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The emergence of the COVID-19 pandemic, caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), remains a great threat to global health. ORF9b, an important accessory protein of SARS-
CoV-2, plays a critical role in the viral host interaction, targeting TOM70, a member of the mitochon-
drial translocase of the outer membrane complex. The assembly between ORF9b and TOM70 is impli-
cated in disrupting mitochondrial antiviral signaling, leading to immune evasion. We describe the
expression, purification, and characterization of ORF9b alone or coexpressed with the cytosolic domain
of human TOM70 in E. coli. ORF9b has 97 residues and was purified as a homodimer with an molecular

ﬁ?;,ggrds' mass of 22 kDa as determined by SEC-MALS. Circular dichroism experiments showed that Orf9b alone
TOM70 exhibits a random conformation. The ORF9b-TOM70 complex characterized by CD and differential
SARS-CoV-2 scanning calorimetry showed that the complex is folded and more thermally stable than free TOM70,
COVID-19 indicating strong binding. Importantly, protein—protein interaction assays demonstrated that full-length

Protein—protein interaction
Immune evasion

human Hsp90 is capable of binding to free TOM70 but not to the ORF9b-TOM70 complex. To narrow
down the nature of this inhibition, the isolated C-terminal domain of Hsp90 was also tested. These re-
sults were used to build a model of the mechanism of inhibition, in which ORF9b efficiently targets two
sites of interaction between TOM70 and Hsp90. The findings showed that ORF9b complexed with TOM70
prevents the interaction with Hsp90, and this is one major explanation for SARS-CoV-2 evasion of host

innate immunity via the inhibition of the interferon activation pathway.
© 2022 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.

1. Introduction deterioration of the body, has become a major point of focus in

attempts to find a lasting cure for the virus [2].

Human coronaviruses have been periodically emerging over a
number of times and have continued to bewilder to humankind by
causing a worldwide pandemic. Severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) causes COVID-19, which is responsible
for the ongoing outbreak, and efforts to exploit various viral target
proteins for possible cure and therapy continue to remain the top-
most research priority today [1]. Although great success has been
registered in vaccine production to mitigate the spread of this virus,
various challenges, such as the emergence of different strains and
mutations, remain a major aspect of concern. Importantly, the
ability of this virus to escape the host antiviral defense system and
target the humoral immune system, which further results in severe
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Wang and colleagues [3] reported that the nucleocapsid protein
of SARS-CoV-2 could inhibit the key signaling adaptor mitochon-
drial antiviral-signaling (MAVS) protein, which is activated by RIG-I,
limiting the host defense response to the virus. MAVS is an
important player in the innate immune response pathways and is a
major strategy used by SARS-CoV-2 to evade antiviral immunity [3].
However, other studies confirmed that an accessory protein from
SARS-CoV-2, ORF9b, impaired the induction of types I and III in-
terferons (IFNs) by interacting with MAVS assembly, bringing
attention to the importance of ORF9b in host antiviral system
evasion by the virus [4—6]. SARS-CoV-2 ORF9b is an alternative ORF
located within the nucleocapsid (N) gene that codes for a 97 amino
acid protein and has similar characteristics to its SARS-CoV ho-
mologue (ORF9b, 98 residues, 72.4% similarity). The structure of
ORF9b forms a beta sheet-rich homodimer with a hydrophobic
cavity in the center that binds lipids [6].

0300-9084/© 2022 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights reserved.
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Abbreviations

CD circular dichroism

DSC differential scanning calorimetry

Hsp heat shock protein

Hsp90 90 kDa Hsp

IEN interferons

IRF3 interferon regulatory factor

MAVS mitochondria antiviral system

ORF9b open reading frame 9b

SEC size exclusion chromatography

SEC-MALS SEC coupled to multiangle light scattering

TBK TANK-binding kinase

TOM70 70 kDa mitochondria translocase of outer
membrane subunit

TPR tetratricopeptide repeat

The critical involvement of TOM70 with MAVS in a cascade that
produces INF—I leading to an innate immune response specifically
to viral RNA is likely the most suitable explanation for the sup-
pression of INF—I by the ORF9b-TOM70 interaction. TOM70 is a
member of the translocase of the outer membrane complex that
mediates chaperone dependent import of preproteins in the cytosol
into the mitochondria [7]. TOM70 contains at least seven tetra-
tricopeptide repeat (TPR) domains in its cytosolic segment. The TPR
structure is characterized by the presence of 34 amino acid repeats
forming two anti-parallel a-helices separated by a turn, and a triad
(TPR clamp domain) has the ability to bind the Hsp90 C-terminal
MEEVD motif [8,9]. During viral infection, viral RNA is recognized
by the cytosolic helicase RIG-I, which undergoes a conformational
change and associates with MAVS, triggering the association of
MAVS with TOM70 and initiating the recruitment of Hsp90, where
the C-terminal MEEVD motif of Hsp90 binds to the N-terminal TPR
domain of TOM70 [10—14]. IRF3 is then phosphorylated by TBK1,
which leads to its dissociation from the MAVS complex. Then,
phosphorylated IRF3 translocates into the nucleus and promotes
the transcription of genes encoding INF—I.

Since TOM70's interaction with the MEEVD motif of Hsp90 via
the TPR domain is key for its function in the interferon pathway and
induction of apoptosis upon viral infection, we asked whether
ORF9b, by binding to the substrate recognition site of TOM?70,
allosterically inhibits TOM70's interaction with Hsp90. To gather
detailed information about the mechanism of inhibition, not only
the full-length HSP90 but also its C-terminal domain were studied.
This approach proved to be relevant to build a model for the
mechanism of inhibition.

2. Experimental procedures
2.1. Recombinant protein production

A codon-optimized ORF9b from SARS-CoV-2 was cloned into
pET28a with the insertion of both a poly-histidine tag (His-tag) and
a cleavage site for TEV protease. The ORF9b recombinant protein
was expressed in E. coli BL21(DE3) cells grown in LB media with
30 ug mL~! kanamycin at 37 °C until an Absggg of 0.8 was reached,
and the expression was induced with 0.5 mM isopropyl B-b-1-
thiogalactopyranoside (IPTG) at 37 °C for 4 h. The cytosolic frag-
ment of TOM70 (UniProtKB - 094826, residues 111—608) cloned
into the pPROEX plasmid [7] and ORF9b cloned into pET28a was
heat-shock cotransformed into and coexpressed in E. coli BL21(DE3)
cells at 1 mM IPTG and 37 °C for 4 h, then cells were harvested by
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centrifugation at 2450 g for 15 min at 4 °C. The pellet was resus-
pended in 25 mM Tris HCl and 200 mM Nadl, pH 9.0, and incubated
with 1 mM PMSF, 30 png mL~! lysozyme and 5 U of DNAse for 30 min
on ice. Cells were lysed using a sonicator and centrifuged at
20,000xg for 30 min at 4 °C. Either His-tagged ORF9b or ORF9b-
TOM70 complex was purified using 5 mL nickel affinity column
HisTrap™ HP (GE Healthcare) equilibrated in buffer A (25 mM Tris
HCI, pH 8.0, 200 mM NaCl and 20 mM imidazole) and was eluted
with buffer B (25 mM Tris HCI, pH 8.0, 200 mM NaCl and 500 mM
imidazole). Proteins were further purified over a Superdex 200 26/
60 gel filtration column (GE Healthcare) in GF buffer (25 mM Tris
HCI, pH 8.0 and 200 mM NaCl) using a FPLC AKTA system (Amer-
sham Pharmacia Biotech). All purification steps were accessed by
SDS—PAGE, and concentration was determined using absorbance at
280 nm by the Edelhock method [15]. Other recombinant proteins
used in the study, including full-length human Hsp90 (UniProtKB -
P07900), and the C-terminal domain of human Hsp90 (residues
566—732) were expressed and purified as previously reported
[9,16].

2.2. Spectroscopy

Circular dichroism (CD) was recorded on a spectropolarimeter J-
810 (JASCO) device with a temperature controller (Peltier Type
Control System PFD 4255-jasco) under constant flow of 10 L min~!
Ny, Protein samples (5 uM) in 25 mM Tris HCl pH 8.0 and 200 mM
NaCl were placed into a 2 mm optical length quartz cuvette. Each
obtained spectrum was an average of 16 different readings at
200—260 nm wavelengths measured at 20 nm min~! with a 1 s
response time at 20 °C. The results were expressed as the mean
residue molar ellipticity, [0] [17].

Fluorescence measurements were performed in a spectrofluo-
rimeter (SLM AMINCO-Bowman Series 2 (AB2) (Thermo Fisher, Inc.)
at 25°Cusing a1 x 1 cm pathlength cuvette with 10 uM of protein
sample in the above buffer. The fluorescence intensity was
measured with excitation at 295 nm and emission from 300 to
400 nm.

2.3. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was used to directly
measure the thermodynamic parameters using a MicroCal Ultra-
sensitive VP-DSC apparatus. Protein samples at 20 uM (in buffer
25 mM Tris HCl, pH 8.0 and 200 mM NaCl) were degassed for
30 min before loading into the calorimeter. The scans were per-
formed at scan rates of 60 °C h™'. The data obtained were sub-
tracted from a baseline of buffer against buffer before
normalization of the protein concentration and analyzed using
Origin® VP-DSC software.

2.4. Pull-down assay

The His-tag of Hsp90 was removed by TEV protease to be used as
prey in the pull-down assay, while His-tagged TOM70 and the
ORF9b-TOM70 complex were used as bait. The pull-down experi-
ment was performed in GF buffer (25 mM Tris HCl, pH 8.0 and
200 mM Na(l) and conducted at room temperature. Three mL of
20 puM His-tagged TOM70 and ORF9b-TOM70 complex were
immobilized in separate experiments into a 5 mL HisTrap™ HP (GE
Healthcare) nickel column. Wash with 3 collumn volumes (CV)
used the same buffer to ensure that any unbound protein was
washed away from the column. Then, 3 mL of 20 puM untagged
Hsp90 was injected into the column and incubated for 2 h at 4 °C.
After incubation, the column was washed again with 3 CV of buffer
A to remove noninteracting proteins. Finally, proteins bound
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specifically to the resin of the column and their interacting proteins
were eluted with buffer containing 500 mM imidazole. Samples
were collected at each step and analyzed by SDS—PAGE.

2.5. Size-exclusion chromatography-multiangle light scattering
(SEC-MALS)

Size exclusion chromatography (SEC) coupled with multiangle
light scattering (MALS) was used to determine protein molecular
mass [18]. This device was set up with a 25 mL column Superdex
200 10/300 GL (GE Healthcare) connected to an AKTA pure protein
purification system (Amershan Pharmacia Biotech) coupled with a
triple light detector miniDAWN TREOS (Wyatt Technologies) and
Optilab T-rEX refractive index detector (Wyatt Technologies). Pro-
tein mixtures were incubated for 4 h at 4 °C at the same concen-
tration. After incubation, the samples were applied to the SEC-
MALS at 25 °C, and sample fractionation was collected and
analyzed with 12% SDS—PAGE. Molecular masses were determined
by ASTRA (Wyatt Technologies) software. Additionally, character-
istic profiles from the chromatogram, molecular mass, and
SDS—PAGE were used to evaluate protein—protein interactions.

3. Results and discussion
3.1. ORF9b is purified as a mainly disordered homodimer

Accessory proteins of SARS-CoV-2 are encoded by individual
OREFs, such as ORF9b, which is involved in modulating the response
to infection [3]. This response triggers a cascade that leads to the
production of the antiviral protein interferon and includes the
mitochondrial antiviral signaling (MAVS) protein [3]. ORF9b likely
disrupts the response by binding to the mitochondrial outer
membrane protein TOM70 [3,19]. Thus, a detailed understanding of
the mechanism of interaction has great potential to be relevant in
the development of therapeutic strategies against COVID-19 [11]. To
contribute to such understanding, this investigation aimed to
produce, characterize and investigate the interactions of ORF-9b
(Fig. 1A) and the cytosolic fraction of human TOM70 (Fig. 1B) by a
combination of experimental tools [20].

Purified ORF9b had a molecular mass of 22.0 + 1.0 kDa, as shown
by SEC-MALS (Fig. 2A), confirming the homodimeric assembly of

A) ORF9b

MDPKISEMHPALRLVDPQIQLAVTRMENAVGRDONNVGPKVYPIILRLGSPLSLNM
ARKTLNSLEDKAFQLTPIAVOMTKLATTEELPDEFVVVTVK

B) TOM70

111DRAQAAXNKG!KY " KAGKYEQATIQCYTEAI SLCPTEK! 'VDLSTFYQNRAAAFEQLOK/KEV
AQDCT*AVE! | PKYVKALFRRAKAHEKLDNKKECLEDVTAVCILEGFONQQSMLLADKVLKLL
GKEKAKEKYKNREPLMPSPQF IKSYFSSFTDDI I SQPMLKGEKSDEDKDKEGEALEVKENSGY
LKAKQYMEEENYDKI I SECSKEIDAEGKYMAEALLLRATFYLLIGNANAAKPDLDKVISLKEA
NVKLRANALIKRGSMYMQQQQPLLSTQDFNMAAD IDPQNADVYHHRGQLKILLDQVEEAVADF
DECIRLRPESALAQAQKCFALYRQAYTGNNSSQIQAAMKGFEEV IKKFPRCAEGYALYAQALT
DQQQFGKADEMYDKCIDLEPDNATTYVHKGLLQLQ/WKQDLDRGLELISKAIEIDNKCDFAYET
MGTIEVQRGNMEKAIDMFNKAINLAKSEMEMAHLYSLCDAAHAQTEVAKKYGLKPPTL

Fig. 1. Amino acid sequences of ORF9b (A) and cytosolic TOM70 (B). A) Secondary
structure predicted by PSIPRED: helix, under line; strand/sheet, upper line; coil, no
line. B) Colors are the same as in Fig. 6. Yellow, residues binding the MEEVD motif of
Hsp90; cyan, Trp residues; magenta, residues binding the second binding site of
Hsp90; blue, residues binding ORF9b.
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Fig. 2. Molecular mass determination A) ORF9b had a molecular mass of
22.0 + 1.0 kDa as indicated by SEC-MALS analysis. B) ORF9b-TOM70 had a molecular
mass of 67.0 + 1.0 kDa, as indicated by SEC-MALS analysis. C) SEC-MALS profiles.
Elution is dependent on the molecular mass, and ORF9b-TOM70 was eluted before
TOM?70 alone, indicating the formation of a complex.

ORF9b since the polypeptide is predicted to be 10.8 kDa from its
amino acid sequence (Fig. 1A). A crystal structure of ORF9b from
SARS-CoV and SARS-CoV-2 (PDB id: 2CME, 6Z4U) confirmed its
homodimeric structure and the existence of a hydrophobic central
tunnel for lipid binding [11].

The CD spectrum of ORF9b was characteristic of a disordered
polypeptide with a minimum at approximately 206 nm (Fig. 3A).
However, several structural characteristics of the ORF9b structure
using other techniques, such as electron microscopy and cryo-EM,
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Fig. 3. Characterization of ORF9b and the ORF9b-TOM70 complex. A) Circular di-
chroism (CD) spectra of SAR-CoV-2 ORF9b, cytosolic human TOM70 and the ORF9b-
TOM70 complex. The ORF9b spectrum indicates a predominant random coil confor-
mation. ORF9b-TOM70 and TOM70 a-helical contents do not differ and are approxi-
mated 76%. B) Emission fluorescence spectra of ORF9b-TOM70 and TOM70 are
indistinguishable. TOM70 has two tryptophan residues, while ORF9b has none. C)
Differential scanning calorimetry profiles of ORF9b-TOM70 and TOM70. Tm; and Tm,
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indicate that ORF9b is a 2-fold symmetric dimer constructed from
two adjacent twisted B3 sheets forming strands contributed by both
monomers with highly interlocked architecture reminiscent of a
handshake [11]. The CD result revealed that a major part, but not all,
of the protein was disordered, which is supported by the analysis of
the protein sequence by PSIPRED that confirmed that a large part of
the sequence is disordered (underlined in Fig. 1A). More interest-
ingly, ORF9b is believed to belong to the family of proteins referred
to as fold switches [21]. Fold-switching proteins remodel their
secondary structures and change their functions in response to
environmental stimuli. It is likely that the B-sheets that are best
used to describe the homodimeric structure of the protein are
connected by a large random coil region (PDB; 6Z4U).

3.2. ORF9b binds cytosolic TOM70 to produce a stable complex

Coexpression of ORF9 and TOM70 produced a pure ORF9-
TOM70 complex after two stages of purification by affinity and
SEC. SEC-MALS showed that the complex had a molecular mass of
67.0 + 2.0 kDa, indicating that it was formed with one monomer
each of ORF9b and TOM70 (Fig. 2B). This is consistent with the two
solved structures of the ORF9b-TOM70 complex by cryo-EM [12]
and X-ray crystallography [11]. Furthermore, we confirmed the
chromatogram of elution fractions of ORF9b-TOM70, TOM70, and
ORF9b alone by SEC, which showed a shift in the elution peak of the
proteins, confirming the increased molecular mass in the ORF9b-
TOM70 complex when compared to TOM70 alone (Fig. 2C).

Likewise, CD was used to determine the secondary structure
characteristics of the ORF9b-TOM70 complex, which was compared
with TOM70 alone and was indistinguishable inside the error
(Fig. 3A). Each spectrum had two minima of approximately —9000
and —8500 deg.cm?dmol~! at 222 and 208 nm, respectively,
indicating proteins predominantly composed of a-helices,
approximately 77% and 76%, respectively, by using methods pro-
posed by Morriset et al. [22] and Greenfield and Fasman [23].

Tryptophan fluorescence is a remarkable tool to investigate local
protein conformation because its side chain is sensitive to the po-
larity of its environment, in a polar environment, as, for instance,
solvent exposure, it emits fluorescence with a maximum at
approximately 350 nm, which blueshifts in a polar environment, as,
for instance, buried in the protein [24]. ORF9b has no Trp residues,
while TOM70 has two (Fig. 1), and fluorescence experiments with
excitation at 295 nm provide information on whether at least one of
the residues was affected by the formation of the complex. The two
spectra had similar shapes and intensities (Fig. 3B), indicating no
significant conformational changes in the regions in which the Trps
are located. The implication of this result is discussed below.

Thermodynamic studies of the complex and comparison with
TOM70 alone showed a strikingly more stable ORF9b-TOM70
complex. Thermal stability was investigated by differential scan-
ning calorimetry (DSC), and Fig. 3C shows the heat capacity profile
for both TOM70 and ORF9b-TOM?70. The shapes of the heat capacity
profiles were similar, as they seemed to have a shoulder before a
sharp transition. The shoulder is likely due to some oligomeric
(maybe dimer) form of TOM70 that was in equilibrium with the
monomer (although that was the only form detected by SEC-MALS,
i.e., the largely predominant species). Transitions were from 41 to
52 °C for TOM70 alone and from 50 to 61 °C ORF9b-TOM70 (Fig. 3C)
and better fitted with two endotherms. Tyy1 and Ty, (Tpy,, temper-
ature at the middle of the transition) of the endotherms of TOM70
alone were 46 and 49 °C, respectively, and T and Ty, of the

of the TOM70 endotherms were 46 and 49 °C, respectively, and Tm; and Tm, of the
ORF9b-TOM70 endotherms were 54 and 58 °C, respectively.
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endotherms of ORF9b-TOM70 were 54 and 58 °C, respectively
(Fig. 3C and Table 1). Although thermal-induced unfolding profiles
were poorly reversible (data not shown), the Ty, values strongly
supported the conclusion that TOM70 bound to ORF9-b was more
stable than TOM70 alone, indicating that the interaction generates
well-packed protein interfaces [25].

3.3. Binding of ORF9b to TOM70 precludes its interaction with
Hsp90

To specify whether ORF9b, by binding to TOM70, affects its
binding to Hsp90, we employed a pull-down protein—protein
interaction approach. In this method, the interaction of Hsp90
with ORFOb-TOM70 or TOM70 was studied by using protein sam-
ples consisting of a poly histidine tag, which can specifically bind to
the nickel affinity column representing a bait, and thereby incu-
bating them with Hsp90 free of the His tag (cleaved by TEV pro-
tease). Hsp90 firmly binds with TOM70, and both were only eluted
as a complex only when 500 mM imidazole was used to decrease
the affinity of TOM70 to the resins (Fig. 4A). However, Hsp90 failed
to bind the ORF9b-TOM70 complex, as was observed from
SDS—PAGE analysis (Fig. 3B). In this case, Hsp90 was eluted with
wash buffer after incubation.

Analytical gel filtration and SEC-MALS were performed to
further study the protein—protein interactions, and the oligomeric
states of the full-length Hsp90 and ORF9b-TOM70 complexes
showed that they eluted as independent peaks. This shows that
both proteins failed to interact upon incubation, and this was
evident when the peaks were analyzed by SDS—PAGE (Fig. 5A). To
gather more information, this experiment was repeated with
Hsp90 treated with 50 mM nonhydrolyzable ATP and ADP (data not
shown), and similar independent peaks were observed, showing
that Hsp90 failed to bind with the ORF9b-TOM70 complex either in
the presence or absence of nucleotides. On the other hand, Fig. 5B
shows that Hsp90 and TOM70 were able to produce a complex with
the highest peak corresponding to the Hsp90 and TOM70 complex,
and this was confirmed by SDS—PAGE. Moreover, SEC-MALS anal-
ysis (Fig. 2B) specified a stoichiometric arrangement of one
monomer of TOM70 to a dimer of Hsp90 in the complex, a result in
agreement with our previously published works that described the
binding of TOM70 with Hsp90 [7,9].

The MEEVD motif of Hsp90 specifically binds the cytosolic TPR
(tetratricopeptide) clamp of TOM70 [26], and in a previous work,
we studied the interaction of the C-terminal domain of Hsp90 (C-
Hsp90) with TOM70 and found a second site of interaction [9].
Thus, the interaction of this domain with the ORF9b-TOM70 com-
plex was investigated to add information on the mechanism of
inhibition. Fig. 5C shows an analytical gel filtration chromatogram
of a mixture of ORF9b-TOM70 and C-Hsp90, and we observed two
distinct peaks analyzed by SDS—PAGE, indicating no complex for-
mation, a result similar to that of full-length Hsp90. However, as
expected, the mixture of C-Hsp90 with TOM70 alone eluted as a
single peak with a molecular mass of ~110 kDa (SEC-MALS analysis
not shown), and peaks analyzed by SDS—PAGE showed the two
protein bands present in the peak (Fig. 5D), indicating the same
stoichiometry arrangement of 2:1 (C-Hsp90:TOM70).

Table 1
Summary of the thermodynamic parameters of TOM70 and ORF9b-TOM70. The
uncertainties listed are the standard errors of the mean.

Protein Tmy(°C) AH; (kcal/mole/°C) Tm, (°C) AH, (kcal/mole/°C)
TOM70 46+1 295+20 49 + 1 930 + 60
ORF9b-TOM70 54 +1 340 + 30 58 +1 820 + 50
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Fig. 4. Pull-down assay. A) Pull-down assays of TOM70 with full-length Hsp90. The
TOM70 His-tagged construct was maintained intact, while Hsp90 with its His-tag was
removed by TEV protease. SDS—PAGE analysis of samples at each stage of the exper-
iment is shown. Lanes: 1. Molecular mass marker (Benchmark™ Protein ladder Invi-
trogen); 2. His-TOM70 (bait control); 3. Hsp90 (prey control); 4. Flow through His-
TOM70 (bait); 5—6. Wash with buffer A; 7. Flow through Hsp90; 8—9. Wash with
buffer A; 10—13. Elution with buffer B (500 mM imidazole). Flow through of His-
TOM?70 shows that the protein was bound to the nickel column upon two steps of
wash. Flow through of Hsp90 shows that Hsp90 was bound to TOM70 and was not
dissociated upon two-step buffer A wash. Elution by buffer B containing imidazole
confirmed the presence of His-TOM70 bound to Hsp90. B) Pull-down assays of ORF9b-
TOM70 with full-length Hsp90. The ORFOb-TOM70 His-tagged construct was main-
tained intact, while Hsp90 had its His-tag removed by TEV protease. SDS—PAGE
analysis of samples at each stage of the experiment is shown. Lanes: 1. Molecular
mass marker (Benchmark™ Protein ladder Invitrogen); 2. His-ORF9b-TOM70 (bait
control); 3. Hsp90 (prey control); 4. Flow through His-ORF9b-TOM70 (bait); 5—6. Wash
with buffer A; 7. Flow through Hsp90 (prey); 8—9. Wash with buffer A; 10—13. Elution
with buffer B (500 mM imidazole). Flow through of His-ORF9b-TOM70 shows that the
protein was bound to the nickel column upon two steps of wash. Flow through of
Hsp90 shows that Hsp90 failed to bind to the complex and was eluted by buffer A
wash. Elution by buffer B containing imidazole removed bound protein from the
column.

3.4. On the mechanism of inhibition of Hsp90 TOM70 interaction by
ORF9b

In a previous study, one of the main experiments utilized to
identify the second site of interaction between Hsp90 and TOM70
used specific peptides from these proteins in a competition inhi-
bition assay involving protein translocation by the Hsp90-TOM70
system [9]. One of the peptides, Hsp90-GYSRMEEVD, contains the
canonical MEEVD Hsp90 motif that binds to TPR, corresponding to
approximately 40% translocation inhibition [9]. Other peptides,
Hsp90-TLRQKAEADKNDKSVKDLVILLY and Tom70-
LLADKVLKLLGKEKAKEKY (magenta in Fig. 1B), which correspond
to a second site of interaction between Hsp90 and TOM?70, inhibit
translocation by approximately 40 and 35%, respectively [9].
Additionally, the combination of the two Hsp90 peptides, repre-
senting the two sites, results in a translocation inhibitory level
similar to that of a competition inhibition assay by adding the
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Fig. 5. Protein—protein interaction by analytical gel filtration and SEC-MALS. A) Analytical gel filtration (GF) chromatogram of 50 pM Hsp90 and 25 pM ORF9b-TOM70. The
chromatogram shows two peaks of unbound proteins whose fractions were analyzed by SDS—PAGE, as shown below, corresponding to the Hsp90 and ORF9b-TOM70 complexes. B)
Analytical GF chromatogram of 50 pM Hsp90 and 25 pM TOM70, which shows one major peak (peak two). Fractions were analyzed by SDS—PAGE corresponding to a complex
formation of Hsp90 and TOM70. Other minor peaks (peaks 1 and 3) show subcomplexes containing partial assemblies. C) Analytical GF chromatogram of 50 pM C-Hsp90 (C-
terminal domain) and 25 pM ORF9b-TOM70 shows two peaks of unbound proteins whose fractions were analyzed by SDS—PAGE shown below, corresponding to the C-Hsp90 and
ORF9b-TOM70 complexes. D) Analytical GF chromatogram of 50 uM C-Hsp90 and 25 pM TOM70 alone shows one major peak (peak two) whose fractions were analyzed by
SDS—PAGE shown below, corresponding to a complex formation of C-Hsp90 and TOM70. Other minor peaks (peaks 1 and 3) show subcomplexes containing partial assemblies.

entire Hsp90 protein [9]. These results clearly indicate that,
together, the two sites account for the strength of the whole
interaction and that each contributes equally to the Hsp90-TOM70
interaction. Gao and colleagues [11] argued that occupation of
ORF9b at the C-terminal of TOM70 may severely disrupt binding of
the MEEVD motif at the N-terminus. We suggest that our findings
add important additional information to their model to generate a
more detailed one. Therefore, we need to consider the crystal
structure of the ORF9b-TOM70 complex (PDB: 7DHG) to highlight
the interaction sites (Fig. 6A—B), in which we mapped the following
binding regions on TOM70: 1) in blue, the ORF9b interacting resi-
dues E549, H583, E477, Q379, Q381, D545, H515, Q594, and V556
and the residue E580 seen by cryo-EM structure (7KDT). 2), in
yellow, the residues that interact with the MEEVD motif of Hsp90,
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adapted from the crystal structure of yeast TOM71 in complex with
the Hsp82 C-terminal fragment (PDB: 3FP2) [13]. 3), in cyan, Trp
residues. 4), in magenta, the identified second functional interac-
tion site with Hsp90, which includes the sequence LLADKVLKLLG-
KEKAKEKY located on helix a7 ([9]; Fig. 6).

A direct indication that the second binding site in TOM70, the
first site being the one binding the MEEVD motif, is involved in the
inhibition process emerged from the observation that this region
(helix «7; Fig. 6) is in close proximity to the residues H583, E580,
Q379 and Q381 (Fig. 6, in blue), i.e., the binding region of ORF9b.
Therefore, binding of ORF9b to TOM70 is likely to perturb the
conformational position of helix a7, which contains the second site
of interaction with Hsp90. This hypothesis is strongly supported by
the superimposition of the crystal structures of TOM70 bound to
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Fig. 6. TOM70 structural arrangement and regions of interaction. (A) Crystal
structure of the ORF9b-TOM?70 complex (PDB: 7DHG). Helices of TOM70 and all resi-
dues of ORF9b. Residues marked in yellow show the TPR domain that interacts with
the MEEVD motif of Hsp90, adapted from the crystal structure of yeast TOM71 in
complex with the Hsp82 C-terminal fragment (PDB: 3FP2). Magenta shows the region
(located on helix ¢7) from the newly identified second functional interaction site with
Hsp90. Blue shows the ORF9b interacting residues on TOM70, which include residues
E549, H583, E477, Q379, Q381, D545, H515, Q594, V556, and E580. Cyan, Trp residues.
B) Surface model of the crystal structure of the ORF9b-TOM70 complex (see A) for
details. C) Closer view of helix a7 (second site of interaction with Hsp90) and residues
H583, E580, Q379, and Q381 at the binding region of ORF9b. Highlight of residue
Ala582 (red) that is in close contact with helix 7 (magenta), in which lies the second
site of interaction with Hsp90), and is found mutated in a disease caused by poor
translocation of key proteins to mitochondria (see text).

ORF9b with that of free TOM71, which indicates structural rear-
rangements on helices a7 and a8 upon binding [11]. In fact, the
superimposition shows that the region comprising helices a7 and
2.8 is stabilized by the binding of ORF9b [11]. Therefore, a model
materializes in which the binding of ORF9b to TOM70 perturbs not
only the region that binds the Hsp90 MEEVD motif but also the
region of helix a7, which lies at the second site of interaction with
Hsp90. Another support to this model involves the results from Trp
fluorescence. Trp residues (cyan in Fig. 6A—B), contrary to helix a7,
are not near the binding site and thus are not perturbed by it and do
not change their emitted fluorescence upon binding (Fig. 3B).
Additional support to our model emerges from recent evidence that
a mutation in the residue Ala582 to Val in human TOM70 is related
to an anemia condition in patients that is caused by poor trans-
location of key proteins to the mitochondria [27]. This residue is at
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the bottom of helix a7 (magenta, Fig. 6C), in which lies the second
site of interaction with Hsp90, and in close proximity to those (in
blue) responsible for binding ORF9b. Valine has a side-chain with a
volume about three times bigger than that of Alanine and the
mutation is likely to cause a rearrangement of helix a7 to accom-
modate the packing of the extra volume, eliminating Hsp90 binding
and resulting in poor protein translocation as detected in anemic
patients [27]. That is, perturbations in the residues located at this
region (i.e. A582 or those binding ORF9b; Fig. 6C), which is near the
helix o7, inhibit the interaction between TOM70 and Hsp90 by
affecting their second site of interaction.

In conclusion, the combination of the results shown in this work
with those previously published [9,11,27] give support to our model
and suggest that ORF9b binding is very efficient in inhibiting Hsp90
and thus evading the immune response because it targets not one
but two sites of interaction between TOM70 and Hsp90. The fact
that the two sites are equally efficient in the binding process be-
tween Hsp90 and TOM70 [9] highlights the effectiveness of the
inhibitory effect caused by ORF9b. This finding is relevant because
the ORF9b-TOM70 interaction is an attractive target for the devel-
opment of therapeutic strategies in COVID-19 infection since it has
been previously shown that TOM70 is involved in a signaling
cascade that ultimately leads to the induction of type I interferons
(IFN—I). SARS-CoV-2 can evade host immunity through the
downregulation of IFN production in the host cell [4,5,28]. This
cascade depends on the recruitment of Hsp90-bound proteins to
the N-terminal domain of TOM70, thus recruiting TBK1/IRF3 to
mitochondria, and disruption of this interaction impairs the acti-
vation of TBK1 and IRF3, which are critical steps to the mitochon-
drial antiviral system and induction of type I interferons (IFN—I)
[10,29]. Therefore, our results and analyses provide several lines of
evidence that support the findings that inhibition of Hsp90 binding
to TOM70 by ORF9b is the reason for the reduced IFN-I and overall
host immune evasion of SAR-CoV-2 [30].

4. Conclusion

This work was developed with the aim of adding relevant in-
formation on the mechanism by which SARS-CoV-2 ORF9b inhibits
the interaction between Hsp90 and TOM?70, allowing the virus to
evade the immune response at the end of the line. The three
mentioned proteins and the C-terminal domain of Hsp90 were
produced and purified. ORF9b alone was produced partially folded
as a dimer in solution, and the conformation of the other studied
proteins has been characterized previously [7,9,16]. Coexpression of
ORF9b with TOM70 resulted in a folded heterodimer that was more
stable than TOM70 alone and was the main object of investigation.

A combination of protein—protein interaction assays showed
that both the full-length and the C-terminal domain of Hsp90 were
able to bind to TOM?70 alone but not to the ORFOb-TOM70 complex,
confirming the basis for immune evasion by SARS-CoV-2. We
argued that the combination of the results shown in this work with
those previously published [9,11] provides strong support for a
model for the inhibitory action of ORF9b. This model mainly in-
cludes the following: 1) neither full-length Hsp90 nor its C-termi-
nal domain binds ORF9b-TOM70 complex; 2) Hsp90 contains two
TOM?70 binding sites in its C-terminal domain, one is the MEEVD
motif and the other is a recently found second site; 3) the second
site TOM70-peptide contributes to approximately half of the
interaction strength between TOM70 and Hsp90, measured in a
competitive inhibitory assay, and corresponds to helix a7; and 4)
helices a7 and a8 of TOM70 experience structural rearrangement
upon ORF9b binding. Thus, the binding of ORF9b to TOM70 per-
turbs not only the region that binds the Hsp90 MEEVD motif but
also the region of helix @7, which lies at the second site of
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interaction with Hsp90, supporting a more detailed model for the
inhibition caused by ORF9b (see Graphical Abstract). In conclusion,
the findings presented are relevant because the ORF9b-TOM70
interaction is an attractive target for the development of thera-
peutic strategies against COVID-19 infection.
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