
a stabilization of this interaction mediated by elec-
trostatic and by a persistent hydrogen bond (46%
population). Additionally, the interaction between
the side chain of K102 and the 6-O-sulfate group
of GIcNS6S(A) remains stable at distance around
3.8 A (Supplementary Figure 7 and Supplementary
Table 1).

The protein ribbon in Figure 5 is color-coded
(yellow, orange, red) according to experimental
CSP, highlighting the agreement between the
predicted contacts and the experimental CSP
map. The NTD/HexaHEP complex represents one
of the possible conformers present in solution, a
snapshot that helps us to visualize one of the
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Figure 4. Panel (a) shows a zoom on a region of "H-">N HSQC spectra to highlight how the chemical shift changes
sensed by NTD are modulated by the nature of the polyanionic ligand (HexaHEP, DodecaHEP and HEP). The figure
shows the spectra of NTD (in light blue), NTD upon addition of 0.6 equivalents of HexaHEP, DodecaHEP and HEP (in
yellow, light red, light blue respectively) and 1.2 equivalents (in orange, red and blue). (b) The CSP values against
ligand concentration of three representative residues T57 (left), R92 (center) and T166 (right) are reported for the
three polyanionic ligands investigated: HexaHEP, DodecaHEP and HEP. (c) Plots of the CSP of 194 versus increasing
concentration of HexaHEP, DodecaHEP and HEP are reported in orange, red and light blue respectively; the data
were fitted to extract a value for the apparent K, assuming a 1:1 interaction. Each graph also reports the obtained
apparent Ky value.

possible interaction modes. It also suggests that  mainly electrostatic interactions, but hydrogen
some level of specificity can be observed in this  bonds and Van der Waals contacts are also
interaction. Indeed, the globular NTD construct  present.

which can adapt its “finger” shape to interact with

an RNA fragment [22], is able to host the heparin  Interaction of NTR with heparin-based ligands
hexasaccharide. This analysis shows also that the
intermolecular forces driving the interaction
between NTD and heparin oligosaccharides involve

The interaction of the three different heparin-
based ligands with the NTR construct, comprising
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Figure 5. Selected geometry of the HexaHEP-NTD (Pose1) complex after 200 ns of MD simulation. HexaHEP is
shown as tubes colored light blue, red, blue and yellow, representing carbon, oxygen, nitrogen and sulfur atoms,
respectively. The NTD secondary structure is depicted as ribbon with the following colors: yellow, orange and red
indicate CSP (approximated with two decimal digits) up to 0.01, 0.02, and 0.03, respectively.

NTD and the two flanking disordered regions, was
then investigated acquiring 'H-'°N HSQC
experiments upon increasing amounts of
polyanionic ligand added to the NTR solution
(Table 2). The resulting spectra are reported in

Table 2 Titrations points of NTR with HexaHEP,
DodecaHEP and HEP monitored through 2D HN NMR
experiments. The concentration of NTR used was 90 uM
in 25 mM TRIS, 150 mM NaCl buffer at pH 7.3 and
T =298 K.

NTR:HexaHEP NTR:DodecaHEP NTR:HEP

0 0 0

0.1 Eq (9.0 pM) 0.1 Eq (9.0 pM) 0.1 Eq (9.0 pM)
0.3 Eq (27 pM) 0.3 Eq (27 uM) 0.3 Eq (27 uM)

0.6 Eq (54 pM) 0.6 Eq (54 pM) 0.6 Eq (54 uM)

1.2 Eq (108 uM) 1.2 Eq (108 uM) 1.2 Eq (108 uM)
3.6 Eq (324 uM) 3.6 Eq (324 uM) 3.6 Eq (324 uM)
6.0 Eq (540 uM)

Figure 6 and the chemical shift perturbations
observed as a function of the residue number are
reported in Figure 7.

Three key features are observed with respect to
the titration performed with isolated NTD:

1. Several cross-peaks disappear upon the addition of
longer heparin constructs for the folded domain.

2. The increase in the length of the ligand for the
remaining cross peaks causes a lower increase in
the observed CSP values for the NTD domain (with
respect to when focusing on isolated NTD, Figure 3).

3. Chemical shift perturbations are observed for several
cross peaks deriving from the two IDRs.

In particular, while HexaHEP produces mainly
chemical shift perturbations, in the DodecaHEP
spectra a pronounced line broadening is observed
for several cross-peaks deriving from the globular
domain (NTD), up to complete disappearance of
the cross-peaks. Chemical shift perturbations are
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present along the sequence.

instead observed for most of the cross-peaks
deriving from the two IDRs present in the NTR
construct.

Moving to HEP this trend becomes more evident,
with a further increase in CSPs for cross-peaks of
residues within the IDRs and with a higher number
of disappearing peaks deriving from residues
belonging to NTD. The Ilatter are mainly
concentrated in regions previously identified as
the primary CSP sites in the NTD-oligosaccharide
interactions.

Importantly, the CSPs observed for peaks
belonging to the IDRs (highlighted in light blue in
Figure 6) demonstrate the importance of these
flexible arms in taking actively part in the

interaction. Indeed, positively charged residues,
which are highly abundant within the most
perturbed disordered regions (4 positively charged
residues in the 32-41 stretch (40%) and 6
between residues 177 and 206 (60%) [30]), can
act as recruiting sites for negatively charged
ligands. These observations suggest that the pres-
ence of the flanking IDRs significantly alters the
binding mode increasing the interaction capability
of NTR with HEP.

One key observation is related to the distribution
of CSPs in relation to ligand length. With shorter
oligosaccharides like HexaHEP, the CSPs are
more evenly spread across both the structured
NTD and the disordered regions. This balanced
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distribution suggests that the IDRs actively
contribute to the binding process, possibly
competing with the NTD for ligand interaction.
However, as the length of the ligand increases, a
distinct effect in this interaction pattern emerges.

For instance, the pronounced disappearance of
peaks associated with the NTD upon DodecaHEP
interaction is associated with a concomitant
increase in the CSPs within the IDRs. This
observation implies that longer ligands may
interact simultaneously with both structured and
disordered regions, potentially modulating their
local interaction profile in a length-dependent
manner. In the case of HEP, the further loss of
NTD signals and the broader distribution of CSPs
within the IDRs, support the idea that flexible and
disordered regions can easily adapt to interact
with complex ligands, establishing more extensive
and structurally distinct local interactions. Based
on these observations, it is plausible to propose
that the interaction between NTR and its ligands is
not solely defined by the structured NTD but is
also influenced by dynamic and flexible IDRs.
These disordered regions, characterized by their
positive charges and conformational adaptability,
may contribute to expand the overall binding
surface, reduce exclusive reliance on the NTD
and promote a synergistic binding effect.
Consequently, longer ligands function as
multivalent compounds, establishing multiple
simultaneous contacts with both structured and
disordered domains.

How important is the electrostatic contribution
to the interaction?

HEP, the longest heparin-based ligand displaying
the strongest interaction with NTD and NTR was
chosen to study how the ionic strength modulates

the interaction. NMR experiments to monitor the
interaction were thus repeated at higher ionic
strength (25 mM TRIS, 450 mM NaCl, pH 7.3,
“high-salt” conditions) and compared to previous
results (25 mM TRIS, 150 mM NaCl, pH 7.3, “low-
salt” conditions). CSP values observed upon this
increasing salt concentration are reported in
Supplementary Figure 8 and show minor general
changes as well as selected regions of NTR with
more pronounced variations, possibly due to weak
intramolecular interactions that are modulated by
the salt concentration.

A comparison of the NTD spectra presented in
Figure 8 reveals distinct effects between the two
sample conditions: the spectrum obtained in “low-
salt” buffer displays more pronounced chemical
shift perturbations, whereas the spectra in high-
salt buffer show only minimal changes. This
observation aligns with the known effect of
increased ionic strength, where the elevated salt
concentration screens electrostatic interactions,
thereby reducing their contribution to the observed
binding effects.

A similar behavior is observed also for the NTR
construct that even in these conditions, displays a
higher affinity towards HEP with respect to NTD
but also a reduced affinity if compared to the
titration performed with a lower salt concentration
(Supplementary Figure 9).

Taken together, the results indicate that the
primary driving force of the interaction is
electrostatics. Indeed, most of the residues
involved in this interaction, both in the folded
domain and in the IDRs, are characterized by a
net positive charge in the buffer conditions used in
this work.

Although the “high-salt” conditions partially
weaken the interaction, they do not abrogate it
completely. Instead, they enable the study of a
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Figure 8. The figure shows on the left the HN-HSQC spectra of the NTD construct upon the addition of 1:0, 1:0.3,
1:0.6, 1:1.2 and 1:6.0 equivalents of HEP in light blue, pink, yellow, orange and blue respectively in the so-called “low
salt concentration” conditions (25 mM TRIS 150 mM NaCl pH 7.3). On the right the results of an analogous titration in
the so-called “high salt concentration” conditions (25 mM TRIS 450 mM NaCl pH 7.3) is reported for comparison.
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more complex and otherwise unstable protein
construct: the entire full length Nucleocapsid
protein (N).

The full-length nucleocapsid protein (N)

N is composed of 419 amino acids and is known
to form dimers in solution [31,39,40]. With respect
to NTR, N is characterized by the presence of an
additional domain (CTD) and a third disordered lin-
ker, IDRS3.

This structural heterogeneity is also reflected in
the NMR observables. We have previously
described the changes of NMR features when
moving from NTD to NTR [42].

Comparing instead the fingerprint of NTR and N
through 2D HN-based spectra (Figure 9), the two
protein constructs present very similar features: in
both spectra most of the peaks of the first globular
domain can be recognized and are almost
superimposable, the peaks belonging to the first
two IDRs are present and in very similar positions
as well. On the other hand, the central region of
the spectrum of N presents a superior number of
peaks ascribable to the presence of the third
disordered linker, IDR3. Instead, cross peaks
indicating the presence of the second C-terminal
folded domain (CTD) are not present in our
experimental conditions.

Given these spectral features, we thus combined
"H- and '3C-detected experiments [41] to primarily
assign the third intrinsically disordered region

a 100 |
-105
? : 110
o & 7 115 <L
7 Z
e . 8 kel
YR, o F120 3
J'.bf‘.b'.“
125
-130

T T T T T T T
10.0 9.5 9.0 85 8.0 7.5 7.0 6.5 6.0
& 'H/ppm

T T T T T T T
10.0 9.5 9.0 85 8.0 75 7.0 6.5 6.0

(IDR3) in the context of the N protein and to confirm
the previously obtained assignments of the other
two IDRs. The assignment of the folded domain,
whose peaks were invisible in the 3D experiments,
was instead confirmed by comparing the 2D HN
spectra of N with those of NTR [30,42].

With the available chemical shift values of IDR3
(BMRB 53339) it was possible to confirm its
disordered nature in solution as demonstrated by
the secondary structure propensity (SSP) plot
(Supplementary Figure 10).

With all this information, the interaction of N with
HEP was followed through 'H-">’N HSQC NMR
spectra.

The results of the titrations for the three different
protein constructs with enoxaparin are reported in
Figure 10a. The plots reported in Figure 10b
present a comparison between the three titrations
illustrating different effects on chemical shifts and
peak broadening resulting from the same
enoxaparin addition (6 Eq). The NTD shows the
smallest variation in terms of chemical shift
perturbations, while NTR exhibits the strongest
perturbation for the same amount of HEP added.

The picture becomes less straightforward when
comparing NTR to the full-length N protein, which
seems to have intermediate CSP values
compared to NTD and NTR. However, many more
signals are broadened beyond detection with
respect to those in NTR. This may be due to the
larger size of N with respect to the smaller
constructs as well as to a possible different
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Figure 9. Panel (a) and (b) show the "H-"°N HSQC spectra acquired on 100 uM NTR and N samples, in green and
purple respectively. Each of them is a superposition of the same spectrum with different processing, one optimized for
the signal to noise (light green and pink) and the other for the resolution (dark green and purple). Both the samples
were dissolved in a buffer containing 25 mM TRIS, 450 mM NaCl at pH 7.3.
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Figure 10. Panel (a) shows a zoom on a region of 'H-">°N HSQC spectra to highlight how the chemical shift
changes sensed by NTD, NTR and N are modulated by HEP. The figure shows the spectra of NTD, NTD upon
addition of 6 equivalents of HEP, NTR, NTR upon addition of 6 equivalents of HEP, N and N upon addition of 6
equivalents of HEP in light blue, blue, light green, green, pink and violet respectively. Panel (b) shows the chemical
shift perturbation plots upon the addition of 6 equivalents of HEP to NTD, NTR and N in light blue, light green and pink
respectively. In these latter plots the gray bars represent the residues whose peak disappears upon addition of HEP.

exchange regime for those peaks that are not
visible anymore when passing from NTR (fast) to
N (intermediate). Worth noting, most of the peaks
presenting the highest CSP in NTR and visible
also in the N construct are the first ones to vanish
in the spectra of N (Figure 11). Consequently, it
becomes challenging to definitively conclude
whether N interacts more strongly than NTR.

The differences in the interaction with enoxaparin
of NTR and N can be related to the increased
complexity of the latter that results in a different
accessibility to HEP, in particular for the central
region (IDR2) which is free in the NTR construct
while it is linked to CTD in N. Moreover, a closer
inspection of the N spectra also shows the
involvement of IDR3 in the interaction. Particularly,
residues found in the first portion of IDR3 are the
most perturbed ones (K370, K373, K374, K375,
A376, T379, Q380 and A381) and most of them
are positively charged.

To further characterize this interaction, apparent
Ky values for HEP binding were estimated using
CSP data of isolated cross peaks, revealing clear

11

differences in affinity among the various
constructs. For NTD and NTR, the CSPs could be
reliably tracked across multiple residues, allowing
for apparent K, estimations. In contrast, for the
full-length N construct, a reliable average apparent
Ky could not be determined due to the
disappearance or broadening of many peaks upon
ligand addition, which complicated a global
analysis of the interaction. Nevertheless, by
focusing on a residue common to all constructs,
namely 194, we were able to extract apparent Ky
values: 3.05 = 0.478 mM for NTD, 0.049 + 0.012m
M for NTR, and 0.153 = 0.067 mM for N. These
results suggest that the presence of additional
regions, particularly disordered ones, significantly
modulates the affinity towards HEP.

The observed trends are consistent with the
hypothesis that increasing protein complexity
influences the interaction with HEP. Indeed, while
it becomes challenging to follow residues in the
NTD domain across all constructs due to peak
loss in the full-length N protein, the IDRs offer a
valuable alternative to monitor the interaction.
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Figure 11. Panels (a) and (b) show the residues
experiencing CSP in the NTR and N constructs upon
addition of enoxaparin respectively plotted on the NTR
protein frame in a color-coded way. The CSP values are
plotted according to the values of the average and the
standard deviation: 0 < CSP < average value (white),
average value < CSP < standard deviation x 3 (or-
ange), CSP > standard deviation x 3 (dark red).
Residues colored in blue are the ones whose peak
disappears upon the addition of 6 equivalents of
enoxaparin.

These regions tend to remain well-resolved and
visible even in the full-length protein due to their
intrinsic high flexibility also in this construct. This
allowed us to determine apparent K, values for
several residues located within IDR1, IDR2, and
IDRS3, providing additional insights into how these
flexible regions contribute to ligand binding
(Supplementary Figure 11). They thus play an
important role in shaping the overall interaction
landscape.

The results are presented in Table 3, with
residues from IDR1, IDR2, and IDR3 highlighted
in blue, orange, and pink, respectively.

Residues within IDR1 exhibited similar apparent
Ky values in both NTR and N, suggesting
comparable accessibility. In contrast, residues
within IDR2 displayed higher apparent K, values
in N, potentially reflecting reduced accessibility
due to their position between two globular
domains and proximity to the dimerization domain.
IDR3 residues showed the highest apparent Ky
values among the three IDRs in N, indicating
lower affinity, consistent with its more distal
position relative to the primary binding site. These
findings underscore the functional relevance of
IDRs in modulating enoxaparin binding. While the
presence of IDRs generally enhances the overall
affinity, their contribution appears context-
dependent, influenced by the structural
organization and protein configuration.

Discussion

The interaction studies in which the N protein is
involved are very important for the understanding
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Table 3 The table shows on the left and right the
measured apparent K, values for different residues found
in IDR1 (blue) IDR2 (orange) and IDR3 (pink) for NTR and
N respectively.

NTR N
Residue Ky (uM) Residue Ky (uM)
12 130 = 120 12 110 £ 50
15 150 = 70 15 220 + 69
32 81 + 27 35 85 + 24
35 23 + 17 37 140 = 57
40 77 £ 24 201 390 + 110
205 40 = 19 217 460 + 33
209 330 + 230 223 160 = 57
232 74 + 13 240 470 = 230
243 3323 248 230 + 140
376 740 + 90
380 750 + 100
381 410 = 190

of the function of the protein and of the whole
virus. However, the highly heterogeneous
structural and dynamic properties of the protein
and its dimeric nature significantly complicate the
study of the protein in its entirety. Indeed, the
whole protein does not crystallize preventing the
use of Xray crystallography for the determination
of a defined 3D structure. The same structural and
dynamic properties make this protein at the low
edge of Cryo-EM methods. Studying N in its
entirety we show that NMR can provide
information on the protein parts that still retain a
high degree of flexibility, such as the flexible
linkers and the NTD globular domain. Particularly,
the NTR region within the full-length protein
appears quite similar to when studied in isolation
[30]. A notable exception is the PolyL region which
is not visible in 3D NMR experiments of N under
the studied conditions (observed instead for the
NTR construct [30,42]), an aspect that could indi-
cate local interactions within the dimeric constructs
as also supported by other studies [31]. The third
flexible linker was also identified and results charac-
terized by a slight helical propensity towards its final
region. The CTD, the domain responsible for the
protein dimerization, which can be investigated in
isolation, becomes instead too broad to be detected
when part of the complete protein construct [43,44].

With these atomic resolution details in hand the
investigation of linear polyanions with different
length enables to dissect the driving forces
responsible for the interaction among the N
protein and heparin. We began by examining the
interaction between the smallest and globular
protein construct, the NTD domain, and the
shortest heparin fragment analyzed, HexaHEP.
We then progressively increased the complexity of
the systems under investigation, first by extending
the length of the heparin polyanion, and
subsequently by studying the interaction of
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enoxaparin with increasingly complex constructs of
the N protein. This progression started from the
isolated NTD, incorporated the two flanking IDRs,
and ultimately advanced to the full-length N protein.

The results indicate how important local flexibility
and dynamics are for the interaction itself. Starting
from the NTD domain which, although globular,
contains a highly flexible segment, the results
show that the basic and dynamic finger region
(residues 92—106) is one of the major players in
the interaction with heparin polyanions of
increasing length, as observed for the interaction
with RNA fragments [16,22,45,46]. Docking and
MD simulation allow the characterization of the
interaction between the shortest hexasaccharide
and NTD at atomic resolution, showing several per-
sistent contacts, that are mediated mainly by elec-
trostatic interactions and hydrogen bonds, and
that agree with the experimental CSP values.
These intermolecular forces establish between the
sulfate and carboxyl group of the oligosaccaride
and the positive patches of the dynamic finger
region residues: R92-D108 of the NTD construct
(Figure 5). Van der Waals contacts, such as
between 194 and glucosamine (E), are also pre-
dicted as short-range interactions. These outcomes
are even more exacerbated when considering the
NTR construct. In this case the interaction is also
promoted by the presence of two highly dynamic
and positively charged flanking regions that can
help the protein to recruit the negatively charged
partners.

The emerging picture is that of a protein
constituted by alternating globular and disordered
domains which, thanks to its intrinsic flexible
nature, can adapt to polyanions (RNA as well as
heparin oligosaccharides) of increasing length
through an extended ridge of positively charged
residues. These residues are located both within
the flexible region of the NTD domain and in the
adjacent IDRs, all of which are rich in positively
charged amino acids and characterized by high
local flexibility and disorder. A third IDR, also
contributing to the interaction, similarly exhibits
marked flexibility and a concentration of positively
charged residues. Flexibility thus plays a key role
for interactions of N with negatively charged
polyanions, another example of “flexible linkers”
that have an active role for the overall properties
of the protein, well beyond their main task as
connectors of globular domains [47,48], a general
feature also observed in other IDRs of multidomain
proteins as well as for intrinsically disordered pro-
teins (IDPs) [49-54].

Another noteworthy finding from our results is that
the binding affinity increases with the length of the
heparin ligand, particularly when comparing the
NTD construct to the NTR. This trend can be well
rationalized by considering that the longer heparin
fragments, especially when passing from the
HexaHEP to the DodecaHEP, introduce in the
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picture a greater number of negatively charged
units which can interact with a higher number of
positively charges residues of the protein; this
corresponds to an increase of the number of
favorable contacts between ligand and receptor.
The enhancement in affinity becomes particularly
evident when comparing the interaction between
NTD and HexaHEP with that observed between
NTR with DodecaHEP (Supplementary Figure 12).
In the first case HexaHEP perfectly fits in the
major binding site of NTD (Figure 5). In the
second one, DodecaHEP continues to form
interactions with the flexible finger of the NTD but
it can also engage in interactions with the flanking
flexible regions thanks to its increasing length.
This is a clear example of how local, weak and
transient interactions, when simultaneously
present in increasing numbers, can collectively
enhance the overall binding affinity, as
demonstrated in this case. This phenomenon,
known as avidity or multivalency, has been
previously reported in various contexts involving
disordered regions or proteins, including the N
protein itself [10,55—61]. Here, we provide experi-
mental data that clearly support this concept, offer-
ing atomic resolution insights into which regions of
the NTD and of its adjacent intrinsically disordered
regions contribute to the progressive increase in
affinity for heparin-based polyanions.

However, the structural context of the whole
protein must be considered. In the full-length N
protein, NTR remains largely visible in the NMR
experiments and appears to tumble independently
of the central dimerization domain. Interestingly,
this full-length construct does not exhibit a further
increase in affinity compared to the isolated NTR.
This may be due to the NTR being less exposed
when incorporated into the full-length protein. In
addition, we should also consider that the length
of the enoxaparin ligand, (sufficient to interact with
the positively charged flexible region composed by
the flexible finger of the NTD domain and its
flanking regions), is not long enough to engage
concomitantly in interactions with a second NTR
module present in the dimeric N protein. It would
be interesting to investigate whether extending the
length of the heparin ligand could result in a
further increase in affinity, also considering that
the CTD was shown to interact with heparin
through low resolution techniques [15]. However,
as discussed above, such a modification would
likely render the system too complex for high-
resolution analysis due to increased molecular
weight and a correspondingly slower rotational cor-
relation time upon interaction. Indeed similar stud-
ies performed using genomic RNA [59], revealed
a pronounced increase in affinity with increasingly
large RNA fragments. However, although NMR
spectra were used to monitor the overall interaction
behavior, the complexity of the system prevented
high-resolution structural analysis.
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Dimerization of N links together not only the two
CTD domains, responsible for the dimerization
itself, but it also links in a single entity two NTR
units which were shown through our studies to be
extensively involved in the interaction with short
heparin chains. Extrapolating these findings to
interactions of dimeric N with the extracellular
heparan sulfate matrix, it is tempting to speculate
that the interaction will be even more pronounced
as the high positive charge density present in
dimeric N will have the possibility to engage in
local interactions with the abundant negative
charge density on the heparan sulfate extracellular
matrix. These interactions could be with a single,
longer heparan sulfate chain as well as with
different chains that are close to one another,
avidly keeping the dimeric N protein linked to the
extracellular matrix itself. This process can also
influence the properties of the extracellular matrix
by modulating its stability/fluidity and affecting the
cell microenvironment with possible important
biological/biomedical implications [62].

Interestingly a recent paper investigated this
topic from a different point of view, using
complementary techniques and suggested that
the N protein high affinity for cell-surface sulfated
glycosaminoglycans, including heparin, is
responsible for the identification of N on the
surface of infected, as well as non-infected,
neighboring cells. This was proposed to activate
the immune system not only towards infected cells
but also towards neighboring healthy ones. The
authors thus proposed a potential role for the
extracellular N protein in exacerbating the COVID-
19 damages and discussed the possible
therapeutic use of enoxaparin to protect
uninfected cells from complement-mediated attack
[15].

Finally, it is interesting to frame the current results
in the more general context of research on SARS-
CoV-2. The ability of heparin to interfere with the
life cycle of SARS-CoV-2 was initially
demonstrated in vitro by observing the inhibition of
viral invasion upon administration of exogenous
heparin [63,64]. This antiviral effect was initially
shown to arise from the competition/interference
of heparin with the binding of the SARS-CoV-2
spike (S) protein to heparan sulfate in the extracel-
lular matrix [65]. Indeed, under normal conditions,
the S protein binds to heparan sulfate, allowing
the virus particles to attach to the cell surface. This
initial interaction facilitates the specific engagement
of the Angiotensin Converting Enzyme 2 (ACE2)
receptor by the tip of the S protein, which is last step
required to trigger the fusion between the viral and
host cell membranes. The interaction between hep-
arin and the S protein is primarily mediated by elec-
trostatic forces, involving positively charged
patches of Arg and Lys residues located on the sur-
face of the S1 subunit and within its receptor binding
domain (RBD) [66,67].
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Analogously, we now show that the solvent
exposed positively charged regions on the N
protein sub-domains mediate the interaction with
enoxaparin, providing atom-resolved information
regarding the key molecular features mediating
the attachment of the N protein to the extracellular
matrix heparan sulfate. These findings thus reveal
interesting molecular details that are expected to
stimulate further progress in the design of novel
polyanions with increased affinity for the N protein
opening novel avenues in the field of drug
discovery aimed at interfering with multidomain
proteins characterized by a significant level of
intrinsic flexibility and disorder.

Conclusions

In conclusion, the reported insights underscore
the complexity of the interaction pattern between
N and heparin, where both the presence and
position of IDRs play a critical role.

An atomic resolution binding interface between
heparin oligosaccharide and the globular region of
the N protein (NTD) has been proposed. In
addition, our NMR data clearly suggest a
correlation between ligand length and binding
affinity, with longer oligosaccharides showing
stronger interactions. Additionally, the presence of
IDRs appears to enhance binding capacity, as the
NTR construct including disordered segments
exhibited more extensive chemical shift
perturbations compared to NTD alone. However,
while the full-length protein displays distinct
spectral behavior, potentially reflecting additional
binding contributions from IDR3 and altered
dynamics due to its complex structure, a clear
description of the interaction involving this intricate
modular protein is far from being trivial.

Material and Methods

Protein production

The plasmids encoding the NTD (44—-180) and
the NTR (1-248) constructs were designed based
on the respective homologs of the SARS-CoV-1
virus. The genes for NTD, NTR and the Full
Length N protein (N), optimized for E. Coli, were
inserted into the expression vectors pET28a(+)
(Twist Bioscience) and pET29b(+) (Cell Free
Sciences) between Ndel and Xhol restriction sites.
The NTD construct involves an N-terminal tail (six
histidines) removable using TEV (Tobacco Etch
Virus) protease. This plasmid was provided by
Prof. Almeida (University of Rio de Janeiro). The
NTR construct and the FL protein are expressed
without the addition of tags useful for purification.

The ®N-labeled NTD was expressed in E. Coli
strain BL21 (DE3) in M9 minimal medium
containing 1.0 g/L ammonium chloride ('°NH,CI)
(Cambridge Isotope Laboratories, Tewksbury, MA,
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USA). Protein expression was induced over night at
an optical density measured at 600 nm (ODggg) of
0.7 with 0.2 mM isopropyl-beta-thiogalactopyrano
side (IPTG) for 17 h at 16 °C. Cell pellets were
resuspended in 50 mM 2-amino-2-(hydroxyme
thyl)-1,3-propanediol (TRIS) at pH 8.0, 500 mM
sodium chloride (NaCl), 20 mM imidazole
(CaH4No), 10% v/v glycerol, and a protease
inhibitor cocktail (SIGMAFAST™ tablet). The cells
lysis was performed by sonication. The
supernatant was cleared by ultracentrifugation for
50 min at 35,000 rpm at 4 °C. The supernatant is
collected, filtered (0.2 um filter) and supplemented
with 200 pl of protease inhibitor stock 1000x
(SIGMAFAST'™ tablet). The cleared supernatant
was passed over a Ni#*-NTA HisTrap HP affinity
column (GE Healthcare, Chicago, IL, USA), and
the His6-Trx-tag was cleaved overnight at 4 °C
with 1:10 v/v of TEV protease:protein solution,
while dialyzing into fresh buffer composed of
50 mM TRIS at pH 8.0, 500 mM NaCl, and 1 mM
dithiothreitol (DTT). TEV protease and the cleaved
tag were removed via a second Ni?*-NTA HisTrap
HP affinity column. The fractions containing the
pure NTD protein were determined by SDS-PAGE
and concentrated. Buffer exchange was
performed through a PD-10 desalting column (GE
Healthcare) or through dialysis, with a final buffer
containing 25 mM TRIS, 150 mM sodium chloride
(NaCl) at pH 7.3.

Uniformly '*N-labeled NTR and N protein, and
uniformly ~ '>N-'3C-labeled N protein  were
expressed in E. coli strain BL21 (DE3) following
the Marley protocol [68]. The cells were grown in
1 L of Luria Bertani medium at 37 °C until ODggg
of 1.2. Then, the culture was transferred in
300 mL of labeled M9 minimal medium supple-
mented with 1.0 g/L ">NH,CI (Cambridge Isotope
Laboratories) and 3.0 g/L of D-glucose (SIGMA).
The culture was induced with 0.2 mM IPTG over-
night at 15 °C. The solution was then ultracen-
trifuged at 5500 rpm and 4 °C for 20 min. The cell
pellet was then dissolved in 50 mL of lysis buffer
(25 mM TRIS pH 8, 1.5 M NaCl, 10% v/v glycerol,
500 uM of a 1000 x stock of protease inhibitor cock-
tail (SIGMAFAST'™ tablet), 0.01 mg/ml of DNAase,
0.1 mg/ml of RNAase). The cell lysis was performed
by sonication; 50 ml of supernatant is collected after
ultracentrifugation of the lysate at 35,000 rpm for
45 min at 4 °C. The latter is then placed into a
10 kDa cut off membrane and dialyzed overnight
against 5 L of buffer solution (25 mM TRIS,
150 mM NaCl, pH 7.2) at 4 °C. The protein solution
was then loaded onto a HiTrap SP FF 5 mL column
and eluted with a high salt buffer (25 mM TRIS pH
7.2 and 1.0 M NaCl). The collected fractions are
concentrated and checked by UV.g, considering a
molar extinction coefficient of &: 26.930 M~' cm ™"
for NTR and &: 42.530 M~ ' cm ™" for N. The fractions
containing the protein were determined by SDS-
PAGE and concentrated.
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Protein NMR samples

For the NMR characterization, 500 uL of each
protein were placed in a 5 mm tube. All the protein
samples were at a concentration of 90 pM and the
buffers used were: low salt TRIS (25 mM TRIS
and 150 mM NaCl, pH 7.3) and high salt TRIS
(25 mM TRIS and 450 mM NaCl, pH 7.3).

The 500 pL samples also contained 10% D0,
0,05% NaNj3, 20 uM EDTA and 1 uL Protease
Inhibitor Cocktail.

Isolation, purification and characterization of
HexaHEP and DodecaHEP oligosaccharides
used in NMR experiments

Two types of heparin oligosaccharides were
isolated from enoxaparin (Clexane, supplied by

Sanofi): the hexamer (HexaHEP) and the
dodecamer (DodecaHEP). A batch of enoxaparin
was fractionated by size-exclusion
chromatography (SEC) to separate fractions

based on chain length (Supplementary Figure 13).
The fractionation was performed on a Biogel P6
column (5 x 170 cm). Approximately 300-350 mg
of sample, dissolved in 5 mL of purified water,
was loaded onto the column and eluted with
0.25 M NH4CI at a flow rate of 1.8 mL/min. Eluate
was collected in approximately 8 mL fractions and
UV absorbance was monitored at 210-232 nm.
Fractions of interest were pooled and lyophilized.
Desalting was carried out using HW40S TSK
columns (5 x 85 cm and 2.6 x 60 cm). Samples
were eluted with 10% ethanol at flow rates of
5 mL/min (for the 5 x 85 cm column) and 1.4 mL/
min (for the 2.6 x 60 cm column). UV absorbance
was again monitored at 210-232 nm. Selected
fractions were pooled and lyophilized. All isolated
fractions were structurally characterized by NMR
spectroscopy and  high-performance  size-
exclusion chromatography coupled with triple
detection array (HP-SEC/TDA). For the two target
fractions, the principal compositional data derived
from NMR and the molecular weights determined
by HP-SEC/TDA are reported in Supplementary
Tables 2 and 3. The isolated fractions were size-
homogeneous and exhibited a very low degree of
polydispersity (approximately 1), as shown in
Supplementary Table 3.

Heparin samples

For the NMR titration three principal types of
heparin samples, which differ in the length, were
used. The HexaHEP, 6 repetitive units, is the
smallest fragment of heparin used. The molecular
weight is around 1900 Da; The DodecaHEP, 12
repetitive units, has an intermediate length. The
molecular weight is around 3600 Da; Enoxaparin
(HEP, as Clexane), is a type of low molecular
weight heparin containing fragments with an
average molecular weight of around 4500-
5000 Da.
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e For HexaHEP an initial 18 mM stock solution was
prepared, from which all required concentrations for
the titration were obtained. The same procedure
was followed for DodecaHEP, with an initial stock
concentration of 9 mM. The initial stock solution for
HEP (enoxaparin) was 22 mM; several stock solu-
tions with different concentrations were then pre-
pared and used for the titrations. All the stock
solutions were prepared in the NMR buffer.

Titrations

The three titrations of NTD and the three of NTR
with  increasingly larger heparin  ligands
(HexaHEP, DodecaHEP and HEP) were
performed under low salt conditions. The buffer
used in these titrations was 25 mM TRIS, 150 mM
NaCl, pH 7.3. For the titrations of HEP with the
three constructs (NTD, NTR and N), a buffer with
higher concentration of NaCl (450 mM, high salt
condition) was used. This choice was guided by
the fact that the full-length protein requires a high
salt buffer to remain in solution and prevent
aggregation.

All titrations were monitored using 2D 'H-'°N
HSQC NMR spectra, starting from the reference
spectrum of the proteins. Subsequent spectra
were acquired on the same sample after the
addition of controlled amounts of heparin-based
ligands, introduced through small aliquots of
different  stock  solutions  at increasing
concentrations.

The titration points were decided based on the
observed behavior of the proteins (the protein:
ligand ratios are reported case-by-case):

o NTD:HexaHEP low salt conditions.
1:0.6, 1:1.2, 1:3.6, 1:6.0, 1:12.

o NTD:DodecaHEP low salt conditions. 1:0.1, 1:0.3,
1:0.6, 1:1.2, 1:3.6, 1:6.0.

e NTD: HEP low salt conditions. 1:0.1, 1:0.3, 1:0.6,
1:1.2, 1:3.6, 1:6.0 and 1:12.

o NTR:HexaHEP low salt conditions.
1:0.6, 1:1.2, 1:3.6, 1:6.

1:0.1, 1:0.3,

1:0.1, 1:0.3,

Table 4 Acquisition parameters for the recorded spectra.

o NTR:DodecaHEP low salt conditions. 1:0.1, 1:0.3,
1:0.6, 1:1.2, 1:3.6.

e NTR: HEP low salt conditions. 1:0.1, 1:0.3, 1:0.6,
1:1.2, 1:3.6.

e NTD: HEP high salt conditions. 1:0.1, 1:0.3, 1:0.6,
1:1.2, 1:3.6, 1:6.0, 1:12, 1:24, 1:48.

e NTR: HEP high salt conditions. 1:0.1, 1:0.3, 1:0.6,
1:1.2, 1:3.6, 1:6.0.

e FL: HEP high salt conditions. 1:0.1, 1:0.3, 1:0.6,

1:1.2, 1:3.6, 1:6.0, 1:12, 1:24.

NMR experiments

To follow the titrations for all the three constructs
2D HN HSQC experiments were acquired on a
Bruker AVANCE NEO spectrometer operating at
900.06 ('H), 226.32 (*°C) and 91.20 ('°N) MHz
equipped with a cryogenically cooled probehead
(TCI). All the experiments were conducted at a
temperature of 298 K. The acquisition parameters
of NMR experiments are reported in Table 4.

IDR3 chemical shift assignment

The assignment of IDR3 in the context of the
entire N protein was obtained through a
combination of 'H- and '*C-detected experiments
[41,42]. The acquired experiments and their most
relevant acquisition parameters are reported in
Table 5. The experiments were acquired on multiple
100 uM N samples dissolved in 25 mM TRIS,
450 mM NaCl, pH 7.3. All the experiments were
acquired at 283 K.

The 2D NMR experiments were acquired on a
284 T Bruker AVANCE NEO spectrometer
operating at 1200.73 MHz 'H, 301.92 MHz '3C,
and 121.67 MHz "N equipped with a 5 mm
cryogenically cooled probehead optimized for '*C-
direct detection (CP-TXO). The 3D 'H detected
NMR experiments were acquired on a 164 T
Bruker AVANCE NEO spectrometer operating at
700.13 MHz 'H, 176.05 MHz '°C, and 70.94 MHz
N frequencies, equipped with a 5 mm
cryogenically cooled probehead optimized for 'H
direct detection (TCI). (H)CBCACON [71,72] was

SALT condition Construct Data points Spectral width (ppm) Number Recycle
of scans delay (s)
F2 F1 F2 F1
Low NTD:HexaHEP 2048 256 14.6 36.1 8 1.1
NTD:DodecaHEP 2048 256 14.6 36.1 8 1.1
NTD:HEP 2048 256 14.6 36.1 8 1.1
Low NTR:HexaHEP 2048 400 14.6 36.1 24 1.1
NTR:DodecaHEP 2048 400 14.6 36.1 24 1.1
NTR:HEP 2048 400 14.6 36.1 24 1.1
High NTD:HEP 2048 256 14.6 36.1 16 1.1
NTR:HEP 2048 400 14.6 36.1 32 1.1
FL:HEP 2048 512 14.6 36.1 24 1.1
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acquired on a 16.4 T Bruker AVANCE NEO spec-
trometer operating at 700.06 MHz 'H, 176.03 MHz
13C, and 70.94 MHz "°N frequencies, equipped with
a 5 mm cryogenically cooled probehead optimized
for '3C direct detection (CP-TXO).

All the 2D-'°C detected experiments were
acquired in a version optimized for the detection of
the highly flexible regions of the protein. Carbon-
13 homonuclear decoupling was achieved through
the IPAP virtual decoupling approach [73]. 2D-(H)
CACO and 2D-(H)CBCACO exploit constant-time
evolution in the indirect dimension [72,74].

Pulse lengths and carrier frequencies generally
employed for triple resonance experiments were
used either for the 'H or '3C detected experiments
and are summarized hereafter. The 'H carrier was
placed at 4.7 ppm for non-selective hard pulses.
3C pulses were given at 176.7 ppm, 55.9 ppm,
N N and 457 ppm for C, C* and C* regions,
LT TR e respectively. '°N pulses were given at 124.0 ppm
or 118 ppm in the '®C and 'H detected
experiments respectively.

For the experiments acquired at 28.4 T,
SURBOP180 and SURBOP90 shapes [75,76] both
having a duration of 333 us were used for '°C band-
e — selective /2 and = flip angle pulses respectively

5 o 5 o except for the adiabatic n pulse to invert both C’
and C* (smoothed Chirp 500 pus, 20% smoothing,
80 kHz sweep width, 11.3 kHz RF field strength).
Composite pulse decoupling was applied on 'H

Recycle
delay (s)
1.0
1.0
0.3
0.3
1.0

1.1
0.2
2.1
0.9
0.9

Number of
scans
32
128
32

16

32

32

32

16

32

32

45.2 ("°N)
45.2 (°N)
36 (°N)
34.1 (130ali)
70.4 (1sca|i)
7.5 (°C’)
75 (130/)
60.4 (130ali)
60.4 (1SCaI|)
60.4 (130ali)

F1

F2

Spectral widths (ppm)

F3

13.7
13.7
19.8
19.8
29.9

sz zgg o (Garp-4 [77]) with an RF fieid strength of 2.8 kHz.
g T T T N decoupling was achieved through the p5m4

-|8r 8l eavry composite pulse decoupling scheme that exploits
T WO TOOTNNNO

a series of adiabatic Chirp inversion pulses of
8.4 kHz sweep, 8 ms length, 20% smoothing and
4096 data points for digitization (Crp8.4,8.0,20,4
| [78]) with an RF field strength of 0.9 kHz.

For the experiments acquired at 16.4 T, Q5 and
Q8 shapes of durations of 300 and 231 s,
respectively, were used for '*C band-selective n/2
and = flip angle pulses except for the adiabatic =
pulse to invert both C' and C* (smoothed Chirp
500 ps, 20% smoothing, 80 kHz sweep width,
11.3 kHz RF field strength) and the & pulses that
should be band-selective on the C” region (QS,
900 us). When needed, composite pulse
decoupling was applied on 'H (Waltz-65 [79]) and
SN (Garp-4) with an RF field strength of 2.5 kHz
and 1 kHz respectively.

3D 'H detected experiments exploited either the
BEST-TROSY [69,70] (3D-BT-HNCO and 3D-BT-
HN(CA)CO [80-82]) or the watergate approach
(3D-CBCACONH and 3D-CBCANH [80,83]). All
the experiments employing the BEST-TROSY
approach [69,70] used exclusively shaped proton
pulses. PC9 [84] and Reburp [85] shapes of dura-
tions of 1831 pus and 1167 s, respectively, were
used for 'HY band-selective n/2 and = flip angle
pulses at 700 '"H MHz.

3D-BT-HNCO, and 3D-BT-HN(CA)CO used
semi-constant time in the '°N dimension. 3D-

—~ — — — —

F2

- v - T v
— "

Data points
F3

2048

2048

2048

2048

1024

Field (‘"H MHz)

- - -

700
700
700
700
700

2D (H)CBCACO
3D BT-HN(CA)CO
3D CBCACONH
3D CBCANH

3D BT-HNCO
3D (H)CBCACON

2D HSQC HN
2D BT HN
Where BT indicates the application of the BEST-TROSY [69,70] approach

2D CON
2D (H)CACO

Experiment

Table 5 The table shows the experiments and the most relevant acquisition parameters used to obtain the sequence specific assignment of IDR3 in the context of the full

1

1

1

1

1
SC/
SC/
SCall
SCall
SCall

length N protein.
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CBCACONH and 3D-CBCANH experiments used
constant time in both the "N and '*C?" dimensions.

All the spectra were acquired, processed, and
analyzed by using Bruker TopSpin 4.3.1 software.
Chemical shifts were referenced using the 'H and
3C shifts of DSS [86]. Nitrogen chemical shifts
were referenced indirectly using the conversion fac-
tor derived from the ratio of NMR frequencies [86].

The sequence-specific  assignment  was
performed with the aid of CARA and its tool
NEASY [87].

NMR spectral analysis

All the spectra were acquired and processed
using the Bruker TopSpin 4.1.3 software. The
spectral analysis was conducted with CARA,
utilizing its tool NEASY [87]. For each individual
construct, we used either the available assignment
(BMRB codes: NTD 51620, NTR 50618, 50619) or
the one obtained in the context of this work. We
accurately positioned the peaks on the reference
spectrum and subsequently tracked the signals’
chemical shift variations due to interaction by man-
ually adjusting the peaks positions. This allowed us
to obtain information about the Chemical Shift Per-
turbation (CSP) which was then analyzed. More
specifically we used the peak lists generated after
adjusting the peaks to the NMR spectra acquired
upon addition of different amounts of ligand to cal-
culate the CSP values reported in the plots [88].
The CSP values were calculated using the following
equation:

CSP = % [(ﬁ, + (0.15N)2]

were dand J represent the variations of chemical
shift of the "H and '*N nuclear spins. From the
CSP values upon addition of increasing amounts
of ligand it was also possible to fit the data
assuming a 1:1 interaction mode using the
following equation:

Aobs B Cp+ Crep+ Ko — \/(Cp + Crep + Kd)z —4CpCrep
Amax B 2CD

where A,ps is the observed chemical shift
perturbation at the different titration points, A.x is
the maximum value obtained at the end of the
titration, Cp is the total protein concentration
(NTD, NTR or FL), Cuxep is the ligand
concentration at the different titration points, and
Ky is the dissociation constant. This constant
however does not reflect a unique “dissociation
event” due to the complexity of the system but
rather an “apparent K’ reflecting local interactions.

The CSP values were then mapped on the protein
frame to identify the most perturbed regions of the
protein. This was possible using the program
CHIMERA which also has the function to plot the
CSP values on the structure of a protein.
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Molecular docking

The model reported in Scheme 1 was built with
GIcNS6S residues in the *C; chair conformation
and 1doA2S residues in the 'C, chair
conformation. The conformation of the glycosidic
linkages is described by the dihedrals ¢/yy; = (H1—
C1i—Oi—O4i—C4i/C1i—Oi—O4i—C4i—H4i), where the
index ‘7 runs from 1 to 5. The glycosidic torsion
angles ¢/y;, as well as the orientations of the
sulfate groups in GIcNS6S and IdoA2S, were set
based on the heparin structure 1THPN from the
Protein Data Bank [21] (the ¢/y dihedral angles
are 41/14° and —39/—33° for IdoA2S-GIcNS6S
and GIcNS6S-1doA2S linkages, respectively).

Molecular docking was performed using
AutoDock 4.2.3 [89] to generate the geometries of
the HexaHEP-NTD complex. The 3D structure of
the N-terminal domain of the SARS-CoV-2 nucleo-
capsid protein (NTD) was extracted from the
‘BRNA-NTD’ complex (PDB ID: 7ACT [22]). The
docking grid was centered on the side-chain hydro-
xyl oxygen of the Y109 residue (CMx = 26.008;
CMy = 31.133; CMz = 21.091). The grid size was
Lx = Ly = Lz = 100 points with a spacing of
Ax=Ay=Az=0.375 A. All torsional degrees of free-
dom in the HexaHEP molecule, except for the gly-
cosidic dihedral angles ¢/, were allowed to be
sampled during docking. The receptor was set as
rigid. The Lamarckian Genetic Algorithm was used
with the following parameters: 100 runs, a popula-
tion size of 20,000 individuals, a maximum of
5 x 107 energy evaluations and a maximum of
300,000 generations. Fourteen docking solutions
were selected based on their binding energy scores
(AutoDock 4.2 scoring function, ADT [89]), cluster
population and agreement with experimental data.
Among these, three complexes were further refined
through molecular dynamics (MD) simulations in
explicit solvent.

Molecular dynamic simulations

The geometries of the selected HexaHEP-NTD
complexes, obtained through molecular docking,
were refined via molecular dynamics (MD)
simulations in explicit solvent. Topology and
coordinate files were prepared using the
AmberTools 14 package [90]. The protein and
ligand were parametrized with the Amber ff14SB
and GlycamO06 [91] force fields, respectively. Each
complex was solvated by adding a 15 A layer of
TIP3P [92] water molecules in all directions, result-
ing in an orthorhombic simulation box with edge
lengths of approximately 80-90 A. No counterions
were added to the systems. Non-bonded interac-
tions, including electrostatic and van der Waals
forces, were truncated at a 12 A cut-off.

A total of 100,000 steps of energy minimization
was performed using NAMD 2.14 [93]. Simulations
were run in the NPT ensemble, maintaining con-
stant the number of particles, pressure and temper-
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ature. Temperature was maintained at 300 K using
a Lowe—Andersen thermostat, and pressure
(1.01325 bar) was regulated via the Nosé—Hoove
r—Langevin piston method. During the initial equili-
bration phase, harmonic restraints (force constant
Ki = 1.0 kcal mol~' A~2) were applied to the solute
atoms, which was achieved within 10 ns.

After this stage, the harmonic restraints were
removed. Subsequently, each system underwent
a 200 ns production MD simulation, that were
sampled each 0.1 ns. The trajectory was divided
into two phases: the first 100 ns were considered
part of the final equilibration, while the remaining
100 ns comprised the production stage.
Equilibration was assessed by monitoring the
inter-glycosidic dihedral angles ¢{)/yy{f) until a
stable oscillatory behavior was observed.

Binding free energy estimates were obtained
using the Molecular Mechanics Poisson—
Boltzmann Surface Area (MMPBSA) approach
implemented via the MMPBSA..py application [38].
Snapshots from the production phase (between
100 and 200 ns) were analyzed with a sampling
interval of 0.2 ns, generating 500 frames.The appli-
cation VMD [94] was used for the analysis of the MD
simulation trajectories. The population percentage
of the hydrogen bonds between the HexaHEP and
NTD were calculated on the production phase of
the MD simulation using the cpptraj application
and setting the cutoff distance and angle between
the proton donor (Y) and acceptor (X) in the system
X:---H-Y, 3.0 A and 150°, respectively.
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