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Abstract: Mononegavirales is an order of viruses with a genome in the form of a non-segmented
negative-strand RNA that encodes several proteins. The functional polymerase complex of these
viruses is composed of two proteins: a large protein (L) and a phosphoprotein (P). The replication of
viruses from this order depends on Hsp90 chaperone activity. Previous studies have demonstrated
that Hsp90 inhibition results in the degradation of mononegaviruses L protein, with exception of
the rabies virus, for which the degradation of P protein was observed. Here, we demonstrated that
Hsp90 inhibition does not affect the expression of rabies L and P proteins, but it inhibits binding
of the P protein and L protein into functional viral polymerase. Rabies and the vesicular stomatitis
virus, but not the measles virus, L proteins can be expressed independently of the presence of a
P protein and in the presence of an Hsp90 inhibitor. Our results suggest that the interaction of L
proteins with P proteins and Hsp90 in the process of polymerase maturation may be a process specific
to particular viruses.
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1. Introduction

The production of large quantities of the proteins during replication of a virus requires
help from cellular chaperones, such as Hsp90. Hsp90 chaperone activity is necessary
for the efficient replication of all viruses tested so far, but the proteins that interact with
Hsp90 seem to be virus-specific [1,2]. The universal dependence of viruses on Hsp90
makes this protein an attractive target for pharmacological intervention in viral infections.
Hsp90 activity depends on the ATP hydrolysis catalyzed by the ATPase located in its
N-terminal domain [3,4]. One of the first ATPase inhibitors of Hsp90 successfully used
to inhibit Hsp90 chaperone activity in cultured mammalian cells was 17-N-allylamino-
17-demethoxygeldanamycin (17-AAG) [5]. Many Hsp90-specific inhibitors have been
discovered in recent years and some of them were, or are currently, tested in clinical trials,
making a perspective of antiviral use of these compounds even more appealing [6,7].

Mononegavirales is an order of enveloped viruses that have a genome in the form of
a nonsegmented negative-strand RNA. Many important pathogens belong to this order,
such as the Ebola virus, measles virus (MeV), mumps virus (MuV), and lyssaviruses,
with the prototype rabies virus (RABV) causing rabies that, nowadays, is often neglected,
particularly in highly developed countries. However, more than 60,000 human deaths each
year are estimated by the WHO, despite the availability of both pre- and post-exposure
tools [8]. Clinical infection with the rabies virus is still fatal and invariable despite the
multiple in vitro and in vivo studies on the treatment of RABV infection [9–11]. Targeted
research using a broad spectrum of antivirals, as well as the use of combination therapies,
including blocking viral replication and detrimental host immune response, requires a
detailed understanding of the mechanisms of RABV replication and the pathogenesis of
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RABV infections. There is still a need for research to further the knowledge of rabies in
order to look for its effective treatment in clinical phase of the disease.

The genome of mononegaviruses encodes several proteins, including nucleoprotein
(N), phosphoprotein (P), matrix protein (M), glycoprotein (G), and large protein (L). The
RNA-dependent RNA polymerase of mononegaviruses in its active form is a complex
composed of L and P proteins. L protein is a catalytic subunit that has domains required
for RNA synthesis, mRNA capping, and polyadenylation, whereas P protein is a non-
enzymatic cofactor necessary for L protein activity [12].

Studies on the Hsp90 involvement in mononegaviruses replication concluded that the
activity of this chaperone is required for the proper folding and stability of the L protein,
and the expression of L protein also required the presence of P protein [13–15].

A study of the influence of Hsp90 inhibition on RABV replication indicated that the P
protein of this virus and other lyssaviruses was the main subject of Hsp90’s chaperone ac-
tivity [16]. These results indicated that contrary to the L proteins of other mononegaviruses,
RABV L protein was not chaperoned by Hsp90 directly, but Hsp90 was necessary for L
expression because of P Hsp90-dependence. The lyssavirus polymerase complex might be
an unexpected exception, considering the relatively well-conserved structure of this protein
among mononegaviruses. Therefore, we decided to investigate if the L protein of the rabies
virus depends on Hsp90 chaperone activity.

2. Results
2.1. RABV Infection Does Not Result in the Increased Expression of Hsp90 and Cdc37

The strong induction of Hsp90 and Cdc37 expression caused by RABV infection has
been reported [16]. We attempted to test this finding. First, we demonstrated that the
CVS-11 strain effectively infected N2a, NAC1300, and HEK293 cells, and that the infection
was inhibited by 17-AAG in a dose-dependent manner (Figure 1A,B). The virus RNA copy
number was reduced in all cell lines by about 10,000-fold with 500 nM 17-AAG, without
a significant drug-induced loss of viability of the cells (Figure 1B,C). Next, we tested the
expression of Hsp90 and Cdc37 in the infected and not infected cells, and we found no
indication of the increased expression of these proteins in the infected cells (Figure S1).

2.2. None of the RABV Proteins Are Destabilized by Hsp90 Inhibition

All the RABV proteins were cloned with myc or Flag-tags in the expression vectors.
The experiments with plasmid-transfected N2a and NAC1300 cells showed that the ex-
pression of RABV genes was low. Therefore, the experiments that required the use of
plasmids for the expression of RABV proteins were carried out using HEK293 cells. These
cells are as effective as N2a cells in supporting RABV replication and effectively express
proteins cloned under the control of CMV promoter [17]. The plasmids were transfected
into HEK293 cells and 17-AAG was added 2 h later. The cells were lysed 24 h after transfec-
tion. The Western blot did not detect a decreased level of any RABV protein after 17-AAG
treatment (Figure 2).

Previously, it was shown that the Hsp90 inhibitor decreased the expression of the
P protein of the rabies virus strain HEP-Flury [16]. Here, we demonstrate that CVS-11
P protein expression is not affected by 17-AAG. To test whether the differences in the
amino acid composition of these proteins may explain the difference in their dependence
on Hsp90, we compared known sequences of RABV P proteins (Figure S2). CVS-11 and
HEP-Flury P proteins are 95% identical. There are 15 different residues in these 297-amino-
acid-long proteins. Many of the different residues substantially modify the properties of
the proteins, changing folding (S179P), charge (Q55R, G138R, G172R, E231K, and K295T), or
polarity (S63L and A183S). Alignment to other known P proteins did not reveal mutations
unique to HEP-Flury or CVS-11, except for K295 in one of two existing alternative HEP-Flury
sequences, which is replaced by A or T in other sequences. We did not find a sequence from
a field virus identical to HEP-Flury, but two sequences differ from it by only one residue
(ADK90892 and ACI01063) (Figure S3) [18].
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Figure 1. Antiviral activity of 17-AAG against RABV (MOI = 0.1) in N2a, NAC1300, and HEK293 cell 
monolayers demonstrated by (A) a reduction of RABV titre, expressed as TCID50/mL, and (B) a reduc-
tion of N gene copy numbers in the infected cell supernatant 48 h after infection. (C) The relative num-
ber of the uninfected cells cultured for 48 h in the presence of 17-AAG compared to the control cultures 
without 17-AAG. The means and ranges of the experiment (performed in duplicate) are plotted. 

2.2. None of the RABV Proteins Are Destabilized by Hsp90 Inhibition 
All the RABV proteins were cloned with myc or Flag-tags in the expression vectors. 

The experiments with plasmid-transfected N2a and NAC1300 cells showed that the ex-
pression of RABV genes was low. Therefore, the experiments that required the use of 
plasmids for the expression of RABV proteins were carried out using HEK293 cells. These 
cells are as effective as N2a cells in supporting RABV replication and effectively express 
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Figure 1. Antiviral activity of 17-AAG against RABV (MOI = 0.1) in N2a, NAC1300, and HEK293
cell monolayers demonstrated by (A) a reduction of RABV titre, expressed as TCID50/mL, and (B) a
reduction of N gene copy numbers in the infected cell supernatant 48 h after infection. (C) The
relative number of the uninfected cells cultured for 48 h in the presence of 17-AAG compared to the
control cultures without 17-AAG. The means and ranges of the experiment (performed in duplicate)
are plotted.
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lysates made of HEK293 cells that expressed L protein alone or co-expressed L and P 
proteins were separated into soluble and insoluble fractions by centrifugation. L protein 
alone was expressed at a similar level to L protein co-expressed with P protein, and most 
of the L protein remained soluble even in the absence of P protein. P protein was detected 
only in the soluble fraction (Figure 3A). To test the possibility that RABV L protein ex-
pression is a plasmid-specific artifact, we made plasmids with the RABV sequence re-
placed with the L genes of MeV and VSV. We did not detect the expression of the soluble 
or the insoluble MeV Flag-L protein (Figure 3B), but the VSV Flag-L protein was ex-
pressed and was detected only in the soluble fraction (Figure 3C). 

Figure 2. Hsp90 inhibition does not influence the expression of RABV proteins. HEK293 cells were
transfected with plasmids expressing myc-tagged N, G, M, and P (left panel) and Flag-L (right panel).
We added 500 nM 17-AAG 2 h after transfection. Expression was tested using anti-myc and anti-Flag
antibodies 24 h later. The experiment was repeated twice, with similar results.

2.3. RABV L Protein Is Expressed and Remains Soluble without the Presence of P Protein

MuV P protein is necessary for L protein expression [14], and MeV L protein remains
soluble only when co-expressed with P protein [13]. Therefore, we tested whether RABV L
protein can be expressed in a soluble form without the presence of P protein. The lysates
made of HEK293 cells that expressed L protein alone or co-expressed L and P proteins
were separated into soluble and insoluble fractions by centrifugation. L protein alone was
expressed at a similar level to L protein co-expressed with P protein, and most of the L
protein remained soluble even in the absence of P protein. P protein was detected only in
the soluble fraction (Figure 3A). To test the possibility that RABV L protein expression is a
plasmid-specific artifact, we made plasmids with the RABV sequence replaced with the L
genes of MeV and VSV. We did not detect the expression of the soluble or the insoluble MeV
Flag-L protein (Figure 3B), but the VSV Flag-L protein was expressed and was detected
only in the soluble fraction (Figure 3C).

2.4. Hsp90 Is Required for the L and P Proteins Association

HEK293 cells were transfected with the plasmids that express Flag-L and P-myc
proteins. 17-AAG was added 2 h after transfection and cells were lysed 24 h later. Co-
immunoprecipitation (Co-IP) was performed with anti-Flag agarose-bound antibody. The
L-P protein complex was detected in control cells, but not in the cells exposed to 17-AAG
(Figure 4).

2.5. 17-AAG Does Not Inhibit RABV RNA Synthesis Early after Infection

The RNA polymerase contained in RABV particles should be active in the presence
of 17-AAG if Hsp90 is necessary for the formation of the L–P complex, but not for the
stability of the matured polymerase. To test this hypothesis, we measured the RABV RNA
synthesis rate in cells early after infection (Figure 5). There was no significant difference in
the mRNA quantity in cells treated with 17-AAG and the controls up to 6 h after infection,
but 24 h after infection, the inhibition of viral RNA synthesis was clearly visible. To
further prove that Hsp90 activity is necessary for the assembly of the RABV polymerase
complex but not for the activity of the mature enzyme, we tested whether the 17-AAG
treatment decreased viral RNA synthesis when de novo protein synthesis was inhibited
by cycloheximide (CHX). Both 17-AAG and CHX decreased RABV replication, but we did
not see a statistically significant difference in the RABV polymerase activity of cells treated
with 17-AAG, CHX, and both drugs (Figure 6). This indicated that 17-AAG did not inhibit
the mature polymerase that was present in the cells before new polymerase synthesis was
inhibited by CHX.
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Figure 3. Soluble RABV L protein is expressed without P protein present. (A) HEK293 cells were
transfected with plasmids that expressed the RABV Flag-L and P-myc proteins, as indicated. The
cells were lysed with IP buffer 48 h after transfection. The insoluble fraction was separated by
centrifugation and solubilized with 8 M of urea. Proteins were detected with antibodies specific for
Flag and myc. HEK293 cells were transfected with plasmids that expressed the Flag-L proteins of
the RABV and MeV virus (B) or with the plasmid that expressed VSV Flag-L (C). We added 0.5 µM
17-AAG 8 h after transfection. Cells were lysed 48 h after transfection. The results of one of two
experiments are presented.
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Figure 4. Hsp90 facilitates L–P complex formation. HEK293 cells were transfected with the P-myc
and Flag-L plasmids as indicated. 17-AAG was added 2 h after transfection and the cells were lysed
in IP buffer 24 h later. Agarose-bound α-Flag antibody was used for immunoprecipitation, and
anti-Flag and anti-myc antibodies were used to detect precipitated proteins. The results of one of two
experiments are presented.



Int. J. Mol. Sci. 2022, 23, 6946 6 of 12

Int. J. Mol. Sci. 2022, 23, 6946 6 of 13 
 

 

 
Figure 4. Hsp90 facilitates L–P complex formation. HEK293 cells were transfected with the P-myc 
and Flag-L plasmids as indicated. 17-AAG was added 2 h after transfection and the cells were lysed 
in IP buffer 24 h later. Agarose-bound α-Flag antibody was used for immunoprecipitation, and 
anti-Flag and anti-myc antibodies were used to detect precipitated proteins. The results of one of 
two experiments are presented. 

2.5. 17-AAG Does Not Inhibit RABV RNA Synthesis Early after Infection 
The RNA polymerase contained in RABV particles should be active in the presence 

of 17-AAG if Hsp90 is necessary for the formation of the L–P complex, but not for the 
stability of the matured polymerase. To test this hypothesis, we measured the RABV 
RNA synthesis rate in cells early after infection (Figure 5). There was no significant dif-
ference in the mRNA quantity in cells treated with 17-AAG and the controls up to 6 h 
after infection, but 24 h after infection, the inhibition of viral RNA synthesis was clearly 
visible. To further prove that Hsp90 activity is necessary for the assembly of the RABV 
polymerase complex but not for the activity of the mature enzyme, we tested whether the 
17-AAG treatment decreased viral RNA synthesis when de novo protein synthesis was 
inhibited by cycloheximide (CHX). Both 17-AAG and CHX decreased RABV replication, 
but we did not see a statistically significant difference in the RABV polymerase activity of 
cells treated with 17-AAG, CHX, and both drugs (Figure 6). This indicated that 17-AAG 
did not inhibit the mature polymerase that was present in the cells before new polymer-
ase synthesis was inhibited by CHX. 

 
Figure 5. Right after infection, CVS-11 RNA synthesis is not affected by Hsp90 inhibition. NAC1300 
cells pre-incubated for 2 h with 500 nM 17-AAG and control cells not treated with the inhibitor 
were infected on ice with CVS-11 at MOI = 100. After 1 h, unbound virus was washed off with cold 
PBS. The washed cells were incubated in a medium with or without 17-AAG. RNA was isolated at 
the indicated time and RABV RNA copies for the N gene were measured using RT-qPCR. The 

Figure 5. Right after infection, CVS-11 RNA synthesis is not affected by Hsp90 inhibition. NAC1300
cells pre-incubated for 2 h with 500 nM 17-AAG and control cells not treated with the inhibitor were
infected on ice with CVS-11 at MOI = 100. After 1 h, unbound virus was washed off with cold PBS.
The washed cells were incubated in a medium with or without 17-AAG. RNA was isolated at the
indicated time and RABV RNA copies for the N gene were measured using RT-qPCR. The means and
SD values of the four repeats of the experiment are plotted. The Student’s t-test was used to calculate
the p values.
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Figure 6. N2a cells were infected with CVS-11 at MOI = 10 for 1 h. The virus was washed off
and the cells were incubated for 23 h. At this point, the medium was replaced with fresh medium
supplemented with 50 µg/mL CHX and 1 µM 17-AAG (0 h), as indicated, and the incubation was
continued for 4 or 8 h. The cells cultured in drug-free medium served as the control (C). Viral RNA
was measured at the time of the addition of 17-AAG and CHX and after incubation with drugs in
total cellular RNA by RT-qPCR and expressed as the number of N gene copies/µg of total RNA. The
experiment was performed in triplicate. Statistical analysis was performed using one-way ANOVA.

3. Discussion

Xu et al. reported an unusually high expression of Hsp90 and its co-chaperone Cdc37
in N2a cells infected with the RABV HEP-Flury strain [16]. The elevated expression of these
proteins was observed in proliferating cells, in cancers, or during tissue regeneration [19–22].
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However, despite the universal dependence of virus replication on Hsp90 activity, we did
not find other examples of the induced expression of Hsp90 or its co-chaperones in virus-
infected cells. Therefore, we decided to test the effect of RABV CVS-11 infection on Hsp90
and Cdc37 expression in N2a and NAC1300 cells.

Xu et al. used a high virus concentration for infection (MOI = 1). We tested the
results of infection at a high and low multiplicity of infection (MOI = 1 and 0.1) because
the negative effect a high infection load on the RABV replication was noticed before, and
the best viral yield was obtained with the infection at MOI = 0.1–0.3 [23,24]. We did
not detect any Hsp90 or Cdc37 induction, regardless of the RABV concentration. The
discrepancy between our results and the results reported earlier might be attributed to
the RABV strain-specific differences. Xu et al. used the attenuated RABV strain HEP-
Flury, which was selected during the vaccine development, whereas in our experiment,
the pathogenic strain CVS-11 was used. CVS-11 is a highly virulent RABV strain, able to
kill mice after intracerebral or periferal infection, whereas the less pathogenic HEP-Flury
RABV strain does not cause fatal infection by either intracerebral or peripheral inoculations,
suggesting that these viruses exhibit less in vivo neuroinvasiveness and lower in vitro
neurotropism [25,26]. There are several potential mechanisms of Hsp90 influence on the
replication of different strains of RABV. RABV infection induces type I interferon (IFN)
production within the infected host cells [27]. In the neuronal cytoplasm, Hsp90 activity is
necessary for phosphorylation and the nuclear transport of interferon regulatory factor 3
triggered by a viral RNA, a process that leads to the increased transcription of interferon
α/β [28]. The wild-type RABV, but not HEP-Flury, infection leads to increased autophagy,
which is also Hsp90-dependent [29,30]. The possibility of a RABV strain-specific regulation
of Hsp90 and Cdc37 expression deserves further study, especially to correlate the results
obtained for the laboratory RABV strains, such as HEP-Flury and CVS-11, and the field
RABV isolates.

A previously published study of Hsp90 influence on RABV replication pointed at P
protein as the most likely subject of Hsp90 chaperone [16]. This study reported that Hsp90
inhibition resulted in the degradation of HEP-Flury P, but not the N protein expressed from
a plasmid in N2a cells. Here, we demonstrated that none of the RABV proteins expressed
alone in HEK293 cells were affected by Hsp90 inhibition. In particular, the expression
level of P protein did not decrease as a result of Hsp90 inactivation. The known examples
of single-amino-acid-substitutions that change a mutant protein interaction with Hsp90
suggest that mutations in HEP-Flury P protein may decrease its stability and make it more
dependent on Hsp90 chaperone activity [31–33]. An analysis of known P protein sequences
demonstrated that amino acid differences in RABV HEP-Flury compared to CVS-11 are
common in the field isolates of RABV and that the P proteins of some field and HEP-Flury
viruses are nearly identical. Therefore, it is possible that both Hsp90-dependent P protein
stability and/or Hsp90-dependent P–L complex formation may be responsible in different
RABVs for the sensitivity to Hsp90 inhibition, depending on the P protein sequence.

The specific role of Hsp90 activity in the process of mononegaviruses replication was
a subject of several other studies. These studies demonstrated that Hsp90 is involved in
maintaining the stability of L protein and the L–P protein complex, but the exact function
of Hsp90 seemed to be virus-specific. Hsp90 inhibition resulted in the degradation of
the L protein of the respiratory syncytial viruses, Nipah (NiV), VSV, and MuV [13–15,34].
The dependence of L protein expression and stability on P protein co-expression was also
reported [13,14,35]. P protein is necessary to prevent the L protein aggregation of MeV, VSV,
NiV, and human parainfluenza virus 3 [13,36]. However, Hsp90 inhibition caused MeV L
protein degradation only in the presence of P protein, whereas the degradation of NiV and
VSV L protein occurred even in the absence of P protein. Here, we demonstrated that RABV
L protein is expressed in its soluble form without the presence of P protein and that Hsp90
inhibition does not result in the decreased expression of RABV L protein. We did not detect
MeV L protein, which may indicate that this protein is either not expressed or is cleared
from the cytoplasm by degradation when its expression is low. The insoluble aggregates
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of MeV L may form only when the very efficient expression system is used [13]. The
same may be true for VSV L protein, which was expressed from our plasmid in a soluble
form independent of Hsp90 activity but was reported earlier to aggregate in an Hsp90-
dependent manner when expressed at a high level [13]. The successful reconstitution of
the active VSV polymerase in the mixed lysates of cells that separately expressed L and P
proteins confirmed that at least some of the L protein of this virus expressed alone acquired
native conformation and was ready to form an active complex with the P protein [37].
In agreement with these observations, the results of our study indicate that the proper
folding and stability of RABV L protein does not depend on the activity of Hsp90 or
on the complex formation of L and P proteins. However, the Co-IP results indicate that
Hsp90 chaperone activity is necessary for the formation of the L–P proteins complex. This
indicates that mature RNA polymerase L–P complex activity may be Hsp90-independent.
Our finding that Hsp90 inhibition does not affect RABV RNA synthesis rate in the first
6 h after infection supports this model. Early after-infection RNA synthesis of the virus
is catalyzed exclusively by the polymerase that was contained in the virus. This enzyme
does not require Hsp90 chaperoning activity and is not sensitive to the presence of Hsp90
inhibitor. The difference in the virus RNA synthesis in cells treated and not treated with
17-AAG becomes apparent later, when newly translated P and L proteins cannot form
active enzymes in cells treated with Hsp90 inhibitor. This model is also supported by the
results of the experiment in which synthesis of the new P and L proteins was inhibited
with CHX 24 h after infection. The polymerase present in the cells before CHX was added
remained active when the cells were exposed to 17-AAG. This clearly demonstrates that
mature RABV polymerase activity is Hsp90-independent.

P protein binding elicits a large structural rearrangement in L protein, a process that
may require assistance from the Hsp90 chaperone [38]. The studies of the polymerases of
other mononegaviruses and our results point at L protein as an Hsp90 subject, with the
possible involvement of P protein in L protein maturation and stabilization. The properties
of RABV L protein and its interaction with P protein and Hsp90 seem to be distinct from
the L proteins of other mononegaviruses. The virus-specific differences in the structure of
L protein and differences in the composition of L and P protein complexes may account for
the differences in Hsp90’s role in mononegaviruses L protein maturation and L–P protein
complex formation [12].

4. Materials and Methods
4.1. Cell Lines and Virus

The mouse neuroblastomas NAC1300 and NACCL-131 (N2a) and human embryonic
kidney cell line HEK293 were purchased at American Type Culture Collection (ATCC).
The NAC1300 and N2a cells were cultured in Eagle’s Minimum Essential Medium (ATCC)
supplemented with 10% fetal bovine serum (FBS) (Gibco) and antibiotic-antimicotic solution
(Sigma). The HEK293 cells were cultured in RPMI medium supplemented with 10% FBS
and a penicillin-streptomycin mix (Gibco).

The rabies virus strain CVS-11 (laboratory strain of Challenge Virus Standard) was
obtained from the European Reference Laboratory for Rabies (ANSES, Malzeville, Nancy,
France) and was propagated in NAC1300 and N2a cell lines. The virus stocks were
established at titres of 108.17 TCID50/mL and 107.83 TCID50/mL, respectively.

4.2. In Vitro Assay

The HEK293, NAC1300, and N2a cells were seeded in 24-well plates at 160,000 cells/well.
After 24 h, cells were infected for 1 h with 100 or 1000 TCID50 of CVS-11 in 50 µL medium
(MOI = 0.1 and 1, respectively). After that, the inoculum was replaced with medium
supplemented with different concentrations of 17-AAG suspended in Eagle’s Minimum
Essential Medium with 5% of FBS, which were added to the appropriate wells. The cells
were incubated for 48 h and then the supernatants from each of the wells were collected and
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stored at −80 ◦C until the virus titration and RT-qPCR assay, whereas the cell monolayer
was subjected to lysis using an RIPA buffer.

4.3. Virus Titration

Using a fluorescent focus assay, 10-fold dilutions of the supernatants were titrated
on the NAC1300 and N2a cells in quadruplicates [39]. The titration plates were incubated
for 48 h, fixed with 80% acetone for 20 min, and stained with anti-rabies FITC-labeled
monoclonal antibody (Fujirebio Diagnostics, Malvern, PA, USA). Fluorescence was eval-
uated using an inverted microscope under UV light. The RABV titres were calculated
using the Spearmann–Kärber method and expressed in a 50% tissue culture infectious dose
(TCID50/mL) [39].

4.4. Cell Viability Assay

Approximately 80% of the confluent cells were incubated with different concentrations
of 17-AAG for 48 h, and viability was measured using the CellTiter-Glo assay (Promega).

4.5. Reverse Transcription Quantitative PCR (RT-qPCR)

The total RNA was extracted from the supernatants using a QIAamp Viral RNA Mini
Kit (Qiagen, Hilden, Germany) and from the cell monolayers using Tri Reagent (Merck,
MA, USA). RT-qPCR was performed using a QuantiTect Probe RT-PCR Kit (Qiagen, Hilden,
Germany), with the primers listed in Table 1, based on 10-fold dilutions of the RABV
standard [40].

Table 1. Primers used for cloning. The KpnI and NotI sites used for plasmid construction are underlined.

N-forward GCTCTGGTACCATGGATGCCGACAAGATTG

N-reverse CGCGAGCGGCCGCAATGAGTCATTCGAATACGTCTTG

P-forward GCTCTGGTACCATGAGCAAGATCTTTGTTAATCC

P-reverse CGCGAGCGGCCGCAAGCAGGATGTATAGCGATTC

G-forward GCTCTGGTACCATGGTTCCTCAGGTTCTTTTG

G-reverse CGCGAGCGGCCGCCACAGTCTGATCTCACCTCC

M-forward GCTCTGGTACCATGAACGTTCTACGCAAGATAG

M-reverse CGCGAGCGGCCGCAATTCTAGAAGCAGAGAAGAGTC

RABV L-forward CGACTGGTACCATGCTAGATCCGGGAGAGGT

RABV L-reverse CGCGAGCGGCCGCAACAAACAACTGTAATCTAGTAGG

MeV L-F ATAGATCTGGATATCGGTACCATGGACTCGCTATCTGTCAAC

MeV L-R CTAGAAGGCACAGTCGAGGCTTAGTCCTTAATCAGGGCACTG

VSV L-F ATAGATCTGGATATCGGTACCATGGAAGTCCACGATTTTGAGAC

VSV L-R CTAGAAGGCACAGTCGAGGCTTAATCTCTCCAAGAGTTTTCCTCG

pWSL5-F GCCTCGACTGTGCCTTCTAG

pWSL5-R GGTACCGATATCCAGATCTATCGA

qPCR primer F ATGTAACACCTCTACAATG

qPCR primer R GCAGGGTATTTRTACTCATA

qPCR probe ACAAGATTGTATTCAAAGTCAATAATCAG

4.6. Plasmids Construction

The RNA isolated from the NAC1300 cells infected with the CVS-11 virus was sub-
jected to reverse transcription using an oligo-dT primer. The coding sequences of the genes
were amplified by PCR with the primers listed in Table 1 and were cloned into the plasmid
pcDNA-myc to create C-terminal fusions with the myc-tag sequence using the sequences
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for restriction enzymes incorporated in the sequence of primers [41]. Plasmid pCMV-10
was used to clone the L CVS-11 gene as an N-terminal fusion with the 3xFlag sequence,
and the resulting plasmid was named pWSL5. The plasmids with cloned MeV and VSV L
proteins were used as templates to amplify the DNA fragments that were used to replace
the CVS-11 L gene in the pWSL5 [13,42]. The PCR product of the pWSL5 amplification
with the primers pWSL5-F and pWSL5-R was used to make the plasmids containing the
3xFLAG fusions of the MeV and VSV L proteins. These plasmids were constructed using
PCR products amplified with MeV L- and VSV L-specific primers using the cohesive ends
generated with T4 polymerase [43].

4.7. Western Blot Analysis

Transfection with plasmids that expressed RABV proteins was performed using Meta-
fectane reagent, following the manufacturers’ instructions (Biontex). We added 500 nM
17-AAG to the transfected cells 6 h after infection, and the incubation was terminated 48
h after transfection. The protein extracts prepared with the RIPA buffer were resolved on
10% PAGE-SDS gels to detect myc-tagged G, M, N, and P proteins. 3xFLAG-L protein
was resolved on 8% PAGE-SDS gel. The insoluble protein was separated by centrifugation
for 20 min at 14,000× g and the pellet was solubilized in 8M urea before electrophoresis.
The proteins were detected using monoclonal antibodies specific for Flag (Sigma, F3165)
and myc (Merck, MABE282). A goat anti-mouse IgG-HRP antibody was obtained from
Bio-Rad (cat. no. 170-6516). The original pictures were taken with a CCD camera with the
exposure time adjusted to avoid pixel saturation. The registered signals were within the
linear response range of the camera.

4.8. Co-Immunoprecipitation (Co-IP)

For Co-IP, HEK293 cells were transfected with P-myc and 3xFlag-L or P-myc alone
plasmids. We added 500nM 17-AAG 2 h after transfection. After 24 h, the cells were har-
vested and lysed with IP buffer (0.25% Triton X-100, 10 mM Tris-HCl pH 7.5, 20 mM NaF,
100 mM ATP, 10 mM β-glycerol phosphate, 2 mM sodium orthovanadate, and protease
inhibitors cocktail (Roche)). The lysates were cleared by centrifugation at 12,000× g for
15 min at 4 ◦C. The protein concentration was measured using the BCA assay (Sigma) and
adjusted with IP buffer to 1 mg/mL. We added 10 µL anti-Flag agarose beads (Sigma) to
the supernatant (700 µL) and then incubated for 2 h at 4 ◦C with mixing. The immunopre-
cipitates were washed with ice-cold PBS four times and eluted with 40 µL 1× SDS PAGE
Loading buffer. The samples were boiled for 10 min and analyzed by Western blot.

4.9. Sequence and Phylogenetic Analysis

The GeneBank database was searched using the amino acid sequence of the RABV
HEP-Flury P protein. The one-hundred most similar sequences were aligned and analyzed
with BioEdit v.7 software [44]. Phylogenetic analysis was performed using MEGA11
software [45].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms23136946/s1.

Author Contributions: Conceived experiments, P.B. and A.O.; designed and performed experiments,
P.B., A.O., M.S. and I.D.; contributed reagents and materials, P.B. and A.O.; writing—original draft
preparation, P.B., A.O. and I.D.; writing—review and editing, P.B., A.O., M.S. and I.D. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Polish National Science Centre grant no. 2016/23/B/NZ6/02536
and ESF grant POWR.03.02.00-00-1028/17-00. The APC was funded by Mossakowski Medical
Research Institute, Warsaw, Poland.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/ijms23136946/s1
https://www.mdpi.com/article/10.3390/ijms23136946/s1


Int. J. Mol. Sci. 2022, 23, 6946 11 of 12

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The plasmid pEMC-(FlagLMor+P) containing the measles virus L protein was a
generous gift from Denis Gerlier. The plasmid pBS-L-T containing the VSV L protein was obtained
from Kerafast (USA).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Geller, R.; Taguwa, S.; Frydman, J. Broad action of Hsp90 as a host chaperone required for viral replication. Biochim. Biophys. Acta

2012, 1823, 698–706. [CrossRef] [PubMed]
2. Wang, Y.; Jin, F.; Wang, R.; Li, F.; Wu, Y.; Kitazato, K. HSP90: A promising broad-spectrum antiviral drug target. Arch. Virol. 2017,

162, 3269–3282. [CrossRef] [PubMed]
3. Panaretou, B.; Prodromou, C.; Roe, S.M.; O’Brien, R.; Ladbury, J.E.; Piper, P.W.; Pearl, L.H. ATP binding and hydrolysis are

essential to the function of the Hsp90 molecular chaperone in vivo. EMBO J. 1998, 17, 4829–4836. [PubMed]
4. Obermann, W.M.; Sondermann, H.; Russo, A.A.; Pavletich, N.P.; Hartl, F.U. In Vivo function of Hsp90 is dependent on ATP

binding and ATP hydrolysis. J. Cell Biol. 1998, 143, 901–910. [CrossRef] [PubMed]
5. Schulte, T.W.; Neckers, L.M. The benzoquinone ansamycin 17-allylamino-17-demethoxygeldanamycin binds to HSP90 and shares

important biologic activities with geldanamycin. Cancer Chemother. Pharmacol. 1998, 42, 273–279. [CrossRef]
6. Tatokoro, M.; Koga, F.; Yoshida, S.; Kihara, K. Heat shock protein 90 targeting therapy: State of the art and future perspective.

EXCLI J. 2015, 14, 48–58.
7. Sanchez, J.; Carter, T.R.; Cohen, M.S.; Blagg, B.S.J. Old and new approaches to target the Hsp90 chaperone. Curr. Cancer Drug

Targets 2020, 20, 253–270. [CrossRef]
8. Fooks, A.R.; Banyard, A.C.; Horton, D.L.; Johnson, N.; McElhinney, L.M.; Jackson, A.C. Current status of rabies and prospects for

elimination. Lancet 2014, 384, 1389–1399. [CrossRef]
9. Marosi, A.; Dufkova, L.; Forro, B.; Felde, O.; Erdelyi, K.; Sirmarova, J.; Palus, M.; Honig, V.; Salat, J.; Tikos, R.; et al. Combination

therapy of rabies-infected mice with inhibitors of pro-inflammatory host response, antiviral compounds and human rabies
immunoglobulin. Vaccine 2019, 37, 4724–4735.

10. Banyard, A.C.; Mansfield, K.L.; Wu, G.; Selden, D.; Thorne, L.; Birch, C.; Koraka, P.; Osterhaus, A.; Fooks, A.R. Re-evaluating the
effect of Favipiravir treatment on rabies virus infection. Vaccine 2019, 37, 4686–4693.

11. Smreczak, M.; Marzec, A.; Orlowska, A.; Trebas, P.; Reichert, M.; Kycko, A.; Koraka, P.; Osterhaus, A.; Zmudzinski, J.F. The effect
of selected molecules influencing the detrimental host immune response on a course of rabies virus infection in a murine model.
Vaccine 2019, 37, 4715–4723. [CrossRef]

12. Liang, B. Structures of the mononegavirales polymerases. J. Virol. 2020, 94, e00175-20. [CrossRef]
13. Bloyet, L.M.; Welsch, J.; Enchery, F.; Mathieu, C.; de Breyne, S.; Horvat, B.; Grigorov, B.; Gerlier, D. HSP90 Chaperoning in addition

to phosphoprotein required for folding but not for supporting enzymatic activities of measles and nipah virus L polymerases.
J. Virol. 2016, 90, 6642–6656. [CrossRef]

14. Katoh, H.; Kubota, T.; Nakatsu, Y.; Tahara, M.; Kidokoro, M.; Takeda, M. Heat shock protein 90 ensures efficient mumps virus
replication by assisting with viral polymerase complex formation. J. Virol. 2017, 91, e02220-16. [CrossRef]

15. Connor, J.H.; McKenzie, M.O.; Parks, G.D.; Lyles, D.S. Antiviral activity and RNA polymerase degradation following Hsp90
inhibition in a range of negative strand viruses. Virology 2007, 362, 109–119. [CrossRef]

16. Xu, Y.; Liu, F.; Liu, J.; Wang, D.; Yan, Y.; Ji, S.; Zan, J.; Zhou, J. The co-chaperone Cdc37 regulates the rabies virus phosphoprotein
stability by targeting to Hsp90AA1 machinery. Sci. Rep. 2016, 6, 27123. [CrossRef]

17. Madhusudana, S.N.; Sundaramoorthy, S.; Ullas, P.T. Utility of human embryonic kidney cell line HEK-293 for rapid isolation of
fixed and street rabies viruses: Comparison with Neuro-2a and BHK-21 cell lines. Int. J. Infect. Dis. 2010, 14, e1067-71. [CrossRef]

18. Wang, L.; Wu, H.; Tao, X.; Li, H.; Rayner, S.; Liang, G.; Tang, Q. Genetic and evolutionary characterization of RABVs from China
using the phosphoprotein gene. Virol. J. 2013, 10, 14. [CrossRef]

19. Zhu, J.; Yan, F.; Tao, J.; Zhu, X.; Liu, J.; Deng, S.; Zhang, X. Cdc37 facilitates cell survival of colorectal carcinoma via activating the
CDK4 signaling pathway. Cancer Sci. 2018, 109, 656–665. [CrossRef]

20. Yufu, Y.; Nishimura, J.; Nawata, H. High constitutive expression of heat shock protein 90 alpha in human acute leukemia cells.
Leuk. Res. 1992, 16, 597–605. [CrossRef]

21. Pick, E.; Kluger, Y.; Giltnane, J.M.; Moeder, C.; Camp, R.L.; Rimm, D.L.; Kluger, H.M. High HSP90 expression is associated with
decreased survival in breast cancer. Cancer Res. 2007, 67, 2932–2937. [CrossRef]

22. Liu, Y.; Wang, S.; Ding, D.; Yu, Z.; Sun, W.; Wang, Y. Up-regulation of Cdc37 contributes to schwann cell proliferation and
migration after sciatic nerve crush. Neurochem. Res. 2018, 43, 1182–1190. [CrossRef]

23. Fuoco, N.L.; Dos Ramos Silva, S.; Fernandes, E.R.; Luiz, F.G.; Ribeiro, O.G.; Katz, I.S.S. Infection of neuroblastoma cells by rabies
virus is modulated by the virus titer. Antivir. Res. 2018, 149, 89–94. [CrossRef]

http://doi.org/10.1016/j.bbamcr.2011.11.007
http://www.ncbi.nlm.nih.gov/pubmed/22154817
http://doi.org/10.1007/s00705-017-3511-1
http://www.ncbi.nlm.nih.gov/pubmed/28780632
http://www.ncbi.nlm.nih.gov/pubmed/9707442
http://doi.org/10.1083/jcb.143.4.901
http://www.ncbi.nlm.nih.gov/pubmed/9817749
http://doi.org/10.1007/s002800050817
http://doi.org/10.2174/1568009619666191202101330
http://doi.org/10.1016/S0140-6736(13)62707-5
http://doi.org/10.1016/j.vaccine.2017.10.098
http://doi.org/10.1128/JVI.00175-20
http://doi.org/10.1128/JVI.00602-16
http://doi.org/10.1128/JVI.02220-16
http://doi.org/10.1016/j.virol.2006.12.026
http://doi.org/10.1038/srep27123
http://doi.org/10.1016/j.ijid.2010.07.004
http://doi.org/10.1186/1743-422X-10-14
http://doi.org/10.1111/cas.13495
http://doi.org/10.1016/0145-2126(92)90008-U
http://doi.org/10.1158/0008-5472.CAN-06-4511
http://doi.org/10.1007/s11064-018-2535-6
http://doi.org/10.1016/j.antiviral.2017.11.003


Int. J. Mol. Sci. 2022, 23, 6946 12 of 12

24. Kallel, H.; Rourou, S.; Majoul, S.; Loukil, H. A novel process for the production of a veterinary rabies vaccine in BHK-21 cells
grown on microcarriers in a 20-l bioreactor. Appl. Microbiol. Biotechnol. 2003, 61, 441–446. [CrossRef]

25. Morimoto, K.; Hooper, D.C.; Carbaugh, H.; Fu, Z.F.; Koprowski, H.; Dietzschold, B. Rabies virus quasispecies: Implications for
pathogenesis. Proc. Natl. Acad. Sci. USA 1998, 95, 3152–3156. [CrossRef]

26. Koprowski, H.; Black, J.; Nelsen, D.J. Studies on chick-embryo-adapted-rabies virus. VI. Further changes in pathogenic properties
following prolonged cultivation in the developing chick embryo. J. Immunol. 1954, 72, 94–106.

27. Faul, E.J.; Wanjalla, C.N.; Suthar, M.S.; Gale, M.; Wirblich, C.; Schnell, M.J. Rabies virus infection induces type I interferon
production in an IPS-1 dependent manner while dendritic cell activation relies on IFNAR signaling. PLoS Pathog. 2010, 6, e1001016.
[CrossRef]

28. Yang, K.; Shi, H.; Qi, R.; Sun, S.; Tang, Y.; Zhang, B.; Wang, C. Hsp90 regulates activation of interferon regulatory factor 3 and
TBK-1 stabilization in Sendai virus-infected cells. Mol. Biol. Cell 2006, 17, 1461–1471. [CrossRef] [PubMed]

29. Peng, J.; Zhu, S.; Hu, L.; Ye, P.; Wang, Y.; Tian, Q.; Mei, M.; Chen, H.; Guo, X. Wild-type rabies virus induces autophagy in human
and mouse neuroblastoma cell lines. Autophagy 2016, 12, 1704–1720. [CrossRef] [PubMed]

30. Wang, B.; Chen, Z.; Yu, F.; Chen, Q.; Tian, Y.; Ma, S.; Wang, T.; Liu, X. Hsp90 regulates autophagy and plays a role in cancer
therapy. Tumour Biol. 2016, 37, 1–6. [CrossRef] [PubMed]

31. Kim, D.; Park, G.; Huuhtanen, J.; Lundgren, S.; Khajuria, R.K.; Hurtado, A.M.; Munoz-Calleja, C.; Cardenoso, L.; Gomez-Garcia
de Soria, V.; Chen-Liang, T.H.; et al. Somatic mTOR mutation in clonally expanded T lymphocytes associated with chronic graft
versus host disease. Nat. Commun. 2020, 11, 2246. [CrossRef]

32. Denney, A.S.; Weems, A.D.; McMurray, M.A. Selective functional inhibition of a tumor-derived p53 mutant by cytosolic
chaperones identified using split-YFP in budding yeast. G3 2021, 11, jkab230. [CrossRef]

33. Wang, X.; Venable, J.; LaPointe, P.; Hutt, D.M.; Koulov, A.V.; Coppinger, J.; Gurkan, C.; Kellner, W.; Matteson, J.; Plutner, H.; et al.
Hsp90 cochaperone Aha1 downregulation rescues misfolding of CFTR in cystic fibrosis. Cell 2006, 127, 803–815. [CrossRef]

34. Geller, R.; Andino, R.; Frydman, J. Hsp90 inhibitors exhibit resistance-free antiviral activity against respiratory syncytial virus.
PLoS ONE 2013, 8, e56762. [CrossRef]

35. Smallwood, S.; Ryan, K.W.; Moyer, S.A. Deletion analysis defines a carboxyl-proximal region of Sendai virus P protein that binds
to the polymerase L protein. Virology 1994, 202, 154–163. [CrossRef]

36. Chattopadhyay, S.; Banerjee, A.K. Phosphoprotein, P of human parainfluenza virus type 3 prevents self-association of RNA-
dependent RNA polymerase, L. Virology 2009, 383, 226–236. [CrossRef]

37. Canter, D.M.; Jackson, R.L.; Perrault, J. Faithful and efficient in vitro reconstitution of vesicular stomatitis virus transcription
using plasmid-encoded L and P proteins. Virology 1993, 194, 518–529. [CrossRef]

38. Jenni, S.; Bloyet, L.M.; Diaz-Avalos, R.; Liang, B.; Whelan, S.P.J.; Grigorieff, N.; Harrison, S.C. Structure of the vesicular stomatitis
virus L protein in complex with its phosphoprotein cofactor. Cell Rep. 2020, 30, 53–60 e5. [CrossRef]

39. Meslin, F.X.; Kaplan, M.M.; Koprowski, H.; World Health Organization. Laboratory Techniques in Rabies, 4th ed.; World Health
Organization: Geneva, Switzerland, 1996; 467p.

40. Wakeley, P.R.; Johnson, N.; McElhinney, L.M.; Marston, D.; Sawyer, J.; Fooks, A.R. Development of a real-time, TaqMan reverse
transcription-PCR assay for detection and differentiation of lyssavirus genotypes 1, 5, and 6. J. Clin. Microbiol. 2005, 43, 2786–2792.
[CrossRef]

41. Synoradzki, K.; Bieganowski, P. Middle domain of human Hsp90 isoforms differentially binds Aha1 in human cells and alters
Hsp90 activity in yeast. Biochim. Biophys. Acta 2015, 1853, 445–452. [CrossRef]

42. Stillman, E.A.; Rose, J.K.; Whitt, M.A. Replication and amplification of novel vesicular stomatitis virus minigenomes encoding
viral structural proteins. J. Virol. 1995, 69, 2946–2953. [CrossRef] [PubMed]

43. Li, M.Z.; Elledge, S.J. SLIC: A method for sequence- and ligation-independent cloning. Methods Mol. Biol 2012, 852, 51–59.
[PubMed]

44. Hall, T.A. A user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. Nucleic Acids
Symp. Ser. 1999, 41, 95–98.

45. Tamura, K.; Stecher, G.; Kumar, S. MEGA11: Molecular evolutionary genetics analysis version 11. Mol. Biol. Evol. 2021, 38,
3022–3027. [CrossRef]

http://doi.org/10.1007/s00253-003-1245-3
http://doi.org/10.1073/pnas.95.6.3152
http://doi.org/10.1371/journal.ppat.1001016
http://doi.org/10.1091/mbc.e05-09-0853
http://www.ncbi.nlm.nih.gov/pubmed/16394098
http://doi.org/10.1080/15548627.2016.1196315
http://www.ncbi.nlm.nih.gov/pubmed/27463027
http://doi.org/10.1007/s13277-015-4142-3
http://www.ncbi.nlm.nih.gov/pubmed/26432328
http://doi.org/10.1038/s41467-020-16115-w
http://doi.org/10.1093/g3journal/jkab230
http://doi.org/10.1016/j.cell.2006.09.043
http://doi.org/10.1371/journal.pone.0056762
http://doi.org/10.1006/viro.1994.1331
http://doi.org/10.1016/j.virol.2008.10.019
http://doi.org/10.1006/viro.1993.1290
http://doi.org/10.1016/j.celrep.2019.12.024
http://doi.org/10.1128/JCM.43.6.2786-2792.2005
http://doi.org/10.1016/j.bbamcr.2014.11.026
http://doi.org/10.1128/jvi.69.5.2946-2953.1995
http://www.ncbi.nlm.nih.gov/pubmed/7707520
http://www.ncbi.nlm.nih.gov/pubmed/22328425
http://doi.org/10.1093/molbev/msab120

	Introduction 
	Results 
	RABV Infection Does Not Result in the Increased Expression of Hsp90 and Cdc37 
	None of the RABV Proteins Are Destabilized by Hsp90 Inhibition 
	RABV L Protein Is Expressed and Remains Soluble without the Presence of P Protein 
	Hsp90 Is Required for the L and P Proteins Association 
	17-AAG Does Not Inhibit RABV RNA Synthesis Early after Infection 

	Discussion 
	Materials and Methods 
	Cell Lines and Virus 
	In Vitro Assay 
	Virus Titration 
	Cell Viability Assay 
	Reverse Transcription Quantitative PCR (RT-qPCR) 
	Plasmids Construction 
	Western Blot Analysis 
	Co-Immunoprecipitation (Co-IP) 
	Sequence and Phylogenetic Analysis 

	References

