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Abstract 

HDAC6 is a member of the histone deacetylases (HDACs) family and has a unique structure, with 

tandem catalytic domains and a conserved ubiquitin (Ub)-binding zinc finger (ZnF) domain. While the 

deacetylase activity is important for cell motility, stress response, cancer progression, among others, 

HDAC6 function also depends on its ZnF domain which engages Ub in many cases. For example, it is 

important for the formation of cellular granules, such as aggresome and stress granules. In particular, 

the aggresome/HDAC6 pathway can be hijacked by exogenous pathogens, like influenza A virus (IAV), 

to facilitate the infection: the HDAC6 ZnF domain is indispensable for virion uncoating, but the 

molecular details are still missing.  

The goal of this thesis has been (i) to gain additional details about the cellular components recruited by 

the HDAC6 ZnF domain and involved in the viral uncoating and (ii) to use small artificial proteins to 

interfere with this recruitment.  

Analysis by immunoprecipitations and biochemical assays allowed me to show that the recruitment of 

Ub by the HDAC6 ZnF is essential to allow the formation of a complex involving components of the 

actomyosin system, in particular myosin 10 and actin. Unanchored Ub chains form a bridge between 

HDAC6 and myosin 10. This also has an impact on the recruitment of another motor system, dynein: 

recruitment of dynein by HDAC6 is increased when Ub cannot be recruited. These biochemical data 

were combined with mathematical analysis of the system by our colleagues at D-BSSE, to model the 

uncoating of IAV. This allowed developing a tug-of-war model of uncoating which realistically depicts 

the biological observations. Besides, results from clinical samples could be obtained; in particular, two 

IAV strains, H1N1 and H3N2, show a different dependency on the HDAC6/aggresome pathway. We 

could show that this relates to their M1 matrix protein having different affinities (H1N1 > H3N2) for 

interaction with HDAC6. This information could also be integrated into the model and allowed to 

further refine it (Arctibasova*, Wang* et al., submitted). 

Above we demonstrated the importance of HDAC6 ZnF-Ub interaction during IAV infection, we 

decided to target this protein-protein interaction, as it might be valuable therapeutically. To achieve this, 

we screened out multiple DARPins (Designed Ankyrin Repeat Proteins) which bind specifically to 

HDAC6 ZnF. One of the DARPins, F10, could be shown to efficiently block the HDAC6-Ub interaction 

by in vitro pull-down and split-GFP assays in cells. X-ray crystallographic data (with a resolution of 

2.55 Å) showed that F10 occupies the pocket where Ub engages. We established cell lines for 

expression and conditional degradation of DARpin F10; this allowed us to show that IAV infection is 

greatly inhibited by F10 expression. Investigation of IAV M1 protein release by microscopy convinced 

us that the uncoating step is interrupted. Furthermore, we showed that another RNA virus, ZIKA, is 

also impaired by DARPin F10. Other cellular pathways, like aggresome and stress granule formation, 
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are inhibited as well (Wang et al., submitted). Considering that stress granule and aggresome are both 

potentially pathological granules in neurodegenerative diseases (e.g. Amyotrophic lateral sclerosis and 

Parkinson diseases), we have shown that the HDAC6 ZnF domain is a targetable site for drug discovery, 

with potential for patients who are suffering from severe virus infection or as neurodegenerative 

diseases. 
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1, Post-translation-modifications, Acetylation & HDACs 

1) Post-translation-modifications 

After the first isolation of DNA, which was named “nuclein” initially by a Swiss Physician -- Friedrich 

Miescher in 1869, scientists have shown that DNA carries the secret of life: It determines protein 

sequence, which further decides its structure and function. The process from DNA to RNA to protein 

is called “central dogma” (Crick, 1970) (Figure 1), and the last step from RNA to protein is “translation”.    

 

 

 

 

Figure 1, the central dogma of biology. 

However, to fulfill a protein’s function, we still need to put “decorations” on certain amino acids, and 

this is termed as Post Translation Modifications (PTM). It refers to a covalent link of a small chemical 

group, e.g. phosphate and acetyl group, or proteins/peptides (such as in ubiquitination and 

SUMOylation), to amino acid side chains or at protein’s C- or N- termini. The most frequent 

modification is Phosphorylation (the attachment of a phosphate group) (Khoury et al., 2011). It occurs 

mostly on amino acid serine (Ser), threonine (Thr), tyrosine (Tyr), and several others. The protein that 

transfers the phosphate to its substrate is called “kinase”. One of the most studied kinases is Mitogen-

activated protein kinase (MAPK). In eukaryotes, phosphorylation regulates multiple cellular pathways 

including proliferation, gene expression, differentiation, mitosis, cell survival, and apoptosis (Gray 

Pearson, 2001). Besides the modification which mediates protein function, there is one modification 

involving in protein degradation, named “ubiquitination”. To prevent the accumulation of misfolded 

proteins, the cell is evolved with a Protein Quality Control (PQC) system to degrade ubiquitinated 

targets (Chen et al., 2011). When the cell is under stress conditions, which are induced by exogenous 

stimulus (e. g. heat-shock), chemicals (e.g. MG132 & Arsenite), or pathogens (like virus or bacteria), 

the cellular PQC will be disturbed, leading to the accumulation of misfolded protein. Those aggregates 

could be very toxic in neurons, if they are not eliminated immediately and keep existing (Sweeney et 

al., 2017). Therefore, to get rid of misfolded proteins, the E3 ubiquitin (Ub) ligase, which forms a 

functional complex with E1 and E2, deposits Ub to the substrate lysine (K) residue. The linkage between 

substrate and Ub is classified by lysine’s position on Ub, like K48 and K63. In general, K48-linked 

ubiquitination is responsible for the protein clearance, on the other hand, K63 linkage is involved in 

other pathways, such as signal transduction and protein recruitment (Behrends and Harper, 2011). 



 

8 
 

2) Acetylation  

Acetylation, the second most frequent PTM (Khoury et al., 2011), refers to the reaction of adding an 

acetyl functional group to residues, mainly lysine (K). In the nucleus, this reaction happens commonly 

on histone proteins. The acetylation state of histones regulates the gene expression, for instance, 

acetylated H3K4 is always serving as an active expression marker. There are pieces of evidence to 

explain the causality between histone acetylation and gene activation. For example, the recruitment of 

certain complex through acetylated histone regulates gene expression. BRD4, short for bromodomain 

(which recognizes acetylated lysine residue) containing protein 4, could recruit the Mediator co-

activator complex which is necessary for many genes transcription after binding to acetylated histone 

(Houzelstein et al., 2002; Jiang et al., 1998). Meanwhile, the deacetylation of H4 lysine 16 is important 

for the spreading of heterochromatin components, which leads to the gene silence in the related region, 

whereas acetylation of H4K16 serves as a barrier for the spreading (Shahbazian and Grunstein, 2007). 

Besides histone acetylation, non-histone acetylation is getting increasingly important in recent years. 

For instance, since the deacetylation of tumor suppressor p53 leads to tumor development (Brooks and 

Gu, 2011), it is appealing to use small molecule, like Nutlin-3, to keep p53 from de-acetylation 

(Lyubomir T. Vassilev, 2004). Next, the acetylation of cytoplasmic protein regulates the cytoskeleton 

system. Microtubules, a tubular polymer, comprises two major tubulin types, α-tubulin, and β-tubulin, 

in eukaryotes. α-Tubulin is acetylated at lysine 40 by the cytoplasmic acetyltransferase TAT1 (Akella 

et al., 2010). It has been reported that the deletion of TAT1 increases the chance of stress-induced 

microtubule breakage, indicating that acetylation increases the mechanical resilience of microtubules 

to ensure the persistence of long-lived microtubules (Xu et al., 2017) (Figure 2a). Acetylation also 

regulates the actin network. Cortactin, a substrate of histone deacetylase 6 (HDAC6), will be hyper-

acetylated if HDAC6 is deactivated, leading to its disassociation from actin filaments (Schnoor et al., 

2018), further resulting in the disruption of actin polymerization as well as ciliary disassembly (Zhang 

et al., 2007) (Ran et al., 2015) (Figure 2b).  
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Figure 2, two examples of non-histone acetylation/deacetylation 

a) α- Tubulin of the microtubule is acetylated and deacetylated at Lys40 by α- tubulin N- acetyltransferase 1 

(TAT1) and histone deacetylase 6 (HDAC6), respectively. The acetylation can increase the microtubule’s 

resistance to the shearing force and mechanical damages. Figure is taken from (Xu et al., 2017). b) Cortactin is 

acetylated at multiple residues in the nucleus by CREB-binding protein (CBP) and deacetylated by sirtuin 1 

(SIRT1), SIRT2, and HDAC6. Deacetylated cortactin binds to KEAP1 and promotes cytoskeleton reorganization. 

The figure as well as the description are modified from ref (Narita et al., 2019). 

 

3) Deacetylation and HDACs 

As mentioned in Figure 2b, deacetylation is necessary for modulating cortactin interaction with KEAP1 

which controls actin filaments re-organization. The enzyme to remove the acetyl group from lysine 

residue in both histone and non-histone protein is called deacetylase, or histone deacetylase (HDACs). 

In humans, there are 18 HDAC enzymes that use either zinc- or NAD+-dependent mechanisms to 
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deacetylate acetyl-lysine substrates (Seto and Yoshida, 2014). They are divided into 4 classes based on 

the sequence similarity: Class I, IIa/b, III, and IV (Figure 3).  Class I contains HDAC1, HDAC2, 

HDAC3, and HDAC8. They are reported to mainly exist in the nucleus and ubiquitously expressed in 

different species. Acetylated histone is their main substrates. Class II is further classified into IIa and 

IIb subfamilies, and HDAC4, HDAC5, HDAC6, HDAC7, HDAC9, and HDAC10 are their members. 

A major difference between Class I and Class II is their subcellular distributions. Most members of 

Class II exhibit at least some existence in the cytosol, while HDAC6 is mainly a cytosolic protein 

(Seidel et al., 2015). Different from other HDACs, the substrates of HDAC6 are non-histone proteins, 

such as tubulin and cortactin. Moreover, unlike other HDACs that have one catalytic domain, HDAC6 

has a second catalytic domain on its N-termini (Figure 3). The tandem catalytic domains share a great 

sequence similarity (~90%). It is still not clear whether they have different substrates or any preference 

for the substrate selection. HDAC10 also preserves two catalytic domains, and its only homology is 

HDAC6, therefore these two are sorted to the Class IIb. Unfortunately, the detail of HDAC10 currently 

is unclear. The following class III is a group of NAD-dependent deacetylases, named “Sirtuins”. They 

are highly conserved from bacteria to humans and require NAD for their enzymatic activity (Nakagawa 

and Guarente, 2011). Same as other HDACs, it deacetylates histone, as well as some cytosolic protein. 

For instance, Sirt2 can deacetylate α-tubulin as HDAC6 does (North. et al., 2003), and its abnormal 

overexpression is associated with the aging of the central nervous system (CNS) (Maxwell et al., 2011). 

Last but not the least, HDAC11 is the only member of class IV deacetylase. 
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Figure 3, the secondary structure of 4 classes human HDACs and Sirtuins (partial) 

The total amino acids are indicated at the right end of each protein, and the 2 different types of deacetylase domains 

are shown in different colors. Figure is adapted from Ref. (Seto and Yoshida, 2014). 

 

4) HDAC6  

My thesis will focus on HDAC6. Firstly, it has a tandem catalytic domain at its N-termini (Figure 4a). 

The active site of Catalytic Domain (CD) 1 and CD2 are highly conserved, which are featured by the 

typical narrow hydrophobic channels (Figure 4b and 4c) (Miyake et al., 2016). Even though both 

domains can remove the acetyl group from a single acetyl-lysine substrate in vitro, they show different 

deacetylase kinetics. The Km is 31 μM, 59 μM and 44 μM for CD1, CD2, and CD1+2 (proteins covered 

both CD1 and CD2), respectively (Miyake et al., 2016). However, for the real substrate – α-tubulin, we 

find that after incubating mutated HDAC6 proteins (which had different mutations on either CD1 or 

CD2) with HDAC6 KO MEF cell lysate in which α-tubulin is fully acetylated, point mutations on CD1 

do not result in compromised deacetylase activity of HDAC6 CD1+2 protein, while in contrast, 

mutations on CD2 do (Miyake et al., 2016).  These indicate that for small substrates (e.g. acetyl-lysine) 

CD1 and CD2 are both functional, but merely CD2 is responsible for α-tubulin deacetylation. A deeper 

study on the other 13 artificial substrates shows that CD2 exhibits a broad substrate specificity, whereas 

CD1 is highly specific for substrates bearing C-terminal acetyl-lysine residues (Hai and Christianson, 

2016). Additionally, HDAC6 prefers α/β-tubulin dimer as the substrate to microtubules (Miyake et al., 

2016; Skultetyova et al., 2017). Nevertheless, we have confirmed that in vitro reconstituted microtubule 

can be deacetylated by purified HDAC6 catalytic domains, but how HDAC6 accesses the internal acetyl 

(the acetyl is located inside of microtubule lumen) is unknown. Since several new HDAC6 inhibitors 

are now under development for severe clinical diseases (Cosenza and Pozzi, 2018; Jiang et al., 2019; 

Li et al., 2018b), more studies about its deacetylase activity, including the substrate preference between 

CD1 and CD2, are foreseeable. Another important finding is that the region between CD1 and CD2 

(from amino acid 436 to 484, figure 4a) is responsible for HDAC6/Dynein interaction (Banerjee et al., 

2014a; Kawaguchi et al., 2003). It may not connect with HDAC6 deacetylase activity but is critical for 

HDAC6 another role in cells, and this role is the main topic of my thesis. Besides, for human HDAC6, 

there is another domain, called SE14 (Bertos et al., 2004), in the region between CD2 and ZnF. Very 

few studies are on this part, and it is only present in humans, regarded as a cytoplasmic anchoring motif. 
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Figure 4, HDAC6 secondary structure in detail and CD1/CD2 difference (data is taken from our publication. Ref 

(Miyake et al., 2016)) 

a) Each domain is indicated below the corresponding region. b) & c) show the 3D structure of the enzymatic active 

site for HDAC6 CD1 and CD2 respectively. The major difference in structure is that Trp261 in CD1 is replaced 

by Phe643 in CD2. d) represents the experiment between different point mutated HDAC6 CD1-CD2 protein and 

HDAC6 KO MEF cell lysate. The point mutations can affect the indicated (top) catalytic domain’s deacetylase 

activity. It shows all the five CD1mutated-CD2 proteins still deacetylate the hyper-acetylated α-tubulin. While 4 



 

13 
 

CD1-CD2mutated proteins lose their deacetylase activity. Taken together, it shows that CD2, not CD1, accounts for 

α-tubulin deacetylation. 

 

Compare to its N-termini catalytic domain, the HDAC6 C-terminal ZnF domain is much less studied. 

In 2001, it was first identified as an Ub binding motif (Seigneurin-Berny et al., 2001), and the x-ray 

structure together with Ub C-termini peptide was solved in 2012 (Ouyang et al., 2012) (Figure 5a). 

Through its interaction with Ub, HDAC6 is associated with the transport of ubiquitinated aggregates 

formed by misfolded proteins, as a result of inhibition of the proteasome pathway. The aggregates will 

grow to a stress response related to cellular granule, called aggresome (Figure 5b). It is a big and unique 

granule in the cell, surrounded by an intermediate stress filament – vimentin formed cage (Johnston et 

al., 1998b). Under normal conditions, misfolded proteins will be ubiquitinated by the E3 ligase, and 

degraded by the proteasome. However, if proteasomal degradation is blocked or overloaded, the 

aggresome pathway will be activated. Here, misfolded proteins will be recognized by an 

HDAC6/Dynein complex through the Ub-ZnF domain interaction, then transported along the 

microtubules to Microtubule Organizing Center (MTOC), forming an aggresome. Finally, the 

aggresome will be cleared by autophagosome to recycle the material (Figure 5c). Not limited to the 

aggresome pathway, HDAC6 is also involved in the stress granule (SG) pathway, virus infection, and 

neurodegenerative diseases. More detail about the HDAC6 ZnF role in different cellular pathways will 

be explained in the following parts. 

The validated HDAC6 substrates and interacting proteins (colored by sky blue) are listed in Table 1. 

The responsible domain has been indicated. Collectively, catalytic domains are for substrate 

deacetylation while the protein-protein interaction function is mainly assigned to ZnF domain. 
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Figure 5, HDAC6 ZnF structure with Ub peptide and Scheme of Aggresome Pathway 

a) The overall structure of the HDAC6 ZnF-Ub complex. The Ub C-terminal is shown as the yellow stick, and 

ZnF is plotted by the electrostatic surface (-5 KT/e to +5KT/e). The structure is modified from PDB: 3GV4. b) 

Aggresome induced by Carfilzomib (2 μM, 18 hrs) in A549 cells. Aggresome is indicated by Ub and HDAC6 

signals. Both are markers for aggresome. Scale bar represents 10 μm. c) The scheme of Aggresome Pathway 

(Figure is taken from our collaborator Dr. Yohei Yamauchi, University of Bristol). 

Protein substrate protein function affected by 

acetylation/deacetylation 

Potential therapeutic target 

diseases 

HDAC6 

domain 

involved 

α-tubulin 

(Zhang et al., 2003b) 

Tubulin deacetylation (Lys40); 

Regulation of immune synapse 

the formation, cell migration, and 

chemotaxis 

Antigen presentation deficiencies; 

Tumor cell metastasis (cancer); 

Neurodegenerative disorders 

(Parkinson’s disease, 

spin bulbar muscular atrophy, 

CMT disease) 

CD1 or 

CD2 

Cortactin 

(Zhang et al., 2007) 

Cortactin deacetylation (nine Lys 

residues); 

Biological disorders involved in 

actin-based cell migration 

CD1+CD2 
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Regulation of cellular migration 

and F-actin binding 

HSP90 

(Bali et al., 2005) 

HSP90 deacetylation (Lys294); 

Misfolded protein degradation 

and clearance; Regulation of gene 

transcription activation 

Neurodegenerative disorders; 

Tumor cell (cancer) 

CD1+CD2 

Tat  

(Huo et al., 2011) 

Tat deacetylation (Lys28); 

Suppression of Tat-mediated 

transactivation of the HIV 

HIV CD2  

Ku70 

(Subramanian et al., 

2011) 

Ku70 deacetylation 

(Lys539/542); Suppression of 

apoptosis 

ND CD1 or 

CD2 

β-catenin 

(Gao et al., 2010) 

β-catenin deacetylation (Lys49); 

Epidermal growth factor-induced 

β-catenin nuclear localization 

Tumor cell (cancer) CD1 or 

CD2 

RIG-I 

(Choi et al., 2016) 

RIG-I Deacetylation; 

Virus related Innate immunity  

RNA virus infection CD1 or 

CD2 

Peroxiredoxins 

(Parmigiani et al., 

2008) 

Prx deacetylation (PrxI Lys 197, 

PrxII Lys196); Redox regulation 

Neurodegenerative disorders 

Tumor cell (cancer) 

CD1 or 

CD2 

Survivin 

(Riolo et al., 2012) 

Survivin deacetylation (Lys129); 

Anti-apoptotic function 

Tumor cell (cancer) CD2 

DDX3X 

(Saito et al., 2019a) 

N–terminal Intrinsically 

disordered region (IDR) 

deacetylation; Stress granule 

maturation 

Neurodegenerative disorders CD2 

Ub (Crystallization) 

(Ouyang et al., 2012) 

Proteasome pathway 

Aggresome Pathway 

Stress granule Pathway 

Cancer/Neurodegenerative 

disorders 

/… 

ZnF  

Dynein (Co-IP) 

(Kawaguchi et al., 

2003) 

Misfolded protein transport 

Influenza A virus infection 

Flu/Neurodegenerative disorders DBM 

P62 (Co-IP) 

(Yan et al., 2013) 

Aggresome formation Neurodegenerative disorders CD2 

Myosin 10 (Co-IP) 

(Banerjee et al., 

2014a) 

Aggresome formation 

Influenza A virus infection 

Flu/Neurodegenerative disorders ZnF 

(verified in 

result part) 

P97/VCP(Co-IP) 

(Seigneurin-Berny et 

al., 2001) 

Proteasome pathway ND ZnF 
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Table 1, HDAC6 substrates & interacting proteins 

From α-tubulin to DDX3X, they are substrates for HDAC6, while from Ub to VCP (colored cells), they are 

HDAC6 interacting proteins. The method to validate the binding is indicated right after the protein name. As 

shown, except Ub, which has a solid in vitro binding data (crystallization), others are obtained from co-

immunoprecipitation from cell lysate. They may directly interact with HDAC6, or indirectly through some 

intermediate proteins. Table is updated from (Li et al., 2013). ND: not determined. 

 

5) HDAC6 and cytoskeleton 

HDAC6 is regarded as a microtubule regulator as α-tubulin is the earliest identified HDAC6 substrate. 

However, the result of tubulin acetylation and de-acetylation remains obscure. Until now, a few pieces 

of evidence imply the de-acetylation of tubulin mainly affects 1) microtubules' physical properties and 

2) its binding partner. It has been shown that HDAC6 mediated microtubules deacetylation is essential 

to increase cellular stiffness (a parameter connected to cell invasion) in oncogene expressing 

cells(Rathje et al., 2014). Likewise, GRK2, G protein-coupled receptor kinase 2, is an HDAC6 

stimulator, which recruits and phosphorylates HDAC6 (1~837), leading to the deacetylation of 

microtubules, enhancing cell motility and adhesion (Lafarga et al., 2012). Meanwhile, as shown in 

Figure 2a, acetylated microtubules are long-lived and stable, and resist mechanical stress (Xu et al., 

2017). In addition to the direct influence on microtubules, their acetylation state modulates interactions 

with microtubules binding proteins. Inhibition of HDAC6 induces the transport of JIP1 (JNK-

interacting protein 1) by kinesin-1 (a microtubule interacting protein) to neurites and its accumulation 

in neurite-tips (Reed et al., 2006). Independently of HDAC6 enzymatic activity on microtubules, 

HDAC6 is reported to interact with microtubules associated motor protein, dynein, through the 

previously described loop region (436-484, Figure 4a) between the two catalytic domains. However, it 

is still not clear about which part of dynein is responsible for the interaction with HDAC6. Therefore, 

we cannot exclude the possibility that HDAC6 actually interacts with other dynein binding proteins and 

further recruits dynein.  

Unlike tubulin, actin is not a substrate of HDAC6. The impact of HDAC6 on actin filaments is via other 

proteins. As mentioned in Figure 2b, HDAC6 deacetylates cortactin, re-organizing filament formation. 

Despite of the direct deacetylation, an interesting finding shows that inhibition of HDAC6 by its specific 

inhibitor-tubastatin A, upregulated myosin 10 (Myh10) expression, resulting in increasing actin 

dynamics, which facilitated ciliogenesis (Rao et al., 2014). Besides, expressing HDAC6 ZnF domain in 

neuro2a cells shows increased actin extensions as compared to control. Denser actin cytoskeleton and 

more neuritic extensions are observed by overexpression (Balmik et al., 2019). The detail of how 
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HDAC6 ZnF domain is participating in the actin dynamic is not clear. Considering that ZnF domain is 

non-enzymatic, the answer may lie in its interaction with Myh10 (shown in Result Part II). Finally, 

HDAC6 regulates intermediate filaments. Expression of oncogenes such as simian virus 40 large T 

antigen, c-Myc, and cyclin E lead to an upregulation of HDAC6, followed by a structural collapse of 

vimentin filament network (Rathje et al., 2014). All the above indicate that HDAC6 is actively 

participating in the cellular cytoskeleton regulation.    

    

2, HDAC6-Ub interaction in cellular granules formation 

1) HDAC6 interacts with C-terminal free Ub 

From the structure (Figure 5a), it presents that Ub C-terminal end, -R-L-R-G-G inserts into ZnF pocket, 

indicating that Ub, either mono Ub or Ub chain, with a free C-terminal can be recruited by HDAC6 

ZnF domain. Notably, given that the C-terminal of Ub is fused to lysine residue during the 

ubiquitination process, ubiquitinated proteins cannot be recognized by HDAC6 due to the ubiquitination 

process, which needs the help from 3 major enzymes/complexes: (1) E1, Ub-activating enzymes, (2) 

E2, Ub-conjugating enzymes and (3) E3, Ub ligases. The first step, called “activation”, is E1 captures 

a free Ub with energy from ATP hydrolysis. Then E1 transfers Ub to E2, a process named “conjugation”. 

Finally, the E2-Ub complex will bind to a substrate-specific E3 complex, and later Ub will be “ligated” 

to the substrate (Figure 6a). The result of this sequential cascade is to paste Ub to lysine residues on the 

protein substrate via an isopeptide bond (Figure 6b) (or to cysteine residues through a thioester bond, 

serine and threonine residues through an ester bond, or the amino group of the protein's N-terminus via 

a peptide bond (Komander and Rape, 2012)).  

The category of ubiquitination is divided according to the length of Ub. 1) Monoubiquitination, meaning 

only one Ub is fused to the substrate. 2) Polyubiquitination. The substrate will be ubiquitinated at lysine 

residue with multiple Ubs. The final product is named after the conjugated lysine residue’s position, 

like K48/K63-linked Ub chains (Figure 6c). In all cases, the Ub C terminal will be fused to a lysine 

residue on the substrate (Figure 6c), hence, the ubiquitinated protein cannot be recognized by HDAC6 

ZnF anymore. To generate the free C-terminal, the deubiquitinase (DUB) (Figure 6a) is needed. It 

functions on the isopeptide bond to cleave Ub from the conjugated lysine, creating the C-terminal free 

Ub chain or mono-Ub. A study on aggresome formation pathway has shown that ataxin-3, an aggregate-

associated deubiquitinase, creates unanchored C-terminal free K48 linked Ub chains from the poly-

ubiquitinated/misfolded proteins, then recruiting HDAC6 ZnF to the aggregate and helping the 

formation of aggresome (Ouyang et al., 2012). And for the following aggresome clearance phase, 

another DUB, Poh1, cleaves the ubiquitinated protein and releases free K64 linked Ub chains, which is 

captured by HDAC6, facilitating the clearance of aggresome (Hao et al., 2013; Nanduri et al., 2015). 
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Considering that DUBs cleave C-terminal free Ub from the ubiquitinated substrate, it is intriguing that 

HDAC6 can transport the ubiquitinated aggregates by interacting with an isolated Ub chain, which is 

no longer conjugated to the target, to MTOC site? Unfortunately, the answer is not clear. More efforts 

are needed.  

 

Figure 6, ubiquitination and the C-terminal of Ub 

a) Protein ubiquitination and deubiquitination. E1 starts the ubiquitination with ATP, then passes Ub to E2. E2 

forms complex with E3 ligase. Finally, E3 catalyzes Ub conjugating to the substrate. Ubiquitination is divided 

into mono-ubiquitination and poly-ubiquitination. They are all degraded by lysosome or proteasome, respectively. 

On the right, it shows deubiquitinase (DUB) removes Ub from the substrate, generating the mono Ub or Ub chains 
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with free C-termini. Figure & legends are modified from (Cai et al., 2018); b) the isopeptide bond (highlighted 

yellow) formed between the Ub C-terminal glycine residue and substrate’s lysine residue. As shown, the C-termini 

of Ub is occupied; c) the structure of two typical Ub linkage: K48 (left) and K63 (Right) linked di-Ub chains. As 

we see, both C-terminus are anchored to the previous Ub and not feasible for HDAC6 ZnF domain. The structures 

are drawn based on PDB: 1AAR (K48) and PDB: 2JF5 (K63). 

 

2) Aggresome and HDAC6 

The aggresome, as shown above, is a proteasome-impairment induced cellular aggregate (Figure 5b & 

c). It is filled with ubiquitinated misfolded proteins and appears at MTOC site. Traditionally, aggresome 

formation is recognized as a cytoprotective response serving to sequester potentially toxic misfolded 

proteins and facilitate their clearance by autophagy (Olzmann et al., 2008). However, if the abnormal 

accumulation of pathological proteins, like Tau and TDP-43, occur at neurons, aggresome formation 

may be associated with multiple neurodegenerative diseases (Guthrie and Kraemer, 2011).  

Considering that the brief introduction to the formation and clearance of aggresome in the previous 

chapter, the following will focus on individual protein or complex (Table 2), explaining their relations 

with HDAC6 and aggresome. The aggresome life cycle is divided into 3 phases: 1) the ubiquitination 

of certain proteins. This step needs the E3 ligase, for example, Parkin, a RING-type E3 ligase. It 

mediates multiple forms of ubiquitination, including mono-ubiquitination (Hampe et al., 2006) and 

K48-/K63-linked polyubiquitination (Lim et al., 2006). One of its substrates is synphilin-1, a protein 

known to form aggresome when co-expressed with α-synuclein (Tanaka et al., 2004). Another known 

substrate is TDP-43, a hallmark in Amyotrophic Lateral Sclerosis (ALS). Through the ubiquitination 

by Parkin, the TDP-43/Parkin complex can be recruited by HDAC6 and translocated to aggresome 

(Hebron et al., 2013). Misfolded and ubiquitinated DJ1 (or “Parkinson disease protein 7) protein is 

similarly relocated to aggresome (Olzmann et al., 2007).  

The following step is 2) the recognition and transport by HDAC6/Dynein complex. As mentioned, for 

the ubiquitinated protein recognized by HDAC6 ZnF domain, DUBs are essential to generate C-

terminal free mono Ub or Ub chains. The two discussed examples are ataxin-3 and Poh1. After the 

loading of cargos (ubiquitinated protein aggregates), Dynein will transport them alongside microtubules 

through its interaction with HDAC6 loop region (436-484) (Figure 4a). A remaining question here is 

whether HDAC6 catalytic domains affect the transport by deacetylating α-tubulin or other substrates. 

Next, protein aggregates are enriched at MTOC site forming aggresome, and the autophagy pathway is 

activated to degrade aggresome, then 3) clearance. In detail, HDAC6 deacetylates cortactin which is 

activated and mediates the recruitment and assembly of F-actin network around aggresome. Finally, 

with the help of motor protein myosin, autophagosome will be relocated to the aggresome site and starts 

digesting the aggregates. During the clearance, HDAC6 activity on cortactin is switched on due to the 
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recruitment of Ub, while in contrast, the activity is switched off by p62/SQSTM1 knock-down (Yan et 

al., 2013).  

In conclusion, HDAC6 is at the crossroad of regulating aggresome: Interfering interaction between Ub 

and ZnF or dynein and Loop region (436-484) stands a chance to inhibit aggresome formation, while 

inhibiting HDAC6 enzymatic activity will impair aggresome clearance. Evidence shows that aggresome 

(or aggresome-like structures) is related to pathological aggregates. For example, a pathological 

mutation for Huntington's disease on huntingtin (Htt) exon 1 protein results in the formation of 

aggresome-like perinuclear inclusions (Waelter et al., 2001), and meanwhile neurodegenerative 

aggresome which contains α-Synuclein, Parkin, and Htt leads to the formation of the death-inducing 

signal complex of Hip-1, Hippi, and caspase-8 (Zhao et al., 2017), therefore regulating aggresome 

formation through HDAC6 is capable of interfering the progress of certain diseases, especially 

neurodegenerative diseases. 

Protein Function Wild-type protein localized to 

pathological inclusion bodies 

Mutations 

associated with 

disease 

HDAC6 Deacetylase, adaptor 

protein 

Lewy bodies Unknown 

Parkin E3 Ub-protein ligase Lewy bodies Parkinson's disease 

Ataxin-3 Deubiquitinating 

enzyme 

SCA type-1 and 2 DRPLA 

intranuclear inclusions 

SCA type-3 

Dynein Motor 

complex 

Retrograde 

microtubule motor 

Unknown Motor neuron 

degeneration 

F-actin/Myosin Actomyosin motor Unknown Neuron synaptic 

disorder 

 

Table 2, Some proteins/complexes and their relation to aggresome (Table is modified based on: (Olzmann et al., 

2008)) 

(SCA, spinocerebellar ataxia; DRPLA, dentatorubral-pallidoluysian atrophy) 

 

3) Different roles of K48 and K63 linked Ub chains in aggresome pathway 

Although two DUBs, ataxin-3 and Poh1, both generate free Ub chains acting as the docking site for 

HDAC6, the outcome is different. K48 linked ub-chains are from ataxin-3, while K63 linked ub chains 
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result from Poh1 action. Current data indicate that the interaction between K48 Ub chains and HDAC6 

promotes aggresome formation. Considering K48 linked ubiquitination is a marker for proteasome 

degradation, the hypothesis is that under proteasome inhibition, HDAC6 binds to the accumulated K48 

Ub-chains, further carrying the ubiquitinated aggregates through amyloid interaction between different 

Ub “fibers”, and moves together as a fibrillary aggregate alongside microtubule to the aggresome 

forming site.  On the other side, K63 Ub chains, which are not associated with proteasome degradation 

but involved in other processes like endocytic trafficking and DNA repair, accelerate aggresome 

clearance by autophagy. As mentioned, binding to K63 ub chains will upregulate HDAC6 enzymatic 

activity, resulting in the deacetylation of Cortactin, which helps the re-organization of F-actin and 

myosin 10 (actomyosin) network around the aggresome. Downregulation of myosin 10 by siRNA 

delayed aggresome clearance dramatically (Hao et al., 2013; Nanduri et al., 2015). The actomyosin 

network is the prerequisite for recruiting autophagosome to aggresome. 

However, K48 linked ubiquitination is not merely for aggresome formation and proteasome degradation, 

neither K63 is for aggresome clearance. There is a report that Parkin-mediated K63 ubiquitination 

contributes to the relocation of misfolded DJ1 protein to aggresome (Olzmann et al., 2007). Meanwhile, 

another study shows that K63 linked ubiquitination serves as a seed of K63/K48 branched Ub chains 

and associates with proteasome degradation, which has overthrown the traditional conception that K63 

is not proteasome related (Ohtake et al., 2018). Whatever, it is not only intriguing that the interaction 

between HDAC6 and different linkage Ub chains will have distinct outcomes, but also challenging for 

researchers to figure out a general rule for HDAC6 ZnF domain’s impact on aggresome.  

 

4) Stress Granule and HDAC6 

Stress granules (SGs) are cytosolic aggregates of messenger ribonucleoproteins (mRNP) and RNAs, 

and appear when translation initiation is inhibited either by drugs or by stress responses (Anderson and 

Kedersha, 2009). The typical chemicals or conditions to induce SGs include heat shock, MG132 

(proteasome inhibitor, mainly used to induce aggresome), sodium arsenite (SA, oxidative stress) (Figure 

7a), thapsigargin (Thaps, endoplasmic reticulum stress), sorbitol, and UV light (Aulas et al., 2017). The 

proteomic analysis shows that ca. 20% of the SG contents are varied in a stress- and cell type-dependent 

way (Markmiller et al., 2018). And in our study, we choose the SG whose formation is mediated by 

HDAC6 under sodium arsenite treatment in human alveolar basal epithelial cell A549 to investigate.  

Unlike aggresome, which has an obvious intermediate filament -vimentin formed boundary and is stable 

before the autophagosome digestion, SG is considered as a dynamic and membraneless structure, 

exhibiting liquid-like behavior, with a rapid exchange rate of its components. It will disassemble into 

mRNPs rapidly when the outside stimuli are removed. But it does not mean SG is an unshaped granule. 
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Super-resolution microscopy shows that SG contains internal substructures (Jain et al., 2016; Souquere 

et al., 2009). It has a condensed core in the center and a dynamic shell to surround the core (Figure 7b). 

How these structures are formed is still under investigation.  

In detail, SG formation is always a consequence of the stress-induced phosphorylation of eukaryotic 

translation initiation factor -- eIF2α. Normally, eIF2 is a heterodimer complex composed of eIF2α, 

eIF2β, and eIF2γ, and its function is to recruit tRNA and GTP to the 40S ribosomal subunit. After 

displacing GDP with GTP under eIF2B’s help, eIF2 is assembled into the 43S preinitiation complex, 

and then starts the translation (Kimball., 1999). Phosphorylation on the subunit eIF2α residue Ser 51, 

which is catalyzed by four kinases, PERK (PKR-like ER kinase), PKR (protein kinase double-stranded 

RNA-dependent), GCN2 (general control non-derepressible-2), and HRI (heme-regulated inhibitor) 

(Donnelly et al., 2013), will increase eIF2’s affinity to eIF2B, stop the replacement of GDP, leading to 

an inactive state of eIF2 because of lack of GTP, therefore blocking the translation (Figure 7c). 

Although phosphorylation of eIF2α is common in many stress responses, yet it will change in a stress-

specific manner (Aulas et al., 2017).  
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Figure 7, SG structure & the mechanism for eIF2α induced translation stalling. 

a) Oxidative stress-induced G3BP1 positive SG (Red) under a wide-field microscope. G3BP1, the hallmark of 

SG, is colored as red. The picture is taken by 40x objective. DAPI is colored as blue. b) 3D STORM (Stochastic 

Optical Reconstruction Microscopy) image of an SG in vivo, showing the immune-fluorescence for GFP-G3BP. 

Gray surface represents surface of an SG. Cores are shown in green. Scale bar, 500 nm. Picture is from (Jain et 

al., 2016). c) The mechanism for the translation stalling by eIF2α phosphorylation. As shown, the phosphorylated 

eIF2α cannot disassociate from eIF2B, and GDP cannot be replaced by GTP, leading to the failure of translational 

initiation. Picture is drawn based on Ref. (Valiente-Echeverría et al., 2012) 

 

The parsimonious model for SG formation could be divided into 2 steps: nucleation and maturation. 

The nucleation occurs wherein the formation of oligomeric assemblies of untranslated mRNPs (e.g. 

inactive eIF2 complex), and it could be at P bodies (processing body, responsible for multiple RNA 
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decay) (Buchan et al., 2008). Two different models of nucleation have been proposed (Figure 8): 1) the 

core-first model & 2) LLPS (Liquid-liquid Phase Separation) -first model (Protter and Parker, 2016). In 

the core first model, the repressed mRNPs will aggregate together due to multiple stable interactions. 

While in the LLPS-first model, the aggregation of mRNPs is driven by the hydrophobic force, forming 

a membraneless oily droplet structure in aqueous cytosol, acting as the primary core for SG. Later, the 

solid aggregates or LLPS-droplet grows with the joining of additional mRNPs to form small SGs. 

Herein, the difference for the two nucleated models is that for the core first model, it experiences an 

additional transition from a solid aggregate to a liquid-like small SG, and very likely this is also a result 

of LLPS. Finally, in both models, the small SGs will merge together and form a stable core-shell 

structured SG in a microtubule dependent way.  

 

Figure 8, two different models for SG formation 

Both models show two phases for SG formation: nucleation & maturation (or growth). In the Core first model, 

specific mRNPs aggregate together due to some tight interactions, like the specific interaction between protein-

protein, forming the condensed cores. Later the cores are fused with other SG components, a process driven by 

LLPS or/and cytoskeleton transporting, leading to the mature of a biphasic SG. While in the LLPS first model, 
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mRNPs are associated together due to hydrophobic forces, forming an Oil-Like droplet by LLPS. Addition of 

more mRNPs will increase the droplet size. And inside the droplet, the SG core will be generated. Figure is 

modified from Ref. (Protter and Parker, 2016)   

 

Although SG contents vary a lot in a stress-specific and cell-specific manner, several proteins, including 

HDAC6, are identified as the hallmark. For example, G3BP1 (Ras GTPase-activating protein-binding 

protein 1), a DNA unwinding enzyme that acts on DNA/DNA, DNA/RNA, or RNA/RNA duplexes, is 

important for SG formation under oxidative stress (e.g sodium arsenite-induced) (Solomon et al., 2007), 

while in yeast, Gtr1, Rps1b, and Hgh1 promote SG formation during glucose starvation (Yang et al., 

2014). Our group was the first to show that HDAC6 is a critical component of SG and co-localized with 

G3BP1 (Kwon et al., 2007). Deletion or inhibition of HDAC6 downregulates SG formation. How 

HDAC6 participates in SG formation is not clear. In 2018, we found that HDAC6 regulated SG 

maturation step through its catalytic activity (Saito et al., 2019a). An ATP-dependent RNA helicase 

DDX3X is identified as a novel substrate of HDAC6, and coincidently, it is reported as a core 

component of SG in oxidative stress (Markmiller et al., 2018; Valentin-Vega et al., 2016). Multiple 

lysine residues at DDX3X N-terminal IDR region (intrinsically disordered region, which refers to an 

unstructured fragment within a well-structured protein) can be deacetylated by HDAC6. After 

deacetylation, the interactome of DDX3X differs from the acetylated state. Deacetylation changes 

DDX3X IDR region’s physical properties and enhances its interaction with other protein IDRs. And the 

interaction between different IDRs leads to LLPS of SGs (Lin et al., 2015). In vitro experiment showed 

that in comparison to acetylated DDX3X, deacetylated DDX3X is more favorable for oily droplet 

formation. And in vivo, the acetylation dead mutant of DDX3X promotes SG formation. Intrudingly, 

by analyzing the SG number (reflecting the nucleation) and the volume (referring to the maturation), it 

was found that upregulating DDX3X acetylation by HDAC6 specific inhibitors reduced the size of SGs 

(maturation) in the cytosol but not their number (nucleation). Therefore, we concluded that the activity 

of HDAC6 deacetylase domain modulates SG maturation phase by controlling the turnover of RNP’s 

IDR acetylation state, which is associated with LLPS (Figure 9). A remaining question is whether 

HDAC6 ZnF domain is also involved in SG pathway. In the Result section, I will show that ZnF impacts 

the nucleation, but not the maturation. These data reveal the diverse role of HDAC6 in SG pathway.  



 

26 
 

 

Figure 9, HDAC6 affects the SG maturation by deacetylated DDX3X’s IDR 

Under stress conditions, IDR of DDX3X will be firstly acetylated by CBP (CREB-binding protein). This may 

help the nucleation of SG. In the protein aggregates, HDAC6 deacetylates IDR, enhancing the IDR-IDR 

interaction by changing the electrostatic of lysine residue. This promotes the LLPS-linked maturation of SG. 

Figure is taken from (Saito et al., 2019a) 

 

Similar to aggresome, SGs are disease-related granules that have been involved in viral infection, 

neurodegenerative disease, and cancer therapy. During viral infection, different viruses have different 

relations with SG. Hepatitis C virus (HCV) hijacks SG components to suppress SG formation (Ariumi 

et al., 2011). And Poliovirus also inhibits SG formation via a different mechanism in which the viral 

3C protease cleaves the SG core component G3BP1 (White et al., 2007). IAV inhibits SG by using its 

NS1 protein to blocks eIF2α phosphorylation (Khaperskyy et al., 2012). In contrast, Respiratory 

syncytial virus (RSV) induces SG formation to facilitate viral replication (Lindquist et al., 2010). Next, 

SGs have been proposed to play a pro-tumor role in cancer. In colorectal cancer, traditional therapy 

with Bortezomib induces SG formation, which enhances tumor cell resistance to drug-induced 

apoptosis (Fournier et al., 2010). While in breast cancer, SG-associated protein, G3BP2, initiates breast 

tumors directly (Gupta et al., 2017). Neurodegenerative disease is also closely connected to SG. 

Although the relationship between pathological inclusions that contain SG markers and actual 

functional SGs has yet to be rigorously tested, it is believed that SG, as a dynamic granule, will turn 
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into a stable inclusion body under persistent stress, and some pathological proteins, for example, TDP-

43, will be enriched in this stable granule. The aggregated TDP-43 then is phosphorylated at serine 

residues 409 and 410, which is the hallmark observed in ALS and frontotemporal dementia (FTD) 

diseases (Reviewed in (Wolozin and Ivanov, 2019)). Therefore, inhibition of SG formation is 

hypothesized to be a benefit for multiple diseases to improve patient’s behavior. 

 

3, HDAC6 & Diseases 

In past decades, HDAC6 has been targeted by pharmaceutical companies. Categories of HDAC6 

specific inhibitors have been developed, e.g. Tubacin, Tubastatin among others, and they have been 

applied in basic research for years. Extended application in the clinic has been explored with newly 

synthesized inhibitors, like Ricolinostat (ACY-1215), which has shown the potential to accelerate 

multiple myeloma cell death by co-administration with carfilzomib (proteasome inhibitor) in clinical 

trials (Mishima et al., 2015). The possible mechanism for HDAC6 interfering with tumor progression 

is that HDAC6 promotes tumor formation and oncogenic transformation (Lee et al., 2008). After 

deleting HDAC6, MEF cells are more resistant to oncogenic Ras and ErbB2-dependent transformation. 

Another application of ACY-1215 is in breast cancer. Data in vitro and in vivo show that inflammatory 

breast cancer (IBC) is sensitive to HDAC6 inhibition. The mechanism is not clear, but an interesting 

observation is in IBC cells, HDAC6 activity is significantly higher than non-IBC cells (Putcha et al., 

2015).  

Unlike the cases of targeting HDAC6 catalytic domain by small molecule to interfere with cancers, 

clinical studies on HDAC6 ZnF domain imply a deep relation to neurodegenerative diseases. For 

example, its ability to be coupled with misfolded protein leads to the co-localization of HDAC6 and α-

synuclein in Lewy body, a typical aggregate (termed as abnormal aggresome) identified in the 

Parkinson’s dementia patients brain (Kawaguchi et al., 2003) (Figure 10). However, due to the limited 

understanding of different neurodegenerative diseases, HDAC6 seems to have various roles in different 

diseases. In Alzheimer's disease (AD), HDAC6 is over-expressed. Its protein level is increased by 52% 

in AD cortex and by 91% in AD hippocampus comparing with young normal brains (Simoes-Pires et 

al., 2013). Over-expressed HDAC6 interacts with Tau through its ZnF domain. This interaction inhibits 

HDAC6 deacetylase activity, further leading to the hyper-acetylation of microtubule and 

phosphorylation of Tau. Importantly, phosphorylation of Tau is a hallmark for Alzheimer. If a chemical 

or small peptide can be developed to target HDAC6-tau interaction, it might be able to improve the 

Alzheimer patient’s behavior. In opposite, HDAC6 turns out to be protective in Parkinson disease (PD). 

It helps the aggregation of α-synuclein protein in cytosol through ZnF-Ub binding and further the 

clearance of those aggregates by autophagy pathway. Knock-down or inhibition of HDAC6 leads to the 

abnormal accumulation of α-synuclein in nucleus, result in increased cell death (Simoes-Pires et al., 
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2013; Su et al., 2011). Therefore, we should be very careful about interfering with the aggregation of 

α-synuclein by targeting HDAC6 ZnF domain. Currently, none of the chemicals which target α-

synuclein have survived from the clinical test (Dehay et al., 2015). Besides, HDAC6 is also implicated 

in other neurodegenerative diseases, including Frontotemporal lobar degeneration (FTLD) and 

Huntington disease (HD). Meanwhile, by interfering with the ZnF-Ub interaction, we can inhibit the 

formation of the NLRP3 inflammasome, which plays important role in immune surveillance of 

infections and danger by activating caspase-1, leading to cytokine maturation and pyroptosis (Magupalli 

et al., 2020). The causality between HDAC6 and these diseases is currently under investigation, but 

what we can be confident about is by targeting HDAC6 ZnF, it is possible to manipulate several severe 

aging-related neurodegenerative diseases.  

 

Figure 10, HDAC6 is enriched in the Lewy bodies of Parkinson Disease (figure is taken from (Kawaguchi et al., 

2003). 

Series of adjacent sections of neocortical Lewy bodies in Parkinson’s disease brain (A and B, arrows) and 

brainstem Lewy bodies in brain sections from patients suffering from dementia with Lewy bodies (C–E, arrows) 

are immune-stained with antibodies for HDAC6, Ub protein conjugates, and α-synuclein as indicated. 

 

4, HDAC6 & virus 

Not limited to cancer and neurodegenerative diseases, HDAC6 is involved in viral infection as well. 

Our group has shown that by in MEF cells lacking HDAC6, we can downregulate influenza A virus 

(IAV) infection (Banerjee et al., 2014a). However, the conclusion that HDAC6 is only pro-viral would 

be arbitrary. A similar HDAC6-dilemma shown in neurodegenerative diseases exists likewise here. The 
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first observed virus that is regulated by HDAC6 is the efficient human immunodeficiency virus (HIV)-

1. The binding of HIV-1 protein, gp-120, to CD4+ permissive cells inhibited HDAC6, leading to the 

hyper-acetylation of the microtubule. Rescue with overexpression of HDAC6 strongly inhibited HIV-

1 infection (Valenzuela-Fernandez et al., 2005). More studies on HIV-1 showed that Tubacin, a specific 

HDAC6 inhibitor, will increase the susceptibility of uninfected CD4+ cells (Lucera et al., 2014). 

Similarly, the Rho GTPase-mediated up-regulation of microtubule acetylation was observed in 

Influenza A virus (IAV) infected epithelial cells (Husain and Harrod, 2011). Meanwhile, a recent 

publication argued that HDAC6 binds to and deacetylates IAV viral protein – PA, thereby promoting 

its degradation, and restricting IAV replication (Chen et al., 2019). Inhibiting HDAC6 catalytic domain 

seems pro-virus action, that is, HDAC6 catalytic domain counteracts viral infection (Figure 11). 

However, exceptions have been reported as well. For example, during hepatitis C virus (HCV) infection, 

if HDAC6 catalytic domain is inhibited with another specific inhibitor – tubastatin A (Tub A), the viral 

RNA concentration was reduced in a hepatocyte cell line. The proliferation of HCV is suppressed due 

to the acetylation of microtubules (Kozlov et al., 2014). Despite these exceptions, the HDAC6 catalytic 

domains appear to be generally anti-viral. And the mechanism is mainly based on its regulation on 

microtubule acetylation, further affecting viral post-entry steps, like trafficking or replication (Husain 

and Cheung, 2014). Another pathway of the catalytic domain regulating viral infection is through RIG-

I, short for Retinoic acid Inducible Gene-I. It is a pathogen receptor that initiates innate immune 

responses against many RNA virus infections by controlling the type-1 interferon (IFN1) response. 

Inhibition of HDAC6 resulted in the deactivated state of RIG-I, which is acetylated and unable to 

recognize viral RNA, leading to the shut-down of the innate immune response and in turns favors viral 

infection (Choi et al., 2016; Liu et al., 2016). Inhibiting HDAC6 catalytic domain has already been used 

in clinical to promote the Oncolytic viral (OV) therapy, which utilizes genetically engineered tumor-

targeting viruses, in glioma (Nakashima et al., 2015), enhancing the therapeutic virus replication as well 

as the translocation to the nucleus.  

Similar to the study on HDAC6 in other fields, the mainstream of the HDAC6-virus field focus on its 

deacetylase activity. Limited investigations deal with the relation between HDAC6 ZnF domain and 

virus. Together with collaborators, we showed that a single mutation on ZnF domain, which displaces 

Ub from ZnF, reduces IAV infection by interrupting virus uncoating step (Banerjee et al., 2014a). The 

data indicate that the interaction between ZnF and Ub plays a pro-viral role (Figure 11). With 

immunoprecipitation, we propose that both dynein/microtubule and myosin/actin-mediated 

cytoskeleton systems are involved in IAV uncoating, but the molecular cascade and network 

organization are not clear.  
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Figure 11, diverse roles of HDAC6 in viral infection 

Taken together, we know HDAC6 is deeply involved in viral infection, with both anti-viral and pro-

viral character (Figure 11). For instance, in IAV case, the two structured motifs, catalytic domain and 

ZnF domain, play opposite roles at different stages during the IAV life cycle. In the following part, I 

will focus on Influenza A virus.  

1) Influenza A Virus (IAV) structure 

IAV is a single strand, negative sense and segmented RNA virus. The sub-strains are named after the 

viral protein – hemagglutinin (H) and neuraminidase (N). H varies from 1 to 18, and N goes up to 11 

(Tong et al., 2013). All the strains can be isolated from wild birds, and occasionally, the virus can be 

transmitted to a human, causing the avian flu. In 1918, the influenza pandemic led to 50 to 100 million 

deaths. The culprit was later identified as the strain H1N1.  
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Figure 12, structure and shape of Influenza A virus 

a) Scheme showing the organization of a typical IAV (H1N1). b) Example of the negative stained transmission 

electron microscopy (TEM) pictures for two different IAV H3N8 strains. Miami/63 is a non-filamentous virion, 

in contrast Nkt/79 exists as filaments. Figure is taken from Ref. (Elton et al., 2013) 

 

Many IAV strains virions are spherical (Figure 12b top). Nevertheless, some exist in filamentous form 

as well, which is suggested to facilitate the spread of viruses in vivo (Badham and Rossman, 2016) 

(Figure 12b bottom). As a sphere, the diameter is around 100 nm, and the filamentous form extends to 

300 nm in length. In nature, besides IAV, other viruses, like Ebola and many plant viruses (TMV …), 

can also adopt a filamentous form.   

The influenza virion is an enveloped particle, protected by a lipid bilayer structure that is derived from 

the host plasma membrane (Figure 12a). At the surface of envelope, there are glycoprotein spikes of the 

hemagglutinin and neuraminidase. These two are recognized and processed by host cells as antigen. 



 

32 
 

The inner side of the lipid membrane consists of Matrix protein 1 (M1). It forms the shell, or capsid of 

virion, interacting with both the outside envelop and inside viral genome via NP (Hilsch et al., 2014). 

Another matrix protein, M2, is a pH-regulated proton ion channel which traverses the envelope. Low 

pH activates the M2 channel, leading to the weakening of electrostatic interactions between M1 and 

viral ribonucleoprotein complex, which consists of viral RNA segments together with the nucleoprotein 

(NP) and heterotrimeric RNA-dependent RNA polymerase (PB1, PB2, and PA). The basic structure 

above varies depending on the strain. For example, influenza B virus has four envelope proteins: HA, 

NA, NB, and BM2. influenza C virus has only one major surface glycoprotein - the hemagglutinin-

esterase-fusion (HEF) protein, which corresponds functionally to the HA and NA of influenza A and B 

viruses, and one minor envelope protein - CM2 (Bouvier. and Palese., 2008).  

 

2) IAV life cycle 

The life cycle of IAV can be divided into 5 steps: 1) the entry to the host cell, including endocytosis, 

fusion and uncoating; 2) transport of vRNP into the host nucleus; 3) genome replication/transcription 

and translation; 4) vRNP transport from nucleus to cytoplasm; 5) viral particle assembly and budding 

(Watanabe et al., 2010) (Figure 13). The viral hemagglutinin (HA) is critical for starting the entry. It is 

recognized by the host receptor (mainly glycoprotein) through an α2,6-linkage (Matrosovich. et al., 

2000). Following the receptor binding, the viral particle enters the cell by endocytosis and relocates to 

endosome later. The endosome, a membrane-bound cellular organelle, is a part of the endocytic 

recycling compartment (Vale-Costa and Amorim, 2016). It is classified into early endosome (EE) and 

late endosome (LE) in terms of time. The major difference between EE and LE is the pH. EE has an 

internal pH=6.5, while the LE is 5.5 (Hu et al., 2015). Many DNA and RNA viruses need to be trafficked 

from EE to LE, like Dengue. Due to the acidic environment, viral envelope is fused with the endosome 

membrane, then M2 ion channel is activated. The proton influx acidifies the interior of viral particle, 

leading to the disassociation of M1 and vRNP complex (Matsuoka et al., 2013).  Later the M1 protein 

shell is disassembled by host proteins, so that the virus can release its vRNP components to the 

cytoplasm. This is called uncoating step. The relocation of vRNP to the nucleus is dependent on an 

active transporting machinery – the nuclear pore complex (NPC). Inside nucleus, viral genome 

replication and transcription are mainly dependent on viral proteins – PB1, PB2 and NP, while host cell 

translation machinery is responsible for the translation. Several host translation factors, for instance, 

eIF4A and eIF4E interacting with viral mRNA to produce viral protein (G.Katze et al., 1984). Newly 

synthesized vRNP together with matrix protein M1 and other envelop proteins are transported from 

nuclear to cytoplasm, further to the assembly/budding site that is closed to plasma membrane. During 

the transportation and budding, cytoskeleton system is believed to be involved. Interaction between 
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M1/NP and actin has been identified (RT et al., 1997). However, how the microtubule and its acetylation 

affect the virial protein transportation is not clear.  

 

  

Figure 13, the life cycle of IAV 

The IAV virion is recognized and processed (e.g. Endsome related uncoating) by host cells, meanwhile the virus 

takes advantage of the host machinery (e.g. Translation complex) to accomplish its amplification, resulting a 

geometric yield of the newly generated virus. 

 

In the following parts, I discuss the early stage of IAV life cycle, especially the uncoating step, which 

is determined by both multiple host cellular components and viral proteins. Among them, HDAC6 is a 

newly confirmed but critical regulator.  

 

3) IAV uncoating and HDAC6 

As presented in the paper (Banerjee et al., 2014a), we found that after deleting HDAC6 or mutating its 

ZnF domain in MEF cells, IAV M1 protein is restricted in the virial particle and no longer diffused in 

cytosol (Figure 14a and 14c), meaning the uncoating step is blocked. And the explanation is connected 

to HDAC6 ZnF-Ub interaction: First, by imaging Ub with a specific antibody, which is against 
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ubiquitin’s C-termini free peptide specifically, we learned that the interior of virus is filled with C-

termini free Ub (Figure 14b). After the fusion and acidification in late endosome, virion opens its capsid 

and exposed the interior Ub, which recruits HDAC6. Collecting the IAV-infected cells at an early time-

point when uncoating takes place (2.5 hrs post-infection), we identified the interactions between 

HDAC6 and viral & motor proteins, including M1, myosin 10 and dynein by Co-immunoprecipitation 

(CoIP) (Figure 14 d&e).  

Considering that knock-down of myosin 10 and dynein by siRNA also downregulates IAV uncoating 

ratio, we proposed a model that during the uncoating step, HDAC6, together with viral protein like M1 

and motor proteins (myosin 10 and dynein), form two complexes: viral protein/HDAC6/myosin 10 and 

viral protein/HDAC6/dynein. Myosin 10 moves on actin network which is less organized and extends 

in randomized directions, while dynein walks on microtubules that extend from MTOC site to plasma 

membrane. Due to these two filaments (actin and microtubule), viral particle will be torn apart, or 

“uncoated” and release the viral genome. Here, we found that 1) HDAC6’s interaction with C-terminal 

free Ub, 2) HDAC6’s association with dynein/microtubule and 3) Ub enrichment in particles (in 

aggresome they are ubiquitinated misfolded-protein aggregates, while in IAV, virion itself is an Ub-

containing particle) are shared by aggresome pathway and IAV uncoating step. Therefore, we 
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hypothesize that during IAV infection, the virion will hijack the host cellular aggresome pathway to 

complete its uncoating process (Figure 15).    

 

Figure 14, HDAC6 ZnF is responsible for IAV uncoating & HDAC6 interacts with motor proteins (figures are 

taken from (Banerjee et al., 2014a) 
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a) HDAC6 KO leads to a reduced infecting ratio at uncoating step; b) IAV particle is filled with C-termini free 

Ub (C-Ub, green); c) single mutation on HDAC6 ZnF domain (W1182A), which cannot bind to Ub, dramatically 

downregulates viral uncoating, assessed by M1 signal in the cytosol; d) & e) show that HDAC6 Co-IP with motor 

protein dynein and myosin 10 during IAV infection, respectively. 

 

Figure 15, IAV uses aggresome machinery for uncoating 

The model indicates that after processing by late endosome, IAV particle exposes its internal c-termini free Ub 

together with other viral proteins like M1 and NP. Through their interaction with HDAC6, the virion will be 

transported by two different cytoskeleton systems: dynein/microtubule and myosin 10/actin. The movement on 

these two filaments generates the breaking force for uncoating viral particle, releasing viral genome further to host 

cell nucleus. 

 

Interactions between HDAC6 and motor proteins support this model, but more detail is required. 

Although the HDAC6 linker region between two catalytic domain (mentioned above) is the dynein 

binding site (Kawaguchi et al., 2003), still we have remained questions to answer that which domain is 

responsible for binding to Myosin 10 and how the two different cytoskeleton systems cooperate.  
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4) Similarity between aggresome and virus 

To validate our proposed model (Figure 15), we explored the interaction between each component in a 

virus-infection mimic condition -- inducing aggresome formation in cells. The concept that aggresome 

formation is similar to virus infection has been proposed for years. The first evidence was from African 

Swine Fever Virus (ASFV). Colin Heath and his colleagues show that viral factories or viral inclusions, 

which are formed at MTOC site for viral replication and assembly, are surrounded by an aggresome 

marker, vimentin (Figure 16a). In addition, the chaperone HSP70, which is enriched at aggresomes and 

helps remodel misfolded proteins, is co-localized with ASFV structural protein p34 (Heath et al., 2001). 

Similar data have been obtained from Herpes simplex virus (HSV), an enveloped DNA virus. After 

infection, at MTOC site, an aggresome-like structure forms, enriched with viral tegument proteins and 

newly synthesized nucleocapsid proteins, and positive for aggresome markers HSP40 and HSP70 as 

well (Nozawa et al., 2004). Human Papilloma Virus (HPV), a Papillomavirus with double-strand DNA, 

is also assembled into an aggresome-like structure. HPV protein E1^E4 is co-localized with HDAC6 

and HSP40 at aggresome site (Kajitani et al., 2013) (Figure 16b), so does the Bombyx mori 

nucleopolyhedrovirus (BmNPV) (Guo et al., 2015).   

 

Figure 16, virus infection leads to aggresome-like structure formation 

Two viruses, a) ASFV and b) HPV18 (indicated by viral protein E1^E4, red), both co-localize with aggresome 

components – GFP-250, vimentin and HDAC6 as well as other aggresome components at the perinuclear site. 

Figures were taken from (Heath et al., 2001) and (Kajitani et al., 2013) respectively. GFP-250 is an exogenous 

protein accumulated at aggresome. p34 and p62 are viral protein for ASFV and HPV18 respectively. HDAC6 and 

HSP40 in b) are colored green. 
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The above evidence shows that several viruses form at the MTOC assembly structures, called viral 

inclusion or viral factories that have similarities with the aggresome and are enriched with aggresome 

markers such as. HDAC6, Vimentin and HSPs. The mechanism underneath is not clear though. We 

suggest that infected viral particle is recognized as protein aggregates by host cell due to their similarity 

in morphology and components. Many viruses particles have a similar size (60-100 nm) as protein 

aggregates (Wileman, 2007).  In addition, IAV particles are filled with C-termini free Ub, and this is 

observed in protein aggregates as well. As discussed, the generation of C-termini free Ub chains in 

aggresome pathway is due to DUBs like ataxin-3 and Poh1. In the case of Adenovirus, knock-down or 

inhibition of USP7, a K48 specific deubiquitinase, downregulates infection (Ching et al., 2013). Next, 

formation of aggresome-like viral inclusions needs the entire microtubules system, including dynein 

(Araujo et al., 2005; Arnaud et al., 2007). In plant, by fusing GFP to viral protein MP17 from Tobacco 

mosaic virus MP30 (TMV MP30), researchers found that after destroying microtubule with colchicine, 

the aggresome like structure is not formed. Interestingly, in this study, they also observed that actin 

filaments are involved in viral protein MP17’s relocation (Vogel et al., 2007). Last but not least, 

HDAC6 enzymatic activity, which is dispensable for aggresome formation, is not needed for the ASFV 

viral factory formation as well. After deleting protein BAG3 (a chaperone for HSP70) and inhibit 

HDAC6 catalytic activity by Tubacin, individually or spontaneously, viral factory formation was not 

disturbed (Munoz-Moreno et al., 2015). Since the same machinery is shared in both pathways, it is 

reasonable to use aggresome inducing conditions as an alternative for viral infection to study the viral 

uncoating (Figure 17). However, it is clear that this assumption cannot be applied for all the viruses. 

We currently limited its application in IAV infection, and the aim is merely to figure out the HDAC6 

related interaction that are shared with both pathway.   
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Figure 17, similarities between aggresome processing pathway & IAV entry (Figure was taken from (Rudnicka 

and Yamauchi, 2016)) 

Comparing IAV entry steps (right) to aggresome processing pathway (left), we find that they share a lot of 

proteins/complexes: 1) they both need unanchored Ub which is the product of specific DUBs; 2) they are 

transported by HDAC6/dynein/microtubule system; 3) F-actin and myosin 10 are involved in certain steps (need 

more investigation); 4) they are both relocated to the MTOC site. Therefore, we can use the aggresome processing 

pathway to mimic the IAV infection, at least the entry steps, studying the IAV uncoating machinery.  

 

5, Targeting HDAC6 ZnF-Ub interaction 

1) Targeting Protein-protein interactions (PPIs)  

As the ZnF-Ub interaction is critical in both aggresome formation and IAV uncoating pathways, we 

would like to target this interaction with either chemicals or synthetic proteins. However, it has been a 

difficult and challenging task in past decades to target protein-protein interactions (PPIs). The main 

difficulties are: (1) large PPI interface areas, (2) lack of deep pockets, (3) the presence of noncontiguous 

binding sites, and (4) a general lack of natural ligands (Ivanov et al., 2013). Although there are 

promising natural products (NPs) acting on PPI such as rapamycin for mTOR, it is still rare and 

unexpected for most proteins. Therefore, researchers have developed several synthetic approaches to 

screen out the small molecules, peptides or proteins which act as modulator on PPIs. Approaches to 
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generate these bio-functional materials can be categorized into: Phenotypic screens, Target-based 

screens, Structure-based design, Fragment-based design and Protein Domain Mimics (Modell et al., 

2016). The most popular one is the target-based screen, which refers to the use of a chemical library 

and screen out a modulator against the target of interest in a high-throughput way. It is simple but 

efficient. For example, Nutlins, which are small-molecule ligands of Mdm2 and potent inhibitors for 

p53–Mdm2 interaction, is discovered from a target-based high-throughput screen (Azzarito et al., 2013; 

Modell et al., 2016).  

Recent studies from Canada have identified several small molecules against HDAC6 ZnF, aiming to 

interrupt Ub recruiting (Ferreira de Freitas et al., 2018; Harding et al., 2017). The crystal structures 

show that compound 31 fits into the Ub binding pocket (Figure 18a) (PDB: 3GV4), and it is capable of 

displacing Ub C-terminal peptide (–R-L-R-G-G) from ZnF in vitro. Unfortunately, it does not tell 

whether compound 31 functions properly in vivo, meanwhile, its ability to replace the entire Ub is not 

verified. Last, the off-target effect is not clear. To solve all these problematic issues, we decide to choose 

the Designed Ankyrin Repeats Proteins (DARPins) as the tool to interfere with ZnF-Ub interaction.   

 

Figure 18, Compound 31 (colored cyan) from (Ferreira de Freitas et al., 2018) a) binds to the same pocket as Ub 

C-termini (colored yellow) do. HDAC6 ZnF (gray) is plotted by the surface. PDB: 3GV4 and PDB: 5WBN are 

aligned and overlapped. Both ZnF are plotted by its surface. b) FP (Fluorescence Polarization) competition assay 

is done by using an increasing concentration of compound 31, a FITC-labeled RLRGG peptide (50 nM) and full-

length HDAC6 (1 μM). 

 

2) DARPin 

DARPin (Designed Ankyrin Repeats Protein), which is derived from natural Ankyrin proteins (Figure 

19a) (a family to attach integral membrane proteins to cytoskeletal elements like spectrin-actin) (Vann 

and Anthony, 2001), can recognize its target with high specificity and affinity that equals or superiors 

to the antibody (Plückthun, 2015). It consists of 4~6 ankyrin repeats, defined as a 33 amino acids motif 
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containing two following anti-parallel α-Helix separated by a β loop (Figure 19b). Among them, the 

variable residues on the Loop region (Figure 19b and 19c) form the interacting surface against the target, 

while α-Helix builds the consensus framework that is conserved and responsible for protein folding. 

After avoiding the residues Cys (to eliminate disulfide formation), Pro, and Gly (as some of the residues 

are located in a helix) in randomized residues on loop region, a huge DARPin designing library will be 

generated (Virnekäs et al., 1994). In terms of the screen method, the size of library can be estimated up 

to 1012 in ribosome display (Figure 19d) and 1010 in phage display (to select binders against targets on 

the surface of whole cells) (Siva et al., 2008). Using ribosome display, screened DARPins can bind 

targets with a disassociation constant (Kd) in pM range (Binz et al., 2004). Due to the rational design, 

DARPin has a smaller size (14~18 kDa) than antibody so that it can be rapidly purified from E.Coli 

system as monomer, avoiding aggregation. In contrast, the application of antibody is always limited by 

its size as well as the producing method and yield. Besides the high affinity, DARPin can be a 

conformation-sensitive binder. A typical example is from extracellular signal-regulated kinase (ERK). 

Researchers develop two DARPins against normal ERK as well as the phosphorylated ERK (p-ERK). 

Crystal structures show that these two DARPins bind to the same area of ERK, but because of 

conformation change in adjacent areas after phosphorylation, they have different binding surface, and 

no cross-reaction (Kummer et al., 2012).    

Thanks to all the benefits, DARPin has great values in biomedical research. DARPin against p-ERK 

has been developed into a solvatochromic merocyanine dye to monitor ERK activation in living cells 

(Kummer et al., 2013). In clinical, an anti-VEGF DARPin (MP0112) has been applied in a Phase I/II, 

open-label, multicenter, and dose-escalation trial with diabetic macular edema (DME) patients 

(Campochiaro et al., 2013). Pharma Company (Molecular Partners @) now has several DARPins in 

clinical trials, showing a very promising future for the antibody-liked protein drug. 
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Figure 19, the structure of a typical DARPin and the ribosome display screen for DARPin 

a) Structure of human Anykrin-R (PDB:1N11) with 12 ANK repeats; b) The side view of DARPin structure, and 

c) is the front view after a 90° turn from b). The residues on loop region shown as sticks indicate the randomized 

amino acids. Magenta refers to the internal ankryin repeats, while green shows N- and C-terminal repeat. d) 

DARPin surface. Figure b) to d) are taken from (Plückthun, 2015). e) The scheme for ribosome display to screen 

a binder/DARPin. Figure is taken from (Seeger et al., 2012).    

 

3) Inducible expression system, degron and dTAG 

Gain- or loss-function of a protein helps to understand its function in cells. Multiple methods are now 

applied to transiently or stably express or delete the protein of interest (POI). For example, to establish 

a stable cell line, retrovirus/lentivirus delivers either the DNA of POI for expressing the exogenous 

protein or siRNA/shRNA sequence for inhibiting endogenous protein expression to the genome. With 

the development of the crisper-cas9 technique, it is now possible to manipulate the POI transcription 
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by editing the genome in situ. For transient expression, transfecting a plasmid containing DNA of POI 

with a proper promoter will achieve an over-expression in 1~3 days. And transfecting efficiency varies 

according to cell line. HEK293T is easily transfected, while MEF cells are quite difficult. However, if 

we want to control the level of POI precisely, instead of transient expression, an inducible expression 

system should be introduced. 

The most popular inducible expression system is Tetracycline Controlled Operator System. It is 

classified into 2 configurations: Tet-On, meaning adding tetracycline or doxycycline (a derivative of 

tetracycline) will turn on the transcription of POI; on opposite, Tet-off turns off the transcription. Both 

configurations depend on the Tn10-specified tetracycline-resistance operon from E.coli. Interplays 

between Tet-Operator (TetO), Tet-Repressor (TetR), and doxycycline (Dox) decide whether the 

downstream gene’s transcription is on or off (Figure 20). With Tet-On/Off, we can easily modulate the 

expression of POI. However, it has some drawbacks: firstly, the “leaky” expression is severe. In Tet-

On configuration, a background expression of POI is always observed; secondly, the switch is not real-

time. It needs 2~3 days to change protein level after Dox addition. And due to this time lag, it is difficult 

to apply Tet system in a transient biological event, like virus uncoating, which only happens in 3 hours 

post-infection. A much faster and more real-time inducible system is needed. 

 

Figure 20, Schematic representations of two typical tetracycline-controled operator systems. 

The traditional Tet-on a) needs an insertion of TetO sequence between the promotor and gene of POI. Due to the 

interaction between TetO and TetR, transcription machinery is stalled by TetR and cannot move to the downstream 

gene. Addition of Dox leads to the binding of Dox-TetR and later disassociation of TetR from TetO. This allows 

the transcription of POI. While in Tet-Off b), the TetR is firstly fused to the C-terminal domain of VP16 (virion 

protein 16), an essential transcriptional activating domain from HSV (herpes simplex virus). The fused protein is 

called tetracycline-controlled transactivator (tTA). Thanks to the interaction between TetO (upstream of POI) and 

TetR, tTA will consistently function on the downstream gene, which encodes the POI, producing mRNA without 

Dox. In this case, adding Dox will displace tTA from TetO, resulting in the shut-down of transcription. tTA: a 

fused protein from TetR and transcription activator(TA) 
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To overcome the time lag, it is better to target protein directly. Thanks to the protein quality control 

system, it is possible to use the endogenous degradation pathway to control the protein level. Thus, the 

concept of degron, referring to the domain or tag that induces the instability of its fused protein has 

been put forward. In the majority, the degradation of chimeric protein is controlled by ligands. 

According to the pairing of degron and ligand, the conditional degrading systems can be divided as 

following (Figure 21): 

 

 

 

Figure 21, ligands-controlled degradation system. 

a) A FKBP12 (FK506 binding protein) based destabilizing domain (DD) (Banaszynski et al., 2006) is fused to 

protein of interest (POI). The fusion protein is unstable and then degraded in few hours due to the DD domain, 

while adding ligand Shield-1, a derivative of rapamycin, stabilized POI. b) A different FKBP12 variant is called 

ligand-induced degradation domain (LID). Binding of Shield-1 leads to the conformational change, and the 

internal 19-aa degron peptide will be exposed, leading to the degradation of POI. c) In plant a unique degradation 

pathway is controlled by Auxin family plant hormones. An auxin binding domain or protein, like Arabidopsis 

IAA17, is an auxin-induced degradation degron (AID). Addition of auxin recruits E3 ligase complex (TIR1-CRL1) 

and results in the POI degradation. d) Halo-tag is a versatile tag that can be used for protein purification and 

imaging. It binds to a bifunctional molecule, like HyT13 or HyT36. However, the binding will change Halo-tag 

conformation, exposing its hydrophobic moiety, which mimics the partially denatured state of protein, thus 

engaging the cellular quality control machinery to induce proteasomal degradation (Neklesa et al., 2011). e) 

Besides, the HaloTag forms a covalent association with chemical HaloPROTAC3, which recruits the fusion 

protein to CRL2–VHL E3 Ub ligase for rapid ubiquitylation. Similarly, FKBP12F36V binds to chemical dTAG-13, 
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which brings the fusion protein to CRL4A–CRBN E3 Ub ligase. Figure and figure legends are adopted from 

(Natsume and Kanemaki, 2017) 

 

Among these systems, dTAG (degradation tag) systems are firstly described in the research against the 

transcriptional coactivator BRD4, a protein critical for cancer cell growth and survival (Winter et al., 

2015). A chemical, dBET1, bridges BET domains (in BRD2, 3&4) to an E3 Ub ligase (cereblon, CRBN), 

resulting in the ubiquitination of BET proteins and degradation. Application of E3-binding 

heterobifunctional chemicals has now been extended to FKBP12, ERRα, RIPK2 (Bondeson et al., 2015) 

and BRD9 (Remillard et al., 2017). Among them, an engineered variant - FKBP12F36V which is 

previously described by Ariad Pharmaceuticals is developed. It possesses a cavity (or ‘hole’) for the 

selective recognition by a ‘bumped’ synthetic FKBP12F36V-directed ligand AP1867. Meanwhile, the 

structure of E3 Ub ligase CUL4–RBX1–DDB1–CRBN (known as CRL4CRBN) shows a thalidomide 

binding pocket (Fischer et al., 2014), therefore a chemical –dTAG 13, which is derived from AP1867 

and thalidomide, is bifunctional to bridge FKBP12F36V and CRL4CRBN. Fusing FKBP12F36V to the POI 

leads to its ubiquitination and further degradation by the proteasome (Figure 22a). Experiments 

confirmed that FKBP12F36V fused HDAC1, Ezh2, MYC, KRASG12V can be degraded under a low dosage 

(500 nM) dTAG-13 addition in 1~4 hours (Figure 22b). Thanks to the short response time, the dTAG-

FKBPF36V system can adjust protein amount in nearly real-time. 
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Figure 22, scheme for dTAG system and its potency and efficacy 

a) Adding of dTAG-13 (Gray colored chemical) leads to the FKBPF36V, not WT FKBP fused target protein 

degradation with the help of CRBN-CUL4A E3 ligase complex. b) Upper panel is the chemical structure of dTAG-

13. And in the lower part, it shows that treatment with 500 nM dTAG-13 can efficiently degrade different fused 

proteins in less than 8 hours. Figures are taken from (Nabet et al., 2018).    

 

6, Aim & Progress of the project 

1) Structural insights into HDAC tubulin deacetylation and its selective inhibition  

Our lab has focused on HDAC6 for years. To understand the detail of its deacetylation on tubulin, we 

decided to solve its structure by crystallography. We obtained the structures of a) zebra fish HDAC6 

tandem catalytic domain with HDAC6-specific inhibitor nexturastat A, and b) single catalytic domain 

with the (R) and (S) enantiomers of trichostatin A (TSA) (pan-HDACs inhibitor). Herein, we 

understood the organization of the tandem domain, as well as the inter-domain linker. We also identified 

important active sites differences in both catalytic domains and revealed the binding mode of HDAC6 

selective inhibitors. Next, by replacing the corresponding region in between HDAC6 and HDAC8, a 

uniquely positioned α-helix was first identified to be critical for tubulin deacetylation. Surprisingly, 

although we showed that HDAC6 could deacetylate microtubule in vitro, it prefers α/β-tubulin dimers.  

 

2) A quantitative model for HDAC6-mediated virus uncoating predicts Influenza A Virus (IAV) 

infectivity 

Although we already acknowledged that 1) HDAC6 regulates IAV uncoating steps together with Ub, 

motor protein/complex (Myosin 10, Dynein) and 2) the interaction between ZnF domain and Ub is 

essential, we were not aware that how the interaction between HDAC6 and Myosin 10/Dynein is 

arranged. Therefore, we investigated those interactions under aggresome inducing condition 

(mimicking IAV early entry steps) with HDAC6 ZnF mutant (W1116A) cell line, finding that losing 

interaction with Ub leads to the disassociation of HDAC6-Myosin 10 complex, but reversely enhance 

HDAC6-Dynein interaction. After combining the experimental data and computational analysis, we 

quantitatively elucidated mechanisms of influenza A virus (IAV) uncoating in vivo with a biophysical 

modeling (collaborated with Jörg Stelling from D-BSSE, ETH). Interestingly, integrating the data that 

viral protein M1 from H1N1 & H3N2 binds to HDAC6 differently helped the model successfully 

predicting that IAV strain H1N1 is more dependent on HDAC6 than H3N2. And this result was 

consistent with the observation from the lab. 
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3) Targeting the HDAC6 zinc finger domain impacts virus infection and cellular stress 

pathways 

Protein-protein interaction (PPI) has gained increasing importance as a target for drug discovery. 

Therefore, we would like to identify a biological tool to block the HDAC6 ZnF – Ub interaction, which 

is necessary for both IAV uncoating and cellular granule (e.g. aggresome, SG…) formation. 

Considering several small molecules (Ferreira de Freitas et al., 2018; Harding et al., 2017) have been 

developed to target HDAC6 ZnF, we chose DARPin to block ZnF-Ub interaction. Among all the 

provided HDAC6 ZnF interacting DARPins, we identified one DARPin – F10 that blocks Ub 

recruitment both in vitro and in vivo. A 2.55 Å X-ray structure illustrated that F10 binds to the same 

pocket as Ub does. Due to the high affinity, F10 displaces Ub from HDAC6 efficiently. After generating 

a dTAG-induced degradation F10 cell line, we found that F10 not only inhibits cellular granules, 

aggresome and SG formation but also down-regulates IAV infection by interrupting the uncoating 

process as expected. Furthermore, F10 inhibits another RNA virus, ZIKA infection. All the data 

strongly promote HDAC6 ZnF as a new targetable drug discovery site for both pathological granules 

and virus infection.     
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Results 

 

 

 

 

Part I 

Structural insights into HDAC6 tubulin deacetylation and its selective inhibition 

 

(I contributed to Table 1 and Figure 3, as well as to the supplementary figures 4, 9, 13, 17 which are 

available online.) 
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Part II 

A quantitative model for HDAC6-mediated virus uncoating predicts Influenza A 

infectivity (submitted) 

 

(I generated all the data in Figure 3, Figure 6C and Figure S2-1 to S2-3. In addition, I contributed 

intellectual input to decide the organization of the mathematical model presented in Figure 4A.) 
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Abstract 

Capsid breakage (uncoating) is a critical step for virus infection of new host cells. In this dynamic, 

active and regulated process, host components, such as molecular motors, functionally interact with the 

virus. To get a mechanistic understanding, we combine experiments and computation to quantitatively 

elucidate mechanisms of influenza A virus (IAV) uncoating in vivo. Biophysical modeling 

demonstrates that interactions between capsid M1 proteins, host histone deacetylase 6 (HDAC6), and 

molecular motors can physically break the capsid in a tug-of-war mechanism. Biochemical analysis and 

biochemical-biophysical modelling identify the essential role of unanchored Ub chains in bridging 

HDAC6 and the actomyosin network in uncoating, and allow to robustly predict uncoating efficiency 

in vivo. Remarkably, the difference in infectivity between two clinical strains can be ascribed to a single 

amino acid variation in M1 that affects binding to HDAC6. Such mechanism-based mathematical 

models could help formulating novel strategies for broad-range antiviral treatment. 
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Introduction 

To infect a new host cell, eukaryotic viruses have to successfully complete a sequence of steps that 

starts with cell entry, often via endocytic pathways, to eventually deliver a functional viral genome at 

an appropriate intracellular location (depending on the type of virus). One critical step in this sequence 

is uncoating, the disassembly of the protective outer protein shell (capsid), which enables release of the 

DNA or RNA and associated proteins from the viral core. Uncoating has long been viewed as a passive 

process that is pre-programmed during viral assembly: while transiting through the host cell’s different 

milieus during transport away from the membrane, a metastable viral core experiences triggers, such as 

acidification in late endosomes that successively weaken the capsid (Marsh and Helenius, 2006). Capsid 

breakage and genome release may also be aided by high internal pressure exerted by the confined, 

tightly packaged DNA or RNA (Brandariz-Nuñez et al., 2019), or by host receptors that destabilize the 

capsid (Zhao et al., 2019). Detailed mechanistic studies of uncoating are sparse because uncoating is a 

dynamic, transient phenomenon that is hard to measure experimentally in vivo and to replicate in vitro. 

For example, while increased internal pressure due to reverse transcription can uncoat human 

immunodeficiency virus 1 (HIV-1) in vitro (Rankovic et al., 2017), in vivo interactions of viral capsid 

and host proteins appear critical for the rate-limiting, initial breakage (Marquez et al., 2018; Rawle and 

Harrich, 2018). In vivo studies, including genetic and biochemical evidence, reveal uncoating – instead 

of being pre-programmed – as an active process relying on complex, dynamic interactions between viral 

and host factors, in which the host cell’s cytoskeleton and its associated motor proteins play prominent 

roles (Greber and Flatt, 2019; Helenius, 2018; James and Jacques, 2018; Walsh and Naghavi, 2019). 

However, the specific roles of the cytoskeleton and of molecular motors remain largely unclear. The 

prominent hypothesis states that these host components mediate the correct spatio-temporal positioning 

of the capsid for uncoating. For example, single-particle studies in live cells show that uncoating is 

spatially and temporally tightly controlled to release the viral genome in the perinuclear region for 

influenza A virus (IAV) (Qin et al., 2019) and in the cytoplasm for HIV-1 (Francis et al., 2016). In this 

context, the attachment of motor proteins with opposing directionalities to the capsid could be important 

for efficient virus transport, akin to the transport of intracellular organelles (Kural et al., 2005). 

Motors attached to the viral protein capsid could also exert a more direct influence on uncoating by 

generating forces that mechanically break the capsid in a tug-of-war mechanism. Direct experimental 

evidence for a tug-of-war comes from adenovirus (AdV), which binds to the nuclear pore complex 

(NPC) as static ‘hold’ and indirectly to kinesin-1 motors, leading to disruption of both the viral capsid 
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and the NPC (Greber and Flatt, 2019; Strunze et al., 2011). The disassembly patterns also resemble 

those of mechanically stressed AdV particles in vitro leading to genome release (Ortega-Esteban et al., 

2015; Ortega-Esteban et al., 2013). In addition, it has been hypothesized that different types of motors 

attached to the same virus particle could uncoat the capsid in a tug-of-war mechanism. For HIV-1, 

capsid CA proteins can bind to dynein and kinesin-1 molecular motors via cellular adaptor proteins 

(Carnes et al., 2018; Lukic et al., 2014; Malikov and Naghavi, 2017), but it is unknown if they attach 

to the same particle and if the motors exert sufficient forces (Malikov and Naghavi, 2017). Similarly, 

IAV exploits the host cell’s aggresome pathway for uncoating, mediated by the recruitment of histone 

deacetylase 6 (HDAC6) and of molecular motors such as dynein and myosin 10 to the viral capsid 

(Banerjee et al., 2014). These findings are consistent with a tug-of-war mechanism of uncoating that 

involves different motor types walking on different filaments, but we do not know if such a mechanism 

exists and what the precise processes involved would be. 

More generally, in part due to the difficulties of experimental measurements, there is no consistent 

understanding or quantitative description for any virus of how the various virus-host interactions 

integrate with the viral capsid mechanics to impact uncoating and ultimately infectivity. Here, we 

therefore combine experimental analysis with computational modeling to quantitatively elucidate the 

mechanisms of HDAC6-mediated uncoating of influenza A virus in vivo. Our biophysical model 

incorporates the viral capsid composed of M1 proteins, the host cytoskeleton, and molecular motors. It 

shows that a tug-of-war mechanism is physically possible with interacting motors, given their known 

characteristics. Biochemical analysis identifies an essential role for unanchored ubiquitin chains in 

bridging HDAC6 with the actomyosin network, and leads to a detailed biochemical- biophysical model 

that robustly predicts IAV uncoating efficiency in vivo, in unperturbed infection as well as across 

various perturbed conditions. Finally, we demonstrate that the infectivity difference between two 

clinical influenza strains (H1N1 and H3N2) depends on a single amino acid variation between their M1 

proteins. This difference affects binding to HDAC6, HDAC6-dependent uncoating, and infectivity 

consistently between experiments and model predictions, further supporting our tug- of-war mechanism 

for influenza A uncoating. 

 

Results 

Molecular motor forces are sufficient to break the capsid 

The mostly cytoplasmic deacetylase HDAC6 plays an important role in the management of misfolded 

proteins and the stress response: it is a critical component of the aggresome pathway (Kawaguchi et al., 

2003) and it participates in the formation of SGs (Kwon et al., 2007; Saito et al., 2019). HDAC6 exerts 

its diverse biological functions by deacetylating various substrates such as tubulin, HSP90 or cortactin 
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(Hubbert et al., 2002; Kovacs et al., 2005; Zhang et al., 2007; Zhang et al., 2003), and also by binding 

to unanchored Ub chains via a conserved zinc finger domain (Hook et al., 2002; Seigneurin-Berny et 

al., 2001). During influenza A uncoating after membrane fusion in late endosomes, HDAC6 mediates 

physical connections between the virus and molecular motors such as dyneins and myosins (Figure 1A). 

To approach a mechanistic and quantitative understanding of HDAC6-mediated uncoating, we first 

asked whether it is physically plausible that molecular motors exert sufficient forces on the viral M1 

capsid for its breakage. In a tug-of-war scenario, forces exerted by these motors could break the M1 

capsid and release the viral ribonucleoprotein (RNP) complex (Figure 1A, B) (Banerjee et al., 2014). 

To represent the underlying biophysics of a tug-of-war mechanism, we developed a mathematical model 

featuring the capsid at the stage when it is exposed via the fusion pore, interactions between the capsid 

and molecular motors, and interactions between motors and the host cell’s cytoskeleton (Figure 2A). 

Specifically, we assume that M1 proteins (the masses) are arranged in a regular mesh approximately of 

the size of the fusion pore (Hilsch et al., 2014); they are connected to each other by elastic bonds (springs 

with Morse potentials; see Methods for details). We represent the cytoskeleton by a single, randomly 

directed microtubule and by a denser network of actin filaments with a randomly located nucleation 

point. Molecular motors can be connected (directly or indirectly, which we do not distinguish in this 

model) to the M1 proteins exposed to the cytoplasm and to the cytoskeleton, and thereby exert forces. 

Specifically, dynein motors can walk along the microtubule in a single direction, while myosin motors 

can walk along actin filaments in random directions. We compute the resulting forces through a tug-of-

war model with experimentally determined motor characteristics (Gennerich et al., 2007; Muller et al., 

2008; Norstrom et al., 2010), which we modified to represent dyneins, kinesins, and positive- and 

negative-direction myosins. Importantly, the model considers that the force exerted by each individual 

motor depends on all the other motors bound to the same cargo. If these combined motor forces lead to 

the distance between any two neighboring M1 nodes exceeding the diameter of the viral 

ribonucleoprotein (RNP) complex for a sufficient duration, we classify the capsid as broken (see 

Methods for details). 

Model-predicted capsid breakage probabilities for varying numbers and combinations of myosin and 

dynein motors are shown in Figure 2B. As expected, dyneins alone (zero myosins scenario) were unable 

to pull the capsid apart because all dynein motors exert their force in the same direction, constrained by 

the orientation of the microtubule adjacent to the fusion pore. The model predicted that myosins alone 

(zero dyneins scenario) could exert sufficient forces in different directions to uncoat the viral capsid. In 

this scenario, we achieved maximum ~50% capsid breakage probability when 9 out of the inner 16 

capsid nodes were occupied by myosins. However, with higher myosin occupancy, interference 

between myosin motors reduced this probability to approximately 30%. Surprisingly, our simulations 

predict that the tug-of-war between a single dynein motor and 5-7 myosin motors leads to 80-90% 
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probabilities of capsid breakage. Introducing more dyneins still allows high breakage, but requires a 

larger number of myosin motors. 

To assess the robustness of these predictions, we analyzed the effects of the interaction strength between 

M1 proteins on capsid breakage probability. We varied the stiffness of the M1-M1 bond and the 

dissociation energy well depth for the Morse potential, which we originally inferred from indirect 

measurements and as approximations from other viruses (see Methods). Strengthening the M1-M1 bond 

led to lower breakage probabilities, and vice versa (Figure S1C). These changes, however, are primarily 

quantitative and do not affect the main conclusions: molecular motors, in realistic geometries and with 

realistic characteristics, can exert sufficient forces for virus uncoating, and the capsid breakage 

probability increases with the synergistic interaction of (few) dyneins and (primarily) myosins attached 

to the virus capsid. 

 

Key interactions are HDAC6-Ub-Myosin 

Next, we wished to biochemically provide further experimental evidence for refining the tug-of-war 

uncoating model. For this, we examined interactions between HDAC6 and cytoskeletal proteins that 

are components of the model, under stress conditions. We first used immunoprecipitation of 

endogenous HDAC6 and mass spectrometry to define the HDAC6 interactome of cells infected by IAV, 

or treated with MG132 or Cytochalasin D, two drugs that elicit a stress response and lead to formation 

of an aggresome (Johnston et al., 1998) or an aggresome-like structure (Lázaro-Diéguez et al., 2008). 

As control, a similar immunoprecipitation was performed with HDAC6 knockout cells. As shown in 

Figures S2-1, together with Figure 3A, under all three conditions the spectrum of HDAC6-interacting 

proteins is highly similar and comprises many cytoskeletal actomyosin-related proteins; in particular, 

myosin 10 was identified as a strong HDAC6 interactor. It might serve as the core component of a 

putative HDAC6 containing stress-related complex. Consistent with this, immunofluorescence 

microscopy analysis of cells treated with MG132 confirms that myosin 10, as well as actin are enriched 

together with HDAC6 at the aggresome (Figure 3B); confocal microscopy further showed that actin 

and myosin 10 closely surround the aggresome (Figure S2-2). As is evident from the intensity of the 

signal trace (see Figure S2-2B, C), the actin and myosin 10 signals are distributed around, but not in the 

HDAC6-enriched aggresome. Co-immunoprecipitation assays with extracts from cells treated with 

MG132 followed by immunoblotting demonstrated that induction of aggresome formation is required 

for complex formation between HDAC6, actin and myosin 10; in absence of treatment, actin and myosin 

fail to co-immunoprecipitate with HDAC6 (Figure 3C). When cells are treated with Cytochalasin D, 

which disrupts actin filaments but does not lead to formation of monomeric actin while promoting short 

filaments polymerization (Figure S2-2D) (Schliwa, 1982; Taylor et al., 2011), HDAC6 still efficiently 

recruits actin and myosin 10. In contrast, when Latrunculin A, which promotes formation of monomeric 
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actin is used (Figure S2-2D) (Taylor et al., 2011), recruitment is almost abolished (Figure 3D). This 

indicates that filamentous actin rather than monomeric actin associates with HDAC6 during the stress 

response. 

 

Remarkably, when cells express an HDAC6 protein with a mutation in the zinc finger domain (ZnF 

mut; see Figure 1C for the domain organization of HDAC6) so that it no longer binds Ub (Ouyang et 

al., 2012), the recruitment of actin and myosin is abolished (Figure 3E). These results indicate that 

HDAC6 binding to unanchored Ub chains is critical to orchestrate the formation of a complex involving 

components of the actomyosin network such as actin and myosin 10. We next tested whether myosin 

10 can assemble with Ub chains in vivo. We transfected a construct encompassing the C-terminal cargo-

binding region (amino acids 1103-2007) of myosin 10 fused to GFP, or GFP as a control. 

Immunoprecipitation was done with an anti-GFP nanobody and presence of co-precipitated polyUb 

chains (with a MW > 50 kd) was detected by immunoblotting. As shown in Figure 3F, the C-terminal 

region of myosin 10 was able to robustly recruit Ub chains in MG132-treated cells. This is reminiscent 

of the observed interaction between myosin 6 and several kinds of Ub chains (He et al., 2016). 

Recruitment of myosin 10 by HDAC6 also takes place when the catalytic activity is inhibited by 

Tubacin (Figure S2-3A), indicating that it is not dependent on engagement with a substrate. Under 

proteasome inhibition, HDAC6 recruits polyubiquitin chains efficiently in cellular lysates; in vitro, the 

purified HDAC6 ZnF domain interacts equally well with K48- or K63-linked chains, consistent with 

interaction taking place via the Ub C-terminus (Figures S2-3B, C). In contrast, the purified myosin 10 

C-terminal region only interacts appreciably with K48-linked Ub chains (Figure S2-3D). Together these 

data strongly indicate that high molecular weight K48 polyubiquitin chains bring together HDAC6 and 

myosin 10, via its C-terminal domain. 

The interaction between HDAC6 and dynein has been previously reported (Banerjee et al., 2014) and 

we tested whether it would be affected by the HDAC6 ZnF mutation (Figure S2-3E). Indeed, loss of 

Ub binding slightly enhanced the interaction of HDAC6 with dynein, opposite to the interaction with 

myosin 10. This observation indicates that the dynein-HDAC6 interaction is modulated by Ub, even 

though it is the linker between the tandem catalytic domains of HDAC6 that interacts with dynein. 

Together, these biochemical results indicate that the interaction between HDAC6 and Ub chains is 

central to the recruitment of filamentous actin and molecular motors for viral capsid opening. 

 

HDAC6 complex formation models predict capsid breakage robustly 

Next, we aimed to integrate the biochemical interaction mechanisms with the mechanics of virus 

uncoating quantitatively, for example, to determine how many cellular motors per exposed capsid are 
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feasible in vivo, and how their actions will translate to virus uncoating (and eventually, infectivity). 

Because it was not possible to define all interaction mechanisms unambiguously with prior data and our 

own data, we formulated three reaction model schemes for HDAC6 complex formation that incorporate 

distinct mechanistic hypotheses (Figure 4A). We based one model variant termed ‘Viral Ub’ on the 

previously available uncoating data (Banerjee et al., 2014); it assumes competition between capsid-

borne and cellular unanchored Ub chains (Ubs) for the zinc finger domain of HDAC6. The two model 

variants incorporating our new protein interaction results assume that cellular Ub chains either assist 

with binding of both myosin and dynein motors to HDAC6 (variant ‘Symmetric’), or only with binding 

of myosin (variant ‘Asymmetric’). 

To make the models consistent with prior in vivo data, we used published reaction rate parameters for 

influenza A (or averages and similar parameters where data was not available) as well as protein 

abundances in lung tissues from proteomicsDB (Schmidt et al., 2018). Even when we widely sampled 

the reaction rate parameters uniformly (with fixed protein concentrations), the ‘Viral Ub’ model failed 

to generate capsid breakage for any combination of reaction rate parameters. We then optimized 

unknown and imprecise reaction rate parameters for the other two models to achieve both myosin and 

dynein recruitment, and thereby maximize breakage, while keeping the reaction rate parameters close 

to literature values. This yielded reference parameter sets for each model variant. To represent the model 

uncertainty and to assess its effect on model predictions, we then sampled total protein concentrations 

normally around the means of previously reported values, and rate parameters log-normally close to 

their reference values (see Methods for details). 

We used the reaction model to compute motor complex abundances for the ‘Symmetric’ and 

‘Asymmetric’ model variants at steady state. Both variants can lead to motor complex configurations 

that are conducive to efficient virus uncoating (see Figure S3C, D), but the ‘Asymmetric’ variant leads 

to higher myosin and dynein binding (Figure 4B). Next, we used the mass-spring mechanical model to 

predict average capsid breakage probabilities from the motor configurations (see Methods). The 

‘Asymmetric’ model variant showed a higher density of capsid breakage probabilities close to 100% 

for uniform sampling (Figure 4B), indicating efficient virus uncoating. We obtained qualitatively 

similar results with a different sampling strategy (Figure S3B). Thus, our models – which incorporate 

both known constraints and uncertainties – suggest that Ub chains are important for forming motor 

complexes and thereby for efficient capsid breakage. 

To identify critical factors for efficient virus uncoating, we varied individual total protein concentrations 

and rate parameters (Figure 4C, D). Both model variants showed similar sensitivities in the examined 

ranges. The capsid breakage probability was not sensitive to changes of capsid protein M1 abundance 

(due to averaging by the number of virions). A decrease in tubulin concentrations led to a weak increase 

in capsid breakage. In contrast, we observed a peak close to the reference point for dynein, myosin, and 
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HDAC6 concentrations, suggesting an optimal abundance of these proteins for uncoating. For the 

‘Asymmetric’ model, changes in Ub elicited a similar peak-like shape, while for the ‘Symmetric’ 

variant, we observed a plateau. This trend is reversed for the model variants’ actin dependencies. For 

most of the on-rates, capsid breakage is largely insensitive to changes of reaction rate parameters. 

However, the ‘Asymmetric’ model is not sensitive to changes in kCH , but sensitive to low values of 

kUH . The reverse holds for the ‘Symmetric’ model. Dissociation constants did not affect capsid 

breakage at low values, then, sometimes, reached a small peak, and dropped dramatically. One notable 

difference between the models is that in the ‘Asymmetric’ (‘Symmetric’) case, KUH (KHM ) peaks 

near the reference point, which can be explained by those two reaction rates controlling HDAC6-myosin 

binding, respectively. Overall, we conclude that our models that combine the biochemistry and 

mechanics of HDAC6-mediated uncoating can yield robust predictions of capsid breakage in vivo, 

based on the identified mechanism with asymmetric influence of Ub chains on motor binding. 

 

The models predict in vivo responses to host pathway perturbations 

To assess to what extent the model predictions match with independent experimental observations in 

vivo, namely previously published virus uncoating data (Banerjee et al., 2014), we first analyzed how 

uncoating efficiency is affected by perturbations in components of the host cell. We generated 

predictions with both model variants after introducing model perturbations that correspond to, or are at 

least similar to, the experimental perturbations (see Methods and Table S3). Specifically, most of the 

proposed perturbations are relatively straightforward to incorporate, by assuming a reduction of 

available reactants. For CiliobrevinD, we assume that immobile dyneins do not contribute to capsid 

breakage (technically it is possible that these fixed motors exert force by holding the capsid protein 

matrix in place). We represent protein domain mutations – HDAC6 ΔDMC MEF cell line and HDAC6 

ZnFm (W1116A) MEF cell line – through increased dissociation constants between HDAC6 and dynein 

( KHD ) or Ub ( KUH ), motivated by the model being sensitive to changes in these parameters (Figure 

4C, D). 

First, we focused on perturbations of the host cell’s molecular motors. Experimental data on virus 

uncoating efficiency were obtained in acid bypass assays that mimic normal infection by lowering the 

extracellular pH and blocking the natural acidification in endosomes (Banerjee et al., 2014). For the 

examined perturbations, the predicted median uncoating efficiencies agree well with the experimental 

results (Figure 5A). The ‘Symmetric’ predictions were slightly closer to the experimental results. 

For a wide variety of HDAC6 perturbations, including knockdowns and mutations of specific domains, 

the models’ predictions aligned well with the experimental data (Figure 5B). Notably, predictions were 

consistent with data from bypass experiments as well as experiments that measured endosomal 
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uncoating in the normal virus infection pathway. Note, however, the difference in predicted viral capsid 

breakage probability in HDAC6 mutants or siRNA knockdown; the model only represents HDAC6-

mediated uncoating, while in vivo there are likely additional pathways or mediators capable of assisting 

in the uncoating (Gschweitl et al., 2016; Huotari et al., 2012; Miyake et al., 2019; Su et al., 2013; 

Yángüez et al., 2018). The ‘Symmetric’ model captured siRNA perturbations better than the 

‘Asymmetric’ variant, due to the former being less sensitive to reduction in HDAC6 (Figure 4C, D), 

but the ‘Asymmetric’ prediction for the ZnF mutant was closer to the experimental observation. 

Finally, we compared model predictions with experimental data from perturbations of the host cell’s 

cytoskeleton and from an endosomal drug screen (Banerjee et al., 2014) (Figure 5C). Both variants 

performed well, with one notable exception: the ‘Asymmetric’ variant did not capture the effect of 

nocadazole treatment, which is consistent with it being less sensitive to reduction in tubulin 

concentrations (Figure 4C, D). Interestingly, except for nocodazole treatment, the ‘Asymmetric’ variant 

performed better for endosomal perturbations (Figure 5C, drug screen). Overall, we conclude that the 

combined model predictions compare well against published experimental data. Even when model 

limitations make the predictions imprecise, the models at the very least predict the correct direction of 

the perturbation effect on the viral capsid breakage probability. 

  

Infectivity in vivo and sensitivity to HDAC6 inhibition depend on M1 

Viral dependence on HDAC6-assisted uncoating could rely on strain-specific features. To assess the 

generality of our initial findings for the H1N1 strain also, we compared the early replication efficacy of 

a panel of influenza A virus strains in wild type (WT) and HDAC6-deficient A549 lung epithelial cells 

(Figure S4A, B). Strikingly, a clinical H3N2 isolate from 2013 displayed low dependence on HDAC6 

for early replication steps as determined by automated fluorescence microscopy for viral nucleoprotein 

(NP). Specifically, this H3N2 isolate did not rely on a functional ZnF domain of HDAC6 while a clinical 

H1N1 isolate (pH1N1) from 2010 did. Inactivating HDAC6 deacetylase activity by a mutation in CD2 

affected neither of the isolates (Figure 6A). A likely immediate target of HDAC6 is the viral matrix 

protein M1. Sequence alignment of M1 from HDAC6- dependent (H1N1) and -independent (H3N2) 

viral strains (Table S4) revealed a single amino acid substitution (A218T in H3N2) previously 

associated with matrix shape (Elleman and Barclay, 2004). Reversion of the 2003 H3N2 virus 

(A/Wyoming/03/2003) M1 residue 218 to alanine by reverse genetics restored HDAC6 dependence to 

a similar extent to H1N1 virus (Figure 6B) and reduced particle length (Figure S4C, D). Importantly, 

efficient co-immunoprecipitation of purified C-terminal M1 proteins with HDAC6 depends on alanine 

at position 218 of M1 (Figure 6C-D). Specifically, these data suggest that the A218T mutation reduces 

binding of M1 to HDAC6 by approximately two- fold (Figure 6E). 
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To represent the effect of the amino acid substitution in the reaction models, we assumed that the M1 

protein mutation affects the binding between the capsid and HDAC6, specifically the dissociation 

constant KCH. We generated reaction model predictions for the mutant by choosing a multiplication 

coefficient for both models, setting the desired level of capsid breakage in an individual perturbation 

experiment (Figure 4C, D) to the observed average level of M1 binding (Figure 6C; Table S4). These 

model predictions aligned well with the experimental results from in vitro M1 pull-down quantification 

and from in vivo automated fluorescence microscopy for both viral strains and their respective M1 

mutants (Figure 6E). However, the models did not fully capture interactions between different 

perturbations. For example, the relative infectivity of the pandemic H1N1 (pH1N1) strain in the 

HDAC6 ko/ki ZnF mutant cells corresponds to reduction of the binding rate kUH between the HDAC6 

ZnF domain and Ub, and the infectivity of the H3N2 strain in HDAC6 ko/ki WT cells to the increased 

dissociation rate KCH . Both cases lead to a reduction in capsid breakage. However, our NP 

fluorescence microscopy data for the H3N2 ko/ki ZnF mutant show a slight increase of viral entry 

compared to the ko/ki ZnF mutant (Figure 6E), in contrast to either of the models. In sum, these results 

suggest that the models represent key mechanisms of virus uncoating in vivo, despite focusing on only 

a few biochemical and mechanical interactions between virus and host components. 

 

Discussion 

A physically realistic tug-of-war model for IAV uncoating 

Uncoating is arguably an enigmatic step of virus entry, with only few detailed studies available for a 

limited set of viruses (Helenius, 2018; Walsh and Naghavi, 2019). As a transient step, uncoating is hard 

to measure quantitatively; for example, only recently have dynamic measurements in cells with 

complete influenza A viruses become possible using monoclonal antibodies (Banerjee et al., 2014) or 

quantum dots (Qin et al., 2019). In addition, uncoating involves diverse (host and virus) components 

and interrelated (biophysical, biochemical, and cell biological) processes, making it difficult to integrate 

the relevant data and knowledge. These aspects may have contributed to limited conclusive evidence 

for a tug-of-war mechanism that has been proposed for several viruses (Banerjee et al., 2014; Lukic et 

al., 2014; Radtke et al., 2010; Strunze et al., 2011). However, the combination of biochemical analysis 

and mechanistic mathematical modeling described here for IAV uncoating demonstrates the feasibility 

of such integration, up to consistent predictions of differential infectivity of IAV strains with a single 

amino acid substitution in the M1 capsid protein. 

 

Intriguingly, the model neither relies on exact knowledge of component concentrations and interaction 

parameters, nor on their direct estimation from experimental data except for M1 binding mutants, which 
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could prevent truly independent predictions. We represented uncertainties explicitly, allowing us to 

integrate in a consistent manner relatively precise knowledge such as molecular motor forces with much 

less certain aspects such as binding affinities to make the model physically realistic. Despite these 

uncertainties being reflected in model predictions, the qualitative and often quantitative agreement with 

the experimental data indicates substantial robustness to assumptions made in model construction. In 

general, we aimed to identify core mechanisms that suffice to explain the collected experimental 

observations on IAV uncoating using a minimal model. We assume, for example, singular bonds 

between M1s in the capsid, no influence of endosomal transport on the tug-of-war mechanisms, and 

maximal capsid breakage for reaction rate optimization. This minimal nature of the model also implies 

that pleiotropic effects of perturbations are not well captured. For example, discrepancies for nocadazole 

experiments may arise because the drug not only disrupts microtubule dynamics, but also affects cell 

metabolism and viral traffic (Naghavi et al., 2017). 

  

Mechanisms of IAV uncoating 

For a mechanistic interpretation, it is important that our model does not represent directional transport 

by multiple motors associated to a cargo (Hancock, 2014), but rather the generation of mechanical 

forces by the molecular motors. The high consistency between our model predictions and experimental 

data, however, argues against a mere positioning effect of the capsid inside the cell as a condition for 

uncoating, as hypothesized in early tug-of-war concepts (Lukic et al., 2014; Radtke et al., 2010). The 

recent discovery of two host proteins activated early in infection and facilitating IAV uncoating supports 

this notion. Epidermal growth factor receptor pathway substrate 8 (EPS8) possibly fulfills a function in 

uncoating by modulating actin dynamics (Larson et al., 2019). G protein-coupled receptor kinase 2 

(GRK2) appears to act via non-canonical targets (Yángüez et al., 2018), and it is known to control 

cytoskeletal dynamics as well. 

In more detail, a key element of our proposed mechanism is the Ub-mediated binding between HDAC6 

and molecular motors. Future studies should identify the source and nature of the binding- mediating 

Ub chains. They could be provided by the virus (Banerjee et al., 2014), or by local or general host 

sources. Our models, however, suggest that viral Ub alone does not support efficient capsid breakage 

(Figure 4A, B). In addition, while our data suggest preferences for K48- linked Ub chains (Figure S2-

3C, D), we cannot exclude functions of K63-linked or of mixed K48/63-linked chains as mediators for 

uncoating. With the current experimental data, we cannot conclusively select between the ‘Symmetric’ 

or ‘Asymmetric’ model variants. The ‘Symmetric’ variant is less predictive for most of the endosomal 

uncoating experiments (Figure 5) and the ‘Asymmetric’ variant seems more realistic because the 

HDAC6 ZnF mutant enhances HDAC6-dynein interaction and reduces HDAC6-myosin-10 interaction 

(Figures S2-3E, 3E). Discrepancies between models and experiments may arise due to involvement of 
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other factors, or other types of polyubiquitin in the HDAC6-dynein interaction that are not accounted 

for. These discrepancies may also indicate the areas where we lack an understanding of underlying 

mechanisms. The ‘Symmetric’ model variant assumes that binding of myosin and dynein both are 

conditional on Ub, in contrast to the ‘Asymmetric’ variant, where dynein binding is independent of Ub 

(Figure 4A). Experimental perturbations to Ub, myosin, and dynein recruitment, and their combinations, 

compared to corresponding model perturbations, could help identify the true pattern of Ub-dependent 

motor recruitment. 

Our focus on minimal mechanisms also implies that strain-specific characteristics of HDAC6- 

dependent virus uncoating require further study. Using clinical IAV strains, we found that influenza 

H1N1 is more sensitive to the HDAC6/aggresome pathway than H3N2. To understand this behavior, 

we considered only direct effects of M1 sequence variations at position 218 on the HDAC6-M1 

interaction. These variations also affect virion shape (Elleman and Barclay, 2004), which could result 

in altered capsid stability (Dadonaite et al., 2016): using transmission electron microscopy of infected 

MDCK cells we demonstrated increased length of Wy/03 WT virions as compared to the predominantly 

spherical shape of Wy/03 M1 T218A mutant particles (Figure S4B, C). Our previous results (Banerjee 

et al., 2014) were mostly based on studies with the X31 strain of IAV, which is referred to as an H3N2 

virus. However, X31 is a hybrid virus between PR8 (H1N1) internal genes and glycoproteins from 

A/Aichi/2/68 (H3N2), and its M1 gene is PR8-derived (thus H1N1; (Banerjee et al., 2013)). Therefore, 

our new data are entirely consistent with our previous work. In addition, we cannot exclude an impact 

of residue 218 on M1-M1 dimerization strength; future studies could address this by atomic force 

microscopy measurements. In line with the above, however, we argue with Occam’s razor: altered 

capsid stability or M1 dimerization strength do not seem essential to explain the observed differences 

in IAV infectivity. 

 

Implications for other viruses and antiviral treatment 

An intriguing open question is if, and to what extent the tug-of-war uncoating mechanism transfers to 

other viruses. Adenovirus uncoating may have the closest similarity, with the nuclear pore complex 

(NPC) acting as a static ‘hold’ that facilitates disruptive force generation by microtubule- associated 

kinesins (where the NPC-equivalent are dyneins for IAV) (Flatt and Butcher, 2019; Greber and Flatt, 

2019). For HIV-1 the picture is more complex: while initial opening of the capsid is the rate-limiting 

step for uncoating (Marquez et al., 2018), it is unclear, if in vivo, a tug-of-war mechanism (Rawle and 

Harrich, 2018), pressure increase in the capsid due to reverse transcription (Rankovic et al., 2017) or a 

dedicated uncoating receptor akin to the case for enteroviruses (Zhao et al., 2019) initiate the breach. 

Intriguingly, the proposed uncoating receptor for HIV-1 is the β- karyopherin transportin-1 (TRN-

1/TNPO1) (Fernandez et al., 2019), the same host protein that induces the debundling of IAV 
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ribonucleoproteins after capsid breakage (Miyake et al., 2019; Yamauchi, 2020). Differences between 

HIV-1 and IAV uncoating may simply result from, for example, transcription initiation of viral genes 

in the cytoplasm and nucleus, respectively. We argue that such parallels nevertheless warrant more 

detailed experimental in vivo probing of potential tug- of-war mechanisms in HIV-1 uncoating, 

preferably integrated with quantitative mechanistic modeling as shown here. 

Finally, because host components are particularly attractive targets for novel antiviral treatment 

strategies, and because the HDAC6/aggresome pathway appears to be used by multiple viruses 

(manuscript in preparation), we see potential for antiviral treatment development by targeting HDAC6-

mediated uncoating. Compared to recently proposed targets such as EPS8 (Larson et al., 2019) and 

GRK2 (Yángüez et al., 2018) such developments appear promising for two main reasons:(i) a clear 

mechanistic picture relating several identified host components to viral infectivity via uncoating, and 

(ii) a predictive model that allows one to account for differences between viral strains. In addition to an 

extended experimental analysis discussed above, refined mathematical models could, for example, 

include intracellular transport or structure-function relationships for capsid and individual proteins. The 

potential transfer of the proposed mechanisms and of the overall experimental-computational 

framework beyond influenza, in addition, could make such efforts worthwhile. 
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Figures 

 

Figure 1: HDAC6 and its role in influenza uncoating. 

(A) Schematic representation of the influenza A virus M1 capsid disassembly mechanism involving histone 

deacetylase 6 (HDAC6), adapted from (Banerjee et al., 2014). Influenza virions enter the host cell through 

receptor-mediated endocytosis. (1) An endosome with the viral particle is transported along microtubules by the 

molecular motors dynein and kinesin. (2) Endosomal acidification during transport towards the cell nucleus 

primes the viral core for uncoating via the influx of protons and potassium into the core through the viral M2 

channel. At the critical pH, viral HA triggers fusion of the viral envelope with the endosomal membrane, forming 

a fusion pore and exposing the viral matrix protein M1 to the cytosol. (3) The virus mimics misfolded proteins by 

carrying unanchored Ub (Ub) chains. The current conceptual model assumes that HDAC6 binds these Ub chains 

and recruits molecular motors dynein and myosin-10 for the transport along microtubules towards the aggresome, 

a perinuclear assembly of misfolded proteins at the microtubule organizing center (MTOC). (4) Forces exerted by 

the motors break the viral capsid and thereby release viral genetic material. 

(B) Schematic representation of the intact viral capsid. M1 oligomers in the capsid are broken down into dimers 

after acidification. The N-N oligomer dissociates in response to low pH, but the C-C dimer is maintained, holding 

the complex together as a dimer (Zhang et al., 2012). 

(C) HDAC6 domain organization (Hai and Christianson, 2016; Miyake et al., 2019): NLS, nuclear localization 

signal; NES, nuclear export signal; DMB, dynein motor binding; ZnF, zinc-finger Ub-binding domain; CD1 and 

CD2, catalytic domains. 
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Figure 2: A mass-spring model for capsid-motor interactions predicts that motor forces suffice for efficient 

virus uncoating. 

(A) Structure of the two-dimensional viral capsid model. Exposed M1 protein in the viral capsid is represented as 

a square grid with edges anchored in the lipid bilayer. One microtubule is randomly oriented relative to the capsid. 

Dynein and myosin motors are attached to the exposed capsid proteins. Dyneins are only able to move along the 

microtubule, while myosins can move in any direction along the dense actin filament network anchored at the 

fusion pore with the nucleation point (see Methods for details). 

(B) Predicted capsid breakage probabilities for varying numbers of myosin and dynein motors, and combinations 

thereof, when they are attached to the capsid. Simulation results are presented as means and standard deviations 

for at least 100 random motor configurations. Insets illustrate geometries of selected configurations as in (A). 
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Figure 3: Formation of a complex between HDAC6, actin, myosin 10 and Ub. 

(A) HDAC6 interactome under influenza A virus infection. HDAC6 was immunoprecipitated from HDAC6 wild 

type (WT) or knock-out (KO) MEF cells that had been infected with IAV (strain X31, upper panel) or mock-

treated (lower panel). Interactors were analyzed by LC-MS/MS. The HDAC6 KO cells allowed to subtract non-

specific interactors. Statistical analysis was done in Perseus (version 1.5.2.6) and potential interactors were 
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determined using Student’s two-tailed t-test and visualized by a volcano plot. Red dashed lines denote a given 

false detection rate (FDR) and estimate of the volatility of the measurement (‘fudge factor’, s0) (0.01 and 2, 

respectively). The viral protein NP (red) indicates a successful infection. Myosin 10 (Myh10) is indicated. 

(B) HDAC6, as well as Actin (top) and Myosin 10 (bottom) are enriched at the aggresome. A549 cells were treated 

to induce aggresome formation (5 μM MG132, 18 hrs) and immunofluorescence microscopy was used to visualize 

the localization of HDAC6 (red), Actin (green) or Myosin 10 (green). DAPI (blue) was used to visualize the 

nucleus. Scale bar = 10 μm. 

(C) HDAC6 recruits actomyosin under conditions of aggresome formation. MEF cells (WT, wild type; KO, 

HDAC6 knock-out) were treated with MG132 (10 μM, 6hrs) to induce aggresome formation, or control-treated 

with the vehicle DMSO, and HDAC6 was immunoprecipitated from cell lysates. The presence of diverse proteins 

in the precipitate (IP) or in the input lysate was determined by immunoblotting with the indicated antibodies. 

(D) HDAC6 interacts with filamentous actin. MEF cells were treated with Latrunculin A (LAT-A) or Cytochalasin 

D (CytoD), two drugs that lead to formation of an aggresome-like structure, or control- treated with DMSO, and 

actin/myosin recruitment was tested by immunoprecipitation of endogenous HDAC6 followed by immunoblotting 

with the indicated antibodies. 

(E) Recruitment of actin and myosin 10 by HDAC6 requires binding to Ub. WT or HDAC6 ZnF mutant MEF 

cells were treated with CytoD or MG132 and used for HDAC6 immunoprecipitation assays followed by 

immunoblotting analysis. 

(F) Myosin10 interacts with poly-Ub chains. GFP-tagged Myosin10 C-terminal (1103-2007) cargo binding region 

(GFP-MyoC) was expressed in A549 cells which were treated with MG132, as indicated. Lysates were prepared 

and GFP proteins were captured with GFP-trap beads; recruitment of Ub was detected by immunoblotting (IB). 

Left two panels, input; right two panels, GFP immunoprecipitation. A robust enrichment of poly-Ub chains is 

observed when MyoC is immunoprecipitated from MG132-treated cells. 
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Figure 4: An in vivo reaction model elucidates biochemical interaction mechanisms involved in capsid 

breakage. 
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(A) Interaction schematics for the three reaction model variants. Nodes represent proteins or protein domains 

(linked by solid lines) and arrows denote biochemical reactions with their dissociation constants indicated next to 

the arrows. Node colors distinguish between viral proteins (red), HDAC6 (cyan), and other host proteins (purple). 

(B) Density distributions of number of myosin motors (left), number of dynein motors (middle), and capsid 

breakage probabilities (right) for the ‘Symmetric’ and ‘Asymmetric’ reaction model variants. Initial 

concentrations and reaction rate constants were sampled uniformly around literature values and rate constant 

values were adjusted accordingly. The ‘Asymmetric’ model variant allows for relatively high amounts of myosins 

and dyneins, and total highest breakage probability (see Methods for details). All the densities were normalized 

by their peak for easier comparison. 

(C), (D) Influence of varying individual initial protein abundances and reaction rate parameters on the capsid 

breakage probability for the ‘Asymmetric’ (C) and ‘Symmetric’ (D) model. All the varied parameters were 

normalized by the values corresponding to the reference conditions. 
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Figure 5: The model predicts in vivo uncoating efficiencies upon perturbations of the host cell. 

(A) Perturbations of molecular motors. Grey labels indicate the type of perturbations, and axis labels the specific 

experimental conditions. Abbreviations: WT, wild type; siDynactin2, siRNA for Dynactin2; CilioD, Ciliobrevin 

D; siMyosin10, siRNA for myosin10. 

(B) Perturbations of HDAC6. Abbreviations: DMBm, dynein motor binding mutant; KO, knock out; MEF, mouse 

embryonic fibroblasts; siHDAC6, siRNA for HDAC6; ZnFm, zinc finger mutant. 

(C) Cytoskeletal perturbations and drug screen for inhibition of endosomal entry. Abbreviations: CytoD, 

Cytochalasin D; Noc, Nocodazole; CilioD, Ciliobrevin D. All data shown are bypass (emerald) and endosomal 
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(pink) experimental uncoating efficiencies and capsid breakage probabilities predicted by simulation of the 

‘Asymmetric’ (purple) and ‘Symmetric’ (orange) reaction model with correspondingly perturbed initial conditions 

and rate parameters (see Methods for details). Experimental data are from (Banerjee et al., 2014). Functional 

categories of perturbations are indicated by top gray bars. All data are normalized with respect to the untreated 

WT. 

 

 

  

Figure 6: Strength of interaction between influenza M1 and HDAC6 determines dependency on aggresome 

pathway and infectivity. 
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(A) Influenza H1N1 shows stronger dependence on the HDAC6/aggresome pathway than H3N2. A549 cells 

expressing different HDAC6 versions (WT, CD2 mutant or ZnF mutant) were infected with pH1N1 or H3N2 

virus at indicated multiplicity of infection (MOI) and cells were stained for viral NP. 

(B) Substitution of A218T in M1 of Wy/03 (H3N2) by reverse genetics increases its dependence on HDAC6 for 

uncoating. A549 cells expressing WT, CD2 mutant or ZnF mutant HDAC6 were infected with 5 MOI of pH1N1, 

Wy/03 WT or Wy/03 M1 A218T (H3N2) and cells were stained for viral NP. 

(C) Preferential interaction of viral H1N1 M1 protein with HDAC6 depends on residue T218. GFP- M1 fusion 

proteins (H1N1 WT or T218A, H3N2 WT or A218T) were transiently expressed in 293Tcells and lysates were 

incubated with purified GST-HDAC6 (amino acids 82-837, catalytic domains) protein. GST-Trap beads were 

used to capture HDAC6 and associated proteins. The presence of diverse proteins in the precipitate (IP) or in the 

input lysate was determined by immunoblotting with anti-GFP (M1) or anti-GST (HDAC6) antibodies. 

(D) Schematic of H1N1 vs H3N2 M1, highlighting residue 218. 

(E) Experimental M1 IP quantification data from (C, yellow) and NP+ cell microscopy from (B, green) viral 

activities for perturbations of viral protein M1 variant for H1N1 and H3N2 viruses, compared against capsid 

breakage probabilities predicted by simulation of the ‘Asymmetric’ (purple) and ‘Symmetric’ (orange) reaction 

model with correspondingly perturbed initial conditions and rate parameters (see Methods for details). 

Abbreviations: IP, immunoprecipitation; NP+, nucleoprotein positive; ko/ki, knock out/knock in; WT, wild type; 

ZnF, zinc fing  
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 Supplemental figures 
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Figure S1: Mass-Spring Grid algorithm 

(A) Non-break (left), persistent break (middle), and momentary break (right) scenarios for a one- dimensional 

protein mass-spring example (left scheme). Initial break times are indicated by vertical red lines. A break is 

considered to occur if the distance between any two adjacent nodes at any time exceeds two. A break is considered 

persistent if the system spends more than half of the simulation time points broken. 

(B) The total break time (fraction of time points in which the system is broken) and initial break times for 

simulations where breakage occurred for a 4x4 grid with one dynein and four myosin motors. Most simulations 

that achieve a break have the initial break early on (~10-8 s, for a total 10-6 s simulation time). 

(C) Higher stiffness and dissociation energy of the capsid protein M1-M1 bond lead to a lower capsid breakage 

probability. The red * symbol indicates stiffness and dissociation energy values reported in the literature, used for 

our simulations (see STAR Methods for details). 

(D) Collaborative breakage by myosin and dynein motors (left) and the interpolated capsid breakage probability 

(right) that is used to estimate capsid breakage in the reaction model. 
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Figure S2-1: HDAC6 interactome under proteasome inhibition or actin network disruption in MEF cells 

(A) Volcano plot from LC-MS analysis of the HDAC6 interactome under proteasome stress (MG132 treatment), 

actin stress (CytoD treatment) and control (DMSO) conditions. Following treatment of the cells, endogenous 

HDAC6 was immunoprecipitated with a polyclonal anti-HDAC6 antibody) and interacting proteins were analyzed 

by LC-MS/MS. Statistical analysis was done in MaxQuant (version: 1.5.3.8) (Tyanova et al., 2016) using 

biologically independent samples (n = 3); potential interactors were determined using Student’s two-tailed t-test 
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and visualized by a volcano plot. Red dashed lines correspond to FDR = 0.01 and SO = 2. Identified interactors 

were annotated with Perseus (version 1.5.2.6). Each plot represents the comparison of the results obtained in WT 

vs HDAC6-deficient cells. Proteins at the right side of the plot and labeled are enriched. 

(B) Pathway analysis of HDAC6 interacting proteins. Enriched proteins in each experiment in (A) were analyzed 

with STRING (Szklarczyk et al., 2019), and the biological processes involved were determined. From top to 

bottom, the false discovery rate is increasing (indicated in the right by P value). Actin cytoskeleton organization, 

actin filament organization and supramolecular fiber organization are enriched pathways in all three experimental 

conditions; in addition, actin-related processes are also frequently observed in the analysis. 
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Figure S2-2: Myosin 10 and Actin form a cage around the HDAC6-enriched aggresome 

(A) Scheme of the method to determine the actin or myosin 10 signal distribution around the aggresome by 

confocal microscopy. 
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(B) Myosin 10 is distributed around the aggresome. A549 cells were treated with MG132 and myosin 10 (green) 

was stained by an anti-myosin 10 antibody. The photographs show the myosin 10 signal across 3 planes, from top 

to bottom. Next to each picture a graph shows the corresponding signal intensity of a longitudinal cross-section 

across the aggresome (indicated in the picture by the line between 2 blue arrows, from left/top to right/bottom). 

Two signal peaks are visible at the rim of the aggresome, with much higher intensity than the signal in the cytosol 

or in the aggresome. This indicates an enrichment of myosin 10 around the aggresome. 

(C) Actin is distributed around the aggresome. Actin was stained by an anti-actin antibody and analysis was done 

as in (B). Together with the widefield microscopy data in Figure 3B, this shows that both myosin 10 and actin 

form a cage around the aggresome. 

(D) Schematic representation of actin polymerization inhibition by LAT-A and CytoD. 
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Figure S2-3: HDAC6 ZnF and myosin 10 C-terminal domain both interact with poly-Ub chains 

(A) Inhibition of HDAC6 catalytic activity does not affect HDAC6-myosin 10 interaction under proteasome 

inhibition. Immunoprecipitation of endogenous HDAC6 can still capture myosin 10 from cell lysate in the 

presence of the HDAC6 inhibitor Tubacin. 
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(B) Immunoprecipitation of endogenous HDAC6 pulls down high molecular weight Ub (poly-Ub chains) from 

cell lysate under proteasome inhibition (MG132). Intriguingly, mono-Ub is not observed under these conditions. 

(C) Purified HDAC6 ZnF domain interacts with both K48- and K63-linked poly-Ub chains. Purified His-ZnF 

domain was incubated together with K48- or K63-linked poly-Ub chains followed by pull- down of the ZnF 

domain and extensive wash. The Ub signal was detected by immunoblotting with specific anti-K48 or anti-K63 

antibodies. 

(D) Purified myosin 10 C-terminal region (1103-2007) interacts preferentially with K48-linked poly- Ub chains. 

Similar to (C), in vitro pull-down assay was done with purified His-myosin 10 (1103-2007) and K48- or K63-

linked poly-Ub chains. The Ub signal was detected by immunoblotting by specific antibodies, as above. Note the 

ubiquitination (K48- and K63-linked) of purified myosin 10 (1103- 2007) during expression in insect cells. This 

explains why in the final IP panel Ub signals are visible around the myosin 10 (1103-2007) molecular weight. 

(E) Increased interaction of HDAC6 ZnF mutant (W1116A) with dynein complex. MEF cells expressing WT or 

ZnF mutant HDAC6 were treated with MG132 (10 μM) and after lysate preparation, dynein was 

immunoprecipitated followed by immunoblotting. Note that the ZnF mutant, which frees HDAC6 from Ub/poly-

Ub chain binding, helps HDAC6 interaction with the dynein motor complex, with a 50% increase in the pulled-

down HDAC6 signal. 
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Figure S3: Reaction Model Analysis 

(A) Breakage ratio modes observed after wide sampling around approximate values available in the literature. We 

optimized the reaction rates using the high breakage mode because it manages to efficiently recruit both myosin 

and dynein motors. 

(B) Reaction models' density profiles for the numbers of myosin and dynein motors and for the estimated capsid 

breakage ratio for normally jointly sampled rates and concentrations. 

(C) Density profiles as in (B) for uniformly separately sampled rates or concentrations. 

(D) Density profiles as in (B) for normally separately sampled rates or concentrations. In (B)-(D) models are 

marked analogously to Figure 4. 
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Figure S4: Viral morphology. 

(A) HDAC6 knockouts were generated by CRISPR Cas 9 (left panel gRNA1) and reconstituted with WT, CD2 

mutant or Znf mutant HDAC6 (right panel) by lentiviral transduction. 

(B) Multicycle growth curves of A/Wyoming/03/2003 WT or M1 A218T mutant in (left panel) A549 HDAC6wt 

reconstituted HDAC6 knockout cells or (right panel) A549 HDAC6 ZnF mutant reconstituted HDAC6 knockout 

cells. 

(C) The A218T substitution affects virus morphology. MDCK infected at MOI 10 and fixed 10 hpi. Scale bar: 

500 nm for WT WY03, otherwise 200 nm. Medians with interquartile ranges. 

(D) Viral particles length. Boxes show median and interquartile ranges. 
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Abstract 

The deacetylase HDAC6 is important for the cellular stress response, by promoting the recruitment of 

misfolded proteins to the aggresome and the formation of stress granules (SGs), structures that have 

been linked to the pathogenic granules in neurodegenerative diseases. When infecting cells, influenza 

A virus subverts the aggresome/HDAC6 pathway to facilitate capsid uncoating. HDAC6 binding to 

unanchored ubiquitin via its zinc finger (ZnF) domain is essential for these processes. We have 

generated nanobodies and DARPins selectively binding to the ZnF domain in vitro and in vivo, and one 

of them prevents interaction with ubiquitin. Crystallographic analysis shows that this DARPin blocks 
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the ZnF domain pocket where ubiquitin engages. We show that expression of this DARPin in cells 

impairs infection by two RNA viruses, influenza A and also Zika. Moreover, SGs and aggresomes are 

also blocked. These results demonstrate that the HDAC6 ZnF domain is an attractive target for drug 

discovery.   
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Introduction 

The coronavirus disease 2019 (COVID-19) pandemic caused by the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) which has taken the world by surprise exemplifies how viruses represent 

a continuous -but often underestimated- threat to human health. Beyond the new SARS-CoV-2 virus, 

RNA viruses such as influenza A virus (IAV) and coronaviruses come seasonally and affect every year 

millions of people worldwide. Viruses have evolved a multitude of highly specific and unique 

mechanisms that intersect with cellular pathways, often to favor the infection. One such pathway is 

ubiquitination, the process by which the small 76 amino acid cellular protein ubiquitin (Ub) is used to 

generate a variety of polymeric chains that can be post-translationally conjugated to proteins. 

Depending on which lysine residues (K48, K63 …) are used for branching, the Ub polymers are 

structurally different and have distinct functions. By modulating protein function (e.g. localization, 

trafficking ...) or fate (e.g. degradation), ubiquitination impinges on most aspects of cellular metabolism. 

Proteins ubiquitinated by K48-branched chains are targeted for degradation by the ubiquitin proteasome 

system (UPS) (reviewed in (Komander and Rape, 2012)). Viruses often depend on the UPS (Isaacson 

and Ploegh, 2009): proteasome inhibitors block productive IAV entry and impact the replication of 

various virus classes (reviewed in (Rudnicka and Yamauchi, 2016)). In addition, Ub plays an important 

role in innate immunity, for example by modulating the activity of the RNA helicase retinoic acid-

inducible gene I (RIG-I), which acts as a major viral RNA sensor and elicits the production of 

interferons (Peisley et al., 2014).  

Ub is also important for the cellular stress response. Under stress, cells form a variety of membraneless 

organelles as part of defense mechanisms. When misfolded proteins fail to be degraded -in case of 

proteasome overload which can also be associated to genetic conditions- they assemble together with 

Ub chains to form a temporary perinuclear structure called the aggresome (Johnston et al., 1998a). This 

process depends on protein transport along the microtubules, mediated by molecular motors such as 

dynein and also histone deacetylase 6 (HDAC6). In some cases, aggresomes have been associated with 

sites of viral replication (Wileman, 2006). Stress granules (SGs) are dynamic RNA-protein aggregates 

that build up following a wide range of stresses, such as oxidative stress, heat shock or even viral 
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infection (Nover et al., 1989). SGs contain RNAs and proteins including components of the translational 

machinery, proteins involved in RNA metabolism, Ub and others (reviewed in (Protter and Parker, 

2016)). UPS inhibition can also induce SG formation (Mazroui et al., 2007), and unconjugated Ub co-

localizes with SGs (Markmiller et al., 2019). Several proteins involved in neurodegenerative diseases 

such as FUS or TDP43 are components of SGs and disease-associated mutations have been found to 

correlate with altered SGs dynamics or modified in vitro biophysical properties (Wolozin and Ivanov, 

2019; Zhang et al., 2018). Furthermore, SGs have also been associated with cancer and viral replication 

(Anderson et al., 2015; Montero and Trujillo-Alonso, 2011; Reineke and Lloyd, 2013). SGs and 

aggresomes are considered to be temporary protective mechanisms against a harmful cellular 

environment (Hao et al., 2013; Protter and Parker, 2016; Wheeler et al., 2016). Properly regulated 

dynamics of these membraneless granules forms an integral part of normal cellular physiology; these 

dynamics can be altered in pathological situations and this by itself can contribute to the pathologies 

(Ash et al., 2014; Olzmann et al., 2008).  

For both IAV entry and cellular granules formation the Ub-interacting deacetylase HDAC6 is important. 

HDAC6 is a mostly cytoplasmic lysine deacetylase with unique properties: it has tandem catalytic 

domains (CD) which are organized in a pseudo-two-fold symmetric structure (Miyake et al., 2016) and 

also a conserved zinc finger domain (ZnF-UBP, hereafter ZnF) with homology to the Ub binding 

domain of deubiquitinases (Hook et al., 2002; Seigneurin-Berny et al., 2001). The main substrates of 

HDAC6 are tubulin (Hubbert et al., 2002; Zhang et al., 2003a), and also the chaperone HSP90 (Kovacs 

et al., 2005), cortactin (Zhang et al., 2007) or the RNA helicase DDX3X (Saito et al., 2019a). By 

regulating the level of tubulin and cortactin acetylation HDAC6 influences microtubule dynamics, 

cytoskeletal trafficking and cellular motility (Boyault et al., 2007). A variety of HDAC6-specific small 

molecule inhibitors have been developed which target its deacetylase activity and have shown efficacy 

in some cancer models (Brindisi et al., 2019; Cosenza and Pozzi, 2018; Mishima et al., 2015). In many 

cases the biological functions of HDAC6 depend, beyond the catalytic activity, on the ZnF domain 

which binds with high affinity to unanchored Ub chains via their C-terminal diglycine -GG motif 

(Boyault et al., 2006; Ouyang et al., 2012): formation of SGs and aggresomes requires an intact HDAC6 

ZnF domain (Kawaguchi et al., 2003; Kwon et al., 2007). Likewise, infection by IAV only proceeds 

normally when the HDAC6 ZnF domain is functional; mutation of the HDAC6 ZnF domain so as to 

impair Ub chains recruitment strongly reduces the capacity of IAV to uncoat its capsid and release its 

nucleic acids (Banerjee et al., 2014a). Many viruses carry and need Ub for infectivity (Gustin et al., 

2011); the IAV viral capsid recapitulates key aspects of the aggresome pathway by bringing along 

unanchored Ub chains (Artcibasova et al., 2020, submitted). Moreover, this pathway and its core 

components (HDAC6 and Ub) have been very recently shown to be an essential part of the 

inflammasome activation (Magupalli et al., 2020). Thus, infection by IAV (and possibly other viruses) 

as well as cellular processes that are part of the stress or inflammatory response need the interaction 
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between unanchored Ub chains and HDAC6; targeting this interaction may therefore be of great 

therapeutic interest.  

Here we have generated nanobodies and Designed Ankyrin Repeat Proteins (DARPins) that selectively 

recognize the zinc finger of human HDAC6. We show by biochemical and crystallographic structural 

analysis that one DARPin binds with high affinity to the HDAC6 ZnF domain and effectively blocks 

the pocket in which Ub normally engages. Owing to its high affinity, it is able to displace Ub from the 

ZnF domain in vitro as well as in cells. Conditional expression of this DARPin in cells leads to reduced 

infection by IAV and also by Zika virus, thereby establishing that this pathway is used by RNA viruses 

beyond IAV. Moreover, in these cells the formation of aggresomes is impaired and the number of SGs 

is reduced. This demonstrates that manipulation of the ZnF domain-Ub interaction can be used to 

modulate the cellular response to stress and viral infection.   

 

 

Results 

Identification of nanobodies and DARPins selectively recognizing the HDAC6 ZnF doamin 

We set out to identify small antibody-like molecules that selectively target the ZnF domain. The purified 

human HDAC6 ZnF domain was used as a bait for identification of nanobodies and DARPins binding 

specifically to the target protein (Figure 1A) (see Methods). We first examined the nanobodies obtained 

and established stably expressing human lung adenocarcinoma A549 cell lines. We used these to test 

whether intracellularly expressed nanobodies are capable to target the ZnF domain of HDAC6 in vivo 

and used a co-immunoprecipitation assay. As shown in Figure S1A, precipitation of the ZnF nanobodies 

from cell lysates via their GFP fusion moiety led to robust co-precipitation of endogenous HDAC6. The 

same cell lines were then used for an infection assay with IAV and a moderate reduction was observed 

with two of the nanobodies, when compared to the control nanobody (Figure S1B). We reasoned that, 

although interacting with the ZnF domain, the available nanobodies might not target regions that are 

important for the Ub – ZnF domain interaction and decided to focus our further work on DARPins (Binz 

et al., 2004; Binz et al., 2003; Plückthun, 2015).  

DARPins were selected from a large library by in vitro ribosome display (Brauchle et al., 2014; Dreier 

and Plückthun, 2012). Following the initial high-throughput screen, we used a HTRF assay (Table S1) 

and identified 24 DARPins that bound to the ZnF domain. We then expressed these in vitro and used 

them for binding assays in the presence of purified ZnF domain and Ub, with all proteins added together 

at equimolar ratios. As shown in Figure S2A, all DARPins efficiently bound to the ZnF domain, thus 

confirming the screening result; in addition, one DARPin (F10) prevented interaction with Ub (Figure 

1B). Changing the order of addition of the different proteins showed that maximal interference was 

obtained when F10 was first incubated with the ZnF domain, but that addition of F10 to a preformed 

ZnF – Ub complex was also able to partially displace Ub; as expected, another DARPin from this screen 
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(B10), while binding efficiently to the ZnF domain, did not interfere with Ub binding under any of the 

conditions (Figure S2B). 

To test whether the DARPin F10 can also interfere with the Ub – ZnF domain interaction in vivo, we 

established a split-GFP assay (Cabantous et al., 2013) in 293T cells (Figure 1C). In this assay, 

fluorescence requires reconstitution of a functional GFP molecule, which is mediated by interaction 

between the HDAC6 ZnF domain and Ub; mutation of a single residue in the ZnF domain (W1182A) 

which is known to disrupt interaction with Ub (Hao et al., 2013) abolished the GFP signal, 

demonstrating the assay specificity. Using this assay, expression of DARPin F10 was found to suppress 

the fluorescence signal, while expression of DARPin A10, which binds the ZnF domain but does not 

block Ub, did not interfere (Figure 1B, 1C).  

Furthermore, when transiently expressed in A549 cells, DARPin F10 -but not control DARPin E3_5 (a 

non-binder from the unselected library (Binz et al., 2003))- can be used to precipitate endogenous 

HDAC6, indicating that it also robustly interacts with intact HDAC6 (Figure 1D). Analysis of the 

immunoprecipitates by mass spectrometry showed that under these conditions only five proteins in 

addition to HDAC6 were precipitated by F10, none of which has a zinc finger domain (Figure 1E). In 

conclusion, DARPin F10 is able to interfere in vivo with high specificity with the HDAC6 zinc finger 

domain and thereby disrupt its interaction with Ub. We additionally performed RNA-seq transcriptome 

analysis of A549 cells transiently expressing DARPin F10 or the control DARPin E3_5 and observed 

no significant gene expression changes, confirming the lack of promiscuous effects (Figure S3).  

 

DARPin F10 forms a stable complex with the ZnF domain 

To understand how DARPin F10 inhibits HDAC6 ZnF-Ub binding, the stoichiometric complex was 

purified by size-exclusion chromatography (Figure S4A) and subjected to crystallization experiments. 

A 2.55 Å structure was determined (Figure 2A) by molecular replacement using a ZnF-Ub C-terminal 

complex (PDB: 3GV4) as search model (see Table S2 for data collection and refinement statistics). In 

addition, an unbiased map was obtained by experimental phasing using the anomalous signal from the 

Zn2+ ions.  

The asymmetric unit contains one copy of the ZnF-DARPin F10 complex and the entire sequence of 

the complex, except for the first two N-terminal amino acids of F10, is defined by electron density. As 

-

bulge turn followed by two antiparallel α-helices (Binz et al., 2003). The N-capping Ankyrin repeat of 

F10 consists of two α-helices and is followed by four complete repeats, together including α-helices 1 

to 10 (α1 to -turns 1 to 4 (L1 to L4; Figure 2A).  

The complex interface was analysed with QtPISA yielding a total buried interface surface area of 853.4 

Å2. The extensive binding interface of F10, including L1-L4 and parts of 3, 5, and 7, encloses the 

tip of the protruding ZnF motif III (loops aa 1133-1142 and aa 1153- -turns of F10 
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insert like fingers into the canyon-like cleft between ZnF motif II (loops aa 1184-1187 and aa 1112-

1116) and ZnF motif III of the ZnF domain (Figure 2B). The protruding ZnF motif III is contacted 

mainly by residues from the-helical scaffold (3, 5), while the cleft is occupied by one or two apical 

-turn (L1-L4). These interactions are governed by an intricate network of both 

hydrophobic contacts and polar interactions. Important hydrogen bonds are Tyr 1156 from ZnF to Arg 

113 from F10 α-helix 7 (α7), Asn 1158 (ZnF) to Lys 47 (F10, α3), Arg 1155 (ZnF) to Asp 67 (Loop 2 

from F10, or L2), Tyr 1156 (ZnF) to Asp 100 (F10, L3) (Figure 2C). Moreover, Arg 1155 (ZnF) forms 

a salt bridge with Asp 67 (F10, L2; Figure S4B).  This shows that parts of the central Ankyrin repeats 

(L2, L3, α3 and α7) form the main structural platform for ZnF recognition. Considering that the 

characteristic shape of the ZnF motif III region, from Arg 1155 to Asn 1158, is complemented by the 

Ankyrin scaffold and tethered by multiple polar contacts, we speculate that this region is critical for 

F10-binding specificity.    

Next, we examined the ZnF region 1155 to 1158 which is also defined as Ub-binding motif (Figure 

1A); hence we aligned the DARPin F10-bound ZnF to the Ub-bound ZnF structure (3GV4) to evaluate 

the structural differences between the two conformations (Figure 2D). After removing the low electron 

density at both ends, an overall root-mean-square deviation (RMSD) of 1.062 Å was obtained. Limited 

shift is observed on the backbone; in contrast, the side chain of Arg1155 and Tyr1156, which 

are ”gatekeepers” for Ub binding (Ouyang et al., 2012), are bent outward from the cleft, with a shift 

(measured by the far-end nitrogen and oxygen atom) equal to 6 Å and 2.5 Å in distance respectively,  

due to DARPin F10 binding (Figure 2D right). Another key amino acid for interaction with Ub is 

W1182 in ZnF (Hao et al., 2013; Ouyang et al., 2012); although it makes hydrophobic contacts 

(distance > 4 Å) with DARPin F10 (Met69), its position was not affected (Figure S4C). Hence, 

rearrangement of Arg1155/Tyr1156 may close the gate for Ub entry and lead to its displacement. 

 

DARPin F10 occupies the HDAC6 ZnF Ub-binding pocket with high affinity 

In the ZnF-Ub structure (3GV4), the negatively charged C-terminus of Ub inserts into a positively 

charged pocket (denoted as ZnF binding pocket, ZBP; Figure S5B left), which is part of the 

characteristic cleft of the ZnF domain. Once Ub is bound, the ZBP is filled by the charged Ub C-terminal 

-L-R-G-G peptide. Superposition of F10 onto the ZnF-Ub structure revealed that the Ub binding site is 

completely occupied by F10 residues (Figure 3A, 3B). Especially backbone atoms from Histidine 101 

to Glycine 103 (Figure 3A), and side chains of Lys 102 (L3) and Met 69 (L2) are directly clashing with 

Leu 73 and Arg 74 of Ub (Figure S5A). Analysis of the electrostatic surface potential showed that 

binding of F10 to the positively charged Ub-binding pocket of ZnF is not significantly facilitated by 

charge complementarity as observed for Ub binding (Figure S5B). Only a positively charged cavity of 

F10 (formed by residues from L2 and L3) is filled with the weakly negatively charged ZnF motif III 

loop (Figure S5B). Thus, complex formation and inhibition of Ub-binding appear to rely on substantial 
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shape complementarity and are driven by both non-polar and polar interactions. Using isothermal 

titration calorimetry (ITC), we determined the in vitro binding affinities between the HDAC6 ZnF 

domain and either mono Ub or DARPin F10 (Figure 3C). These experiments revealed that the ZnF 

domain has a 55-fold higher affinity for DARPin F10 (KD 95.05 ± 12.3 nM) than for Ub (KD 5.16 ± 

0.47 µM), supporting a specific binding mode. In conclusion, by forming an interlocked interface 

encompassing large parts of the ZnF domain, F10 binds stronger than Ub and competitively blocks 

access to the Ub-binding pocket. 

 

Targeting HDAC6 ZnF impairs influenza A virus infection during uncoating 

We wished to examine whether expression of DARPin F10 in cells can impact cellular processes in 

which HDAC6 has been implicated, such as the formation of aggresomes (Kawaguchi et al., 2003) or 

SGs (Kwon et al., 2007; Legros et al., 2011; Saito et al., 2019a) and virus infection (Banerjee et al., 

2014a). For this, we generated A549 cell lines stably expressing DARPin F10, C-terminally fused to an 

FKBPF36V degron tag (F10 cell line). In these cells, conditional degradation can be rapidly induced by 

addition of the chemical dTAG-13 (hereafter dTAG), which engages FKBPF36V and the E3 ligase 

Cereblon, leading to proteasomal degradation (Nabet et al., 2018) (Figure S6A). In F10 cells, addition 

of dTAG to the medium led to rapid degradation of the DARPin F10 fusion protein, which was complete 

in ca. 6 hrs (Figure S6B). Pre-treatment of the cells with proteasome inhibitors, including MG132, 

Carfilzomib and Bortezomib, completely prevented the dTAG-induced degradation (Figure S6C). 

However, when MG132 was added after the dTAG treatment, expression of DARPin F10 was not 

recovered for at least 18 hrs (Figure S6D). Notably, expression of the DARPin F10 fusion did not impact 

the enzymatic activity of HDAC6, as evidenced by the fully deacetylated tubulin in these cells, as in 

parental cells (Figure S6E). 

Infection by influenza A virus (strain X31, H3N2) has been shown to depend on the HDAC6/aggresome 

pathway at the uncoating stage, with the HDAC6 ZnF domain and Ub playing an important role 

(Artcibasova et al., 2020, submitted; Banerjee et al., 2014a). We therefore tested virus infection in the 

different cell lines;  parental A549, F10 and FKBPF36V control cell lines were infected by IAV X31 at a 

multiplicity of infection (MOI) of 0.05 plaque-forming unit (PFU) per cell and the virus titer in the 

culture supernatant was analyzed by plaque assay every 12 hrs post infection. Viral growth curve 

showed a ca. 10-fold reduction of virus titer in F10 cells compared to the cells lacking the DARPin 

(Figure 4A). Remarkably, this difference was maintained throughout multiple replication cycles for up 

to 72 hrs post-infection. Degradation of DARPin F10 by dTAG addition (indicated in Figure 4B upper 

scheme) prior to infection restored susceptibility to virus (Figure 4B lower). We also examined the virus 

titer within one replication cycle (up to 8 hrs). Consistent with the above results, a robustly reduced 

viral load was detected as early as 6 hrs post infection in F10 cells (Figure 4C). 
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To visualize the uncoating step, we monitored by confocal microscopy the release of matrix protein M1 

from viral particles and its cellular distribution. M1 was stained by a specific monoclonal antibody and 

the signal intensity was quantified. As shown in Figure 4D (top left panel), 3.5 hrs after infection the 

M1 signal (green) was detected as a weak diffuse staining with dots in untreated WT A549 cells. In 

Bafilomycin-treated WT cells, in which endosomal acidification and transport are blocked, the M1 

signal was strongly reduced, indicative of blocked uncoating. A similar pattern of M1 signal was 

observed in F10 cells, reflecting impaired uncoating. Addition of dTAG, which leads to degradation of 

the DARPin, restored the M1 signal. Quantification of M1 signal intensity in the cytoplasm confirmed 

that the presence of DARPin F10 inhibits the IAV uncoating process (Figure 4D, right panel).  

 

Infection by Zika virus is inhibited by DARPin F10 

Zika virus (ZIKV) is a mosquito-borne enveloped single-stranded RNA virus; it has spread to the 

Americas in 2015 (Campos et al., 2015) after an outbreak in Micronesia in 2009 (Duffy et al., 2009) 

and French Polynesia in 2013 (Cao-Lormeau et al., 2014), and is currently a major threat to public 

health. We set out to test if this virus is also sensitive to blockade of the HDAC6 ZnF domain. We used 

a low passage clinical isolate of Asian lineage (ZIKV PRVABC59) to infect A549 WT, F10 and dTAG-

treated (2 μM, 3 to 6 hrs) F10 cells at MOI of 0.1 and the viral titer was determined at different time 

points across the virus life cycle. As shown in Figure 5A and Figure S7, at each time point the viral titer 

was reduced several-fold in DARPin F10 expressing cells, compared to the parental A549 cells; pre-

treatment of the cells with dTAG to degrade DARPin F10 led to elevated virus titers, similar to those 

in A549 cells. To directly examine whether blockade of the HDAC6 ZnF leads to a reduced infection 

by ZIKV, we fixed cells at 72 hrs post-infection and stained for Zika envelope (E) protein, as well as 

for DAPI to visualize nuclei and monitor cell number (Figure 5B). By quantifying the number of cells 

positive for Zika E-protein signal, we calculated that the infectivity ratio was about 20% in WT A549 

cells. In contrast, in the F10 cell line, this value dropped to roughly 3%, and it partially recovered to 

10% in dTAG-treated F10 cells. Taken together, these results demonstrate that ZIKV, like IAV, also 

needs HDAC6 and Ub recruitment for infection and that impinging on this pathway via DARPin F10 

leads to a strong reduction in infectivity.  

 

Targeting the HDAC6 ZnF domain impairs cellular granules formation, including aggresome 

and SGs 

Following dTAG treatment, re-expression of DARPin F10 takes more than 18 hrs (Figure S6D). Since 

an 18 hrs MG132 treatment has been widely used to induce aggresome formation in human cells 

(Kawaguchi et al., 2003), this experimental setup allowed us to test the effect of the DARPin F10 on 

this process. Following MG132 treatment, staining for HDAC6 was used to visualize the aggresome; 

as shown in Figure 6A, in parental A549 cells a strong perinuclear aggresomal staining was observed 
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(red staining), which was dramatically disrupted in DARPin F10-expressing cells. However, when these 

cells were first treated with dTAG to induce DARPin degradation (green signal, Figure 6A lower 

panels), aggresome formation was restored. Quantification of the number of aggresomes under the 

different conditions showed that aggresome formation was reduced by 60% in DARPin F10 cells 

compared to WT A549 cells, but was restored in dTAG-treated cells. This confirmed that F10, by 

blocking the ZnF domain of HDAC6, strongly impairs aggresome formation (Figure 6B). 

We next examined oxidative stress (arsenite)-induced SGs and monitored their presence by staining for 

G3BP1, a widely used SG marker (Tourrière et al., 2003). F10-expressing cells had approximately 2-

fold less SGs than the parental A549 cells, or dTAG-treated F10 cells (Figure 6C, 6D). However, the 

size and roundness of SGs, two parameters that are related to SG maturation, were not altered by F10 

expression and blocking of the ZnF domain (Figure S8). This is in good agreement with our recent 

studies showing a role for HDAC6 catalytic activity in SG maturation (Saito et al., 2019a). 

 

 

Discussion 

Here we have generated nanobodies and DARPins that bind the ZnF domain of HDAC6 and 

characterized their effect on cellular responses. We identified one DARPin (F10) that interferes with 

Ub recruitment by HDAC6 and showed by crystallographic analysis that it blocks the pocket in which 

the Ub C-terminal tail normally engages. We found that DARPin F10 is able to interfere with Ub 

binding also in cells and that this leads to clear biological phenotypes. Over the past decade HDAC6 

has become an established target for drug discovery. Inhibition of the catalytic domains by selective 

small molecules such as Tubastatin A, Nexturastat A or others has shown antitumor activity and synergy 

with chemotherapy (Brindisi et al., 2019; Li et al., 2018b). While the main interest of drug discovery 

has been focused on HDAC6 catalytic domains, our work highlights an alternative approach for 

interfering with some HDAC6-dependent pathways. Compared to the recently described small 

molecules binding the ZnF domain Ub-binding pocket (Ferreira de Freitas et al., 2018; Harding et al., 

2017), we used the entire Ub protein, not only the C-terminal peptide, to show that its binding can be 

interfered with (in our case by DARPin F10). Furthermore, we showed that this can be achieved not 

only in vitro but also in vivo and that it leads to robust biological phenotypes. Indeed, displacing Ub 

from the HDAC6 ZnF domain has a strong impact on IAV infection and viral titers were reduced >10 

fold. Remarkably, the same effect was observed with ZIKA, another RNA virus, demonstrating that 

this pathway is used by multiple RNA viruses that cause disease in humans.  In addition, we observed 

a strong reduction of SGs and aggresomes formation in DARPin F10-expressing cells that had been 

subjected to oxidative stress or proteasomal inhibition, respectively. 
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For these experiments we made use of cell lines expressing F10 fused to the FKBPF36V degron, which 

allowed us to conditionally regulate the ZnF-Ub interaction; chemically-induced degradation of F10-

FKBPF36V relieved the inhibition of virus uncoating or of granules formation. However, in the case of 

SGs induction but not that of aggresomes, we observed lower granule numbers in dTAG-treated A549 

F10 cells compared to WT A549 cells. Considering the different time scales in the two experimental 

setups (30 min for SGs, 18 hrs for aggresomes), this suggests that at the timepoint at which SGs are 

monitored there may still be a small amount of DARPin F10 in cells which prevents quantitative binding 

of HDAC6 to Ub. The described affinity between Ub-binding proteins and Ub is ca. 5 to 500 μM (Hicke 

et al., 2005); e.g. IsoT binds to Ub with a KD of 2.9 μM (Reyes-Turcu et al., 2006). The KD of 

approximately 5 μM for HDAC6 ZnF-Ub binding described here fits well to this notion. We observed 

that in spite of this relatively high affinity, immunoprecipitation of endogenous HDAC6 from non-

stressed cells fails to co-precipitate Ub appreciably (data not shown); it is possible that in vivo 

interaction between HDAC6 and Ub may be regulated. Together with the observations that unanchored 

Ub chain binding activates HDAC6 catalytic activity on some substrates such as cortactin (Hao et al., 

2013), it is possible that under non-stressed conditions HDAC6 is in an inactive state that 

prevents/reduces interaction with Ub. In addition, we observed that blocking the ZnF domain led to a 

reduced number of SGs following oxidative stress, however their size or shape was unaltered. In 

contrast, we found previously that impairment of HDAC6 catalytic activity results in normal SG 

numbers, which, however, were small and failed to mature. We could show that lack of SG maturation 

is due to the lack of deacetylation and impaired liquid-liquid phase separation of the RNA helicase 

DDX3X, an important component of SGs under certain stress conditions (Saito et al., 2019a). Thus, it 

appears that both functional domains of HDAC6 can play a role at distinct steps of the SG formation 

process.  

Aggresomes and SGs are widely considered to be cellular-protective inclusion bodies that shield cells 

from acute stress (Advani and Ivanov, 2020; Taylor et al., 2003). However, they have also been linked 

to neurodegenerative disease and cancers (Anderson et al., 2015; Mishima et al., 2015; Olzmann et al., 

2008). Chronic stress associated with aging leads to the pathological accumulation of proteins like TDP-

40, Tau, Htt in SGs (Sweeney et al., 2017), leading to their transformation from transient to persistent 

structures, accompanied by further damages to the neurons. Lewy bodies are aggresome-related 

structures prominently observed in the brains of Parkinson disease patients. They are enriched in 

misfolded proteins, Ub and also HDAC6 (Kawaguchi et al., 2003).Formation of SGs is thought to 

protect the tumor cells from a complex microenvironment marked by multiple stresses, and to enhance 

their resistance to chemotherapy (reviewed in (Gao et al., 2019)). It was recently shown that in mouse 

testis G3BP translation and SGs formation are inhibited, thereby enhancing the germ cells viability and 

fertility (Lee et al., 2020). Thus, the beneficial or detrimental effect of SGs and aggresomes is tightly 

linked to the specific situation. In some scenarios, downregulating SG and aggresome formation by 
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interfering with the HDAC6 - Ub interaction could synergize with therapies against diseases such as 

aging-related neurodegeneration, cancer and infertility.     

In contrast, viruses are without doubt associated with disease and interfering with their infectivity is 

beneficial. Past and current antiviral treatments are based on targeting viral proteins like the M2 ion 

channel (to block uncoating) and neuraminidase (NA) (to block budding) of IAV (Du et al., 2012; 

Hussain et al., 2017). However, such antivirals can lead to the generation of viral escape mutants as 

many RNA viruses causing human disease are prone to mutations. We show here that targeting a cell-

assisted viral uncoating mechanism by disrupting the interaction between Ub and HDAC6 may be an 

attractive alternative approach. Mice lacking HDAC6 are viable and do not show overt phenotypes 

under standard laboratory conditions other than dramatically elevated tubulin acetylation (Zhang et al., 

2008). Similarly, mice in which the HDAC6 ZnF domain or the catalytic domains have been inactivated 

appear largely normal (unpublished data). It is therefore possible that transient impairment of the 

HDAC6 ZnF domain-Ub interaction through specific inhibitors might be tolerated. It is likely that 

additional viruses to IAV and ZIKV also hijack the HDAC6/aggresome pathway to their advantage. 

Thus, interfering selectively with the HDAC6 ZnF-Ub interaction may represent a universal therapeutic 

modality that could be combined with virus-specific approaches in the future.  
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Figure & legends

 

 

Figure 1. DARPin F10 inhibits with high specificity ZnF and Ub interaction in vitro and in vivo.  

(A) Schematic of HDAC6, showing the catalytic domains (CD1, CD2) and the zinc finger domain (ZnF) region 

that was expressed (amino acids 1108 to 1215) and used to identify binders. Generic nanobody and DARPin 

structures (PDB:1I3V and PDB:2QJY, respectively) are shown below. Part of the HDAC6 sequence (1153 to 

1190) is indicated at top to present the Ub binding motifs (Uniprot: Q9UBN7)(Ouyang et al., 2012), which are 

coloured in red and framed.  

(B) DARPin F10 blocks Ub and ZnF domain interaction in vitro. Purified His-tagged ZnF domain (1108-1215), 

Flag-tagged DARPin A10 or F10 and mono-Ub were mixed together for a binding reaction; following incubation, 
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the ZnF domain was pulled down with anti-Flag agarose beads. The precipitated complex was eluted and analysed 

by immunoblotting, using anti-His, anti-Ub and anti-Flag antibodies. PD, pull-down; FT, flow-through. 

(C) In vivo interaction between the ZnF domain and Ub is disrupted by DARPin F10, as monitored by a split-GFP 

assay. The ZnF domain (1108-1215) and Ub were fused to separate GFP fragments so that ZnF-Ub interaction is 

required to reconstitute a functional GFP molecule and fluorescence (see scheme at top). The GFP beta strands 

encoded in the different proteins are indicated: GFP-(1-9), GFP-10, GFP-11. A mutant ZnF domain (W1182A; 

ZnFm) which cannot interact with Ub was also used as a control for specificity of the assay. A plasmid expressing 

mRuby was included in all transfections as a control for transfection efficiency (red signal). Scale bar presents 1 

mm. 

(D) Efficient immunoprecipitation of endogenous HDAC6 by DARPin F10. A GFP-DARPin F10 or control 

DARPin E3_5 fusion protein was transiently expressed in A549 cells, and the DARPins were immunoprecipitated 

with GFP-trap beads. The immunoprecipitated material (IP) was eluted and analysis was done by immunoblotting, 

using antibodies against GFP or HDAC6. 

(E) Mass spectrometry analysis to determine the interactome of DARPin F10. Immunoprecipitated material (from 

D above) was analysed by mass spectrometry and enriched proteins are annotated.  
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Figure 2.   2.55 Å crystal structure of HDAC6 ZnF-DARPin F10 complex. 

(A) DARPin F10 bound to HDAC6 ZnF domain. DARPin F10, HDAC6 ZnF (aa 1108-1215) and Zn2+ ions are 

coloured purple, green and grey, respectively. DARPin F10 α-helices (α1 to α10) and β-turns (L1 to L4) are 

numbered starting from the N-terminus (PDB:7ATT). 
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(B) DARPin F10 β-turns/loops insert into ZnF (shown with surface representation, ZnF coloured in green, canyon-

like cleft of ZnF coloured in blue).  

(C) Key amino acids involved in ZnF-DARPin F10 polar interactions. The hydrogen bonds are shown by dashed 

lines with distances indicated.  

(D) HDAC6 ZnF conformation alignment in two binding forms. Green presents the ZnF structure bound to 

DARPin F10, and cyan presents the ZnF bound to ubiquitin (from PDB: 3GV4). A zoomed-in view of 

“gatekeeper” amino acids, Arg1155 and Tyr1156, for Ub binding is shown on the right, with the shifting of side 

chains indicated by dashed lines. The distance is labelled.  
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Figure 3. DARPin F10 blocks Ub binding through spatial occupation with high affinity. 
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(A) Zoomed-in views of the ZnF Ub-binding pocket. The ZnF-DARPin F10 structure is superimposed onto the 

ZnF-Ub C-terminal tail structure (PDB: 3GV4). The Ub C-terminal tail is shown in surface representation 

(yellow).  DARPin F10 L3 backbone is clashing with the Ub tail. Region Histidine 101 to Glycine 103 is rectangle 

by dash line (right). 

(B) Surface representation of the ZnF domain in complex with DARPin F10. Ub C-terminus is buried in the ZnF 

“canyon”. In the left panel, DARPin F10 and ZnF are moved apart for clarity. In the middle and right panels, the 

bound complex is shown, illustrating the occlusion of the Ub binding site by DARPin F10.  

(C) Affinities of HDAC6 ZnF for DARPin F10 or free Ub, determined by isothermal titration calorimetry 

experiments. In ZnF-DARPin F10 assay, ΔS = 20.6 cal/mol/deg, N = 1.01; in ZnF-Ub assay, ΔS = -12.8 

cal/mol/deg, N = 1.46. 
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Figure 4. Blocking the HDAC6 ZnF-Ub interaction by DARPin F10 interferes with IAV infection. 

(A) DARPin F10 impairs IAV infection. The indicated cell lines (A549 WT, F10 or FKBPF36V) were infected with 

IAV at a MOI of 0.05 (n=3), and culture supernatants were collected every 12 hrs until 72 hrs. Viral titer in 

supernatant was quantified by plaque assay. Statistical analysis was done with ANOVA, and p-value is shown in 

the graph to illustrate the significant difference (FDR<0.05) between cell lines expressing or not DARPin F10.  

(B) Treatment with dTAG restores IAV susceptibility. The indicated cell lines (A549 WT, DARPin F10 without 

or with dTAG pre-treatment) were infected with IAV at a MOI of 0.05 (n=3), and culture supernatants were 

collected every 12 hrs until 72 hrs. Viral titer in supernatant was quantified by plaque assay. Statistical analysis 
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was done with ANOVA, and p-value is shown in the graph to illustrate the significant difference (FDR<0.05) 

between A549 WT and F10 cell line.   

(C) Effect of DARPin F10 on a single IAV life cycle. The indicated cell lines were infected with IAV at a MOI 

of 10 (n=3) and culture supernatants were collected every 2 hrs up to 8 hrs. Viral titer was determined by plaque 

assay. Statistical analysis was done with ANOVA test, and p-value is shown in the graph to illustrate the 

significant difference (FDR<0.05) between A549 WT and F10 cell line.  

(D) IAV uncoating is impaired by DARPin F10. The left panels show confocal microscopy visualization of 

uncoating, by staining for the viral capsid M1 protein (green). Parental A549 cells or F10 cells (without or with 

dTAG pre-treatment) were used for IAV infection and M1 expression was analysed 3.5 hrs post infection. 

Bafilomycin A1 treatment was used as a control for blocked infection. Total protein was stained to visualize the 

cell body (red). The right panel presents a quantification of the M1 analysis in the different samples. Ca. 30 cells 

were selected per view (6 to 9 views for each condition) and M1 fluorescence intensity was analysed. The p-value, 

indicating the difference against A549 WT, was calculated by ANOVA test (with a FDR<0.05). The scale bar 

represents 20 μm. 
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Figure 5. ZIKV replication is inhibited by DARPin F10. 

(A) Reduction of ZIKV titer in DARPin F10-expressing cells. The indicated cell lines (WT, DARPin F10 without 

or with dTAG pre-treatment) were infected with ZIKV at a MOI of 0.1 TCID50/cell and culture supernatants were 

collected at 16, 24, 48 and 72 hrs post-infection. Viral titers were determined with a TCID50 assay; the baseline 

titer obtained with A549 WT cells at each time point was set to 100%. Statistical analysis was done with ANOVA, 

and p-value is shown in the graph to illustrate the significant difference (FDR<0.05) between A549 WT and each 

cell line; ns, non-significant. 
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(B) Reduced ZIKV infection in the F10 cell line. The upper panels show microscopy visualization of infection. 

Following ZIKV titer quantification in (A), the cells at 72 hrs post-infection were stained by DAPI and for ZIKV 

E protein. A combination of the neighbouring 4 views (10 x objective, containing 6500 to 7000 cells) showed a 

strong reduction in the number of cells positive for ZIKV E protein when F10 was expressed. The lower panels 

present a quantification (n=3) of the ZIKV E protein-positive cells. Statistical analysis was done with ANOVA; 

p-values refer to the significant difference (FDR<0.05) between samples, as indicated. The scale bar represents 

0.5 cm. 
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Figure 6. Disruption of HDAC6 ZnF-Ub interaction by DARPin F10 impairs cellular granules formation. 

(A) Aggresome formation was induced with MG132 in parental A549 and F10 cells without or with dTAG pre-

treatment to investigate the impact of the DARPin on aggresome formation. Aggresomes were detected by staining 
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with an anti-HDAC6 antibody and DARPin F10 expression was visualized with an anti-HA antibody. DAPI was 

used to stain the nucleus. The inset shows a magnified view of an aggresome; representative pictures are shown. 

The scale bar represents 20 μm. 

(B) Quantification of aggresome formation in parental A549 cells, or F10 cells without or with dTAG pre-

treatment. The top graph shows the percentage of aggresome positive cells; each data point represents the 

percentage obtained in randomly chosen micrograph containing 50 to 100 cells. Statistical analysis was done by 

ANOVA (upper graph) or unpaired t-test (lower graph), p-value is shown accordingly in the graph. 

(C) SGs were induced with arsenite in parental A549 cells or in F10 cells without or with dTAG pre-treatment; 

SGs were visualized by staining for G3BP1. Representative pictures are shown. The scale bar represents 20 μm. 

(D) Quantification of the number of SGs per cell area. Ca. 30 cells were used, with > 700 SGs in normal conditions. 

Statistical analysis was done by ANOVA, p-value is shown accordingly in the graph. 
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Supplementary Figures 

 

Supplementary Figure 1. ZnF domain nanobodies’ interaction with HDAC6 ZnF and its effect on IAV 

infection. 

(A) A549 cells stably expressing nanobodies against HDAC6 ZnF were used for lysate preparation followed by 

pull-down with anti-GFP beads. The precipitate was analysed by SDS-PAGE and immunoblotted for HDAC6, 

GFP, and Tubulin. The input lanes were loaded with five percent of the lysate. 

(B) IAV infection was analysed in A549 cells stably expressing the HDAC6 ZnF nanobodies. Infectivity was 

normalised to the VHH control nanobody. 
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Supplementary Figure 2. Initial screen for DARPins blocking the HDAC6 ZnF-Ub interaction. 

(A) Purified His-tagged HDAC6 ZnF (1108-1215), Flag-tagged DARPin candidates (A10-H10, A11-H11, A12-

H12) and mono-ub were incubated together with Ni-NTA beads for 30 min, followed by precipitation and elution 

from the beads. Samples were analyzed by SDS-PAGE and visualized with Coomassie protein stain. As is visible 

on the input panel, the size of the different DARPins varies slightly, depending on whether they have four or five 

loops. If a DARPin interacts with the ZnF domain without disturbing the binding of Ub, pull-down of the ZnF 

domain via its His tag results in all three proteins being precipitated (pull down panel). In the case of DARPin 

F10, Ub is not precipitated, indicating that F10 binding interferes with Ub binding.  

(B) DARPin F10, and B10 as a control, were used for order of addition experiments. (1) The DARPin was pre-

mixed with His-ZnF, followed by Ub addition 30 min later; (2) Ub was pre-mixed with His-ZnF, followed by 
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DARPin addition 30 min later; (3) All three proteins were mixed together at the same time, followed by incubation 

for 60 min. Following the incubation, the ZnF domain was captured and analysis was done by SDS-PAGE and 

Coomassie staining. As shown, even when Ub is pre-mixed with the ZnF domain, its binding is displaced by 

addition of DARPin F10.  

 

 

 

 

Supplementary Figure 3. DARPin F10 does not influence gene expression or HDAC6 activity.  

Transcriptome analysis by RNA-seq. A549 cells were transiently transfected with GFP-tagged DARPin F10 or 

control DARpin, then GFP positive cells were sorted by FACS and total RNA was extracted 3 days after 

transfection. The log2 fold change under the two conditions is displayed on an MA plot. 
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Supplementary Figure 4. DARPin F10 forms a stable complex with the HDAC6 ZnF domain. 

(A) Size exclusion chromatography of purified DARPin F10 (black line), HDAC6 ZnF domain (red line) or the 

mixture of both (blue line). The upper graph shows the chromatographic profile. The lower panels show the 

analysis of indicated fractions by SDS-PAGE and Coomassie staining. The ZnF domain and DARPin F10 form a 

stable stoichiometric complex. 

(B) Salt bridge between ZnF R1155 and DARPin F10 D67. 

(C) Trp1182 is not affected by DARPin F10 binding. Met 69 from DARPin F10 is shown to measure the distance 

to Trp1182 of the ZnF domain. D_Trp1182: Trp1182 in DARPin binding conformation; U_Trp1182: Trp1182 in 

Ub binding conformation. 
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Supplementary Figure 5. DARPin F10 loop 3 zoom in & electrostatic map showing the ZnF domain Ub-

binding pocket. 

(A) DARPin F10 residue Lys 102 (in L3) and Met (69) (L2) occupy the space where the Ub C-terminus would 

engage. DARPin F10, purple; ZnF domain, green; Ub, yellow. 

(B) Electrostatic surface potential map of the ZnF-Ub C-terminal complex structure (PDB: 3GV4). In the panel 

on the left, Ub is depicted as yellow sticks, showing that it fits into a positively charged pocket of the ZnF domain 

(only ZnF electrostatic surface potential map is indicated). In the right panel, the electrostatic surface potential 

map of DARPin F10 is shown. The region contacting the Ub-binding site (L2, L3, dashed circle) is neutral or 

slightly positively charged. Electrostatic surface potential maps were calculated with APBS (as PyMOL plugin) 

and range from -5 to +5 kT/e. 
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Supplementary Figure 6. Inducible degradation of DARPin F10 in A549 cells.  

(A) Scheme illustrating the principle of the FKBPF36V-dTAG system. The target protein is fused to a mutant 

version of the immunophilin FKBP, FKBPF36V, which selectively binds to the small molecule dTAG-13. This 

allows recruitment of the cereblon (CRBN) Ub ligase complex, leading to ubiquitination and ensuing proteasomal 

degradation of the target protein. 

(B) The top drawing shows a schematic of the lentiviral construct used to generate A549 cells stably expressing 

DARPin F10 fused to FKBPF36V (cell line hereafter called F10 cell line). The middle panel shows an 

immunoblotting experiment with lysates of F10 cell line treated the indicated times with dTAG (2 μM). The 

leftmost lane shows the parental A549 cells. The membrane was probed with antibodies detecting HDAC6, alpha-

tubulin and DARPin-F10 (detected with anti-HA). 

(C) DARPin F10 degradation induced by dTAG is proteasome-dependent. When the F10 cell line was pre-

incubated with proteasome inhibitors (MG132 5 μM, Carfilzomib 1 μM, Bortezomib 2 μM for 3 hrs, then followed 

by dTAG treatment for 3 hrs), degradation of DARPin F10 was blocked. 

(D) Once degraded, DARPin F10 does not stably reappear for at least 18 hours, even in the presence of 

proteasomal inhibition. A549 F10 cells were treated with dTAG to induce the degradation of DARPin F10; after 
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6 hours the medium was changed and replaced by normal medium (wash out) or medium containing MG132. 

Samples were analysed at different time points to monitor the re-expression of DARPin F10.  

(E) F10 does not affect the activity of HDAC6, as monitored by α-tubulin acetylation. The indicated cells (parental 

A549 cells, F10 cells and FKBPF36V control cells) were used to examine the level of tubulin acetylation by 

immunoblotting. As a reference, A549 cells were treated with Tubacin (Tub; 5 uM, 3 hrs) to inhibit HDAC6 and 

elevate α-tubulin acetylation (second lane). The bottom panel shows the expression level of the DARPin F10-

FKBPF36V fusion protein, and of the FKBPF36V control.  

 

 

  

 

Supplementary Figure 7. ZIKV replication curve. 

The indicated cells were infected with ZIKV at a MOI=0.1 TCID50/cell and culture supernatants were collected 

at 16, 24, 48 and 72 hrs post-infection. Viral titers were quantified with a TCID50 assay; the samples are originating 

from the Figure 7A experiment. A significant decrease of the ZIKV titers in A549 F10 cell line was observed 

here. 
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Supplementary Figure 8. Disruption of HDAC6 ZnF-Ub interaction by DARPin F10 does not affect SGs 

maturation. 

SGs were induced with arsenite (1 mM, 30 min) in parental A549 cells or in F10 cells without or with dTAG pre-

treatment (pre-incubation 2 μM for 6 hrs) and were visualized by staining for G3BP1. Representative pictures are 

shown in Figure 5. Left: quantification of the size of SGs per cell area. Ca. 30 cells were used, with a total of > 

700 SGs in parental A549 cells. Right: shape of SGs, as analyzed by ImageJ SG counter. Statistical analysis was 

done by ANOVA test. ns, no significant difference. 
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Appendix 

1) HDAC6 CD1+2 (82-837) interacts with IAV H3N2 NP in vitro 

In addition to the interaction between HDAC6 and IAV viral protein M1 (shown in “Result Part II”), 

we also tested the interaction between HDAC6 and IAV nucleoprotein (NP) in vitro. His-tagged HDAC6 

CD1+2 (82~837), NP were purified separately, then both were incubated with Ni-NTA beads, which is 

able to bind to His-tag. If these two can interact with each other, NP should be precipitated together 

with HDAC6 CD1+2 by Ni-NTA. As shown in Figure 1, His-tagged HDAC6 CD1+2 (82~837) is able 

to pull down NP from solution, indicating a direct interaction. Next, we confirmed the interaction by 

size exclusion as well. In Figure 2, a complex peak is observed prior to HDAC6 CD1+2 and NP 

individually. Commassie stain shows the complex is composed of HDAC6 CD1+2 and NP.        

 

Figure 1, His-tagged HDAC6 CD1+2 interacts with NP 

 

Purified His-tagged HDAC6 CD1+2 (10 μg) and H3N2 NP full length (FL) (20 μg) proteins were incubated 

together with Ni-NTA beads (7~10 μl slurry) at 4°C in 500 μl binding buffer (10 mM Tris pH=7.5, 100 mM NaCl, 

10 mM imidazole) for 30 mins to 1 hr. The beads later were spun down at 4°C, 250 g, for 1 min. The supernatant 

was removed carefully and kept in new 1.5 ml eppendof (EP) tube, named flow through (FT). Beads were re-

suspended with 500 μl binding buffer. By repeating the spin-down and re-suspension steps 3 times, wash step 

completes. Next, 50 μl elution buffer (10 mM Tris pH=7.5, 100 mM NaCl, 150 mM imidazole) was added to 

beads, incubated together for 10 mins on shaker, 1000 rpm. Finally, the beads were spun down again and the 

supernatant was transferred to new 1.5 ml EP tube, named Elution. The beads are boiled together with 20 μl LDS 

sample buffer (supplied with DTT freshly) for 10 mins, 80°C. The sample buffers with precipitated proteins were 

named as Beads. For analysis, we loaded 10% input, 40% (=20 μl) Elution, 100% Beads, and 4% (=20 μl) FT on 
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4-12% gradient NuPAGE Gel and stained with Instant Blue (Expedeon). P-D: pull-down, refers to the 

experimental group containing two proteins, NP and HDAC6 CD1+2; Control: control, containing only NP protein. 

 

 

 

 

Figure 2, HDAC6 CD1+2 region forms a complex with NP in gel filtration. 

20 μg NP and HDAC6 CD1+2 are incubated with 500 μl Gel filtration buffer (10 mM Tris pH=7.5, 100 mM NaCl) 

on ice for 30 mins, and the mixture is loaded to Superdex 200 10/300 GL. Each fraction from Akta system is 

detected by SDS-PAGE. 

 

 

 

 

 

 



 

140 
 

2) Cytochalasin D (CytoD) induces HDAC6-actomyosin interaction in a time-dependent 

manner 

As shown in Results Part II, we found that CytoD treatment induces HDAC6-actomyosin interaction 

but Latrunculin A (Lat-A) not. The difference seems to be the different effect of these two inhibitors on 

actin filament: Lat-A keeps actin in globulular form, but CytoD promotes the formation of short actin 

filaments (Taylor et al., 2011). Therefore, we suggest that HDAC6 interacts with F-actin but not G-

actin. If this is correct, we expect to see that HDAC6 will capture more actin by increasing CytoD 

incubation time as the number of F-actin is increased. Thus, we collected 1 μM CytoD-treated MEF 

cells at 3 time points, with incubation time from 2 to 6 hours, together with a recovering group (after 6 

hrs CytoD treatment, the medium is changed and cells were further cultured for 0.5 hours, named 6 

h(R)). Endogenous HDAC6 is immunoprecipitated by the same antibody as used in the “Results I” 

section.    

 

Figure 3, HDAC6 interacts with actomyosin under CytoD treatment 

As shown, a longer CytoD treatment (more short-filament actins) leads to a stronger band of actin 

captured by HDAC6. Once the chemical is removed by changing the medium and washed away, actin 

is not recruited by HDAC6 immediately and Myosin 10 signal is reduced dramatically but still can be 

detected as compared to CTR (=Control, refers to non-treated cells). Moreover, since Myosin 10 but 

not actin, already binds to HDAC6 at 2 hr time point, and still can be detected at 6 h(R) condition, we 

suggest that Myosin 10 acts on the upstream of actin, meaning HDAC6 binds to Myosin 10 first and 

then is located to F-actin. 
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3) Inhibition on HDAC6 deacetylase activity does not affect actomyosin recruitment by 

HDAC6 

We have shown that HDAC6 interacts with actin and myosin 10 under both proteasome inhibition 

(MG132 treatment) and actin stress (CytoD treatment). We wondered whether HDAC6 deacetylase 

activity is important for the interaction or not. Hence, we treated MEF WT cells with 5 μM Tubastatin 

A (TubA), a specific HDAC6 inhibitor, prior to previous two stresses. Immunoprecipitation of HDAC6 

showed that addition of TubA to both MG132 and CytoD treated cells does not affect HDAC6 

interaction with actomyosin system, indicating HDAC6 enzymatic activity is dispensible for the 

interactions. (Ac-α-tub, refers to acetylated α-tubulin) 

Figure 4, Tubastatin A (TubA) had no impact on HDAC6-actomyosin interaction 
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4) Over-expressed FKBPF36V-mCherry-F10 is not degraded after dTAG addition 

Before the generation of inducible F10 cell line by lentivirus, we tested constructs by expressing 

FKBPF36V-mCherry-F10 and mCherry-F10-FKBPF36V (in pcDNA3.1) in HEK 293T cells. Surprisingly, 

after an incubation with 1 μM dTAG-13 for 4 hours (see Figure 5 below), we did not see a significant 

signal reduction of mCherry. This may be due to 1) the over-expressed F10 overwhelms cellular 

proteasome capacity; 2) fluorescent tags, like GFP and mCherry, are too stable to be degraded by 

proteasome pathway (Chirico and Kraut, 2016). Moreover, it has been suggested that target expression and 

local concentration affect the degradability (Sievers et al., 2018). 

Figure 5, over-expressed FKBPF36V fused mCherry-F10 cannot be degraded by dTAG treatment 

Both constructs (2 μg) were transfected by FuGENE HD to 293T cells (in 6-well plate, each well was seeded with 

0.1 million cells at 24 hours before transfection). mCherry signal was checked under wide-field microscope. 
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5) Inhibition of the proteasome after dTAG treatment does not restore HA-F10-FKBPF36V 

expression rapidly 

In Results Part III), we showed that pre-incubating F10-FKBPF36V expressing A549 cells with 

proteasome inhibitors (MG132, Carfilzomib, and Bortezomib) blocks the dTAG-induced degradation. 

We wondered whether addition of the proteasome inhibitors after dTAG treatment would result in a 

rapid restoration of F10 expression. Therefore, after 4 hours incubation of dTAG (1 μM), 5 μM MG132, 

1 μM Carfilzomib and 1 μM Bortezomib were added to cells individually after changing the medium, 

and incubated for 3 hours more. As shown below, we found that the F10 signal was not restored.  

 

Figure 6, proteasome inhibitors did not rescue F10 expression in 3 hrs 

In case that the result is due to the short incubating time (3 hrs), which may be not enough to completely 

block the degradation, we extended the treating time to 3 days. MG132 was chosen, as Carfilzomib and 

Bortezomib kill cells after 24 hrs treatment. To verify that MG132 functioned properly, we also 

examined the Ub signal for all conditions by immunoblotting. As we can see (Figure 7), even with after 

a 3-day MG132 treatment, expression of F10 was not restored.  
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Figure 7, 3-day incubation of MG132 does not restore F10 expression 

Next, as MG132 is not able to reverse F10 degradation, we focussed on the two second-generation 

proteasome inhibitors - Carfilzomib and Bortezomib. To reduce their cell toxicity, we only extended 

the incubation time up to 24 hours. Surprisingly, both Carfilzomib and Bortezomib partially restored 

F10 expression, while MG132 still did not (Figure 8). However, the recovery ratio was less than 50%. 

This result strongly indicates that in comparison to MG132, Carfilzomib and Bortezomib are much 

stronger proteasome inhibitors, and that the previous negative observations for recovery are likely the 

result of incomplete proteasome inhibition. 

Figure 8, Carfilzomib and Bortezomib can restore F10 expression slightly 
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Finally, we investigated the effect of re-seeding cells on recovery of dTAG-induced degradation. Cells 

were divided into 3 groups after 6 hrs dTAG treatment. 1) cells were treated by Carfilzomib for 24 hrs; 

2) cells are washed by PBS for 3 times, then the dTAG-containing medium is replaced by fresh DMEM 

followed by 24 hrs culturing; 3) cells are detached by Trypsin and half of them are re-seeded to a new 

plate, culturing for 24 hrs more. As expected, a recovery is observed in Carfilzomib-treated cells, and 

intriguingly, re-seeded cells also showed some recovery (Figure 9). We believe that the step of re-

seeding (or passage) efficiently dilutes the dTAG cellular concentration with respond to cell division, 

while simply changing the medium couldn’t.      

 

Figure 9, re-seeding (or passaging) could also restore F10 expression 
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6) Carfilzomib induces Aggresome formation as well 

Considering that MG132 is less potent than Carfilzomib and affects many other pathways in addition 

to proteasome (Kadlcíková et al., 2004), although it has been widely used to induce aggresome 

formation, we tested Carfilzomib in aggresome formation experiment. WT A549 cells were treated with 

2 μM Carfilzomib for 16 hours, and Aggresome is stained by HDAC6 and Ub antibody, and actin is 

visualized with 488nm-Phalloidin, which is specific against F-actin. As shown (Figure 10), Carfilzomib 

induced aggresome formation nicely as MG132 does. 

 

Figure 10, Aggresome induced by Carfilzomib, visualized by Wide-Field Microscopy 

We noticed that the actin filament network (discussed in Results Section) is also present around the 

Carfilzomib-induced aggresome. To further confirm its existence, we used confocal microscopy to scan 

the actin network layer by layer. 39 cross-sectional views were obtained sequentially, and the mid one 

(view-19), which presents the maximal diameter of aggresome, was chosen for visualization (Figure 

11). Actin, HDAC6 and DAPI signals are colored in Green, Red, Blue, respectively. As we can see, in 

the white arrow pointed sites, an actin circle is observed around the aggresome. Since Phalloidin only 

binds to filamentous actin, we confirm that an F-actin cage is organized around the aggresome. 

Furthermore, this data confirms Carfilzomib as a substitute for MG132. However, to minimize its 

toxicity, we still need to optimize the working concentration and incubation time. 

Figure 11, F-actin cage surrounds aggresome under Carfilzomib treatment 
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F-actin, HDAC6, and nucleus are colored with Green, Red, and Blue, respectively. White arrows indicate the F-

actin cage surrounding Aggresome. 
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7) MG132 treatment does not enhance the interaction between Myosin 10 C-termini 

(1103-1961) and HDAC6 ZnF (1108-1215)   

As shown in Results Part II, Ub chains bridge Myosin 10 and HDAC6, possibly together with additional 

proteins. Herein, we tested the interaction between over-expressed GST-HDAC6 ZnF (1108-1215) and 

GFP-Myosin 10 (1103-1961) in HEK 293T with an upregulation of Ub chains through MG132 

treatment (5 μM, 6 hrs). In Figure 12, we see that Myosin 10 C-termini pulls down GST-ZnF as expected, 

however, the precipitated ZnF signal does not increase after MG132 treatment. We suggest that it is due 

to the effect of MG132, which actually leads to an increase of ubiquitinated proteins, but not Ub chains. 

The generation of Myosin 10-HDAC6 interaction favored Ub chains is dependent on DUBs, whose 

activity are not changed under MG132 treatment. Another remaining question is that Myosin 10 C-

termini interacts with HDAC6 ZnF even without MG132 treatment, and this seems contradictory to our 

previous conclusion that interaction between HDAC6 and Myosin 10 only happens under stress. The 

explanation may be that over-expressing a protein is already a stress for cell. This activates the unfolded 

protein response (Raden et al., 2005), mimicking MG132 treatment to some extent, although without 

MG132 treatment, GFP-Myosin 10 C-termini was ubiquitinated as well (seen in Ub signal blot). 

Therefore, for future exepriments an alternative manner to upregulate the in vivo Ub chains amount 

should be considered.     

 

Figure 12, MG132 does not enhance the interaction between over-expressed Myosin 10 C-termini (1103-1961) 

(MyoC) and HDAC6 ZnF. 

pOPINJ-GST-hsHDAC6 ZnF (1108-1215) (5 μg), pCDNA3.1-GFP and pCDNA3.1-GFP-Myoin 10 (1103-1961) 

(5 μg) were co-transfected to 293T cells (1 miliion cells were seeded 24 hours before transfection). At Day 2 after 

transfection, cells were treated with 5 μM MG132 as indicated. Cells were harvested and lysed by RIPA buffer. 
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Co-immunoprecipitation was done with GFP_Trap MA beads (20 μl). Proteins were identified by specific 

antibodies. 
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8) Investigation of HDAC6 ZnF containing complex by Native Gel  

To investigate the different complexes formation in vitro, we incubated ZnF protein (20 μg) with mono 

Ub (10 μg), F10 (20 μg), His-HA-F10 (20 μg) and His-F10-Flag (20 μg) separately in binding buffer 

(10 mM Tris pH=7.5, 100 mM NaCl), and checked the complex conformation by Glycine Native Gel. 

The molar ratio of ZnF to Ub/F10/His-HA-F10/His-F10-Flag in mixture was 4:3, 4.3, 3:2 and 3:2, 

respectively. From the result (Figure 13, below), we saw an obvious band-shift after comparing the 

ZnF/F10, ZnF/His-HA-F10, ZnF/His-F10-Flag complex lanes to the corresponding individual proteins 

(initial position is indicated by dash lanes) lanes, confirming that a stable complex is formed between 

ZnF and F10 (tagged or not). We also observed that a new band appears at the top position, indicating 

a big complex is formed after incubation, and this happens only with tagged F10. The formation of this 

complex is not clear, but considering that the N- and C-termini cap are critical for DARPin properties 

(Plückthun, 2015), this observation suggests that a tag might change the binding affinity to the target. 

Another interesting finding is that after incubation, we did not see a stable complex band that represents 

for ZnF-Ub complex. Instead, the smear, which is observed in Ub alone lane, moves down a little bit in 

ZnF-Ub complex lane. This abnormal observation indicates that the ZnF-Ub complex is not stable. This 

has been observed previously; researcher argued that the complex of Ub-binding protein and Ub has a 

built-in “dynamic stability”, meaning that it can undergo rapidly assembly and disassembly (Hicke et 

al., 2005). Since a similar smear appears at the top of the Ub lane, we consider that Ub could form an 

amyloid-like aggregate so that it is shifted to the top in Native Gel, even after the recruitment of ZnF. 

Docking of ZnF protein reduces the entropy, transferring the aggregate to a condensed confirmation, 

hence, the smear shifts down.   

 

Figure 13, ZnF formed a stable complex together with F10 protein but no mono Ub. 
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The black, red and blue dashed lines indicate the initial position of F10, His-HA-F10 and His-F10-Flag. N-F10 

refers to His-HA-F10; C-F10 refers to His-F10-Flag; Ub, mono-Ub. (Running buffer: 25 mM Tris pH=7.0, 192 

mM Glycine. 1 hr 45 mins, constant 100 V; Native Gel recipe: for 5 ml stacking gel: 0.375 mM Tris =8.8, 4.275 

ml; Acrylamide/Bis-acrylamide(30%), 0.67 ml; 10% (w/v) ammonium persulfate (AP), 0.05 ml; TEMED, 5 μl; 

10 ml separating gel(10%): 0.375 mM Tris =8.8, 6.49 ml; Acrylamide/Bis-acrylamide(30%), 3.4 ml; 10% (w/v) 

ammonium persulfate (AP), 100 μl; TEMED, 10 μl) 
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Discussion  

Summary 

Mathematic modeling for IAV uncoating 

In this thesis, we systematically examined the role of HDAC6 in the stress response, especially under 

the influenza A virus (IAV) infection. Firstly, our biochemical data, combined with the mathematical 

modeling results from our collaborators from D-BSSE ETH, allowed us to make a quantitative and 

mechanistic description of how HDAC6, via its interaction with two different cytoskeleton motor 

proteins -- myosin 10 and dynein, facilitates IAV to break its capsid in uncoating step. This model 

describes a scenario whereby the application of numerous copies of myosin 10, which dominated 

uncoating efficiency, and few dyneins (≥1) is the optimal strategy for the virus to achieve the highest 

rate of successful uncoating. The critical modulator is the interaction between HDAC6 ZnF domain and 

C-termini free Ub or Ub chains. Further, we simulated the outcome of multiple chemical treatments 

with our model, and the results agree well with experimental data. Last but not least, from this model 

we successfully predicate that H1N1 strain is more dependent on the HDAC6 pathway than H3N2, and 

this was verified in the experiments with corresponding clinical strains. Considering that IAV is not the 

only virus found to be HDAC6 dependent, this refined model stands a chance to be applied to other 

viruses and contributes to drug discovery. 

 

Targeting HDAC6 ZnF via DARPin F10 

Since the previous finding has shown that mHDAC6 ZnF point mutation (W1116A), which silences its 

interaction with Ub, leads to a great inhibition of IAV infection, we would like to block ZnF-Ub 

interaction with synthetic proteins (e.g. nanobody, DARPin…). In collaboration with the University of 

Zurich, we successfully identify an artificial small protein, DARPin F10 that targets ZnF domain and 

blocks its binding to Ub specifically. X-ray structure explicitly demonstrated that DARPin F10 occupies 

the Ub-binding pocket on ZnF motif. Due to its high affinity (KD 95 nM), DARPin F10 can replace Ub 

from HDAC6 ZnF domain. After the blockage, we observe a significant down-regulation on not only 

the cellular granules (e.g. Aggresome and SGs) formation, but also IAV and ZIKA virus infection in 

A549 cells. Again, those findings emphasize the importance of the HDAC6-Ub interaction during 

cellular stress responses, including chemical stresses and virus infection. Currently, the antiviral effect 

of DARPin F10 is tested under SARS-Cov2 infection by collaborating with the University of Bristol 

(UK). 

 

Remaining questions 

HDAC6 interactome 

To understand how HDAC6 works under stress conditions, identifying HDAC6 interacting proteins is 
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the prerequisite. Endogenous HDAC6 immunoprecipitation by polyclonal antibody followed by an LC-

MS/MS analysis (Results Part II) illustrates dozens of candidates. Most of them are involved in the 

cytoskeleton system, especially the actin network. Since tubulin is a well-known HDAC6 substrate, we 

expected to see microtubules-related proteins initially. However, few were identified. Besides, in vitro 

interaction tests (not shown) between purified zebrafish HDAC6 catalytic domains (CD1, CD2 and 

CD1+2) and α-tubulin or microtubule were all negative. Therefore, we believe that the binding of 

HDAC6 to microtubule is not a stable protein-protein interaction, but an enzyme-substrate reaction, 

which happens very transiently. Similarly, the interaction with actin-related proteins seems “fragile” as 

well. We tested multiple lysis buffers to perform the immunoprecipitation assay, and only a very gentle 

and mild buffer (CSK buffer from CSH protocol, described in “Results Part II method”), which can 

preserve the entire cytoskeleton system, gave positive results. Any harsh conditions, for example, high 

salt concentration (>200 mM NaCl) or strong detergent (e.g. 0.1% NP-40), disassociate the “complex”. 

Herein, we propose an amyloid-like aggregate, of which the formation is mediated by Ub chains, to 

explain HDAC6 interaction with other proteins during the stress response. Initially, free Ub-chains, 

either from proteasome inhibition (e.g. generated from ataxin-2’s deubiquitination activity) or viral 

infection (e.g. the C-termini free Ub inside IAV particle), forms fibrillary aggregates due to their 

physicochemical properties (Morimoto et al., 2015), and thanks to this fiber structure which possess 

abundant free C-termini, multiple copies of HDAC6 and motor proteins (e.g. myosin 10) will be 

recruited to the aggregate through specific interactions (dynein can be loaded as well by interacting with 

HDAC6 loop region). As a result, an aggregate or a complex, composed of HDAC6/Motor proteins/Ub 

chains is formed. In contrast to a traditional protein complex which is formed by a fixed number of its 

components, this fibrillary aggregate has a varied number of HDAC6, Ub and myosin 10 (or others). 

For example, Ub chains, either K48 or K63 or any other linkage, may possess n (n>2) copies of mono-

Ub. Considering that Ub chains can also have branches (Meyer and Rape, 2014; Ohtake et al., 2016), 

the aggregate has more than one free C-terminals exposed to HDAC6 ZnF, so does the site for myosin 

10 binding (Figure 1, “Discussion”). Therefore, the formulation of the complex could be written as (n) 

HDAC6-(m) Ub-(x) Myosin 10 (m>>n & x), suggesting the complex does not maintain a stable 3D 

structure which can be determined by X-ray or CryoEM. Recently, many amyloid-like/fibrillary 

structures have been put forward, for instance, HDAC6 regulates DDX3X-amyloid aggregates 

formation via changing LLPS process (discussed in Introduction 2-4), and they are as important as the 

stable protein complex. Generally, they are sensitive to outside stimuli, e.g. temperature, and only exist 

under certain conditions.  
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Figure 1, composition of (n) HDAC6-(m) Ub-(x) Myosin 10 aggregate 

One Ub chain has one free C-terminal for HDAC6 binding (n = 1), but it can recruit several Myh10 (short for 

myosin 10) (x > 1), and the length of the Ub chain varies (m = 2, 3, 4 …). Considering multiple Ub chains can 

form a fibrillary aggregate which is maintained by weak interactions (indicated by dash lines), therefore it is 

capable of recruiting multiple HDAC6 (n > 1) to its numerous free C-terminals (represented by the C-terminal 

Gly-Gly motif). 

 

 

HDAC6 binds to Ub selectively 

Another question from Mass Spectrometry analysis is we did not identify the well-known HDAC6 

interacting protein Ub as a binding candidate. Immunoprecipitation of endogenous HDAC6, in which 

the same antibody was used as for LC/MS, indeed significantly enriches Ub signal (detected by Western 

Blot) from WT MEF cells under proteasome inhibition as compared to HDAC6 KO cells. We reasoned 

that the difference between Mass Spectrometry analysis and Western blot detection is the specificity of 

the two techniques. Western blot, which greatly depends on the antibody, is more specific than MS in 

terms of visualizing one protein, because it will not be affected by the background/noise signal from 

other proteins. While for MS, considering that the endogenous HDAC6 protein level is low, the amount 

of pulled-down Ub might be very low as compared to the vast noise signal at Ub peak, so that the 

differential Ub signal will be ignored in later analysis. Taking the in vitro assays (e.g. the crystal 

structure of ZnF-Ub in Introduction Figure 5a) into account, we believe that Western blot data reflects 

the truth. Nevertheless, we found that endogenous HDAC6 only pulls down Ub chains that appear at 

site which equals to high molecular weight region (>50 kd) as a smear. Mono-Ub (<10 kd) is not 
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captured by HDAC6. Besides, the data from our collaborator shows that after incubating HDAC6 with 

IAV particles posterior to acidification, capturing HDAC6 merely pulls down high molecular weight 

Ub chains from the solution (data not shown). Those findings seem in contrast to the results from 

binding data between HDAC6 ZnF and mono-Ub either in vitro with ITC (Kd=5 μM) or in vivo with 

split-GFP assay. Meanwhile, we found that HDAC6 does not pull down any Ub under normal (non-

stressed) conditions (Results II). Therefore, we assume that the interaction between HDAC6 and Ub 

needs an activation during the stress response. For instance, considering that there is a long unstructured 

region (~400 amino acids) between CD2 and ZnF, HDAC6 can adopt different conformations: With the 

closed state, Ub-binding pocket is inaccessible, while after exposed to some stimulus, HDAC6 is 

opened and exposes ZnF domain to Ub (Figure 2 below). Although the hypothesis above is very 

appealing, there is no direct evidence yet. The 3D structure of full length HDAC6-Ub chain complex 

will hopefully provide an insight to HDAC6’s selective Ub binding mode. 

 

Figure 2, proposed conformation change of HDAC6 

We propose that HDAC6 will experience a conformation transfer (from closed to opened state) to expose its ZnF 

domain for Ub recruitment after the stimulus, which perhaps induces post-modifications on HDAC6. However, 

the precise mechanism is largely unknown. 

 

 

Ub binding activates the HDAC6/Myosin 10 pathway  

Based on our data, we learned that the mutated hsHDAC6 ZnF domain (W1182A) impairs the binding 

between HDAC6 and myosin 10/actin, but inversely enhanced the affinity with dynein, suggesting that 

after binding to Ub, HDAC6 will participate in actomyosin pathway, rather than HDAC6-

dynein/microtubule pathway. However, HDAC6-actomyosin and HDAC6-dynein/microtubule 

pathways are not mutually exclusive, but function complementarily to break viral capsid. Knock-down 

of myosin 10 and dynactin 2 (a subunit of the dynein complex) individually or simultaneously 

dramatically downregulate virus uncoating (Banerjee et al., 2014a). We argue that Ub is the switch to 
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decide the portion of HDAC6 in both pathways. Both biological data and mathematic modeling support 

that that myosin 10 dominates IAV uncoating step. The scenario from the computational simulation 

shows 1 dynein and 7~8 Myosin motor proteins could break viral capsid efficiently. The switch, Ub or 

Ub chains, are responsible for assigning more HDAC6 into the actomyosin pathway. The driving force 

of the sorting might be due to the affinity difference: the affinity between HDAC6 and Ub may be higher 

than that in HDAC6-dynein. Meanwhile, a higher in situ Ub concentration facilitates HDAC6-myosin 

10 interaction as well. As shown, IAV particle is filled with C-terminal free Ub. Its release increases 

local Ub concentration around the viral capsid, recruiting HDAC6 and enhancing the interaction with 

myosin 10. Last but not the least, considering both dynein complex and Ub chains/Myosin 10 aggregate 

have a quite high molecular weight (>300 kd) and will occupy a large surface of HDAC6 once bound, 

it is possible that binding of either of them to HDAC6 will create spatial constraints for binding the 

other, and this may be the structural basis for our “asymmetric model”. 

 

 

Figure 3, the asymmetric model for IAV uncoating 

On one hand, HDAC6 binds to Ub/Myosin 10 or Dynein, further connected to Actin or Microtubule respectively. 

On the other hand, HDAC6 interacts with IAV capsid protein (e.g. M1) spontaneously. The movement of two 

complexes leads to the breakage of the virus capsid. The detail is in Results Part II. 

 

 

An F-actin network is needed for virus uncoating 

In actin stress, we showed that with Cytochalasin D (Cyto-D) treatment, HDAC6 binds to actin, while 
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with Latrunculin A (Lat-A) not (see in “Result Part II”). Considering that Cyto-D converts long actin 

filament (F-actin) to shorter filament while Lat-A depolymerizes F-actin to globular actin (G-actin, 

monomer) (Manfred, 1982; Taylor et al., 2011), we concluded that HDAC6 is recruited to F-actin via 

myosin 10. Immunofluorescent data with phalloidin, which is specific for F-actin, gave a direct 

visualization that an F-actin network is formed at the rim of HDAC6 indicated aggresome (Appendix 

6). From published data, this filamentous network is believed to be linked to aggresome clearance, in 

which myosin 10 & HDAC6 are required to translocate the aggregates to autophagosome (Hao et al., 

2013). Although HDAC6 interacts with actin during IAV uncoating (Banerjee et al., 2014a), we still 

don’t know whether actin exists as G-actin or F-actin. Due to the small size of IAV particles (1~10 nm 

in diameter), it is difficult to test the presence of an F-actin network around viral particles directly by 

microscopy. However, the data from the treatment of Cyto-D which reduces viral uncoating efficiency 

by 70% emphasized the importance of an intact F-actin network. Meanwhile, after the endosome stage, 

the viral particle will be relocated to the perinuclear area, where a randomized but complex actin 

network is already constituted (Khatau et al., 2009; Pfisterer et al., 2017). Intriguingly, another key 

protein for IAV uncoating, myosin 10 (also known as NMMYH-IIb), is distributed around the nucleus 

as well. In contrast, myosin 9 (or NMMYH-IIa), which is highly conserved to myosin 10 in sequence, 

exists mainly underneath the plasma membrane (Vicente-Manzanares et al., 2009) (Figure 4, below) so 

that its deletion did not affect virus uncoating. Thus, similar to the F-actin around aggresome, although 

it is not visualized, a filamentous network of actin around the viral particle is indispensable. And this 

network is the path for numerous HDAC6/Ub/Myosin 10 complexes to walk on, all together providing 

the structural basis for our IAV uncoating model. 
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Figure 4, Myosin 9(NM IIA) and Myosin 10 (NM IIB) are located in plasma membrane and perinuclear area, 

respectively. Figure is taken from (Vicente-Manzanares et al., 2009) 

 

 

Indirect interaction between HDAC6 and dynein  

Although we know that the interaction between HDAC6 and myosin 10 is bridged by Ub, how does 

HDAC6 interact with dynein? The HDAC6 region responsible for dynein binding has been identified 

by genetic analysis, and from our structure (PDB: 5G0J), region (436-484) is exposed at the surface 

(Figure 5 in Discussion), meaning it is easily accessed. We thought initially the interaction between 

HDAC6 and dynein complex would be direct. Thus, by collaborating with Andrew Carter Group in 

MRC-LMB, we tested different HDAC6 clones with purified dynein C-terminal tail/dynactin/BICD2 

(TDB) complex (Urnavicius et al., 2015). Purified human HDAC6 (82-837), mouse HDAC6 CD1, 

mouse HDAC6 CD2, mouse HDAC6 CD1+2, zebrafish HDAC6 CD1+2 and the full-length zebrafish 

HDAC6 were individually incubated with DDB complex, then the mixture was loaded on the size 

exclusion column. Unfortunately, no HDAC6-Dynein complex peak could be observed from the 

solution. There are several hypotheses to explain the different results of Co-IP and Gel filtration: 1) the 

interaction between HDAC6 and Dynein is bridged by an intermediary connector. Unfortunately, from 

our previous LC/MS result, no such candidate was identified or indicated. 2) The DDB complex used 

does not possess the sub-component that HDAC6 interacts with. Dynein typically functions with 

dynactin and other proteins like BICD2 (activating adaptor) as a motor unit. Although the core 
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components are conserved, some components can be replaced by other proteins accordingly, for 

instance, BICD2 can be changed with BICDR1, suggesting the functional dynein complex has different 

“versions”. The one we worked with was extracted from pig brain, and according to the HDAC6 

proteome data from human, we know that in brain HDAC6 expression level is lower than average (Jiang 

et al., 2020) (Figure 5 below), therefore DDB maybe not the one which can interact with HDAC6. Taken 

together, to explore more on HDAC6-Dynein interaction, a systematic analysis by different approaches 

is urgent. 

 

Figure 5, HDAC6 has no direct interaction with a purified Dynein C-terminal tail/Dynactin/BICD complex 

a) By testing purified HDAC6 proteins from different species (including Zebra fish, mouse, and human) with 

Dynein C-terminal tail/Dynactin/BICD complex, we could not detect a direct interaction. Dynein complex figure 

is taken from (Urnavicius et al., 2015). b) HDAC6 expression level is compared in different tissues (human).  If 

HDAC6 has TS (tissue specificity) scores at least in one tissue >= 2.5 (indicated by a dashed line), it is called 

tissue-enriched (including tissue-enriched-but-not-specific and tissue-specific). In the plots, the vertical lines are 

at thresholds 2.5 and 4. As it shows, HDAC6 is enriched in testis, while in the brain (pointed by red arrows), 
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HDAC6 expression level is lower than average. Figure is taken from the published database in the reference (Jiang 

et al., 2020) 

 

 

Distinct roles of HDAC6-dynein-microtubule & HDAC6-myosin 10-actin 

In a previous study, researchers showed that the HDAC6-Dynein motor complex is the carrier for 

ubiquitinated protein, participating in aggresome formation, and further evidence that LRRK2-mediated 

phosphorylation of HDAC6 regulates HDAC6-dynein interaction and aggresome formation 

consolidates the idea (Lucas et al., 2019). Meanwhile, the actomyosin system is mainly responsible for 

aggresome clearance, which is stimulated by Poh I-derived free K63 linked Ub chains (Hao et al., 2013). 

It was shown that knockdown of cortactin and myosin 10 inhibit aggresome clearance. However, the 

authors showed by immunofluorescence that actin exists inside the aggresome, while from our data we 

describe an F-actin/myosin 10 cage structure that surrounds the aggresome, similar to vimentin cage, a 

hallmark structure formed during aggresome formation. Considering that vimentin function in the 

autophagy pathway (e.g. via relocation of the autophagosome) is to clean aggregates (Morrow et al., 

2020), as well as that vimentin is a key regulator of actin organization (Serres et al., 2020), F-actin 

network may participate in autophagy-dependent aggresome clearance either. However, we cannot 

exclude the possibility that F-actin/Myosin 10 network is active during aggresome formation. As in our 

data we show that K48 linked Ub chains bridges HDAC6 and myosin 10, while in the publication (Hao 

et al., 2013) it is that K63 linked Ub chain activates HDAC6 to deacetylate cortactin and promote actin 

filament formation, further facilitating aggresome clearance. It is possible that K63 does not recruit 

myosin 10 to HDAC6, but K48 does, which may participate in aggresome formation. Additional studies 

are required on the detail of aggresome life cycle. Currently, it seems that during uncoating phase, IAV 

utilizes 1) HDAC6-dynein-microtubule mootor system for aggresome formation and 2) HDAC6-

myosin 10-actin system for aggresome clearance and to disassemble its capsid.  

 

Limitations of the current modeling 

In the asymmetric model (Figure 3, and in Results Part II), although we know HDAC6 interacts with 

myosin 10 and dynein via different domains (ZnF and loop region436-484 respectively), the two domains 

are not considered individually during the simulation. Therefore, the current model cannot exactly 

reflect the binding difference between HDAC6 CD-Dynein and HDAC6 ZnF-Ub-myosin 10. Lack of 

experiment data, for instance, the full length HDAC6 3D structure, detail of dynein components as well 

as its HDAC6 interacting region, etc, all lead to the ambiguity. To simplify, we considered HDAC6 as 

a single unit (not HDAC6 ZnF or HDAC6 CD). Another simplification was the viral capsid. We 

modeled the capsid (C) as a pure M1 protein shell, hence the other components and protein 

modifications were not taken into consideration. However, among those ignored factors, some may 

participate in the uncoating process by interfering with HDAC6. As reported, M1 can be ubiquitinated 
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(Su et al., 2013), and the various branches of those fixed Ub chains may have the chance to 

competitively recruit HDAC6 ZnF domain from HDAC6-myosin 10 pathway, either interfering or 

facilitating the uncoating. Another ignored HDAC6 interacting protein is IAV nucleoprotein (NP), 

which encapsidates the negative strand viral RNA, protecting it from nucleases. We found that it binds 

to HDAC6 CD domain, but not to the C-terminal region (839-1215, covering ZnF domain) in vitro 

(Appendix 1). Interestingly, NP has been shown to form a complex with M1. The ternary complex 

composed of HDAC6-NP-M1 describes a new route that may strengthen the association between M1 

and HDAC6, helping the uncoating. However, it is difficult to imagine the function of an internal viral 

component (NP) in a process that mainly happens in the external area. Collectively, those 

simplifications ignore many details inevitably. With the increase of experimental data, the model will 

be optimized further to better mimic reality.  

 

Off-target effects of DARPin F10 

Even though DARPin F10 has a high specificity against HDAC6 ZnF domain, there are still five off-

target proteins under the conditions we tested. Among them, some are involved in virus infection and 

their unexpected DARPin F10 binding property might contribute more or less in the virus inhibition 

tests. For example, SEC16A, a molecular scaffold that plays a key role in the organization of the 

endoplasmic reticulum exit sites (ERES), acts as a docking platform to help influenza A virus vRNP 

form liquid organelles (Alenquer et al., 2019). PSMD10, short for 26S proteasome non-ATPase 

regulatory subunit 10, has been reported to interact with IAV protein as a host component (Watanabe et 

al., 2014). And KHDRBS1, an SH domain containing RNA binding protein, was identified as a host 

protein which interacts with IAV polymerase acidic protein to promote viral ribogenesis and infectivity 

(Capitanio; and Wozniak., 2012). Last but not least, the ubiquitin-like protein SUMO4, is deeply 

involved in the viral life cycle. IAV matrix protein M1 can be sumoylated, which controls the maturation 

and assembly of the virus (Wu et al., 2011). Adding of DARPin F10 may lead to F10’s accumulation 

on M1 sumoylation site, further prohibiting the capsid breakage. As for the Hsp90, it has been 

categorized as an HDAC6 interacting protein and is a substrate (Kovacs et al., 2005). Its recruitment 

may be a result of HDAC6 enrichment. To minimize the off-target effect, we can optimize DARPin F10 

by DARPin affinity maturation. On one hand, it is possible to change several critical amino acids on 

the binding surface to increase spatial complementary (=specificity) and affinity against ZnF domain. 

On the other hand, fusion of F10 with other ZnF-binding DARPins will double the specificity by 

combining two independent epitopes. After identifying the binding motif of other DARPins (the 

remained 23 DARPins from the preliminary screen), we can model the structure of those ZnF-DARPin 

complex. The one with the least spatial conflicts to DARPin F10 should be chosen. The linker’s length 

will be adjusted according to the spatial position of two DARPins. Considering that current F10 already 

possessed a high specificity, a reinforced heterogeneous DARPin dimer may eliminate the off-targets 

effect. 



 

162 
 

 

Limitations of the FKBPF36V-dTAG system 

To generate a conditionally degrading F10 cell line, we fused an FKBPF36V fragment to the DARPin F10 

C-terminus. After adding dTAG-13, the fusion is degraded by the proteasome in 3~6 hours. This protein-

level knockdown has several advantages, like faster-response and reversibility, as compared to other 

conditional systems. Yet, some problems were detected. First of all, the transiently over-expressed F10-

FKBPF36V was not efficiently degraded. In our experiments, the fused protein is based on the pcDNA 

3.1 vector with strong promotors, leading to a high expression level in both 293T and A549 cell line 

within 24~48 hrs. The following treatment with dTAG-13 in different concentrations, varying from 1 

μM to 1 mM, had little effect on F10 amount (Appendix 4). Conversely, in lentivirus infected cells, the 

same fusion protein was degraded as expected. The difference is perhaps a result of the expression level. 

With pcDNA 3.1 vector, the fused protein is very highly expressed and overloads the proteasome’s 

capacity. Some are successfully degraded, but the portion might be too small to be visualized by 

microscopy. The second problem is connected to reversibility. As expected, adding any of three 

proteasome inhibitors (MG132, Carfilzomib, and Bortezomib) 3 hrs before dTAG treatment blocked 

the degradation of DARPin F10, but when proteasome inhibitors were added after dTAG treatment, 

surprisingly, F10 expression did not reappear within 3 hrs. After extending the incubation time of the 

inhibitor to 24 hrs, weak bands of F10 were detected in samples treated with the two new generation 

inhibitors, Carfilzomib and Bortezomib, whereas, the expression of F10 was never restored even after 

3 days MG132 incubation (Appendix 4). The difference in inhibitor behavior can be easily explained 

that in terms of blocking proteasome, the next generation inhibitors (Carfilzomib and Bortezomib) are 

much more potent than the old MG132. In summary, although dTAG and FKBPF36V mediated 

degradation is a cutting-edge technique to conditionally knockdown target proteins, and exhibits a very 

promising future in medical field (e.g. targeting the traditionally untargetable transcription factors) 

(Nabet et al., 2018), restriction exists, which will become more apparent with additional studies.  

 

Mechanism and future of DARPin F10 inhibition on aggresome and SG 

To investigate DARPin F10’s impact on cellular granules, we chose aggresome and SG as our targets. 

The formation of these two Ub positive inclusion bodies were both halted due to the blockage of 

HDAC6 ZnF. Nevertheless, the underlying mechanism is different. In aggresome, as discussed above, 

DARPin F10 replaces the cargo – ubiquitinated aggregates from the HDAC6-dynein complex, and the 

transport of aggregates is interrupted. However, for SG formation, the HDAC6-dynein function is 

unclear. Unlike aggresome, which is unique, there are multiple SGs in the cell, and their distribution is 

not limited in a restricted area, e.g. MTOC site, suggesting that the formation of SG may not need the 

long-distance and directed transport of ubiquitinated proteins by HDAC6-dynein like in the aggresome 

formation. Notwithstanding, dynein and microtubules contribute to SG formation, but in different ways. 

It has been reported that microtubule depolymerization does not influence SG number and size, but 
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significantly reduced the average velocity of SG movement, the frequency of quick movement events, 

and the apparent diffusion coefficient of SGs. Besides, actin disorder had no effects on SG motility 

(Nadezhdina et al., 2010). This data indicates that nucleation (responsible for SG number) and 

maturation (final size of SGs) are both independent of the microtubule system. In contrast, publications 

from Graciela L. Boccaccio Group and David Pastre Group confirmed that dynein-microtubule is a key 

participant in SG formation by presenting that 1) microtubules dynamics is related to the size of SGs 

and responsible for the sliding of mRNA particles (Chernov et al., 2009), and 2) knockdown of dynein 

by siRNA against its heavy chain (DHC) reduces SG positive cells ratio by 50% under oxidative stress 

(Loschi et al., 2009). Due to those paradoxes, it is precarious to conclude that F10 inhibits SG nucleation 

by disassociating ubiquitinated cargos from the HDAC6-dynein motor complex. Meanwhile, it is 

possible that Ub bridged HDAC6-myosin 10 interaction regulates SG nucleation as well. The precise 

mechanism will be understood after researchers throw additional light on the entire SG formation 

pathway. In any case, from our observations, we can conclude that for two studied cellular inclusion 

bodies, aggresome and SG, regardless of the precise mechanism, DARPin F10 inhibits both granules 

formation. 

Since the normal aggresome and SG are considered to be protective inclusion bodies for cells (Tanaka 

et al., 2004; Thomas et al., 2011), inhibition of their formation couldn’t value a lot in future clinical 

application. However, in aging-related neurodegenerative diseases, like Alzheimer's, Parkinson or 

Huntington, several pathological granules have been connected with the disease progress. For example, 

the pathological SGs in Alzheimer’s (Ash et al., 2014); the α-synuclein aggregates – Lewy body, which 

is HDAC6 and Ub positive, in Parkinson’s (Kawaguchi et al., 2003); Huntington inclusions, which are 

enriched in SG components as well, in Huntington’s (Ramdzan et al., 2017); in spite of the 

neurodegenerative disease, inhibiting SG formation leads to an upregulation of cell viability and fertility 

against heat stress inside mouse testis (Lee et al., 2020).  All of these aggregates are either aberrant SGs-

related or abnormal aggresome mimics (Lewy body). Interestingly, it was shown that there can be a 

transition from the aberrant SGs to aggresome, suggesting a relationship between these two types of 

inclusion bodies (Mateju et al., 2017). Taken together, it is conceivable that interfering with the 

HDAC6-Ub interaction, as DARPin F10 does, would lead to a reduction of these toxic and aberrant 

granules in cells. Hence, we plan to deliver DARPin F10 to the brain of an established Parkinson’s 

mouse model (Kim et al., 2019), to test whether this can relieve some of the neurodegenerative 

symptoms. 

 

Less difference observed in ZIKA growth curve under DARPin F10 inhibition  

Unlike the obvious inhibition in IAV growth curve, we did not see a large difference in virus amount 

between F10 expressing and wild type cells in supernatant during ZIKA infection. In contrast, inside 

the host cell, we observed a dramatic decrease of ZIKA signal in F10 cells, indicating that much fewer 

cells were infected as compared to WT. That fewer cells are infected but similar virus amounts are 
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released to supernatant might be result of the F10’s inhibitory on SG formation. It has been shown that 

SG, as an antiviral inclusion body, is inhibited by ZIKA, since the virus hijacks SG proteins like G3BP1, 

TIAR and Carpin-1 for genome amplification (Bonenfant et al., 2019; Hou et al., 2017). Inhibiting SG 

formation consequently released these RNA-processing proteins, therefore enhancing viral replication 

and more virus was produced. In summary, F10 prohibits ZIKA entry at earlier stage, but once ZIKA 

bypasses the inhibition and infects the host cell successfully, F10 might facilitate ZIKA replication in 

turn. We believe such a dilemma of DARPin F10 perhaps is not only observed in ZIKA infection. The 

antiviral effect of blocking HDAC6-Ub interaction should be carefully verified in terms of viruses. Last 

but not the least, we don’t know whether inhibition of F10 on IAV or ZIKA is dosage-dependent. In our 

F10 cell line, the stochiometry of F10 appears to be less than HDAC6 (Figure 6, below). The outcome 

after upregulating F10’s cellular concentration would be interesting to explore.        

 

Figure 6, F10 cannot capture all the HDAC6 from cell lysate 

HA-tagged DARPin F10 is trapped by anti-HA beads. From the lane of IP, we could see that in two DARPin F10 

cell line (C-terminal FKBPF36V or N-terminal FKBPF36V), F10 pulled down HDAC6, but in the Flow-Through 

lanes, a big amount of HDAC6 was still observed. 

 

 

HDAC6-Ub interaction may be essential in enveloped RNA virus 

IAV and ZIKA are both enveloped, single-strand RNA viruses, and coincidently, depend on HDAC6-

mediated entry. Furthermore, a postdoc in our lab, Etori Aguiar Moreira, further tested (data not shown) 

our HDAC6 mutant MEF cell lines with infectious Ebola VLP (Virus Like Particle), which consists of 

Ebola viral proteins but a defective viral genome. In ZnF (W1116A) mutated MEF, less Ebola VLP is 
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produced, while in CD2 dead mutants (W459A and D460A), the quantity of VLP was dramatically 

upregulated. This preliminary result not only re-confirms the dual (pro- and anti-viral) roles of HDAC6 

in virus infection but also shows the HDAC6 dependence of the Ebola virus as well. Interestingly, the 

Ebola virus is categorized as an enveloped, single-strand RNA virus as well. Thus, we argue that 

HDAC6-mediated entry machinery may be conserved for most enveloped RNA virus infection. For 

instance, HIV, also an enveloped RNA virus, utilizes HDAC6 ZnF domain for its entry by eluding A3G 

antiviral activity (Valera et al., 2015). Such parallels nevertheless warrant more detailed experimental 

analysis in vivo. Finally, we noticed that the morphology of virus changes its HDAC6-dependence. In 

the tug-of-war model, we successfully predicted that H1N1 is more dependent on HDAC6 than H3N2, 

and this is due to M1 amino acid difference at site 218. It is a Threonine or Alanine in H1N1 or H3N2, 

respectively. In H1N1, the Thr218 assembles the virus as filamentous (Elleman and Barclay, 2004), and 

Ala218 in H3N2 turns it into an isolated virion. Filamentous H1N1 is capable of holding more viral Ub 

and recruiting more host HDAC6 than single virion (H3N2), then facilitates its uncoating. Considering 

that 1) Ebola is highly dependent on HDAC6, and 2) the typical morphology of Ebola is the filamentous 

virions (as named by “Filoviridae”), we suggest that other enveloped and filamentous RNA viruses need 

HDAC6-Ub interaction as well for the entry.  

 

Closing Words 

In summary, we describe an HDAC6 mediated IAV uncoating model in detail by combining 

biochemical data with computational simulation, and it not only answers the stoichiometry of myosin 

10 and dynein during virus uncoating but also successfully predicts the H1N1 dependence on HDAC6. 

Results from dozens of chemicals inhibition on IAV uncoating highly agree with the predictions made 

by the mathematic model. Next, according to the model, an HDAC6 involved actomyosin pathway 

dominates the uncoating efficiency. And Ub bridges HDAC6-Ub interaction. Therefore, we develop a 

highly specific protein inhibitor-DARPin F10 to block this interaction, further downregulating the IAV 

and ZIKA infection as well as the cellular granules (aggresome & SG) formation. The potential 

applications of targeting the HDAC6 ZnF domain in clinical areas (e.g. antiviral and neurodegenerative 

field) motivate us to continuously work on it. Now, drugs against HDAC6 are mainly targeting its 

catalytic activity to upregulate cytosolic acetylation level, which leads to the inhibition of several tumors 

like myeloma and acute myeloid leukemia (Li et al., 2018a), while the clinical study on HDAC6 ZnF 

domain is blank. Our work, as a stepping brick, emphasizes the necessity of the future exploring of 

HDAC6 ZnF clinical value, which perhaps serves as a novel drug discovery target.              
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Methods details 

 

Methods for “Results II: A quantitative model for HDAC6-mediated virus 

uncoating predicts Influenza A infectivity” 

 

Mass-spring model for capsid breakage 

The mass-spring mathematical model for capsid breakage represents a rectangular fragment of the 

capsid at the stage when it is exposed via the fusion pore and is interacting with host molecular motors, 

which pull it apart (Figure 2A). 

Capsid M1 proteins (the masses) are arranged in a regular mesh approximately of the size of the fusion 

pore (see Table S1 for all parameter values). Edge nodes of the mesh are bound to the lipid bilayer of 

the viral envelope/endosome and inner nodes are exposed to the cytoplasm. Here, we used a 6x6 mesh 

with 4x4 inner capsid proteins. Each inner mass is computed as the sum of protein masses bound to a 

particular node. For example, a free capsid node would simply correspond to the M1 protein mass, 

while a node attached to a myosin motor would have a total mass equal to the sum of masses of M1 

protein, HDAC6, Ub, and myosin. Each edge node mass is the average mass of the endosome divided 

by the number of edge nodes. 

The masses are connected to each other with elastic bonds, which we represent as a Morse potential 

that can explicitly include effects of bond breaking. Specifically, the Morse potential is 

    
2

1 ea r r

Morse eV r D e
 

  , with 

2

e

e

k
a

D
 , 

which has two parameters: stiffness ek  and dissociation energy eD . In this model we use two sets of 

Morse parameters for inner and outer nodes. 

Each of the inner nodes of the capsid is acted on by the elastic forces of the 4 springs connecting it to 

other nodes. We calculate the change in spring length between two nodes as 

   
2 2

eqilibriuml x y l      , 

where neighbor current
x x x    and neighbor current

y y y    are the differences between the x  and y  

coordinates of the neighbor node and the current node, and eqilibrium
l  is the equilibrium spring length. The 
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change in spring length l  determines the force acting on the node, created by each particular spring. 

We compute the force as 

   type type type type

Morse spring 2 exp 1 expef a D a l a l         
 

, 

where typea and 
type

eD  are the parameters of the Morse spring, depending on the spring’s type (inner 

nodes corresponding to capsid parameters and edge nodes to capsid with lipid bilayer cover). 

We then compute the projections on the x  and the y  axis of the acceleration created by each of the 

spring forces as follows: 

   

Morse springspring

2 2

node

z

f z
a

m x y

 
  
    

, 

where nodem  is the node’s mass and z  stands for either x  or y . 

Finally, the ODE system for one node looks as follows 

top right bottom left motor

node

top right bottom left motor

node

position velocity 

position velocity 

velocity 

velocity 

time 1

x x x x x

y y y y y

x x

y y
d

x a a a a f m
dt

y a a a a f m

   
   
   
       
   

      
   
   

. 

We model the cytoskeleton near the fusion pore by a single, randomly directed microtubule, and by a 

denser network of actin filaments with a nucleation point on one of the edge nodes. Molecular motors 

are directly or indirectly (which we do not distinguish in this model) connected to the exposed capsid 

M1 proteins and to the cytoskeleton, allowing them to exert forces on the capsid. Specifically, dynein 

motors can walk in a single direction along the microtubule, while myosin motors can walk along actin 

filaments in random directions away from the nucleation point. Dyneins can connect to any of the inner 

nodes, but they can only exert forces on the capsid if they fall within the microtubular area of effect, 

determined by its width (Figure 2A). 

We compute the resulting forces through a tug-of-war model with experimentally determined motor 

characteristics (Gennerich et al., 2007; Muller et al., 2008; Norstrom et al., 2010), which we modified 

to represent dyneins, kinesins, and positive- and negative-direction myosins. Importantly, the model 

considers that the force exerted by each individual motor depends on all the other motors bound to the 

same cargo. 

First, let us examine the one-dimensional case, where all the motors walk along the microtubule. 

Analogously to the two-motor scenario (Gennerich et al., 2007; Muller et al., 2008; Norstrom et al., 

2010), we write a force balance. 

 , , ,k k m m d d m m C k d m mn f n f n f n f f n n n n          , (0.1) 
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where kn , dn , mn  , mn   are motor numbers and kf , df , mf  , mf   are forces of kinesin, dynein, plus- 

and minus-end myosin motors, respectively. The cargo force is determined by the condition that all 

motors move with the same velocity Cv  , as given by 

         , , ,C k d m m k k m m d d m mv n n n n v f v f v f v f           . 

With this definition follows for the left part of the force balance equation Eq. (0.1) 

 , , , 1 m m

C k d m m k k m m k k

k k

n f
f n n n n n f n f n f

n f

 

   

 
    

 
, 

which gives us an expression for the kinesin force: 
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Analogously, for the right part and the dynein force, we obtain: 
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For simplicity, we assume here that the ratio of motor forces moving in the same direction is 

proportionate to the ratio of their stall forces (indicated by subscript S): 

m Sm

k Sk

f f

f f

  , m Sm

d Sd

f f

f f

  . 

This allows us to write the expressions for kinesin and dynein forces as follows 
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where 
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   . 

We know that the velocity of a motor can be expressed as a function of the load force (Müller et al., 

2008): 

 

1  for 0
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Now we can use the expression for the cargo velocity to derive: 

     , , ,C k d m m k k d dv n n n n v f v f      
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By shuffling the second and third terms in this equation, we get the expression for the cargo force 
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Now, for convenience we rewrite the equation: 
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to get the following expression for cargo force as a function of motor abundances 

          , , , , , , , , 1 , , ,C k d m m Sk k k m k k d m m Sd d d m d k d m mf n n n n f n C n n n n n n f n C n n n n n n           ,  

where 
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After computing the cargo force, we can calculate the expressions for the kinesin and dynein forces: 

 

 

, , ,

,

C k d m m

k

k k m k

f n n n n
f

n C n n

 



 , 
 

 

, , ,

,

C k d m m

d

d d m d

f n n n n
f

n C n n

 



  , 

and using those expressions, the expressions for myosin forces 
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In the two-dimensional case, dyneins and kinesins would still be walking along the microtubule, such 

that only the expressions for the myosins would change. Myosin forces are involved in the calculation 

of  ,k m kC n n  and  ,d m dC n n , but if we examine the formulas, we see that m Smn f   are simply 

cumulative forces created by plus- and minus-end myosin motors. Thus, we can easily substitute these 

terms for 
i

Sm

i

f
 , where 

i

Sm
f


 is a projection of the stall force of a motor i  on the direction of the 

microtubule. Similarly, expressions for myosin forces are computed individually for each motor with 

Smf   being substituted by the projection
i

Sm
f


. 

To avoid division by zero, in simulations we assume that there are always one dynein and one kinesin 

bound to the endosome outside of the fusion pore because the endosome had to be transported inside 

the cell to initiate fusion pore formation. Due to the architecture of the Tug-of-War model and since all 

the microtubular motors can only generate forces along the microtubule, adding more endosomal motors 

would simply offset the optimal amount of dynein motors required for efficient breakage. All other 

motors are bound to the capsid from the very start of the simulation. 

For simplicity, here we disregard tug-of-war between myosins in the direction perpendicular to the 

microtubule. However, this interaction can be computed and included into simulations similarly, by 

using the results of (Gennerich et al., 2007; Muller et al., 2008; Norstrom et al., 2010) for two motors: 

     , , ,m m m Sm m m m Sm m mC
f n n n f n n n f n n            , where  

0

0

1
,

1
m m

m Sm m

m Sm m

n n
n f v

n f v

  

  

  





. 

Like before, we substitute m Smn f   for 
i

Sm

i

f
 , where 

i

Smf 
 are projections of the stall force of motor 

i in the direction perpendicular to the microtubule. Knowing  ,m mC
f n n  , we can compute the motor 

forces as: 
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During simulations of the mass-spring model, each motor configuration has a fixed number of each type 

of motor, but the placement and the directions of cytoskeletal filaments are randomized. The model is 

simulated for one microsecond of system time at least 100 times for each motor configuration using the 

MATLAB ODE solver ode15s (Mathworks, Natick / MA). 

After a simulation, we examine the distance between all neighboring nodes in both x  and y  directions. 

If during the simulation the combined motor forces were sufficient to make any of the distances exceed 

the RNP complex diameter (a mock-up example for the one-dimensional case of break/no break 

scenarios showed in Figure S1A) for at least half the simulated system time (to avoid counting transient 

breaks), we classified the capsid as broken. Usually, however, if capsid breakage occurs, the initial 

break happens early in the simulation and persists through 80-90% of the simulation time (Figure S1B). 

To analyze the robustness of the simulation results to changes in capsid parameters, we fixed a 

combination of motors (5 myosins and 1 dynein) that produced approximately 50% breakage, and varied 

the capsid bond parameters stiffness ek  and dissociation energy eD . The values used in our simulations 

were ek [0.001, 0.002, 0.003, 0.004, 0.005] N/m and eD [10, 12, 14, 16, 18, 20] kJ, where boldface 

indicates the default values (Figure S1C). 

To simplify computation of the capsid breakage probability, we interpolated it as a function of the total 

amount of molecular motors and the number of dynein motors using the R package akima on the basis 

of the values obtained from simulation of the mass-spring model (Figure S1D). 

 

HDAC6 complex formation reaction model for motor complex formation 

To develop the reaction model variants, we assumed mass-action kinetics for all biochemical 

interactions, leading to ordinary differential equation (ODE) models with 7 states and 12 (10 for the 

Viral Ub model variant) kinetic parameters. The reaction model schematics (Figure 4A) show all the 

possible bindings that can occur during motor complex formation. The model variant Viral Ub assumes 

competition between capsid-bound and cellular Ub chains (Ubs) for the zinc finger domain of HDAC6. 

In contrast, the Symmetric and Asymmetric model variants assume that cellular Ub chains assist with 

motor binding to HDAC6, both for myosin and dynein motors in the Symmetric, and only for myosin 

in the Asymmetric model variant. 

To denote the biochemical species in the model variants, we use the following: U: Ub chain; H: HDAC6; 

C: capsid M1 protein; M: myosin; A: actin cytoskeleton; D: dynein; T: microtubule. Molecular 

complexes are denoted by concatenation of their constituents’ abbreviations. 
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The Viral Ub variant has 16 reactions with two final products: CUHMA and CUHDT, corresponding 

to myosin and dynein motor complex respectively, according to the reaction network below: 

 

 

The Symmetric variant has 22 reactions with two final products: CHUMA and CHUDT, corresponding 

to myosin and dynein motor complex, respectively. Here, a simplifying assumption is made, namely 

that the binding between HDAC6 and myosin requires that HDAC6 binds Ub first: 

 

 

The Asymmetric variant has 29 reactions with two final products: CHUMA and CHDT, corresponding 

to myosin and dynein motor complex, respectively 
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For each set of parameters and initial conditions considered, we simulated the reaction model for 2 

hours of system time using the MATLAB ODE solver odeSD (Gonnet et al., 2012), such that the protein 

interactions lead to a steady-state distribution of the molecular species. Then, we used the reaction 

model’s myosin and dynein motor complex abundances (see definitions above) at the end of the 

simulation to predict average capsid breakage probabilities with an interpolated version of the 

corresponding simulation results for the mass-spring model (Figure S1D). 

To optimize reaction rate parameters, we initially simulated each reaction model variant 100’000 times 

with fixed median values of initial concentrations and reaction rate constants sampled log normally in 

the range of ± 5 orders of magnitude around values reported in the literature (Table S2). These 

simulation results were then averaged for a single viral particle, and used to compute capsid breakage 

probabilities using our interpolated mass-spring model results (Figure S1D). The ‘Viral Ub’ variant 

failed to recruit enough motors to generate any capsid breakage for any combination of reaction rates. 

Therefore, we focused on the ‘Symmetric’ and ‘Asymmetric’ models. 

For both variants, the distribution of capsid breakages showed four modes (Figure S3A). Many rate 

combinations led to zero breakage because the models failed to recruit any motors. The nextmode 

appeared at around 8% breakage, where the models recruited about 1 myosin motor and 1-2 dynein 

motors. The next mode capped out at about 50% breakage, with recruitment of 5-6 myosins, but very 

low numbers of dyneins, which corresponds to the ‘no dyneins’ case in the mass-spring model. The last 

mode yielded up to 80-90% breakage; while sparsely populated, it was able to recruit about 7 myosins 
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and 1-2 dyneins. Since we know that in the experiments capsid breakage depends on both myosins and 

dyneins, we chose this group for further analysis. 

Next, we introduced a cost function to evaluate points in this group. It penalizes distance of reaction 

parameter values from literature values as well as low capsid breakage probability: 

10 10 10

literature value literature value max

%
log log log

%

i i

i i
i i

k K
C

k K

     
       

     
 

,  

where 
ik  is an on rate, 

iK  is a dissociation constant, and %  is a capsid breakage probability. Because 

literature parameter values were of the same order of magnitude (approximately 
610  for on rates and 

610
 for dissociation constants), we did not introduce extra weight coefficients. We selected the 

parameter point with minimal value of the cost function as reference point. 

To compare the performance of ‘Symmetric’ and ‘Asymmetric’ model variants (Figure 4B, S3B, C, 

D), we sampled the concentrations (20’000 times), reaction rates (20’000 times), and both together 

(40’000 times). Concentrations were sampled uniformly between 50% and 150%, and log-normally in 

±1 orders of magnitude of the value reported in proteomics experiments (proteomicsDB; (Schmidt et 

al., 2018)). Reaction rates were sampled log-uniformly around the reference value in ±1 orders of 

magnitude, or log-normally around the reference value with a SD of 0.1. 

To examine the influence of each individual parameter on the capsid breakage probability, we simulated 

the model variants with all but one parameter fixed. The free parameter was sampled log-uniformly 

20’000 times for concentrations between 50% and 150% of the value reported in proteomics 

experiments (proteomicsDB; (Schmidt et al., 2018)), and log-uniformly 30’000 times for reaction rate 

constants around the reference value in ±5 orders of magnitude. 

Experimental perturbations, when possible, were translated into model perturbations by changing either 

reaction rate constants or initial concentrations of reactants (Table S2). We simulated each perturbation 

20’000 times similarly to the unperturbed system, with initial concentrations sampled as above and rate 

constants sampled log-normally around the reference value in ±1 order of magnitude, except for the 

experiment-specific perturbed parameters or initial conditions, which were sampled in the modified 

ranges as specified in Table S3. 

siRNA for Dynactin2 prevented the binding of dynactin and reduced the amount of available dynein to 

1 10  of the norm. Ciliobrevin D, which inhibits the dynein motor activity, stopped the motors from 

walking, but not from binding; we simulated that case as control, but then assumed zero active dyneins 

for computing the breakage probability. siRNAs for myosin10 affected the amount of available myosin 
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by reducing it to 1 10  of the norm. siRNAs for myosin9 were not modeled given that experiments 

showed little effect on the breakage probability. ML-9 and Blebbistatin cases were not simulated as 

they correspond to zero effective myosins, which, according to the mass-spring model, fails to generate 

breakage. For the HDAC6 ΔDMC MEF cell line, we assumed an increase of the dissociation constant 

for HDAC6-dynein binding by a factor of 1000 . The HDAC6 KO MEF cell line and siRNA HDAC6 

had initial concentrations of HDAC6 reduced to 1 100  and 1 10  of the norm, respectively. The HDAC6 

ZnFm (W1116A) MEF cell line had the dissociation constant of HDAC6-Ub binding increased by a 

factor 1000 . We assumed that Cytochalasin D and Nocodazole, which affect actin and tubulin 

polymerization, reduced the amount of available cytoskeletal scaffolding to 1 10  and 1 100 of the norm, 

respectively. Importazole is a selective inhibitor of the nuclear transport receptor importin-beta and 

prevents nuclear import of NLS-containing proteins (Soderholm et al., 2011). MG132 is a proteasome 

inhibitor, leading to misfolded proteins accumulation in the cell and to a depletion of free cellular Ub 

chains that are no longer recycled during proteasomal degradation of those proteins; therefore, we 

assumed a reduction in Ub concentration to 1 10  of the norm. 

An alternative and, perhaps, more biologically reasonable approach to model the domain deletion from 

HDAC6 would be to remove dynein motors and Ub from the simulation entirely. However, doing so in 

our ODE reaction model leads to the simulation becoming unstable, and ideally requires additional 

model modifications, making comparisons between the different reaction models difficult. Modifying 

reaction rates in contrast, allows us to account for random effects of unspecific binding while keeping 

the model simple and deterministic. 

For the M1 binding signal perturbations, we used H1N1 M1 (and its ‘restored’ virus version H3N2 M1 

A218T) as a control, and H2N2 M1 (and its ‘restored’ virus version H1N1 M1 T218A) as a perturbation 

that increases the HDAC6-capsid dissociation constant by a multiplication factor. We used the average 

M1 binding signal for the H1N1 M1 T218 mutant and H3N2 WT (Figure 6E), and fitted a 

corresponding value of binding to capsid breakage in our individual parameter perturbation experiments 

(Figure 4C, D). The final multiplication factor values were 14.6 for the ‘Asymmetric’ and 23.7 for the 

‘Symmetric’ model variant. 

For the virus infectivity perturbations, we considered pH1N1 ko/ki WT to be a control, H3N2 ko/ki WT, 

corresponding to M1-HDAC6 binding dissociation constant being increased by the multiplication factor 

above, pH1N1 ko/ki ZnF mutant to have an increased ofHDAC6-Ub dissociation constant by a factor 

of 1000, and H3N2 ko/ki ZnF mutant as both. 

 

Clone Construction 
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GFP tagged human Myosin 10 C-terminal (1103-2007), Influenza virus strain H1N1 and H3N2‘s full 

length M1 wild type and mutants were constructed in modified pCDNA 3.1-HA-Flag-mEGFP-POI 

vector. GST tagged human HDAC6 CD (82-837) and C-terminal region (838-1215) were constructed 

in pOPINJ-His-GST-POI vector (Oxford Protein Production Facility). His tagged human Myosin 10 C-

terminal (1103-2007) and HDAC6 ZnF (1108-1215) are constructed in pOPINF-His-POI vector 

(Oxford University). 

 

Endogenous mouse HDAC6, Myosin 10, Actin Co-immunoprecipitation (CoIP)  

Wild type, HDAC6 knock out, and HDAC6 ZnF mutant (W1116A) (Banerjee et al., 2014b) Mouse 

Embryonic Fibroblast (MEF) cells were cultured in 10 cm dishes in DMEM medium, and treated with 

MG132 (10 μM), Cytochalasin D (10 μM) or Latrunculin A (10 μM) for 6 hours, then lysed with 

Cytoskeletal (CSK) buffer (10 mM PIPES pH=6.8, NaCl 100 mM, Sucrose 300 mM, 0.1% Triton X-

100, EGTA 1 mM, MgCl2 1mM, DTT 1mM, Protease Inhibitor Cocktail 1 tablet for 50 ml) on ice. To 

immunoprecipitate endogenous HDAC6, 1μg polyclonal antibody (#27260) was used to incubate with 

500 μg protein-containing cell lysate and 10 μl Dyna-beads slurry (Invitrogen) at 4°C cold room, on 

rotator overnight. Beads were washed with Wash Buffer 1 (20 mM Tris pH=7.5, 100 mM NaCl, 0.1% 

Triton X-100) 2 times and Wash Buffer 2 (20 mM Tris pH=7.5, 150 mM NaCl) 3 times. After removing 

the supernatant, 4x LDS loading buffer was added to the pellet and the sample was heated at 80°C for 

5 min. Samples were analyzed on NuPAGE 4-12% Bis-Tris Gel (Invitrogen). Protein was transferred 

by Semi-Dry Western Blot method (Bio-rad Turbo Trans Blot) onto PVDF membranes 

(Millipore#88518). To detect endogenous mouse HDAC6, Myosin 10 and Actin, a lab-made polyclonal 

anti-HDAC6 ZnF antibody (Saito et al., 2019b), commercial anti-Myosin 10 antibody (CST#3404) and 

pan-actin antibody (Sigma#SAB4502632) were used. HRP-conjugated anti-rabbit and anti-Mouse 

secondary antibody (Invitrogen # 31430 and # 65-6120), ECL western blot detect reagent 

(GE#RPN2209) were used to develop the signal on Fuji film (#FUJIF57164152). 

 

Mass Spectrometry analysis of HDAC6 interacting proteins 

To identify HDAC6 interacting proteins following viral infection or under Proteasome or Actin Stress, 

MEF cells (described above) were treated, lysed and co-immunoprecipitated as for the CoIP experiment, 

but without 4x LDS loading sample buffer elution. Samples on beads were treated with Lys-C and 

Trypsin to perform on-beads digestion (FMI Protein Analysis Facility). Digested samples were further 

acidified and analyzed by Liquid chromatography–mass spectrometry (LC-MS). Data was analyzed by 

MaxQuant Perseus Software Version 1.5.2.6 (Tyanova et al., 2016). Volcano Plots were generated by 

R-Studio software.  
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Endogenous mouse Dynein, HDAC6, HDAC6-ZnF mutant Co-immunoprecipitation 

Cells, reagents and methods are the same as described above except for: To precipitate endogenous 

Dynein Complex, an anti-dynein antibody (#MAB1618) was incubated with 500 μg protein-containing 

MEF cell lysate together with 10 μl Dyna-beads slurry. Protein concentration was determined by 

Bradford Assay. Samples after loading buffer elution were analyzed by immunoblotting with specific 

antibodies. HDAC6 signal was firstly normalized by Dynein input bands, then quantified. All the 

analysis was done with ImageJ software. 

 

Immunofluorescence of endogenous human HDAC6, Myosin 10 and Actin 

To visualize HDAC6, Myosin 10 and Actin in vivo, 3 x 104 A549 cells were seeded and cultured 

overnight, then treated with MG132 (5 μM) for 18 hours before fixation. Cells were washed with cold 

PBS, fixed with methanol at -20°C for 15 mins and permeabilized with TBS solution containing 0.5% 

Triton X-100, then incubated with monoclonal anti-HDAC6 antibody (CST#D2E5), anti-Myosin 10 

antibody (CST#3404), and anti-actin antibody (Sigma#SAB4502632). Goat anti-Rabbit IgG (H+L) 

Highly Cross-Adsorbed Secondary Antibody Alexa Fluor 568 or Goat anti-Mouse IgG (H+L) Highly 

Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 were applied according to the source of primary 

antibody. Pictures were taken with a widefield microscope (ZEISS Z1, 60x objective) or confocal 

microscope (Yokogawa CSU W1, 63x objective) and analyzed by ImageJ. 

 

Detecting the interaction between human Myosin 10 and Ub 

For in vivo Co-IP experiments, a plasmid encoding GFP-tagged Myosin 10 C-terminal (1103-2007) 

region (MyoC) was transfected with Lipofectamine 3000 (Invitrogen# L3000008) and over-expressed 

in A549 cells. The cells were subsequently treated with MG132 (10 μM, 6 hours) to upregulate the Ub 

level before harvest. Cells were lysed with CoIP buffer (10 mM Tris pH=7.5, 100 mM NaCl, 0.5% NP-

40, 0.5 mM EDTA, 0.09% Na-Azide, Protease Inhibitor). To precipitate GFP-MyoC, 13 μl GFP_Trap 

M beads slurry (ChromoteK #gtm-20) were incubated with 500 μg protein-containing cell lysate in 4°C 

cold room, on rotator overnight. Beads were washed with Wash buffer (20 mM Tris pH=7.5, 100 mM 

NaCl) 3 times and beads were captured with a magnet. The subsequent analysis was done as for the 

endogenous Co-IP above. GFP-tagged protein and Ub were detected with anti-GFP antibody (CST# 

2037S) and anti-Ub antibody (Santa Cruz P4D1 clone). 

For in vitro experiments, His-tagged human Myosin 10 (1103-2007) was expressed in SF9 cells and 

purified by His-Trap HP histidine-tagged protein purification column (5 ml, GE healthcare) followed 
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by size exclusion with a Superdex 200 10/300 GL column on AKTA system. Synthesized K48/K63 

linked Poly-Ub chains were obtained from Boston BioChem (#UC-240 & UC-340). To detect the 

interaction, 20 μg purified His-MyoC was mixed with 5 μg K48 or K63 linked poly-Ub chains in Ub 

binding buffer (20 mM Tris pH=7.5, 100 mM NaCl, 0.1% Triton X-100, 20 mM imidazole, 2% 

Glycerol), together with Ni-NTA beads (Promega# 30210) at 4°C for 1 hour. Beads were then washed 

with Ub binding buffer twice. 4x LDS loading buffer was added and heated at 80°C to elute the samples 

which were analyzed on NuPAGE 4-12% Bis-Tris SDS Gels and visualized by immunoblotting. Ub 

signal was detected with specific anti-K48/K63 linked Ub chain antibody (CST# 4289S & 5621S). Input 

samples were visualized by staining the membrane with Instant Blue (Expedeon#ISB1L) stain. 

 

Detecting human HDAC6 interaction with IAV H1N1 & H3N2 wild type or mutant M1 

GST-tagged HDAC6 CD (82-837) and C-terminal region (838-1215), GFP-tagged H1N1 & H3N2 wild 

type or mutant (A213T or T213A, respectively) M1 were transiently overexpressed in HEK 293T cells 

by FuGENE HD (Promega#E2311) mediated transfection. After two days culturing at 37°C, cells were 

lysed with CoIP buffer as above. GST_Trap M beads were used to precipitate GFP tagged M1 protein 

from 500 μg protein extract. Pulled-down samples were eluted by 4x LDS Sample buffer and analyzed 

by immunoblotting. Protein was visualized by anti-GFP (CST#2037S) and anti-GST (CST#2624S) 

antibody. Endogenous actin signal served as loading amount control.  

We processed raw immunoblotting image files for two replicates in ImageJ (Schneider et al., 2012). We 

selected the lanes containing the bands of interest “GST-HDAC6 CD” and “GFP-M1/GFP” using the 

rectangle tool. We chose the width and the height of the lane rectangle to get a sample of the local 

background surrounding the band of interest. We plotted lane profiles using the gel analysis tool, and 

subtracted the background intensity by individually connecting each profile peak’s left and right 

background intensity by using the line tool. We used the magic-wand tool to calculate the integrated 

area within the band profile of interest and obtain the final raw density value. Lastly, we normalized the 

“GFP-M1/GFP” density by corresponding “GST-HDAC6 CD” values. The resulting intensities (Figure 

6E) were plotted using R package ggplot2. 

 

Influenza A virus amplification  

All procedures involving infectious material were performed under strict BSL2 condition and approved 

by federal authorities (BLV, Switzerland). Clinical viral isolates pH1N1 and H3N2 were kindly 

provided by Dr. Samuel Cordey, HUG, Geneva, Switzerland. Viruses were grown on MDCKII cells as 

described previously (Anchisi et al., 2018). Briefly, sub-confluent (80%) MDCKII were infected with 

0.001 to 0.01 MOI of virus in DMEM supplemented with 1% (v/v) penicillin/streptomycin and 0.2% 
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(w/v) BSA. Virus containing supernatants were collected after 48-72h, separated from cell debris by 10 

min centrifugation at 2000 x g, aliquoted and stored at -70˚C. Virus titers were determined by standard 

plaque assay on MDCKII cells as described previously (Anchisi et al., 2018). Briefly, viruses were 

serially diluted in PBS+0.2% BSA and tittered on fully confluent MDCK cells. Cells were infected with 

virus dilutions and incubated at 37˚C for 45 minutes, shaking plates every 5-10 minutes. At the end of 

the incubation time, virus dilutions were removed from the wells and cells were overlaid by agar 

solution (infection media + low melting agar (Oxoid) + TPCK-trypsin) pre-heated to 52˚C. Plaques 

were counted after 48h. Titrations were repeated three times in technical duplicates for each virus. 

 

Reverse genetics 

The pDZ reverse genetics system for A/Wyoming/03/2003 was kindly provided by Adolfo García-

Sastre, Icahn School of Medicine at Mount Sinai, New York, USA. M1 A218T substitutions were 

introduced by site directed mutagenesis. Viral cDNA sequences were confirmed by Sanger sequencing. 

Recombinant viruses were rescued by transfection of eight pDZ plasmids (one encoding each viral 

segment) in 293T cells. Cells were co-cultured 48h post transfection with MDCKII to propagate rescued 

virus particles. Virus stocks were grown as described above. The whole genome of recombinant viruses 

was controlled by Sanger sequencing, to confirm the introduction of a given sequence manipulation 

(Anchisi et al., 2018). 

 

Measure of influenza A virus infectivity in A549 cells by automated fluorescence microscopy. 

A549 cells were seeded in 96-well optical plates (10’000 cells per well) in culture medium (DMEM 

supplemented with 10% FBS and 1% penicillin-streptomycin) and incubated overnight in 37˚C, 5% 

CO2. Viruses were diluted in infection medium (DMEM supplemented with 0.2% BSA and 1% 

penicillin-streptomycin). Cells were washed with 100 µl/well PBS to remove FBS. Cells were infected 

or mock-infected with 50 µl/well of virus dilution or infection medium and incubated for 7h in 37˚C, 

5% CO2. Cells were fixed with 4% formaldehyde (final concentration) for 30 min at RT, washed three 

times with PBS and stored overnight in PBS at 4°C. Cells were stained for immunofluorescence assay 

by being permeabilized with 0.1% Triton X100 in PBS for 15 min at RT, blocked with PBS+1% BSA 

1h RT, incubated with primary antibody in 30 µl PBS+1% BSA 1h RT (anti-NP 1:500 (Thermo 

Scientific, 41071), washed three times with PBS + 1% BSA, incubated with secondary antibody + DAPI 

in 30 µl PBS+1% BSA 45 min-1h RT in darkness (anti-rabbit 1:2000 (Alexa 488, GFP) and DAPI 

1:500) and washed five times with PBS. Cells were stored in PBS + 0.02% sodium azide and stored at 

4˚C. The percentage of infected cells was measured by automated fluorescence microscope, objective 

10x, 3x3 pictures per well. Data were analyzed using MetaXpress software. 
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Generation of A549 HDAC6 ko cells. 

HDAC6 was knocked-out in A549 cells using CRISPR/Cas9 and two different guide RNA (G1: 

CTCTATCCCCAATCTAGCGGAGG and G2: GCTAGATTGGGGATAGAGCGGGG). Guide 

RNAs were cloned into SpCas9n(BB)-2A-GFP (PX461) (Addgene plasmid: 48140, a gift from Feng 

Zhang (Ran et al., 2013)). A549 were transfected with sequence confirmed PX461 plasmids expressing 

the respective gRNA or empty PX461. 48h post transfection GFP positive cells were sorted and 10e2 

cells were seeded into a 100mm dish. 14d post seeding single cell clone based colonies were isolated 

and expanded. HDAC knockout was confirmed by specific western blot. Cells knocked-out for HDAC6 

using G1 were used for assays described in this work and used as background cell-line to build HDAC6 

ko/ki A549 cells. The corresponding WT and mutant cDNAs of HDAC6 were cloned into pLVX-IRES-

puro vectors (Clontech). HDAC6 reconstitution was achieved by lentiviral transduction of HDAC6 

knockout cells. Reconstitution was confirmed by specific western blot against HDAC6. 

 

Virus morphology determined by electron microscopy 

MDCK cells were infected at MOI 10 in PBS/BSA. Cells were fixed at 16 hpi in 2% glutaraldehyde in 

buffer NaPO4 0.1M pH 7.4 for 1h. Cells were scraped off the plate and spun down for 5 min at 600g. 

Cell pellet was washed gently three times in buffer NaPO4 0.1M pH 7.4. Samples were then treated and 

resin mounted by our microscopy facility (Bioimaging center, Université de Genève). Samples were 

observed by electron microscope (FEI Tecnai™ G2 Sphera) and the maximum virus particle length of 

a given section (n = 66-378/virus) was determined on pictures using iTEM software version 5.2 

(Olympus Soft Imaging Solutions GmbH). 

 

 

 

Methods for “Results III: Targeting the HDAC6 zinc finger domain impacts 

virus infection and cellular stress pathways” 

 

 Nanobody screens & preparation 

The target protein was a 6xHis- and HALO-tagged human HDAC6 ZnF domain (aa 1106-1215, 

expressed from plasmid pHis6HaloTag-hHDAC6ZnF) which was prepared by expression in E. coli 
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BL21(DE3)RIL+. As a control, 6xHis-HALO protein (expressed from plasmid pH6HTN His6HaloTag) 

was prepared in a similar manner. Cells were induced with 0.5 mM IPTG at 20 °C for 20 h. E. coli 

BL21 (DE3) cells expressing 6xHis-HALO-tagged ZnF-UBP were pelleted, rapidly frozen in liquid 

nitrogen and stored at −80 °C. The frozen cells were resuspended in ice-cold lysis buffer (20 mM Tris, 

pH7.5, 200 mM NaCl, 20 mM imidazole, 2 mM TCEP, 0.2% Tween-20) supplemented with Complete 

EDTA-free protease inhibitors (Roche) and 3 U/ml Benzonase (Sigma). After 30 min on ice the lysate 

was centrifuged at 30,000g for 30 min at 4 °C. The clarified soluble lysate was incubated for 30 min at 

4 °C in batch mode with Ni-NTA IMAC agarose (Qiagen), and then transferred into a 10 ml Econo-Pac 

column (Bio-Rad) for washing with nickel wash buffer (20 mM Tris, pH 7.5, 200 mM NaCl, 20 mM 

imidazole, 2 mM TCEP). The target protein was eluted in nickel wash buffer containing 250 mM 

imidazole. The eluted protein was concentrated with Amicon ultra concentration device 

(30,000MWCO)(Millipore) and separated using a DUO FLOW system (Bio-Rad) with a Sephacryl S-

300 16/60 gel filtration column (GE Healthcare) equilibrated in 20 mM Tris, pH 7.5, 200 mM NaCl, 2 

mM TCEP, 5% Glycerol and 0.02% NaN3. Protein fractions were analyzed on a 4–12% Bis-Tris 

NuPAGE (Invitrogen) gels and pure fractions were pooled and concentrated to 15 mM for Nanobody 

production. Gels were stained with InstantBlue (Expedeon). Identification of nanobodies against the 

HDAC6 ZnF domain was done by Hybrigenics Services SAS. In brief, HALO-ZnF (or HALO as 

control) protein was biotinylated in vitro using HaloTag® PEG-Biotin Ligand (Promega: G8591 or 

G8592) following the manufacturer’s instruction and then used for three rounds of phage display with 

a naïve synthetic library based on a proprietary Lama scaffold. The Phage library was first incubated 

with the biotinylated His-HALO; the supernatant was then incubated with the biotinylated HALO-ZnF. 

Following selection, the positive hits were used to generate a yeast two-hybrid library, which was then 

screened against the human HDAC ZnF domain as bait (aa 1106-1215). Positive hits were isolated and 

validated by an intrabody assay. Following this, four different positive clones (Nb1 to 4) as well as a 

control clone were selected for further analysis. 

 

GFP-Trap pull-down assay 

C-terminally eGFP-tagged nanobodies were cloned into pLVX-puro lentiviral expression vectors. The 

lentiviral vector was co-transfected with Pol-Gag and VSV-G plasmids into HEK293T cells to produce 

lentivirus. Each eGFP-tagged nanobody was stably expressed in A549 cells after lentivirus infection, 

then eGFP-positive cells were sorted by FACS. A549 cells expressing each nanobody were harvested 

with ice-cold PBS from a 10 cm dish, spun down at 1,000g for 5 min. The pelleted samples were rapidly 

frozen at -80 °C. The frozen pellet was treated with CSK (cytoskeleton) buffer (10 mM PIPES pH6.8, 

300 mM sucrose, 100 mM NaCl, 3 mM MgCl2, 1 mM EGTA, 0.1%(v/v) Triton X-100) with 1x 

Complete EDTA free protease inhibitor cocktail (Roche#CO-RO) for 30 min on ice. The lysed cell 

extracts were subjected to low-speed centrifugation (3,000 rpm for 5 min) to separate the soluble 

cytoplasmic fraction. eGFP-tagged nanobodies were pulled-down with GFP-Trap agarose beads 
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(Chromotek#gtm-20) equilibrated with CSK buffer containing 1% BSA. The soluble fractions were 

incubated with GFP-Trap beads for 30 min at 4°C, then spun down 1,000g for 2 min. The beads were 

washed with GFP-Trap Wash buffer (10 mM Tris, pH7.5, 200 mM NaCl, 0.5 mM EDTA, 5% Glycerol) 

twice, and finally washed with 10 mM Tris, pH7.5, 100 mM NaCl, 5% Glycerol buffer once. The bead 

samples were dissolved in Laemmli sample buffer supplemented with 10 mM DTT and boiled for 5 

min at 95°C before loading on a 4-12% Bis-Tris NuPAGE gels. Proteins were transferred onto 

polyvinylidene fluoride (PVDF) membranes (Millipore#05317) by using the iBlot2 Dry Blot system 

(Thermo Fisher Scientific) following to instruction manual, and detected with specific antibodies (anti-

HDAC6 (D2E5, Cell Signaling Technology), 1:1,000, GFP (JL-8, Takara), 1:1,000, and a-Tubulin 

(Abcam ab4074) 1:1,000).  

 

IAV infection assay (in nanobody expressing cells) 

A549 cells stable expressing the HDAC6 ZnF nanobodies were infected with IAV X-31 (H3N2) strain. 

The cells were trypsinised and fixed in 4% FA at 5.5 hours post infection. The cells were stained for 

FACS analysis in FACS buffer (PBS, 0.1% BSA) containing 0.1% Saponin. The primary antibody used 

was mAb HB-65 (anti-nucleoprotein, ATCC), 1:200, and secondary was goat anti-mouse IgG Alexa 

Fluor 647 (Invitrogen), 1:2500. Antibodies were incubated for 30 min at room temperature. The cells 

were washed by centrifugation at 2,500 rpm for 5 min, resuspended in 100 µL of FACS buffer and 

analysed using Novocyte Flow Cytometer (Aceabio). The fcs files were analysed using Flow Jo version 

10.3.0. 

 

Selection and screening of DARPins 

To generate DARPin binders against HDAC6-ZnF, the biotinylated target protein (see below) was 

immobilized on MyOne T1 streptavidin-coated beads (Pierce). Ribosome display selections were 

performed essentially as described (Dreier and Plückthun, 2012). Selections were performed over four 

rounds with decreasing target concentration and increasing washing steps to enrich for binders with 

high affinities. After four rounds of selection, the enriched pool was cloned into a bacterial pQIq-based 

expression vector as fusion with an N-terminal MRGSH8-and C-terminal FLAG tag. After 

transformation into E.coli XL1-blue 380 single DARPin clones were expressed in 96 well format and 

lysed by addition of Cell lytic B reagent (Sigma), Lysozyme and Pierce nuclease. These bacterial crude 

extracts of single DARPin clones were subsequently used in a Homogeneous Time Resolved 

Fluorescence (HTRF)-based screen to identify potential binders. Binding of the FLAG-tagged DARPins 

to streptavidin-immobilized biotinylated HDAC6-ZnF was measured using FRET (donor: streptavidin-

Tb cryptate, 610SATLB; acceptor: anti-FLAG-d2, 61FG2DLB; both Cisbio). Experiments were 

performed at room temperature in white 384-well Optiplate plates (PerkinElmer) using the Taglite assay 

buffer (Cisbio) at a final volume of 20 μL per well. FRET signals were recorded after an incubation 

time of 30 minutes using a Varioskan LUX Multimode Microplate (Thermo Scientific) with the 
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following settings: Delay time: 60 μs, integration time: 200 μs, measurement time: 1'000 ms, dynamic 

range: automatic. HTRF ratios were obtained by dividing the acceptor signal (665 nm) by the donor 

signal (620 nm) and multiplying this value by 10'000 to derive the 665/620 ratio. The background signal 

was determined by using reagents in the absence of DARPins. From this result, potential binders were 

identified (Table S1) 

 

Expression and purification of Biotinylated His-Avi-HDAC6 ZnF (1108-1215), HDAC6 ZnF (1108-

1215) and DARPin F10 

E.coli BL21 (DE3), transfected by pOPINF-His-Avi-HDAC6 ZnF (in this case, bacteria was co-

transfected with pet21a-BirA expressing plasmid, pOPINF-His-HDAC6 ZNF or DARPin F10 plasmid 

(pQiq_K_MRGS_His10-HA-3C-1766_F10), was cultured first in 50 ml LB medium overnight at 37°C, 

then 10 ml medium was transferred to 1 L 2xYT medium for continuous culturing in 2.5 L flask. When 

OD = 0.6 was reached, IPTG was added into the 1 L medium (final concentration 1 mM) and the 

temperature was reduced to 17°C (to induce ZnF protein biotinylation, D-biotin was added to 2xYT 

medium to a final concentration of 20 μM). Cultures were grown further for 18 hrs and bacteria were 

collected by centrifugation (4000 rpm, 15 mins, 4°C). The pellet was frozen at -80°C. All constructs 

were purified as follows. 

The bacterial pellet was lysed with an ultrasonic sonicator (15 cycles, one cycle = 20 secs ON, 40 secs 

OFF) to completely break the bacteria. The cell lysate was dissolved in Ni column loading buffer (buffer 

1, containing 20 mM Tris pH=7.5, 500 mM NaCl, 10 mM imidazole, supplied with protease inhibitor 

1mM PMSF). The cell debris were separated from the protein by High-speed-centrifugation (17000rpm, 

1 hr, 4°C). After filtering (0.45 μM filter, Merck#SLHVM33RS) the supernatant, the protein solution 

was loaded onto a HisTrap column (#GE17-5248-01) using a peristaltic pump at a flow rate of 5 ml/min. 

The column was washed with 4 to 5 column volume (CV) of buffer 1. To elute the target protein, we 

used a gradient elution by the AKTA system. The elution buffer (buffer 2, containing 20 mM Tris 

pH=7.5, 500 mM NaCl, 250 mN imidazole) was used together with the buffer 1 to generate the gradient. 

Eluted protein was digested by 3C protease (obtained from FMI protein facility) in dialysis buffer (20 

mM Tris pH=7.5, 500 mM NaCl) at 4°C. Digested protein was re-loaded onto a HisTrap column to 

remove the His tag. His-Avi-ZnF protein was not treated with 3C protease, but loaded directly to the 

gel filtration step. The flow-through was collected and protein purity was determined by SDS-PAGE. 

Different fractions (with a purity >50%) from gradient elution were combined and applied onto an ion 

exchange column. Here, the protein solution was diluted 5 times with 20 mM Tris pH=7.5 buffer and 

loaded onto a 5 ml pre-pack HiTrap Q HP(#GE29-0513-25) column. Protein was eluted over a 25 min 

period with a gradient generated by the AKTA system, by mixing buffer A (20 mM Tris pH=7.5, 100 

mM NaCl, 2 mM Tcep) and buffer B (20 mM Tris pH=7.5, 1 M NacL, 2 mM Tcep). Eluted target 

protein was concentrated and loaded onto Gel filtration system, using either a Superdex® 200 Increase 

10/300 GL (#GE28-9909-44) or HiLoad 16/600 Superdex 200pg (#GE28-9893-35) column. After Gel 
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filtration, the separated target protein was flash-frozen with liquid nitrogen in Gel filtration buffer (20 

mM Tris pH=7.5, 100 mM NaCl, 1 mM TCEP). Protein concentration was determined by its absorbance 

at 280 nm. 

 

Pull-down Assay to identify inhibitory DARPin 

10 μg Purified His-HDAC6 ZnF (1108-1215) was immobilized with 20 μL Ni-NTA agarose 

(Promega#30210) slurry at 4°C for 30 mins.  Subsequently, 20 μg DARPin protein and 10 μg Ub were 

added to the Ni-NTA-ZnF solution at same time (in Figure S1b, they were mixed as described in the 

figure legend). All proteins were diluted in Ni-NTA loading buffer (20 mM Tris pH=7.5, 100 mM NaCl, 

10 mM imidazole). The reaction volume was 500 μL, incubation was at 4°C on rotator for 30 mins. 

After incubation, the beads were washed 3 times with washing buffer (20 mM Tris pH=7.5, 150 mM 

NaCl). The supernatant was removed after spinning down the beads (500 g, 2 mins), and 20 μL 1x LDS 

sample buffer (Invitrogen# NP0007) was added to each reaction. Following heating at 80°C for 10 mins, 

all the samples were loaded onto NuPAGE 4-12% gradient gels. The proteins were visualized with 

Instant Blue reagent (expedeon#ISB1L). 

 

Isothermal titration calorimetry (ITC) for determining affinity 

The experiment was performed on a MicroCal VP-ITC machine. Protein HDAC6 ZnF (1108-1215) and 

DARPin F10 were purified as described, and Ub was purchased from BostonBiochem(Cat# U-100H). 

All the proteins were dialyzed in ITC buffer (10 mM Tris pH=7.5, 100 mM NaCl) for 3 hrs at 4°C 

before the experiment. We titrated 0.2 mM DARPin F10 protein (in the syringe) to 0.02 mM HDAC6 

ZnF (1108-1215) protein in the cell (for determination of Ub and ZnF, 0.25 mM Ub was titrated to the 

0.01 mM ZnF). The curve and statistics were done with the MicroCal ITC Origin Analysis software. 

 

LC-MS analysis for DARPin F10 interacting protein 

5 μg pcDNA3.1-GFP-DARPin F10 and pcDNA3.1-GFP-DARPin E3_5 were transfected into A549 

cells; for each construct 3x 10 cm dishes were used, each containing 2 x 10^6 cells in 10 cm dishes. For 

each sample 15 μL Lipofectamine 3000 were used and the cells were cultured for 2 days to allow for 

sufficient expression. After collecting the cells, each dish was lysed with 500 μL CoIP buffer (10 mM 

Tris pH=7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5%NP-40). The lysate was centrifuged at 14,000 rpm 

and 10 mins, 4°C. Supernatant was transferred to a new tube, and the protein concentration was 

determined by Bradford Assay (Biorad#5000006). Same amount of protein lysate (1.0 to 1.5 μg) was 

incubated with 10 μL GFP_Trap M beads (Chromotek#gtm-20) on rotator at 4°C, overnight. In the 

following morning, the beads were washed with washing buffer (20 mM Tris pH=7.5, 150 mM NaCl) 

3 times. 

To digest the protein on the beads, we used 10 μL Lys-C (0.2μg/μL in 50 mM Hepes pH 8.5) and 50 

μL digestion buffer (3M GuaHCl, 20 mM EPPS pH 8.5, 10 mM CAA, 5 mM TCEP) to make master 
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mix, and added 6 μL of this mixture to the beads from each 10 cm dish. After short spin down (<1000 

g) and 4 hours incubation at 37°C, we added 17 μL 50mM HEPES pH 8.5 as well as 1 μL 0.2 μg/μL 

trypsin to further digest the protein at 37°C overnight. Next morning, 1 more μL trypsin was added to 

the solution for 6 additional hours digestion. Then the sample was processed at the FMI Protein Analysis 

facility for mass spectrometry. The data was analyzed by software Perseus (version 1.5.2.6). And 

protein was annotated with human (v2017-04) database.  

  

RNA Seq analysis for DARPin F10 impact on cellular gene expression 

The A549 cells were transfected as described in above (same as in section “LC-MS analysis”). Each 

plasmid was transfected into 3x 10 cm dish cells. After 2 days in culture, 1.5 million GFP positive cells 

were isolated from each dish by FACS (that is, 3 x 1.5 million cells for one transfected DARPin), and 

total RNA was extracted with the RNA extracting Kit (QIAGEN#74004). The samples were further 

processed at the FMI genomics Facility and sequenced on a Hi-Seq instrument; the results were 

analysed with R-Studio. 

  

Generation of A549 cells expressing a conditionally degradabale DARPin F10  

Plasmid Plenti-Puro-Flag-HA-DARPin F10-FKBPF36V and Plenti-Puro-Flag-HA-FKBPK36V (each 20 

μg) were co-transfected with packaging plasmids (expressing tat, rev, gag, vsv-g, each at 1 μg) together 

with 75 μL FuGENE HD reagent (Promega#E2311) in 0.5 ml Opti-MEM medium (Sigma#31985062). 

After 25 mins incubation at room temperature, the mix was added to 293T cells in 10 cm dish, seeded 

one day before with 1.6 million cells per dish. Cells were cultured at 37°C for 3 days; the medium was 

collected and filtered with 0.45 μm filter (Merck#SEIM003M00), and 1x LentiX concentrator 

(Takara#631231) was added (1/3 of the supernatant volume).  The mixture was incubated at 4°C for 30 

mins and the lentivirus was precipitated by centrifugation at 1500 g, 45 mins, 4°C. The pellet was re-

suspended in 500 μL Opti-MEM (Gibco#31985062). 

The re-suspended lentivirus pellet was added to the culture medium of A549 cells (10 cm dish, 0.6 

million WT A549 cells seeded per dish one day before). Two days later the medium was changed to 

DMEM supplied with puromycin (final concentration 2 μg/ml). Puro-resistant cells were selected for 2 

days and then single-cell sorted into 96 wells plates. After 1 month culturing, clones were expanded 

and analyzed by western blot with HA antibody (Abcam#18181) to identify the cell lines expressing 

HA-DARPin F10-FKBPF36V or HA-FKBPF36V.   

 

Imaging and quantification of aggresome and SGs 

For immunofluorescence, cells were seeded in 4 wells chamber slides (Millipore# C7182) to culture the 

cells. WT A549, DARPin F10-FKBPF36V and dTAG treated (2 μM, 6 hrs) F10 expressing cells were 

treated by 5 μM MG132 for 18 hrs to induce the aggresome formation. HDAC6 was used as a marker 

for aggresome and stained by anti-HDAC6 antibody (CST#7558). The nucleus (DNA) was stained by 
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DAPI (Sigma#D1306). Pictures were taken by spinning disk confocal microscopy with the same 

parameters (e.g. exposure time, binning, etc.) for all the conditions. Pictures were analysed by ImageJ 

software. The aggresome was identified by its signal intensity and shape, quantitated by Particle 

analysis in ImageJ. 

For SGs, we used the same set-up as for the aggresome experiments, but used 1 mM Sodium Arsenite 

(30 mins treatment) instead of MG132 to induce SGs. G3BP1 was used as the marker for SGs and 

visualized by anti-G3BP1 antibody (Aviva Systems Biology#ARP37713_T100). The quantification 

and analysis were done with ImageJ, installed with SG Counter Plugin (developed by Ann Sablina, 

Lomonosov Moscow State University, Russia). Plot and statistics were all done in software Graphpad 

Prism 8. 

 

Split-GFP assay 

Plasmid pcDNA3.1-GFP(1-9), pcDNA3.1-GFP(10)-Ub, pcDNA3.1-GFP(11)-HDAC6 ZnF (1108-

1215)/1182 mutant and pcDNA3.1-mRuby were co-transfected with FuGENE reagent (using the 

manufacturer’s protocol) (Promega#E2311) together to 0.5 million 293T cells in 6 well plate, with a 

molarity ratio of 1:1:1:1 (1 μg for pcDNA3.1-GFP(1-9), other plasmids were adjusted accordingly). 

After 2 days culturing at 37°C, the GFP signal was visualized under wide field microscopy (Zeiss Z1). 

mRuby expression served as a transfection control. 

To investigate DARPin interference, non-fluorescent tagged DARPin F10 and DARPin A10 plasmid 

(1 μg for both) were transfected together with the plasmids mentioned above. Visualization procedures 

were the same. 

 

IAV uncoating assay 

A549 cells were seeded on glass slides and, after reaching ca. 70% confluence, incubated at 4 °C with 

IAV X31 (H3N2, MOI = 30 PFU/cell) for 1 h to synchronize infection. After that, the cells were 

incubated at 37 °C for 3 h and fixed with paraformaldehyde 4% for 15min. For immunofluorescence, 

cells were permeabilized with 0.5% Triton X-100 in PBS for 5 min and incubated overnight in 1% BSA 

with M1-specific murine monoclonal antibody (ATCC#HB64, 1:4000). Cells were washed with PBS 

and incubated for 1 h with Alexa Fluor 488 goat anti-mouse (IgG) (H+L) (Thermo Fischer; 1:2000, 1% 

BSA) for 1 h at room temperature. Nuclei were stained for 5 min with DAPI (1:1000 in PBS). Glass 

slides were examined using spinning disk confocal scanning unit. Alex Fluor 647 NHS ester Tris was 

used to stain the total protein to visualize the cell body.  

The mean fluorescence green intensity (MFI) was quantified using ImageJ. One representative out of 

three independent experiments is shown. For all panels, error bars represent standard deviation of the 

pictures analyzed (approximately 40 cells per picture and more than 200 cells in total) and statistical 

significance was determined by one-way ANOVA (ns (non-significant) = P > 0.05; *P ≤ 0.05; 

**P ≤ 0.01; ***P ≤ 0.001). 
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Virus growth curve 

A549 cells were infected in 6 well/plates with Influenza virus (Virapur, H3N2, purified Influenza 

A/X31, #B1707C) at 37°C in infection medium (DMEM 0.2% BSA, 2 mM L-glutamine and 1 μg/ml 

of TPCK-treated trypsin). For single cycle infection assays, cells and viruses were pre-incubated at 4°C 

for 1 h and the cells were washed with PBS before incubation at 37 °C for the indicated time points. 

Viruses from the harvested supernatants were quantified using plaque assay in MDCKII cells with 2% 

agar overlay. 

A Zika virus stock from a low passage clinical isolate of Asian lineage (ZIKV PRVABC59) passaged 

on Vero cells and purified by ultracentrifugation was used to infect A549 cells in 24 well/plates at 37°C 

with in DMEM 10% FCS. Virus titers collected from the culture supernatant were determined on Vero 

cells (ATCC#CCL-81) and expressed as 50% tissue culture infective dose per ml (TCID50/ml) using 

the Reed and Muench method. 

  

Immunofluorescence for Zika virus 

For detection of Zika virus protein on infected cells 72hpi, the A549 cells were washed with PBS, fixed 

with 4% PFA and incubated with anti-E protein Flavivirus group antibody 4G2 in PBS supplemented 

with 1% BSA for 1h at 37 °C. Cells were washed with PBS and incubated for 1 h with Alexa Fluor 488 

goat anti-mouse (IgG) (H+L) (Thermo Fischer; 1:2000, 1% BSA) for 1 h at room temperature. Nuclei 

were stained for 5 min with DAPI (Thermo Fischer, 1:1000 in PBS). 

 

Quantification and Statistical Analysis 

Peptides of raw DARPin F10 data from the mass spectrometers were identified and quantified by MQ 

version 1.5.3.8. For data searches the search engine Andromeda was used. A costume DB with the 

DARPin_F10 and E3_5 sequence combined with the human sub-set of the UNIPROT DB and the 

contaminant library from MaxQuant was searched. Results were filtered with a FDR of 1%.  

Details of specific statistical tests and experimental design for immunofluorescent experiments are 

given in the relevant figure legends. All Virus growth curve experiments were performed in triplicate 

(n=3) for technical reolication. Each experiment was independently repeated 2 to 3 times to consolidate 

the conclusion. To analyze the data, two-way ANOVA test (using the Geisser-Greenhouse Correction) 

was performed with GraphPad Prism 8; Abbreviations for p values are as follows: p < 0.05 = ∗, p < 

0.01 = ∗∗, p < 0.001 = ∗∗∗, p < 0.0001 = ∗∗∗∗; significant P values were shown. 
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