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Abstract 

The dependence of the host on the interaction of hundreds of extracellular proteins with the cell 
surface glycosaminoglycan heparan sulphate (HS) for the regulation of homeostasis is exploited 
by many microbial pathogens as a means of adherence and invasion. The closely related polysac-
charide heparin, the widely used anticoagulant drug, which is structurally similar to HS and is a 
common experimental proxy, can be expected to mimic the properties of HS. Heparin prevents 
infection by a range of viruses if added exogenously, including S-associated coronavirus strain 
HSR1. Heparin prevents infection by a range of viruses if added exogenously, including S-associ-
ated coronavirus strain HSR1. Here, we show that the addition of heparin to Vero cells between 
6.25 - 200 μg.ml-1, which spans the concentration of heparin in therapeutic use, and inhibits inva-
sion by SARS-CoV-2 at between 44 and 80%. We also demonstrate that heparin binds to the Spike 
(S1) protein receptor binding domain and induces a conformational change, illustrated by surface 
plasmon resonance and circular dichroism spectroscopy studies. The structural features of heparin 
on which this interaction depends were investigated using a library of heparin derivatives and size-
defined fragments. Binding is more strongly dependent on the presence of 2-O or 6-O sulphation, 
and the consequent conformational consequences in the heparin structure, than on N-sulphation. 
A hexasaccharide is required for conformational changes to be induced in the secondary structure 
that are comparable to those that arise from heparin binding. Enoxaparin, a low molecular weight 
clinical anticoagulant, also binds the S1 RBD protein and induces conformational change. These 
findings have implications for the rapid development of a first-line therapeutic by repurposing hep-
arin as well as for next-generation, tailor-made, GAG-based antiviral agents against SARS-CoV-2 
and other members of the Coronaviridae. 
 
Key Words: heparin; coronavirus; SARS-CoV-2; COVID-19; nCoV-19; Spike; S1, RBD; viral inhibition, circular dichroism; surface 
plasmon resonance; molecular modelling. 
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Introduction 
 
Heparin, the second most widely used drug by weight globally, is formulated as a pol-
ydisperse, heterogeneous natural product. Unfractionated heparin, low molecular 
weight heparins, such as enoxaparin, and heparinoids are clinically approved as anti-
coagulants and anti-thrombotic agents with excellent safety, stability, bioavailability 
and pharmacokinetic profiles. Crucially, heparin and its derivatives, some of which lack 
significant anticoagulant activity 1, constitute an under-exploited antiviral drug class. 
This is despite the fact that they exhibit broad-spectrum activity against numerous dis-
tinct viruses, including Coronaviridae and SARS-associated coronavirus strain HSR1 
2, in addition to flaviviruses 3,4, herpes 5, influenza 6 and HIV 7,8. 
 
Conventional drug development processes are slow to respond to emerging public 
health threats, such as the current SARS-CoV-2 coronavirus outbreak, which makes 
the repurposing of existing drugs a timely and attractive alternative. Heparin, a well-
tolerated anticoagulant pharmaceutical, has been used safely in medicine for over 80 
years and, alongside its anticoagulant activities, its ability to prevent viral infection, 
including by members of the Coronaviridae, has been described 2. The closely related 
glycosaminoglycan (GAG) member, heparan sulphate (HS), is also known to bind CoV 
surface proteins and is exploited by coronavirus for its attachment to target cells 9. 
Furthermore, anticoagulant and anti-inflammatory therapy, which are both associated 
with heparin use, have been shown to be beneficial for COVID-19 management 10,11. 
 
Heparan sulphate is a ubiquitous component of the cell surface and the extracellular 
matrix with a complex non-template driven biosynthesis, involving many enzymes, the 
consequence of which is a heterogeneous structure. Currently, HS and heparin are 
known to bind to over 700 proteins 12. Heparan sulphate and heparin are linear, sul-
phated polysaccharides, comprising repeating disaccharide units of a uronic acid and 
D-glucosamine. They are linked by 1,4 glycosidic bonds and the uronic acid can be 
either β D-glucuronic acid or its C-5 epimer, α L-iduronic acid (properly, glucuronate 
and iduronate respectively under physiological conditions). The disaccharide can be 
subject to several further modifications; iduronate can be O-sulphated at position-2, 
glucosamine can be N-sulphated, N-acetylated or unmodified, and adorned with O-
sulphates at position-6 and, less frequently, at position-3 13.  
 
The anticoagulant properties of heparin arise predominantly from its interaction with 
serine proteases, particularly antithrombin and the pentasaccharide sequence; 
GlcNS,6S-GlcA-GlcNS,3S,6S-IdoA2S-GlcNS,6S, has been identified as being most 
significant in this regard 14. On the other hand, its antiviral and anti-inflammatory prop-
erties have not been linked to specific sequences enabling strategies to be developed 
for the production of heparin with tailored activities (i.e., non-anticoagulant but anti-
viral) that involve cleaving/disrupting the chain at the antithrombin interacting penta-
saccharide, or by globally altering the chemical properties of the chain. Since heparin 
is a complex mixture, containing polysaccharide chains of varied composition and 
bearing different biological activities, an alternative approach would be to fractionate 
the heterogeneous heparin mixture and isolate those fractions with the required activ-
ities. 
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As yet, there are no commercially available medicinal products designed to treat 
and/or prevent infections associated with the current SARS-CoV-2 coronavirus out-
break. Here, we describe the ability of heparin to inhibit cell invasion and bind the 
SARS-CoV-2 S1 receptor binding domain (RBD) and investigate the structural require-
ments and consequences of binding. The results underpin the development of hepa-
rin-based therapeutics for Covid-19 and future viral diseases. 
 
Methods & Materials 
 
2.1 Viral invasion assay. 
 
Vero cells (ECACC) were plated at 2.5 x 105 cells per well in 24-well plates and incu-
bated with EMEM supplemented with 10% (v/v) foetal calf serum (complete medium). 
Twenty four hours later, cells were incubated with heparin (from 200 µg.ml-1; Cel-
sus Laboratories, Cincinnati, USA) in 300 µL of complete medium 1 hour prior to in-
fection and then incubated with virus solution containing 50 plaque forming units (PFU) 
of either; Italy/UniSR1/2020 strain (GISAID accession ID: EPI_ISL_413489 15, or, 
SARS-CoV HSR-1 (EID 2004). After incubation for 1 hour at 37°C, supernatants were 
discarded and 500 µL of 1% (w/v) methylcellulose (Sigma-Aldrich, Italy) overlay (in 
complete medium) were added to each well. After 3 days, cells were fixed using a 6% 
(v/v) formaldehyde: phosphate-buffered saline solution and stained with 1% (w/v) crys-
tal violet (Sigma-Aldrich, Italy) in 70% (v/v) methanol (Sigma-Aldrich, Italy). The 
plaques were counted under a stereoscopic microscope (SMZ-1500, Nikon). 
 
2.2 Recombinant expression of SARS-CoV-2 S1 RBD. 
 
Residues 330−583 of the SARS-CoV-2 Spike Protein (GenBank: MN908947) were 
cloned upstream of a N-terminal 6XHisTag in the pRSETA expression vector and 
transformed into SHuffle® T7 Express Competent E. coli (NEB, UK). Protein expres-
sion was carried out in MagicMedia™ E. coli Expression Media (Invitrogen, UK) at 
30°C for 24 hrs, 250 rpm. The bacterial pellet was suspended in 5 mL lysis buffer 
(BugBuster Protein Extraction Reagent, Merck Millipore, UK; containing DNAse) and 
incubated at room temperature for 30 mins. Protein was purified from inclusion bodies 
using IMAC chromatography under denaturing conditions. On-column protein refold-
ing was performed by applying a gradient with decreasing concentrations of the dena-
turing agent (6 - 0 M Urea). After extensive washing, protein was eluted using 20 mM 
NaH2PO4, pH 8.0, 300 mM NaCl, 500 mM imidazole. Fractions were pooled and 
buffer-exchanged to phosphate-buffered saline (PBS; 140 mM NaCl, 5 mM NaH2PO4, 
5 mM Na2HPO4, pH 7.4; Lonza, UK) using a Sephadex G-25 column (GE Healthcare, 
UK). Recombinant protein was stored at -20°C until required. 
 
2.3 Preparation of chemically modified heparin derivatives. 
 
All chemically modified heparin polysaccharides (Table 1) were synthesised from pa-
rental unfractionated porcine mucosal heparin (Mw = 12 kDa; Celsus Laboratories, 
Cincinnati, USA) as previously described 6,16. The veracity of all chemical modifica-
tions was ascertained using 1H and 13C NMR, with chemical shifts compared to TSP 
(Sigma-Aldrich, UK) as an external reference standard. 
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2.4 Secondary structure determination of SARS-CoV-2 S1 RBD by circular di-
chroism spectroscopy. 
 
The circular dichroism (CD) spectrum of the SARS-CoV-2 S1 RBD in PBS was rec-
orded using a J-1500 Jasco CD spectrometer (Jasco, UK), Spectral Manager II soft-
ware (JASCO, UK) and a 0.2 mm pathlength, quartz cuvette (Hellma, USA) scanning 
at 100 nm.min-1 with 1 nm resolution throughout the range 190 - 260 nm. All spectra 
obtained were the mean of five independent scans, following instrument calibration 
with camphorsulfonic acid. SARS-CoV-2 S1 RBD was buffer-exchanged (prior to 
spectral analysis) using a 5 kDa Vivaspin centrifugal filter (Sartorius, Germany) at 
12,000 g, thrice and CD spectra were collected using 21 μl of a 0.6 mg.ml-1 solution in 
PBS, pH 7.4. Spectra of heparin (porcine mucosal heparin), its derivative and oligo-
saccharides were collected in the same buffer at approximately comparable concen-
trations, since these are disperse materials. Collected data were analysed with Spec-
tral Manager II software prior to processing with GraphPad Prism 7, using second 
order polynomial smoothing through 21 neighbours. Secondary structural prediction 
was calculated using the BeStSel analysis server 17.To ensure that the CD spectral 
change of SARS-CoV-2 S1 RBD in the presence of porcine mucosal heparin did not 
arise from the addition of the heparin alone, which is known to possess a CD spectrum 
at high concentrations 18,19 a difference spectrum was analysed. The theoretical, CD 
spectrum that resulted from the arithmetic addition of the CD spectrum of the SARS-
CoV-2 S1 RBD and that of the heparin differed from the observed experimental CD 
spectrum of SARS-CoV-2 S1 RBD mixed with heparin. This demonstrates that the 
change in the CD spectrum arose from a conformational change following binding to 
porcine mucosal heparin.  
 
2.5 Surface Plasmon Resonance determination of SARS-CoV-2 S1 RBD binding 
to unfractionated heparin. 
 
Human FGF2 was produced as described by Duchesne et al. 20. Porcine mucosal 
heparin was biotinylated at the reducing end using hydroxylamine biotin (Ther-
moFisher, UK) as described by Thakar et al. 21. Heparin (20 µl of 50 mg mL-1) was 
reacted with 20 µl hydroxylamine-biotin in 40 µl 300 mM aniline (Sigma-Aldrich, UK) 
and 40 µl 200 mM acetate pH 6 for 48 h at 37 °C. Free biotin was removed by gel-
filtration chromatography on Sephadex G25 (GE LifeSciences, UK). 
 
A P4SPR, multi-channel Surface Plasmon Resonance (SPR) instrument (Affinté In-
struments; Montréal, Canada) was employed with a gold sensor chip that was plasma 
cleaned prior to derivatization. A self-assembled monolayer of mPEG thiol and biotin 
mPEG was formed by incubating the chip in a 1 mM solution of these reagents at a 
99:1 molar ratio in ethanol for 24 hrs 22. The chip was rinsed with ethanol and placed 
in the instrument. PBS (1X) was used as the running buffer for the three sensing and 
a fourth background channel at 500 µl.min-1, using an Ismatec pump. Twenty mi-
crograms of streptavidin (Sigma, UK; 1 ml in PBS) were injected over the four sensor 
channels. Subsequently, biotin-heparin (1 ml) was injected over the three sensing 
channels. 
 
Binding experiments used PBS with 0.02% Tween 20 (v/v) as the running buffer. The 
ligand was injected over the three sensing channels, diluted to the concentration indi-
cated in the figure legends at 500 µl.min-1. Sensor surfaces with bound FGF2 were 
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regenerated by a wash with 2 M NaCl (Fisher Scientific, UK). However, this was found 
to be ineffectual for SARS-CoV-2 S1 RBD. Partial regeneration of the surface was 
achieved with 20 mM HCl (VWR, UK) and only 0.25 % (w/v) SDS (VWR, UK) was 
found to remove the bound protein. After regeneration with 0.25 % (w/v/) SDS, fluidics 
and surfaces were washed with 20 mM HCl to ensure all traces of the detergent were 
removed. Background binding to the underlying streptavidin bound to the mPEG/biotin 
mPEG self-assembled monolayer was determined by injection over the control chan-
nel. Responses are reported as the change in plasmon resonance wavelength, in nm 
and for the three control channels represent their average response. 
 
2.6 Prediction of SARS-CoV-2 S1 heparin binding domain. 
 
The methods employed to predict heparin binding sequences within the SARS-CoV-2 
S1 RBD are described in Rudd et al. 23. A brief description of the method follows. In 
combination, Ori et al. 24 and Nunes et al. 12 identified 786 heparin binding proteins. In 
this study, 776 heparin binding proteins, from the previously identified list, were de-
composed into amino acid sequences containing no less than 3 residues with at less 
one basic amino acid. To simplify the problem, the heparin binding proteins were frag-
mented into sequences containing the following combination of amino acids; BX, BXA, 
BXS, BXP, BXAS, BXAP and BXPS (where, B = basic, X = hydrophobic, A = acidic, P 
= polar and S = special). These sequences were compared using a metric based on 
the Levenshtein distance, a measure of the similarity between strings of characters, 
which is defined as the minimum number of insertions, deletions or substitutions that 
need to be applied to the characters to alter one sequence so that it matches the other. 
Sequences with a similarity score of greater than 0.7 (70% similarity) were considered 
highly conserved. These sets of highly conserved basic amino acid containing se-
quences found in heparin binding proteins were then used to identify possible heparin 
binding sequences within SARS-CoV-2 S1, utilizing the same Levenshtein similarity 
cut-off of 0.7. 
 
Results 
 
3.1 SARS-CoV-2 viral plaque forming assays. 
 
Progeny infectious virion production was measured in culture supernatants using 
standard plaque forming assays on Vero cells with and without pre-treatment of incu-
bated heparin (from 200 μg.ml-1, one hour prior to infection) with both a historical 
SARS-CoV strain HSR-1 and the recent SARS-CoV-2 strain, Italy/UniSR1/2020. Sig-
nificant decreases were observed in the number of PFU upon heparin treatment for 
both SARS-CoV and SARS-CoV-2, with the later demonstrating significantly higher 
levels of inhibition (80%) compared to that of SARS-CoV (Figure 1). 
 
3.2 Surface Plasmon Resonance binding studies. 
 
FGF2, a well-characterised heparin-binding protein was used to confirm the success-
ful functionalization of the three sensing channels with biotin-heparin. Injection of 1 ml 
100 nM FGF2 over the sensing channels elicited a significant response (Figure 2A, 
injection between the blue and red arrow). However, 100 nM FGF2 elicited no re-
sponse in the control channel, functionalized solely with streptavidin (Figure 2A). The 
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bound FGF2 was removed by a wash with 2 M NaCl, as previously for the IASys opti-
cal biosensor 16. 
 
When 100 nM SARS-CoV-2 S1 RBD was injected over the three sensing channels, 
there was an increase in signal, of binding (Figure 2B injection start blue arrow). At 
the end of the injection the system returned to running buffer (PBST, red arrow). There 
was no dissociation. This is common in surface measurement, particularly in flow sys-
tems, due to the extensive boundary layer of liquid enabling rebinding of the analyte 
and often causes a substantial underestimation of the dissociation rate, koff, which can 
be remedied by the addition of soluble ligand 25. The injection of 100 nM SARS-CoV-
2 S1 RBD over the control channel, functionalised with just streptavidin, showed a 
small increase in response (Figure 2B) of the order of 10% of that seen in the meas-
urement channel. Repeated measurements indicate that this is the maximum level of 
background binding. These data demonstrate that 100 nM SARS-CoV-2 S1 RBD 
binds specifically to heparin immobilised through its reducing end and does not inter-
act to a major extent with the underlying streptavidin/ethyleneglycol surface. It should 
be noted that when biotin-heparin is anchored to the streptavidin layer, as in the meas-
urement channels, such background binding will be reduced, since less of the under-
lying surface is exposed. This is illustrated in the competition experiments, in which 
soluble heparin was able to completely abrogate the binding of SARS-CoV-2 S1 RBD 
to the surface (Figure 3A). 
 
In a first set of competition experiments, immobilised 100 nM SARS-CoV-2 S1 RBD 
was exposed to heparin or enoxaparin at the indicated concentration. The response 
when the surface returned to running buffer, PBST, was then measured. This is ap-
propriate, since there is no appreciable dissociation of the heparin-bound SARS-CoV-
2 S1 RBD when the surface returns to PBST (Figure 2B) and it ensures that any 
differences in refractive index of samples do not interfere with the measurement.  At 
0.0017 mg.ml-1 heparin, a small reduction in the binding of SARS-CoV-2 S1 RBD was 
observed (Figure 3A) and, as the concentration of heparin increased, the binding of 
SARS-CoV-2 S1 RBD decreased in a dose-dependent manner. SARS-CoV-2 S1 RBD 
binding was completely abrogated by 1.7 mg.ml-1 heparin. Enoxaparin was also found 
to inhibit the binding of SARS-CoV-2 S1 RBD, but on a weight basis was less potent 
than heparin (Figure 3A). Thus, a small inhibition of binding was observed at 0.017 
mg/mL Enoxaparin and the maximal inhibition observed with this polysaccharide was 
70% at 1.7 mg.ml-1. These data indicate that heparin is ~30-fold more potent an inhib-
itor of the interaction of SARS-CoV-2 S1 RBD with immobilised heparin than Enoxap-
arin. We then examined whether short oligosaccharides could inhibit SARS-CoV-2 S1 
RBD binding. A heparin-derived octasaccharide (dp 8) was without effect, but a deca-
saccharide (dp10) at 0.17 mg.ml-1 showed a modest inhibition of SARS-CoV-2 S1 
RBD binding to immobilised heparin. Whether these data reflect a true requirement for 
a longer structure for SARS-CoV-2 S1 RBD binding or instead, reflect a selective re-
duction in the presence of particular binding structures in the polysaccharide as a con-
sequence of the processes (β-elimination for enoxaparin and partial enzymatic hepa-
rin degradation for oligosaccharides), remains to be determined. 
 
We next tested the ability of a library of heparins that had been selectively modified 
(Table 1) to inhibit SARS-CoV-2 S1 RBD binding. These showed different levels of 
inhibitory activity, depending on their pattern of sulphation. Of the singly desulphated 
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heparins, heparin 2, which is N-desulphated/N-re-acetylated, showed inhibitory activ-
ity at 0.05 mg.ml-1 and 0.17 mg.ml-1, whereas heparin 3 and heparin 4, which are 2-O 
and 6-O desulphated, respectively, had no detectable inhibitory activity (Figure 3C). 
This suggests that SARS-CoV-2 S1 RBD has a preference for tracts of saccharides 
that are 2-O and 6-O sulphated. Interestingly, the doubly desulphated heparins (hep-
arin 5, heparin 6, heparin 7) possessed inhibitory activity, albeit lower than the native 
heparin (Figure 3C). Since the sulphation of the polysaccharide has a marked effect 
on its conformation 16,18,19,26 these data suggest that the SARS-CoV-2 S1 RBD may 
have a preference for a particular spatial arrangement of charged groups. Completely 
desulphated heparin (heparin 8) has no inhibitory activity, indicating that ionic interac-
tions with sulphate groups make an important contribution to the interaction of the 
SARS-CoV-2 S1 RBD with the polysaccharide. Per-sulphated heparin (heparin 9) in-
hibited most strongly of the heparin derivatives, but not as effectively as native hepa-
rin. Again, this indicates the likely importance of the conformation of the polysaccha-
ride for SARS-CoV-2 S1 RBD binding, since sulphation on all available hydroxyls ren-
ders the polysaccharide more rigid and restrict is conformational flexibility 26. 
 
3.3 Secondary structure determination of SARS-CoV-2 S1 RBD protein by circu-
lar dichroism spectroscopy 
 
Circular dichroism (CD) spectroscopy in the far UV region (190 - 260 nm) detects con-
formational changes in protein secondary structure that occur in solution and can infer 
binding by an added ligand. Such secondary structural changes can be quantified us-
ing spectral deconvolution 27. SARS-CoV-2 S1 RBD underwent conformational change 
in the presence of heparin (Figures 4 and 5), consisting of an increase in α-helix con-
tent of 1.5% and a decrease in global β-sheet of 2.1%. The observed changes demon-
strate that the SARS-CoV-2 S1 RBD interacts with heparin in aqueous conditions of 
physiological relevance. A chemically modified heparin derivative with the predomi-
nant repeating disaccharide structure; IdoA-GlNAc,6S, was able to induce closely 
comparable secondary structural changes in the SARS-CoV-2 S1 RBD as heparin 
(Figure 5, A - C). Analysis by CD spectroscopy of the role of chain length for heparin-
derived oligosaccharides (Figure 6, A - D) revealed that a hexasaccharide fraction 
was able to induce similar conformational changes to heparin. 
 
3.4 Heparin binding site analysis 
 
Basic amino acids are known to dominate the binding between proteins and heparin. 
With that in mind, primary sequence analysis of the expressed protein domain and 
analysis of the modelled SARS-CoV-2 S1 RBD structure (Figure 7) were conducted 
and indicated that there are several potential heparin binding sites and, importantly, 
these patches of basic amino acids are exposed on the protein surface. 
 
Analysis of the RBD sequence for potential heparin binding sites employing a metric 
based on the Levenshtein distance (a measure of the similarity between two se-
quences) found that the basic amino acids sequences within SARS-CoV-2 S1 RBD 
were similar to 278 sequences found in 309 heparin binding proteins. The predicted 
heparin binding basic amino acid contain sequences are shown in Tables 2 and 3. 
Basic amino acids with a normalised count greater than 0.5 were found at; RKR 355-
356 (0.941), LVK 533-535 (1.00), KK 557-558 (0.544) and R 557 (0.688). There were 
also a number of possible secondary sites of interaction (a normalised count great 
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than 0.3); R 346 (0.368), R 403 (0.386), K 417 (0.309) and H 519 (0.305). One con-
sequence of the ability of SARS-CoV-2 S1 RBD to interact with HS is that it provides 
a route for adhering to cell surfaces, enabling invasion. Conversely, this region also 
interacts with the orthodox receptor of the spike protein ACE2 (SARS-CoV-2 S1 RBD 
436-529), suggesting that heparin and its derivatives interfere with the interactions 
between the virus, via these residues. Furthermore, most of the identified sequences, 
with 3 exceptions (TKLN, GKIADYNYKLP and PYRVVVL), are exposed on the protein 
surface and available for binding. 
 
Studying SARS-CoV-2 Spike protein structure and behaviour in solution is an im-
portant step in the development of effective therapeutics against SARS-CoV-2. Here, 
the ability of the SARS-CoV-2 S1 RBD to bind pharmaceutical heparin, studied using 
spectroscopic techniques, showed that SARS-CoV-2 S1 RBD binds to heparin and 
that, upon binding, a significant conformational change is induced. Moreover, moieties 
of basic amino acid residues that are common constituents of heparin binding do-
mains, and accessible to solvent on the SARS-CoV-2 S1 RBD surface, form a contin-
uous patch ((R454, R457, K458, K462, R466, R346, R355, K356 and R346 in Figure 
7), suitable for heparin binding. 
 
Comparison of the RBD amino acid sequence (residues 330-583) with an extensive 
library of sequences from known heparin binding proteins (Tables 2 and 3) based on 
the Levenstein Distance, which provides a measure of the degree of similarity between 
the sequences, suggests that wider areas of the RBD surface may be available (Fig-
ure 7) for binding to host cell surface glycosaminoglycan polysaccharides. These may 
relate to the propensity for the virus to select particular species, individuals and age 
groups, since their GAG composition is known to vary. There is evidence of a potential 
heparin-binding gain of function mutation (T346R) from the Bat-RaTG13 (Figure 7). 
 
Discussion and Conclusion 
 
The rapid spread of SARS-CoV-2 represents a significant challenge to global health 
authorities and, since there are no currently approved drugs to treat, prevent and/or 
mitigate its effects, repurposing existing drugs is both a timely and appealing strategy. 
Heparin, a well-tolerated anticoagulant drug, has been used successfully for over 80 
years with limited and manageable side effects. Furthermore, heparin belongs to a 
unique class of pharmaceuticals for which effective antidotes are available, making it 
safer to use. 
 
Glycosaminoglycans are present on almost all mammalian cells and this class of car-
bohydrate is central to the strategy employed by the Coronaviridae to attach to host 
cells. Heparin has previously been shown to inhibit SARS-associated coronavirus 
strain HSR1 cell invasion 2 and its potential against SARS-CoV-2 represented an at-
tractive possibility.  
 
The observation that heparin is able to inhibit invasion by SARS-CoV-2, in a dose-
dependent manner at concentrations from 6.25 - 200 μg.ml-1, up to 80% in Vero cells 
is a significant finding that offers one potential route for prophylaxis, as well as high-
lighting the capacity of this class of biological macromolecule to intervene in microbial, 
particularly viral, infection. This ability, in addition to useful properties as anticoagu-
lants and moderators of inflammation, remains under-studied and under-exploited, but 
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offers potential for intervention in many microbial interactions, not least those relating 
to emerging viral diseases.  
 
The dependence on particular structural features of the heparin scaffold, the resulting 
changes in conformation of the spike protein RBD and the prediction of heparin-bind-
ing features all provide evidence that the interaction with heparin involves a level of 
structural specificity. They also suggest that heparin, a complex mixture of polysac-
charides, contains a range of activities that have the potential of being separated, with 
or without further modification, to provide diverse derivatives that provide a range of 
properties that can be tailored to suit a variety of clinical circumstances. 
 
Heparin and its derivatives are amenable to routine parenteral administration through 
currently established routes and additionally, directly to the respiratory tract via nasal 
administration, using nebulised heparin, which would be unlikely to gain significant 
access to the circulation. Thus, the anticoagulant activity of heparin which can, in any 
event, be engineered out through suitable chemical modification, would not pose a 
problem. Importantly, such a route of administration would be suitable for prophylaxis 
and also for patients under mechanical ventilation 28. 
 
Together, these data support the use of GAG-derived pharmaceuticals against SARS-
associated coronavirus. Furthermore, this study supports the repurposing of heparin 
and its derivatives as antiviral agents, to provide a rapid countermeasure against the 
current SARS-CoV-2 outbreak and future emerging viral diseases. 
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Figure 1.  
 
 

 
 
 
 
Figure 1. The heparin-mediated inhibition of SARS-CoV-2 viral invasion of Vero cells. 
The effect of unfractionated porcine mucosal heparin (from 200 μg.ml-1) added one hour be-
fore the infection of Vero cells with 50 PFU of SARS-CoV-2 or SARS-CoV. Nil represents no 
treatment. The results are expressed as number of PFU per well and represent the mean ± 
SD of quadruplicate cultures. The p value was calculated using the Mann-Whitney U test. 
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Figure 2. 
 
 

 
 
 
Figure 2. Interaction of FGF2 and 100 nM SARS-CoV-2 S1 RBD with immobilised hepa-
rin. Reducing end biotinylated heparin (-) was immobilised on a streptavidin functionalised 
P4SPR sensor surface (no biotin-heparin (-) control). PBS running buffer flow rate was 500 
µl.min-1. The data for the three sensing channels are reported as an average response (-). 
The start of protein injections are indicated by blue arrows and the return of the surface to 
running buffer (PBST) by red arrows. (A) Injection of 100 nM FGF2. (B) Injection of 100 nM 
SARS-CoV-2 S1 RBD protein. 
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Figure 3. 
 

 
 
Figure 3. Competition for SARS-CoV-2 S1 RBD binding to immobilised heparin with 
model heparin-derived oligo- and polysaccharides. 100 nM SARS-CoV-2 S1 RBD was 
injected onto the surface in the presence or absence of the indicated concentration of heparin-
derived oligo- and polysaccharides. Since the SARS-CoV-2 S1 RBD does not dissociate ap-
preciably when the system returns to PBST, this is when the response was measured, to avoid 
any confounding effects of differences of refractive index between samples. A control meas-
urement (100 nM SARS-CoV-2 S1 RBD alone) was performed before each competition and 
used to calculate the percentage of maximum binding. This ensured that small changes over 
time in the responsiveness of the surface did not cofound the analysis. (A) Competition for 
100 nM SARS-CoV-2 S1 RBD binding to immobilised heparin by heparin and by enoxaparin. 
(B) Competition for 100 nM SARS-CoV-2 S1 RBD binding to immobilised heparin by 0.17 
mg.ml-1 heparin-derived dp 8 and dp 10, with the corresponding value for heparin from panel 
(A) shown to aid comparison. (C) Competition for 100 nM SARS-CoV-2 S1 RBD binding to 
immobilised heparin by a panel of orthogonally chemically desulphated heparins (Table 1). 
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Figure 4. 
 
 

 
 
 
Figure 4. The conformational change of the SARS-CoV-2 S1 RBD observed in the pres-
ence of heparin by circular dichroism (CD) spectroscopy. (A). Circular dichroism spectra 
(190 - 260 nm) of nCovS1RBD alone (black solid line) and heparin (red solid line) in PBS, pH 
7.4. The red, dotted line represents the sum of the two individual spectra. The dotted vertical 
line indicates 193 nm. (B) Details of the same spectra expanded between 200 and 240 nm. 
Vertical dotted lines indicate 222 nm and 208 nm.  
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Figure 5. The conformational change of the SARS-CoV-2 S1 RBD observed in the pres-
ence of a chemically modified heparin derivative by circular dichroism (CD) spectros-
copy.  (A). Circular dichroism spectra (190 - 260 nm) of nCovS1RBD alone (black) with hep-
arin (red) and a chemically modified derivative, heparin 5, with the predominant repeating 
disaccharide structure; –IdoA2OH-GlcNAc6S– (blue) in PBS, pH 7.4. The vertical dotted line 
indicates 193 nm* (B). The same spectra expanded between 200 and 240 nm. Vertical dotted 
lines indicate 222 nm and 208 nm*. (C) Secondary structure content analysed using BeStSel 
for nCovS1RBD. α helical secondary structure is characterized by a positive band at ~193 nm 
and two negative bands at ~208 and ~222 nm (analysis using BeStSel was performed on 
smoothed data between 190 and 260 nm. 
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Figure 6. 
 
 

 
 
 
Figure 6. The conformational change of the SARS-CoV-2 S1 RBD observed in the pres-
ence of a size-defined heparin oligosaccharides by circular dichroism (CD) spectros-
copy. Circular dichroism spectra between 200 and 240 nm of nCovS1RBD in PBS, pH 7.4 
alone (black), with heparin (red) and PMH-derived, size defined oligosaccharides (blue): (A) 
tetrasaccharide, (B) hexasaccharide, (C) octasaccharide and (D) decasaccharide. Vertical 
dotted lines indicate 222 and 208 nm. 
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Figure 7. 
 
 
 
 

 
 
 
 
 
Figure 7. SARS-CoV-2 S1 RBD protein model. Basic amino acids that are solvent accessi-
ble on the surface are indicated (dark blue); these form extensive patches. Sequences with 
the highest normalised count (Tables 2 and 3) are highlighted. R346 is also shown as it indi-
cates a potential heparin-binding gain of function mutation (T346R) from the Bat-RaTG13.  
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Table 1.  
 
 

 
 
 
 
Table 1. Repeating Structures of heparin derivatives. *Additionally, O-sulphated at posi-
tions C-3 of glucosamine and the uronic acid. 
 
 
  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 8, 2020. ; https://doi.org/10.1101/2020.04.28.066761doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.28.066761


Mycroft-West et al. (2020) 

Heparin inhibits cellular invasion by SARS-CoV-2 18 

Table 2.  
 

 
 
 
Table 2. Sequence analysis of SARS-CoV-2 S1 RBD (330-583). The amino acid sequence, 
number and normalized count for similar sequences in the SARS-CoV-2 RBD as found in a 
library of 776 heparin binding proteins. The higher the value, the more often the short heparin 
binding sequence was identified among the set of heparin binding proteins. Basic amino acids 
within regions of high similarity are identified; arginine (blue), lysine (red) and histidine (green). 
AA No; amino acid number. AA; amino acid identity. HBP; relative frequency of sequence 
among heparin binding proteins. 
 

  

AA No. 330 331 332 333 334 335 336 337 338 339 340 341 342 343 344 345 346 347 348 349 350 351 352 353 354 355 356 357 358 359 360

AA P N I T N L C P F G E V F N A T R F A S V Y A W N R K R I S N

HBP 0.022 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.368 0.368 0.368 0 0 0 0 0 0 0.941 0.941 0.941 0.941 0 0

AA No. 361 362 363 364 365 366 367 368 369 370 371 372 373 374 375 376 377 378 379 380 381 382 383 384 385 386 387 388 389 390 391

AA C V A D Y S V L Y N S A S F S T F K C Y G V S P T K L N D L C

HBP 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.081 0.081 0.081 0.081 0 0 0

AA No. 392 393 394 395 396 397 398 399 400 401 402 403 404 405 406 407 408 409 410 411 412 413 414 415 416 417 418 419 420 421 422

AA F T N V Y A D S F V I R G D E V R Q I A P G Q T G K I A D Y N

HBP 0 0 0 0 0 0 0 0 0.386 0.386 0.386 0.386 0.004 0.169 0.169 0.173 0.173 0.004 0.004 0.004 0 0 0 0 0.088 0.309 0.309 0.309 0.007 0.015 0.007

AA No. 423 424 425 426 427 428 429 430 431 432 433 434 435 436 437 438 439 440 441 442 443 444 445 446 447 448 449 450 451 452 453

AA Y K L P D D F T G C V I A W N S N N L D S K V G G N Y N Y L Y

HBP 0.235 0.235 0.235 0.066 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.063 0.114 0.114 0.051 0.051 0 0 0 0 0 0

AA No. 454 455 456 457 458 459 460 461 462 463 464 465 466 467 468 469 470 471 472 473 474 475 476 477 478 479 480 481 482 483 484

AA R L F R K S N L K P F E R D I S T E I Y Q A G S T P C N G V E

HBP 0 0 0 0 0 0 0 0.110 0.110 0.110 0.114 0.004 0.004 0.004 0.004 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

AA No. 485 486 487 488 489 490 491 492 493 494 495 496 497 498 499 500 501 502 503 504 505 506 507 508 509 510 511 512 513 514 515

AA G F N C Y F P L Q S Y G F Q P T N G V G Y Q P Y R V V V L S F

HBP 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.015 0.029 0.029 0.029 0.029 0.029 0.029 0 0

AA No. 516 517 518 519 520 521 522 523 524 525 526 527 528 529 530 531 532 533 534 535 536 537 538 539 540 541 542 543 544 545 546

AA E L L H A P A T V C G P K K S T N L V K N K C V N F N F N G L

HBP 0 0.305 0.305 0.305 0.305 0.004 0.004 0 0 0 0 0 0 0 0 0 0 1.000 1.000 1.000 0 0.015 0.015 0.015 0 0 0 0 0 0 0

AA No. 547 548 549 550 551 552 553 554 555 556 557 558 559 560 561 562 563 564 565 566 567 568 569 570 571 572 573 574 575 576 577

AA T G T G V L T E S N K K F L P F Q Q F G R D I A D T T D A V R

HBP 0 0 0 0 0 0 0 0 0 0 0.544 0.544 0.544 0.544 0 0 0 0 0.026 0.026 0.033 0.007 0.007 0.007 0.007 0 0 0.011 0.688 0.688 0.688

AA No. 578 579 580 581 582 583

AA D P Q T L E

HBP 0.011 0 0 0 0 0
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Table 3.  
 

 
 
Table 3. Predicted heparin binding domains in SARS-CoV-2 S1 RBD (330-583). The 
amino acid sequence, number and normalized count for similar short, heparin binding se-
quences in the SARS-CoV-2 RBD found in a library of 776 heparin binding proteins. In addition 
to SARS-CoV-2. The table also contains the aligned sequences from similar viruses, SARS-
CoV and related bat viruses. The predicted heparin binding regions are shown in yellow and 
variations within those regions between SARS-CoV-2 and the related viruses are highlighted 
in red.  
 

330 331 332 333 334 335 336 337 338 339 340 341 342 343 344 345 346 347 348 349 350 351 352 353 354 355 356 357 358 359

Human – SARS-CoV-2 P N I T N L C P F G E V F N A T R F A S V Y A W N R K R I S

Bat – RaTG13 P N I T N L C P F G E V F N A T T F A S V Y A W N R K R I S

Human – SARS-CoV P N I T N L C P F G E V F N A T T F P S V Y A W E R K R I S

Bat – SARS-CoV-related P N I T N L C P F G E V F N A T K F P S V Y A W E R K K I S

Bat – SARS-CoV-related P N I T N L C P F G E V F N A T T F P S V Y A W E R K R I S

0.022 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.368 0.368 0.368 0 0 0 0 0 0 0.941 0.941 0.941 0.941 0

360 361 362 363 364 365 366 367 368 369 370 371 372 373 374 375 376 377 378 379 380 381 382 383 384 385 386 387 388 389

Human – SARS-CoV-2 N C V A D Y S V L Y N S A S F S T F K C Y G V S P T K L N D

Bat – RaTG13 N C V A D Y S V L Y N S T S F S T F K C Y G V S P T K L N D

Human – SARS-CoV N C V A D Y S V L Y N S T S F S T F K C Y G V S A T K L N D

Bat – SARS-CoV-related N C V A D Y S V L Y N S T F F S T F K C Y G V S A T K L N D

Bat – SARS-CoV-related N C V A D Y S V L Y N S T S F S T F K C Y G V S A T K L N D

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.081 0.081 0.081 0.081 0

390 391 392 393 394 395 396 397 398 399 400 401 402 403 404 405 406 407 408 409 410 411 412 413 414 415 416 417 418 419

Human – SARS-CoV-2 L C F T N V Y A D S F V I R G D E V R Q I A P G Q T G K I A

Bat – RaTG13 L C F T N V Y A D S F V I T G D E V R Q I A P G Q T G K I A

Human – SARS-CoV L C F S N V Y A D S F V V K G D D V R Q I A P G Q T G V I A

Bat – SARS-CoV-related L C F S N V Y A D S F V V K G D D V R Q I A P G Q T G V I A

Bat – SARS-CoV-related L C F S N V Y A D S F V V K G D D V R Q I A P G Q T G V I A

0 0 0 0 0 0 0 0 0 0 0.386 0.386 0.386 0.386 0.004 0.169 0.169 0.173 0.173 0.004 0.004 0.004 0 0 0 0 0.088 0.309 0.309 0.309

420 421 422 423 424 425 426 427 428 429 430 431 432 433 434 435 436 437 438 439 440 441 442 443 444 445 446 447 448 449

Human – SARS-CoV-2 D Y N Y K L P D D F T G C V I A W N S N N L D S K V G G N Y

Bat – RaTG13 D Y N Y K L P D D F T G C V I A W N S K H I D A K E G G N F

Human – SARS-CoV D Y N Y K L P D D F M G C V L A W N T R N I D A T S T G N Y

Bat – SARS-CoV-related D Y N Y K L P D D F M G C V L A W N T R N I D A T S T G N Y

Bat – SARS-CoV-related D Y N Y K L P D D F L G C V L A W N T N S K D S S T S G N Y

0.007 0.015 0.007 0.235 0.235 0.235 0.066 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.063 0.114 0.114 0.051 0.051 0 0

450 451 452 453 454 455 456 457 458 459 460 461 462 463 464 465 466 467 468 469 470 471 472 473 474 475 476 477 478 479

Human – SARS-CoV-2 N Y L Y R L F R K S N L K P F E R D I S T E I Y Q A G S T P

Bat – RaTG13 N Y L Y R L F R K A N L K P F E R D I S T E I Y Q A G S K P

Human – SARS-CoV N Y K Y R S L R H G K L R P F E R D I S N V P F S P D G K P

Bat – SARS-CoV-related N Y K Y R Y L R H G K L R P F E R D I S N V P F S P D G K P

Bat – SARS-CoV-related N Y L Y R W V R R S K L N P Y E R D L S N D I Y S P G G Q S

0 0 0 0 0 0 0 0 0 0 0 0.110 0.110 0.110 0.114 0.004 0.004 0.004 0.004 0 0 0 0 0 0 0 0 0 0 0

480 481 482 483 484 485 486 487 488 489 490 491 492 493 494 495 496 497 498 499 500 501 502 503 504 505 506 507 508 509

Human – SARS-CoV-2 C N G V E G F N C Y F P L Q S Y G F Q P T N G V G Y Q P Y R

Bat – RaTG13 C N G Q T G L N C Y Y P L Y R Y G F Y P T D G V G H Q P Y R

Human – SARS-CoV C T P P - A F N C Y W P L N D Y G F F T T N G I G Y Q P Y R

Bat – SARS-CoV-related C T P P - A L N C Y W P L N D Y G F Y T T T G I G Y Q P Y R

Bat – SARS-CoV-related C S A I - G P N C Y N P L R P Y G F F T T A G V G H Q P Y R

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.015 0.029 0.029

510 511 512 513 514 515 516 517 518 519 520 521 522 523 524 525 526 527 528 529 530 531 532 533 534 535 536 537 538 539

Human – SARS-CoV-2 V V V L S F E L L H A P A T V C G P K K S T N L V K N K C V

Bat – RaTG13 V V V L S F E L L N A P A T V C G P K K S T N L V K N K C V

Human – SARS-CoV V V V L S F E L L N A P A T V C G P K L S T D L I K N Q C V

Bat – SARS-CoV-related V V V L S F E L L N A P A T V C G P K L S T D L I K N Q C V

Bat – SARS-CoV-related V V V L S F E L L N A P A T V C G P K L S T D L I K N Q C V

0.029 0.029 0.029 0.029 0 0 0 0.305 0.305 0.305 0.305 0.004 0.004 0 0 0 0 0 0 0 0 0 0 1.000 1.000 1.000 0.000 0.015 0.015 0.015

540 541 542 543 544 545 546 547 548 549 550 551 552 553 554 555 556 557 558 559 560 561 562 563 564 565 566 567 568 569

Human – SARS-CoV-2 N F N F N G L T G T G V L T E S N K K F L P F Q Q F G R D I

Bat – RaTG13 N F N F N G L T G T G V L T E S N K K F L P F Q Q F G R D I

Human – SARS-CoV N F N F N G L T G T G V L T P S S K R F Q P F Q Q F G R D V

Bat – SARS-CoV-related N F N F N G L T G T G V L T P S S K R F Q P F Q Q F G R D V

Bat – SARS-CoV-related N F N F N G L T G T G V L T S S S K R F Q P F Q Q F G R D V

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.544 0.544 0.544 0.544 0 0 0 0 0.026 0.026 0.033 0.007 0.007

570 571 572 573 574 575 576 577 578 579 580 581 582 583

Human – SARS-CoV-2 A D T T D A V R D P Q T L E

Bat – RaTG13 A D T T D A V R D P Q T L E

Human – SARS-CoV S D F T D S V R D P K T S E

Bat – SARS-CoV-related S D F T D S V R D P K T S E

Bat – SARS-CoV-related S D F T D S V R D P K T S E

0.007 0.007 0 0 0.011 0.688 0.688 0.688 0.011 0 0 0 0 0
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Supplementary Figure (S1). 
 
 

 
 
 
 
Supplementary Figure S1: Circular dichroism spectra of nCovS1RBD alone (black) with hep-
arin (red) and chemically modified heparin derivatives (A - H; blue), in 1x PBS, pH 7.4, be-
tween 190 and 260 nm. The vertical dotted line indicates 193 nm. The spectra indicate record-
ings using modified heparins 2-9, with the following predominant disaccharide repeats: (A) 
IdoA2S-GlcNAc6S; (B) IdoA2OH-GlcNS6S; (C) IdoA2S-GlcNS6OH ; (D) IdoA2OH-GlcNAc6S 
; (E) IdoA2S-GlcNAc6OH ; (F) IdoA2OH-GlcNS6OH; (G) IdoA2OH-GlcNAc6OH ; (H) 
IdoA2,3S-GlcNS3,6S.  
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