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Abstract

In recent years, the production of recombinant proteins has become a basic tool for structural, 

biochemical  and  biophysical  studies,  but  has  been  also  considered  fundamental  for  the 

develpment  of  therapeutic  and  biotechnological  applications.  For  this  reason,  innovative 

studies and approaches are necessary for the optimization of the expression, purification and 

characterization of these proteins.

This thesis focuses on the production of two proteins, the human hemoglobin receptor (aka 

CD163)  and  the  SARS-CoV-2  Main  protease  (aka  Mpro)  obtained  by  recombinant 

technology. In both cases, the production procedure has been optimazied to obtain material as 

pure as possible and in appropriate quantities.  

The  human  hemoglobin  receptor  CD163  is  a  multifunctional  endocytic  receptor  and  is 

characterized by a repetition of the cysteine-rich scavenger receptor (SRCR). It is known to 

play  a  critical  role  in  various  physiological  and  pathological  pathways.  However,  the 

structural and functional details of this protein have not yet been elucidated, even less so if 

considering the complex mechanism of interaction with its ligand (Haptoglobin-hemoglobin 

(Hp-Hb) complex). Indeed, once produced in the necessary quantities, the objective of the 

thesis was to clarify the structural properties of CD163, both before and after the complex 

formation, by using X-ray crystallography and/or cryoEM techniques (in collaboration with 

the Roma Sapienza University). CD163 was then recombinantly produced in two different 

eukaryotic expression systems: mammalian and insect cells. For both expression systems, the 

produced  CD163  resulted  homogeneous  after  purification  both  by  metal  affinity 

chromatography and by size exclusion. The Baculovirus system, however, seems to allow a 



higher  protein  expression  yield,  resulting  more  suitable  for  large-scale  production. 

Subsequent studies showed that the physiological link of recombinant CD163 with the Hp-Hb 

complex  is  not  stable  and  the  complex  formation  was  not  quantitatively  relevant.  In 

particular,  the ligand-receptor complex seems to form after mixing, but the investigations 

carried  out  at  equilibrium by  dynamic  light  scattering  show two  distinct  populations  of 

molecules within the solution. However, calorimetric analysis conducted on the individual 

components of the ternary complex did not reveal any structural or folding problems. Such a 

result,  confirmed by some first  cryoEM tests performed by Roma Sapienza group on the 

complex, led us to further study the binding mechanism between recombinant CD163 and the 

Hp-Hb complex,  essentially  trying to  reconsider  the  stability  and purity  of  the  produced 

protein and the modalities of formation of the complex. However, the COVID-19 pandemic 

made the work progress very complicated and it also seemed very necessary to try to provide 

a possible contribution to research against the spread of the SARS-CoV-2 virus by applying 

the weapons we know. 

Therefore,  in  the  last  year  the  research  activity  has  focused  on  the  production  and 

characterization of a protein, the main protease (Mpro) that can be considered the heart of the 

functioning of the coronavirus. The maturation of SARS-CoV-2, in fact, requires a protease 

(Mpro)  to  cleave  the  polyproteins  encoded  by  the  virus.  Despite  a  large  amount  of 

experimental information already available, there is wide disagreement on the active form of 

Mpro:  a  monomer-dimer  equilibrium  characterizes  the  protease  in  solution,  and  several 

evidences suggest that the active functional unit is the dimeric. Therefore, detailed knowledge 

of the thermodynamics of the monomer-dimer equilibrium and of the possible effects of small 

molecules  on  the  dimer  formation  could  be  a  key  information  for  possible  therapeutic 

interventions: if the binding to Mpro and the interference with the dimerization process and 

then to the protease activity could be proved, small molecules can be used as potential, broad 



spectrum antiviral drugs. Inside a national collaboration, the production of recombinant Mpro 

in E. coli Expression System has been started, testing different temperatures of expression in 

order to find the best one. Once the protein was produced both at small and medium scale, 

Mpro was purified and activity assays and inhibition tests were performed by considering a 

series  of  small  inhibitors  selected  by  virtual  screening  by  a  group  from  University  of 

Palermo. We find that the selected inhibitors affect dimerization and enzymatic activity to a 

different  extent  and sometimes in  an opposite  way,  likely  due to  the  different  molecular 

mechanism of  the  two  processes.  The  amount  of  Mpro  produced  was  also  sufficient  to 

perform a series of biophysical experiments to investigate the structural characteristics of the 

monomer-dimer equilibrium. In particular, small angle X-ray scattering (SAXS) experiments 

were performed at Diamond Synchrotron. The study was performed both in the absence and 

in  the  presence  of  the  selected  small  inhibitors,  in  order  to  simultaneously  test  their 

therapeutic potential with respect to dimerization inhibition. By measuring the large-scale 

structural features of Mpro as a function of temperature, protein concentration and in the 

presence of different amounts of inhibitors an accurate thermodynamic picture of the Mpro 

inhibitor-dependent  dimerization  process  has  been  provided.  Moreover,  the  analysis 

suggested a few Mpro amino acid residues that emerge as key to optimize both dissociation 

and enzymatic activity inhibition and that can be the basis for the development of future drug 

molecules. 



Table of contents 

General Introduction

Cd163
1. Introduction

1.1 The history of super family SRCR-SF
1.2 Structure of super family  SRCR-SF
1.3 Functins of super family SRCR-SF
1.4 The Human Hemoglobing receptor: CD163
1.5 Expression of CD163
1.6 Functions of CD163

2. Material & Methods
2.1 Mammalian cells expression system

2.1.1 The HEK293s Cells
2.1.2 Expression in HEK293s
2.1.3 Expression with Expifectamine kit
2.1.4 Purification of Recombinant CD163
2.1.5 Salting out method with Ammonium Sulfate

2.2 Baculovirus-insect cells Expression system
2.2.1 Sf9/Hi5 cells
2.2.2 Expression test in Baculovirus system
2.2.3 Western Blot analysis

2.3 Size Esclusion chromatography
2.4 Dynamic Light Scattering
2.5 Tycho analysis

3. Results & Discussion
3.1 Production and purification of recombinant CD163
3.2 Protein analysis

4. Conclusion

Mpro 
1. Introduction

1.1 Tha SARS-CoV-2
1.2 Viral replication of SARS-CoV-2
1.3 The Main protease of SARS-CoV-2

2. Material & Methods
2.1 pGEX-6P-1 vector
2.2 E.coli BL21 (DE3) PLysS cells
2.3 Expression test in E.coli cells



2.4 Purification of Recombinant Mpro
2.5 Size Esclusion Chromatography
2.6 Prescission Cleavage on recombinant Mpro
2.7 Activity Assay of recombinant Mpro
2.8 Small-angle X-ray Scattering (SAXS)

3. Results & Discussion
3.1 Production and purification of recombinant SARS-CoV2-Mpro in E.coli
3.2 Activity Assay of Recombinant SARS-CoV2-Mpro
3.3 Small angle X-Ray Scattering

4. Conclusion

Closing Remarks

Appendix

REFERENCE



General introduction

In recent years, the production of recombinant proteins has become a basic tool for structural, 

biochemical  and  biophysical  studies,  but  has  been  also  considered  fundamental  for  the 

development  of  therapeutic  and biotechnological  applications.  For  this  reason,  innovative 

studies and approaches are necessary for the optimization of the expression, purification and 

characterization of these proteins.

The purpose of this doctoral thesis is to evaluate strategies to obtain an appreciable amount of 

recombinant proteins both from the quantitative and qualitative aspects for, structural and 

biotechnological  characterization.  Moreover,  after  the  application  of  several  biochemical 

methods, the resulting protein should be pure and biologically active. 

The aim was to achieve this by comparing and using different experimental techniques and 

conditions.

The  research  project  was  initially  focused  on  the  study  of  the  expression  and  structural 

characterization of a human protein: the receptor for hemoglobin (aka CD163). However, the 

COVID-19  pandemic  has  made  the  progress  of  the  work  very  complicated  and  it  was 

necessary to assess a world-wide contribution to research against the spread of the SARS-

Cov-2 virus. For this reason, at a later stage, the work focused on the study of the expression 

and biological activity of the main protease of SARS-Cov2 (aka Mpro).

For  those  reasons,  the  research conducted for  the  development  of  this  doctorate  work is 

illustrated in two different sections, both focusing on molecular and biochemical strategies 

for the production of high-scale recombinant proteins.

The first part illustrates the study conducted on CD163 and the second part shows the study 

conducted  on  the  SARS-CoV-2  main  protease  (Mpro).  The  latter  was  completed  by  the 

publication of the article attached in the appendix.
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In  the  first  chapter,  The  human  hemoglobin  receptor  CD163  is  described.  It  is  a 

multifunctional endocytic receptor and is characterized by a repetition of the cysteine-rich 

scavenger receptor (SRCR). It is known to play a critical role in various physiological and 

pathological pathways.

However, the structural and functional details of this protein have not yet been elucidated, 

even  less  so  if  considering  the  complex  mechanism  of  interaction  with  its  ligand 

(Haptoglobin-hemoglobin  (Hp-Hb)  complex).  Indeed,  once  produced  in  the  necessary 

quantities, the objective of the thesis was to clarify the structural properties of CD163, both 

before  and  after  the  complex  formation,  by  using  X-ray  crystallography  and/or  cryoEM 

techniques  (in  collaboration  with  the  Roma  Sapienza  University).  CD163  was  then 

recombinantly  produced  in  two  different  eukaryotic  expression  systems:  mammalian  and 

insect cells. For both expression systems, the produced CD163 resulted homogeneous after 

purification both by metal affinity chromatography and by size exclusion. 

The Baculovirus system, however, seems to allow a higher protein expression yield, resulting 

more suitable for large-scale production. Subsequent studies showed that the physiological 

link of recombinant CD163 with the Hp-Hb complex is not stable and the complex formation 

was not quantitatively relevant. In particular, the ligand-receptor complex seems to form after 

mixing, but the investigations carried out at equilibrium by dynamic light scattering show two 

distinct  populations  of  molecules  within  the  solution.  However,  calorimetric  analysis 

conducted on the individual components of the ternary complex did not reveal any structural 

or folding problems. Such a result, confirmed by some first cryoEM tests performed by Roma 

Sapienza group on the complex,  led us  to  further  study the binding mechanism between 

recombinant CD163 and the Hp-Hb complex, essentially trying to reconsider the stability and 

purity of the produced protein and the modalities of formation of the complex.

As  previously  reported  due  to  complications  and  restrictions  due  to  the  spread  of  the 

COVID-19 pandemic, the final experiments on the CD163 study were postponed. Although 

seemingly limiting, for the work carried out, the pandemic has nevertheless made it possible 

to contribute to the progress of scientific discoveries concerning SARS-Cov-2.

In  fact,  in  the  last  year  the  research  activity  has  focused  on  the  production  and 

characterization of a protein, the main protease (Mpro) that can be considered the heart of the 

functioning of the coronavirus. The maturation of SARS-CoV-2, in fact, requires a protease 

(Mpro)  to  cleave  the  polyproteins  encoded  by  the  virus.  Despite  a  large  amount  of 
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experimental information already available, there is wide disagreement on the active form of 

Mpro:  a  monomer-dimer  equilibrium  characterizes  the  protease  in  solution,  and  several 

evidences suggest that the active functional unit is the dimeric. Therefore, detailed knowledge 

of the thermodynamics of the monomer-dimer equilibrium and of the possible effects of small 

molecules acting as inhibitors of the dimer formation could be a key information for possible 

therapeutic interventions: if the binding to Mpro and the interference with the dimerization 

process and then to the protease activity could be proved, small molecules can be used as 

potential, broad spectrum antiviral drugs. Inside a national collaboration, the production of 

recombinant  Mpro  in  E.coli  Expression  System  has  been  started,  testing  different 

temperatures of expression in order to find the best one. Once the protein was produced both 

at small and medium scale, Mpro was purified and activity assays and inhibition tests were 

performed by considering a series of small inhibitors selected by virtual screening by a group 

from University  of  Palermo.  We find that  the  selected  inhibitors  affect  dimerization  and 

enzymatic activity to a different  extent and sometimes in an opposite way, likely due to the 

different molecular mechanism of the two processes.

The  amount  of  Mpro  produced  was  also  sufficient  to  perform  a  series  of  biophysical 

experiments to investigate the structural characteristics of the monomer-dimer equilibrium. In 

particular,  small  angle X-ray scattering (SAXS) experiments were performed at  Diamond 

Synchrotron. The study was performed both in the absence and in the presence of the selected 

small inhibitors,  in order to simultaneously test their therapeutic potential with respect to 

dimerization  inhibition.  By  measuring  the  large-scale  structural  features  of  Mpro  as  a 

function of temperature, protein concentration and in the presence of different amounts of 

inhibitors an accurate thermodynamic picture of the Mpro inhibitor-dependent dimerization 

process has been provided. Moreover, the analysis suggested a few Mpro amino acid residues 

that emerge as key to optimize both dissociation and enzymatic activity inhibition and that 

can be the basis for the development of future drug molecules.
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1.  Introduction

The superfamily SRCR-SF, includes protein receptors soluble or bound to the membrane, rich 

in cysteine and characterized by the presence of a highly conserved domain:   the SRCR 

domain.  
To date, the SRCR-SF has more than 30 members, but this number is expected to increase.  
The aminoacid residues of the SRCR domain are highly conserved and have not shown any 

significant  mutations  in  the  course  of  evolution;  on the  contrary,  the  aminoacid  residues 

flanking SRCR domain, have undergone, over time, a considerable evolution generating a 

pool of similar structurally proteins but profoundly different in function.

1.1 The history of super family SRCR-SF

The first information regarding the superfamily of Scavenger receptors rich in cysteines, go 

back to the early nineties thanks to the discovery of a series of scavenger receptors containing 

one  or  more  extracellular  domains  homologous  to  the  C-terminal  domain  cysteine-rich 

scavenger receptor expressed in macrophages (SR-AI) (Freeman et al., 1990).

Initially, some characteristics of these proteins seemed common to both the immunoglobulin 

superfamily (Huang et al., 1987; Resnick et al., 1994) and a bacterial chaperonin Papd, which 

has the role of guiding the assembly of Pili in E. coli (Holmgren and Branden, 1989). This 

fact suggested that these proteins could be related even if,  this theory was not supported by a 

detailed alignment analysis.  
Then it became clear that these proteins form a separate superfamily, now called SRCR-SF.

�5



Members of the SRCR family are closely related from a structural point of view but share 

few  common  functions.  The  fact  that  some  SRCR-SF  members  behave  functionally  as 

Scavenger Receptors has created much confusion about the identification of the members of 

these two families  of  receptors.  Scavenger  (SR) receptors  were initially  defined for  their 

ability to absorb modified lipoproteins (Brown and Goldstein, 1983). To date it is known the 

ability of these proteins to bind different molecules, both endogenous and pathogenic. The 

factor that unites these ligands is their polyanionic nature, in fact with the term SR to date 

defines an extracellular glycoprotein (soluble or bound to the membrane) involved in the 

recognition and /  or  endocytosis  of  negatively  charged molecules  (Sarrias  et  al.,  2004a). 

However,  no  common  domain  has  yet  been  identified  which  is  capable  of  conferring 

scavenger activity on these proteins (Gough and Gordon, 2000). Therefore, SR is a functional 

family of structurally unrelated receptors; while SRCR-SF is a family of structurally related 

but not functionally related proteins.

Actually,  more  than  30  proteins  form  SRCR-SF,  but  this  number  is  constantly  and 

progressively expanding (Sarrias et al., 2004a).

Most members of the SRCR-SF have been described in mammals as: man, mouse, rat, pig, 

cow, rabbit, sheep; but some of these receptors have also been detected in other species of 

vertebrates such as birds, amphibians and fish; some also in invertebrates such as sponges, 

echinoderms, insects and even in algae (Wheeler et al., 2008). 

These  facts  indicate  that  this  superfamily  is  really  very  old  and preserved on the  whole 

phylogenetic scale.

1. 2 Structure of super family SRCR-SF

SRCR domains consist of approximately 90 to 110 amino acids and are characterized by the 

fact that their cysteine content is quite high and well defined (Resnick et al., 1994; Sarrias et 

al., 2004a).

Based on the characteristics of individual SRCR domains, there are two different class for 

SRCR-SF members. Class A members differ because they are encoded by at least two exons 

and have six cysteine residues. Class B members are encoded by a single esone and have 

eight cysteine residues (Martinez et al., 2011). (Fig. 1 and Fig. 2)
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There is no evidence to date of an SRCR-SF protein that simultaneously contains domains 

that are part of both cases, A and B.

By the analysis of aminoacid sequences, it is known that: despite all, SRCR domains sharing 

different levels of homology, the relative position of cysteines is well preserved within each 

domain, as well as the pattern of disulfide bonds (Resnick et al., 1996).

                 Figure 1 :Structure of Human group A SRCR members (Martinez G.V.et al.,2011)

Figure 2 :Structure of Human group B SRCR members (Martinez G.V.et al.,2011)
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It is interesting to note that, from the literature to date, the basic three-dimensional structures 

of  the  SRCR  domains  of  both  classes  seem  to  be  perfectly  overlapping  and  therefore 

indistinguishable. This raises the question of whether the division into two different classes, 

from a structural point of view, is really useful (Martinez et al., 2011).

1. 3 Functions of super family SRCR-SF

Within the SRCR superfamily are located secreted and/or membrane-bound proteins; a 

diverse group of proteins involved in different functions.

A single common biological function attributable to the sole SRCR domain has not yet been 

determined.

To  date,  it  is  known  that  many  SRCR  domains  are  needed  to  mediate  protein-protein 

interactions, such as those described for CD6 and ALCAM (Bowen et al., 1996) or CD163 

(Kristiansen  et  al.,  2001).  Some  studies  report  that  many  proteins  belonging  to  this 

superfamily  act  as  "pathogenic  sensors"  and  represent  a  first  line  of  defence  against 

inflammation (Aruffo et al., 1997). Some of these proteins appear to be able to modulate the 

immune response, epithelial homeostasis, stem cell biology, and tumour cell development. 

Other proteins of the superfamily SRCR appear to be involved in a number of disabling 

diseases such as atherosclerosis, Alzheimer’s disease and autoimmune diseases. (Graversen et 

al., 2015).

So  all  these  proteins  seem  to  contribute  significantly  to  the  regulation  of  the  internal 

environment of organisms, maintaining the homeostasis of tissues.

Although further research on the functional aspects of the SRCR-SF is still ongoing, their 

involvement  in  various  physiological  and  pathological  situations  must  be  considered  an 

attractive targets for diagnostic and therapeutic studies (Martinez et al., 2011).

1. 4 The Human Hemoglobin receptor: CD163

The human hemoglobin receptor, identified by the name of Cd163, but also as M130, has 

been described as a type I transmembrane glycoprotein, of 130KDa as molecular weight. 
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Glucocorticoids regulated and expressed mostly in monocytes and macrophages (Pulford, et 

al., 1992 ; Zwadlo et al., 1987).

From the structural point of view, CD163 is composed of a set of 9 SRCR domains repeated 

in tandem connected, through a small transmembrane domain to an intracellular cytoplasmic 

tail to the C-terminal (Law et al., 1993). 

A very similar structure had been seen during the study of the protein CD163-L1 (Gronlund 

et al., 2000). The only structural difference between CD163 and CD163-L1 is that it has 12 

SRCR domains. It is thought that CD163 may result from the loss of the first three domains 

by CD163-L1 (Gronlund et al., 2000; Stover et al., 2000). 

CD163 is class B of the superfamily SRCR-SF, in fact, the 9 SRCR domains are encoded by 

a single exon and contain 8 cysteine residues. 

Four of these extracellular domains, in particular the domains 2,3,7 and 9, have bonding sites 

preserved for calcium consent, which are considered very important for the interactions of 

this protein with different ligands. On the other domains, however, were found mutations not 

conservative of essential residues, in the sites where you should have found the link sites for 

the calcium consent. 

Several isoforms of CD163 have been described due to the fact that this protein is subjected 

to alternative splicing. 

In  particular,  regarding  the  extra  cellular  region,  two  isoforms  deriving  from alternative 

splicing have been reported: the first is a truncated and secreted form, generated by a stop 

codon after the first SRCR domains; The second is a protein that has 33 additional amino 

acids, which form a linker between domain 5 and 6 SRCR (Law et al., 1993). 

With regard to the region of the CD163 cytoplasmic tail is concerned, three isoforms have 

been described, of different lengths, deriving from alternative splicing. The most abundant 

form has about 49 amino acids, while the other two are longer, respectively 84 and 89 amino 

acids (Law et al., 1993; Ritter et al., 1999).

However, all three isoforms contain the first 42 amino acids that have target sequences for 

phosphorylation of creatine kinase and protein kinase C (Van Gorp et al., 2010). Finally, there 

is a further variant : in addition to the common CD163, there is a soluble cytoplasmic version 

of this protein, identified as sCD163 (Droste et al., 1999). This isoform is not attributable to 

alternative splicing phenomena, in fact it  is generated thanks to a proteolytic cleavage of 

CD163 linked to the membrane, by the protease ADAM17 (Etzerodt et al., 2010). Despite the 
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cleavage made by ADAM17,  sCD163 has  a  molecular  weight  such as  to  suggest  that  it 

contains almost all the extracellular portion of CD163 bound to the membrane (Moller et al., 

2002).

The physiological role of this variant is not yet clear, but it seems to have a minor affinity for 

the typical  ligands of  CD163 linked to  the membrane (Moller  et  al.,  2010).  However,  it 

appears to be particularly implicated in anti-inflammatory processes caused by autoimmune 

infections and disorders (Hogger and Sorg, 2001; Van Gorp et al., 2010).

1. 5 Expression of CD163 

The expression of CD163, until now, is documented only in macrophage or monocitarian 

cells.  
In particular, CD163 is more expressed in liver macrophages (in particular in Kupffer cells) 

(Pulford et al., 1998), in the spleen, lung and bone marrow. On the contrary, it has been found 

weakly expressed in the islands of Langerhans (Kodelja et al., 1994) and in dendritic cells 

(Maniecki et al., 2006) (Fig. 3). 

The  variability  of  CD163’s  expression  raised  questions  about  the  effectiveness  of  the 

different antibodies used to detect it.  Indeed, it  was observed that the use of EDTA as a 

coagulating agent interfered with the binding of some antibodies to CD163; other antibodies, 

however, were unable to bind the scavenger receptor when it was bound to the membrane, 

since antibody recognition sites were inaccessible (Maniecki et al., 2011). 

The use of monocyte cell cultures for in vitro studies has allowed to evaluate the significant 

increase in CD163 expression (Zwadlo et al., 1987) and to study its regulation by specific 

factors. It  was therefore studied how, the expression of CD163 in cell cultures of mature 

monocytes and macrophages, both Up-regulated by the administration of hemoglobin or free 

eme  group,  glucocorticoids,  interleucine-6  and  interleucine-10  (IL-6  and  IL-10);  on  the 

contrary  the  administration  of  lipopolysaccharides  (LPS),  Tumor  Necrosis  factor  (TNF), 

Interleucin-4  (IL-4)  and  the  stimulating  factor  the  colonies  of  granulocytes-macrophages 

causes a down-regulation ( Etzerodt et al., 2013). 

In vivo, the expression of CD163 is often influenced by inflammatory phenomena (Moller, 

H.J. 2012). 

�10



High CD163 expression has been found in macrophages within the microglial region of men 

with Alzheimer’s bites, but also in macrophages of the brainstem of people with Parkinson’s 

disease. It is unclear whether the macrophages examined were residents or infiltrations by 

systemic macrophages within brain regions (Pey et al., 2014). 

Also  in  the  case  of  people  with  HIV,  an  increase  in  CD163 expression  was  detected  at 

inflammation sites (Tavazzi et al., 2014).  

The expression of CD163, as well as in cells of the monocitarian and macrophage line has 

been detected, thanks to the presence of antigens, also on cancer cells (Shabo et al., 2011). 

The hypothesis,  now demonstrated by in vitro  studies, was that cancer cells were able to 

merge with macrophages, thus leading, thanks to their ability to reproduce much faster than 

normal cells, an increase in the expression also of CD163 (Larizza et al., 1984; Munzarova et 

al., 1992; Maniecki et al., 2012; Chakraborty et al., 2001; Huysentruyt et al., 2008).

It  has  also  been  evaluated  how  these  cancer  cells  "fusion"  showed  a  higher  metastatic 

potential than normal cancer cells, influencing the survival rate for the cancer categories to 

which they have been associated (Pancione et al., 2014); these include: breast cancer (48%) 

(Shabo  et  al.,  2008),  bladder  cancer  (39%)  (Maniecki  et  al.,  2012),  rectal  cancer  (23%) 

( Shabo et al., 2009) colon cancer (20%) (Shabo et al., 2014).

Figure 3 : Graph report of Cd163 tissue expression
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1. 6 Functions of CD163

CD163 is known as the scavenger receptor of the haptoglobin-hemoglobin (Hp-Hb) complex 

(Kristiansen et al., 2001).

The main role of CD163 is the detoxification of the organism from the oxidative potential of 

the heme group contained within hemoglobin.

Hemoglobin is released, following the intravascular hemolysis of red blood cells, into the 

circulatory stream. This process is physiological in nature, about 10 % of the red blood cells 

are degraded daily by the human organism; about one gram of hemoglobin is detoxified by 

CD163 every day (Garby et al., 1959 ; Garby et al., 1959; Thomsen et al.,2013) contributing 

to maintaining the balance of cellular homeostasis.

In case of autoimmune infections or diseases, the hemolysis process becomes pathological, 

accelerating the degradation of red blood cells  and hemoglobin by CD163. This receptor 

therefore plays a very important role in the prevention of the potential toxic effects of the 

heme group present within hemoglobin during a hemolytic disease.

To date, CD163 shows a no relevant binding affinity for free hemoglobin in the blood. Infact, 

thanks to the SRCR 2 and 3 domains and the presence of calcium ions, CD163 is able to bind 

a specific region of haptoglobin,  a  protein produced by the liver  and released within the 

bloodstream (Madsen et al., 2004). The importance of haptoglobin is that it forms a complex 

with a molecule of hemoglobin (Kristiansen et al., 2001). It is known that the Hp-Hb complex 

is one of the most stable complexes in human plasma, thanks to a strong protein-protein 

interaction.

Once CD163 binds to the Hp-Hb complex, the neoformed ternary complex, it is endocytosed 

within macrophages (Schaer et al., 2006). At this point the single proteins forming the ternary 

complex are released as a result of a lowering of the pH and the concentration of calcium 

within the macrophage (Nielsen et al., 2013).

Hemoglobin is degraded by specific lysosomal enzymes and the heme group released into the 

cytoplasm.  The  EME  group  will  be  transformed  into  biliverdin,  CO  and  iron  by  eme 

oxygenase-1 (HO-1) (Nielsen et al., 2010) (Fig. 4).
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Figure 4: Representing mechanism function of CD163 in macrophage (Gorp V.H. et al.; 2010)

These elements,  deriving from the degradation of  heme group of  hemoglobin contribute, 

notoriously,  to  increase  the  anti-inflammatory  response  (Grochot-Przeczek  et  al.,  2012) 

mediated by the immunoregulatory cytokines. In particular, Interleukin-10 (IL-10) seems to 

be closely related to both CD163 and HO-1 regulating its  expression and activity during 

pathological  inflammatory  phenomena,  favouring  the  capture  of  excess  hemoglobin  and 

detoxification of the heme group (Graversen et al., 2002;Philippidis et al., 2004). 

Parallel to this, it has been hypothesized that the elimination of excess heme group from the 

bloodstream can help the anti-inflammatory response, since it would reduce the availability of 

iron to pathogens (Madsen et al., 2004 and Weaver et al., 2006).
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During particular infectious phenomena, it has been seen that in case of a reduced presence in 

the  circle  of  the  haptoglobin,  the  CD163 shows a  weak  affinity  also  for  the  single  free 

hemoglobin (Schaer et al., 2006).

In addition to its "detox" function towards hemoglobin, it has been studied that, as happens 

for other members of the superfamily SRCR-SF, CD163 is able to bind both Gram-positive 

and Gram-negative bacteria (Fabriek et al., 2009). This bond triggers the production of pro 

inflammatory  cytokines,  but  does  not  appear  to  be  at  the  basis  of  phagocytosis  of  the 

bacterium by the macrophage. For this reason, this receptor has been attributed to the role of 

"pathogen sensor" (Fabriek et al., 2009).

Except for the variant sCD163: it seems that it is able to bind some bacteria, by means of the 

fibronectin present on the bacterial surface. In this way sCD163 would effectively strengthen 

the phagocytosis of bacteria by macrophages by going to protect the organism from infection 

(Kneidl et al., 2012).

Since then, evidence has been recorded that CD163 is able to also bind some viruses. In 

particular, has been researched that African swine fever virus (ASFV) uses CD163 as a target 

molecule for the admission of viral particles into the host. Thanks to the use of a specific 

monoclonal  antibody,  this  interaction can now be inhibited (Sanchez-Torres et  al.,  2003). 

Swine Reproductive Syndrome (PRRSV) virus infection also appears susceptible to CD163 

linkage (Calvert et al., 2007). It seems that this link not only favours the viral infection by 

PRRSV, but also influences its replication efficiency (Patton et al., 2009), this hypothesis was 

confirmed  by  a  study  in  which  it  is  evidenced  that  CD163  recombined,  without  its 

cytoplasmic  tail,  promotes  viral  replication  of  PRRSV to  a  greater  extent  than  complete 

CD163 (Lee and Lee, 2010).

Contrary to what has been described for bacteria, in which CD163 seems to play a role of 

marker and/or defence; it is clear that with regard to viruses, it seems to promote the cellular 

infection (Lee and Lee, 2010).  

It is interesting to note that unlike the link with the Hp-Hb complex in which the SRCR 2 and 

3 domain were involved, the binding sites for bacteria and viruses were located respectively 

on  the  second  and  fifth  dominoes  SRCR  (Bikker  et  al.,  2004;  Van  Gorp  et  al.,  2010), 

suggesting a specific bond for each domain.
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2.  Materials and methods

The gene encoding the ectodomain of human CD163 was extracted by PCR from the plasmid 

pAcGP67A-TfR (Addgene, Cambridge, MA) and BamHI / EcoRI inserted using the Gibson 

cloning  method  and  fused  at  the  3’ of  the  Kozak  sequence  of  the  pα−H  mammalian 

expression  vector  modified  by  the  addition  of  the  hydrophobic  leader  peptide  from  the 

baculovirus  protein  gp67  (pα−H  BiP).  An  octa-histidine  tag  was  also  placed  at  the  C-

terminus of the CD163 gene.

This work was carried out in collaboration with colleagues from the biochemistry institute of 

the Sapienza University of Rome.

The recombinant plasmid containing the gene of interest was propagated in E. coli DH5 alpha 

cells. Subsequently, a transient transfection in HEK293s mammalian cells was tested first, 

followed by a transfection in insect cells, to evaluate the difference in yield in the expression 

of the protein of interest.

2.1 Mammalian cells expression system

2.1.1 The HEK293s Cells

Human embryonic kidney cell line 293, also recognized as HEK 293, HEK-293, 293, or less 

precisely  as  HEK cells,  is  a  specific  cell  line  originally  derived  from human embryonic 

kidney cells taken from an aborted female fetus.
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The studies that led to the isolation of this cell line date back to the early 1970: Alex van der 

Eb and Frank Graham studied and cultivated these cells for the first time in their laboratory in 

Belgium.

The cells are called "HEK" because they originated in human embryonic kidney cultures, 

while the number 293 comes from Graham's habit of numbering his experiments: the original 

HEK 293 cell clone was from his 293rd experiment.

HEK 293 cells were adapted to grow both in suspension culture and on plastic plates in 1985 

(Stillman BW, Gluzman Y 1985).

These cells are widely used in research as they prove to be particularly easy to cultivate and 

fairly efficient  in transfections with specific constructs  for  the production of  recombinant 

proteins.  They  are  used  above  all,  for  the  expression  of  large  proteins,  or  with  more 

functional domains, for which the use of bacterial cell cultures would not be desirable, as 

they would not  be  able  to  assemble the  entire  protein  and perform the post-translational 

changes necessary for its functioning.

HEK 293 cells are also used by the biotechnology industry to produce therapeutic proteins 

and viruses for gene therapy.

The Human Embrionic Kidney 293 Suspension (HEK 293s) cells used in this study were 

cultured  in  FreeStyle™293 medium supplemented  with  0.5% Fetal  Bovine  Serum (FBS; 

Gibco Life Technologies). All cell cultures were maintained at a constant temperature of 37 ° 

C, with a rotation of 100 RPM in the presence of 8% CO2.

2.1.2 Expression in HEK293
The colonies resulting from the transformation of the recombinant plasmid with the gene of 

interest  were  used  for  the  transient  transfection  of  HEK293s  cells,  through  the  use  of 

polyethyleneimide (PEI). PEI is a cationic polymer capable of forming complexes with DNA. 

These complexes are incorporated within endosomes to facilitate the entry of recombinant 

DNA into the cell. Once inside the cell, thanks to their positive charge, the endosomes recall 

chlorine ions and water which cause the endosome wall to break. In this way the DNA is 

released into the cytoplasm.

The DNA-PEI complex was prepared by combining a  first  solution containing FreeStyle 

medium and recombinant plasmid, with a second solution containing FreeStyle medium and a 
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1mg/ml  PEI  solution.  The  ratio  of  DNA to  PEI  used  is  1:  4.  The  relationship  between 

FreeStyle medium and DNA is dependent on the volume of cell culture to be analyzed.

Each solution was left to incubate individually at room temperature for 15 minutes before 

being combined with the other.  The mixture obtained at  the end was left  to incubate for 

another 30 minutes at room temperature. The solution was then carefully added to the flasks 

containing HEK293s cell cultures at a concentration of 1mln of cells / ml.

All these operations were performed in a sterile environment, under a laminar flow extractor 

hood.

At the end of the procedure described above, the cell cultures were incubated for 72 hours at 

a constant temperature of 37 ° C, with a rotation of 100 RPM and in the presence of 8% of 

CO2.

2.1.3 Expression with expifectamine kit
The  Expi293TM  Expression  System  uses  suspension  adapted  human  embryonic  kidney 

(HEK) cells similar to common expression methods.

Transient transfection performed with the Expi293TM kit  allows for much more efficient 

expression yields than the methods normally used. This is thanks to the use of the reagents 

contained  in  this  kit.  The  Expi293TM  reagents  are  the  result  of  a  patented  chemical 

formulation, free of serum or proteins of animal origin, based on cationic lipids and with 

specialized transfection stimulators, designed for supported high intensity transfections. The 

components of the Kit work together to generate protein yields that are 2 to 10 times higher 

than the expression systems normally in use. Expression yields greater than 1 gram per liter 

of transfected culture have been demonstrated for some proteins.

The  Expi293TM  Kit  uses  the  same  transient  expression  protocols  typically  used  with 

HEK293  suspension  culture  systems.  In  fact,  a  solution  containing  plasmid  DNA and 

OptiMeM  Medium  is  mixed  with  a  solution  containing  Expifectamine293  reagent  and 

Optimem Medium. The final solution is then added to the cell culture, the concentration of 

which,  however,  is  doubled  compared  to  the  normal  protocols  for  transient  transfection 

described above.

The cell culture is then incubated for 24 hours at a constant temperature of 37 ° C with 8% 

CO2 in an orbital shaker incubator, with a rotation of 100 RPM.
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The day after this procedure, the culture is taken from the orbital shaker and expifectamine 

enhancer1 and expifectamine enhancer2 are inoculated. These reagents chemically stimulate 

the expression of the protein of interest by the cells in culture.

The cell culture is placed back in the incubator for another 72 hours.

2.1.4 Purification of Recombinant Cd163
Within pα − H BiP-Cd163 there is a sequence for secretion; this means that the expressed 

protein is secreted and released by the cells into the culture medium.

For this reason, the cell culture, at the end of the transfection, was subjected to a centrifuge of 

800xg for 20 minutes. The cell pellet, given by the fragmented cells, is discarded; instead the 

supernatant containing the protein to be purified was processed.

First, it was mixed with a buffer, to restore the correct physiological pH typical of Cd163, i.e. 

pH 8.

Different samples of recombinant CD163 were purified with three different buffers, such as: 

1) Sodium phosphate 2) Tris-HCl 3) Hepes.

Once the pH of the sample was stabilized, the purification protocol was the same for each 

buffer used.

The protein was purified by affinity chromatography on Ni-NTA agarose resin (Quiagen). The 

binding of the histidine tail to the resin was carried out by keeping the two components in 

solution (resin and sample) in incubation overnight on a rotating wheel at 4 ° C. The next day 

the column was washed with 30 ml of washing buffer (1) 50 mM NaPb, 200 mM NaCl; 2) 50 

mM Tris-HCl,  200  mM NaCl;  3)  50  mM Hepes,  200  mM NaCl)  and  eluted  in  various 

fractions (1 ml each) of elution buffer (1) 50 mM NaPb, 200 mM NaCl; 500 mM imidazole 

2) 50 mM Tris-HCl, 200 mM NaCl; 500 mM imidazole 3) 50 mM Hepes, 200 mM NaCl, 500 

mM imidazole).

The eluate was dialyzed overnight at 4 ° C against the dialysis buffer (1) 50 mM NaPb, 150 

mM NaCl; 2) 50 mM Tris-HCl, 150 mM NaCl; 3) 50 mM Hepes, 150 mM NaCl) to eliminate 

imidazole, an annoying molecule for subsequent absorbance spectra.

The concentration of CD163 was determined by detecting the absorbance of the sample at 

280  nm  and  its  purity  was  evaluated  by  SDS-PAGE  (Sodium  Dodecyl  Sulphate  - 

PolyAcrylamide Gel Electrophoresis), followed by the Coomassie-blue stain.
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2.1.5 Salting out method With Ammonium sulfate
The salting out technique allows proteins to be precipitated in solution without denaturing 

them through the use of precise salt concentrations: The water will solvate the added salt and 

at the same time decrease the solvation of the protein. The protein molecules, therefore, will 

interact with each other, forming aggregates that will precipitate. This technique was used to 

reduce the sample volume to be purified.

On the basis of the molecular weight of the expressed protein and the volume of sample 

obtained, 60% by weight of powdered ammonium sulphate was added to the supernatant 

already buffering. The mixture was first dissolved with the help of a magnetic plate, then it 

was incubated at room temperature for about 2 hours to favor the precipitation of protein 

aggregates. The sample was then centrifuged at 6500xg for 30 minutes and the pellet was 

resuspended with 5ml of 50mM Hepes.

The obtained solution was dialyzed over night to eliminate the ammonium sulphate residues 

with 50mM Hepes, 200mM NaCl.

The next day, the sample was purified as described above.

2.2 Baculovirus-insect cell Expression system

2.2.1 Sf9 / Hi5 cells
The Sf9 cell line originates in turn from the IPLBSF-21 cell line. Both of these cell lines were 

initially isolated from pupal  ovarian tissue of  the worm Spodoptera frugiperda.  They are 

widely used for the expression of recombinant proteins through the use of the baculovirus 

system. They are characterized by the fact that they are able to grow even in the absence of 

serum and can be grown attached or in suspension. Furthermore, the dimensions of these cells 

are quite small and regular, which makes them easier to manipulate than those commonly 

used.  For  all  these  reasons  they  are  particularly  suitable  for  biomolecular  studies  on 

recombinant proteins.

The  Hi5  cell  line,  on  the  other  hand,  originates  from  cabbage  looper  ovary  cells, 

Trichoplusia-ni. This cell line is characterized by a very rapid cell reproduction (less than 24 

hours). Like sf9 it can grow in the absence of serum and can be grown in both adherent and 
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suspension cultures. Unlike Sf9, however, it has a greater expression of secreted proteins (up 

to 5/10 times greater).  For this reason Hi5 cells are excellent for expressing recombinant 

proteins.

2.2.2 Expression test in Baculovirus System
 In order to express the protein of interest in insect cells, the Cd163 gene was inserted into a 

Bacmid using the LIC Ligation protocol.

The design of special LIC primers for CD163 made it possible to avoid the use of restriction 

enzymes, since the primers allow the amplification of only the region of interest within the 

plasmid.

The PCR reaction was performed with the addition of different percentages (2%, 5%, 10%) 

of DMSO to favor the KOD polymerase reaction.

The obtained amplification product was purified both from solution and from gel, with the 

same kit (Omega bio-tek).

At  this  point,  the LIC,  Annealing and transformation protocol  by Bruni  R.  and Kloss  B. 

(2013) was performed, using DH10Bac cells, that is cells suitable for the growth of a Bacmid, 

which is larger than that of a common bacterial vector.

The grown colonies were purified using the E.Z.N.A Plasmid DNA Mini Kit-1 (Omega Bio-

Tek) kit.

The purified DNA was first quantized by using a Nanodrop and subsequently sequenced at 

the GENE WIZ.

After  confirming  the  presence,  within  the  recombinant  bacmid,  of  the  Cd163  gene,  the 

efficiency of infection was tested with a mini-scale transfection.

Approximately 3 mL of cell culture of Sf9, at a concentration of 0.8 x106 cells / mL was 

sampled for this assay.

Cellfectin® II was used as the transfection reagent. This reagent is a patented cationic lipid 

formulation that offers the highest transfection efficiencies and protein expression levels on 

the widest variety of insect cell lines.

Similarly  to  the  transfection  protocol  for  HEK293 cells,  two  solutions  were  mixed:  one 

solution containing the culture medium (100 µl) with 5µg of bacmid DNA, while another 

containing the culture medium (100 µl)  and 10 µl  of  Cellfectin® II.  The solutions were 
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incubated for about 15 minutes at  room temperature;  then they were mixed together and 

incubated again for another 15 minutes at room temperature.

The solution obtained from the mixture of the first two was then gently administered to the 

cell culture used for transfection.

The cells thus treated were incubated at 27 ° C for 96 hours.

The transfection efficiency was checked daily by using a fluorescence microscope, thanks to 

the presence of a gene for GFP present within the Bacmid.

The small-scale test was used to evaluate the efficiency of Baculovirus and is defined as "V0".

At the end of the 96 hours of incubation, the 3 mL of V0 were centrifuged at 800xg for 10 

minutes. The supernatant was used to infect 25 mL of Sf9 cells at a concentration of 1x106 

cells / mL. Thus began the viral propagation phase, also known as V1.

The cell culture of V1 was incubated as previously: for 96 hours at 27 ° C. At the end of the 

incubation, the sample was centrifuged at  800xg for 10 minutes and the supernatant was 

stored in dark falcons (since the virus is prone to deterioration if exposed to light) at 4 ° C.

Part of the V1 obtained was used to continue viral propagation, namely V2, in order to always 

have a new vector available.

Another part was used to test the expression of Cd163 in Sf9 and Hi5.

Different concentrations of V1 were tested in parallel: as regards Sf9, 0.5% and 1% of V1 

were used to infect them; as regards Hi5 cells, 3% and 6% were used. In order to evaluate 

differences in efficiency in protein production.

The expression was carried out for a duration of 96 hours at 27 ° C.

2.2.3 Western Blot analysis
The cell cultures of Sf9 and Hi5 previously used to test the expression of recombinant CD163 

were  collected and centrifuged at  5000xg for  5  minutes.  The supernatant  was  discarded, 

while the pellet was washed three times with 1 mL of PBS solution. Finally, the samples were 

centrifuged again at 5000g x 5 minutes to remove the excess of PBS solution and frozen at 

-80 ° C. The following day, the frozen pellet was resuspended with 150 µl of Resuspension 

Buffer containing: PBS solution, 2% DDM, Dnase1 and AeBSF.

At this point the samples were centrifuged at 20,000g x 15 minutes; the supernatant was 

mixed with Sample Buffer 2x, boiled for 10 min at 98 ° C and loaded on 12% polyacrylamide 

gel as standard protocol (Laemmli, 1970).
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After electrophoresis, the samples were transferred to a 0.2 μm nitrocellulose membrane (GE 

Healthcare)  using  a  semi-dry  blotting  apparatus  (Trans-blot  SD Semi-Dry  Transfer  Cell, 

BioRad). Protein transfer was performed at 15 V for 20 minutes in transfer buffer (25 mM 

Tris, 192 mM glycine, 20% (v/v) methanol). After blocking non-specific binding with 5% 

skim milk in TBST Buffer (20 mM Tris, 150 mM NaCl, 0.1% Tween 20) for at least 1 hour at 

37 ° C, the blots were probed with con anti-histidine (Thermo Scientific) in a 1: 6000 dilution 

in 1% TBST-BSA and left to incubate overnight at 4 ° C. The following day the membranes 

were washed three times with TBST. An IgG-HRP anti-goat mouse antibody (Santa Cruz 

Biotechnology) was used to wash away the excess anti-histidine. The solution was incubated 

with the membrane for 1 hour at 37 ° C. At this point, the membranes were washed with 

TBST  four  times  and  subsequently  developed  with  the  Western  Blotting  Enhanced 

Chemiluminescence Substrate LiteAblot PLUS (Euroclone), according to the manufacturer's 

instructions.

The images were viewed with the BioRad ChemiDoc Imaging System.

2. 3 Size exclusion chromatography

Size exclusion chromatography (SEC), also called gel filtration, is a technique that allows, 

thanks to the use of columns with different types of resins, to separate the proteins present in 

a  solution  based  on  their  molecular  weight.  The  instrument  used  (ÀKTA purifier  GÈ 

Healthcare) for this type of technique essentially consists of two pumps, a spectrophotometer 

(the instrument supplied has a lamp that emits at 280nm), a valve to regulate the flow path 

inside of the device, a capillary tube loop for the insertion of precise quantities of solution 

and a chromatographic column to be used.

The proteins were loaded on a Superdex GL 200 Increase 10/300 column (GE Life Science); 

this column is capable of separating proteins with dimensions between 10 kDa and 600 kDa.

The chromatographic buffer was subjected to filtration and contained 20mM of Tris-HCl pH 

8, 150mM NaCl. The column was equilibrated with 3 volumes of this buffer.

The solutions containing the proteins of interest were centrifuged at 10,000 g for 10 minutes, 

to exclude the presence of any precipitate that could interfere with the analysis. The elution 
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fractions were collected and those containing proteins, selected based on their absorbance at 

280 nm.

Subsequently the absorbance data were confirmed by an SDS-PAGE electrophoresis.

2. 4 Dynamic Light Scattering

The Dynamic Light Scattering was used to observe the stability of the recombinant CD163 

complex + the Hp-Hb complex.

The analyzed samples are: Hp-Hb complex at a concentration of 1mg/mL maintained at a 

temperature of 4 ° C and CD163-Hp-Hb complex, at two different conditions: 1) 0.4 mg/mL 

and 4 ° C; 2) 0.05 mg/mL and Frozen. The conditions of the analyzed samples are different as 

they  are  considered  irrelevant  since  the  survey  was  conducted  for  the  sole  purpose  of 

verifying the monodispersity of the ternary complex.

The samples were centrifuged at 10000xg for 15 minutes at 4 ° C and transferred to new 

eppendorf.

The analysis and study of the data obtained was carried out by the technician responsible for 

the instrument.

2. 5 Tycho

TychoTM NT.6 is the tool used to perform calorimetry analyzes to determine if the analyzed 

protein samples are structurally intact and properly folded.

The instrument requires the use of only 10 µl of sample.

Given the information to be sought, it was not necessary to normalize the concentration of the 

sample analyzed.

The sample was taken, by capillarity from the eppendorf, using special stylets. These were 

placed in a specific machine housing.

Once the instrument is started, the sample profiles are automatically defined in a few minutes. 

In particular, the inflection temperature (Ti) is disclosed, given by the ratio between the
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fluorescence emission of the residues inside the tryptophan and tyrosine proteins detected at 

both 350 nm and 330 nm during a temperature scale ranging from 35 ° C to 95 ° C.

The instrument automatically generates easy to interpret diagrams: the higher the inflection 

temperature, the more stable the analyzed protein is and consequently it is correctly folded.
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3. Results & discussions

3.1 Production and purification of recombinant CD163

The recombinant plasmid containing the gene encoding for cd163 was cloned by the research 

group of the biochemistry department of the La Sapienza University, with which this project 

was carried out in collaboration.

Once received and propagated in competent E.coli gc5-α cells, the recombinant pα−HBiP-

Cd163 plasmid,  a  small-scale recombinant  protein expression assay was performed using 

HEK293 cells, to verify the correct production of the protein of interest.

It  is  known in the literature that this protein does not have a good expression yield as a 

recombinant protein,  for this reason it  is  usually preferable to extract it  from the tissues, 

however this involves a series of complications, easily avoidable using a recombinant system.

The search was therefore made for the best method to produce this protein in a recombinant 

system by increasing the production yield as much as possible.

From the small-scale  expression test  (30 ml),  it  was possible  to  observe that  the protein 

expresses itself, therefore the cloning of the cd163 gene within the pα−HBiP-Cd163 plasmid 

was successful.

The cell pellet does not have the band corresponding to the protein of interest, so it can be 

excluded  that  it  forms  inclusion  bodies.  Flow  through  and  buffers  used  to  wash  the 

chromatographic column were used as negative controls, as the protein does not appear in 

their fractions. Finally, its post purification product appears perfectly clean and free from 

contaminants (Fig. 1).
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Figure 1 :Purification products of Recombinant CD163 in SDS-PAGE. Pellet; Flow trough: elements not 
binding to resin; W1: washing 1; W2: washing2; E1,E2,E3,E4,E5: elution fraction. 

This means that the choice of a eukaryotic expression system and a plasmid with signal for 

the secretion of the expressed protein proved to be an optimal choice for the production of 

recombinant Cd163.

Proceeding on a large scale, the already known problem became evident: the expression yield 

of this protein is very low. In fact, from about 500 ml of HEK293 cell culture, we obtain a 

yield equal to 0.3 ug of protein.

The  protein  is  expressed  even  if  the  amount  obtained  is  not  too  high  as  the  eukaryotic 

expression system does not allow a conspicuous production of recombinant proteins, on the 

other hand the result described above does not allow the desired analyzes to be carried out.

For  this  reason,  by  analyzing  the  data  obtained,  a  method  was  sought  to  optimize  the 

expression of the recombinant protein of interest.

First,  a  study  was  conducted  on  the  ratio  of  transfection  agents  used,  mainly 

polyethylenimine (PEI). Tests were conducted that involved small-scale expression of Cd163 

with different concentrations of PEI.
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Since none of these tests showed obvious improvements in the expression yield of the protein 

of interest, different purification protocols were examined.

In particular, the purification efficiency was compared on the basis of the use of different 

buffers.

Cell cultures of HEK293 of the same volume were grown, transfected and collected with the 

same protocol.  Subsequently  the  samples  were  purified  in  parallel,  with:  Hepes,  Sodium 

phosphate, and Tris-HCl. All the buffers listed have been used at pH 8 to ensure the stability 

of the protein in solution.

At the end of the purification, the corresponding eluates were loaded into an SDS-PAGE, but 

no buffer used for the purification proved particularly efficient in optimizing the yield of this 

protein. The first three buffers have a fairly equivalent yield of the protein, even if the Hepes 

shows a more "compact" elution profile (Fig. 2).

Finally, an attempt was made to precipitate the protein product of the entire cell culture using 

ammonium sulfate.

Ammonium sulfate is a highly corrosive and dangerous salt for tissues and surfaces, but it is 

often  used for  the  precipitation of  proteins  in  solution,  as  it  is  able  to  concentrate  them 

without denaturing them (Protein precipitation using Ammonium Sulfate Curr prot protein 

2001 May).

The flow through of the cell culture was then collected and 60% by weight of ammonium 

sulphate was added. The sample was then incubated for 5 hours at 4 ° C, monitoring the pH 

which was always kept  on a neutral  value.  The sample was then centrifuged in order to 

recover the precipitated proteins.  The resulting pellet  was resuspended and dialyzed over 

night to allow the elimination of the precipitating agent. At this point the purification was 

continued as per protocol.

Despite the precipitation with ammonium sulphate, and therefore the concentration of all the 

proteins produced by the eukaryotic cell culture examined, the SDS PAGE gel does not show 

different results compared to the previously supported tests (Fig. 2). 
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Figure 2 : Elution profile of Recombinante CD163 with different buffer for purification. A.= Sodium phosphate 
buffer; B.= TRIS-HCl buffer; C.= Hepes Buffer; D.=Precipitation protein with Ammonium posphate. 

At this point it was decided to change strategy and re-examine the transfection reaction. For 

this reason, the reagents used so far, namely PEI, have been replaced with a kit specifically 

designed  and  sold  by  Gibco  to  increase  the  yield  of  transient  expression  in  eukaryotic 

systems.

At this point it was decided to change strategy and re-examine the transfection reaction. For 

this reason, the reagents used so far, namely PEI, have been replaced with a kit specifically 

designed  and  sold  by  Gibco  to  increase  the  yield  of  transient  expression  in  eukaryotic 

systems.

The expifectamine kit (or Expi293TM kit), is a very expensive kit, has been designed and 

created specifically for the optimization of the expression of recombined proteins in specific 
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eukaryotic  systems  such  as  human  kidney  cells  in  suspension  (HEK293).  This  kit  is 

characterized by the presence of the ExpiFectamine TM 293 reagent, based on cationic lipids 

with specialized transfection enhancers.  The components of this reagent work together to 

generate 2 to 10 times higher protein yields than previous generation expression systems.

The result obtained with the use of this kit was truly amazing. From the same volume of cell 

culture previously used, from which a rather poor yield of recombinant protein was obtained, 

more than double, about 0.8 ug of protein was obtained with the Expi293TM kit (Fig. 3).

Figure 3: Purification products of Recombinant CD163, expressed with expifectamine kit, in SDS-PAGE.

As an alternative to a commercial kit, which is also quite expensive, it was decided to test 

another expression system, always eukaryotic, that of insect cells. The protocols used for this 

viral  infection  system  are,  in  fact,  very  well  known  and  used  precisely  to  increase  the 

production yield of recombinant proteins.
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To express Cd163 in insect cells, a dedicated expression vector was required, PfastBac, an 

engineered baculovirus capable of infecting insect cells.

First, primers were designed, starting from the nucleotide sequence of the protein of interest 

in order to be able to insert it within the PfastBac.

The primers were designed with computer programs such as Serial cloner and Primer Primer.

Once the primers were designed they were purchased by GENE WIZ.

The primers were used to amplify the Cd163 insert.

The amplification was carried out with a highly efficient enzyme (KOD DNA Polymerase 

High  fidelity).  To  be  sure  of  the  best  possible  yield  of  this  amplification,  different 

concentrations  of  DMSO (Dimethyl  sulfoxide)  were  tested  in  parallel,  knowing that  this 

additive  can favor  the  denaturation  of  the  DNA double  helix  and therefore  optimize  the 

amplification yield.

As  shown  by  the  gel,  the  insert  bands  are  well  amplified  and  despite  the  different 

concentrations of DMSO, there is no real difference between the samples (Fig. 4)

Figure 4 : Agarose gel electrophoresis of the amplification product obtained for CD163. 1=No DMSO
in PCR mix; 2= 2% DMSO in PCR mix; 3= 5% DMSO in PCR mix; 4= 10% DMSO in PCR mix.

The  PCR product  was  subsequently  purified with  the  Omega bio-teck  Kit  first  from the 

solution and subsequently, given the presence of bands indicating contaminants, from gel to 

obtain a product, as clean as possible and to avoid that some contaminants could hinder the 

subsequent ligation of the insert with the plasmid.
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Once the LIC, annealing and transformation protocol was performed, the clones present on 

the plates were propagated on a small scale (3ml) and purified with the appropriate kit.

To check that the gene had been correctly cloned within PfastBAC, a control amplification, 

also known as pic colony, was performed.

The gel shows a precise fragment and in the absence of contaminants, exactly corresponding 

to the Cd163 insert, in fact it has a size of 3000 bp (Fig. 5).

Figure 5: Agarose gel to check for the presence of CD163 in PfastBAC.

Once the concentration of DNA obtained was estimated, the entire nucleotide sequence of the 

cloned gene was also sequenced to ensure that there were no unwanted mutations inside.

Subsequently, the DNA was transformed into EmBACy cells,  competent cells specifically 

designed for bacmid transformation. Bacmide positive colonies were purified with a specific 

kit, since bacmides were larger than normal expression vectors.

At this point the recombinant Baculovirus for Cd163 was used to infect a very small volume 

of SF9 cells (about 3 ml), in order to verify its infection efficiency.

�31



It emerged that the baculovirus engineered with the cd163 gene is particularly efficient, in 

fact in just three days, cell growth was inhibited with a minimum concentration administered, 

equal to 1 ug of bacmid DNA (Fig. 6).

Figure 6 : Verify infection efficiency of Cd163-Bac through a fluorescence microscope.

Subsequently,  a  further  infection was made,  in  a  larger  cell  volume (250ml),  in  order  to 

obtain a greater amount of virus that could be reused to infect ever greater volumes of cells.

The first real test of recombinant Cd163 expression was performed on a small scale, since we 

wanted to compare the expression efficiency of two different  insect  cell  lines.  SF9 cells, 

previously  used  for  viral  propagation,  and  HI5  cells,  which  are  generally  used  for  the 

expression of recombinant proteins in this system, as they are believed to be more efficient in 

the expression of the actual protein.

Indeed,  the  western  bloth  revelation  shows  that  HI5s  allow  for  significantly  greater 

expression of the protein of interest.

Furthermore, the investigation conducted daily to verify the expression time of Cd163 in this 

expression system, shows us that it is produced in acceptable quantities only after the 3rd day, 

as regards HI5. If you want to use the SF9s, however, the incubation should be extended by 

one day.

Furthermore, a further difference can be noted in the amount of Baculovirus used to infect 

cell cultures. In fact, as a percentage, it is noted that SF9 cells need a smaller percentage of 

Baculovirus to express the protein of interest, while Hi5 cells, even if they take a shorter 

incubation time to express Cd163, however, need a higher percentage of viruses (Fig. 7).
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Figure 7 : Western bloth detection of Cd163 expression in Sf9 and Hi5. Expression time (day) and percentage of
infecting virus.

Unfortunately,  the investigations could not  go on due to  the outbreak of  the coronavirus 

pandemic. For this reason it is not possible to show results that can correctly compare the 

different methods used for the expression of recombinant Cd163.

In any case, comparing the band obtained from the Western blots of a sample of about 5 ml of 

SF9 / Hi5 culture, with those obtained from the previous gels, corresponding to about 400 ml 

of HEK293s cell culture, we can say that: as an expression system, that of insects ensures a 

certainly more efficient expression yield, as regards the protein under examination.

3.2 Protein analysis

Despite the problems in optimizing the expression yield of the protein of interest, the amount 

obtained was sufficient to carry out various analyzes.

First of all a Size Exclusion Cromatography was performed to verify the dimensions and 

evaluate the purity of the obtained recombinant protein.
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The  analysis  was  performed  using  a  Superdex  200  Increase  5/150  GL  column,  with 

previously filtered and degassed sodium phosphate / NaCl, as a running buffer.

The  peak  obtained  shows  a  decidedly  clean  recombinant  protein  corresponding  to  the 

expected molecular weight (130KDa) (Fig. 8).

Figure 8  :Size-exclusion chromatography profile of Cd163 expressed in HEK293 cells.

Given that physiologically, Cd163 plays a fundamental role within human macrophages, that 

is, it binds the haptoglomin-hemoglobin complex, in order to eliminate the excess of heme 

groups that are potentially toxic to the body. The ability of recombinant Cd163 to perform 

this activity was evaluated.

At  this  point  the  Hp-Hb  complex  was  incubated  for  about  4  hours,  at  4  °  C,  with  the 

recombinant Cd163, in a 3: 1 ratio.
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Since the recombinant Cd163 has a 6Histag tail, it was possible to eliminate the excess of 

Hp-Hb through affinity chromatography.The formation of the ternary complex Cd163 / Hp-

Hb was verified by means of a new Size exclusion chromatography and an SDS page of the 

loaded sample (Fig. 9 and Fig. 10)

Figure 9 : Size-exclusion chromatography profile of ternary complex  CD163/Hp-Hb
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Figure 10 :SDS-PAGE to confirm the presence in the ternary  complex of single part: Cd163 and Hp-Hb.

Although the results obtained seemed encouraging; from the superimposition of the single 

curves obtained by Size Exclusion chromatography it is clear that the protein populations that 

should form the ternary complex are not actually able to bind.

The peak corresponding to the Cd163 / Hp-Hb complex, therefore given by the sum of the 

molecular  weights  of  the  molecules  that  compose  it  (130KDa  +  109KDa),  should  be 

decidedly off to the left. The peak that should describe the ternary complex is much smaller 

than one would expect (Fig. 11).
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Figure  11  :  Size-exclusion  chromatography  profile  comparison.  NB:  absorbance  measurements  were  also 
conducted at the wavelength of 412 nm, as hemoglobin has heme groups. RED= CD163 (280nm); ORANGE= 
Hp-Hb complex(280nm); YELLOW= Hp-Hb (412nm); GREEN= CD163/Hp-Hb complex (280nm); BLUE= 
CD163/Hp-Hb complex(412nm).

This discordant data has led to several questions on the stability of the complex, which if it 

did not form could not be characterized, bringing the study back to the starting point.

By  using  a  Dynamic  Light  Scattering,  two  samples  of  Cd163  /  Hp-Hb  at  different 

concentrations (0.4 mg / ml; 0.05 mg / ml) and kept in different conditions (4 ° C) were then 

compared. ; Frozen), with a sample of the Hp-Hb complex with a concentration of 1 mg / ml, 

kept at 4 ° C.

The result of the analysis showed how the cd163 / Hp-Hb ternary complex is not stable and 

tends  to  disintegrate,  in  both  samples,  therefore  at  any  concentration  and  condition  of 

maintenance, producing two different populations of molecules (Fig. 12).
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Figure 12 : Light scattering data performed by Sapienza Group. Hp-Hb complex VS two different sample of
ternary complex Cd163/Hp-Hb.

On the contrary, the Hp-Hb complex, stored at 4 ° C, shows perfect stability, presenting itself 

as a single population.

Superimposed on the peak, represent the Hp-Hb complex, we find one of the two populations 

produced by the samples containing the tertiary complex, as confirmation of the hypothesis 

that the complex, although initially formed, tends to break down into its main components, 

namely Hp-Hb and Cd163 , resulting unstable.

The lack of formation of the ternary complex could be explained by a folding problem of the 

recombinant protein.

For this reason it was decided to deepen the study with the integration of calorimetric surveys 

on all components of the complex in order to understand if one of these was unfolded and 

consequently interfered with the bond of the others.
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The analysis was conducted at the Ny-SBC laboratories. The tycho NT6 tool was used. This 

instrument allows to measure the structural integrity of the protein of interest by detecting the 

fluorescence of the intrinsic residues of tryptophan and tyrosine detected at both 350 nm and 

330 nm depending on a temperature that reaches up to 95 ° C.

In addition, it allows you to analyze several samples simultaneously.

In fact, the analysis was conducted simultaneously, first on a sample containing the ternary 

complex and later, on the individual components of the same (Fig. 13).

Figure 13 : Denaturation profile, detecting by Ratio between the fluorescence issued by tryptophan and tyrosine 
in single part in ternary complex according to temperature

The  results  shown  in  Fig.13  show  that  none  of  the  tested  components  show  signs  of 

degradation or unfolding.

The  confirmation  of  the  fact  that  the  production  of  a  Cd163  with  recombinant  DNA 

technology does not affect its structure, however, does not resolve the inefficiency of the 

same, in the formation of the complex with Hp-Hb.
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4. Conclusion

From the data shown in this thesis chapter we can assume that within eukaryotic expression 

systems even small protocol changes can make a difference.

In our case, a recombinant human protein shows satisfactory expression in human embryonic 

cells, but only with the use of excessively expensive reagents.

On the contrary, the Baculovirus system and the expression in insect cells proved particularly 

efficient for the production of recombinant Cd163.

Technically  speaking,  this  can  be  explained  by  the  fact  that:  Insect  cell  cultures  are 

notoriously easier to use, as they are less delicate than human embryonic cells. This allows 

them to be subjected to greater stress (such as a high concentration of cells in small volumes, 

shorter or longer incubation times, the use of buffers with a more acidic pH, etc.) without 

altering the product of expression (32-33). Moreover, trivially, since insect cells allow the use 

of  high  concentration  cultures  compared  to  human  embryonic  cells,  it  is  obvious  that  a 

greater quantity of expressed proteins will be obtained from this system (Fig. 1).
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Figure  1: comparative elution profile of recombinant CD163. A. = 400 mL of HEK293s cell culturestransfected 
with PEI; B. = 400 ml of HEL293s cell cultures transfected with expifectamine kit; C. = 1 ml of cell cultures of 
insects transfected with cellfectin II 

The  use  of  the  Baculovirus  expression  system has  proved  to  be  quite  important  for  the 

production of recombinant proteins, above all because it preserves the characteristics of a 

eukaryotic  system,  in  fact  it  does  not  show  post-translational  modifications  or  folding 

problems in the expressed proteins, but allows to increase remarkably the quantitative yield 

of  expressed protein.  Furthermore,  many protein  structures  have been resolved thanks to 

expression in this system (34-43).

All this cannot be demonstrated, but only hypothesized, since the experiments have been 

temporarily  slowed  down to  give  more  attention,  by  the  whole  scientific  community,  to 

investigations  on  the  new  Coronavirus.  For  this  reason,  more  accurate  and  repeatable 

comparative  data  are  not  reported  within  this  thesis,  i.e.  a  yield  of  recombinant  Cd163 

obtained in parallel from the same cell culture volume in both mammalian embryonic and 

insect cells.
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Of course,  this  comparison analysis  is  only  temporarily  postponed;  full  analyzes  will  be 

performed as soon as the situation makes it possible.

The analyzes carried out with calorimetric assays, to verify the purity and structural stability 

of the recombinant Cd163 have all given a positive result: the recombinant protein appears 

correctly folded and there are no contaminants present that could interfere with its biological 

activity. Despite this, to date the inefficiency of the protein produced in binding the Hp-Hb 

complex is not clear, as it should physiologically do.

It  is  known that  the binding between CD163 and the Hp-Hb complex within the human 

organism does not occur suddenly and that a small mutation, even a specific site of individual 

amino acids, can prevent recognition between the molecules analyzed (Marianne JN et al., 

2013).

It  is  evident  that  further  analyzes  are  needed  to  complete  and  deepen  the  problems 

encountered in this work. A sequencing of the entire protein construct would be appropriate 

to confirm that the protein of interest has not undergone mutations over time that prevent 

binding with its  substrate.  Furthermore,  cryoelectronic microscopy studies  are among the 

objectives indicated for this study, but at the moment, due to the restrictions imposed by the 

new Coronavirus, it has not been possible to carry out them. Hopefully, they can be done 

soon in order to provide more complete data for this job.
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1. Introduction

In November 2019, a new Coronavirus triggered a global health emergency, known today as 

COVID-19. The onset of this epidemic represented a great challenge for all scientists in the 

world.

The  first  coronaviruses  (CoVs)  have  been  reported  since  1947,  when  the  first  prototype 

mouse strain JHM was discovered (Cheever F.S. et al.; 1949; Bailey O.T. et al.; 1949).

CoVs are enveloped viruses, made up of positive single-stranded RNA and infect various 

vertebrates (bats, pets , livestock, poultry and humans) (Goyal B. & Goyal D.;2020). 

Among  humans,  CoV  are  responsible  for  respiratory,  gastrointestinal  and  neurological 

problems (Zumla A. et al.; 2016; de Wit E. et al.; 2016).

In recent years, Coronaviruses have also been recognized as responsible for other epidemics: 

the first SARS epidemic, in 2003, and MERS (Middle East Respiratory Syndrome), in 2012. 

However, these two epidemics have been so efficiently controlled that vaccines products to 

limit its spread have never been used (Lin J. et al.; 2007; Yong C. et al.; 2019).

The new Coronavirus, is currently called "SARS-CoV-2", (Gorbalenya A. E. et al.; 2020) 

from Severe Acute Respiratory Syndrome Coronavirus  2 since the RNA genome is  82% 

similar to that of the coronavirus (SARS-CoV) responsible for the SARS epidemic of 2003 

(Zhou P. et al.; 2020 Wu F. et al.; 2020).
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1.1 The SARS-CoV 2

Coronaviruses owe their name to the particular morphology that distinguishes them: precisely 

the proteins that protrude from their capsid make them appear to be surrounded by a crown. 

For this reason their family is called Coronaviridae.

In particular, Covid-19 belongs to the Orthocoronavirinae subfamily. Which is further divided 

into  four  genera  (CoV):  Alphacoronavirus,  Betacoronavirus,  Deltacoronavirus  and 

Gammacoronavirus.

In detail, SarS-CoV-2 is a Betacoronavirus, more specifically, belonging to the subgenus of 

Sarbecoviruses.

Beta coronaviruses have a positive sense single-stranded RNA genome of approximately 29.9 

kilobases  encapsulated  by  a  membrane  envelope.  It  is  the  largest  genome  among  RNA 

viruses(Kim D. et al.; 2020).

The BetaCoronaviruses are quite well known to date, as they have caused outbreaks of severe 

acute  respiratory  syndromes  (SARS)  in  the  past,  including  SARS-CoV  (2002/2003  in 

Guangdong, China) and Middle Eastern respiratory syndrome virus MERS-CoV (2012 in 

Saudi Arabia) (Masters PS 2006).

To date, the source of β Coronavirus SARS-CoV-2 is believed to be bats, which carry this 

virus with no obvious disease manifestations (Sola I. et al.; 2015).

A single viral particle (the virion) of SARSCoV-2 is composed of a nucleocapsid composed 

of  genomic  RNA and  covered  with  phosphorylated  proteins  that  interact  with  the  viral 

membrane  during  virion  assembly,  playing  a  critical  role  in  enhancing  virus  replication. 

These proteins are found embedded in a bilayer of phospholipids and play crucial roles for 

both infection and replication: protein S, membrane protein (M), hemagglutinin esterase (HE) 

and lining protein (IS).

The viral particle is 60–100 nm (10 m) in diameter and appears round or oval (McBride R. et 

al.; 2014). (Fig. 1)

In  particular,  the  transmembrane  spike  glycoproteins  (S  proteins)  form homotrimers  that 

protrude from the viral surface recreating the renowned corona around the viral particle.

SARS-CoV  and  SARS-CoV-2  proteins  S,   exhibit  structural  homology  and  conserved 

ectodomains, so previous strategies employed to study, prevent or treat SARS-CoV infection 

may be relevant (Berger A. & Schechter I. 1970; Anand K. et al.; 2002).
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Figure 1 : SARS-CoV-2 viral particle composition (https://www.scientificanimations.com/wiki-images/)

Although SARS-CoV and SARS-CoV-2 have only 79% genomic sequence similarity, they 

share a highly conserved receptor binding domain for their S proteins (Colavita F. et  al.; 

2020). There are also other highly conserved proteins associated with SARS-CoV and SARS-

CoV-2, including RdRp and 3Clpro (also called Mpro), which share more than 95% similarity 

between the two viruses,  despite  only 79% sharing genomic sequences  (Hanife  P.  et  al.; 

2021).

1. 2 Viral replication of SARS-CoV-2

The  replication  and  transcription  mechanism of  the  SARS-CoV-2  genome appears  to  be 

common to that of other coronaviruses. In particular, 80% is identical to that of his brother 

SARS-CoV, head of SARS. These viruses share many biological characteristics, including the 

mechanism and proteins they use to enter the host cell. SARS-CoV-2 begins its replication 
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cycle, with the virion binding to the target cell membrane. The Spike protein, present on the 

surface of the virion, specifically recognizes and binds the ACE-2 receptor located on the 

surface  of  the  target  cell.  Once  the  link  between  the  virion  and  the  receptor  has  been 

established, the former is absorbed into the host cell by endocytosis. At this point, the Spike 

protein makes changes to its conformation to facilitate the fusion of the endosomal membrane 

with the membrane of the target cell. Once inside the cytoplasm of the host cell, thanks also 

to  the  presence  of  digestive  enzymes  of  the  latter,  the  structure  of  the  nucleocapsid  is 

degraded, resulting in the release of the viral genome inside the cell.

Once  inside  the  cell,  the  Coronavirus  RNA genome  is  immediately  translated  by  the 

ribosomes and host cell specific proteins.

It  is  possible  to  divide  the  Coronavirus  genome into  two  parts:  in  the  first  we  find  the 

replicase gene, in turn divided into two ORFs (ORF1a and ORF1b), which encodes a giant 

polyprotein, renamed pp1ab. The pp1ab will then be “cut” into 16 parts by the main protease 

of the virus, resulting in smaller non-structural proteins (nsp, non structural proteins) (Snijder 

E.J. et al .; 2016; Sola I. et al .; 2015). All 16 nsp are necessary for the replication of genomic 

RNA (gRNA)  and  the  production  of  various  messenger  RNAs  (mRNAs)  and  viral  sub-

genomic  RNAs  (sgRNAs,  the  fragments  of  the  genome  from  which  viral  proteins  are 

translated).

Downstream of the replicase gene, however, we find the second part of the genome, where 

the information for the production of structural proteins is contained: spike protein; envelope 

(virion coat protein); M (membrane protein); N (nucleocapsid protein, which complexes viral 

RNA).

These proteins "pack" the viral genome and are necessary for the production of new viral 

particles. In addition, six other accessory proteins (3a, 6, 7a, 7b, 8) are produced from the 

segment downstream of the replicase gene,  the role of which is  not  yet  fully understood 

(Masters P. et al.; 2006).
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Figure 2 : gRNA structure and viral proteins of SARSCoV-2. Abbreviations: L, Leader; TRS-L, Transcription 
Regulatory  Sequence  At  The Leader;  TRS-B,  Transcription  Regulatory  Sequence  At  The Body (regulatory 
sequence of transcription within the body of the genome); ORF, Open Reading Frame; S, Spike; E, Envelope 
(viral coat protein); M, Membrane (membrane protein); N, Nucleocapsid (nucleocapsid protein that complexes 
the gRNA); the abbreviations 3a, 6, 7a, 7b, 8, 10 indicate the accessory genes; nsp, non structural protein; PLP, 
Papain-Like Protease (papain-like protease); 3CL, Chymotrypsin-Like Protease (chymotrypsin-like protease); 
RdRp,  RNA-dependent  RNA polymerase  (RNA-dependent  RNA polymerase);  HEL,  HELicase  (helicase); 
ExoN,  ExoNuclease  (exonuclease);  EndoU,  EndonUclease  (endonuclease);  Mtase,  Methyltransferase 
(methyltransferase);  UTR,  UnTranslated  Region  (untranslated  region);  ST,  structural  protein;  A,  accessory 
protein. ( Kim et al., Cell, 2020 and Sola et al., Ann Rev Virol, 2015).

The coronavirus genome is, in fact, a very long mRNA. It is a positive single strand, that is, it 

is read by the structures responsible for translation in the so-called 5 ′ → 3 ′ direction.

RNA replication, i.e. the production of multiple copies of the viral genome, is a continuous 

process.  The new gRNA is produced in its  entirety thanks to the synthesis of a negative 

intermediate strand (which runs in the 3 ′ → 5 ′ direction), which serves as a template to 

produce a new positive gRNA. This process mainly involves the nsp12 protein, which is an 

RNA-dependent RNA polymerase (RdRp), and which synthesizes the first negative strand by 

binding to the 3 'end of the gRNA. The bond is also possible thanks to the formation of 

structures that flex the RNA in order to facilitate replication thanks to the approximation of 

some portions.
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After  transcription  and  translation,  the  structural  and  non-structural  viral  proteins  and 

genomic RNA are then assembled into virions, which are subsequently transported through 

the exocytotic vesicles and released from the target  cell  spreading throughout the human 

organism (Kim D. et al.; 2020).

Figure 3 : Binding, viral entry and replication circle of sars cov 2 (Cascella M et al.; 2021)

1. 3 The Main Protease of SARS-CoV-2

Main protease (Mpro) is a protein present in known β coronaviruses, which are responsible 

for SARS ( EC 3.4.22.69).

As for the SARSCoV2 Main protease, it weighs 33.8 kDa, constitutes the main protease of 

this Coronavirus and is essential for the processing of polyproteins translated by viral RNA 

(Anand K. et al .; 2002) .
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This protease belongs to the C30 family of endopeptidases; it is also often called 3C like 

protease (3CLpro) as it is homologous to a protease found in picornaviruses.

It is a cysteine protease, as well as a member of the PA protease clan (proteases of mixed 

nucleophile,  superfamily  A)  in  fact  it  has  a  folded structure  and proteolysis  mechanisms 

similar to chymotrypsin (Anand K. et al .; 2002).

Its active site is characterized by a cysteine-histidine catalytic dyad and is capable of cleaving 

a peptide bond between a glutamine and a small amino acid (serine, alanine or glycine).

Mpro corresponds to the non-structural protein 5 of SARSCoV-2 (nsp5). Its mature form, of 

about 300 residues, is released from pp1ab by proteolytic self-cleavage (Anand K. et al .; 

2002; Yang H. et al.; 2003; St John SE et al .; 2015; Wango F. et al. .; 2015). Once released, it 

dimerizes and cuts the coronavirus polyprotein at eleven conserved sites.

The protein structure of M-pro comprises three domains. Domains I and II have a typical six-

stranded  antiparallel  β  barrel  structure  and  together  resemble  the  architecture  of 

chymotrypsin and picornavirus 3C proteinases. Domain III, on the other hand, is formed by 

five α-helices (Jin Z. et al .; 2020).

Figure 4:  Crystallographic structure of the CoV-2 Mpro protein in complex with the N3 inhibitor. A: Surface 
representation of the Mpro homodimer. The carbon atoms of the two monomers A and B are colored pink and 
blue, respectively. The nitrogen atoms are colored blue, the oxygen atoms red and the sulfur atoms yellow. The 
N3 inhibitor is represented with the rod structure and is colored green. B: “Tape” representation of the Mpro 
monomer. Doimini I, II and III are colored in light green, orange and yellow, respectively. The N3 molecule is 
colored green. (PDB Source).
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The substrate binding site is located in a deep gap between domain I and domain II. The 

catalytic site, on the other hand, is located in the center of the slit and contains the catalytic 

dyad formed by Cys145-His41. In contrast to the other cysteine proteinases, which have a 

catalytic triad, a third catalytic residue is not present. A long folded ring, of about 15 amino 

acid residues, connects domain II to the C-terminal domain (domain III). This latter domain, 

a globular cluster formed by five helices, seems to be involved in the self-cleveage activity of 

Mpro.

The mechanism of action of Mpro is similar to that of other proteases. All proteases possess 

two key amino acid residues: an activating residue (usually a histidine, His) that removes 

protons from a hydroxyl or thiol group of the side chain of a second residue (usually a serine, 

Ser, or a cysteine, Cys) which acts as a powerful nucleophile, i.e. a powerful electron donor. 

The reaction mechanism with which Mpro catalyzes the hydrolysis of the viral polyprotein is 

described in Fig. 5.

Figure 5 : Catalitic Mechanism of cysteine protease (Mpro).
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The functional importance of Mpro in the viral life cycle, together with the absence of closely 

related homologs in humans, make this protease an interesting target for the design of new 

antiviral  drugs:  blocking its  functions  would  in  fact  be  lethal  for  the  virus.  but  safe  for 

humans. Furthermore, the overlap of Mpro sequences of 12 coronaviruses, including SARS-

CoV-2, SARS-CoV and MERS-CoV, shows that the 9-12 residues lining the pocket that binds 

the substrate are strongly conserved. This suggests that a potent CoV-2 inhibitor could be a 

leading compound to drive broad-spectrum drug synthesis against all coronavirus infections.
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2.  Materials and Methods

The main  protease  of  SarS-Cov2 was  expressed  in  competent  BL21 DE3 Plyss  cells  of 

Escherichia coli.

To  be  precise,  the  gene  encoding  Mpro  was  inserted  into  an  expression  vector,  such  as 

pGEX-6P-1 (purchased from GenScript) in order to obtain a construct encoding a protein 

with six histidine residues in the C-terminal position.

The recombinant plasmid containing the gene of interest was propagated to the DH5 alpha 

cells of E. coli and subsequently transformed into E. coli BL21 (DE3) PLyss cells, in order to 

allow the expression of our protein.

2.1 pGEX-6P-1 vector

PGEX vectors are designed for high-level, inducible intracellular expression of glutathione S-

transferase (GST) fused genes or gene fragments.

Expression of this type of plasmid in E. coli produces proteins labeled with the GST fraction 

at the amino end, while the protein of interest at the carboxyl end.

The binding of a GST-labeled protein to the ligand is reversible and the protein can also be 

eluted under mild, non-denaturing conditions by adding reduced glutathione to elution buffer 

or by affinity chromatography using immobilized glutathione. The technique then provides a 

delicate purification process that does not affect the native structure and function of a protein.

In addition,  the high solubility of GST also increases the solubility of the target  protein, 

favoring its accumulation within the cytoplasm of the bacterial cell.
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GST-labeled proteins are constructed by inserting a gene or gene fragment into the multiple 

cloning site (MCS). Expression is under the control of the tac promoter, which is induced by 

the lactose analogue isopropyl β-D-thiogalactoside (IPTG).

All pGEX vectors are also designed with an internal lacIq gene. The lacIq gene product is a 

repressive protein that binds to the operator region of the tac promoter, preventing expression 

until induction by IPTG, thereby maintaining tight control over insert expression.

In particular, pGEX-6P-1 encodes the recognition sequence for site-specific cleavage by the 

PreScission protease between the GST domain and the MCS.

Site-specific cleavage is performed with simultaneous immobilization of the protease on the 

column. The protease has a high low temperature activity so that all steps can be performed 

in the cold room to protect the integrity of the target protein. The cleavage enzyme and the 

GST tag are removed in one step.

2. 2 E.Coli BL21 (DE3) PLysS Cells

The bacterial strain BL21 (DE3) pLysS, used, is part of a rather large family of possible 

hosts, prokaryotic, for vectors based on the use of the T7 phage promoter.

These cells  are particularly suitable for  the expression of  exogenous proteins induced by 

Isopropyl-β-D-1-thiogalactopyranoside (IPTG) as they have a high expression efficiency for 

any gene under the control of the T7 phage promoter.

These cells are able to express the RNA polymerase of another lambda phage, because a 

sequence  (indicated  with  DE3)  that  contains  the  gene  encoding  this  enzyme  has  been 

integrated  into  their  genome.  Furthermore,  they  contain  the  plasmid  pLysS,  which 

constitutively expresses low levels of T7 lysozyme which reduces the basal expression of 

target  genes  by  inhibiting  T7  RNA polymerase.  This  provides  tight  control  of  T7  RNA 

polymerase,  which is  especially needed when the recombinant protein to be expressed is 

toxic.

A further interesting feature of the BL21 strain and its  derivatives is  the absence of two 

proteases  (lon  and  ompT),  a  situation  that  reduces  the  possibility  of  degradation  of  the 

synthesized proteins.
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Finally,  BL21  (DE3)  pLysS  E.  coli  cells  offer  greater  mRNA stability  so  that  abundant 

mRNA is available for protein expression. This increased stability is due to a mutation in the 

RNaseE (rne131) gene, which is involved in the degradation of mRNA.

2. 3 Expression tests in E. coli cells

The colonies resulting from the transformation of the recombinant plasmid pGEX-6P-1 were 

individually resuspended in 5 mL of LB containing 34 μg/mL of chloramphenicol and 100 

μg/mL of ampicillin and grown over night, at 37 °C and 200 RPM. The next day the cultures 

were transferred to flasks containing 500 mL of LB with 34 μg / mL of chloramphenicol and 

100 μg/mL of ampicillin and grown to an optical density (measured with a spectrophotometer 

at a wavelength of 600 nm) equal to at an OD600 = 0.4-0.8. At this point, the expression of 

the protein of interest was induced by adding IPTG (isopropyl-β-D-thio-galactopyranoside), a 

non-hydrolyzable derivative of lactose, in a concentration of 1 μM, and maintained for 3 

hours at the temperature of 30 ° C and 37 ° C, while a whole night for the temperature of 16 

°; and 200 RPM. In the induction phase the bacteria, which are in logarithmic growth, must 

stop using their  resources to multiply and instead divert  them into the production of  the 

protein of interest.

2. 4 Purification of Recombinant Mpro

Affinity chromatography was used to purify the protein.

The column in question is a Ni-NTA column (NTA = nitrilotriacetic acid), where NTA is a 

high affinity chelator for metals, nickel in particular. This system allows the purification of 

proteins fused with a histidine tail because it exploits the selectivity of binding between the 

nickel ions exposed on the silica resin and the tail of 6 histidine residues (6x His tag) linked 

to the recombinant protein of interest.

The elution of the protein from the column is subsequently carried out with an imidazole 

gradient  (a  competitor  for  the  coordination  bond  to  the  metal)  or  pH (lowering  the  pH 

protonates the histidines, which are no longer able to coordinate with the metal).
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The purification procedure consists of three stages:

1. Cell lysis and resin binding by affinity

2. Washing cycle

3. Elution

After 3 hours the cells were collected and centrifuged at 4 ° C and 6000 RPM for 15 minutes.

The pellet was then resuspended in 10 mL of lysis buffer (Tris-HCl 20 mM pH 8, NaCl 300 

mM).

Cells  were  lysed  by  sonication:  [PROGRAM  51]  and  the  lysate  was  clarified  by 

centrifugation at 6000g for 55 minutes at 4 ° C.

The  supernatant  was  incubated  for  approximately  3  hours  at  4  °  C,  with  1  mL of  pre-

equilibrated Ni-NTA resin (Quiagen) to allow binding of His-labeled Mpro.

After  three  hours,  the  lysate  and  resin  were  transferred  to  Poly-Prep  chromatographic 

columns (Bio-Rad, Hercules, CA, USA) and washed with two buffers (wash1 and wash2) at 

increasing concentrations of Imidazole.

The protein was eluted in 5 mL of elution buffer (Tris-HCl 20 mM pH 8; 300 mM NaCl; 300 

mM imidazole). After checking the presence of the protein in the eluate using an SDS-PAGE 

gel, followed by coomassie blue staining. The eluate was then dialyzed and concentrated in 

dialysis buffer (20 mM Tris-HCl pH 8, 150 mM NaCl) by using concentrators with a cutoff of 

30 KDa (amicon ultra). The concentration of Mpro was determined with the A280 reading.

2. 5 Size exclusion chromatography

Size exclusion chromatography (SEC), also called gel filtration, is a technique that allows, 

thanks to the use of columns with different types of resins, to separate the proteins present in 

a  solution  based  on  their  molecular  weight.  The  instrument  used  (ÀKTA purifier  GÈ 

Wash	1 Tris-HCl	20	mM	pH	8,	NaCl	300	mM

Wash	2 Tris-HCl	20	mM	pH	8,	NaCl	300	mM,	Imidazole	10	mM
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Healthcare) for this type of technique essentially consists of two pumps, a spectrophotometer 

(the instrument supplied has a lamp that emits at 280nm), a valve to regulate the flow path 

inside of the device, a capillary tube loop for the insertion of precise quantities of solution 

and a chromatographic column to be used.

The proteins were loaded into a 24 mL Superdex 75 10/300 GL Tricorn column (GE Life 

Science); this column is capable of separating proteins with dimensions between 3kDa and 

70kDa.  Standard  molecular  mass  proteins  (Sigma-Aldrich)  BSA (Bovine  serum albumin) 

(67KDa) and myoglobin (17KDa) were used to calibrate the column, each at a concentration 

of 1 mg / mL. The void volume of the column was calculated using Blue Dextran 2000.

The chromatographic buffer was subjected to filtration and contained 20mM of Tris-HCl pH 

7.6, 150mM NaCl. The column was equilibrated with 3 volumes of buffer.

The solution containing the protein of interest was centrifuged at 10,000 g for 10 minutes, to 

exclude the presence of any precipitate that could interfere with the analysis.

The elution fractions were collected and those containing proteins, selected based on their 

absorbance at 280.

2.6 Prescission Cleavage

PreScission  Protease  is  a  glutathione  S-transferase  (GST)  and  human  rhinovirus  (HRV) 

protease 3C fusion protein type 14. Since the protease is fused with GST, it can be easily 

removed  from  the  cleavage  reactions  using  Glutathione  Sepharose.  The  fusion  proteins 

produced  by  pGEX-6P-1  will  be  cleaved  by  the  PreScission  protease  between  the  GST 

fraction and the cloned fusion partner. The molecular weight of the PreScission protease is 

approximately 46 kDa.

Before being cut, the product given by the concentration of the protein eluate was dialyzed 

against the cleavage buffer (Tris-HCl 50 mM, pH 7.0 (at 25 ° C), NaCl 150 mM, EDTA 1 

mM, dithiothreitol 1 mM). At the end of the dialysis, 1 μl (2 units) of PreScission Protease 

was added to the solution for every 100 μg of fusion protein in the eluate. Incubated at 4 ° C 

for 3 hours.

Once  digestion  is  complete,  apply  the  sample,  consisting  of  the  mixture  of  PreScission 

protease and Mpro fused to the GST, to the previously washed and equilibrated glutathione 
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sepharose to remove the GST portion of the fusion protein and the PreScission protease from 

the protein of interest.

collecting  the  eluate  as  it  flows  from the  sepharose  glutathione  column.  The  eluate  will 

contain  the  protein  of  interest,  while  the  GST  portion  of  the  fusion  protein  and  the 

PreScission protease will remain bound to the glutathione sepharose matrix.

At this point the Mpro was quantified again with the spectrophotometric reading A280.

2.7 Activity Assay

The kinetic  activity  of  recombinant  Sars-Cov2-mpro  was  evaluated  using  a  fluorescently 

labeled self-cleavage sequence: Mca-AVLQ ↓ SGFRK (Dnp) K (purchased from GenScript, 

(excitation 320 nm, emission 405 nm).

The  assay  was  started  by  mixing  approximately  0.2  µM SARS-CoV-2Mpro  to  different 

amounts of substrate (10, 20, 40M) in order to set the best protein substrate concentration to 

detect Mpro activity.

The intensity of the fluorescence was measured by the DeNovix DS-11 FX + fluorometer.

The Mpro activity reported as reference for the tests was obtained by linear adaptation of the 

fluorescence curve in the presence of 40 M substrate concentration.

Subsequently, analyzes were performed at different temperatures.

Each reaction in a final volume of 200 mL was first incubated for 20 minutes at 16°C, 30°C 

and  37°C  without  substrate.  Following  the  addition  of  the  substrate,  the  fluorescence 

intensities were reported as relative fluorescence units (RFUs) and monitored every minute 

for a duration of 30 and 60 minutes at the above temperatures.

2. 8 Small-angle X-ray scattering (SAXS)

The recombinant SARS-COV-2-Mpro produced by E. coli were subsequently subjected to 

SAXS experiments in order to obtain structural details of equilibrium between the monomeric 

form and the dimeric form of the protein in solution.

The measurements were made on the B21 beamline of the Diamond Synchrotron (Didctot, 

UK), operating with a fixed camera length (4.014 m) at 12.4 keV (λ = 1.000 Å) and with a 
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flux of about 1012 photons per second. The samples were injected into the capillary (1.7 mm 

thick) by means of a robotic apparatus and measured 21 times with an exposure time of 1 

minute. Sars-Cov-2-Mpro samples were measured at the molar concentration of 3, 10, 20 and 

30 μM and at the temperature of 15 ° C, 25 ° C, 30 ° C, 37 ° C and 45 ° C.

All protein preparations were centrifuged for 10 minutes at 14000g prior to measurements, to 

remove aggregates or particles, and stored at 4 ° C.

During the analysis the samples were kept at room temperature.
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3. Results & Discussion 

3.1 Production and purification of SARSCoV2-Mpro in E. coli.

Once the recombinant plasmid PGEX-6-P1-Mpro was received and propagated, some tests 

were carried out to see what were the best conditions for its expression.

In particular, it was decided to study the effect of temperature on the expression yield. 

The expression was carried out at different temperatures, both lower (16°C and 30°C) than 

the  optimal  one  for  the  growth  of  E.Coli  (37°C),  and  equal.  This  is  because,  for  some 

proteins, low temperatures of expression are necessary for the correct folding of the amino 

acid  chain  and because  they are  not  incorporated  within  inclusion bodies  in  order  to  be 

eliminated.

The three temperatures used in this study were specifically chosen after a careful review of 

the  existing  literature,  because  we  wanted  to  investigate  and  compare  the  cell  culture 

reaction.

The induction temperature of 16°C was chosen as it was used in the very first production 

protocols of SARSCoV-2 Mpro published since the beginning of 2020 (Zhenming Jin et al.; 

2020).

The induction temperature of 30°C was chosen because it is the temperature at which the 

protein develops its active catalytic. (Yang, H. et al.; 2005).

Finally,  the  induction temperature  of  37°C was chosen because it  was recognized as  the 

optimal  temperature  for  the  growth  of  E.  coli  but  also  because  it  is  the  representative 

temperature of the “human organism”, intended as a host of SARSCoV-2.
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Cell cultures of BL21(DE3)pLysS containing PGEX-6P-Mpro were replicated at 37°C until 

reaching the OD600 of 0.6-0.8. Only at this point, when the IPTG was administered, did the 

cell cultures undergo a change in temperature.

A first  analysis  was  conducted  by  taking  samples  at  regular  intervals  to  monitor  the 

production of the protein of interest and understand if there was a relationship and what it 

was, between the induction time and the expression of the protein. Given that it  was not 

possible to identify with certainty the representative bands of the protein from the individual 

total lysate samples loaded on SDS-PAGE (and later also on western blot membrane with 

anti-His antibody) o/n as regards the culture placed at 16°C (such a low temperature should 

slow down the protein production of E.Coli cells). While for the cultures placed at 30°C and 

37°C, an induction for only three hours was chosen.

At the end of the set time, the purification process was studied step by step.

Already from the first steps of purification it was possible to notice a visible and substantial 

difference in the resuspension of the cell pellet (Fig. 1). 

Figure 1.: Resuspension of cell culture pellets of E. coli expressing SARSCoV-2 Mpro at 16°C, 30°C and
37°C.
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The total lysate shows different turbidity in the three different cultures. In fact, the culture 

that conducted an over night induction at 16°C looks like a rather milky solution. This data 

could be explained by a higher concentration of cells within the culture, which despite having 

been grown at a temperature considered "hostile" for the growth of this cell strain, having 

maintained it for a long time (over night) has, however, given way to them to replicate in a 

conspicuous way.

A difference in turbidity can also be found between the culture that conducted the induction 

at 37°C and the one that conducted it at 30°C. Although minimal, a slight difference can be 

seen: at 37°C the cells seem to have grown more, which can be explained by the fact that this 

is the temperature preferably used to replicate any cellular strain of E.Coli.

The purification steps were performed in parallel for all three cultures grown at the three 

different  temperatures.  No  other  detectable  differences  were  noted  in  the  course  of 

purification.

At the end of the purification, the purity of the protein obtained was evaluated using an SDS-

Page coloured with blue Coomassie.

From the detection of the SDS-Page electrophoresis, it was found that the expression at the 

three temperatures shows clearly different results (Fig. 2).

Figure 2:  Recombinant SARSCoV-2 Mpro purified from different batch of E. coli and detected with Coomassie
Blue Staining.
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In all three samples, it is possible to see a basically similar profile: in fact there is the fusion 

product given by the expression of SARSCoV-2 Mpro fused with GST; we find the free 

SARSCoV-2 Mpro and finally, we find degradation products probably due to the instability of 

the protein itself and its tendency to change its conformation in solution passing from dimer 

to monomer continuously.

The fusion product between GST and SARSCoV-2 Mpro, should not be present, given the 

autocatalytic  activity  that  characterizes  this  protein,  allowed  thanks  to  the  positioning, 

immediately after the GST sequence and before that of the protein itself, of the signal peptide 

autocatalysis. 

Note that, the representative band of this fusion product is particularly intense and relevant in 

the sample expressed at 16°C and contrasts with a rather weak band representative of the 

protein of interest. The explanation could lie in the fact that the choice of using such a low 

temperature  for  the  expression  of  the  protein  could  cause  unexpected  post-translational 

changes, responsible for unfolding events that would inhibit the autocatalytic activity of the 

protein itself, leading to an excessive presence of the fusion product of GST-Mpro, to the 

detriment of the yield of the free protein.

On the contrary, as regards the results obtained from the expressions carried out at higher 

temperatures (such as 30°C and 37°C), it can be seen that the presence of free SARSCoV-2 

Mpro is clearly greater than that of the melting product, which in any case does not it is never 

absent.  Furthermore,  there  are  no  substantial  differences  in  the  production  yield  of  the 

protein, to the vision of this gel, between the culture induced at 30°C and that induced at 

37°C. We can define them as comparable.

It has been proposed that the major proteases of the most common known Coronavirus exist 

as a mixture of monomer (65%) and dimer (35%) at a concentration of 1-2 mg/ml (Anand K. 

et al; 2003). Within this mixture, only the homodimeric form is able to operate the catalytic 

activities that distinguish the activity of the protein in question (Keqiang Fan et al; 2004). 

For this reason, a Size Exclusion Cromathography analysis was performed using a Superdex 

75 10/300 GL column in  order  to  be  able  to  separate,  based on their  molecular  weight, 

knowing that one is twice the other, the two protein components (Fig. 3).
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Figure 3: Size Esclusion Cromathography profile of Recombinant SARSCoV2-Mpro post purify.

The fraction corresponding to the dimeric form of the recombinant SARSCoV-2 Mpro was 

loaded on an SDS-PAGE gel to confirm the presence of the protein, recalling the denaturing 

activity of SDS (Sodium Dodecyl Sulphate), the reference lane for SARSCoV-2 Mpro shows 

a molecular weight corresponding to its monomer form (Fig. 4).

Figure  4:  Detection  SDS-PAGE  electrophoresis  of  Size  Esclusion  Cromathogrphy  fraction.  StD:standard 
molecular weight; C+: positive control; F7: representative fraction of SARSCoV2-Mpro dimer.
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3. 2 Activity Assay of Recombinant SARSCoV2-Mpro

To see if  the expression of the Main protease,  at  different  temperatures,  also affected its 

activity, we went to investigate with fluorimetric investigations.

Knowing that the main protease of SARSCov2 recognizes a specific amino acid sequence to 

make  cuts  along  the  polyprotein  produced  by  the  Coronavirus,  a  synthetic  substrate 

(purchased  from  GenScript)  was  selected  that  would  emit  fluorescence  when  the  Moro 

recognizes the specific sequence of cut. In this way, it’s possible to see if the recombinant 

protein produced, it is active.

The test was carried out according to the protocol reported, adding the substrate, after about 

20 minutes of  incubation at  30°C, of  the purified protein.  At this  point,  the fluorescence 

emission of the sample was detected, maintained at 30°C, every 60 seconds, for a total 20 

minutes.

The  incubation  temperature  used  was  recognized  as  the  temperature  at  which  the  Main 

protease is active (Yang, H. et al. 2005).

Each  sample  from  the  three  cultures  expressed  at  different  temperatures  was  analyzed 

individually.

As clearly represented in  the graphs below, the Main protease expressed at  temperatures 

higher than or equal to 30°C, is active (Fig. 5).
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Figure 5 :Activity assay results. Representative activity curve for Recombinant SarSCoV2-Mpro expressed at 
37°C; B.= SarSCoV2-Mpro expressed at 30°C;

On the other hand, it is curious to note that the same protein, expressed at 16°C, seems to 

show no activity, in disagreement with what is reported by Zhenming Jin et al; 2020
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During the execution of the experiment, it was noted that the protein sample expressed at a 

temperature of 16°C seemed to begin to emit a remarkable and constant fluorescence after the 

canonical 20 minutes of analysis. It was therefore decided to continue analyzing the sample, 

minute by minute, up to a total of 60 minutes.

The  SARSCoV-2  Main  protease,  expressed  at  16°C,  in  addition  to  showing  an 

expressionyield clearly lower than that of the other samples, seems to maintain inequalities 

also as regards the quantitative yield. This sample seems to have, in fact, a different kinetics 

than the proteins expressed at higher temperatures. In fact, its kinetics seem to be slower: 

after a first period of inactivity, the protein begins to cut the substrate and therefore to emit 

fluorescence allowing to detect a particularly positive signal for the next 40 minutes (Fig. 6).

Figure  6 : Activity assay results. Representative activity curve for 60 minutes at 30°C for Recombinant
SarSCoV2-Mpro expressed at 16°C.

The same analysis, with extended times up to 60 minutes, was also repeated for the main 

protease samples expressed at 30°C and 37°C, but the data were not considered relevant, the 

fluorescence emission, in fact, it tends to remain constant, or to decline, as we would expect 

from the data reported in the literature.
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A second test on the activity of the protein was conducted by changing the sample analysis 

temperature. It was decided to test a higher temperature, namely 37°C. This temperature was 

chosen to see if at temperatures similar to those of the human body the protein was active or 

if it was prone to typical denaturation phenomena.

The samples were then, again, analyzed individually, changing only the temperature at which 

the analysis of the activity was carried out.

It was very interesting to note that at this temperature, the SARSCoV-2 Mpro expressed at 

37°C is indisputably active.

Although minimal, even the SARSCoV-2 Mpro sample expressed at 16°C, shows a slight 

activity but it’s not relevant.

On the contrary, the culture expressed at 30°C is unequivocally inactive at this temperature. 

(Fig. 7)

Figure  7  :  Activity  assay  results.  Comparison  activity  curve  at  37°C  for  Recombinant  SarSCoV2-Mpro 
expressed at  37°C, 30°C, and 16°C.

�68



According to this study, we can therefore state that the best conditions for the expression of a 

recombinant SARSCoV-2 Mpro are represented by an expression temperature of 37°C. 

In fact, this temperature allows an excellent yield of the protein both from a qualitative and 

quantitative point of view.

The yield of this purified recombinant protein is approximately 1mg/L of cell culture.

At the same time, the data obtained from the activity assay cannot but lead us to the reflection 

that if the biological activity of this protein is strictly dependent on its dimeric form (Keqiang 

Fan  et  al;  2004),  it  will  therefore  be  directly  connected  to  the  balance  of  association/

dissociation of the monomer/dimer form present in solution.

Although the activity experiments were conducted with samples containing Maine protease 

fractions in dimeric form (to see Fig. 3 for the SEC fraction), it is not possible to be sure that 

the  protein  in  solution  does  not  tend  to  return  to  its  monomeric  form and  consequently 

inactive. 

Despite a large amount of experimental information already available regarding Coronavirus 

Main protease, there is wide disagreement on the SARSCoV-2 Mpro equilibrium monomer-

dimer  dissociation  constant.  For  this  reason,  the  small  angle  X-ray  scattering  technique 

(SAXS)  was  chosen  to  investigate  the  structural  characteristics  of  the  recombinant 

SARSCoV-2  Mpro  monomer-dimer  equilibrium,  in  order  to  reveal  the  corresponding 

equilibrium dissociation constant and associated thermodynamic parameters.

3. 3 Small angle X-Ray Scattering 

The  dimer-monomer  balance  of  SARSCoV-2  Mpro  was  studied  at  different  protein 

concentrations  by  performing  SAXS  experiments  in  solution  in  the  temperature  range 

between 15°C and 45°C.

SARSCoV-2  Mpro  SAXS  data  were  recorded  on  the  B21  beamline  of  the  Diamond 

Synchrotron (Didctot, UK) at different protein concentrations and also temperatures and are 

shown as log-log plots (Fig. 8).

�69



Figure 8 : SAXS experimental data of SARS-CoV-2 Mpro without inhibitors and best theoretical fits obtained 
by  GENFIT  software  (solid  black  and  white  lines).  Each  panel  reports  a  dataset  obtained  at  the  same 
temperature.

It  has  been  hypothesized  that  the  SAXS curves  obtained  from this  analysis  describe  an 

interaction  system  between  monomers  and  dimers  of  Main  protease,  according  to  the 

thermodynamic equilibrium dissociation process given by the relationship:

The corresponding equilibrium dissociation constant is :

Where: C is the total molar concentration of monomers; x1 is the molar fraction of proteins 

that remain in the monomeric state; ∆GD is the dissociation Gibbs free energy change; R is 

the universal gas constant and T the absolute temperature. 
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The most important parameter obtained from the simultaneous adaptation of the SAXS data 

is the dissociation constant K°D, which resulted equal to 7 ± 1 μM, in good agreement with 

the  value  obtained  by  Graziano  et  al.  on  the  very  similar  main  protease  of  SARSCoV 

(Graziano et al.; 2006). The corresponding dissociation Gibbs free energy is ∆G°D ≃ 30 kJ 

mol - 1, a value quite similar to that observed for the dissociation of the β-lactoglobulin 

dimer at neutral pH (Apenten et al; 2002). It should be noticed that in a dissociation process, 

many  factors  other  than  translational  and  rotational  motions  contribute  to  a  positive 

dissociation entropy and it is difficult to separate them. One such factor is, without doubts, 

the removal of about 200 hydration water molecules from the monomer-monomer interface 

when the dimer is formed (Apenten et al; 2002).  The change of the heat capacity at constant 

pressure upon dissociation resulted positive and large. This parameter indirectly describes the 

monomer-monomer interface, as it can be attributed to the hydration and correlates with the 

interface size (Janin et al; 1995).

When dissociation heat capacities are positive and large, temperature meaningfully increases 

monomer-monomer affinities.  This  is  our  case:  the Mpro large dissociation heat  capacity 

might  be  directly  correlated  with  the  SARS-CoV-2  infective  efficiency  as  a  function  of 

temperature. 

However, a further investigation on the monomer-monomer interface area and its relationship 

with  the  dissociation  heat  capacity  (Horton  et  al.;  1992)  requires  further  calorimetric 

experiments in order to obtain lower estimation errors. Finally, the relative density of the 

hydration shell is slightly larger than one, in agreement with previous literature results on 

globular proteins (Svergun et al.; 1998; Sinibaldi et al.; 2007; Sinibaldi et al.; 2008).

Since  the  dimerization  process  is  a  fundamental  key  for  the  biological  activation  of 

SARSCoV-2 Mpro, several therapeutic strategies against covid-19 are relying on inhibitors 

that also (or only) act on the Mpro dimerization interface (6,12, 13). 

In  light  of  this,  SAXS investigations  were  also  used  to  investigate  how the  dissociation 

process of Mpro can be influenced by 7 small inhibitors selected through a combinatorial 

design.

The  SAXS curves  of  SARSCoV-2  Mpro  samples  obtained  in  the  presence  of  the  seven 

selected potential inhibitors at two concentrations and at different temperatures are shown in 

Fig. 9.
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Figure  9 : SAXS data of SARSCoV2-Mpro with inhibitors at different concentrations and temperatures. Each 
panel reports curves at the same temperature. Red, green, blue, orange, dark-green, cyan and magenta refers to 
inhibitor 1, 2, 3, 4, 5, 6 and 7, respectively. Thin and thick lines refer to inhibitor concentrations of 30 and 60 
μM, respectively. Subsequent curves are multiplied by a factor 3.0 for clarity. Solid black and white lines are the 
best fits obtained by GENFIT.

The  SAXS  data  were  analyzed  with  the  same  approach  adopted  for  the  data  without 

inhibitors,  with  the  further  hypothesis  that,  for  each  compound,  the  thermodynamic 

parameters are linear functions of its CI concentration.

the calculated SAXS curves are superimposed on the experimental curves and the resulting 

common thermodynamic fit parameters are shown in Table 1.

Table 1 Top panel: common thermodynamic fitting parameters of the analysis of SAXS data for SARSCoV-2 
Mpro samples with inhibitors.  Middle and bottom panels:  dissociation constants derived by the analysis of 
SAXS data for SARS-CoV-2 Mpro samples with inhibitors.
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The inhibitors with the lowest values of αG are those that mostly favour dimer dissociation. 

Results reported in table1 suggest that compounds 1, 6, and 7 are, within the experimental 

error, mostly able to increase the dissociation equilibrium constant, which at CI = 30 μM 

becomes as large as ≈ 15 μM and, at CI = 60 μM almost doubles its value, reaching ≈ 30 μM. 

Inhibitor 5 is slightly less active: at CI = 60 μM we found a dissociation equilibrium constant 

of ≈ 20 μ M. The other three compounds, 2, 3 and 4, do not show any statistically significant 

difference  with  respect  to  the  results  in  the  absence  of  inhibitors.  Despite  the  high 

uncertainties on αCp and αS, their negative values suggest that upon dissociation there are 

changes  of  heat  capacity  and  of  entropy  smaller  than  those  observed  without  inhibitors, 

indicating that inhibitors increase the monomer order. 

Contrary to what has just been reported by the results obtained from the SAXS analyzes of 

SARSCoV2-Mpro in the presence of the 7 inhibitors, the activity assay with fluorescence 

inhibition of the same samples shows different results. In fact, as can be seen from figure 10 

it  seems  that  the  same  inhibitors,  considered  particularly  effective  in  increasing  the 

dissociation equilibrium constant, do not significantly change the biological activity of the 

analyzed protein.

In particular, compounds 2, 4, 5 and 7 induced irreversible inactivation of the enzyme, while 

compounds 1 and 6 were rather inactive (Fig. 10).
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Figure10: Fluorescence inhibition curves of the selected compounds, as indicated in each frame. The straight 
lines are the best fitting lines obtained considering data points comprised between the time indicated by the 
arrow and 30 min. The slope of the straight line is reported in each frame.
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4.  Conclusion

In  summary,  the  results  obtained show that  the  optimal  conditions  for  the  production of 

recombinant SARSCoV2-Mpro in a bacterial expression system are a recovery of 3 hours, 

following the induction of protein expression with IPTG.

These conditions ensure an excellent quantitative and qualitative yield of the recombinant 

protein, which is perfectly active in a temperature range between 30 ° C and 37 ° C.

Furthermore, it has been established that the inhibitory effect of compounds designed to bind 

the  catalytic  site  of  SARSCoV2-Mpro,  thus  preventing  its  biological  activity,  does  not 

necessarily change the dimer-monomer balance of the protein. On the other hand, we have 

also  observed  that  compounds  capable  of  causing  dissociation  of  the  dimeric  form  of 

SARSCoV2-mpro do not always show inhibitory effects, as evidently demonstrated in Fig.1.

Figure 1: Correlation map between the catalytic activity, represented by the RFU slope m, and dimer dissociation capability,
measured by the dissociation constant KD at 30◦ C, of the seven SARS-CoV-2 Mpro inhibitors at CI =60μM.
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The points on the map can be divided into two populations. In red the inhibitory compounds 

3,5 and 7 are highlighted. These compounds show the expected behavior: the stronger their 

ability to induce the dissociation of Mpro, the more important is their inhibitory effect on the 

activity of the protein.

Therefore,  the  hypothesis  is  confirmed  that  the  molecular  mechanisms  underlying  the 

inhibition  in  the  active  site  are  directly  linked  to  the  ability  of  the  aforementioned 

compounds, to cause the dissociation of the dimeric form.

On the contrary, in blue are highlighted inhibitory compounds 1, 2, 4 and 6 that show an 

opposite behavior: despite the obvious dissociation of the dimeric form, is not simultaneously 

detected an inhibition of the catalytic activity of Mpro.

This  apparently  contradictory  result  can  be  partly  explained  by  considering  that,  in  all 

reported cases, the dissociation equilibrium is weak.

Furthermore,  considering  a  sample  of  SARSCoV2-Mpro in  which  both  forms of  protein 

(dimer and monomer) are present in solution, it can be stated that the presence of a compound 

that  alters  the  dimer-monomer  balance  will  not  necessarily  lead  to  an  obstacle  to  the 

interaction of the protein with the substrate, as Mpro dimeric molecules are always present 

which can exert their enzymatic activity when a substrate is available.

This work provides further evidence of the complex interaction between inhibition of enzyme 

activity and dimeric dissociation. Furthermore, it shows for the first time the contribution of 

the SAXS technique, combined with advanced data analysis, to obtain structural information 

on SARSCoV-2 Mpro in solution and in the presence of promising inhibitors.

The reported results suggest that more experimental evidence on SARSCoV2-Mpro monomer 

and dimer impairment in the presence of inhibitors corroborated by computational results will 

be needed for a deeper understanding of the allosteric mechanism of Mpro.
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Closing Remarks

The final comments from this thesis concern a few different points, that we think relevant. 

First,  this  study  demonstrated  once  again  that  the  production  and  the  availability  of 

recombinant proteins as pure as possible and in the required (large) quantities opens the way 

to  structural  and  biophysical  studies  that  may  be  necessary  premise  for  technological 

applications of great interest to the entire community. Second, especially within eukaryotic 

expression systems, we observed that even small modifications of the production protocols 

could make large differences in protein yield,  purity and stability.  Indeed, the continuous 

demand  for  large  quantities  of  different  proteins  for  studies  of  all  kinds  has  led  to  the 

development and research of increasingly efficient methods and reagents for the production 

of  recombinant  proteins.  The  case  of  the  human  hemoglobin  receptor  CD163  can  be 

considered exemplar: we demonstrated in fact that the protein, which is human, exhibits a 

more efficient expression in a Baculovirus system than in human embryonic cells. The ease 

of culture, infection and high yields achievable by insect cells makes this system the best 

candidate  for  large-scale  production  of  Cd163.  This  system,  in  fact,  not  only  allows  an 

increase in the production yield of the protein of interest with respect to mammalian cells, but 

also  enables  faster  times  and  overall  higher  quality  of  Cd163  expression  for  future 

applications.  Third,  the  subsequent  biophysical  and  structural  analyses  of  the  produced 

proteins were in part not concluded and in part very successfully. At one side, the verification 

of the physiological activity of recombinant Cd163 did not produce the expected results: the 

binding of this receptor with the Haptoglobin-Hemoglobin complex resulted neither stable 

nor quantitatively relevant. The additional studies performed to verify the structural stability 

and folding of  the  produced protein  and of  its  ligand confirmed the  good quality  of  the 

different molecules. To date it is known that the link between CD163 and the Hp-Hb complex 
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does not occur suddenly and that small mutations, even a specific site of single amino acids, 

can  prevent  the  recognition  between  the  aforementioned  molecules  (Marianne  JN et  al.; 

2013). Further analyzes are then necessary to better understand and solve the problems that 

limit the formation of the Cd163/Hp-Hb complex. It  should be noticed that the structural 

characterization by means of cryo-electron microscopy, initially planned in collaboration with 

the group of Biochemistry of the Roma Sapienza University for the conclusion of this study, 

have been postponed due to the spread of the COVID-19 pandemic. On the other side, the 

spread of the COVID-19 pandemic,  albeit  in part  limiting for the work presented in this 

thesis, has allowed us to contribute to the advancement of scientific discoveries regarding 

SARS-CoV-2. In fact, because the regulations that did not allow to move between different 

laboratories to complete the structural work on Cd163, we decided to quickly move to the 

investigation of the structural properties of the main protease (Mpro), a SARS-CoV-2 protein 

responsible of the cleavage the polyproteins encoded by the virus. The expression study was 

conducted in the E. coli host system. This system was chosen because it is inexpensive, offers 

fast  culture  times  and  the  ability  to  obtain  high  biomass  with  high  protein  yields.  The 

presented results show that functionally active Mpro can be produced and that an expression 

temperature  of  37 °C allows to  obtain the best  qualitative /  quantitative ratio.  The same 

temperature does not seem to affect the biological autocleave activity of the protease. It is 

necessary to emphasize the importance of an extended expression study for the proteins of 

interest; in fact, biophysical techniques used for characterization often require large quantities 

of proteins.  As Mpro is functionally active in the form of a homodimer, SAXS techniques 

were used to define the equilibrium dissociation constant between the monomeric and the 

dimeric forms and to evaluate how the dimerization process is affected by small inhibitors 

selected by virtual screening. We find that these inhibitors affect dimerization and enzymatic 

activity to a different extent and sometimes in an opposite way, likely due to the different 

molecular  mechanisms  underlying  the  two  processes.  This  work,  recently  published  in 

Scientific Reports  and reported in the appendix, provides further evidence of the complex 

interaction between inhibition of enzyme activity and dimeric dissociation.	Moreover,  the 

analysis suggested a few Mpro amino acid residues that  emerge as key to optimize both 

dissociation and enzymatic activity inhibition and that can be the basis for the development of 

future drug molecules.
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The dimer‑monomer equilibrium 
of SARS‑CoV‑2 main protease 
is affected by small molecule 
inhibitors
Lucia Silvestrini1, Norhan Belhaj2, Lucia Comez3, Yuri Gerelli2, Antonino Lauria4, 
Valeria Libera5, Paolo Mariani2, Paola Marzullo4, Maria Grazia Ortore2, 
Antonio Palumbo Piccionello4, Caterina Petrillo5, Lucrezia Savini1, Alessandro Paciaroni5 & 
Francesco Spinozzi2*

The maturation of coronavirus SARS‑CoV‑2, which is the etiological agent at the origin of the COVID‑
19 pandemic, requires a main protease  Mpro to cleave the virus‑encoded polyproteins. Despite a 
wealth of experimental information already available, there is wide disagreement about the  Mpro 
monomer‑dimer equilibrium dissociation constant. Since the functional unit of  Mpro is a homodimer, 
the detailed knowledge of the thermodynamics of this equilibrium is a key piece of information for 
possible therapeutic intervention, with small molecules interfering with dimerization being potential 
broad‑spectrum antiviral drug leads. In the present study, we exploit Small Angle X‑ray Scattering 
(SAXS) to investigate the structural features of SARS‑CoV‑2  Mpro in solution as a function of protein 
concentration and temperature. A detailed thermodynamic picture of the monomer‑dimer equilibrium 
is derived, together with the temperature‑dependent value of the dissociation constant. SAXS is 
also used to study how the  Mpro dissociation process is affected by small inhibitors selected by virtual 
screening. We find that these inhibitors affect dimerization and enzymatic activity to a different extent 
and sometimes in an opposite way, likely due to the different molecular mechanisms underlying the 
two processes. The  Mpro residues that emerge as key to optimize both dissociation and enzymatic 
activity inhibition are discussed.

ἀ e COVID-19 pandemic is the ongoing worldwide health emergency caused by the coronavirus SARS-CoV-2 
(severe acute respiratory syndrome-cororavirus-2)1,2. Coronaviruses (CoVs) are enveloped positive-stranded 
RNA viruses; once the virion gets into the cell, the single-strand RNA translates into two overlapping polypro-
teins, termed pp1a and pp1ab, which mediate viral replication and proliferation. ἀ e virus maturation involves 
a highly complex cascade of proteolytic processing events on these polyproteins: most cleavage events are ruled 
by a nonstructural protein, the CoV main protease  (Mpro, also known as 3CLpro ), a three-domain (domains I 
to III)  protein3. ἀ e enzyme shows first autolytic cleavage from pp1a and pp1ab, then starts processing the two 
polyproteins at no less than 11 conserved  sites3.

Because of this mechanism of action, inhibiting  Mpro might lead to an attenuation of the viral infection. 
Indeed, this enzyme is a very attractive target for anti-CoV drug design: the  Mpro sequence is highly conserved 
among various  CoVs4, as mutations of  Mpro turn out to be often fatal for the  virus5. ἀ us, the risk of mutation-
mediated drug resistance is very low and inhibitors will display broad-spectrum antiviral activity. In addition, 
 Mpro inhibitors are unlikely to be toxic because human proteases have different cleavage specificity. A second 
point should be however considered: the published X-ray structures of SARS-CoV-2  Mpro, obtained both in the 
presence and in the absence of  inhibitors6,7, revealed that two  Mpro monomers form a functional active homodi-
mer, as already detected in different  coronaviruses3, which share with SARS-CoV  Mpro almost all the amino-
acids involved in the dimerization. In such homodimer, the two monomers are arranged almost perpendicular 
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to each  other7 and each monomer comprises the catalytic dyad His41-Cys145 and the substrate-binding site 
located in a cleft between domains I and II. Domain III, which contains five α-helices arranged into a globular 
cluster, is directly involved in controlling the dimerization of  Mpro mainly through a salt-bridge between Glu290 
of one monomer and Arg4 of the  othe r8. Quite remarkably, while individual monomers are enzymatically inac-
tive,  Mpro is active in the dimeric form. ἀ e structural reason behind the functionality of the dimer is probably 
due to the interaction of the N-finger of each of the two monomers with Glu166 of the other monomer, which 
establishes the shape of the so-called S1 pocket of the substrate-binding  site9. To approach this interaction site, 
the N-terminal amino acid residues are squeezed in between domains II and III of the parent monomer and 
domain II of the other  monomer7.

According to these considerations, two different strategies have been considered for the development of 
therapeutic agents: first, direct inhibition of the catalytic site by using molecules targeting the substrate binding 
pocket; second, attenuation of the catalytic activity by using inhibitors targeting the dimerization site. ἀ e second 
alternative is strictly related to the  Mpro equilibrium between dimers and monomers in solution. ἀ e thermo-
dynamic equilibrium of  Mpro dissociation process has been recently studied by analytical ultracentrifugation. 
Sedimentation velocity experiments provided a value of about 2.5 µ M for the apparent dimer dissociation con-
stant KD

7. However, a more recent estimate by mass-spectrometry based assays established for KD a much lower 
value of 0.14± 0.03 µ M, indicating that  Mpro has a stronger preference to dimerize in solution than expected. 
In the case of SARS-CoV  Mpro, an even wider discrepancy among the different estimates of the dimer-monomer 
dissociation constants has been observed, with the values of KD provided by various experimental techniques 
falling in a range from 230± 30 µM10 down to 0.19± 0.03 µM11. In this framework, synchrotron Small Angle 
X-ray Scattering (SAXS) can be a very sharp method to determine  Mpro dimer-monomer equilibrium in solution. 
In fact, beyond pioneering SAXS studies performed also by some of us to investigate the thermodynamic features 
related to β-lactoglobulin  dimerization12–15, this approach has more recently provided noticeable information in 
many  issues16,17. Among them it is worth citing the case of A3G, a key enzyme for HIV-1  infection18, of LRRK2 
protein, linked to Parkinson’s  disease19. Hence, given the above mentioned uncertainty on the KD value that 
rules  Mpro dimerization, we decided to take advantage of SAXS to provide new insights on the SARS-CoV-2 
 Mpro dimer-monomer equilibrium. ἀ e study was performed both in the absence and in the presence of a set 
of in-silico selected small inhibitors, whose activity was spectroscopically assayed, in order to simultaneously 
test their therapeutic potential with respect to dimerization inhibition. By measuring the large-scale structural 
features of SARS-CoV-2  Mpro as a function of temperature, protein concentration and in the presence of differ-
ent amounts of inhibitors we provide an accurate thermodynamic picture of the SARS-CoV-2  Mpro inhibitor-
dependent dimerization process.

Results
Our biophysical multi-technique approach, mainly based on SAXS, by which we studied the effects of potential 
inhibitors of the SARS-CoV-2  Mpro on the dimerization process and the connection with the catalytic activity, 
is reported in the flowchart shown in Fig. 1. We have first derived the thermodynamic parameters controlling 

Figure 1.  Graphic display of the flowchart of the biophysical method described in the text.
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the  Mpro dimer-monomer equilibrium in solution by SAXS and CD spectroscopy techniques in the absence 
of inhibitors. Considering the results obtained by Graziano et al.20 for the SARS-CoV  Mpro, we have chosen to 
investigate a range of protein concentrations from 3 and 30 µ M, the molarity being expressed in terms of  Mpro 
monomers. It should be noted that, using these protein concentrations, one can discriminate between values of 
the dissociation constant that fall in the quite wide range of ≈ 0.2− 200 µ M (see Eq. 2).

Subsequently, we have studied by SAXS experiments the  Mpro dimer-monomer equilibrium in the presence 
of a series of potential inhibitors, selected from an in-house database containing commercial and synthetic 
compounds. Just one protein concentration, 30 µ M, and two concentrations of inhibitors, 30 and 60 µ M, cor-
responding to an inhibitors-to-monomer  Mpro molar ratio of 1 and 2, have been investigated. Activity assays 
were also performed and results are correlated with the  Mpro dimerization inhibition.

Mpro dimerization and thermal stability. ἀ e dimer-monomer equilibrium of SARS-CoV-2  Mpro has  
been investigated at different protein concentrations by performing in-solution SAXS experiments in the tem-
perature range between 15◦ and 45◦ C and far-UV CD measurements at room temperature. Far-UV CD spec-
troscopy was also used to study the  Mpro thermal stability, monitoring the unfolding transition between 10◦ and 
80◦ C.

SAXS. SAXS data of SARS-CoV-2  Mpro recorded at the B21 beam-line of the Diamond Synchrotron (Didctot, 
UK) at different protein concentrations and temperatures are shown as log-log plots in Fig. 2, top panels.

We have assumed that SAXS curves arise from both  Mpro monomer and dimer species, according to the 
thermodynamic equilibrium dissociation process given by the relationship:

ἀ e corresponding equilibrium dissociation constant is
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Figure 2.  SAXS data and fits. Top panels: SAXS experimental data of SARS-CoV-2  Mpro without inhibitors 
and best theoretical fits obtained by GENFIT  software21,22 (solid black and white lines). Each panel reports 
a dataset obtained at the same temperature, as shown in the top left corner, and at different nominal protein 
concentration C◦ . Bottom panels: SAXS data of  Mpro at fixed concentration C◦=30 µ M in the presence of 
inhibitors. Each panel reports the curves at the same temperature, shown in the bottom left corner. Red, green, 
blue, orange, dark-green, cyan and magenta refers to inhibitor 1, 2, 3, 4, 5, 6 and 7, respectively. ἀin a nd thick 
lines refer to inhibitor concentrations CI of 30 and 60 µ M, respectively. Subsequent curves are multiplied by a 
factor 3.0 for clarity. Solid black and white lines are the best fits obtained by  GENFIT21.



4

Vol:.(1234567890)

Scientific Reports |         (2021) 11:9283  | https://doi.org/10.1038/s41598-021-88630-9

www.nature.com/scientificreports/

where C is the total molar concentration of monomers, x1 is the molar fraction of proteins that remain in the 
monomeric state, �GD is the dissociation Gibbs free energy change, R is the universal gas constant and T the 
absolute temperature. To note, Eq. (2) can be solved in terms of x1,

According to classical thermodynamics, the temperature dependence of �GD is

where �G◦
D = −RT◦ log K

◦
D is the dissociation Gibbs free energy at the reference temperature T◦ = 298.15 K 

( K◦
D being the associated equilibrium constant), �CpD

 is the change of the constant pressure heat capacity upon 
dissociation (here supposed independent on T) and �S◦D is the dissociation entropy at T◦.

ἀ e macroscopic differential scattering cross section, which is the experimental information provided by a 
SAXS curve, for a system of interacting monomers and dimers can be written as

NA being Avogadro’s number, κ an unknown fraction of the nominal protein molar concentration CN ( C = κCN ), 
B an arbitrary flat background that takes into account possible uncertainties in the determination of transmis-
sions of proteins and buffers samples. P(q) represents the average form factor of the system

where Pj(q) stands for the form factor (which is the orientational average of the excess squared X-ray scattering 
amplitude) of the  Mpro monomer ( j = 1 ) or dimer ( j = 2 ). We have calculated Pj(q) from the the crystal structure 
of SARS-CoV-2  Mpro dimer recently  determined7 (PDB code 6y2e) considering one chain ( j = 1 ) or both chains 
( j = 2 ) by means of the SASMOL  metho d23. ἀ is method takes into account the contribution to the scattering 
due to the hydration water molecules around the protein, whose positions are found by embedding the atomic 
structure in a tetrahedral close packed lattice. For SARS-CoV-2  Mpro monomer and dimer, 726 and 1243 hydra-
tion water molecules have been respectively calculated, suggesting that for the dimer formation about 200 water 
molecules are removed from the hydration shell of both monomers. Hence, the water molecules attributed to 
each monomer decrease from 726 to 621 upon  Mpro dimerization. ἀ is indicates that the dimerization process 
is accompanied with slight structural changes reducing the average area accessible to solvent. ἀ e SM(q) term in 
Eq. (5) is the so-called “measured” structure factor, which describes the long range intermolecular interactions 
among all the particles in solution. For sake of simplicity, here we consider a common effective structure factor 
that takes into account monomer-monomer, monomer-dimer and dimer-dimer interactions. Considering that 
at low q all the experimental scattering curves (Fig. 2 top panels) show a positive deviation from a Guinier trend, 
indicative of the prevalence of protein-protein attraction with respect to repulsion, we have approximated the 
structure factor by the one of fractal distribution of inhomogeneities developed by  Teixeira24, whose main param-
eters are D, the fractal dimension of the aggregates, r0 , the effective radius of the aggregating protein molecule and 
ξ , the correlation length, which can be interpreted as the average size of the aggregates (see Eqs. 10, 11 and 12).

ἀ e above described model, which combines SARS-CoV-2  Mpro thermodynamic and structural features, has 
been adopted to simultaneously analyze the whole set of the SAXS curves, recorded at different temperatures and 
concentrations, shown in Fig. 2, top panels. Fitting parameters shared by all the curves are K◦

D , the dissociation 
equilibrium constant at T◦ , �CpD

 , the constant pressure heat capacity upon dissociation, �S◦D and the dissociation 
entropy at T◦ . Another parameter common to all the curves is the relative mass density of the hydration water (in 
general higher than 1), dh , which is taken into account in the SASMOL  metho d23. ἀ e shared fitted parameters 
are shown in Table 1, while all the other are reported in Supplementary Table S1.

ἀ e most important parameter obtained by the simultaneous fit of SAXS data is the dissociation constant 
K◦
D , which turns out to be 7± 1 µ M, in good agreement with the value obtained by Graziano et al.20 on the very 

similar main protease from SARS-CoV. ἀ e corresponding dissociation Gibbs free energy (calculated with 
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Table 1.  ἀ ermodynamic parameters resulting from the global fit of SAXS data for SARS-CoV-2  Mpro without 
inhibitors at different temperatures and concentrations.

K◦
D (µM) 7 ± 1

�CpD (kJ mol
−1 K−1) 1.7 ± 0.7

�S◦D (J mol
−1 K−1) 50 ± 20

dh 1.100 ± 0.006
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Eq. 2) is �G◦
D ≃ 30 kJ mol−1 , a value quite similar to the one observed for the β-lactoglobulin dimer dissocia-

tion at neutral  pH25. Regarding the dissociation entropy, we have obtained a positive value, 50± 20 J mol−1 K−1 , 
meaningfully smaller with respect to the one derived for the above mentioned β-lactoglobulin  case25. It should 
be noticed that in a dissociation process, many factors besides translational and rotational motions contribute 
to a positive dissociation entropy and it is difficult to separate them. One such factor is certainly the removal of 
about 200 hydration water molecules from the monomer-monomer interface when the dimer is formed. ἀ e 
change of the heat capacity at constant pressure upon dissociation resulted positive and large. ἀi s parameter 
indirectly describes the monomer-monomer interface, as it can be attributed to the hydration and correlates 
with the interface  size26. ἀ e set of parameters reported in Table 1 allows to calculate the  Mpro equilibrium dis-
sociation constant, together with its standard deviation, at any temperature. Results are shown in Supplementary 
Fig. S1, top left panel. We notice a slight increase of KD with T, an effect that is mainly due to the large increase 
of the constant pressure heat capacity upon dissociation. However, a further investigation on the monomer-
monomer interface area and its relationship with the dissociation heat  capacity27 requires further calorimetric 
experiments in order to obtain lower estimation errors. Finally, the relative density of the hydration shell is little 
more than one, in agreement with previous literature results on globular  proteins28–30. ἀ e determination of the 
thermodynamic features of the dimer-monomer equilibrium of  Mpro, in conditions quite similar to those found 
in vivo, is a fundamental step to investigate the effects of drugs aimed to inhibit dimerization and underlines the 
importance to further investigate  Mpro monomer-monomer interface by in-solution techniques.

Far-UV CD. To provide further insights on the dimer-monomer equilibrium, we have measured the far-UV 
CD spectra of  Mpro at three different concentrations, as shown in Fig. 3, left panel.

At the higher concentration of  16 µ M, the ellipticity shows a minimum wavelength �min at about 221 nm and 
a shoulder centered at about 208 nm, which are typical of proteins with α-helical and β-sheet  content31,32, fully 
consistent with the structural features of the SARS-CoV-2  Mpro7, in agreement with CD measurements of the 
same  enzyme33 and of the very much similar SARS-CoV  Mpro34. As concentration decreases, �min shifts towards 
lower values, thus reporting an increase of the β-sheet component at the expense of the α-helical  content31. 
Quite interestingly, if we take the dissociation constant of KD = 7± 1 µ M, in the concentration range from 2.5 
to 16 µ M a decrease of about a factor 2 in the fraction of monomers is expected (from around 0.67 to 0.36, see 
Eq. 3). ἀi s large shift in the dimer-monomer populations can reasonably yield the changes occurring to the  Mpro 
secondary structure and revealed by CD spectroscopy. Within this working hypothesis, we can describe the �min 
trend in terms of the dimer-monomer equilibrium through the following expression:

where we take a fixed value of KD = 7 µ M as estimated by SAXS, while �min
mon and �min

dim are the minimum wave-
length parameters corresponding to the monomer and the dimer spectra, respectively. As shown in the inset of 
Fig. 3 (left panel), the trend of the �min values is fitted in an excellent way with Eq. (7).

ἀ e thermal stability of the  Mpro has been characterized by monitoring the signal at 221 nm of the  Mpro sample 
at 16 µ M concentration, within the simplified hypothesis that the melting curve arises mainly from dimers. ἀ e 
rather sharp transition we have obtained is shown in Fig. 3 (right panel) and clearly suggests a two-state model, 
where the dimer unfolds and yields two random-coil monomeric chains:
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Figure 3.  CD data and fits. Left: far-UV CD spectra of SARS-CoV-2  Mpro at three different concentrations. ἀ e 
CD data are represented in molar ellipticity units. Inset: position of the minimum of the spectra as a function of 
the concentration (red circles). ἀ e continuous line represents an estimate of the minimum position based on 
Eq. (7). Results from the fit are: �min

mon = 216.4± 0.1 nm and �min

dim
= 222.9± 0.1 nm. Right: ἀ ermal melting 

of the SARS-CoV-2  Mpro (16 µ M concentration) followed by monitoring the far-UV CD signal at 221 nm. The 
continuous line results from the theoretical fitting model arising from Eq. (8).
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Considering the scheme 8, if we hypothesize that the dimer can unfold to two random-coil monomeric chains, 
we obtain an apparent melting temperature Tm of 50◦ C, with a melting Van’t Hoff enthalpy of �Hv = 810± 60  
kJ/mol. ἀi s value is in good agreement with the Van’t Hoff enthalpy �Hv ∼ 880 kJ/mol estimated through 
the equation �Hv = 4RT2

mCp,max/�Hcal from DSC  measurements33. It is also worth of note that, by taking 
�Hcal = 443 kJ/mol33, it turns out a ratio �Hv/�Hcal ∼ 1.8 : such a value larger than 1 is fully consistent with the 
unfolding transition coupled to the dimer dissociation. Quite interestingly, the thermal stability as revealed by 
CD measurements supports a view where about 90 the folded state in the temperature range investigated by SAXS 
experiments, i.e. up to 45◦ C, thus validating the model we used to interpret the corresponding scattering curves.

Mpro dimer‑monomer equilibrium in presence of inhibitors. In-silico inhibitor selection. To identify 
new inhibitors of SARS-CoV-2 main protease from a large in-house database, we applied the in silico protocol, 
recently proposed by some of  us35. ἀ e flowchart of the adopted protocol is depicted in Supplementary Fig. S2. 
As a first step, we performed molecular docking studies on the compounds present in the database to analyze 
their binding capability in the catalytic active site of the SARS-CoV-2  Mpro (PDB code 6y2f)7, as detailed in the 
Materials and Methods section. Supplementary Fig. S3 shows the 3D b inding active site of SARS-CoV-2  Mpro 
co-crystallized with the native inhibitor 13b7 covalently bonded to Cys145. ἀ e ligand binds to the enzymatic 
catalytic cleft of the protease located between domains I and II. ἀ e 3D binding site representation (Supplemen-
tary Fig . S3) highlights the interactions with the amino acid r esidues involved in t he inhibition mechanism, 
such as Met49, Met165, Glu166, His164, Phe140, Gly143 and the catalytic Cys145. It is noteworthy the presence 
of hydrogen bonds between the pyridone moiety of ligand and Glu166, which rules the catalytic activity driv-
ing the SARS-CoV-2  Mpro to adopt an inactive conformation. ἀ e resulting best docked molecules have been 
selected based on a docking score cut-off of −6.5 kcal/mol and submitted to ligand based approaches, by taking 
advantage of t he web-service DRUDIT (DRUgs Discovery Tools), an open access v irtual s creening platform 
recently  developed36, which represents the evolution of previous well-established protocols based on molecular 
 descriptors37,38.

DRUDIT implements the ligand based template of SARS-CoV-2  Mpro, available in the Biotarget Finder tool, 
which has been recently proposed as a useful mean in the identification of new SARS-CoV-2  Mpro modulators. 
Subsequently, the ligands selected by molecular docking were submitted to DRUDIT, as elsewhere  reported35, 
allowing the evaluation of their affinity to SARS-CoV-2  Mpro by the values of Drudit Affinity Score (DAS). ἀ e 
features of the ligand-based approaches based on molecular descriptors enabled us to assess topological, thermo-
dynamic and charge-related characteristics of the ligands. ἀ us, two complementary standpoints in the evaluation 
of the binding capability (ligand- and structure-based) covered all the interaction aspects in the ligand-target 
complex. ἀ e top scored molecules (selected based on a DAS cut-off of 0.65) were processed by Induced Fit 
Docking (IFD) calculations to further screen the hits to submit to in-wet test. In Supplementary Fig. S4 and in 
Table 2 the seven best scored structures are reported. ἀ e analysis of the results in Table 2 shows as the selected 
compounds present similar overall scores ( IFD_score ). ἀi s confirms the robustness of the ligand-based approach 
exploited by DRUDIT, which is able to give an account of the receptor-ligand binding although it is based on 
molecular descriptors that, as known, do not take into consideration the 3D shape of the binding site.

Figure 4 reports the first two best scored molecules 3 and 7 (according to the IFD_score parameter) in the 
binding site (left panel) and their related amino-acid maps (right panel). ἀ e two molecules are deeply buried in 
the cleft of the substrate-binding pocket, but unlike the co-crystallized ligand 13b, they interact with a somehow 
different pattern of amino-acids. ἀ is evidence suggests that these compounds are not covalently bound to the 
SARS-CoV-2  Mpro catalytic site.

Mpro activity assays. ἀ e selected inhibitors have been tested for their efficacy to reduce the  Mpro activity. As 
reported in Fig . 5, t he time dep endence of substrate fluorescence after hydrolysis indicates t hat t he catalytic 
activity o f  Mpro changes in t he presence of t he s elected compounds. In p articular, compounds 2, 4, 5 an d 7 
induced an irreversible inactivation of the enzyme, while compounds 1 and 6 resulted rather inactive. For two of 
the most effective compounds (2 and 7) inhibition tests have been carried out as a function of the concentration. 
Unfortunately, we have not been able to perform this test for compound 4, which shows the best inhibition effi-
cacy, as it produces a fluorescence signal that partially obscures that of the substrate. Results are shown in Fig. 6 
(left panel). Percent inhibition data have been fitted with the Hill equation, p(CI) = 100/(1+ (IC50/CI)

n) , to 

Table 2.  IFD results for the seven selected inhibitors compared with the 13b compound.

Inhibitor Prime_Energy XPG_score IFD_score

1 −11527.6 −8.580 −584.958

2 −11360.0 −10.772 −578.774

3 −11674.5 −7.895 −591.618

4 −11497.2 −5.969 −580.827

5 −11517.1 −8.918 −584.772

6 −11489.6 −9.176 −583.655

7 −11561.2 −10.409 −588.468

13b −11736.3 −7.944 −594.758
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get the half maximal effective concentration, IC50 , and the Hill slope n. We obtained IC50 = 10.3± 0.2 µ M for 
2 and 15± 2 µ M for 7, with n = 5± 1 and 3± 1 , respectively. ἀ ese values of n larger than one indicate that the 
binding is positively cooperative, in agreement with other recent experimental  results40.

SAXS. SAXS curves of SARS-CoV-2  Mpro at nominal concentration C◦ = 30 µ M and in the presence of each 
of the seven selected potential inhibitors, at concentrations CI = 30 µ M (thin lines) or 60 µ M (thick lines), are 
reported in the bottom panels of Fig. 2 as log-log plots. Each panel refers to a different temperature, as indicated. 
Unfortunately, some of the foreseen conditions are missing (e.g. SAXS curves of inhibitor 5 at 60 µM), due to an 
experimental problem with the sample injection in the beam-line capillary. SAXS data have been analysed with 
the same approach adopted for data without inhibitors, with the further assumption that, for each compound, 
the thermodynamic parameters are linear functions of its concentration CI , namely �G◦

D = �G◦
D,0(1+ αGCI) , 

�CpD
= �CpD,0

(1+ αCpCI) , and �S◦D = �S◦D,0(1+ αSCI) . ἀ e three terms �G◦
D,0 = −RT◦ log K

◦
D,0 , �CpD,0

 
and �S◦D,0 are exactly the values already obtained from the analysis of SAXS data without inhibitors (reported 
in Table 1), and the three corresponding constant rates αG , αCp and αS are fitting parameters common to all the 
SAXS curves corresponding to the same inhibitor. ἀ e high quality of the fitting procedure can be appreciated 
in Fig. 2 (bottom panels), where the calculated SAXS curves are superposed to the experimental ones and the 
resulting thermodynamic common fitting parameters are shown in Table 3, first panel.

ἀ e inhibitors with the lowest negative values of αG (Table 3, first panel) are those that mostly favour dimer 
dissociation. Results reported in Table 3 suggest that compounds 1, 6, and 7 are, within the experimental error, 
mostly able to increase the dissociation equilibrium constant, which at CI = 30 µ M becomes as large as ≈ 15 µ M 
and, at CI = 60 µ M almost doubles its value, reaching ≈ 30 µ M. We indeed recall that, in the absence of inhibi-
tors, the value of K◦

D,0 is 7± 1 µ M (Table 1). Inhibitor 5 is slightly less active: at CI = 60 µ M we found a dissocia-
tion equilibrium constant of ≈ 20 µ M. ἀ e other three compounds, namely 2, 3 and 4, show a value of αG close 
to 0, indicating that they do not affect in a significant way the dimer-monomer equilibrium of  Mpro. Despite the 
high uncertainties on αCp and αS , their negative values suggest that upon dissociation there are changes of heat 
capacity and of entropy smaller than those observed without inhibitors, indicating that inhibitors increase the 
monomer order. ἀ e temperature dependence of the equilibrium dissociation constant KD is reported, for each 
inhibitor, in Supplementary Fig. S1. ἀ e large uncertainties on the fitting parameters determines the presence of 
wide bands of uncertainty on the KD trends. ἀi s is particularly evident for inhibitor 5, since SAXS data have been 

Figure 4.  3D binding modes of best scored compounds 3 and 7 into SARS-CoV-2  Mpro active site (left) and 
corresponding amino acid maps (right). ἀ e picture is elaborated by Maestro Schrödinger, version 10.2 (2017)39.
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recorded only for one inhibitor concentration. Hence, a word of caution is necessary regarding the temperature 
dependence of KD in the presence of the seven inhibitors obtained by the SAXS analysis.

From a close inspection of the single curve parameters, reported in Supplementary Tables S1 and S2, we 
observe that the value of the correlation length ξ is in the range 3000-4500 Åand rather independent of the tem-
perature and the presence of the inhibitors. ἀ e fractal dimension is ≈ 2 , suggesting a two-dimensional fractal 
growth of protein clusters in the presence of inhibitors.

Discussion
ἀ e active site of  Mpro monomer, which is highly conserved in different coronaviruses, is typically composed 
of four subsites, referred to as S1 ′  , S1, S2, and  S441–43. ἀ ey accommodate the corresponding domains P1 ′  , P1, 
P2, and P4 of the substrate or the ones of the inhibitor compound mimicking the  substrate44. ἀ e S1 ′  subsite is 
constituted by the two residues ἀr 24 and ἀ r25. ἀ e S1 subsite (also referred to as the S1  pocket43) is formed 
by the side chains of residues Phe140, Asn142, Glu166, His163 and His172 and by the main chains of Phe140 
and  Leu14144. As discussed by Sacco et al.43, S1 is considered a promising target for an inhibiting compound, 
as it can interact with both hydrophobic and hydrophilic groups. On the other hand, S2 is a hydrophobic sub-
site formed of the side chains of His41, Met49, Tyr54, Met165 and Asp187, while S4 is a small hydrophobic 
pocked that involves the side chains of Met165, Leu167, Phe185, Gln192 and  Gln18944. An unusual catalytic 
dyad, His41-Cys145, acts in the active site, where His41 is a proton acceptor whereas Cys145 is attacked by the 

Figure 5.  Fluorescence inhibition curves of the selected compounds, as indicated in each frame. ἀ e straight 
lines are the best fitting lines obtained considering data points comprised between the time indicated by the 
arrow and 30 min. The slope of the straight line is reported in each frame.
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carbonyl carbon of the substrate. Hence, a signature of the inhibiting power of a compound is its capability to 
form a covalent bond with  Cys14541, as very recently confirmed by Dai et al.42, who have found two promising 
inhibitors 11a and 11b. ἀ e importance of the protonation state of Cys145 as well as the network of hydrogen 
bonds between the catalytic site of  Mpro and inhibiting compounds has also been recently discussed by Kneller 
et al.45 by combining X-ray and neutron scattering data. On these grounds, the experimental results obtained in 
the present study, together with the structure of the seven inhibitors within the  Mpro active site determined by 
the refined molecular docking, can be discussed.

ἀ e interaction map of inhibitor 1 is shown in Supplementary Fig. S5. ἀ ere are a total of 11 contacts with 
amino acids of  Mpro monomer (Ser1, ἀr25, ἀr26, Ser46, Asn119, Leu141, Asn142, Cys145, Pro168, Arg188, 
Gln192), 2 of them (Ser46, Asn119) are hydrogen bonds. ἀ e residues of the catalytic dyad and the four subsites 
in contact with 1 are: Cys145 (dyad, 1 of 2 (50 of 2 (50 5 (20 To note, these contacts involve only one of the 
residues of the catalytic dyad, Cys145, without a hydrogen bond, whereas for inhibitor 13b there is a hydrogen 
bond with Cys145 (Supplementary Fig. S3). It is also worth to notice that Ser1 is among the residues in contact 
with inhibitor 1: since the mutual interaction of Glu166 of one monomer and the N-finger residues of the other 
monomer, like Ser1, has been proven to shape the catalytic  cleft7, we argue that this compound could destabilize 
the dimer, consistently with the high value of K◦

D = 26± 4 µ M at CI = 60 µ M. However, its enzymatic inhibition 
is very poor, as shown by the high similarity of the RFU slope with the one in the absence of inhibitors (Fig. 5). A 
possible explanation of this result could be the absence of any hydrogen bond with Cys145 as well as the absence 
of any contact with the residues of subsite S2.

Regarding inhibitor 2, the map of contacts shown in Supplementary Fig. S6 reveals a total of 10 interactions 
with the monomer chain (Met49, Asn142, Gly143, Cys145, Asp187, His164, Met165, Glu166, Arg188, Gln189); 
4 of them are hydrogen bonds (Asn142, His164, Glu166, Gln189) that do not involve the catalytic site. More 
in detail, the residues of the catalytic dyad and the four subsites in contact with 2 are: Cys145 (dyad, 1 of 2 (50 
Asn142 and Glu166 (S1, 2 of 6 (33 of 5 (60 We also note that 2 residues of S1, Asn142 and Glu166, interact with 
this inhibitor via a hydrogen bond. ἀi s evidence, together with the high number of contacts with S2 and S4, 
could explain the experimentally observed inhibition effect ( m = 5± 2 RFU/min, Fig. 5). To note, this compound 
does not modify the dimer-monomer equilibrium, being the fitting parameter αG almost 0 (Table 3) within the 
experimental error.

Turning now to inhibitor 3, we have found that it does not alter the native dissociation equilibrium of  Mpro 
( αG ≈ 0 , see Table 3) and also its inhibition effect, observed by fluorescence analysis, is week ( m = 23± 3 RFU/
min, slightly lower that the value in absence of inhibitors). ἀ e contact map of compound 3 (Fig. 4) shows a total 
of 12 interactions with the monomer chain (ἀr24, ἀr25, ἀr26, H is41, Ser46, Met49, Phe140, Leu141, Gly143, 
Met165, Leu167, Gln192), 2 of them being hydrogen bonds (ἀ r24, Ser46) and one (His41) a π − π stacking. 
ἀ e residues of the catalytic dyad and the four subsites in contact with 3 are: His41 (dyad, 1 of 2 (50 (S1 ′  , 2 of 2 
(100 His41, Met49 and Met165 (S2, 3 of 5 (60 (S4, 3 of 5 (60 We notice that with respect to compound 2, there 
are no hydrogen bonds with the five residues that stabilize the S1 pocket. ἀi s difference might be the reason 
for the weak inhibition effect.

Compound 4 is the most effective among the seven inhibitors ( m ≈ 0 , Fig. 5) even if it shows at CI = 30 µ M 
a dissociation equilibrium constant K◦

D = 6± 2 µ M slightly lower than the one without inhibitors (see Table 1). 
Indeed the parameter αG is positive but very close to 0 within the experimental error (Table 3), suggesting that 
compound 4 provokes a very weak stabilizing effect of the dimer. ἀ e contact map (Supplementary Fig. S7) 
shows 11 interactions with the monomer chain (ἀ r25, ἀ r26, Leu27, His41, Ser46, Met165, Glu166, Pro168, 
Gln189, ἀr190, G ln192), including one hydrogen bond (Gln189). ἀ e residues of the catalytic dyad and the 
four subsites in contact with 4 are: His41 (dyad, 1 of 2 (50 of 2 (50 (40 Only one of the five residues that stabilize 
the S1 pocket is among the ones in contact with this inhibitor, Glu166, which does not form a hydrogen bond. 

Table 3.  Top panel: common thermodynamic fitting parameters of the analysis of SAXS data for SARS-CoV-2 
 Mpro samples with inhibitors. Middle and bottom panels: dissociation constants derived by the analysis of 
SAXS data for SARS-CoV-2  Mpro samples with inhibitors.

Inhibitor

αG αCp αS

(10−2 µM−1) (10−2 µM−1) (10−2 µM−1)

1 −0.18± 0.02 −6± 3 −4± 1

2 −0.0± 0.1 −1± 3 −4± 1

3 0.00± 0.08 0± 4 −8± 4

4 0.0± 0.1 −2± 2 −1± 5

5 −0.14± 0.05 −1± 4 −4± 4

6 −0.20± 0.05 −6± 3 −1.7± 0.8

7 −0.19± 0.07 −3± 3 −5± 2

30 µ M Inhibitor 1 2 3 4 6 7

K◦
D (µM) 14± 1 8± 3 7± 2 6± 2 15± 3 14± 3

60 µ M Inhibitor 1 2 3 4 5 6 7

K◦
D (µM) 26± 4 8± 6 7± 4 5± 4 19± 7 30± 10 30± 10
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On this ground, the high inhibition effect of compound 4 could be only justified by the contact with His41, one 
of the two residues of the catalytic dyad.

Results are different for compound 5: at CI = 60 µ M (unfortunately no data are available at 30 µ M) it provokes 
a rather important increase of K◦

D (Table 3) and shows a moderate inhibition effect ( m = 8± 3 RFU/min, see 
Fig. 5). Looking at the interaction map (Supplementary Fig. S8), we notice 11 interactions with monomer  Mpro 
(ἀr 25, ἀ r26, Leu27, His41, Asn142, Gly143, Met165, Glu166, Pro168, Arg188, Gln192), one of them regards 
Glu166, involved in two hydrogen bonds, and the other one His41, involved in two a π − π stacking interac-
tions. ἀ e residues of the catalytic dyad and the four subsites in contact with 5 are: His41 (dyad, 1 of 2 (50 of 
2 (50 Met165 (S2, 2 of 5 (40 ἀ ere are not hydrogen bonds involving the five residues that stabilize the S1 site. 
One could speculate that this inhibitor, probably due to its steric hindrance, provokes a modification of S1 that 
could interfere with the enzymatic activity of  Mpro.

Compound 6 determines 11 contacts with the amino acid of the monomer (His41, Leu141, Ser144, Cys145, 
Met165, Glu166, Leu167, Arg188, Gln189, Ala191, Gln192, Supplementary Fig. S9), including two hydrogen 
bond (His41, Gln192). In particular, the residues of the catalytic dyad and the four subsites in contact with 6 are: 
His41 and Cys145 (dyad, 2 of 2 (100 2 of 5 (40 An almost absent inhibition effect is seen by fluorescence, being 
the slope of RFU (Fig. 5) very similar to the one determined in the absence of inhibitors. On the other side, com-
pound 6 is able to modify the dimer-monomer dissociation, with one of the highest values of K◦

D = 30± 10 µ M 
at CI = 60 µ M (Table 3). To note, only one of the 6 amino acids that stabilize the S1 site are included in the list 
of residues interacting with compound 6. Hence, the absence of its inhibition activity could be explained by 
the small size of its molecular structure, which might not be able to provoke important modifications of the S1 
pocket and hence to modify the catalytic features of  Mpro.

We finally turn to compound 7. It shows an opposite behaviour with respect to compound 6: it is capable to 
change the dimer-monomer equilibrium at the same extent ( K◦

D = 30± 10 µ M at CI = 60 µ M, Table 3) and 
displays a promising inhibition effect, with m ≈ 1 . For this compound, the map of contacts shows 12 interactions 
(ἀr24, ἀr25, ἀr26, H is41, ἀr45, M et49, Leu141, His164, Met165, Glu166, Asp187, Arg188, Fig. 4) with a 
large number of hydrogen bonds (ἀr 24, ἀ r26, His41, His164, Glu166, Arg188). ἀ e residues of the catalytic 
dyad and the four subsites in contact with 7 are: His41 (dyad, 1 of 2 (50 (S1 ′  , 2 of 2 (100 His41, Met49, Met165 
and Asp187 (S2, 4 of 5 (80 5 (20 On ly one of the interacting residues (Glu166) is involved in the stabilization 
of the S1 pocket. We can infer the high inhibition effect could be due to the high number of contact with S2 
and to the presence of 6 hydrogen bonds. Another hypothesis, which needs further insights to be confirmed, is 
that the fluorinated groups, which are present in a high number in compound 7, may originate a new reactive 
warhead able to form a covalent bond with Cys145. We may also consider that one of them involves a residue of 
the catalytic dyad, His41, suggesting a possible important modification of the enzymatic activity.

Conclusions
Considering the results that we have discussed above, a picture emerges where the selected compounds designed 
to bind the catalytic site of SARS-CoV-2  Mpro may affect dimerization and enzymatic activity processes to a 
different extent. Since the functional form of  Mpro is a dimer, compounds that disrupt dimerization should 
be in principle also effective at diminishing its catalytic activity. However, the compound-induced shift in the 
dimer and monomer thermal equilibrium populations may not directly translate into a loss of enzymatic activ-
ity. Indeed, the latter strongly depends also on the local interactions occurring at the catalytic site, that in turn 
governs the competition between inhibitor and substrate. To better visualize the scenario presented by our 
findings, we report in Fig. 6 (right panel) the slope m of the fluorescence inhibition curve as a function of the 
dimer-monomer equilibrium constant KD calculated from the set of fitting parameters, derived by the global fit 
of SAXS data of the seven compounds, by fixing the inhibitor concentration CI at 60 µ M and the temperature 
at 30◦ C, the same value employed in the enzymatic activity assays. ἀ e points in this map could be organized 
in two groups, as represented in blue and in red. ἀ e latter group refers to compounds 3, 5 and 7, which show 
the expected behaviour: the stronger is their capability to induce the dissociation of the  Mpro dimer, the more 
important is their inhibiting effect. For these compounds the molecular mechanisms underlying inhibition at the 
active site are likely linked with their ability to provoke dimer dissociation. On the other hand, for compounds 1, 
2, 4, and 6, displayed in blue, we find the opposite behavior: the increase of dimer dissociation does not determine 
an increase of inhibition, thus suggesting that the molecular mechanisms of inhibition at the active site play 
a major role with a marginal involvement of the monomer-monomer interface. ἀi s apparently contradictory 
result can be in part explained by considering that, in all cases, the dissociation equilibrium is weak so that, in 
the presence of a compound that alters the dimer-monomer equilibrium but that does not hamper the interac-
tion with the substrate, there are always dimeric  Mpro molecules that can exert their enzymatic activity when a 
substrate is available.

A further complementary explanation could be the existence of ligand binding sites alternative to the orthos-
teric active site located at the interface of dimeric  Mpro. Indeed, the presence of two of such binding sites, not 
directly involved in enzymatic inhibition but probably interfering with dimerization, has been very recently 
revealed by a molecular dynamics simulation study in the SARS-CoV-2  Mpro46.

We can provide a qualitative interpretation of the behavior exhibited by the two groups of compounds by 
looking at the contact maps of the residues grouped in the different sub-sites of the active site. We note that 
both compound 6 and 7, which show the higher values of KD , are in contact with two residues of the S1, Leu141 
and Glu166. Besides, compound 1, which has a slightly lower KD , interacts with S1 through the contacts with 
Leu141 and Asn142. ἀ is suggests that binding with at least two of the residues Glu166, Leu141 and Asn142 is 
crucial to modify the dimer-monomer equilibrium. On the other hand, the interaction of compounds 7, 2 and 
5 with Glu166 via an hydrogen bond is likely linked to their high inhibiting action. On the contrary, there is 
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no hydrogen bond between compound 6 and Glu166. Hence, on the basis of the results obtained for the seven 
selected compounds, the interplay between SAXS results, enzymatic activity assays and contact map analysis 
suggests a relevant clue: in order to promote both  Mpro dimer dissociation and the inhibition of its catalytic 
activity, a small molecule should interact with at least two residues of the S1 sub-site and most likely form an 
hydrogen bond with Glu166. ἀ e key role of Glu166 residue, which is conserved among all human coronaviruses, 
for inhibition has been pointed out also very  recently47.

To note, according to Goyal and  Goyal6, Glu166 is among the residues that should be targeted to inhibit the 
dimerization of SARS-CoV  Mpro. However, for a more detailed investigation of the dimerization process in sta-
bilizing the catalytic activity of  Mpro, it is also important to take into account the overall contribution of protein 
flexibility, as recently evidenced by Suárez et al.48, through a 2 µ s Molecular Dynamics simulation of  Mpro with 
and without a model peptide mimicking the enzyme substrate.

In summary, the experimental work presented here brings basic information to decipher the complex inter-
play between enzymatic activity inhibition and dimer dissociation. To the best of our knowledge, we have shown 
for the first time how structural information about the SARS-CoV-2  Mpro in solution in the absence and in the 
presence of potential inhibitors and as a function of temperature can be obtained from an advanced analysis of 
SAXS data within an overall thermodynamic picture, complemented by more conventional approaches. Our 
results suggest that more experimental evidences about the impairment of monomer and dimer  Mpro in the 
presence of inhibitors corroborated by computational information will be necessary for a deeper understanding 
of the  Mpro allosteric mechanism.

Materials and methods
Mpro expression and western blot analysis. pGEX-6P-1 v ector h arboring t he f ull len gth cD NA 
sequence encoding for SARS-CoV-2 Main Protease  (Mpro NC_045512) was purchased from GenScript (clone 
ID_M16788F). ἀ e expressing vector was transformed into BL21DE3pLys Escherichia coli cells and the obtained 
clones w ere a ssayed b oth in sm all s cale (5  mL) a nd m edium s cale (500  mL a nd 1  L) f or t he p roduction o f 
SARS-CoV-2  Mpro. Transformants were grown onto LB medium containing 100 µg/mL Ampicillin and 34 µg/
mL Chloramphenicol as selective antibiotics. Cultures were grown up to OD600 of 0.6-0.8 a t 37◦ C, 200 rpm 
and then  Mpro expression was induced by addition of 0.5 mM isopropyl-1-thio-β-D-galactopyranoside (IPTG). 
Growth under induction was achieved both for 3 h at 37◦ C and 10 h at 16◦ C in order to test the best expressing 
condition. Cells were harvested by centrifugation at 6000 g. Cell pellets were resuspended in lysis buffer (20 mM 
Tris-HCl pH 8.0, 300 mM NaCl, 2 mM β-mercaptoethanol), and cell rupture was achieved by sonication (Son-
ics Vibra Cell sonicator) at 4 ◦ C. Cell debris was separated from the total protein extract by centrifugation at 
6500 g for 1 h. Supernatant aliquotes were resuspended in Laemmli sample buffer, run onto 12 polyvinylidene 
difluoride membrane for Western blot analysis.  Mpro was decorated by 6 ×-His tag monoclonal primary antibody 
(Invitrogen) and anti-mouse secondary antibody and detected by chemiluminescence (Clarity Western ICL Sub-
strate, Biorad, Supplementary Fig. S11, panels A and B).

Mpro purification and His‑tag cleavage. ἀ e total cell extract was loaded onto Ni-NTA affinity column 
(G-Biosciences) and washed by washing buffer (Tris-HCl 20 mM pH 7.6, NaCl 100 mM).  Mpro was eluted by elu-
tion buffer (Tris-HCl 20 mM pH 7.6, NaCl 100 mM, 300 mM imidazole) in 5 fractions of 1 mL each. Aliquotes 
of elution fractions were loaded onto 12 acrylamide gel and imidazole was removed by dialysis against Prescis-
sion cleavage buffer (Tris-HCl 50 mM pH 8.0, NaCl 150 mM, dithiothreitol 1 mM, ethylenediaminetetraacetic 

Figure 6.  Left: percent inhibition data of SARS-CoV-2  Mpro as a function of the concentration of inhibitor 
2 (green points) and 7 (magenta points). Best fits with the Hill equation are shown as solid lines. Right: 
correlation map between the catalytic activity, represented by the RFU slope m, and dimer dissociation 
capability, measured by the dissociation constant KD at 30◦ C, of the seven SARS-CoV-2  Mpro inhibitors at 
CI = 60 µM.
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acid 1 mM) t hrough Amicon Ultra-4 centrifugal filters 30K (M erck Millipore). For  Mpro C-terminal His-tag 
removal, the Prescission (1 U for 100 µ g of protein) cleavage reaction was performed at 4 ◦ C for 4 h and Prescis-
sion protease was then removed by GSTrap FF column (GE-Healthcare). ἀ e  Mpro solution was further purified 
by FPLC size-exclusion chromatography on Superdex 75 10/300 GL column (Supplementary Fig. S10, panels A 
and B)33,44.

Mpro activity assay and inhibition. ἀ e fluorescently l abelled auto-cleavage s equence of SARS-C oV-2 
 Mpro, ((7-Methoxycoumarin-4-yl)acetyl)-AVLQ↓SGFRK(2,4-dinitrophenyl)K (purchased from GenScript), was 
utilized to monitor the recombinant  Mpro kinetics (excitation 320 nm, emission 405 nm). ἀ e assay was started 
by mixing ≈ 0.2 µ M SARS-CoV-2  Mpro to different amounts of substrate (10, 20, 40 µ M) in o rder to set the 
best protein-substrate concentration to detect  Mpro  activity41. Fluorescence intensity was measured by DeNovix 
DS-11 FX+ fluorometer. ἀ e  Mpro activity reported as reference for inhibition tests was obtained by linear fitting 
of the fluorescence curve in t he presence of 40 µ M of substrate  concentration33,41. Seven inhibitors dissolved 
in dimethyl sulfoxide (DMSO) were tested at a final concentration of 30 µM42 (Fig. 5). Each reaction in a final 
volume of 200 µ L was firstly incubated for 20 min at 30◦ C without substrate. After substrate addition, fluores-
cence intensities were reported as relative fluorescence units (RFU) and monitored every minute for a duration 
of 30 min at 30◦ C.

Circular dichroism. In-house circular dichroism experiments were performed at room temperature using 
a JASCO J-810 spectropolarimeter (Physics and Geology Department, University of Perugia). Quartz cuvettes 
with path-length o f 1 mm was used, in o rder to obtain the optimum signal-to-noise ratio for the  Mpro s am-
ples with concentrations of 16, 6 a nd 2.5 µ M respectively. Protein concentration was measured by performing 
absorption measurements on the same samples, with an ext inction coefficient of 33640 M−1 cm−1 estimated 
from amino acid sequence Expasy online ProtParam  tool49. Each spectrum was collected in the range from 200 
to 260 nm w ith a s can speed of 50 nm/min, a nd repeated three times. ἀ e CD d ata are represented in m olar 
extinction units, by using the formula [�] = m◦/(10C L) , where m◦ is the ellipticity (in millidegree unit), C is 
the protein molar concentration and L is the path length of cell (in cm). ἀ e thermal stability has been studied at 
16 µ M  Mpro concentration, by varying the temperature through a thermal bath from 27◦ to 77◦ C.

Small angle X‑ray scattering. SAXS experiments were carried out at the B21 beam-line of the Diamond 
Synchrotron (Didctot, UK), operating with a fixed camera length (4.014 m) at 12.4 keV ( � = 1.000 Å) and with 
a flux of ∼ 1012 photons per second. Samples were injected in t he capillary (thickness 1.7 mm) by means of a 
robotic apparatus and measured 21 times with an exposure time of 1 min. ἀ e  Mpro samples without inhibitors 
were measured at the nominal monomer molar concentration of 3, 10, 20 and 30 µ M and at temperature of 15◦ , 
25◦ , 30◦ , 37◦ and 45◦ C. In the presence of inhibitors, SAXS curves were recorded at two  Mpro monomer molar 
concentrations, 30 and 60 µ M, and at three temperatures, 30◦ , 37◦ and 45◦ C.

SAXS data analysis approach has been described in the main text, with the exception of some minor points. 
Since in all conditions the nominal molar protein concentration is lower than 1 mM, its temperature variations 
can be considered to be only determined by the dependency with T of the relative mass density of water, which, 
according to literature  results50 is written as

where, i n o ur i nvestigated r ange 15− 45◦  C, t he o ptimum v alue o f t he t hermal e xpansivity a t T◦ i s 
αw = 2.5 · 10−4 K−1 and the one of its first derivative is βw = 9.8 · 10−6 K−2 . Accordingly, CN = C◦dw , C◦ being 
the nominal protein concentration at T◦.

ἀ e measured structure factor SM(q) has been obtained in relation to the protein-protein structure factor 
S(q) by:

where β(q) is the coupling function

and P(1)(q) is the average of the protein excess scattering amplitude, a function provided, together with P(q) by 
the SASMOL method. According to Ref.24, S(q) has been written as

where Ŵ(x) is the gamma function, D is the fractal dimension (comprised between 1 and 3) of the aggregates, r0 
is the effective radius of the aggregating protein and ξ is the correlation length.

In‑silico design. Ligand preparation. ἀ e default setting of the LigPrep tool implemented in Schrödinger’s 
software (version 2017-1) was used to prepare the ligands for  docking51. All possible tautomers and combination 
of stereoisomers were generated for pH 7.0± 0.4 , using the Epik ionization  method52. Energy minimization was 
subsequently performed using the integrated OPLS 2005 force  field53.

(9)dw =e−αw(T−T◦)−βw(T−T◦)2/2,

(10)SM(q) = 1+ β(q)[S(q)− 1]

(11)β(q) =
|P(1)(q)|2

P(q)

(12)S(q) = 1+
1

(qr0)D
DŴ(D − 1)

[1+ (qξ)−2]D(D−1)/2
sin[(D − 1) tan−1(qξ)],
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Protein preparation. ἀ e crystal structure of SARS-CoV-2  Mpro in complex with ligand 13b (PDB code 6y2f)7 
was downloaded from the Protein Data  Bank54. ἀ e cocrystal ligand, covalently bonded to Cys145, was treated 
by breaking the covalent bond and filling in open valence. Protein Preparation Wizard of Schrödinger software 
was subsequently employed for further preparations of the protein structure using the default  settings55. Bond 
orders were assigned, and hydrogen atoms as well as protonation of the heteroatom states were added using the 
Epik-tool (with the pH set at biologically relevant values, i.e. at 7.0± 0.4 ). ἀ e H-bond network was then opti-
mized. ἀ e structure was subjected to a restrained energy minimization step (RMSD of the atom displacement 
for terminating the minimization was 0.3 Å), using the Optimized Potentials for Liquid Simulations (OPLS) 
2005 force  field53.

Docking validation. Molecular Docking was performed by the Glide  program37,56,57. ἀ e receptor grid prepara-
tion was performed by assigning the original ligand (13b) as the centroid of the grid box. ἀ e generated 3D con-
formers were docked into the receptor model using the Standard Precision (XP) mode as the scoring function. 
A total of 5 poses per ligand conformer were included in the post-docking minimization step, and a maximum 
of 2 docking poses were generated for each ligand conformer. ἀ e proposed docking procedure was validated by 
the re-dock of the crystallized 13b within the receptor-binding pockets of 6y2f by Glide covalent docking. ἀ e 
results obtained were in good agreement of the experimental poses, showing a RMSD of 0.75 Å.

Biotarget finder module (DRUDIT). ἀ e refined s election o f s uitable SARS-C oV-2  Mpro in hibitors wa s p er-
formed through the module Biotarget Finder as available in the www.drudit.com  webserver36. ἀ e tool allows 
to predict the binding affinity of candidate molecules versus the selected biological target. ἀ e template of the 
biological target was built as previously reported. ἀ us, the in-house database was submitted to the Biological 
Predictor module by setting the DRUDIT parameters, N, Z, and G, using the crystallized structure of 13b, as 
previously  reported35.

Induced fit docking. Induced fit docking simulation was performed using the IFD application as  available38,58 
in t he S chrödinger s oftware  suite39, w hich h as b een dem onstrated t o b e a n acc urate a nd r obust m ethod t o 
account for both ligand and receptor  flexibility59. ἀ e IFD p rotocol was performed as  follows60,61: the ligands 
were do cked into t he r igid receptor models w ith s caled down van der W aals (vdW) radii . ἀ e Glide Stand-
ard Precision (XP) m ode was used for t he do cking and 20 liga nd p oses were retained for protein s tructural 
refinements. ἀ e docking boxes were defined to include all amino acid residues within the dimensions of 25 Å×
25 Å×25 Å from the centre of the original ligands. ἀ e induced-fit protein-ligand complexes were generated 
using Prime  software39,62,63. ἀ e 20 structures from the previous step were submitted to side chain and backbone 
refinements. All residues with at least one atom located within 5.0 Å of each corresponding ligand pose were 
included in t he refinement by Prime. All the poses generated were then hierarchically classified, refined and 
further minimized into the active site grid before being finally scored using the proprietary GlideScore function 
defined a s follows: XPG_score = 0.065 vdW + 0.130Coul + Lipo+Hbond +Metal + BuryP+ RotB+ Site , 
where vdW is the van der Waals energy term, Coul is the Coulomb energy, Lipo is a li pophilic contact term 
that rewards favourable hydrophobic interactions, Hbond is an H-bonding term, Metal is a metal-binding term 
(where applicable), BuryP is a penalty term applied to buried polar groups, RotB is a penalty for freezing rotat-
able bonds and Site is a term used to describe favourable polar interactions in the active site. Finally, IFD_score 
( IFD_score = XPG_score+ 0.05 Prime_Energy ), w hich acco unts f or b oth p rotein-ligand in teraction en ergy 
and total energy of the system, was calculated and used to rank the IFD poses. More negative IFD_score values 
indicated more favourable binding. Results are shown in Table 2.

Chemical synthesis of inhibitors. Inhibitors 164, 364, 564 an d 665 h ave b een p repared a s p reviously 
reported. Inhibitor 2 is commercial. Inhibitors 464 and 764 have been synthesized as described in detail in the next 
paragraphs. All solvent and reagents were used as received, unless otherwise stated. Melting points were deter-
mined on a hot-stage apparatus. 1H-NMR and 13C-NMR spectra were recorded at indicated frequencies, residual 
solvent peak was used as reference. Chromatography was performed by using silica gel (0.040-0.063 mm) and 
mixtures of ethyl acetate and petroleum ether (fraction boiling in the range of 40-60◦ C) in various ratios (v/v). 
Compounds 864 and 966, used in the synthesis of inhibitors 4 and 7, have been prepared as previously reported.

Synthesis of inhibitor 4. Inhibitor 4 was synthesized through a n ucleophilic aromatic substitution  (SNAr) of 
5-pentafluorophenyl-1,2,4-oxadiazole 8 w ith 1-Aza-18-cr own-6 in p ara p osition (S upplementary Fig .  S12). 
Oxadiazole 8 (312 mg, 1 mmol) was dissolved in acet onitrile (5 mL). 1-Aza-18-crown-6 (289 mg, 1.1 mmol) 
and potassium carbonate (152 mg, 1.1 mmol) were added and the suspension was stirred at room temperature 
for 24 h. ἀ e reaction was monitored by TLC. ἀ e reaction mixture was dried under vacuum and treated with 
H2 O (50 mL) before extraction three times with EtOAc (50 mL each). ἀ e combined organic layers were dried 
with Na2SO4 and then concentrated in vacuo to give the crude product, which was recrystallized from EtOH. 
16-(2,3,5,6-tetrafluoro-4-(3-phenyl-1,2,4-oxadiazol-5-yl)phenyl)-1,4,7,10,13-pentaoxa-16-azacyclooctade-
cane: yield: 73 δ : 3.68-3.80 (m, 24H, overlapped −CH2− signals), 7.51-7.54 (m, 3H, Ar), 8.16-8.20 (m, 3H, Ar). 
FTIR (Nujol) 1647, 1529, 1518 cm−1 ; HRMS-ESI [(M+H)+ ]: m/z calculated for ( C26H30F4N2O6)+ : 556.2060; 
found, 556.2046.

Synthesis of inhibitor 7. Tripodal oxadiazolylamide (inhibitor 7) was easily obtained by means of nucleophilic 
displacement w ith et hylamine f rom t ripodal es ter 9, w hich wa s p reviously r eported a s h eavy m etal fluores-
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cent sensor (Supplementary Fig. S13)66. Tripodal 9 (101 mg, 0.1 mmol) was dissolved in acetonitrile (3 mL). 
Ethylamine (2 M in MeOH, 150 µ L, 0.3 mmol) was added and the solution was stirred at room temperature 
for 24 h. ἀ e reaction was monitored by TLC. ἀ e reaction mixture was dried under vacuum and treated with 
H2 O (50 mL) before extraction three times with EtOAc (50 mL each). ἀ e combined organic layers were dried 
with Na2SO4 and then concentrated in vacuo to give the crude product, which was purified by chromatogra-
phy. 5,5’,5”-(((nitrilotris(ethane-2,1-diyl))tris(azanediyl))tris(2,3,5,6-tetrafluorobenzene-4,1-diyl))tris(N-
ethyl-1,2,4-oxadiazole-3-carboxamide): yield: 66 d 6 ) δ: 1.18 (t, 9H, J = 6.9 Hz, CH3 ), 2.85 (bs, 6H, NCH2CH2

NH-), 3.34-3.48 (m, 6H, CH3CH2NH-), 3.56 (bs, 6H, NCH2CH2NH-), 6.91 (bs, 3H, NCH2CH2NH-), 9.02 (t, 
3H, J = 5.7 Hz, NHCH2CH3 ). FTIR (Nujol) 3325, 1701, 1680, 1647 cm−1 ; HRMS-ESI [(M+H)+ ]: m/z calcu-
lated for ( C39H34F12N13O6)+ : 1007.2485; found, 1007.2518.
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