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a b s t r a c t

During 2020, the COVID-19 pandemic affected almost 108 individuals. Quite a number of vaccines against
COVID-19 were therefore developed, and a few recently received authorization for emergency use.
Overall, these vaccines target specific viral proteins by antibodies whose synthesis is directly elicited or
indirectly triggered by nucleic acids coding for the desired targets. Among these targets, the receptor
binding domain (RBD) of COVID-19 spike protein (SP) does frequently occur in the repertoire of candidate
vaccines. However, the immunogenicity of RBD per se is limited by its low molecular mass, and by a
structural rearrangement of full-length SP accompanied by the detachment of RBD. Here we show that
the RBD of COVID-19 SP can be conveniently produced in Escherichia coli when fused to a fragment of
CRM197, a variant of diphtheria toxin currently used for a number of conjugated vaccines. In particular,
we show that the CRM197-RBD chimera solubilized from inclusion bodies can be refolded and purified to
a state featuring the 5 native disulphide bonds of the parental proteins, the competence in binding
angiotensin-converting enzyme 2, and a satisfactory stability at room temperature. Accordingly, our
observations provide compulsory information for the development of a candidate vaccine directed
against COVID-19.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

CRM197 (Cross-Reacting-Material 197) is a variant of diphtheria
toxin featuring a single site-specific substitution (G52E) which does
not affect the deoxyribonuclease activity [1] but suppresses the
ADP-ribosylating activity and the toxicity of the parental protein
[2,3]. Remarkably, the immunogenicity of formaldehyde-treated
CRM197 does not significantly differ from that of diphtheria
toxoid [4]. Therefore, the chemical conjugation to CRM197 repre-
sents an ideal tool for the enhancement of the immunogenicity of
low molecular mass antigens, a strategy currently used to produce
several vaccines [5]. Accordingly, the poor immunogenicity of
COVID-19 spike protein RBD [6] could be improved by its conju-
gation to CRM197. However, a more efficient approach to conju-
gation could be the construction of a fusion protein containing
nd Biotechnology, University
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koeppler).
CRM197, or a fragment of it, and the RBD of SP. Considering the
attention that fusion vaccines are gaining [7], we thought it of in-
terest to attempt the construction of a protein chimera designed to
increase the immunogenicity of COVID-19 spike protein RBD. This
attempt was supported by our previous observation that CRM197
can be overexpressed at high levels in Escherichia coli [8]. Moreover,
we reported that overexpressed CRM197 can be recovered from
inclusion bodies under denaturing conditions, with subsequent
refolding and purification steps conveniently leading to the isola-
tion of homogeneous and catalytically active CRM197 [8,9].
Remarkably, it was recently shown that recombinant CRM197
features a tertiary structure which is essentially identical to that of
the corresponding native protein produced by Corynebacterium
diphteriae [10]. In addition, it was demonstrated that the immu-
nogenicity of recombinant CRM197 does not significantly differ
from the immunogenic response triggered by the native protein
[10].
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2. Materials and methods

2.1. Protein overexpression

A synthetic gene coding for the protein chimera CRM197-RBD
was obtained by Genscript (Piscataway, NJ, USA) and was cloned
into the pET9a expression vector, using the NdeI and BamHI re-
striction sites, generating the pET9a-CRM197RBD construct. Elec-
trocompetent E. coli BL21(DE3) cells were then transformed with
the pET9a-CRM197RBD construct, and transformants were selected
on Petri dishes containing LB-agar medium supplemented with
40 mg/mL of kanamycin. Single colonies of purified transformants
were used to inoculate 2mL of LB-kanamycinmedium, and the cells
suspension was incubated at 37 �C for 15 h under constant shaking
(180 rpm). The pre-cultures accordingly obtained were diluted
(1:500) in fresh LB-kanamycin medium and grown at 30 �C for 9 h.
Finally, overexpression of CRM197-RBD was induced with 1 mM
IPTG for 15 h, at 15, 30, or 37 �C. At the end of induction cells were
harvested by centrifugation (4,000 g, 30 min, 4 �C), and the cells
pellets were stored at �20 �C until used.

An identical procedure was used to overexpress and analyze the
presence of the CRM197-PEP protein chimera in E. coli BL21(DE3).

2.2. Protein purification

Cells pellets were resuspended in 50 mM Tris-HCl, 50 mM NaCl,
5 mM EDTA, 10 mM DTT (pH 8.5), homogenized with a cold glass
potter, and subjected to sonication. The protein extract accordingly
obtained was centrifuged (14,000 g, 20 min, 4 �C), the supernatant
was discarded, and the pellet was resuspended in buffer A (50 mM
Tris-HCl, 50mMNaCl, pH 8.5) supplementedwith 1% (v/v) Triton X-
100. The suspension was mildly shaken for 10 min at room tem-
perature, centrifuged and the pellet was resuspended and washed
again in buffer A containing Triton X-100. Finally, the washed pellet
containing the inclusion bodies (generated by induction of
CRM197-RBD) was resuspended in buffer A containing 10 mM DTT
and 6 M urea, and the suspension was incubated at room temper-
ature for 12 h under mild shaking. At the end of this time interval,
the sample was centrifuged (14,000 g, 20 min, 4 �C), and the su-
pernatant was loaded (flow rate 0.5 mL/min) onto a HiTrap Q-HR
5 mL column (Cytiva, Marlborough, MA, USA), previously equili-
brated with the buffer used to solubilize inclusion bodies. The
column flow-through was dialyzed against buffer B (50 mM Tris-
HCl, 50 mM NaCl, 3 mM cysteine, 0.3 mM cysteine, pH 8.0) con-
taining 1 M urea. The dialyzed sample was finally loaded at 0.5 mL/
min onto a HiTrap Heparin 5 mL column (Cytiva) equilibrated with
the buffer used for dialysis. Once loaded the sample, the column
was washed with 10 mL of equilibration buffer, and a reverse urea
gradient (1e0 M) was applied (10 column volumes, 0.5 mL/min). At
the end of the gradient, the column was washed with 10 mL of
buffer B, and proteins were subsequently eluted with a NaCl
gradient (0.05e1 M, 10 column volumes, 1 mL/min). Fractions of
0.9 mL were collected, and analyzed by SDS-PAGE. The best frac-
tions according to the electrophoretic analysis were pooled and
their protein concentration was determined according to Bradford
[11].

2.3. Activity assays

The DNase activity of recombinant full-length CRM197 and
CRM197-RBD was assayed according to Kunitz [12], using calf
thymus DNA as substrate. To verify the quality of the DNA substrate,
the activity of a standardized solution of DNase I from bovine
pancreas was assayed. To this aim, the increase in Absorbance at
260 nm of a solution containing 100 mM acetate buffer (pH 5.0),
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5 mMMgCl2, 40 mg/mL of DNA, and enzymewas determined with a
Cary Bio 300 spectrophotometer. The activity of recombinant full-
length CRM197 or CRM197-RBD was assayed in the presence of
50 mM Tris-HCl (pH 7.6), 2.5 mMMgCl2, 2.5 mM CaCl2, 40 mg/mL of
DNA, and enzyme. One Kunitz Unit was defined as the amount of
enzyme producing an increase in Absorbance of 0.001 per minute.

2.4. Mass spectrometry

To verify the identity of proteins, spots were excised from gels
and underwent trypsin in-gel digestion as previously reported [13].
The resulting peptides were analyzed by LC-MS/MS using a Q-
Exactive instrument (Thermo-Fisher Scientific, Waltham, MA, USA)
equipped with a nano-ESI source coupled with a nano-Ultimate
capillary UHPLC (Thermo-Fisher Scientific) as reported elsewhere
[14].

To identify the disulphide-bond pattern of the CRM197-RBD
chimera, trypsin digestion was performed in solution incubating
30 mg of not-reduced protein with 50 ng of trypsin at 37 �C over-
night. The peptides accordingly obtained were reduced with
25 mM DTT at 40 �C overnight. The mixture was acidified to a final
concentration of 0.5% formic acid and analyzed by LC/MS/MS.

2.5. Dynamic light scattering

Dynamic light scattering experiments were performed with a
Malvern Panalytical (Malvern, UK) Zetasizer Nano ZS system. All
the measurements were recorded at 25 �C. Scattering was evalu-
ated at an angle of 173�. Raw data were analyzed with the Zetasizer
software (Malvern Panalytical), and the main peaks accordingly
identified were further inspected using the Fityk program [15]. By
this means, each peak was deconvoluted into a set of Gaussian
distributions, and each component was interpreted as a homoge-
neous sub-population of the enzyme ensemble.

2.6. Circular dichroism

CD spectra were recorded over the 200e250 nm wavelength
interval at a scan rate equal to 50 nm/min, using a Jasco J-810
spectropolarimeter. Protein samples were in PBS buffer, and the
bandwidthwas set at 1 nm. Sixteen scans per samplewere acquired
and averaged.

2.7. Surface plasmon resonance

The binding of CRM197-RBD to angiotensin-converting enzyme
2 (ACE2) was analyzed using a Biacore 3000 instrument (Cytiva)
according to published procedures [16]. ACE2 surfaces were pre-
pared on research grade CM5 sensor chips (Cytiva) by immobilizing
the protein (50 mg/mL in 40 mM CH3COONa, pH 5.0) using a stan-
dard amine�coupling protocol; this procedure led to an observed
density of 30 kRU. CRM197-RBD was equilibrated and diluted in
0.1 M HEPES, 1.5 M NaCl, 0.03 M EDTA, 0.5% v/v surfactant P20 (pH
7.4), to obtain samples at five different concentrations (1, 2, 4, 8, and
32 nM, respectively).

Binding experiments were performed at 25 �C with 120 s of
association time and 300 s of dissociation time (flow rate 30 mL/
min). The observed curves were fitted to a single-site interaction
model, yielding a single KD. Sensorgrams elaboration was per-
formed using the BIAevaluation software, provided by Cytiva.

3. Results and discussion

To graft the RBD of COVID-19 spike protein onto CRM197, we
designed a synthetic gene, optimized for E. coli codon usage, coding
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for the first 388 residues of the diphtheria toxin variant, and for
amino acids 319e541 of spike protein (Supplementary Fig. S1A). In
particular, the resulting CRM197-RBD chimera was conceived to
replace the receptor domain of CRM197 (Fig. 1A) with the RBD of
spike protein (Fig. 1B and 1C). It is important to note that the
extended linker connecting the catalytic-transmembrane and the
receptor domain of CRM197 was conserved in the chimera to
facilitate the folding of SP RBD (Fig.s 1D-1F). In addition, a few
mutations were introduced in CRM197-RBD: i) A379G, Y380S, and
V390G were inserted to increase the rotational freedom of the
protein region linking CRM197 to RBD; ii) C608S was used to avoid
the engagement of C608 in un-correct disulphide bridges
(Supplementary Fig. S1B).

The overexpression of CRM197-RBD in E. coli BL21(DE3) was
tested by culturing at 30 �C the transformed host strain, and sub-
sequently inducing for 15 h with 1 mM isopropyl b-D-1-
thiogalactopyranoside (IPTG) the overexpression of the target
protein at 15, 30, or 37 �C. Surprisingly, we did not detect CRM197-
RBD in total protein extracts obtained from cultures induced at
15 �C (Fig. 1G). However, when induction was performed at 30 or
37 �C the overexpression of CRM197-RBD was detected (Fig. 1G)
and confirmed by mass-spectrometry (Supplementary Fig. S2).
Moreover, the yield of target protein was high under both these
conditions, being located in inclusion bodies (Fig. 1H). Accordingly,
CRM197-RBD was solubilized with 6 M urea from inclusion bodies
of cells induced at 37 �C, and we used anion-exchange chroma-
tography as a first purification step. This was important to discard
the portion of CRM197-RBD associated to nucleic acids
(Supplementary Fig. S3). In particular, by UV spectroscopy we
observed that the proteins retained by the column were heavily
contaminated with nucleic acids while the column flow-through
featured an absorption spectrum suggesting the presence of low
amounts, if at all, of DNA and/or RNA. Accordingly, to pursue
CRM197-RBD purification the flow-through from the anion-
exchange column was subjected to dialysis, lowering the concen-
tration of urea to 1 M, and the dialyzed protein pool was finally
purified using a HiTrap Heparin column (Fig. 2A and 2B). It is
interesting to note that a small fraction of purified CRM197-RBD
was cleaved during overexpression, as revealed by reducing SDS-
PAGE (Fig. 2B) and by mass spectrometry (Supplementary
Fig. S4). Nevertheless, the far-UV CD spectrum of purified
CRM197-RBD is diagnostic of a correct folding (Fig. 2C). Moreover, a
comparison with the CD spectrum of full-length recombinant
CRM197 (overexpressed in Pseudomonas fluorescens) did not
disclose major differences between the two proteins (Fig. 2C).
Further, when analyzed by dynamic light scattering (DLS), CRM197-
RBD was detected as a single peak (Fig. 2D), albeit featuring a
positive skew (Fig. 2E). Remarkably, it is important to note the
absence of any major aggregates of very large diameter, i.e. �
100 nm (Fig. 2D). The maximum of the CRM197-RBD peak corre-
sponds to an apparent diameter equal to 24.6 nm. However,
deconvolution by means of Gaussian functions suggests the pres-
ence of 6 components yielding the observed skewed peak
(Supplementary Fig. S5A). In particular, the diameters of these
components were estimated equal to 14.3,17.2, 21.4, 27.5, 36.4, and
48.6 nm, respectively (Supplementary Figs. S5A-S5B). When full-
length recombinant CRM197 was subjected to DLS analysis, a
complex pattern was observed, revealing the presence of the
monomeric protein and two additional peaks diagnostic of aggre-
gates featuring small- and large-diameter (Fig. 2F). When 3 inde-
pendent DLS analytic runs of recombinant CRM197 were averaged,
we estimated diameters equal to 6.07 ± 0.33, 15.5 ± 0.7, and
95.5 ± 2.6 nm, respectively (Supplementary Figs. S5C-S5D).
CRM197 is known to associate into homodimers by the swapping of
the receptor binding domains of two monomers [17]. This was also
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observed with recombinant CRM197 [10], and an inspection of the
tertiary structure of this dimeric form reveals a diameter of
approximately 10 nm (PDB file 5i82, Supplementary Fig. S5E).
Therefore, the oligomer detected both in CRM197-RBD and in re-
combinant CRM197, and respectively featuring a diameter equal to
14.3 and 15.5 nm, cannot be interpreted as a dimer. We propose
that this aggregated form is induced by RBD swapping with the
generation of a linear or cyclic tetramer, as it was reported for
diphteria toxin oligomers [18]. The CRM197-RBD chimera does
contain 10 cysteines, of which 2 and 8 arise from CRM197 and from
the RBD of COVID-19 SP, respectively. The 5 disulphide bonds in
which these cysteines are engaged are reported in Supplementary
Table 1, showing the coordinates relative both to the progenitor
proteins and to the CRM197-RBD chimera. When the reconstitution
of the correct disulphide bonds in the refolded chimera was tested
by mass spectrometry, we unambiguously detected the presence of
all the native SeS bridges (Fig. 3). This correct pairing between
cysteines couples was most likely favoured by the presence of the
cysteine/cystine redox couple used during our refolding/purifica-
tion procedure of CRM197-RBD.

To further inspect the refolding of CRM-RBD, we performed
DNase activity assays using the refolded purified protein and, as
reference controls, DNase I from bovine pancreas and recombinant
full-length CRM197. First, we used bovine DNase I provided by
Millipore-Sigma as a standardized formulation containing 2000
Kunitz Units [12] when assayed in the presence of calf thymus DNA
supplied by the same provider. When assays were performed using
10 or 30 nominal Kunitz Units of bovine DNase I, we observed an
activity corresponding to 9.4 and 25.4 Units, respectively
(Supplementary Figs. S6A-S6C), indicating that the DNA substrate
can be considered as an appropriate standard material. Then, we
assayed the DNase activity exerted by 25 mg of recombinant full-
length CRM197 (Supplementary Fig. S6D), and we detected 6.1
Kunitz Units (Supplementary Fig. S6E). Finally, when the activity
exerted by 15 mg of CRM197-RBD was tested (Supplementary
Fig. S6D), we observed a DNase action corresponding to 2.6
Kunitz Units (Supplementary Fig. S6F). This level of activity sug-
gests that CRM197-RBD was properly refolded by the procedures
we used during its purification, as it was previously reported for
recombinant full-length CRM197 refolded and purified from E. coli
inclusion bodies treated with chaotropic agents [8e10,19].

When the stability of recombinant full-length CRM197 was
inspected by CD spectroscopy a melting temperature (Tm) equal to
58 �C was determined [20], suggesting for this protein an effective
stability at room temperature. We therefore decided to test the
conformational stability of CRM197-RBD by means of far-UV CD
spectroscopy. In particular, a solution of 0.3 or 1 mM CRM-RBD was
kept at ambient temperature in a quartz cuvette, and CD spectra
were recorded as a function of time. Under these conditions,
CRM197-RBD featured a satisfactory stability over 24 h, with
consistent denaturation occurring after 48e54 h of residence at
room temperature (Supplementary Fig. S7). It is important to note
that a couple of stability tests performed with two independent
purification batches of CRM197-RBD yielded very similar observa-
tions (Supplementary Fig. S7).

The human angiotensin-converting enzyme 2 (ACE2) receptor is
known to represent the target of COVID-19 spike protein RBD
[21,22]. Quantitatively speaking, KD values over the 1.2e44.2 nM
concentration interval were reported for the association of human
ACE2 to the RBD of COVID-19 spike protein [21,22], indicating a
tight association between the two protein partners. To test the
binding of purified CRM197-RBD chimera to the human receptor
we performed surface plasmon resonance (SPR) assays. Remark-
ably, we observed an efficient binding between the immobilized
target and the CRM197-RBD chimera, yielding a KD value equal to



Fig. 1. Construction of the CRM197-RBD chimera and overexpression in Escherichia coli. A-C) Cartoons representing the primary structure of CRM197 (A), COVID-19 spike
protein (B), and CRM197-RBD chimera (C). The structural regions of CRM197 shown in green and orange (A) correspond to the catalytic-transmembrane domains and to the HB-EGF
receptor-binding domain, respectively. The portion of spike protein reported in blue (C) denotes the receptor-binding domain. D-F) Tertiary structure of CRM197 (D, PDB file 5i82),
of the receptor-binding domain of COVID-19 spike protein (E, file PDB 6vyb), and a model (F) of the CRM197-RBD chimera. G) Electrophoretic analysis of CRM197-RBD expression.
Cells of E. coli BL21(DE3) transformed with the pET9a-CRM197RBD construct were cultured at 15, 30, or 37 �C and not-induced (NI) or induced (I) with 1 mM IPTG to express
CRM197-RBD. Cells were collected by centrifugation, resuspended in H2O and electrophoretic sample buffer, boiled for 5 min, and the lysed cells were then subjected to SDS-PAGE.
H) Cellular localization of overexpressed CRM197-RBD. Pellets containing cells not-induced (NI) or induced (IND) to express CRM197-RBD were lysed by sonication, the protein
extract was centrifuged at 4,000 g, and the supernatant accordingly obtained was centrifuged at 19,000 g. The two protein pellets were resuspended in H2O and electrophoretic
sample buffer, boiled for 5 min, and analyzed by SDS-PAGE (lanes 1 and 3: pellets sedimented by centrifugation at 4,000 g; lanes 2 and 4: samples obtained by centrifugation at
19,000 g). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Purification and characterization of CRM197-RBD. A) Affinity chromatography performed with a HiTrap Heparin column. The urea and NaCl gradients are shown in green
and blue, respectively. B) SDS-PAGE of representative fractions eluted from the affinity chromatography column. The column input (IN) and flow-through (FT) are also shown. C CD
spectra of recombinant full-length CRM197 (green line) and of CRM197-RBD (blue line). D,E) DLS analysis of purified CRM197-RBD. The output of three independent tests is shown
(D), along with a detail (E) of their average. F) Characterization by DLS of full-length recombinant CRM197. Three independent observations are shown. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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10.4 ± 0.9 nM (Supplementary Fig. S8). This observation indicates
that the CRM197 portion does not constrain the ACE2-binding
proficiency of the RBD grafted to the chimera. Indeed, the pres-
ence of a quite extended and flexible linker between the two ele-
ments of the chimera (Fig. 1F) may be responsible for conferring to
the RBD of spike protein sufficient steric freedom to interact with
the receptor.

Finally, to assess the robustness of our strategy for the produc-
tion of protein chimeras containing the CRM197 platform, we
designed a second fusion protein, composed of the residues 1e388
of CRM197 tagged with a short peptide consisting of amino acids
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814e826 of COVID-19 SP (Supplementary Fig. S9). This peptide was
chosen according to a recent report which suggested this portion of
SP as an appropriate target for vaccines [23], when considering its
location on the spike protein surface and its high degree of con-
servation among different coronaviruses [23]. To produce the
CRM197-peptide fusion protein (denoted CRM197-PEP) we used
the same strategy previously devised for CRM197-RBD, i.e. a syn-
thetic gene optimized for E. coli codon usage was synthesized and
cloned into pET9a expression vector (Supplementary Fig. S9).
Remarkably, high levels of overexpression were detected in E. coli
BL21(DE3) transformants induced at 37 �C, and the identity of the



Fig. 3. Analysis of the disulphide bridges of the CRM197-RBD chimera by mass spectrometry. A,B) Peptides (A) and the C186eC201 disulphide bond (B) identified by mass
spectrometry in the CRM197 portion of the chimera. C,D) The 4 SeS bridges (C) detected by mass spectrometry (D) within the COVID-19 SP RBD region of the CRM197-RBD chimera.
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overexpressed protein was confirmed by mass-spectroscopy
(Supplementary Fig. S10). It should be noted that CRM197-PEP
does contain only two cysteines, therefore facilitating the refold-
ing from inclusion bodies of the overexpressed protein. In addition,
the high level of overexpression of both CRM197-RBD and CRM197-
PEP suggests that the fragment containing the residues 1e388 of
CRM197 represents a convenient scaffold to which different epi-
topes can be fused to engineer candidate vaccines.

The strategy we propose here for the production of a fusion
vaccine directed against COVID-19 features a number of convenient
points. First, the use of E. coli as the microbial host for the over-
expression of a subunit vaccine implies a fast and robust process
when compared with fermentations requiring other microorgan-
isms or higher-organism cells. Further, the isolation from inclusion
bodies of a protein vaccine translates into a favourable purification
procedure. This is exemplified by the purification procedure re-
ported here for the CRM197-RBD chimera, consisting of a first rapid
separation of the protein fraction associated to nucleic acids, a
dialysis to lower urea concentration, and a final affinity
84
chromatography step. In addition, contrary to diphtheria and
tetanus toxoids, CRM197 was shown to feature modest, if at all,
carrier-induced epitopic suppression [24]. It should also be noted
that the CRM197-RBD chimera lacks a significant portion of full-
length CRM197, i.e. the HB-EGF receptor-binding domain
(Supplementary Fig. S11A), but retains major immunogenic de-
terminants of the parent protein. It was indeed shown that B and T
cell epitopes reside in fragments A and B, respectively
(Supplementary Figs. S11B-S11C) [25,26]. In particular, it was
shown that the regions 245e264, 271e290, 299e312, and 321e350
are important T cell epitopes of diphtheria toxin and CRM197
(Supplementary Figs. S11B-S11C) [27e29].

Finally, we showed here that CRM197-RBD does effectively
withstand storage at room temperature for 24 h, making this pro-
tein chimera a candidate vaccine the use of which would be inde-
pendent of the cold chain. It is therefore our hope that the strategy
presented here for the production of fusion vaccines will expand
the repertoire of available approaches.
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