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SUMMARY

The deacetylase HDAC6 has tandem catalytic domains and a zinc finger domain (ZnF) binding ubiquitin (Ub).
While the catalytic domain has an antiviral effect, the ZnF facilitates influenza A virus (IAV) infection and
cellular stress responses. By recruiting Ub via the ZnF, HDAC6 promotes the formation of aggresomes
and stress granules (SGs), dynamic structures associated with pathologies such as neurodegeneration.
IAV subverts the aggresome/HDAC6 pathway to facilitate capsid uncoating during early infection. To target
this pathway, we generate designed ankyrin repeat proteins (DARPins) binding the ZnF; one of these prevents interaction with Ub in vitro and in cells. Crystallographic analysis shows that it blocks the ZnF pocket
where Ub engages. Conditional expression of this DARPin reversibly impairs infection by IAV and Zika virus;
moreover, SGs and aggresomes are downregulated. These results validate the HDAC6 ZnF as an attractive
target for drug discovery.

INTRODUCTION
RNA viruses like influenza A virus (IAV) and Zika virus (ZIKV)
affect millions of people worldwide, and the current coronavirus
disease 2019 (COVID-19) pandemic is a vivid reminder that viruses are a constant threat. Viruses have evolved mechanisms
that intersect with cellular pathways and favor infection. One
such pathway is ubiquitination, the process by which ubiquitin
(Ub) is used to generate polymeric chains that can be conjugated
to proteins. By modulating protein function (e.g., localization) or
fate (e.g., degradation), ubiquitination impinges on cellular metabolism widely. Proteins ubiquitinated by K48-branched chains
are targeted for degradation by the ubiquitin proteasome system
(UPS) (Komander and Rape, 2012). Ub is critical in innate immunity, e.g., by modulating the activity of the RNA helicase retinoic
acid-inducible gene I (RIG-I), a viral RNA sensor eliciting interferon production (Peisley et al., 2014).
Ub is also important for the cellular stress response and is
part of membraneless organelles forming as defense mechanisms. When misfolded proteins fail to be degraded, they
assemble with Ub chains in a perinuclear structure called

aggresome (Johnston et al., 1998), which is degraded by autophagy; this is known as the aggresome processing pathway
(APP). This process depends on protein transport along the
microtubules, mediated by molecular motors, such as dynein,
and on histone deacetylase 6 (HDAC6). Aggresomes have also
been associated with viral replication (Wileman, 2006). Stress
granules (SGs) are dynamic RNA-protein aggregates that build
up following stress or viral infection (Nover et al., 1989). SGs
contain RNAs and proteins including translational machinery
components (Protter and Parker, 2016). UPS inhibition induces SG formation (Mazroui et al., 2007), and unconjugated
Ub co-localizes with SGs (Markmiller et al., 2019). Like aggresomes, SGs have been associated with viral replication, neurodegeneration, and cancers (Anderson et al., 2015; Montero
and Trujillo-Alonso, 2011; Reineke and Lloyd, 2013). SGs
and aggresomes are viewed as temporary protective mechanisms against harmful cellular environments (Hao et al.,
2013; Protter and Parker, 2016; Wheeler et al., 2016); their dynamics can be altered in pathological situations, as seen with
the enrichment of mutated FUS or TDP-43 in SGs (Ash et al.,
2014; Olzmann et al., 2008).
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The lysine deacetylase HDAC6 is important for IAV infection
and cellular granules formation. It has tandem catalytic domains
(CDs) (Miyake et al., 2016) and an Ub-binding zinc finger domain
(ZnF-UBP, hereafter ZnF) (Hook et al., 2002; Seigneurin-Berny
et al., 2001). Major substrates of HDAC6 are tubulin (Hubbert
et al., 2002; Zhang et al., 2003), HSP90 (Kovacs et al., 2005), cortactin (Zhang et al., 2007), or DDX3X (Saito et al., 2019). By regulating the acetylation of tubulin and cortactin, HDAC6 influences
microtubules dynamics, cytoskeletal trafficking, and cellular
motility (Boyault et al., 2007). HDAC6-specific CDs inhibitors
have shown efficacy in 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 that binds to the C-terminal -Gly-Gly of unanchored Ub chains (Boyault et al., 2006; Ouyang et al., 2012): formation of SGs and aggresomes requires an intact ZnF (Kawaguchi et al., 2003; Kwon et al., 2007; Legros et al., 2011). Due to
distinct functions of the CDs and ZnF, HDAC6 has antiviral and
pro-viral roles. Its CDs deacetylate RIG-I (Choi et al., 2016) and
IAV RNA polymerase PA (Chen et al., 2019) to restrict viral
genome amplification and induce the interferon response; in
contrast, the ZnF facilitates IAV uncoating early in infection
(Banerjee et al., 2014). Viruses often depend on the UPS (Isaacson and Ploegh, 2009) and intersect with Ub pathways during
infection (Gustin et al., 2011); proteasome inhibitors block IAV entry and impact the replication of various viruses (Rudnicka and
Yamauchi, 2016). For the flaviviruses Dengue and Zika, capsid
or envelope protein ubiquitination is vital: Dengue uncoating requires a nondegradative ubiquitination step (Byk et al., 2016),
and ZIKV E protein ubiquitination promotes virus attachment
and entry into cells (Giraldo et al., 2020). A recent proteomics
study found host proteins including Ub in viral particles of human
immunodeficiency or vesicular stomatitis virus (Gale et al., 2019).
We showed that IAV contains unanchored Ub (Banerjee et al.,
2014) and that uncoating recapitulates key aspects of the APP,
including HDAC6 and Ub recruitment (Arctibasova et al., in preparation). Moreover, the APP and the HDAC6-Ub interaction is critical for inflammasome activation (Magupalli et al., 2020). Hence,
targeting the ZnF-Ub interaction is of great therapeutic interest.
Here we have generated designed ankyrin repeat proteins
(DARPins) that recognize the ZnF of human HDAC6. We show
that one DARPin binds tightly to the ZnF and blocks the Ub-binding pocket; owing to its high affinity, it displaces Ub from the ZnF
in vitro and in cells. Conditional expression in cells leads to
reduced infection by IAV and ZIKV, thereby establishing that
this pathway can be used by enveloped RNA viruses beyond
IAV. We found that Ub is associated with ZIKV particles, thus
suggesting a conserved mechanism for uncoating. In these
DARPin-expressing cells, aggresome and SG formation is
impaired. Hence, manipulating the ZnF-Ub interaction can
modulate the cellular response to stress and viral infection.
RESULTS
Identification of DARPins selectively recognizing the
HDAC6 ZnF
We set out to identify antibody-like molecules targeting the ZnF.
The purified human HDAC6 ZnF was used as a bait for identifica-
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tion of nanobodies and DARPins (Binz et al., 2003, 2004;
€ckthun, 2015) binding specifically (Figure 1A; see STAR
Plu
Methods). Several nanobodies were identified, but their biological effect was weak (Figures S1A and S1B) and we concentrated
€ ckthun, 2015).
on the DARPins (Binz et al., 2003, 2004; Plu
DARPins were selected by in vitro ribosome display (Brauchle
€ ckthun, 2012); following the high
et al., 2014; Dreier and Plu
throughput screen, we identified by an HTFR assay (Table S1)
24 DARPins binding to the bait. We used them for binding assays
with purified ZnF and Ub at equimolar ratios: all DARPins efficiently bound the ZnF (Figure S1C), but one, F10, prevented
interaction with Ub (Figure 1B). Maximal interference was obtained when F10 was first incubated with the ZnF, but addition
of F10 to a preformed ZnF-Ub complex was able to displace
Ub (Figure S1D).
To test whether F10 interfered with the ZnF-Ub interaction in
cells, we used a split-GFP assay (Cabantous et al., 2013) (Figure 1C) in which reconstitution of a functional GFP molecule is
mediated by ZnF-Ub interaction. Mutation of a ZnF residue
(W1182A), which disrupts interaction with Ub (Hao et al., 2013),
abolished the GFP signal. Expression of F10 suppressed the
fluorescence signal, while expression of DARPin A10, which
binds the ZnF without blocking Ub, did not interfere
(Figures 1B and 1C).
When transiently expressed in A549 cells, F10 but not the control DARPin E3_5 (Binz et al., 2003) can be used to precipitate
endogenous HDAC6 (Figure 1D). Mass spectrometric analysis
of the precipitates identified five proteins besides HDAC6,
none of which has a ZnF (Figure 1E). Thus, F10 can impair
ZnF-Ub interaction in cells with high specificity. We also performed transcriptome analysis of A549 cells transiently expressing F10 or a control. The transfection process elicited some gene
expression changes (Figures S2A and S2B), but none of these
were DARPin specific; indeed, the changes induced by F10 or
E3_5 showed no significant difference (Figure S2C).
DARPin F10 forms a stable complex with the ZnF
To understand how F10 inhibits HDAC6 ZnF-Ub binding, the
ZnF-F10 complex structure (Figure S3A) was determined by
crystallography. A 2.55-Å resolution 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). 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-F10 complex, and the entire sequence, except for the first two N-terminal
F10 amino acids (aa), is defined by electron density. The
N-capping ankyrin repeat of F10 consists of two a helices followed by four complete repeats, together including a helices 1
to 10 (a1 to a10) and the b turns 1 to 4 (L1 to L4; Figure 2A).
The complex interface was analyzed 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 a3, a5, and a7, encloses the tip of the protruding ZnF motif III (loops aa 1,133–
1,142 and aa 1,153–1,160), and the four b turns of F10 insert
like fingers into the canyon-like cleft between ZnF motif II (loops
aa 1,184–1,187 and aa 1,112–1,116) and ZnF motif III of the ZnF
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Figure 1. DARPin F10 inhibits ZnF-Ub interaction in vitro and in cells
(A) Schematic of HDAC6, showing the catalytic domains (CD1, CD2) and the zinc finger domain (ZnF,
amino acid 1,108–1,215) used to select binders.
Generic nanobody and DARPin structures
(PDB:1I3V and PDB:2QYJ) are shown. The
HDAC6 sequence (aa 1,153–1,190) at top shows
the Ub binding motifs (framed red) (Uniprot:
Q9UBN7) (Ouyang et al., 2012).
(B) F10 blocks ZnF-Ub interaction in vitro. Purified
His-tagged ZnF (aa 1,108–1,215), Flag A10 or F10
and mono-Ub were mixed; following incubation,
DARPins and associated proteins were pulled
down with anti-Flag beads. The precipitate was
analyzed by immunoblotting, using antibodies
against His, Ub, and Flag. PD, pull down; FT, flow
through.
(C) In 293T cells, ZnF-Ub interaction is disrupted by
F10, as monitored by a split-GFP assay. ZnF (aa
1,108–1,215) and Ub were fused to separate GFP
fragments so that ZnF-Ub interaction is required to
reconstitute a functional GFP molecule (scheme at
top). GFP beta strands are GFP-(1–9), GFP-10, and
GFP-11. A mutant ZnF (W1182A, ZnFm) was used
as a control. An mRuby plasmid was included in all
transfections (red signal). Scale bar: 1 mm.
(D) Immunoprecipitation of endogenous HDAC6 by
F10. A GFP fusion protein to F10 or to control E3_5
was transiently expressed in A549 cells, and the
DARPins were immunoprecipitated with GFP-trap
beads. The immunoprecipitate (IP) was analyzed
by immunoblotting, using antibodies against GFP
or HDAC6.
(E) Mass spectrometry analysis to determine the F10
interactome. Immunoprecipitate (D above) was
analyzed by mass spectrometry, and enriched proteins are annotated.

(Figure S3B). ZnF-F10 interactions are governed by an intricate
network of hydrophobic contacts and polar interactions between
the two proteins (Figure S3C, electron densities shown in
Figure S3D). They are in the central ankyrin repeats (Lys47 in
a3, Asp67 in L2, Asp100 in L3, and Arg113 in a7) and ZnF motif
III region, from Arg1155 to Asn1158, which we speculate to be
critical for F10 binding specificity. Mutation of Lys47, Asp67,
Asp100, and Arg113 to Alanine in F10 (F10KDDR) was sufficient
to prevent complex formation, as shown by pull-down (Figure S4A and B) and isothermal titration calorimetry (ITC) assays
(Figure S4C).
Aligning the F10-bound ZnF to the Ub-bound ZnF structure
(3GV4) shows small differences between the conformations,
with an overall root-mean-square deviation of 1.062 Å (Figure 2B). Limited backbone shift is observed; in contrast, the
side chain of Arg1155 and Tyr1156, ‘‘gatekeepers’’ for Ub binding (Ouyang et al., 2012), are bent outward by 6 Å and 2.5 Å (Figure 2B right). Another ZnF key residue for Ub binding is W1182

(Hao et al., 2013; Ouyang et al., 2012); it
makes hydrophobic contacts (distance
>4 Å) with F10 (Met69), but its position
was not altered (Figure S3E).
In the ZnF-Ub structure (3GV4), the negatively charged Ub
C-terminus inserts into a positively charged pocket (ZnF binding
pocket, ZBP; Figure S4D left), which is part of the characteristic
ZnF cleft. When Ub is bound, the ZBP is filled by the Ub C-terminal -Leu-Arg-Gly-Gly peptide. Superposition of F10 onto the
ZnF-Ub structure revealed that the Ub binding site is occupied
by F10 residues (Figures 2C and S4E). Backbone atoms on L3
(His101 to Gly103; Figure 2C), and side chains of Lys102 (L3)
and Met69 (L2) are directly clashing with Leu73 and Arg74 of
Ub (Figure S4F). F10 binding to the positively charged ZnF-Ubbinding pocket is not significantly facilitated by charge complementarity as observed for Ub binding (Figure S4D right). Thus,
complex formation and inhibition of Ub binding appear to rely
on substantial shape complementarity and are driven by non-polar and polar interactions. Using ITC, we determined the in vitro
binding affinities between the ZnF and mono-Ub or F10 (Figure 2D). This revealed that the ZnF has a 55-fold higher affinity
for F10 (KD 95.05 ± 12.3 nM) than for Ub (KD 5.16 ± 0.47 mM),
Cell Reports 39, 110736, April 26, 2022 3
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Figure 2. 2.55-Å crystal structure shows the
detail of DARPin F10 inhibition on Ub recruitment
(A) F10 bound to HDAC6 ZnF. F10, ZnF (aa 1,108–
1,215), and Zn2+ ions are colored purple, green,
and gray. F10 a helices (a1 to a10) and b turns
(L1 to L4) are numbered starting from the
N-terminus (PDB: 7ATT).
(B) ZnF conformation alignment in two binding
forms. Green shows the ZnF structure bound to
F10, and cyan shows the ZnF bound to Ub (PDB:
3GV4). Right: zoomed-in view of the Ub binding
‘‘gatekeeper’’ amino acids, Arg1155 and Tyr1156.
The shifting of side chains is indicated by dashed
lines with the distance labeled.
(C) Zoomed-in views of the ZnF-Ub-binding
pocket. The ZnF-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): F10 L3 backbone clashes
with the Ub tail. The region from His101 to
Gly103 is indicated by the dashed line rectangle
(right).
(D) Affinities of ZnF for F10 or free Ub by ITC assays. ZnF-F10: DS = 20.6 cal/mol/deg, N = 1.01.
ZnF-Ub: DS = 12.8 cal/mol/deg, N = 1.46.
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Figure 3. DARPin F10 interferes with IAV
infection
(A) F10 can be efficiently degraded. Immunoblotting with lysates of F10-FKBP cells treated for the
indicated times with dTAG (2 mM). The leftmost
lane shows the parental A549 cells. The membrane
was probed with antibodies against HDAC6,
a-tubulin, and F10 (HA-F10-FKBPF36V, detected
with anti-HA).
(B) F10 impairs IAV infection. A549 WT, F10-FKBP,
or FKBP cells were infected with IAV at a MOI of
0.05 (n = 3), and culture supernatants were
collected every 12 h until 72 h. Viral titer was quantified by plaque assay. Statistical analysis was
done with one-way ANOVA test; p values show
the significant (< 0.05) difference between cell lines
expressing or not F10. Data are represented as
mean ± SD.
(C) Treatment with dTAG restores IAV susceptibility. The indicated cell lines (/+ dTAG pre-treatment) were infected with IAV at an MOI of 0.05
(n = 3). Culture supernatants were analyzed as in
(B); p values show the significant (< 0.05) difference between A549 WT and F10-FKBP cells.
Data are represented as mean ± SD.
(D) Effect of F10 on a single IAV life cycle. The indicated cell lines were infected with IAV at an MOI of
10 (n = 3), and culture supernatants were collected
every 2 h up to 8 h. Viral titer was analyzed as in
(C) above.
(E) IAV uncoating is impaired by F10. Left panels:
confocal microscopy visualization of uncoating,
staining for the capsid M1 protein (green). Parental
A549 or F10-FKBP cells (/+ dTAG pre-treatment)
were used for IAV infection, and M1 localization
was analyzed 3.5 hpi. Bafilomycin A1 treatment
was used to block endosomal acidification. Total
protein was stained to visualize the cell body
(red); scale bar, 20 mm. Right panel, quantification
of the image analysis in the different samples (n =
3); ca. 30 cells were selected per view (six to nine
views for each condition), and M1 fluorescence intensity was analyzed. Statistical analysis as in (B);
p values show the significant (< 0.05) difference
against untreated A549 WT cells. Data are represented as mean ± SD.

supporting a specific binding mode. Thus, by forming an interlocked interface comprising large parts of the ZnF, F10 binds
stronger than Ub and competes for the Ub-binding pocket.
Targeting the HDAC6 ZnF impairs IAV infection during
uncoating
To examine whether expression of F10 can impact HDAC6related cellular processes, we generated A549 cell lines stably
expressing F10, fused to an FKBPF36V degron (hereafter F10FKBP cell line), as well as control cells expressing the
FKBPF36V moiety (FKBP cells). In these cells, conditional degradation can be induced by dTAG-13 (hereafter dTAG), which
engages FKBPF36V and Cereblon, leading to proteasomal degradation (Nabet et al., 2018) (Figure S5A). In F10-FKBP cells, dTAG
addition led to complete degradation of the F10 fusion protein in
ca. 6 h (Figure 3A). Pre-treatment with proteasome inhibitors,
e.g., MG132, carfilzomib, and bortezomib, prevented degrada-

tion (Figure S5B). However, when MG132 was added after the
dTAG treatment, F10 expression was not recovered for < 18 h
(Figure S5C). F10 expression did not impact HDAC6 enzymatic
activity, as evidenced by the fully deacetylated tubulin in these
cells (Figure S5D). Next, we examined the F10-FKBP cell line
transcriptome versus the parental A549 cells; importantly, the
expression of genes involved in the interferon response e.g.,
DDX58 (encoding RIG-I), IRF3, IRF9, DDX60L and others, was
not altered (Figure S5E).
Infection by IAV depends on the HDAC6/APP at the uncoating
stage (Banerjee et al., 2014) (Arctibasova et al., in preparation).
We therefore infected the different cell lines with IAV and
analyzed the virus titer in the culture supernatant. Viral growth
curve showed approximately a 10-fold reduction of virus titer
in F10-FKBP cells compared with cells lacking the DARPin (Figure 3B). Remarkably, this difference was maintained through
multiple replication cycles for up to 72 h post infection (hpi).
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Figure 4. ZIKAV replication is inhibited by DARPin F10
(A) Reduction of ZIKV titer in F10-expressing cells. The indicated cell lines (/+ dTAG pre-treatment) were infected with ZIKV at an MOI of 0.1 50% tissue culture
infective dose (TCID50)/cell, and culture supernatant was analyzed at 72 h. Viral titers were determined by a TCID50 assay; the baseline titer obtained with A549
WT cells was set to 100%. Statistical analysis was done with one-way ANOVA test; p values refer to the significant (< 0.05) differences between samples (n = 3).
Data are represented as mean ± SD.

(legend continued on next page)
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F10 degradation by dTAG addition (Figure 3C top) prior to infection restored susceptibility to virus (Figure 3C bottom). We also
examined the virus titer within one replication cycle (up to 8 h).
Consistent with these results, a robustly reduced viral load was
detected as early as 6 hpi in F10-FKBP cells (Figure 3D).
To visualize uncoating, we monitored the release of matrix
protein M1 from viral particles and its cellular distribution. At
3.5 hpi the M1 signal (green) was detected as a weak, diffuse,
dotted staining in untreated WT A549 cells (Figure 3E, top left
panel). 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 was observed in F10-FKBP cells, and dTAG addition
restored the M1 signal; quantification confirmed that F10 inhibits
IAV uncoating (Figure 3E, right panel).
To verify that the uncoating impairment was due to the interaction of F10 with the HDAC6 ZnF (and Ub recruitment blockade),
we prepared A549 cell pools expressing either the WT F10 or the
mutant F10KDDR (HA-F10 or HA-F10KDDR cells). Both pools express comparable DARPin levels; while the HA-F10 cells showed
a strongly reduced infection as expected, the HA-F10KDDR cells
showed a much weaker effect (Figures S5F and S5G).
Infection by zika virus is inhibited by DARPin F10 at
uncoating
ZIKV is a mosquito-borne, enveloped, single-stranded RNA virus; it has spread to the Americas (Campos et al., 2015) after outbreaks in Micronesia (Duffy et al., 2009) and French Polynesia
(Cao-Lormeau et al., 2014). We set out to test if ZIKV is also sensitive to blockade of the HDAC6 ZnF. We used a low passage
clinical isolate of Asian lineage ZIKV (Puerto Rico strain) to infect
A549 WT and F10-FKBP cells, and the viral titer was determined.
At 72 hpi the titer was strongly reduced in the F10-FKBP cells, in
comparison to dTAG-treated cells or parental A549 cells (Figure 4A). To examine infection, we fixed cells at 72 or 16 hpi
and stained for ZIKV envelope (E) protein and for DNA with
DAPI to monitor cell number (Figures 4B and 4C). Based on
the number of ZIKV E protein-positive cells, in WT A549 cells
the infectivity ratio was about 20% at 72 h and > 10% at 16 h.
In contrast, in F10-FKBP cells, this value was < 3% and largely
recovered upon dTAG treatment.
We next examined whether Ub could be detected in ZIKV particles. For this we used ZIKV particles of an African lineage strain
(Vielle et al., 2018) and tested Ub presence by immunoblotting,
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as we had done for IAV (Banerjee et al., 2014). As shown in Figure 4D, when the particles were either untreated or treated with
only detergent, a high molecular weight Ub signal and the E
capsid protein signal were detected. When the ZIKV particles
were treated shortly with detergent together with Proteinase K
to digest the capsid and release its contents, the high molecular
weight Ub signal and the E protein signal disappeared, reflecting
destruction of the viral capsid. Simultaneously low molecular
weight Ub signals became visible. The presence of Ub was
also evidenced in the ZIKV Puerto Rico strain (Figures S5H and
S5I). Overall, this pattern is similar to what we observed with
IAV (Banerjee et al., 2014) and is compatible with the presence
of Ub in ZIKV particles.
Very early after infection the ZIKV RNA is protected by the
capsid until it gets released in the cytoplasm, where it becomes
rapidly degraded by nucleases (Gestuveo et al., 2021). Due to
this, more ZIKV RNA can be detected at 1 than at 2 hpi; similar
findings have been made for other flaviviruses (Pijlman et al.,
2008). In this context, we reasoned that if ZIKV uncoating is
blocked by F10, then higher ZIKV RNA levels should be seen in
F10-FKBP cells than in WT cells or than in dTAG-treated F10FKBP cells. We therefore infected cells at high multiplicity of
infection (MOI) and measured ZIKV E RNA. As expected, in WT
cells we found more ZIKV RNA at 1 than at 2 hpi; in contrast, in
F10-FKBP cells the ZIKV RNA level was higher at either time
point than in the WT cells. Furthermore, when F10 was degraded
the ZIKV RNA level was as in WT cells (Figure 4E). These results
demonstrate that for ZIKV, like for IAV, impinging on HDAC6-Ub
interaction leads to a strong reduction in infectivity by affecting
uncoating. We also examined the expression of interferonrelated genes in ZIKV-infected cells: expression of DDX58 (encoding RIG-I), IFNB1 (type I IFN), IFNL1 (type III IFN), or other
genes of this pathway was downregulated in F10-FKBP cells,
indicating that the effect of F10 is not due to upregulation of antiviral pathways (Figure 4F).
Targeting the HDAC6 ZnF impairs cellular granules formation
After dTAG treatment, F10 re-expression takes more than 18 h
(Figure S5C). Since an 18-h MG132 treatment is widely used to
induce aggresome formation in human cells (Kawaguchi et al.,
2003), this setup allowed to test the effect of F10 on this process.
Aggresome was visualized by HDAC6 and Ub staining; in
parental A549 cells a strong perinuclear staining was observed,

(B) Reduced ZIKV infection in F10-FKBP cells. Left panels: microscopy visualization of ZIKV E protein expression. After ZIKV titer quantification in (A), the cells at
72 hpi were stained by DAPI (blue) and for ZIKV E protein (green). 103 objective; scale bar, 0.2 cm. Mock WT refers to non-infected A549 cells; all other samples
were infected. Right graph: quantification of the ZIKV E protein-positive cells based on independent experiments (n = 3). Statistical analysis as in (A).
(C) ZIKV infection is halted by F10 at early time point. Analysis and quantification as in (B) but at 16 hpi. 203 objective.
(D) Ub is present in ZIKV particles. Purified ZIKV particles (African strain) were incubated with Proteinase K (ProK) or Triton X-100. Samples were analyzed by
immunoblotting with antibodies detecting Ub and ZIKV E protein.
(E) Elevated ZIKV RNA early after infection in cells expressing F10. The indicated cells (/+ dTAG pre-treatment) were infected with ZIKV at high MOI (= 10) and
RNA was analyzed at 1 and 2 hpi. ZIKV E genes RNA level is shown as fold change after normalization to 18S and Actin RNA controls; WT A549 (1 h) was used as
baseline for relative comparison with 2DDct method (n = 3). Statistical analysis was done with two-way ANOVA; p values (< 0.05) are shown. Data are represented
as mean ± SD.
(F) No antiviral genes upregulation in ZIKV-infected F10-FKBP cells. The indicated cell lines (/+ dTAG pre-treatment) were infected with ZIKV (MOI = 1), and total
RNA was extracted at 24 hpi. Expression of interferon-related genes, DDX58 (RIG-I), ISG15 (ISG15), IFNL1 (IL-29 or IFN-l), and IFNB1 (IFN-b1) was analyzed by
qRT-PCR (n = 3). Actin and GAPDH served as double control. Mock (uninfected WT A549 cells) was used as baseline for relative comparison with 2DDct method.
Statistical analysis as in (A); difference to Mock not shown.
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Figure 5. DARPin F10 impairs cellular granules formation
(A) Aggresome formation was induced with MG132
in indicated cells (/+ dTAG pre-treatment).
Aggresomes were detected by staining for HDAC6
and Ub; DAPI was used to stain the nucleus. Scale
bar, 20 mm.
(B) Quantification of aggresome formation by Ub
signal (n = 3). The graph shows the percentage of
aggresome-positive cells; each data point represents the percentage obtained in a randomly chosen micrograph containing ca. 50 cells. Statistical
analysis was done by one-way ANOVA; p values
refer to significant (< 0.05) differences between
samples. Data are represented as mean ± SD.
(C) SGs were induced with NaAsO2 in indicated
cells (/+ dTAG pre-treatment); SGs were visualized and quantified by staining for G3BP1. Representative pictures are shown. Scale bar, 20 mm.
(D) Quantification of the number of SGs per cell
area. Each data point represents the number of
SGs per cell area in a sample containing one or a
few (ca. 2 to 5) cells. Data were collected in five independent experiments (n = 5). Statistical analysis
as in (B).

(Tourrière et al., 2003). F10-FKBP cells
had approximately 30% fewer SGs than
the parental A549 cells or dTAG-treated
F10-FKBP cells (Figures 5C and 5D; a
representative higher magnification view
is shown in Figure S6D). However, size
and roundness, two parameters related
to SG maturation, were not altered by
F10 expression (Figure S6E).
DISCUSSION

which was disrupted in F10-FKBP cells (Figure 5A). When cells
were first treated with dTAG, aggresome formation was restored
(Figure 5A right panels). Quantification of Ub staining showed
that aggresomes formed in < 60% of the F10-FKBP cells,
compared to ca. 80% of the WT A549 or dTAG-treated F10FKBP cells (Figure 5B). Higher magnification pictures show
disruption of the aggresome structure by F10 (Figure S6C, left).
When quantification was based on HDAC6, ca. 50% of WT
and slightly above 20% of F10-FKBP cells were positive
(Figures S6A and S6B). Scanning of the signal intensity across
aggresome structures in the different cell lines shows how
both signals are reduced in F10-FKBP cells (Figure S6C, right).
We next examined oxidative stress-induced SGs and monitored their presence by staining for G3BP1, a SG marker
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HDAC6 is an established target for drug
discovery: chemical inhibition of the CDs
has shown antitumor activity and synergy
with chemotherapy (Brindisi et al., 2019;
Li et al., 2018). While drug discovery has
been focused on HDAC6 CDs, our work
highlights an alternative approach for interfering with HDAC6 ZnF-dependent pathways, such as the APP.
Compared to the described small molecules binding the ZnFUb-binding pocket (Ferreira de Freitas et al., 2018; Harding
et al., 2017), we used the entire Ub, not the C-terminal peptide,
to show that its binding can be interfered with. Disruption of the
ZnF-Ub interaction was achieved in vitro and in cells, where it
leads to robust biological phenotypes. Indeed, displacing Ub
from the HDAC6 ZnF has a strong impact on IAV infection, and
the same effect was observed with ZIKV, another RNA virus.
Like for IAV, we could evidence Ub in ZIKV particles, although final
demonstration that it is unanchored awaits further testing. This
suggests that the underlying mechanism may be similar for IAV
and ZIKV and might also be used by other enveloped RNA viruses,
such as Ebola virus and HIV, which contain Ub inside the virion
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(Gale et al., 2019). Ubiquitination of the ZIKV envelope protein was
recently shown to be important for virus entry (Giraldo et al., 2020),
indicating that Ub plays multiple roles in the life cycle of this virus.
Blocking the ZnF led to a reduced number of SGs following
oxidative stress, but their size or shape was unaltered. In
contrast, we found previously that impairment of HDAC6 catalytic activity results in smaller SGs. This impaired SG maturation
is due to the lack of deacetylation and inefficient phase separation of the RNA helicase DDX3X, a critical SG component under
some stress conditions (Saito et al., 2019). Thus, both functional
domains of HDAC6 can impact distinct steps of SG formation.
Aggresomes and SGs are regarded as cellular-protective inclusion bodies shielding 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, and Htt in SGs (Sweeney et al., 2017) and
to their transformation from transient to persistent structures,
accompanied by neuronal damages (Gao et al., 2019; Kawaguchi et al., 2003). Thus, downregulating SGs and aggresome
formation by targeting the HDAC6 ZnF might synergize with therapies for neurodegeneration or cancer.
Viruses are often pathogenic and interfering with their infectivity is beneficial. Current treatments are based on targeting viral
proteins like the IAV M2 ion channel and neuraminidase NA (Du
et al., 2012; Hussain et al., 2017). Such antivirals easily lead to
escape mutants as viral proteins are prone to mutations. Thus,
targeting a cell-assisted viral uncoating mechanism by disrupting the Ub-HDAC6 interaction is an attractive alternative. Mice
lacking HDAC6 are viable and do not show overt phenotypes under standard conditions other than elevated tubulin acetylation
(Zhang et al., 2008). It is thus possible that transient impairment
of the HDAC6 ZnF-Ub interaction might be tolerated. Hence,
interfering selectively with the HDAC6 ZnF-Ub interaction represents a general therapeutic modality that could be combined
with virus-specific approaches and might also be of interest in
other pathological situations.
Limitations of the study
Our previous work had shown the role of unanchored Ub chains,
recruited by HDAC6, for IAV uncoating (Banerjee et al., 2014) (Arctibasova et al., in prep). Our DARPin disrupting the ZnF-Ub interaction allowed us to recapitulate the initial IAV observations and to
extend them to ZIKV. With the tools available, we have not formally
demonstrated that unanchored Ub chains are involved, but this is
our favored working model; further work is required to rigorously
establish this point. This will require the development of reagents
allowing to unambiguously differentiate free from covalent forms
of Ub. Finally, there is a formal possibility that the ZnF also has
another, unidentified, function independent of Ub binding. Given
our structural description of how F10 engages with the ZnF and
the high affinity of the interaction, this seems unlikely.
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KEY RESOURCES TABLE

REAGENT or RESOURCE
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IDENTIFIER

Antibodies
Human monoclonal HDAC6 antibody

Cell Signaling

Cat#7558; RRID: AB_10891804

Monoclonal ANTI-FLAG M2 antibody produced
in mouse

Sigma-Aldrich

Cat#F3165; RRID: AB_259529

Pan-Ubiquitin antibody(P4D1)

Santa Cruz

Cat#sc-8017; RRID: AB_2762364

Pan-actin antibody

Sigma-Aldrich

Cat#SAB4502632; RRID: AB_10746710

Anti-His tag antibody

Santa Cruz

Cat#sc-53073; RRID: AB_783791

GFP-antibody

Cell Signaling

Cat#2037

Monoclonal Anti-a-Tubulin antibody produced
in mouse

Sigma-Aldrich

Cat#T9026; RRID: AB_477593

Monoclonal Anti-Acetylated Tubulin antibody
produced in mouse

Sigma-Aldrich

Cat#T7451; RRID: AB_609894

Goat anti-Mouse IgG (H+L), SuperclonalTM Recombinant
Secondary Antibody, Alexa Fluor 488

Invitrogen

Cat#A28175; RRID: AB_2536161

Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor 568

Invitrogen

Cat#A-11031; RRID: AB_144696

Anti-HA tag antibody

Abcam

Cat#ab18181; RRID: AB_444303

G3BP antibody - N-terminal region

Aviva Systems Biology

Cat#ARP37713_T100; RRID: AB_2107232

Influenza A virus M1 antibody

ATCC

Cat#HB-64

Ubiquitin antibody (clone: P4D1)

Cytoskeleton

Cat#AUB01; RRID: AB_2884970

ZIKA virus E-protein antibody

ATCC

Cat#HB-112

Bacterial and virus strains
E. coli strain BL21(DE3)

NEB

Cat#C2527H

E. coli strain DH5a

NEB

Cat#C2987H

Influenza A virus strain H3N2 X31A

Virapur

Cat#Lot B1707C

ZIKV, Asian lineage strain, Puerto Rico

Public Health England (PHE)

ZIKV PRVABC59 (GenBank KX377337)

ZIKV, African lineage strain

Public Health England (PHE)

MP1751 (Genbank DQ859059)

Chemicals, peptides, and recombinant proteins
MG132, Ready-Made solution

Sigma-Aldrich

Cat#M7449

Sodium Arsenite Solution

Sigma-Aldrich

Cat#1.06277

dTAG-13

Novartis

N/A

Bafilomycin A1

Sigma-Aldrich

Cat#SML1661

Carfilzomib

Biovision

Cat#2385-5

Bortezomib

Merck-Millipore

Cat#CAS 179324-69-7

DARPin F10

This work

N/A

Mono ubiquitin

BostonBioChem

Cat#U-100H

His-Avi-hsHDAC6(1108-1215)

This paper

N/A

His-hsHDAC6 (1108-1215)

This paper

N/A

hsHDAC6 (1108-1215)

This paper

N/A

3C protease

This paper

FMI facility

Original DARPin proteins (A10 to H12)

This paper

Table S1

Original Nanobody (including VHH733, ZnF_97,
ZnF_166, ZnF_213, ZnF_214)

This paper

N/A

Invitrogen

Cat#NP0335BOX

Critical commercial assays
InvitrogenTM NuPAGETM 4 to 12%, Bis-Tris,
1.5 mm, Mini Protein Gel

(Continued on next page)
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LDS sample buffer

Invitrogen

Cat#NP0007

Ni-NTA agarose

Promega

Cat#30210

Broadford Dye

Biorad

Cat#5000006

FuGENE HD

Promega

Cat#E2311

Q5 Site-Directed Mutagenesis Kit

New England BioLabs

Cat# E0554S

FastStart Universal SYBR Green Master (Rox)

Roche

Cat# 4913850001

Reverse Transcription System

Promega

Cat#A3500

Proteinase K

Merck

Cat# 3115887001

DAPI

Invitrogen

Cat#D1306

Opti-MEM

Gibco

Cat#31985062

ProLongTM Gold Antifade Mountant

Invitrogen

Cat#P10144

Trans-Blot Turbo Transfer System

Biorad

N/A

ECLTM Detection Reagents

GE healthcare

Cat#GERPN2209

GFP_Trap M

Chromotek

Cat#Gtm-20

Dynabeads Protein G

Invitrogen

Cat#10007D

Gibbson Assembly Master Mix

NEB

Cat#E2611

RNeasy Mini Kit

QIAGEN

Cat#74104

Lenti-XTM Concentrator

Takara

Cat#631231

Nunc Lab-Tek Chamber SlideTM system

Millipore

Cat#C7182

HiLoad 16/600 Superdex 200pg

Sigma-Aldrich

Cat#GE28-9893-35

Superdex 200 increase 10/300 GL

Sigma-Aldrich

Cat#GE28-9909-44

DARPin cell line RNA sequencing

This paper

ArrayExpress
E-MTAB-11101

RNA-seq of GFP-DARPin F10/CTR transfected &
WT A549 cells

This paper

ArrayExpress
E-MTAB-11496

DARPin F10 interactome with AP-MS

This paper

ProteomeXchange
PXD031799

HDAC6 ZnF-DARPin F10 structure

This paper

PDB:7ATT

Original data

This paper

Mendeley
https://doi.org/10.17632/s3xw35xczs.1

HDAC6 ZnF-Ubiquitin C-terminal peptide RLRGG
structure

Ouyang et al., 2012

PDB: 3GV4

Lama VHH domain unliganded structure

Spinelli et al., 2001

PDB:1I3V

Crystal structure of a designed full consensus ankyrin

Merz et al., 2008

PDB:2QYJ

HEK 293T

ATCC

Cat#ATCC CRL-3216

Vero

ATCC

Cat#CCL-81

A549

ATCC

Cat#ATCC CCL-185

MDCKII

ATCC

Cat#CCL-34

This paper

N/A

Plasmid: pOPINF-His-HDAC6(1108-1215)

This paper

N/A

Plasmid: pOPINF-His-Avi-HDAC6(1108-1215)

This paper

N/A

Plasmid: pLenti-Puro-Flag-HA-F10-FKBP12(F36V)

This paper

N/A

Plasmid: pLenti-Puro-Flag-HA-FKBP12(F36V)

This paper

N/A

Plasmid: pcDNA3.1-eGFP-DARPin E3_5/F10

This paper

N/A

Plasmid: pcDNA3.1-GFP (1-9)

This paper

N/A

Deposited data

Experimental models: Cell lines

Oligonucleotides
Oligonucleotide primers are listed in Table S4
Recombinant DNA

(Continued on next page)
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Plasmid: pcDNA3.1-GFP (10)-Ub

This paper

N/A

Plasmid: pcDNA3.1-GFP (11)-ZnF

This paper

N/A

Plasmid: pcDNA3.1-HA-F10/A10

This paper

N/A

Plasmid: pcDNA3.1-GFP (11)-ZnF(W1182A)

This paper

N/A

Plasmid: pQiq_K_MRGS_His10-HA-3C-1766_F10

This paper

N/A

Plasmid: pLVX-puro-(Nb14)

This paper

N/A

Plasmid: Pol-Gag

This paper

N/A

Plasmid: VSV-G

This paper

N/A

Plasmid: pet21a-BirA

This paper

N/A

Plasmid: plenti-puro-PGK-POI (GFP cleaved)

Addgene

Cat#19070

Software and algorithms
proteomicsDB

Schmidt et al., 2017

https://doi.org/10.1093/nar/gkx1029

Perseus

Max Planck Institute
of Biochemistry

Version 1.5.2.6/
https://maxquant.net/perseus/

ImageJ

Schneider et al., 2012

Version 1.8.0_112/
https://imagej.nih.gov/ij/

ImageJ/Stress Granule Counter

ImageJ Plugin

https://imagej.nih.gov/ij/plugins/stress_
granule_counter/index.html

Graphpad-Prism

Graphpad Software

Version 8/
https://www.graphpad.com/scientificsoftware/prism/

Phenix

Liebschner et al., 2019

Version 1.18/
https://www.phenix-online.org/

CCP4

Winn et al., 2011

Version 7.1/
https://www.ccp4.ac.uk/

Pymol

Schrödinger, LLC

Version 1.2r3pre/
https://pymol.org/2/

MicroCal ITC Origin Analysis software

Malvern Panalytical

Version 1.0/
https://www.malvernpanalytical.com/

Rstudio

Rstudio

Version 1.3/
https://rstudio.com/

Other
MicroCal VP-ITC

Malvern Panalytical

N/A

Spinning disk confocal scanning unit Yokogawa
CSU W1 with Dual camera T2

Yokogawa

N/A

Z1 ZEISS-Wide Field Microscope

ZEISS

N/A

RESOURCE AVAILABILITY
Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Matthias
Patrick (Patrick.Matthias@fmi.ch).
Materials availability
All unique reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement (MTA);
published research reagents from the FMI are shared with the academic community under an MTA having terms and conditions corresponding to those of the UBMTA (Uniform Biological Material Transfer Agreement).
Data and code availability
d RNA sequencing data have been deposited at ArrayExpress and are publicly available as of the date of publication. Mass Spectrometry data (Search results are in Table S3) have been deposited at the ProteomeXchange Consortium via the PRIDE partner
repository and are publicly available as of the date of publication. Structural data have been deposited with the Protein
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DataBank and are publicly available as of the date of publication. All the accession numbers are listed in the key resources table.
Original data have been deposited at Mendeley and are publicly available as of the date of publication. DOIs are listed in the key
resources table.
Microscopy data reported in this paper will be shared by the lead contact upon request.
This paper analyzes existing, publicly available data. The accession numbers for the datasets are listed in the key resources table.
d
d

This paper does not report original code.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines
HEK 293T, Vero, MDCKII and A549 cells (ATCC) were maintained and passaged in DMEM medium containing 10% fetal bovine
serum. Cells were maintained at 37 C with 5% CO2 before and after transfection.
METHOD DETAILS
Nanobody screens and preparation
The target protein was a 6xHis- and HALO-tagged human HDAC6 ZnF (aa 1106–1215, expressed from plasmid pHis6HaloTaghHDAC6ZnF) which was prepared by expression in E. coli 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 (30,000
MWCO) (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
analysed 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 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 naı̈ve
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 HDAC6 ZnF 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 13 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 (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).

e4 Cell Reports 39, 110736, April 26, 2022

ll
Report

OPEN ACCESS

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 h 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 mL 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 strep€ckthun, 2012).
tavidin-coated beads (Pierce). Ribosome display selections were performed essentially as described (Dreier and Plu
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 mL per well. FRET signals were recorded after an incubation time of 30 min using a Varioskan LUX Multimode
Microplate (Thermo Scientific) with the following settings: Delay time: 60 ms, integration time: 200 ms, measurement time:
10 000 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 100 000 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 mM). Cultures were grown further
for 18 h and bacteria were collected by centrifugation (4000 rpm, 15 min, 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 s ON, 40 s 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 h, 4 C). After filtering (0.45 mM 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 4–5 column volumes (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 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 mg Purified His-HDAC6 ZnF (1108–1215) was immobilized with 20 mL Ni-NTA agarose (Promega#30210) slurry at 4 C for
30 min. Subsequently, 20 mg DARPin protein and 10 mg Ub were added to the Ni-NTA-ZnF solution at same time (in Figure S1C,
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 mL, incubation was at 4 C on rotator for 30 min. 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
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spinning down the beads (500 g, 2 min), and 20 mL 13 LDS sample buffer (Invitrogen# NP0007) was added to each reaction.
Following heating at 80 C for 10 min, all the samples were loaded onto NuPAGE 4%–12% gradient gels. The proteins were visualized with Instant Blue reagent (expedeon#ISB1L).
Crystallization, data collection, processing and refinement
ZnF-DARPin F10 complex crystal was obtained under condition 0.004 M Cobalt, 1.66 M Ammonium sulfate, 0.1 M MES pH = 6.45
(with additive screen: 30% 1,8-Diaminooctane) by sitting drop at 20 C. Drop size is 2 mL, and complex concentration is 43 mg/mL
(determined by Bradford assay) in buffer (10 mM Tris pH = 7.5, 150 mM NaCl, 1 mM TCEP)
Diffraction data were collected at the Swiss Light Source (beamline 306DA) with a Pilatus2M detector (Dectris) at a wavelength of
1 Å and a crystal cooled to 100 K. A total of 220 of data were collected with an oscillation of 0.1 /frame. Data were processed with
autoPROC (Vonrhein et al., 2011) in combination with XDS (Karplus and Diederichs, 2012), AIMLESS (Evans and Murshudov, 2013),
and other tools of the CCP4 suite (Winn et al., 2011) and converted to structure factor amplitudes with STARANISO (Tickle et al.,
2018), applying a locally weighted I/d = 1.2 resolution cutoff.
The ZnF-DARPin F10 complex formed crystals belonging to space group P3221 with one complex in the crystallographic asymmetric unit (ASU). The structure was determined using molecular replacement (MR) in PHASER (McCoy et al., 2007) with a search
model derived from PDB entries 1MJ0 for DARPin F10 and 3GV4 for ZnF. A significant anomalous signal was detected in the
data that could later be attributed to the coordinated zinc ions. This allowed experimental phasing using the single-wavelength anomalous dispersion (SAD) method in phenix.autosol (Terwilliger et al., 2009) yielding a map without model-bias. The initial model was
improved by iterative cycles of building with COOT (Emsley et al., 2010) and refinement using phenix.rosetta_refine (DiMaio et al.,
2013)and phenix.refine (Afonine et al., 2012). TLS groups were derived from analysis conducted with the TLSMD webserver (Painter
and Merritt, 2006a, 2006b) and used for TLS refinement in phenix.refine. Data processing, phasing, and refinement statistics are in
Table S2. Figures were made with PyMOL (Schrodinger, LCC).
Mutagenesis of DARPin F10 mutant (KDDR)
To generate DARPin F10 mutant (K47A, D67A, D100A, R113A, or F10KDDR), template plasmid pQiq_K_MRGS_His10-HA-3C1766_F10 was used for mutagenesis by Q5 site-direct mutagenesis kit. Mutagenic primers are listed in key resources table. Mutated
plasmid was transformed into E. coli BL21 strain for protein expression. Purification was performed as for the WT F10. Purified
F10KDDR was dissolved in ITC buffer (10 mM Tris pH = 7.5, 100 mM NaCl, 2mM TCEP).
Isothermal titration calorimetry (ITC) for affinity determination
The experiment was performed on a MicroCal VP-ITC machine. Protein HDAC6 ZnF (1108–1215), DARPin F10 mutant (KDDR) 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 h 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 ITC of Ub and ZnF, 0.25 mM Ub was titrated to the 0.01 mM ZnF,
while for DARPin F10 mutant and ZnF, 0.1 mM mutant was titrated to 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 mg pcDNA3.1-GFP-DARPin F10 and pcDNA3.1-GFP-DARPin E3_5 were transfected into A549 cells; for each construct 3 3 10 cm
dishes were used, each containing 2 3 10^6 cells in 10 cm dishes. For each sample 15 mL 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 mL 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 min, 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 (1.0–1.5 mg) was incubated with 10 mL 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 mL Lys-C (0.2mg/mL in 50 mM Hepes pH 8.5) and 50 mL digestion buffer (3M GuaHCl,
20 mM EPPS pH 8.5, 10 mM CAA, 5 mM TCEP) to make master mix, and added 6 mL of this mixture to the beads from each 10 cm
dish. After short spin down (<1000 g) and 4 h incubation at 37 C, we added 17 mL 50mM HEPES pH 8.5 as well as 1 mL 0.2 mg/mL
trypsin to further digest the protein at 37 C overnight. Next morning, 1 more mL 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 analysed by software Perseus (version 1.5.2.6). And protein was annotated with human (v2017-04) database.
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%.
RNA seq analysis for DARPin F10 impact on cellular gene expression
A549 cells were transfected as described above section ‘‘LC-MS analysis’’. Each plasmid was transfected into 3 10 cm dishes. After
2 days in culture, 1.5 million GFP positive cells were isolated from each dish by FACS (that is, 3 3 1.5 million cells for one transfected
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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.
DARPin F10 and WT A549 cells (1.5 million cells) RNA were extracted by RNA extracting Kit (QIAGEN#74004) and analysed with
FMI-Galaxy and R-studio.
Generation of A549 cells expressing a conditionally degradable DARPin F10 and F10KDDR cell lines
Plasmid Plenti-Puro-Flag-HA-DARPin F10-FKBPF36V and Plenti-Puro-Flag-HA-FKBPK36V (each 20 mg) were co-transfected with
packaging plasmids (expressing tat, rev, gag, vsv-g, each at 1 mg) together with 75 mL FuGENE HD reagent (Promega#E2311) in
0.5 mL Opti-MEM medium (Sigma#31985062). After 25 min 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 mm filter (Merck#SEIM003M00), and 13 LentiX concentrator (Takara#631231) was added (1/3 of the supernatant volume). The mixture was incubated at 4 C for 30 min and the lentivirus was precipitated by centrifugation at 1500 g, 45 min, 4 C.
The pellet was re-suspended in 500 mL 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 mg/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 analysed by western blot with HA antibody (Abcam#18181) to identify the cell lines expressing HA-DARPin F10FKBPF36V or HA-FKBPF36V.
To generate HA-F10 and HA-F10KDDR cell lines, fragments encoding HA-F10 and HA-F10KDDR were cloned into lentivirus plasmid
Plent-Puro-PGK-POI. Lentivirus preparation, infection of target cells and selection was done as above, but without selection of single
cell clones. The cell lines expressing HA-F10 or HA-F10KDDR were used as pools for IAV infection in Figure S5.
Imaging and quantification of aggresomes and stress granules
For immunofluorescence, cells were seeded in 4 wells chamber slides (Millipore# C7182) to culture the cells. WT A549, DARPin F10FKBPF36V and dTAG treated (2 mM, 6 h) F10 expressing cells were treated with 5 mM MG132 for 18 h to induce aggresome formation.
Ubiquitin and HDAC6 were used as aggresome markers and stained by anti-Ub antibody (Cytoskeleton #AUB01, clone P4D1) or antiHDAC6 antibody (CST#7558). The nucleus (DNA) was stained with DAPI (Sigma#D1306). Pictures were taken with 403 objective on a
Zeiss Z1 widefield microscope (Ub stained aggresomes) and 603 objective on a Visitron spinning disk confocal microscope (HDAC6
stained aggresomes and zoomed aggresomes pictures in Figure S6); identical parameters (e. g. exposure time, binning, etc...) were
used for all the conditions. Slide areas were identified where cell confluency was in the optimal range of ca. 50 to 70%; for each condition
and biological replicate ca. 10 pictures were taken and analysed by ImageJ software. In some cases, pictures were selected manually, in
other cases the first location was identified manually, and then further pictures were taken automatically at regular intervals around the
initial point using the stage function of Visiview software. Aggresomes were identified by signal intensity and shape and quantitated by
Particle analysis in ImageJ. For aggresome selection (for both HDAC6 and Ub markers), classification was done as follows: the image
threshold was adjusted to 0.9 to 1.5%, then aggregates with a size >2 mm2 and a circularity between 0.4 and 1 were considered as aggresomes. For each biological replicate, ca. 400 to 800 cells were analysed for each condition (A549 WT, F10 and F10 + dTAG).
For stress granules, we used 1 mM Sodium Arsenite (30 min treatment) to induce SGs. G3BP1 was used as the marker for SGs and
visualized by anti-G3BP1 antibody (Aviva Systems Biology#ARP37713_T100). Slide areas were identified where cell confluency was
in the optimal range of ca. 50 to 70% and for each condition and biological replicate ca. 10 pictures were taken. For each picture
groups of a few (ca. 2 to 5) cells were selected; in some cases, when cells were well separated, only the central cell was selected
for analysis. Images were taken with 403 objective on a Zeiss Z1 widefield microscope. Quantification and analysis were done
with ImageJ, installed with Stress Granule Counter Plugin (developed by Ann Sablina, Lomonosov Moscow State University, Russia).
Settings for SGs selection were: threshold 3000, particle size between 1 and 10000 pixels, circularity >0.2 and number and smoothness 70. For each biological replicate, ca. 25 to 50 cells were analysed for each condition (A549 WT, F10 and F10 + dTAG). Plots and
statistics were all done in software Graphpad Prism 8.
Split-GFP assay
Plasmid pcDNA3.1-GFP (1–9), pcDNA3.1-GFP(10)-ubiquitin, 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 mg for pcDNA3.1-GFP(1–9), other plasmids were adjusted
accordingly). After 2 days culturing at 37 C, the GFP signal was visualized by widefield microscopy (Zeiss Z1). mRuby expression
served as a transfection control.
To investigate DARPin interference, non-fluorescent tagged DARPin F10 and DARPin A10 plasmid (1 mg for each) 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 331 (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
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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 analysed (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).
IAV growth curve
A549 cells were infected in 6 well/plates with Influenza virus (Virapur, H3N2, purified Influenza A/331, #B1707C) at 37 C in infection
medium (DMEM 0.2% BSA, 2 mM L-glutamine and 1 mg/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 (Vielle et al., 2018) 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.
Detection of ubiquitin inside ZIKV particles
To detect the ubiquitin inside the Zika virus particles, we used Trition X-100 0.1% for opening the virus envelope and Proteinase K to
destroy the virus capsid. Unpurified African Zika virus strain, 3 3 107 TCID50/ml, and Puerto Rico strain 1 3 107 TCID50/ml were
incubated on ice for 1 h with a lysis buffer containing Triton X-100 0.1% in a proportion of virus solution and buffer of 1:1. Proteinase
K with varying concentrations was added to samples and incubated at room temperature for exactly 2 min. LDS sample buffer (53)
and PMSF (2 mM) were added to each sample and immediately heated at 99 C for 10 min to stop the Proteinase K reaction. 13 mL
mixed sample was loaded to each well of 12-well Bis-tris NuPAGE Gel (4%–12%) Ubiquitin and Zika protein E were analysed by SDSPAGE.
Investigation of ZIKV uncoating by real-time PCR
A549 cells were incubated with Zika virus (Puerto Rico strain, MOI of 10) in media containing cycloheximide (1 mg/mL, Sigma-Aldrich)
on ice for 30 min for synchronizing the virus infection. The inoculum was replaced with fresh media containing cycloheximide 1 mg/mL
and incubated at 37 C before total RNA was isolated at 1 and 2 hpi accordingly to the kit manufacturer (Macherey-NagelTM NucleoSpinTM RNA). cDNA was synthesized using the Omniscript RT Kit from QIAGEN used for RT-qPCR.
Real-time PCR of interferon genes in ZIKV infection
A549 WT cells, F10-FKBP cells (treated with dTAG 1 mM, 12 h prior to infection) were infected by Zika virus (strain Puerto Rico) with
MOI = 1. Mock group (A549 WT cells) was non-infected. At 24 h after transfection, cells were washed with PBS twice to remove detached cells, and remaining cells were lysed by lysis buffer (provided in RNA extraction kit) in plate, and RNA was extracted by
following the manufacturer’s instructions. 1 mg RNA was used to reverse transcription (in 20 mL reaction). cDNA was further diluted
(103) and applied to real-time PCR. Gene IFNB1, IFNL1, DDX58 and ISG15 were chosen to analyse the antiviral response after ZIKV
infection. Among them, IFN-a was undetectable. 2^-DDct method was used for comparing the upregulation of each gene as
compared to the Mock group.
Immunofluorescence for zika virus
For detection of Zika virus protein on infected cells at 16 and 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). Picture was taken by 103 (72 hpi) and 203
(16hpi) objectives from confocal microscope.
QUANTIFICATION AND STATISTICAL ANALYSIS
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 for technical replication. Each experiment was independently
repeated 2 to 3 times to consolidate the conclusions. Statistical analysis was performed with GraphPad Prism 8; Method details have
been described in Figure legends; p values are indicated in the figures. All data are represented as mean ± SD.
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