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General Introduction
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Viruses pose a significant burden on human health and contribute to serious morbidity in the
human population (1). In contrast to other pathogens, viruses introduce only a small number of
different proteins into the host organism and rely on a complex network of essential interactions
with host proteins. Vaccines that elicit B-cell responses and yield circulating (neutralizing)
antibodies have helped to eradicate dangerous viral pathogens, including smallpox and
rinderpest. Other viruses are not so readily controlled by immunization. Alternative ways to
interfere with their infection are therefore needed. To develop such approaches, a more detailed
understanding of the viral life cycle is required, and potential vulnerabilities and drug target
sites need to be identified and validated. Antibodies remain indispensable tools to probe,
measure, or perturb viral proteins or associated biological pathways (2, 3). While full-sized
antibodies are primarily limited to investigations of the extracellular space of living cells, the
use of antibody fragments expressed in the cytosol extends their range to intracellular targets
(4, 5). To accomplish this, full-sized antibodies are typically ‘shrunk’, in which their variable
heavy and light domains (VH and VL, respectively) are expressed as fusion proteins with a
linker, and these fusions are referred to as single-chain variable fragments (scFvs). However,
not all scFvs retain the specificity and affinity of the full-sized antibodies they are derived from.
Also, scFvs are relatively unstable and have a tendency to form aggregates (6). Thus, despite
much potential, the use of antibody fragments is complicated, which further makes it
challenging to streamline their development and application.
In addition to traditional full-sized antibodies, the camelid immune system produces unusual
antibodies composed of only heavy chains. The variable heavy chain fragment of a heavy chainonly antibody (VHH) is a single-domain that binds to its target with high specificity and
affinity, comparable to a full-sized antibody (7). Therefore, VHHs represent an alternative to
scFvs and can complement existing antibody applications. These fragments, also called
nanobodies, are promising antiviral candidates and ideal tools to study virus replication and
structure owing to a number of key features (8). Their small size (~15 kDa with physical
dimensions of ~2x3.5 nm) allows VHHs to bind to epitopes not always accessible to
conventional full-sized antibodies. Furthermore, due to an unusually long complementary
determining region 3 (CDR3) loop, VHHs have a tendency to protrude into clefts created at
protein domain-domain interfaces or at catalytic sites, and thus can recognize epitopes
fundamentally different from those recognized by full-sized antibodies (9). As a natural single
domain, VHHs are less hydrophobic and more soluble than scFvs that require the expression of
a linker that connects the two domains which interact via hydrophobic residues. VHHs also
often fold independently of intrachain disulfide bonds. These features allow for straightforward
expression of VHHs in E. coli with high yields (up to 0.1 gram per liter of culture) as well as
for expression in the cytosol of mammalian cells with full retention of their antigen binding
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properties. VHHs are therefore ideal tools to perturb, neutralize, and study viruses both outside
and inside living cells.
Viral proteins have evolved with optimized interactions to host proteins to efficiently exploit
or counteract host-cell biosynthetic pathways and molecular machinery. A VHH that binds to
a viral protein may occlude part of its surface and thus compromise the viral life cycle. VHHs
generated against viral targets can be used to identify viral proteins and epitopes that are
vulnerable to interference. Because of their ease of expression in target cells, including those
infected with a virus, it is possible to evaluate the inhibitory properties of VHHs and collect
evidence for the suitability of the viral antigen as an antiviral target. At the same time, the
inhibited function will shed light on the precise role of the targeted viral protein, which will
enhance our understanding of the viral life cycle. Such information can be leveraged for the
generation of much needed novel antiviral therapeutics.
Figure 1 – Full-sized and single-domain antibody structures and fragments

Generation and Functionalization of VHHs
Single-domain antibodies can be generated by immunization of a camelid (e.g. llama or alpaca)
with (inactivated) virus or purified viral proteins of interest. The B cells of the immunized
animal are then isolated and total RNA is extracted, reverse transcribed into cDNA, and cloned
into plasmid vectors for an appropriate selection approach. The most common method of
selecting for high-affinity VHHs is phage display, in which a library of phages that display
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VHHs (and carry the corresponding VHH encoding sequence) are selected for on immobilized
antigens (described in detail here (10)). Alternatively, functional screens based on phenotypes
elicited by the (intra)cellular expression of the VHHs, such as survival of virus infection, can
be used to identify antiviral VHH candidates. One recent example of this is described in detail
in Chapter 5.
VHHs are versatile tools for research and clinical applications. Their relative ease of expression
and stability also permits them to be modified for specific functions. The methods and
techniques required to implement such modifications depend on the application. While genetic
modifications can best be used for intracellularly expressed VHHs, purified VHHs also lend
themselves to chemical or enzymatic modifications. Specifically, VHHs can be expressed
intracellularly as genetic fusions with other proteins to elicit a specific function or modulate
and direct the behavior of the VHH in a desired way. For example, VHHs can be fused to
proteins with intracellular trafficking signals to direct them to different compartments within
the cell, such as the nucleus, mitochondria, or lumen of the endoplasmic reticulum (ER) (11,
12). Other modifications include epitope tags that allow VHHs to be recognized by
conventional antibodies or other VHHs for downstream applications, including flow cytometrybased quantification of VHH expression levels (13). VHHs can also be functionalized by fusing
them to fluorescent proteins such as GFP or mCherry to observe their subcellular localization
after target recognition in the course of a viral infection by fluorescent microscopy (14). VHHprotein fusions have also been used to reduce the levels of the VHH target by equipping the
VHH with an Fbox domain. This fusion tags the VHH-antigen complex for proteasomal
degradation (15). Genetically fused VHH homo- or hetero-dimers, connected via a
serine/glycine linker, may be used to bring the two targeted moieties in close proximity to each
other.
VHHs produced recombinantly in bacteria and used in extracellular applications similar to
those of full-sized antibodies such as viral neutralization can likewise be genetically modified.
Attractive fusions for such applications include the incorporation of an Fc region of
conventional antibodies to enable antibody-like effector functions (16), or the inclusion of a
toxin such as exotoxin A to specifically kill cells that express the target protein (17). Beyond
genetic fusions, purified VHHs lend themselves to chemical or enzymatic modification. One
attractive way to enzymatically modify VHHs is the use of sortase. The transpeptidase activity
of sortase A allows it to modify any protein equipped with a sortase A recognition motif
(LPETG) via direct covalent conjugation of a functionalizing element. Such an element could
include a fluorophore for imaging, an epitope tag such as biotin for biochemical applications,
or other proteins such as separately produced Fc fragments. The use of sortase in combination
with click-chemistry even permits C-to-C terminal or N-to-N terminal fusion, for example to
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generate VHH dimers (18). VHHs that are injected into the bloodstream are often rapidly
cleared because of their small size. The use of a VHH dimer can effectively increase their time
in circulation. Beside homodimers that remain longer in circulation just because of their
increased size, VHH heterodimers whereby one VHH targets serum albumin have also been
shown to significantly extend circulatory half-life (19). Homodimers expressed as monobivalent fusion variants targeting viral moieties have also been shown to significantly improve
neutralization of the virus targeted (20, 21). The observed increase in neutralizing potency
could be the result of increased avidity or of functional consequences, such as virion
aggregation.

Extracellular Antiviral Applications of VHHs
Antibodies are critical components of the adaptive immune response and protect organisms
from invading pathogens, including viruses. Host B cells produce antibodies upon exposure to
antigens from the external environment (‘non-self’). The B-cell response is a key element to
clear infections or protect organisms from invading pathogens. This latter principle is
extensively exploited in the clinic by vaccinations that render the host immune to future
pathogenic exposures by inducing the production of antibodies that directly neutralize their
targets. These neutralizing antibodies either cause virion aggregation or prevent their viral
targets from binding to host cell receptors. Antibodies that neutralize viruses may also block
internalization or uncoating of viral genomes. Alternatively, to clear established infections,
antibodies function by stimulating and activating other parts of the immune system. The
constant (C-terminal) region of an antibody mediates such effector functions, which include
phagocyte recruitment, degranulation of neutrophils, and cytokine release by natural killer cells
(22). Apart from vaccines that stimulate endogenous immune responses that result in longlasting immunity, passive immunotherapy with monoclonal antibodies (mAb) can be an
effective measure against acute diseases and be used for post-exposure prophylaxis. VHHs are
well suited for this latter approach.
Since the discovery of single-domain antibodies in camelids, a sizable number of VHHs against
a diverse set of viral targets have been developed (reviewed by Vanlandschot et al. (23)), and
the number of targeted viruses and viral proteins continues to increase. The majority of antiviral
VHHs target virion surface-exposed proteins that facilitate attachment to host cells and are
often also the targets of neutralizing antibodies. Thus, VHHs can exhibit neutralizing activity,
and have the potential to serve as therapeutic agents for passive immunization, as they lack an
Fc region that may be recognized by the human immune system.VHHs in contrast show high
homology to human VH domains (24). However, to minimize immunogenicity for clinical
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applications, VHHs can be humanized through introduction of only minor changes to the
framework regions (25).
To date, VHHs have been generated that target rabies virus (21, 26), influenza A virus (IAV)
(14, 27–31), hepatitis B virus (HBV) (12), herpes simplex virus (HSV) (17), human
immunodeficiency virus (HIV) (32, 33), porcine reproductive and respiratory syndrome virus
(PRRSV) (34, 35), respiratory syncytial (RSV) (30), poliovirus, and norovirus (36–39). VHHs
represent a valuable addition to existing conventional antibodies for both neutralization and
diagnostic purposes because of their ability to target distinct epitopes. Regions on viral surface
proteins that are sterically inaccessible to conventional antibodies, including those that are
involved in subunit-subunit interactions and hence may be more conserved, may still be
accessible to VHHs, and thus represent especially interesting targets for VHH-based
interventions. A good example of this is an HIV-1 gp120-specific VHH that neutralizes 96%
of tested HIV-1 stains (33). Its potency was ascribed to its ability to bind deeply into the CD4
binding pocket of gp120 in a manner not possible for a full-sized antibodies or Fab fragments
derived from it. Similarly, an IAV neuraminidase (NA)-specific VHH has been generated that
binds to 8 out of 9 NA subtypes (40). VHHs with such broad neutralizing activity are not only
promising for therapeutic applications, but may also help identify conserved epitopes.
Identification of conserved epitopes and vulnerabilities can be important milestones to direct
the production of therapeutic agents such as small molecule inhibitors.
Table 1 - List of antiviral VHHs

Virus
Dengue virus (DENV)
Food and mouth disease virus (FMDV)
Hantavirus
Hepatiitis B virus
Hepatitis C virus
Human immunodeficiency virus (HIV)
Herpes simplex virus 2 (HSV 2)
Influenza A virus (IAV)
Norovirus
Poliovirus
Porcine retrovirus (PERV)
Porcine reproductive and respiratory syndrome (PRRSV)
Rabies virus
Rotavirus
Respiratory synsychal virus (RSV)
Vesicular stomatitis virus (VSV)

Target
NSI (41)
Serotyp O (42)
Nucleoprotein (43)
HBcAg (44)
NS5B (45), helicase (46), protease
(47)
CXCR4 (48), gp120 (49), gp41 (32)
Glycoprotein D (17)
M2 (28), NA (27), HA (31, 50), NP
(14, 51)
P domain of Capsid protein (39)
Capsid (36, 52, 53)
p15 (54)
Nsp4 (35) , Nsp9 (34)
G protein (21)
VP6 (16, 55–58)
RSV fusion protein F (30, 59)
N protein (60)

For IAV, VHHs against all surface exposed proteins, hemagglutinin (HA), NA, and the ion
channel M2 have been developed, and for each of these targets there exists at least one
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neutralizing VHH candidate (20, 27, 28). These neutralizing VHHs have been administered to
mice intranasally for those that target HA or NA, and intraperitoneally in the case of the M2specific VHH, which protected them from IAV infection. Neutralizing VHHs have also been
developed for rabies virus, which can be lethal in untreated infected un-vaccinated individuals.
Apart from prophylactic immunization, the only effective countermeasure for rabies virus is
post-exposure prophylaxis. This post-exposure approach utilizes both active and passive
immunization and typically consists of an active vaccine together with serum-derived
immunoglobulins as the passive component. The neutralizing VHHs that target the rabies G
protein are a potential alternative to -very costly- immunoglobulins. The rabies-specific VHH
has been shown to act synergistically with an anti-rabies vaccine, and protects mice from a
lethal challenge with rabies virus (26). Similarly, rotavirus-neutralizing VHHs have been
generated that protect piglets from rotavirus-induced diarrhea (57). This protective effect could
be enhanced by fusing the VHH to an Fc domain (16). Other VHHs that are not directly
neutralizing can be modified and equipped with functional proteins such as toxins. For example,
Geoghegan et al. fused Pseudomonas exotoxin A to a VHH specific for the glycoprotein D of
herpes simplex virus. Although this VHH did not neutralize the virus itself, the fusion protein
specifically and potently killed HSV-2-infected cells, and therefore limited the propagation of
the virus (17).

Intracellular Antiviral Applications of VHHs
Antibodies bind their targets with high affinity and specificity and can occlude a protein surface,
which can modulate or inhibit its function. It is attractive to make use of these unparalleled
binding characteristics, not only in extracellular space, but also inside living cells to target,
modulate, or perturb proteins at the posttranslational level. The introduction or delivery of fullsized antibodies into living cells remains the most challenging part of this concept, especially
in the context of an organism. Early attempts at using intracellular antibodies were dependent
on microinjection of monoclonal antibodies into cultured cells. Using this method, it was shown
that antibodies specific for the vesicular stomatitis virus (VSV) nucleoprotein protected cells
from infection, which demonstrated that viral replication was dependent on the availability of
free nucleoprotein (61). Although tedious, these experiments clearly indicated the power of
intracellular antibodies, both as inhibitors and as tools to help understand the functions and
characteristics of the different viral proteins. Later, variable fragments of conventional
antibodies, most successfully used as scFvs, were constitutively expressed in living cells. An
ER-targeted scFv specific for the HIV-1 envelope glycoprotein gp160 blocked the processing
of the protein, and thus impaired viral maturation (62). A similar concept was then used to
target HIV-1 integrase and matrix protein with scFvs to inhibit viral infection (4, 63). These
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results demonstrated that antibodies or their fragments could inhibit intracellular protein
functions, including those of viral proteins. Furthermore, this work highlighted the possibility
to direct the localization of intracellular antibodies to different cellular compartments: untagged
to reside in the cystosol, KDEL sequence-equipped to translocate to the ER, or expressed with
a nuclear localization sequence (NLS) for nuclear accumulation. Nevertheless, the use of
intracellularly expressed scFvs is inherently limited by poor expression levels in the reducing
conditions of the cytosol, and the expression profile must be empirically determined and
optimized for each candidate.
The use of intracellular VHHs circumvents many of the limitations that hinder expression of
full-sized antibodies and their fragments inside cells, while maintaining high specificity and
affinity, thus giving intracellular VHHs an unmatched advantage. Specifically, the size,
solubility, and better expression of VHHs in the reducing conditions of the cytosol contribute
to that. Analogous to methods used for scFvs, VHHs can be fused to target peptides to direct
them to subcellular compartments such as the nucleus or the ER. While there are still many
obstacles to overcome to make use of intracellularly expressed VHHs in therapeutic
applications, they remain valuable tools in the laboratory. With regards to viral research,
intracellularly expressed VHHs can help to identify new viral vulnerabilities, validate drug
target sites, and determine the biological function of the viral protein or epitope recognized.
Intracellularly expressed VHHs represent an alternative/addition to mutational analysis, which
can disrupt the overall structure of larger protein complexes, and therefore may not always
allow unambiguous conclusions of the functional contribution of the specific protein or (sub)
domain.
Viral protein surfaces have evolved to optimally interact with specific host structures (lipids,
carbohydrates, proteins, nucleic acids, etc.). Because of their complex and evolutionarily
sculpted interactions, viral proteins are ideal targets for intervention using small antibodies. For
instance, if a functionally important surface is occluded by a VHH, its binding is likely to have
functional consequences on the life cycle of the virus. In contrast to viral proteins exposed on
the surface of mature virions that are typically under strong selective pressure exerted by
extracellular neutralizing antibodies, the intracellularly disposed viral proteins are much more
conserved. An example of this is evident from a comparison of the amino acid sequences of
IAV HA and nucleoprotein (NP). Surface-exposed HA is the major target of antibodyfacilitated neutralization, and accordingly, exhibits a high degree of antigenic variation (64). In
contrast, IAV NP is processed intracellularly and presented on major histocompatibility
complex type I (MHCI) molecules for recognition by CD8+ T cells and exhibits far less
variability (Fig 1). While anti-IAV antibodies exhibit the highest neutralizing activity against
the strain that elicited the antibodies, CD8+ T cells specific for NP epitopes can limit infection
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across different strains of IAV (65). Why these CD8+ T cells do not readily yield mutant NP
escape variants remains unknown. Perhaps inherent functional and structural constraints of NP
limit its variability (66). Nevertheless, it makes NP and other intracellularly disposed viral
proteins attractive candidates for antiviral intervention with intracellular VHHs.
Although the general suitability of intracellular antibodies for viral inhibition was demonstrated
long ago, few examples of intracellularly expressed antiviral VHHs have been described to
date. One of the first reported intracellularly expressed VHHs targeted the p15 matrix protein
of porcine retrovirus, which blocked viral production, indicating the efficacy of intracellular
VHHs for antiviral approaches (54). More recently, intracellularly expressed VHHs that target
porcine reproductive respiratory syndrome virus (PRRSV) non-structural proteins 4 and 9 were
reported to inhibit viral replication in MARC-145 cells in vitro (34, 35). In vivo inhibition of
viral replication by intracellular VHHs was first shown by Serruys et al. in a mouse model for
hepatitis B virus (HBV) infection (12). These VHHs were specific for the HBV S domain
(HBsAg) and were targeted to the ER lumen. Using a hydrodynamics-based delivery method
for both HBV and the VHHs, the VHHs potently reduced viral titers in mice compared to the
HBV-only treated group.

Figure 2 | Phylogenetic tree of hemagglutinin (HA) and nucleoprotein (NP) of influenza A virus (IAV).
Eight IAV strains with the greatest diversity in their NP sequences were selected and are displayed. Note
the disparity in the depth of the trees’ branch points for HA and NP.
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VHHs as Tools in Structural Studies
Determining the molecular structure of proteins and protein complexes is often essential to
understand their biological functions. The main obstacle in X-ray crystallography, which allows
for the determination of structures at atomic resolution, is the generation of diffraction-quality
protein crystals (67). Many advances in structural biology were made possible or accelerated
by using antibody fragments that act as crystallization chaperones. Specifically, antibody
fragments can aid in crystal nucleation, promote co-complex dimer formation, and accelerate
crystal growth (68). IAV N9 NA, for example, could only be crystallized in complex with Fab
fragments of a monoclonal antibody (69). Similarly, Fab fragments have facilitated the
crystallization of the HIV p24 capsid protein and the hepatitis B virus capsid (70–72). The
molecular structure of a Fab fragment or VHH in complex with its target protein not only
reveals the detailed binding site, but - together with functional data - may also uncover their
mechanisms of action if they have functional (inhibitory or stimulatory) properties, and may
help to determine the structure-function relationship of the targeted protein domain or surface
(10, 73–76). There are many conceivable ways by which a VHH could interfere with the normal
function of its target protein. In addition to direct occlusion of the binding site for an essential
cofactor, VHHs have been observed to trap their targets in distinct conformations or alter their
conformations upon binding. A prominent example of the first scenario is the structure of a Gprotein-coupled receptor (GPCR) trapped in an active state by VHH binding (77). Similar
mechanisms may apply to viral targets of VHHs. Strauss et al. provided examples of both
concepts by high-resolution cryo-electron microscopy (cryo-EM) reconstructions of five
neutralizing VHHs bound to the poliovirus capsid (36). While all five VHHs were shown to
bind to the receptor binding site, one VHH resulted in extensive changes to the capsid structure.
In addition to locking or inducing a specific target protein conformation, VHHs may help to
identify clefts in the target protein that are bound by the long CDR3 loop, which may also be
good binding clefts for small molecule inhibitors. Therefore, VHHs are valuable tools to aid
crystallization, given their relative ease of expression, solubility, and thermal stability.
Additionally, the structural data and defined binding sites gained from such studies may provide
secondary information regarding the structure-function relationship of the targeted epitope,
which may further aid in the understanding of the virus under investigation and could be
leveraged for VHH-enabled small molecule drug discovery.
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Thesis Abstract
In this thesis, I describe the generation and characterization of alpaca-derived, antiviral, singledomain antibody fragments (VHHs). The antiviral targets of the described VHHs are the
nuclear proteins of influenza A virus (IAV) and vesicular stomatitis virus (VSV), and protect
cells from infection when expressed in the cytosol. IAV is a segmented, negative-strand RNA
virus and is the current focus of antiviral strategies because it causes reoccurring epidemics and
pandemics in the human population. A broadly active, antiviral measure with high efficacy is
therefore urgently needed. In contrast, VSV is a non-segmented, negative-strand RNA virus
that is typically asymptomatic in humans, but is extensively studied as a prototypic nonsegmented RNA virus. Data presented herein for both IAV and VSV highlight the advantages
of VHHs as neutralizing agents and as tools to study viral structure and replication. I also
demonstrate a robust cycle that: first, enables the production and selection of VHHs that impede
viral growth; second, that the epitope recognized can be accurately defined in structural terms;
and third, that the combination of both can explain the functional relevance of the targeted viral
structure.
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Abstract
Perturbation of protein-protein interactions relies mostly on genetic approaches or on chemical
inhibition. Small RNA viruses, such as influenza A virus, do not easily lend themselves to the
former approach, while chemical inhibition requires that the target protein be druggable. A lack
of tools thus constrains the functional analysis of flu-encoded proteins. We generated a panel
of camelid-derived single domain antibody fragments (VHHs) against influenza nucleoprotein
(NP), a viral protein essential for nuclear trafficking and packaging of the influenza genome.
We show that these VHHs can target NP in living cells and perturb NP’s function during
infection. Cytosolic expression of NP-specific VHHs (NP-VHHs) disrupts virus replication at
an early stage of the life cycle. Based on their specificity, these VHHs fall into two distinct
groups and both prevent nuclear import of the vRNP complex without disrupting nuclear import
of NP alone. Different stages of the virus life cycle thus rely on distinct nuclear localization
motifs of NP. Their molecular characterization may afford new means of intervention in the
virus life cycle.

Importance
Many proteins encoded by RNA viruses are refractory to manipulation due to their essential
role in replication. Thus, studying their function, and how to disrupt said function through
pharmaceutical intervention, is difficult. We present a novel method based on single domain
antibody technology that permits specific targeting and disruption of an essential flu protein in
absence of genetic manipulation of the flu virus. Thorough characterization of the interaction
should identify new targets for pharmaceutical intervention. This approach can be extended to
study proteins encoded by other viral pathogens.
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Introduction
The replication cycle of influenza A virus (IAV) is complex. The virus attaches to susceptible
host cells via its hemagglutinin (HA), a homotrimeric type I membrane glycoprotein that
recognizes sialoconjugates (1–3). The virus then enters the endocytic pathway and upon arrival
in acidified late endosomes the HA trimer undergoes a conformational transition that renders it
fusogenic. The M2 ion channel is responsible for acidification of the virus lumen, which results
in dissociation of the eight vRNPs (comprised of PB1, PB2, PA, NP and genomic RNA) from
the M1 protein and release of the vRNPs into the host cytosol (4–6). These vRNPs translocate
into the nucleus via one of at least two nuclear localization sequences, NLS1 and NLS2, in NP
(7–11) . Messenger RNA (mRNA) generated from vRNP-dependent synthesis of viral genomic
RNA (vRNA) is exported from the nucleus and translated in the cytoplasm. Newly synthesized
PB1, PB2, PA and NP translocate into the nucleus as monomers (NP and PB2) or dimers (PB1PA), where they assemble with newly synthesized vRNA to yield the vRNP complex (12, 13).
These vRNP complexes are exported from the nucleus for incorporation into budding virus
particle (14).
In the course of a single replication cycle, influenza NP interacts with viral RNA and with viral
proteins including PB1, PB2 and M1 (15, 16). Several host proteins also interact with NP,
including importin-α BAT1, F-actin and CRM1 (17–20) . Mapping such interactions and
assessing their relevance for virus replication remains a challenge because of their often
essential role in the replication cycle. With rare exceptions, the influenza virus genome has
resisted genetic manipulation, because many such changes cause a complete loss of a particular
function and comprise viral fitness (21–23) .
The variable domains of heavy chain only antibodies (VHHs) isolated from camelids are small,
~15 kDa, and their ability to bind their cognate ligand is largely independent of modifications
such as disulfide bonds and glycosylation (24, 25). These properties allow the VHHs to be
expressed in the cytosol of eukaryotic cells with retention of the antigen binding capabilities.
This in turn permits the specific targeting of host or viral proteins recognized by VHHs, thus
enabling possible perturbation of target protein function (26–32) and reviewed in (33). VHHs
are therefore unique tools for analysis of essential proteins encoded by RNA viruses in living
cells.
We generated a VHH library against influenza virus and isolated VHHs specific for NP (NPVHHs). Interaction of NP-VHHs with NP occurred when both proteins were coexpressed in the
cytosol of mammalian cells. Expression of NP-VHHs during infection disrupted the replication
cycle at an early stage and prevented nuclear import of vRNPs. This NP-VHH-dependent
inhibition of import was specific for vRNPs, as nuclear import of NP alone was unperturbed,
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as was infection with an unrelated pathogen, vesicular stomatitis virus (VSV). We conclude
that influenza virus utilizes separate features of structure for import of NP and vRNPs.

Results
To generate VHHs specific for influenza virus, we immunized alpacas with an inactivated
preparation of influenza A virus PR8, a mouse-adapted H1N1 strain of influenza virus. After
five rounds of immunization, peripheral mononuclear cells were collected. VHH sequences
were amplified from purified RNA, and cloned into an M13 phagemid vector. We used phage
display to identify VHHs that bound virus immobilized on streptavidin beads via biotinylated
HA (34) or recombinant HA-tagged influenza virus protein immobilized on anti-HA Sepharose
beads. After two consecutive rounds of phage display and panning, we obtained four unique
VHHs specific for influenza virus. Three additional VHHs specific for influenza virus were
then obtained by selection using staphylococcal surface expression (35). All seven VHHs were
equipped with a C-terminal sortase motif (36, 37) followed by a 6xHis-tag, expressed in
bacteria and purified on a Ni-NTA affinity matrix followed by size exclusion chromatography.
To determine the identity of their corresponding antigen(s), we immobilized the VHHs on NiNTA beads and immunoprecipitated the target antigen from lysates of influenza virus-infected
MDCK cells metabolically labeled with [35S]-cysteine/methionine for 2 h. The presence of HA,
NP, M1, PB1, PB2, and PA proteins in the lysate was confirmed by immunoprecipitation using
serum from influenza virus-infected mice (Fig. 1A lane 10). As a negative control we used
MHCII VHH7, a single-domain antibody that recognizes murine class II MHC products (38)
(Fig 1A, lane 9), which are absent from the MDCK lysate. Immunoprecipitation with six of the
seven VHHs isolated from the influenza virus library yielded the influenza virus NP protein
(Fig. 1A, lanes 2-7). These VHHs are referred to here as NP-VHH1, 2, 3, 4, 5 and 6.
Interestingly, small amounts of HA coprecipitated with NP in the NP-VHH3 sample, the
significance of which is not currently known. VHH F8 did not recover NP by
immunoprecipitation (Fig. 1A, lane 8) and was used as an additional control in subsequent
experiments.
To determine whether these NP-VHHs bind distinct epitopes on NP, we performed crosscompetition assays, as follows. We tested the ability of biotinylated NP-VHH2 to retrieve
recombinant NP equipped with a C-terminal 6x His tag (NP-His) preincubated with an excess
of each of the individual VHHs. Recovery of VHH2 on streptavidin agarose would occur only
if preincubation of NP with any of the other VHHs failed to occlude the epitope recognized by
VHH2.
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Figure 1 | VHHs isolated from the influenza VHH library are specific for NP. (A) Lysate from [35S]
labeled MDCK cells infected with influenza were subjected to immune-precipitation with purified VHH
containing a C-terminal 6x His tag immobilized onto Ni-NTA beads. Samples were analyzed using SDSPAGE and autoradiography. Asterisks denote expected mobility for PB2 (upper asterisk) and PB2/PA
(lower asterisk). (B) ClustalW based alignment of NP-VHH CDR1, CDR2 and CDR3 amino acid
sequence (in red). (C) His-tagged NP was incubated briefly with His-tagged versions of the given VHHs.
Biotinylated NP-VHH2 immobilized onto streptavidin beads was then used to precipitate available NPHis. Precipitated NP-His was run on SDS-PAGE and visualized by Coomassie staining. (D) His-tagged
NP was incubated briefly with His-tagged versions of the given VHHs. Biotinylated NP-VHH2 (top
panel), VHH4 (middle panel) and VHH1 (bottom panel) immobilized on streptavidin beads were then
used to pull-down NP-His. Precipitated protein was run on SDS-PAGE and detected via immune-blotting
with His-HRP antibody.

Material recovered on streptavidin-agarose was analyzed by SDS-PAGE and Coomassie
staining. As expected, recovery of NP was poor in samples preincubated with NP-VHH2
compared to than in an irrelevant control (Fig. 1C, lanes 2 and 6). We also observed competition
upon pre-incubation of NP with NP-VHH3, -4 and -5 (Fig. 1C, lanes 4 to 6), suggesting that
these VHHs occlude the epitope recognized by NP-VHH2. Pre-incubation with NP-VHH1 and
-6 did not affect recovery of NP by NP-VHH2 (Fig. 1C, lanes 1 and 3), indicating that these
two VHHs recognized an epitope(s) distinct from that recognized by NP-VHH2.
We next tested biotinylated NP-VHH-1 and 4 in a similar assay. Recovery of NP-His was
detected by SDS-PAGE and immunoblotting using an anti-His antibody. NP-VHH2-biotin
precipitated NP-His after preincubation with NP VHH1 and -6, but not -2, -4 or -5 (Fig. 1D top
panel). Coprecipitation of NP-VHH1 and NP-VHH6 with NP-VHH2-biotin further confirms
their recognition of distinct epitopes. A similar profile was observed with NP-VHH4-biotin
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(Fig. 1D, bottom panel). In contrast, retrieval of NP-VHH1-biotin bound material showed
recovery of NP-His from samples preincubated with NP-VHH1, -2, 4, 5 and 6. Neither NPVHH1 nor NP VHH6 recognized NP in the presence of NP-VHH1-biotin, indicating that NPVHH1 and -6 compete for the same epitope or similar epitopes. From these results, we conclude
that the NP-VHHs in our panel comprise two groups, NP-VHH1 and -6 and NP-VHH2, -3, -4,
and -5, each of which binds distinct nonoverlapping epitopes on NP. None of the NP-VHHs
reacted with recombinant NP in immunoblots, suggesting that they recognize conformationsensitive epitopes.
We next examined the anti-NP VHH panel for intracellular expression and manipulation of
virus replication, in order to identify regions of NP essential for virus replication. As a first
step, we confirmed that NP-VHHs interact with NP when expressed in the cytosol of
mammalian cells in the absence of infection. We cotransfected MDCK cells with expression
vectors that encode eGFP fusions of NP (NP-GFP) and mCherry fusions of NP-VHH1, -2 or 4 (NP-VHH-Ch). Since NP-VHH1, -2 and -4 represent both groups of NP-VHHs, we omitted
NP-VHH3, 5 and 6 from this experiment and from the remainder of the study because of their
comparatively poor expression in the cytosol (data not shown). Coexpressed fluorescent fusion
proteins were visualized by live-cell imaging. In the absence of NP expression, mCherry and
all VHH-mCherry fusions were diffusely expressed throughout the cell (Fig 2A). In the absence
of NP-VHH expression, the NP-GFP fusion protein localized to the nucleus, indicative of the
presence of a functional nuclear localization signal (NLS) (Fig. 2B, top two left panels). None
of the NP-VHHs tested altered the nuclear localization of NP-GFP (Fig. 2B, lower three left
panels). Furthermore, while VHH F8-mCherry or mCherry alone was observed throughout the
cell, NP-VHH -1, -2 and -4 co-localized in the nucleus with NP-GFP, consistent with a specific
interaction of NP-VHHs with NP inside the cell (Fig. 2B, panels in the middle column).
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Figure 2 | NP-VHH-Ch and NP-GFP co-localize in the nucleus of transfected MDCK cells.
(A) Plasmids expressing NP-VHH-Ch and NP-GFP were co-transfected into MDCK cells. 24 hours posttransfection, cells were imaged using live confocal microscopy. B) NP and NP-VHH-Ch interact in the
cytosol. 293T cells were transfected with expression plasmids for NP-VHH-Ch and NP-HA. 24 h post
transfection, cells were metabolically labeled with 35S-cysteine/methionine for 20 min and subsequently
lysed in NP-40 containing lysis buffer. The lysate was split into two samples and subjected to
immunoprecipitation using antibodies against HA or mCherry. Samples were analyzed via SDS-PAGE
and autoradiography. (C) NP-VHH-Ch expression in the cytosol specifically inhibits influenza
replication. MDCK cells constitutively expressing NP-VHH-Ch were challenged with influenza or VSVGFP. 6 h post infection cells were fixed and IAV-infected cells stained with Alexa Fluor (AF) 647coupled αNP-VHH1 under permeabilizing conditions. Levels of infection were quantified by flow
cytometry and normalized to the Wt sample. Mean values ± s.e.m. from three independent experiments
are shown. (D) Expression of NP-VHH-Ch in MDCK cells results in decreased influenza expression
upon virus challenge. MDCK cells stably expressing VHH-Ch were challenged with influenza (MOI
1.0). 2 h post-infection cells were metabolically labeled with 35S methionine for 20 min. Cells were lysed
in NP-40 containing lysis buffer and the lysate was subsequently probed with WSN serum and FluB1
antibody. Samples were analyzed by SDS-PAGE and autoradiography. NP-VHH mediated inhibition is
independent of cell type or mCherry fusion. A549 cells inducibly expressing NP-VHH-HA were treated
with 1 μg/mL doxycycline for 24h or left untreated. Cells were challenged with influenza or VSV-GFP.
6 h post infection, cells were fixed and stained with AF 647-coupled αNP VHH1. Levels of infection
were quantified by flow cytometry and infections obtained in induced samples were normalized to their
un-induced counterpart. Mean values ± s.e.m. from three independent experiments are shown.
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To confirm this interaction, we transiently expressed NP-VHH1-Ch, -2-Ch or -4-Ch with Cterminally HA-tagged NP (NP-HA) in 293T cells. As a negative control, we included MHCIIVHH7 fused to mCherry and VHH F8-mCherry. At 24 h after transfection, we metabolically
labeled the cells with [35S]-cysteine/methionine for 20 min and then lysed them in buffer
containing NP-40. We performed immunoprecipitations with anti-mCherry or anti-HA
antibody. Anti-mCherry coimmunoprecipitated NP only in lysates expressing an NP-VHHmCherry fusion protein (Fig. 2C, top). Furthermore, the reciprocal immunoprecipitation using
anti-HA co-immunoprecipitated only those VHHs specific for NP (Fig. 2C, bottom). Based on
these results, we concluded that epitope recognition and binding of the NP-VHHs were retained
when expressed in the cytosol.
Having demonstrated the ability of NP-VHHs to interact with NP in living cells, we wondered
whether NP-VHHs can target and disrupt influenza virus replication. We generated MDCK
cells that stably express NP-VHH-mCherry and measured virus replication using two
independent methods. To quantify infection and expression of NP-VHHs by flow cytometry,
MDCK cell lines were infected for 6 h, then stained for NP protein using Alexa Fluor 647labeled NP-VHH1, and examined by flow cytometry. MDCK cells that express NP-VHH1, -2,
and -4, supported influenza virus replication far worse than wild type (wt) MDCK cells or cell
lines that express only mCherry or VHH F8-Cherry (Fig 2D).
We next infected wt MDCK cells or cells expressing NP-VHHs with influenza virus at an
multiplicity (MOI) of 1.0. Two hours postinfection (hpi) cells were pulsed with [35S]cysteine/methionine for 10 min and then lysed in buffer containing NP-40. Viral antigens were
immunoprecipitated from the lysates using a mixture of anti-WSN polyclonal mouse serum and
a mouse monoclonal antibody (FluBI) which recognizes HA(39). Infection, as measured by the
amount of newly synthesized NP, HA, and M1, was robust in wt cells and in cells that expressed
mCherry or VHH F8-Cherry (Fig. 2E lanes 2, 3, and 7). In contrast, cells that expressed NPVHH1, -2 and -4 produced substantially less viral antigen, indicating that infection was
disrupted in these cells (Fig. 2E, lanes 4, 5, and 6).
To rule out the possibility that inhibition was cell type-specific or dependent on the relatively
large mCherry fusion, we used lentiviral transduction to generate A549 cell lines with
doxycyclineinducible expression of NP-VHHs. Instead of mCherry, the doxycycline-inducible
NP-VHHs carry a C-terminal HA epitope tag. As an additional negative control for these
experiments we included cells that express HA-VHH68 (39). Infection with influenza virus was
assessed by flow cytometry as described above. Infection proceeded normally in the absence
of NP-VHH expression (no doxycycline), but was essentially blocked in doxycycline-induced
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cells (Fig. 2F). To demonstrate the selectivity of the NP-VHHs for influenza virus, we
challenged the MDCK and A549 cell lines with a strain of vesicular stomatitis virus (VSV) that
expresses eGFP (VSV-GFP) (40) and quantified infection by flow cytometry using the GFP
signal as a proxy for infection. No difference in infection with VSV was observed in cell lines
induced for expression of NP-VHHs compared to un-induced cells (Fig. 2S and F). The
inhibition of infection imposed by NP-VHHs observed in influenza virus-challenged cells was
therefore specific for influenza virus, and not for a virus-independent feature of the infected
state.
In the course of infection, NP engages in a number of interactions with host proteins and viral
components (41). Binding of NP-VHHs to NP could disrupt any one of them to account for the
observed inhibition of virus replication. To explore how the NP-VHHs block virus replication,
we established a mini-genome assay in 293T cells. In this assay, replication and transcription
of a model vRNA segment is dependent on NP expression, nuclear import and association with
RNA and the polymerase complex. Cells were transfected with expression plasmids for NP,
PBI, PB2, and PA. The model vRNA segment encoding an HA-tagged version of influenza NA
was transcribed from a co-transfected plasmid. Nuclear localization of NP-VHH-Ch (and by
extension the NP ligand) was confirmed by confocal microscopy (data not shown). At 24 h
after transfection, cells were lysed and NA protein levels were measured by SDS-PAGE and
immunoblot analysis. Coexpression of neither VHH F8 nor MHCII VHH7 fused to mCherry
inhibited expression of NA in the mini-genome assay (Fig. 3, lanes 6 and 7). For the three NPVHHs tested, only NP-VHH1 inhibited NA protein expression, whereas NP-VHH2 and -4 were
inactive fig. 3 lanes 3, 4 and 5). We thus conclude that expression of NP-VHH-1 inhibits
genome replication, whereas NP-VHH -2 and -4 must block infection at a step upstream from
replication.
Figure 3 | NP-VHH 2 and 4 do not
influence NP activity in a mini-genome
assay. 293T cells were transfected with
plasmids expressing influenza PB1, PB2,
PA, NP, VHH-Ch and a plasmid transcribing a model genome segment encoding NAsrt (under control of the pPol1
promoter). 24 h post-transfection, cells
were lysed in NP-40 containing lysis
buffer. Samples were analyzed via western
blot using antibody against HA epitope,
NP, mCherry and GAPDH.
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We next assayed nuclear import of vRNPs in MDCK cells that express NP-VHHs and
challenged these cells with a high dose of influenza virus. We included the translation inhibitor
cycloheximide to ensure that all NP (used here as a proxy for vRNPs) was derived from the
input virus and not from newly synthesized protein. After 4 h of infection, cells were fixed and
stained for NP to determine the extent of vRNP nuclear import. In WT cells, and in cells,
expressing mCherry or VHH F8, input NP protein is localized predominantly in the nucleus
(Fig. 4). In contrast, in cells that express NP-VHH1,2 and 4, the NP signal was mostly absent
from the nucleus, indicating that nuclear import of the vRNPs was restricted. Thus, NP-VHH1
interferes with replication in the mini-genome assay and with nuclear import, whereas NPVHH2 and -4 affect only nuclear import. Consequently, the segments of NP recognized by NPVHH-1 and by NP-VHH2, and -4 not only are distinct epitopes but also participate in different
aspects of its function in the course of infection.

Figure 4 | NP-VHH-Ch inhibits nuclear import of the incoming vRNP complex.
MDCK cells stably expressing VHH-Ch were infected with influenza (MOI 500) in the presence of
cycloheximide. Four hours after infection, cells were fixed and permeabilized with 4% paraformaldehyde
and 0.5% NP-40. Staining was performed with Hoechst (blue) and anti-NP (green) before visualization
by confocal microscopy.
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Discussion
We exploited the unique properties of single domain antibodies that target influenza virus NP
in the cytosol of influenza virus-infected cells and studied their impact on influenza virus
replication. The NP-VHHs expressed in this fashion interacted with influenza virus NP in intact
cells, consistent with the fact that epitope recognition is independent of lumen-associated
posttranslational modifications of the VHHs, such as glycosylation and disulfide bond
formation (modifications not present in the bacterial system used for phage display).
Interactions between NP-VHHs and NP in the course of infection disrupted influenza virus
replication at an early step. The primary mechanism by which this occurs is a halt in nuclear
import of the incoming vRNPs. The NP-VHH1 recognizes an epitope distinct from that
recognized by NP-VHH2 and -4 and had an additional inhibitory activity at the level of genome
replication. None of the NP-VHHs tested interfered with nuclear localization of NP when it
was expressed on its own. Thus, we conclude that the inhibitory activity of NP-VHHs results
from interference with the nuclear import pathway utilized specifically by influenza virus
vRNPs, and not by NP alone, consistent with separate functions for the two nuclear localization
signals identified for NP (7, 42).
Analysis of the NLS motifs in NP has resisted identification of separable functions for these
motifs in the course of infection. The complexity of interactions of NP with host and viral
proteins, and the lack of tools available to analyze essential gene function have surely
contributed to this state of affairs (8–10) . Mutational inactivation of either or both motifs failed
to inhibit nuclear import of NP when it was expressed alone, leading to the suggestion that the
protein contains a third NLS

(43). Likewise, import of purified vRNPs in a digitonin

permeabilized cell system was partially inhibited by preincubation with conventional antibodies
specific for NLS1 and NLS2 (44). In the latter case, nuclear import was assessed by
immunocytochemistry with an anti-NP antibody, and vRNP-independent import of NP may
have confounded these results. Our panel of NP-VHHs allowed us to perturb nuclear import of
vRNPs in living cells. This critical step in the virus life cycle could thus be analyzed under
physiological conditions, i.e., during an infection.
Could an influenza virus infected cell avoid nuclear reimport of vRNPs recently exported from
the nucleus and destined for incorporation into budding virions? In a similar vein, what
determines nuclear import of incoming vRNPs? Our data, along with the model proposed by
Wu and Pante (42), suggest that directionality of transport for vRNPs may be accomplished by
regulating access to NLS1 and NLS2 sites on NP. Thus, RNA-associated NP, as found on the
incoming vRNPs, might be available for the nuclear import machinery via NLS2, while NLS1
remains masked in vRNPs. An additional modification(s) to NP would have to occur to prevent
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reimport of newly exported vRNPs via NLS2 in the course of infection. How this occurs is
unclear but likely involves interactions with influenza virus M1 and nuclear export protein
(NEP) (45). Further manipulation of this pathway using the NP-VHHs in hand should improve
our understanding of the virus life cycle. For example, cocrystallization studies of NP-VHHs
and NP should allow the molecular identification of the precise regions of NP recognized by
NP-VHHs and thus the features of structure of NP essential for vRNP import.
Nuclear import is an essential step that must occur at least twice during the life cycle of the
virus: once during nuclear entry of vRNPs, so that the incoming virus can establish a foothold,
and then to enable assembly of newly replicated RNA with newly synthesized NP in the course
of producing progeny virions. Given the essential nature of these steps and the relatively
conserved nature of NP across different strains of influenza virus, nuclear import may be a
promising target for development of broad-spectrum antivirals. A recent screen for small
molecules capable of inhibiting influenza virus replication identified nucleozin as a potent
inhibitor of NP nuclear import (46). Nucleozin treatment does not specifically affect nuclear
import of vRNPs, indicating that it must target a different aspect of NP function different from
that blocked by our NP-VHHs.
A detailed examination of the function of influenza virus NP protein in replication beyond its
identification as an essential protein has been challenging. Excepting some temperature
sensitive influenza virus strains, efforts to generate viable influenza virus with mutant versions
of NP displaying complete loss of function in, for example nuclear import or nuclear
localization, have so far proven unsuccessful (7, 47, 48). In addition, only a few small molecules
to date have been identified that targets NP function (46, 49–53) . The use of intracellularly
expressed single-domain antibodies represents an alternative for studying the function of
essential proteins encoded by RNA viruses. The specificity of VHHs and their high affinity and
ease of expression in both prokaryotic and eukaryotic cells, paired with their suitability as
crystallization chaperones (54), make them attractive tools to unlock aspects of the influenza
virus life cycle that have been difficult to access by other means.

Materials and methods
Antibodies and plasmids.
GAPDH-HRP (horseradish peroxidase) conjugated antibody was purchased from Abcam
(ab105428). Anti-mCherry antibody was purchased from Abcam (ab167453). Anti-HA
antibody was purchased from Sigma (HA-7). Protein-G agarose was purchased from Roche
Diagnostics. Nickel-nitrilotriacetic acid (NTA) beads were purchased from Qiagen. FluB1
antibody was purified from FluBI hybridoma cells using published methods (55). Anti-WSN
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serum was obtained from mice immunized with the A/WSN/33 strain of influenza. Expression
of NP-HA, NP-GFP, all VHH-Ch and mCherry constructs were achieved by cloning into
pCAGGs. Expression vectors encoding PB1, PB2, PA, and NP were a kind gift from Adolfo
Garcia-Sastre. Anti-NP antibody was a kind gift from Ari Helenius.
Virus
VSV GFP was propagated and titrated over Vero cells. A/WSN/33 strain of influenza virus
was propagated and titrated over MDCK cells. All infections, unless otherwise noted, were
performed as follows: cells were washed in PBS and then incubated with virus resuspended in
PBS (0.2% BSA). After 1 hour at room temperature the inoculum was replaced with DMEM
(0.2% BSA) and cells were shifted to 37ºC with 5% CO2.
Cells
Stable integration of mCherry or VHH-Ch constructs in MDCK cells was achieved by cotransfection of pCAGGS expressing vectors and a plasmid expressing the Zeocin resistance
cassette with subsequent selection for Zeocin resistance. Thereafter, cells were maintained in
DMEM (10% FBS). A549 cells were cultivated in DMEM with 10% FBS. A549 cell lines
inducibly expressing HA-tagged VHHs were generated using lentivirus produced with
derivatives of pInducer20 (56) and selected in the presence of 500 μg/mL G418.
VHH library generation
To obtain VHHs specific for influenza virus, two alpacas underwent five rounds of
immunization with alcohol fixed influenza virus PR8. Peripheral blood cells were collected
from both alpacas and total RNA was isolated from each sample using a Qiagen RNeasy Plus
minikit (Qiagen). Purified RNA was then used for cDNA synthesis using random hexamers,
oligo-(dT) and primers specific for the constant region of the alpaca heavy chain gene. cDNA
was then used as a template with primers specific to the VHH region (57) . PCR products from
both alpacas were pooled, digested with NotI-HF and AscI (NEB), gel purified, ligated into a
M13 phagemid vector (pJSC), and transformed via electroporation into TG1 bacteria for phage
display-based panning. Three separate methods of panning were utilized to isolate influenza
virus specific VHHs. The first method used intact biotinylated HAsrt virus (34) immobilized
on streptavidin beads. The second method utilized recombinant influenza virus protein with a
C-terminal sortase motif expressed in 293T cells, biotinylated, and immobilized on streptavidin
beads. A third method utilized a Staphylococcus aureus display platform, based on a strategy
developed for Staphylococcus carnosus (35) , which will be described in detail elsewhere.
Recombinant protein expression and purification.
NP from influenza virus A/WSN/33 was cloned with a C-terminal His-tag into pET30b
expression vector. Transformed E. coli BL21 (DE3) were cultured in Terrific Broth at 37ºC
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before the temperature was reduced to 25ºC at OD600=0.5. Protein expression was induced
with 1 mM IPTG at OD600=0.6 and cells were grown for additional 3 h. The resulting pellet
was resuspended in 25 mM TRIS pH 7.5, 1 M NaCl, 0.2% NP-40, 10 units/ml Benzonase and
0.1 mg/ml lysozyme. Cells were lysed by sonication and NP was purified on Ni-NTA agarose,
cation exchange and Superdex 200 gel filtration columns.
Recombinant VHHs were cloned with a C-terminal sortase recognition site (LPETG) followed
by a 6x His-tag into pHEN6 expression vector for periplasmic expression and transformed into
E.coli strain WK6. Protein expression was induced by addition of 1 mM IPTG at OD600=0.6
and cells were grown overnight at 30ºC. The periplasm fraction was harvested by osmotic shock
and VHHs purified by Ni-NTA affinity and size exclusion chromatography using a Superdex
75 column.
Sortase modification of recombinant proteins.
Sortase A pentamutant of S. aureus (5 uM final concentration) and probe (GGG-biotin, 250
mM final concentration) were added to the VHH (30 μM final concentration) in sortase buffer
(50 mM Tris pH 7.5, 150 mM NaCl, 10 mM CaCl2). The mixture was incubated at 4ºC
overnight. The His-tagged sortase and unreacted VHH were removed by passing over a NiNTA column and the biotinylated VHH was purified on a Superdex 75 size exclusion column
and analyzed by gel electrophoresis.
Competition assay.
Immunoprecipitations for competition assays were performed with 2 μg of biotinylated VHH
bound to streptavidin magnetic beads (MyOne Dynabeads, Invitrogen) and 7.5 μg of
recombinant NP. Before addition to the beads, NP was “blocked’ with 50 μg of the individual
His-tagged VHHs from the panel of NP-specific (VHH1-6) and control VHHs, VHH7 and F8.
Bound NP was eluted in 0.2 M glycine, pH=2.2 and analyzed by SDS-PAGE and
immunoblotting with anti-His-HRP.
Metabolic labeling and immunoprecipitation.
Pulse chase experiments were performed as described in reference (58) and (59). Briefly,
MDCK cells (~1 x 107/ sample) were trypsinized and incubated at 37ºC in starvation medium
(methionine/cysteine free DMEM supplemented with 10% dialyzed fetal calf serum) for 30
min. Metabolic labeling was performed at 37ºC using starvation medium plus 10mCi/ml
[35S]methionine/cysteine (PerkinElmer). Cell pellets were lysed in NP-40 containing lysis
buffer and precleared with protein-G agarose beads for 1 h at 4ºC. Immunoprecipitations were
performed for 1 h at 4ºC with gentle agitation. Samples were eluted by boiling in reducing
sample buffer, run on SDS-PAGE and visualized by autoradiography.
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Flow cytometry-based infection assays.
To quantify infection by flow cytometry, MDCK or A549 cells were seeded in 24-well plates
16 or 40 h before infection (3·104 cells/well). A549 cells were treated with 1 μg/mL
doxycycline 24 h before infection to induce VHH expression or left untreated. Cells were
infected with appropriate amounts of IAV (in 0.2%BSA/DMEM) or VSV-GFP (in DMEM) to
infect ca. 20% of wild-type cells. At 30 min postinfection, inoccula were removed, and cells
were cultivated for 5.5 h in DMEM (10% serum). Cells were trypsinized, fixed in 4%
formaldehyde, PBS, and stained in the presence of 0.05% saponin with 1 μg/mL AlexaFluor
(AF) 647-coupled anti-NP VHH1 or 2 (IAV-infected cells), and/or mouse anti-HA and goat
anti-mouse AF 488/AF 647 (A549-based cell lines), all under permeabilizing conditions.
Levels of infection were normalized to the WT sample (for MDCK cells) or the noninduced
sample (for A549 samples). Fluorescence was quantified using a BD Biosciences LSRFortessa
flow cytometer and the FlowJo software package.
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Abstract
Alpaca-derived single domain antibody fragments (VHHs) that target the influenza A
nucleoprotein (NP) can protect cells from infection when expressed in the cytosol. We found
that one such VHH, αNP-VHH1, exhibits similar antiviral activity as Mx proteins by blocking
nuclear import of incoming vRNPs and viral transcription and replication in the nucleus. We
determined a 3.2 Å crystal structure of αNP-VHH1 in complex with influenza A NP. The VHH
binds to a non-conserved region on the body domain of NP, which has been associated with
binding to host factors and serves as a determinant of host range. Several of the NP:VHH
interface residues determine sensitivity of NP to antiviral Mx GTPases. The structure of the
NP:αNP-VHH1 complex affords a plausible explanation for the inhibitory properties of the
VHH and suggests a rationale for the antiviral properties of Mx proteins. Such knowledge can
be leveraged for much needed novel antiviral strategies.

Importance
Influenza strains can rapidly escape from protection afforded by seasonal vaccines, or acquire
resistance to available drugs. Additional ways to interfere with the virus life cycle are therefore
urgently needed. The influenza nucleoprotein is one promising target for antiviral interventions.
We have previously isolated alpaca derived single-domain antibody fragments (VHHs) that
protect cells from influenza infection if expressed intracellularly. We show here that one such
VHH exhibits antiviral activities similar to proteins of the cellular antiviral defense (Mx
proteins). We determined the three dimensional structure of this VHH in complex with the
influenza nucleoprotein and identified the interaction site, which overlaps with regions that
determine sensitivity of the virus to Mx proteins. Our data defines a new vulnerability of
influenza virus, helps to better understand the cellular antiviral mechanisms, and provides a
well characterized tool to further study them.
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Introduction
Seasonal human influenza A virus (IAV) epidemics and occasional pandemics cause significant
morbidity and continue to pose a large economic burden. Influenza A is a segmented, negative
stranded RNA virus and belongs to the family of orthomyxoviridae. To infect a cell, virus
particles must fuse with the host cell membrane to release the viral ribonucleoprotein (vRNP)
complexes into the cytosol. vRNPs must then cross the nuclear membrane, to enter the nucleus,
where viral transcription and replication take place.
vRNPs contain a negative-stranded RNA genome segment decorated by many copies of the
nucleoprotein NP. NP bound to viral RNA (vRNA) assembles into two helical, anti-parallel
strands that form a loop at one end. At the other end, the heterotrimeric polymerase, comprised
of PA, PB1 and PB2, is positioned and binds to the base-paired, conserved ends of the vRNA
as well as to NP.
The major vRNP protein component, NP, is a basic, ~56 kDa protein consisting of a head and
body domain and a tail loop (aa 402-428). In the context of a vRNP, the tail loop protrudes into
adjacent NP molecules and mediates oligomerization (1). Besides binding and condensing
vRNA, the diverse functions of NP include nuclear import, export, and RNA synthesis. NP
interacts with the viral proteins M1 and PB2 and a variety of host proteins (2–6). Because of its
complex interactions, NP is a key determinant of host specificity, such that IAV strains with
NP sequences of avian origin are much less virulent in human cells (7, 8).
Nuclear import of vRNPs through nuclear pores is mediated by importin-α/β. At least two
nuclear localization sequences (NLS) that are recognized by the different importin-α isoforms
are present on NP, including a nonconventional NLS (NLS1, NP residue 3-13), and NLS2
comprising residues 198 – 216 (9, 10). NP is dispensable for transcription of short (<100
nucleotides) vRNA-like templates, but is essential for transcription and replication of fulllength viral genome segments. NP thus serves as a crucial factor for transcript elongation (11).
Newly synthesized NP exists as monomers and small oligomers (trimers) and is imported into
the nucleus to assemble new vRNPs (12). Later in infection, the progeny vRNPs are exported
to the cytosol with the aid of the viral nuclear export protein (NEP), M1 and the host CRM1
export machinery for delivery to the budding site (5, 13).
Anti-influenza drugs and vaccines have traditionally targeted the surface-exposed viral
hemagglutinin (HA), neuraminidase (NA), or the ion channel M2. The selective pressure
exerted by drugs, antibodies and T cells confers a selective advantage to those viruses with
mutations in their surface proteins as a means of escape (antigenic drift). Strain-dependent
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sequence variation in other influenza proteins, such as NP, exists, but is far less prominent than
the antigenic drift seen for HA, NA and M2 variants.
Alternative approaches to traditional interventions must therefore target the more conserved
proteins of the viral RNP complex to prevent them from entering the nucleus or to inhibit the
associated activity of the RNA-dependent RNA polymerase, a vulnerability of the virus that is
also exploited by host, antiviral Mx proteins. Mx GTPases are interferon-induced effectors of
the cell-autonomous antiviral immune response, with broad specificity against a number of
RNA viruses. Although molecular details of how Mx proteins exert their antiviral activity are
unknown, we do know the stages in the viral life cycle that are perturbed by Mx proteins (14).
The human MxA protein is localized in the cytosol and prevents nuclear import of incoming
vRNPs (15). In contrast, mouse Mx1, a close homolog, is localized in the nucleus and interferes
with viral transcription and replication (14).
To better relate specific contributions of different NP surface regions to their function, and to
identify new vulnerabilities that perturb the viral life cycle, we have used intracellularly
expressed variable domains of alpaca heavy chain-only antibodies (VHHs) that target IAV NP.
In contrast to conventional antibodies or their fragments, camelid heavy chain-only antibodies
recognize their target with a single variable binding domain. As fragments, these ~15 kDa
antibody domains can bind with high affinity and specificity, are soluble and mostly
independent of stabilization by disulfide bonds. This allows expression of VHHs in the cytosol
of mammalian cells with retention of their binding properties. Intracellular expression of the
anti-NP VHHs during IAV infection disrupts the viral replication cycle at an early stage by
preventing essential nuclear import of incoming vRNPs, but not of NP alone (16, 17). We can
thus target a specific NP surface and examine the consequences for virus replication.
We found that one of our NP specific VHHs, αNP-VHH1, blocks vRNP nuclear import, viral
transcription and replication in similar fashion as do interferon-induced, antiviral Mx proteins.
We used VHHs as crystallization chaperones to grow crystals of recombinant NP in complex
with αNP-VHH1. The 3.2 Å crystal structure reveals that the VHH binding site overlaps with
a region associated with viral sensitivity to Mx proteins. According to one of the proposed
vRNP structures, VHH binding occludes access to NLS2 on the adjacent NP molecule, thus
providing a plausible mechanistic explanation for the antiviral activity of αNP-VHH1 and Mx
proteins.
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Results
αNP-VHH1 inhibits virus replication after nuclear import of vRNPs
We reported the identification of several VHHs that target influenza NP (16, 17). When
expressed in the cytosol, almost all identified VHHs block nuclear import of incoming vRNPs.
Due to the multiple roles of NP in the viral life cycle, it is likely that VHHs interfere with virus
replication at multiple steps. We tested the effect of αNP-VHH1 in the course of an influenza
infection in A549 cell derivatives in which VHH expression is doxycycline-inducible. Since
αNP-VHH1 inhibits the initial nuclear import of vRNPs, we infected with influenza virus and
induced expression of αNP-VHH1 in the cytosol at different time points from 16 hours (h)
before to 5 h after infection. We expected that induction of VHH expression after infection
permits vRNP import into the nucleus, to then be able to examine the effects of αNP-VHH1
after this step. We assessed expression levels of NP and HA-tagged αNP-VHH1 by flow
cytometry 6 h post infection (p.i.), using αNP-VHH2 AlexaFluor647 (another NP-specific
VHH) and an AlexaFluor488-labeled monoclonal anti-HA antibody, respectively (Fig 1A).
VHH levels were lower when their expression was induced at later time points, while the
fraction of NP positive cells and thus infection was higher. When expression was induced 3 or
4 h p.i., VHH levels were barely detectable, which we attribute to influenza-mediated shut down
of host protein synthesis (18). Induction of VHH expression as early as 1 h prior to infection
was sufficient to prevent most de novo NP production, likely by limiting access of vRNPs to
the nucleus. A substantial fraction of cells still expressed NP when doxycycline was added
simultaneously with or 2 h p.i.. This leaves a narrow window to allow VHH expression in
infected cells to study VHH perturbation after nuclear import. To evaluate the effect of the
small quantities of VHH induced at 0 and 2 h p.i., we used the same experimental setup as
before, but instead quantified virus titers in the supernatants (Fig 1B). Time points that allowed
both VHH production and NP synthesis (0 and 2 h p.i.) yielded drastically reduced virus titers.
This suggests that αNP-VHH1 impairs viral replication in ways other than its interference with
nuclear import of incoming vRNPs.
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Figure 1 | αNP-VHH1 impairs influenza A virus replication at early and late time points. A549
cells expressing αNP-VHH1-HA in a doxycycline (Dox)-inducible manner were seeded 24 h before
influenza A virus (IAV) infection. VHH expression was induced at the indicated time points relative to
infection; cells were infected with IAV at an MOI of 1 at t = 0 h. (A) Cells were harvested 6 h post
infection (p.i.), stained for HA and NP, and analyzed by flow cytometry. Geometric mean of αHAAlexaFluor488 (VHH expression level, red) and fraction of infected cells (NP positive, gray) are shown.
Mean values ± standard deviation (SD) from technical duplicates are displayed.
(B) Supernatants were collected 24 h.p.i and titered on MDCK cells. 24 h p.i., NP in infected MDCK
cells (nuclei) was stained with αNP-VHH2-TAMRA, and infected cells were quantified by CellProfiler.
Data from three independent experiments (±s.e.m.) is shown.

αNP-VHH1 inhibits replication/transcription of long RNA segments
Nuclear import of vRNPs is followed by transcription and replication of viral genome segments.
We have previously analyzed polymerase activity in the presence of NP-specific VHHs using
a transfection-based polymerase reconstitution assay in 293T cells, bypassing natural infection
and nuclear import of vRNPs. We found that αNP-VHH1 fused to mCherry blocked the
synthesis of the template genome encoding the viral NA (16), but HA-tagged αNP-VHH1 did
not affect transcription of an artificial genome segment encoding EGFP in independent
experiments (17). We excluded the possibility that the size of the VHH fusions contributed to
this discrepancy (data not shown). Since the template genome segments we used differ in their
length, we speculated that the VHH may interfere with the role of NP in transcript elongation.
An interference with elongation that is dependent on the length of the viral genome segment is
also seen for antiviral Mx proteins located in the nucleus (14). Initiation and synthesis of
primary viral transcripts for M1 and NS2 are barely affected by Mx1, but Mx1 interferes with
the synthesis of the longer transcripts encoding NP, HA, PA, PB2 or PB1 (14). To test whether
the inhibitory effect of αNP-VHH1 during transcription and replication is dependent on the
length of the transcript, we designed two artificial genome segments: one encoding EGFP on a
720 nucleotide (nt) transcript, the other mCherry-T2A-EGFP on a 1500 nt transcript. This
approach enabled us to compare templates of different lengths in a polymerase reconstitution
assay, while measuring the same fluorescent molecule as a readout (EGFP). We co-transfected
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a control VHH (VHH7, α-murine-MHCII), αNP-VHH1, human MxA or murine Mx1 and
quantified EGFP positive cells 24 h post transfection (Fig 2). The fraction of EGFP-positive
cells in the presence of all tested proteins was unaffected for the short 720 nt template, at least
at the co-transfected amounts of plasmid DNA. The 1500 nt genome segment showed reduced
overall expression compared to the 720 nt genome segment in the absence of any perturbants.
Co-transfection of Mx1 or αNP-VHH1 clearly reduced EGFP positive cells and thus
polymerase efficiency on the 1500 nt transcript, while the control VHH and MxA did not affect
EGFP expression. We thus show that, similar to Mx proteins in the nucleus, αNP-VHH1
interacts with NP in a manner that does not block initiation of polymerase activity, but rather
hinders NP in its role as a factor for transcript elongation by the RNA-dependent polymerase.
This also explains the reduced virus titers in the presence of αNP-VHH1, although we cannot
exclude that additional stages of the replication cycle, such as nuclear export, transport to the
budding site and virion assembly, are impaired by the VHH as well.

Figure 2 | Inhibition of polymerase activity by αNP-VHH1 and Mx1 is dependent on transcript
length. 293T cells were transfected with expression vectors for influenza A/WSN/33 PA, PB1, PB2, NP,
as well as the indicated VHHs or Mx proteins. In addition, we co-transfected plasmid pPolI-RT, from
which a synthetic genome segment was transcribed, that either encoded EGFP (720 nt) or mCherry-T2AEGFP (1500 nt). 24 h post transfection, EGFP positive cells were quantified by flow cytometry. Since
reduced EGFP levels were expressed from the mCherry-T2A-EGFP construct, values were normalized
to EGFP positive cells expressing VHH7 (control). Data from three independent experiments is shown
(±s.e.m.). Statistical significance was assessed by Student’s t test (**, P<0.01, ns = not significant).

αNP-VHH1 binds to the NP body domain
To define the molecular binding site of αNP-VHH1 on NP as a means of obtaining mechanistic
insight into its inhibitory properties, we determined the binding site by X-ray crystallography.
To produce the NP:αNP-VHH1 complex, we expressed and purified both proteins individually.
We then combined the proteins in a 1:3, NP:αNP-VHH1 molar ratio and purified the complex
by size exclusion chromatography. In the absence of RNA, purified NP exists as monomers or
trimers, and the oligomerization state can be influenced by salt concentration (19). As in
vRNPs, the NP:NP interaction in trimers is facilitated by the NP tail loop that protrudes into an
43

adjacent NP molecule (20). In the size exclusion elution profile, both monomeric and trimeric
peaks shift after addition of the VHH, indicating that binding of the VHH does not affect NP
oligomerization and that αNP-VHH1 can interact with both species (Fig 3A).
We obtained co-crystals of the complex that diffracted to 3.2 Å (Table 1) and solved the
structure by molecular replacement (MR) using the available structures of NP (2IQH) and a
VHH (4KRL) as reference models (1, 21). Our model was refined to a final Rwork of 20.3% and
Rfree of 26.1%. The NP:αNP-VHH1 complex resembles previously characterized NP structures,
forming a trimer with the tail loops projecting into the adjacent NP molecule (Fig 3B) (1, 22).
αNP-VHH1 binds to the body domain at the end opposite to the tail loop of each NP monomer
(Figs 3B and 3C), underlining that it does not interfere with oligomerization of NP. Despite
being a potent inhibitor of vRNP nuclear import, the VHH binding site is distant from the
known NLS1 and NLS2 (Figs 3C and 3D). It is also not in the proximity of the RNA binding
cleft (Fig 3C), and thus likely does not alter binding of NP to RNA.
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Figure 3 | αNP-VHH1 binds to the body domain of NP. (A) NP alone (blue), or preincubated with an
excess of αNP-VHH1 (red), was subjected to size exclusion chromatography with a Superdex 200
column. Absorbance at 280 nm of the elution profile is displayed (left). Samples of the peak fractions 1,
2, and 3 were analyzed by SDS-PAGE and Coomassie staining (right). (B,C) Ribbon re-presentation of
αNP-VHH1 in complex with NP. (B) The three assembled NP molecules that form the trimer are shown
in yellow, red and blue, the VHH (gray) is bound opposite to the tail loop. (C) NP monomer bound by
αNP-VHH1. NP subdomains, RNA binding cleft and NLS2 are indicated. NLS1 is disordered in the
electron density maps and not shown. All illustrations were generated in PyMOL. (D) Sequence of
influenza A/WSN/33 NP. The NP:αNP-VHH1 interface residues are shown in green. ‘H’ labels residues
involved in hydrogen bonds and ‘S’ labels residues engaged in salt bridge at the αNP-VHH1 interface.
Conserved interface residues are marked with a ‘C’ (conservation grades 8-9), variable interface residues
with a ‘V’ (conservation grades 1-3) according to Kukol et al. (24). Unlabeled interface residues exhibit
average conservation grades. The two nuclear localization sequences (NLS) of NP are shown in purple
and magenta. Residues associated with sensitivity of influenza A to Mx proteins are indicated with an
‘M’ (31–33); residues enhancing importin-α binding with ‘α’ (25).
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Table 1. Data collection and refinement statistics
Protein
Influenza A NP, αNP-VHH1 native
Organism
Influenza A, Vicugna pacos
PDB ID
5TJW
Data collection
P213
Space group
137.548, 137.548, 137.548
a, b, c (Å)
90.0, 90.0, 90.0
α, β, γ (°)
0.9778
Wavelength (Å)
97.26 – 3.22 (3.34-3.22)*
Resolution range (Å)
132024
Total reflections
14205
Unique reflections
99.9 (100.0)
Completeness (%)
9.3 (7.9)
Redundancy
17.8 (100.0)
Rsym (%)
6.6 (44.2)
Rp.i.m. (%)
15.4 (2.1)
I/σ
99.6 (68.7)
CC1/2 (%)
Refinement
Resolution range (Å)
Rwork (%)
Rfree (%)
Coordinate error (Å)
Number of Reflections
Total
Rfree reflections
Number of non-hydrogen atoms
Protein atoms
R.m.s. deviations
Bond lengths (Å)
Bond angles (°)
Average B factors (Å2)
Protein
Ramachandran (%)
Favored (%)
Allowed (%)
Outlier (%)
Clashscore
Molprobity score
Molprobity percentile
*Values in brackets are for the highest resolution shell.

97.26 – 3.23
20.44
26.16
0.38
14189
1419
4579
4579
0.005
0.633
74.65
96.4
3.43
0.17
9.53
1.74
100th

αNP-VHH1 binds a variable surface on NP associated with host adaptation
We identified the residues involved of the NP:αNP-VHH1 binding interface using PDBePISA
(23). The VHH uses residues from all of its three complementary determining regions (CDRs)
to interact with NP. On NP, αNP-VHH1 buries a total of 23 residues and an interface of 542 Å2
(Fig 4A). The manner in which the VHH binds NP suggests that it exerts its antiviral properties
due to the steric exclusion of potential NP binding partners, including viral or host proteins.
The NP binding interface is dispersed over discontinuous elements of secondary structure,
which explains why the VHH only binds to correctly folded, but not to denatured NP, for
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example in immunoblots (data not shown). To validate that αNP-VHH1 engages NP at the
determined binding site, we generated an E375R mutant of NP, showed that is expressed to
wildtype levels, and confirmed that this mutation in the binding site results in a loss of αNPVHH1 binding (Fig S1).
To analyze the possible extent of structural conservation of NP at the VHH binding interface,
we evaluated conservation grades of the interface residues acquired by large-scale surveys of
NP sequences (24). Kukol et al. determined conservation grade scores of NP residues using the
ConSurf algorithm, which takes into account evolutionary relationships between protein
sequences. None of interface residues are strictly conserved, only 17% were considered
conserved, 43% variable and 39% received scores for an average degree of conservation. Part
of the binding interface represents the largest cluster of variable residues on the otherwise rather
conserved NP (Fig 4D). Despite binding to a variable region on NP, we confirmed binding of
αNP-VHH1 to the commonly used laboratory strains WSN and PR8 (Fig S2).
Functional properties of NP are often investigated by mutagenesis or by analysis of naturally
occurring, adaptive mutations. In agreement with their variable character, several of the 23
interface residues have been examined in the context of interspecies adaptation. These residues
include Asn319, that enhances importin-α affinity (Fig 4C) and residues Tyr52, Asn101,
Tyr313, Glu375 and Ser377, which undergo convergent changes in the process of adaptation
from avian to human hosts (8, 25–30). In agreement with the similarity of viral inhibition
between αNP-VHH1 and Mx proteins, the αNP-VHH1 binding interface overlaps with a cluster
of residues (Tyr52, Glu53, Val100, Ser283, and Tyr313) (Fig 4B), whose mutation allows
escape from Mx proteins (31–33).
Efforts to screen for small molecule antivirals that perturb the viral replication cycle have
yielded a handful of inhibitors that target NP (34, 35). One of them, nucleozin, promotes
cytosolic accumulation of incoming vRNPs. Two independent binding sites have been
identified for nucleozin (35). One of the two binding sites, at residue Tyr52, overlaps with the
αNP-VHH1 binding site (Fig 4E). The second nucleozin binding site, Try289/Asn309, is in
close proximity of Tyr52 but is not masked by αNP-VHH1 and should therefore be accessible
to the drug in the presence of αNP-VHH1. However, the proximity highlights the susceptibility
of this NP surface to interference, and αNP-VHH1 may thus also help to better understand the
inhibitory properties of nucleozin and its derivates.
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Figure 4 | The binding interface of NP and αNP-VHH1. Surface representation of an NP monomer
with magnified view of the NP:αNP-VHH1 interface. (A) Residues involved in the interaction that are
at least partially occluded upon VHH binding are shown in green. (B) Residues associated with
sensitivity of influenza A to Mx proteins are shown in blue. (C) Residue that enhances binding to
importin-α is shown in purple. (D) Variable interface residues that are part of the largest cluster of
variable residues of NP according to Kukol et al. (24) are shown in red. (E) The two independent
nucleozin binding sites are displayed in orange (34, 50).

The effects of αNP-VHH1 on vRNP integrity and nuclear import
None of the two characterized NLSs are in proximity of the αNP-VHH1 binding site (Figs 3C
and 3D). Nuclear import of NP alone is unaffected by αNP-VHH1, whilenuclear import of
incoming vRNPs is strongly inhibited (16, 17). Thus, the structure of the vRNP complex must
be important for αNP-VHH1 to elicit its inhibitory function. To evaluate the general effect of
αNP-VHH1 binding to vRNPs, we purified vRNPs from virions, added an excess of αNPVHH1 or a control VHH, and analyzed the appearance of vRNPs by negative stain electron
microscopy (EM). We did not detect gross differences between vRNPs complexed with αNPVHH1, indicating that αNP-VHH1 does not disrupt the overall structure of the complex (Fig
5A). A typical VHH is 2 x 3.5 nm in size (36). Assuming that the VHH binds to the periphery
of the vRNP, one would expect a slight increase of vRNP width. However, vRNPs examined
in the presence of αNP-VHH1 exhibit a slightly reduced width (Fig 5B). Purified vRNPs often
adopted a slightly curved shape. Upon addition of αNP-VHH1 we noted a trend for vRNPs to
adopt curved shapes less frequently, but were unable to validate this tendency statistically.
To analyze the possible impact of αNP-VHH1 binding to vRNPs on a structural level, we
examined the two available cryo-EM models of vRNPs (37, 38). While overall similar, both
models differ in NP orientation and handedness. The binding interface for αNP-VHH1 is
exposed in both models and should thus allow VHH binding. The right-handed helical model
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of Moeller et al. is based on vRNPs purified from transiently transfected cells transcribing
influenza genome segments and expressing NP and polymerase subunits (38). When
superimposing our structure on this model, αNP-VHH1 blocks the major groove of the vRNP
complex (Fig 5C), which would reduce the accessible surface of the vRNP and thus limit
interactions of the vRNP with other viral and host proteins.
The vRNPs that were used for the left-handed helical model of Arranz et al. derive from purified
virions and therefore more likely represent the incoming vRNPs encountered by αNP-VHH1
in the cytosol. Modeled onto this structure, αNP-VHH1 is positioned on the edge of the major
groove without blocking it (Fig 5D). Instead, αNP-VHH1 slightly clashes with the head domain
of the adjoining NP molecule. Considering the inherent structural flexibility of the NP tail loop
and thus of vRNPs, this clash may not be all that detrimental. However, the necessary structural
compensation might explain the slightly thinner vRNPs observed by EM and why some vRNPs
appear less curved. Importantly, according to this model, αNP-VHH1 masks NLS2 of the
adjacent NP protomer, providing a plausible explanation for the inhibition of vRNP nuclear
import.

Figure 5 | αNP-VHH1 binding to vRNPs. (A) vRNPs purified from influenza A/PR/8/34 virions were
treated with an excess of αNP-VHH1 or a control VHH (VHH HA68 against IAV HA (51)) and
visualized by negative stain electron microscopy. (B) The width of vRNPs (n=28) was measured at two

49

positions using ImageJ. A two-tailed Student’s t-test was performed to evaluate statistical significance.
(C,D) Superposition of the NP:αNP-VHH1 structure on vRNP models from (C) Moeller et al. (PDB ID:
2YMN) and (D) Arranz et al. (PDB ID: 4BBL). Electron density is shown for both models and colored
VHHs are located according to the NP orientation in the model.

Discussion
To identify new vulnerabilities in the life cycle of influenza A virus, we used cytosolically
expressed single domain antibodies, also called VHHs, that target the nucleoprotein NP. To
relate the inhibitory properties of αNP-VHH1 to the structural features it recognizes on NP, we
determined its crystal structure of the VHH in complex with NP. The binding site of αNPVHH1 overlaps with evolutionarily variable residues implicated in interactions with host
proteins, including both a supporting (importin-α) and an antagonizing (Mx proteins) host
factor. αNP-VHH1 exploits a surprisingly similar vulnerability as do the host’s antiviral,
interferon-induced Mx proteins.
The antiviral activity of Mx GTPases has long been recognized, first described as a restriction
factor for influenza A virus (39). While there is consensus on the general antiviral activity of
MxA/Mx1 as an entity that targets both the viral PB2 and NP, their exact mode of action has
remained elusive. Several residues on NP alter viral susceptibility to Mx1 proteins, some of
which are occluded by αNP-VHH1. Whether these residues directly alter affinity to Mx proteins
has so far not been shown and no structure of an Mx protein in complex with NP has been
reported. Because of possible alternative binding sites and affinities of Mx to momomeric NP
versus NP assembled in vRNPs, these interactions might be difficult to show unambiguously.
Our data show that occluding this surface on the NP body domain is sufficient to mimic the
antiviral activity of Mx GTPases, suggesting that a direct interaction of Mx proteins with this
surface is likely. The involvement of (an) additional, unknown factor(s) that contribute(s) to
Mx activity cannot be excluded. However, we can conclude that targeting NP alone, and not
PB2, is sufficient to mimic the effect of Mx proteins. Because of the structurally defined αNPVHH1 binding site on NP, it is the ideal model protein to investigate possible antiviral
mechanisms of Mx proteins.
Antiviral effects of Mx are dependent on GTPase activity in most settings (40). Mx proteins
are known to form ring-like structures that -in the case of MxA- are thought to clasp around the
incoming vRNPs to prevent nuclear import (41). Our VHHs lack any enzymatic activity and do
not oligomerize, suggesting that high affinity binding may be sufficient for antiviral activity.
Oligomerization and the resulting avidity effects may allow the same antiviral mechanism at
lower affinity interactions between NP and Mx proteins. In the light of evolution, this may be
advantageous for two reasons: (I) it allows a single Mx homolog to act as a potent broad50

spectrum effector that binds to multiple virus families with lower affinity. (II) if low affinity
binding is sufficient for antiviral activity then it would be more difficult to escape from all Mx
activity by antigenic drift.
Superposition of αNP-VHH1 on EM-based vRNP models showed that αNP-VHH1 could mask
the NLS2 on adjoining NP molecules. Mx proteins might function in similar fashion and
prevent vRNP interactions with host factors, including those important for nuclear import.
Indeed, a crucial residue for host specificity that enhances binding to importin-α, Asn319, is
found in the interface with αNP-VHH1. In addition, escape from Mx proteins with mutations
in residues Val100, Ser283 and Tyr313 occurs at the expense of nuclear import efficiency (32).
Why this surface is important for nuclear import of vRNPs is unknown. Modeled on the vRNP
structure from Arranz et al., our data showed the proximity of αNP-VHH1 to the NLS2 on an
adjoining NP molecule, suggesting that VHH binding to vRNPs prevents importin binding to
NLS2. It is conceivable that importin-α, when bound specifically to one NLS of NP, is
stabilized by residues of the αNP-VHH1 interface, including Val100, Ser283, Tyr313 and
Tyr319. However, the inherent flexibility and heterogeneity of the vRNP complexes presents a
major challenge to prove this contention by structural means. Higher resolution structures of
the vRNP complex, ideally complexed with host factors, are needed. The structure of αNPVHH1 with NP might be of use in determining the exact orientation of NP and handedness of
the helix in such higher order complexes by yielding more static templates for analysis.
The strength of intracellular VHHs as specific perturbants of protein function is their ability to
mask specific structurally defined NP epitopes without prior manipulation of the virus by
mutation. This approach is inherently limited by the ability of the virus to shut down host
protein synthesis, including that of inhibitory VHHs. While we were able to circumvent these
limitations using inducible VHH expression to some extent, cell-penetrating VHHs or other
means of permeabilization that allow efficient delivery from extracellular space could also find
application (42, 43). Such an approach would allow an evaluation of the importance of the
blocked surface at later stages of infection and importantly, transform VHHs into discovery
tools for antiviral agents suitable for therapeutic intervention.
Given the continued relevance of influenza virus as a serious health threat and its ability to
rapidly acquire resistance against drugs or escape from immune responses that target HA, NA
and M2, the more conserved influenza proteins including NP, may prove to be alternative
targets for intervention. So far, we have developed more than 20 IAV NP specific VHHs that
bind to at least four unique binding sites on NP (16, 17). Continued efforts in this direction
might help to map more precisely the contributions of different NP surfaces to the influenza
life cycle and inspire the development of novel antivirals. In conclusion, the crystal structure
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of an inhibitory VHH in complex with NP uncovers a new vulnerability in the virus life cycle
and may phenocopy mechanisms of actions of the cellular antiviral defense. The ease of
expression and the capability of binding to common laboratory-adapted influenza strains,
combined with our detailed molecular characterization of the binding site, make αNP-VHH1 a
versatile tool to identify the specific contributions of this NP surface and of host factors that
potentially compete with αNP-VHH1 for binding.

Supplementary Figures

Figure S1 | NP mutation E375R abolishes αNP-VHH1 binding. αNP-VHH1 and Renilla luciferase
fusions of influenza A/WSN/33 NP wild type (WT) or E375R, or vesicular stomatitis virus N, were
transiently co-expressed in 293T cells. Cell lysates were incubated in 96-well plates coated with anti-HA
antibody to capture the VHHs. (A) Activity of the co-purified luciferase was measured. Emitted light
was normalized to luciferase activity in the lysate. (B) Renilla activity of the Renilla-NP/N fusion
proteins in cell lysates shown as relative light units (RLU) emitted. Data in (A) and (B) are from three
independent experiments (±s.e.m.). (C) Lysates from cells transfected as above were subjected to
immunoblot analysis using αNP, αGAPDH and αHA-tag (VHH-HA) antibodies.

Figure S2 | αNP-VHH1 stains NP in cells
infected with WSN and PR8 strains. A549
cells were infected with influenza A/WSN/33
or A/PR/8/34 and harvested 6 hours post
infection. Cell were fixed, permeabilized,
stained with αNP-VHH1-AlexaFlour647 and
analyzed by flow cytometry.
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Material and Methods
Virus
Influenza A/WSN/33 used for infection experiments was propagated and titrated on MDCK
cells. Infections were performed in DMEM with 0.3% BSA for 1 h at 37° C. vRNPs were
purified from influenza A/PR/8/34 virions purchased from Charles River Laboratories.
Cell lines
Human HEK 293T cells and dog MDCK cells were obtained from ATCC and grown in DME
with 10% FBS. The A549 cell line inducible expressing αNP-VHH1-HA, derived from A549
cells obtained from ATCC, was described earlier (16), and was cultivated in DME with 10%
FBS and 500 μg/ml G418.
Reagents
Doxycycline hyclate (Dox) was purchased from Sigma Aldrich. Nickel-nitrilotriacetic acid
(NTA) beads were purchased from Qiagen. Mouse anti-HA.11 (clone 16B12) coupled to Alexa
Fluor (AF) 488 was purchased from Life Technologies. Mouse anti-HA.11 (clone 16B12) was
acquired from BioLegend. VHHs either coupled to Alexa Fluor (AF) 647 or 5carboxytetramethylrhodamine (TAMRA) were generated using sortase A as described earlier
(44). Hybridoma cells secreting mouse monoclonal anti-IAV NP (clone H16-L10-4R5 ATCC
HB-65) were obtained from ATTC and antibodies in the supernatant were purified using a
protein G column.
Infection Assay
To analyze the effect of αNP-VHH1 expressed at different times during infection, A549 cells
inducibly expressing the VHH were infected with A/WSN/33 at an MOI of 1. VHH expression
was induced at the indicated time points relative to infection with 1 μg/ml doxycycline (final
concentration). 6 hours post infection, cells were trypsinized, fixed in 4% PFA, permeabilized
with 0.1% saponin and stained with anti-HA-AF488 and αNP-VHH2-AF647. Fraction of
infected cells (NP) and geometric mean fluorescence intensity (VHH-HA) were quantified
by flow cytometry using a BD Accuri and the FlowJo software package.
Titration of released virus
To quantify release of progeny virus from cells expressing αNP-VHH1, A549 cells inducibly
expressing the VHH were infected with A/WSN/33 at an MOI of 1 in the presence of TPCK
trypsin. VHH expression was induced at the indicated time points relative to infection with 1
μg/ml doxycycline (final concentration). 24 hours post infection, supernatants were collected,
filtered, diluted in a 2-fold dilution series, and used to infect MDCK cells for 1 hour at 37° C.
The inoculum was replaced with DME, 0.35% BSA and 1.5% carboxymethyl cellulose in the
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absence of trypsin to avoid spreading of the virus. After 24 hours, cells were fixed in 4% PFA,
permeabilized with 0.1% saponin in PBS, 2% BSA and stained with DAPI and αNP-VHH2TAMRA. Fluorescence images of the MDCK monolayer were acquired using a Cytation 3 Cell
Imaging Multi-Mode Reader (BioTek);

infected cells (nuclei) were quantified using

CellProfiler (45).
Influenza polymerase reconstitution assay
To assess influenza polymerase activity, 293T cells were transiently transfected with 200 ng of
pCAGGS NP and 50 ng of pCAGGS PB1, pCAGGS PB2 and pCAGGS PA. To provide an
artificial genome segment, 50 ng of pPolI-RT plasmid was co-transfected, from which an
artificial genome segment was transcribed that contained the NA untranslated regions and
encoded either for EGFP or mCherry-2TA-EGFP. 150 ng of pCAGGS vector encoding for
αNP-VHH1, VHH7 (α-murine-MHCII) or pCDNA3.1 encoding for MxA or Mx1 were
additionally co-transfected where indicated. All transfections were performed using
Lipofectamine 2000. 24 hours post transfection, cells were trypsinized and the fraction of EGFP
positive cells was quantified by flow cytometry using a BD Accuri.
Protein expression and purification
The sequence encoding αNP-VHH1 with a C-terminal sortase recognition site (LPETG)
followed by a His-tag was cloned into a pHEN6 expression vector for periplasmic expression.
E.coli WK6 bacteria were transformed with the vector and expression was induced with 1 mM
IPTG at OD600=0.6; cells were grown overnight at 30° C. The VHH was retrieved from the
periplasm by osmotic shock and purified by Ni-NTA affinity purification and size-exclusion
chromatography on a Superdex 75 column.
NP from influenza virus A/WSN/33 with a C-terminal His-tag was cloned into the pET30
expression vector. E. coli BL21 (DE3) bacteria were transformed and grown in Terrific Broth
at 37° C until OD600=0.5 and at 25° C until OD600=0.6. Protein expression was induced with
1 mM IPTG at OD600=0.6 and cells were grown for an additional 3 h at 25° C. Bacteria pellet
were resuspended in 25 mM Tris/HCl pH 7.5, 1 M NaCl, 0.2% NP-40, 10 units/ml benzonase
and 0.1 mg/ml lysozyme. Cells were lysed by sonication and NP was purified on Ni-NTA
agarose, Mono S ion exchange and Superdex 200 size-exclusion columns.
Crystallization
For co-crystallization, purified αNP-VHH1 was mixed in a 3:1 molar ratio with recombinant
NP and purified by size-exclusion on a Superdex 200 column. Both, tri- and monomeric peaks
were collected and VHH binding was confirmed by SDS-PAGE and Coomassie staining. The
complex was concentrated to 4 mg/ml in 20 mM Tris/HCl pH 7.5, 200 mM NaCl buffer using
a protein concentrator. Initial crystal growth was observed in 0.1 M sodium acetate, 1.5 M
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ammonium sulfate in a vapor diffusion experiment in a 96-well sitting drop setup (Procomplex,
Qiagen) at 18° C. Crystal growth was optimized with 0.025% (v/v) dichloromethane and
diffraction quality crystals were grown in a 24-well vapor diffusion hanging drop set up.
Crystals were cryoprotected in 20% glycerol and flash frozen in liquid nitrogen.
Data processing and structure determination
Datasets were collected at the Advanced Photon Source user end station 24-IDC. Data reduction
was performed in HKL2000(46). Molecular replacement (MR) was performed in the PHENIX
suite using PhaserMR (47). As a MR model for NP we used PDB ID: 2IQH (NP) (1) and PDB
ID: 4KRL (VHH) (21). Refinement was performed using phenix.refine and the model was built
in coot (48).
Purification of vRNPs and electron microscopy
vRNPs were isolated and purified from IAV PR8 virions as described elsewhere (49). In brief,
influenza A/PR/8/34 was concentrated and virions where lysed in 100 mM KCl, 5 mM MgCl2,
5% (w/v) glycerol, 50 mM octylglucoside, 10 mg/ml lysolecithin, 1.5 mM dithiothreitol, 100
mM MES pH 5.5. vRNPs were then separated from other viral proteins on a glycerol gradient
and concentrated. vRNPs were treated with an excess αNP-VHH1 or the control VHH in 50
mM Tris/HCl pH 7.5, 150 mM NaCl, and subsequently stained with 2% uranyl acetate. Electron
micrographs were recorded with a FEI Tecnai Spirit Bio-Twin and images were analyzed with
imageJ.
LUMIER assay
To analyze binding of VHHs to wildtype and mutant versions of IAV NP, we applied LUMIER
assays as described in detail before (17). 293T cells were co-transfected with pCAGGS αNPVHH1-HA and wildtype or mutant E375R pEXPR NP-Renilla (derived from NP of influenza
A/WSN/33) or pEXPR VSV-N-Renilla using Lipofectamine 2000. 24 h post transfection, cells
were lysed and incubated in LUMITRAC 600 96-well plates (Greiner) coated with anti-HA.11
antibody to capture the VHH. Activity of the co-purified luciferase was quantified by addition
of coelenterazine-containing Renilla luciferase substrate mix (BioLux Gaussia Luciferase
Assay Kit, New England BioLabs) and light emission measured using a SpectraMax M3
microplate reader (Molecular Devices).
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Abstract
Manipulation of proteins is key in assessing their in vivo function. While genetic ablation is
straightforward, reversible and specific perturbation of protein function remains a challenge.
Single domain antibody fragments, such as camelid-derived VHHs, can serve as inhibitors or
activators of intracellular protein function, but functional testing of identified VHHs is
laborious. To address this challenge, we developed a lentiviral screening approach to identify
VHHs that elicit a phenotype when expressed intracellularly. We identified 19 antiviral VHHs
that protect human A549 cells from lethal infection with influenza A virus (IAV) or vesicular
stomatitis virus (VSV), respectively. Both negative-sense RNA viruses are vulnerable to VHHs
uniquely specific for their respective nucleoproteins. Antiviral VHHs prevented nuclear import
of viral ribonucleoproteins or mRNA transcription, respectively, and may provide clues for
novel antiviral reagents. In principle, the screening approach described here should be
applicable to identify inhibitors of any pathogen or biological pathway.
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Introduction
To identify proteins essential to a biological pathway, small molecule inhibitors or activators
may be used to manipulate protein function transiently. Alternatively, screens involving
mutagenesis, a reduction in levels or complete elimination of gene products are common (1, 2).
As applied to mammalian cells, these methods usually seek to achieve the removal of a protein
from its normal biological context. Many proteins are multi-functional, or are components of
multi-subunit complexes. Depletion of any single component may cause unexpected
phenotypes due to the collapse of entire protein complexes. Small molecule inhibitors often
lack specificity (3) and at best can target a fraction of all proteins of interest. The screening of
chemically diverse libraries must be paired with sophisticated methods to identify the molecular
targets of any hit identified. Antibodies have been used as intracellular perturbants of protein
function after microinjection (4) or cytosolic expression of single chain variable antibody
fragments (5), but technical challenges have limited their application to few selected cases.
In addition to conventional antibodies, the immune system of camelids generates heavy chainonly antibodies (6). Their antigen binding site only consists of the variable domain of the heavy
chain. This domain can be expressed on its own and is referred to as a VHH or nanobody, an
entity that can retain its function in the reducing environment of the cytosol and independent of
glycosylation (7). Many VHHs bind to their targets with affinities comparable to conventional
antibodies. VHHs expressed in the cytosol can therefore act as molecular perturbants by
occluding interfaces involved in protein-protein interactions, by binding in the active sites of
enzymes, or through recognition or stabilization of distinct conformations of their targets (8,
9). Both phage and yeast display, as well as mass spectrometry in combination with high
throughput sequencing, allow the identification of VHHs based on their binding properties (10–
12). Still, the identification of inhibitory VHHs remains a time-consuming process. VHHs
obtained through biochemical screening methods must be expressed individually in the relevant
cell type to test for the functional consequences of VHH expression. To address this challenge,
we developed a phenotypic VHH screening method in living cells.

Results
A functional VHH screen identifies VHHs that block IAV or VSV infection
To identify VHHs that perturb or modulate protein function in living cells, we established a
lentiviral screening strategy in which cells are selected based on the phenotype elicited by the
VHHs expressed intracellularly. In two independent screens, we have identified VHHs that
protect human A549 cells from lethal infection with influenza A virus (IAV) and vesicular
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stomatitis virus (VSV), negative-sense RNA viruses that replicate in the nucleus and cytosol,
respectively.
We immunized two alpacas with inactivated IAV and VSV, isolated peripheral blood
lymphocytes, extracted RNA, and amplified VHH coding sequences by PCR using VHHspecific primers (Fig. 1). VHH coding sequences were cloned into a lentiviral vector that allows
their expression under a doxycycline (Dox)-inducible promoter in transduced cells. VSV Gpseudotyped lentivirus was produced in 293T cells and used to transduce A549 cells with a
multiplicity of infection (MOI) of 0.25 to ensure that, on average, cells were infected by a single
lentivirus. Based on the expression of the selection marker neomycin phosphotransferase II, we
determined the transduction rate to be 33% in the IAV screen and 55% in the VSV screen,
indicating that 81 and 65% of the cells were expected to be transduced with a single lentivirus
(assuming a Poisson distribution). Following the induction of VHH expression by Dox
treatment, the pool of cells was challenged with a lethal dose of IAV (MOI 13) or VSV (MOI
4.5). To increase the stringency of the selection procedure, cells were trypsinized two days post
infection because infected cells can stay adherent to tissue culture dishes but do not usually
reattach once removed by trypsin treatment. To prevent continuous superinfection with VSV
produced by non-VHH protected cells, ammonium chloride was added to the media for the first
three days to prevent the endosomal acidification required for VSV G-mediated virus fusion.
Survivors that adhered after trypsinization were grown under carboxymethyl cellulose overlays
to prevent diffusion and further spread of VSV. Such precautions were not necessary for the
IAV screen, since progeny IAV produced by A549 cells is not infectious unless HA is cleaved
by trypsin or other proteases. Cells that survived the virus challenge were cultured for 3-4 weeks
and cells were collected as individual colonies, expanded and analyzed.
Each clone of surviving cells was tested individually in a single-round, flow cytometry-based,
infection assay in the absence or presence of Dox to see whether infection was blocked by VHH
expression. Of 257 of the cell clones obtained from the IAV screen, 166 showed a Doxdependent reduction of infection by at least 40% (Fig. 2a). In the majority of clones (132), VHH
expression reduced infection by more than 80%. 143 of the 282 cell clones obtained from the
VSV screen exhibited a Dox-dependent reduction of infection by more than 40%, most of them
(127) by more than 80%. A substantial fraction of cell clones that did not meet the hit criteria
could no longer be infected even in the absence of Dox, which we attribute to leaky expression
of the VHH in the absence of induction, or due to the selection of cell clones that were resistant
to infection by genetic abnormalities. We did not pursue these clones further. Anti-viral activity
of identified VHHs
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Figure 1 | Lentiviral screening approach. Alpacas are immunized with the desired antigen mix (here:
inactivated influenza A virus, IAV, and vesicular stomatitis virus, VSV). After repeated immunizations,
we draw a blood sample, purify lymphocytes, extract mRNA, reversely transcribe RNA to cDNA,
amplify VHH coding sequences and clone them into a lentiviral vector. Alternatively, VHH coding
sequences can be subcloned from an existing VHH library. 293T cells are transfected with the lentiviral
library as well as packaging vectors, and lentivirus is harvested from the supernatant 2 days later. We
transduce the cell line of interest (here: A549 cells) and induce VHH expression with doxycycline. Cells
are then subjected to a selection assay that allows identification of cells expressing the desired VHHs
(here: survival of a lethal infection with IAV or VSV). Finally, we prepared genomic DNA from selected
(surviving) cells, amplified the VHH sequences by PCR and determined the VHH sequence encoded.

For each of the hits, representative monoclonal cell lines obtained in the screen were further
characterized. Cells were infected with IAV and VSV in the absence and presence of Dox (Fig.
3). As a positive control, we used cell lines that inducibly express VHH NP1 (13), a VHH
against IAV NP that blocks IAV infection, or VHH HA68 (14), a VHH specific for the
extracellular portion of IAV HA that does not impair infection when expressed in the cytosol.
To assess IAV infection by flow cytometry, we stained for NP with fluorescently labeled VHH
NP2(13), another VHH specific for IAV NP (Fig. 3a). The VSV strain used expresses EGFP in
addition to VSV structural proteins, and infection was therefore quantified by measuring EGFPpositive cells (Fig. 3b). VHH expression was quantified by staining the HA-tagged VHHs. With
the exception of VHHs 135, 170, and 355, which reduced IAV infection by 42, 83, and 78%,
all IAV hits blocked IAV infection by more than 90%, but did not impair infection with VSV.
Vice versa, all VSV hits blocked VSV infection by at least 90%, but allowed IAV infection to
proceed to normal levels. Remarkably, almost complete abrogation of infection was in some
cases achieved with VHHs expressed at barely detectable levels. To verify that the Doxdependent resistance to infection indeed depended on the expressed VHH, we transduced A549
cells with lentiviruses that allow inducible expression of the respective VHHs and confirmed
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their antiviral activity. Specificity of inhibition was thus confirmed unambiguously for the
respective virus-specific VHHs

Figure 2 | Overview of the antiviral VHH screen hits. (a) Summary of the number of transduced cells,
amplified cell clones, number of confirmed hits reducing infection by more than 40% (80%), number of
hits containing a single insertion, and number of different VHH clusters in the IAV and VSV screens.
Amino acid sequences of the obtained anti-IAV (b) and anti-VSV (c) VHHs are presented (number
independent identifications in parentheses).

Anti-viral activity of identified VHHs
For each of the hits, representative monoclonal cell lines obtained in the screen were further
characterized. Cells were infected with IAV and VSV in the absence and presence of Dox (Fig.
3). As a positive control, we used cell lines that inducibly express VHH NP1 (13), a VHH
against IAV NP that blocks IAV infection, or VHH HA68 (14), a VHH specific for the
extracellular portion of IAV HA that does not impair infection when expressed in the cytosol.
To assess IAV infection by flow cytometry, we stained for NP with fluorescently labeled VHH
NP2(13), another VHH specific for IAV NP (Fig. 3a). The VSV strain used expresses EGFP in
addition to VSV structural proteins, and infection was therefore quantified by measuring EGFPpositive cells (Fig. 3b). VHH expression was quantified by staining the HA-tagged VHHs. With
the exception of VHHs 135, 170, and 355, which reduced IAV infection by 42, 83, and 78%,
all IAV hits blocked IAV infection by more than 90%, but did not impair infection with VSV.
Vice versa, all VSV hits blocked VSV infection by at least 90%, but allowed IAV infection to
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proceed to normal levels. Remarkably, almost complete abrogation of infection was in some
cases achieved with VHHs expressed at barely detectable levels. To verify that the Doxdependent resistance to infection indeed depended on the expressed VHH, we transduced A549
cells with lentiviruses that allow inducible expression of the respective VHHs and confirmed
their antiviral activity. Specificity of inhibition was thus confirmed unambiguously for the
respective virus-specific VHHs

Figure 3 | Validation of antiviral VHHs. A549 cells or clones inducibly expressing the indicated VHHs
were treated without or with 1 μg/mL doxycycline (Dox) for 24 h and subsequently infected with IAV
WSN (a, c, d) or VSV Indiana EGFP (38) (b, e, f) for 6 or 4 h, respectively. IAV-infected cells were
stained for NP and VHH-HA expression; VSV-infected cells were stained for VHH-HA expression. Cells
were analyzed by flow cytometry (sample histograms in (a) and (b)); the fraction of infected cells in the
presence of Dox was quantified and normalized to infection in the absence of Dox. Hits from IAV screen
are displayed in (c) and (d), hits from VSV screen in (e) and (f). All data is from three independent
experiments ± s.e.m.
Figure 4 | (next page) Identification of VHH targets. (a, c) 293T cells were transfected with expression
vectors for the indicated HA-tagged VHHs and structural proteins of IAV (a) or VSV (c) fused to Renilla
luciferase. Lysates of the respective cells were incubated with immobilized anti-HA antibodies in 96well plates. Wells were washed and incubated with Renilla luciferase substrates to measure co-purified
luciferase activity. Emitted light was normalized to luciferase activity in the lysate. Data from three
independent experiments ± s.e.m. is displayed. (b,d) Purified IAV NP (b) or VSV N-RNA (d) was preincubated with the His6-tagged VHHs indicated at the top and subsequently subjected to
immunoprecipitation with the specified biotinylated VHH. Precipitation of NP/N and the respective
VHH was analyzed by SDS-PAGE and colloidal Coomassie staining. Competition due to overlapping
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binding epitopes of the VHHs is indicated with red squares, successful co-purification with green
squares. Representative data from at least three experiments is displayed.
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Identification of the targets recognized by antiviral VHHs
The VHH library used for both screens was constructed based on RNA obtained from animals
immunized with inactivated virions. The identified antiviral VHHs therefore most likely
targeted structural virus proteins. We applied LUMIER assays (15) to test the recognition of
viral proteins fused to Renilla luciferase by transiently expressed HA-tagged VHHs. We limited
this analysis to virus proteins exposed to the cytosol or nucleus: the polymerase subunits PB2,
PB1 and PA, as well as nucleoprotein NP, matrix protein M1, and the ion channel M2 in the
case of IAV; the polymerase L, nucleoprotein N, phosphoprotein P, and matrix protein M in
the case of VSV. We found that all newly identified anti-IAV VHHs recognized the viral
nucleoprotein NP (Fig. 4a), and that anti-VSV VHHs targeted the viral nucleocapsid N (Fig
4c). These findings suggest that viral RNA binding proteins represent an underappreciated
vulnerability of negative-stranded RNA viruses. To efficiently block infection, antiviral VHHs
may have to target incoming viruses at an early step of the life cycle, which may have biased
the screening results towards VHHs that target components of incoming vRNPs. The exclusive
identification of antiviral NP- and N-binders likely also reflects the abundance of the respective
proteins in the virions used for immunization.
We expressed the virus-specific VHHs in bacteria and tested the extent to which the purified
VHHs compete for epitopes on IAV NP and VSV N. For competition assays, purified NP or N
was pre-incubated with an excess of His6-tagged VHHs. VHHs site-specifically biotinylated by
means of a sortase reaction (16) were then used for co-precipitation experiments with
streptavidin-coupled beads. NP or N was recovered by the biotinylated VHH, unless preincubation with an unlabeled VHH masked the epitope recognized by the biotinylated VHHs.
We could thus categorize the IAV NP-binding VHHs into three groups (Fig. 4b): Group I
included VHH 103, Group II included VHHs 22 and 495, and Group III was comprised of
VHHs 28, 52, 77, 108, 135, 151, 170, 191, 296, 341, 355, and 508. VHH NP2, a VHH specific
for IAV NP identified previously(13) and used to quantify IAV infection, did not compete with
any of the VHHs identified in this screen.
Binding of the VSV N-specific VHHs 1001, 1004, and 1014 was not affected by any of the
other VSV N VHHs, including VHH 1307 (Fig. 4d). Immunoprecipitation of N by VHH 1307,
however, was impaired by preincubation with VHH 1014, although the reverse setup allowed
successful co-immunoprecipitation of N and the His-tagged VHH. This suggests that 1001,
1004, and 1014 bind to separate epitopes of VSV N, while 1307 may bind to an epitope that is
partially overlapping with VHH 1014 or altered by binding of VHH 1014.
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Figure 5 | Anti-IAV VHHs block nuclear import of vRNPs and mRNA transcription. (a, b) A549
cells or clones expressing the indicated VHHs were treated with 1 μg/mL Dox for 24 h and infected with
IAV WSN (MOI 230) in the presence of 1 mM cycloheximide for 4 h. Controls were treated with 50 nM
bafilomycin A1 (BafA). Cells were stained for NP, HA, DNA, and actin; Z-stacks were recorded by
confocal microscopy and Z projections of representative examples are displayed in (a). Scale bars
represent 20 μm. NP staining in the nucleus and cytoplasm was quantified with CellProfiler and ratios of
nuclear/cytoplasmic signal intensities were quantified and normalized to untreated cells (nuclear import
= 1.0) and BafA-treated cells (nuclear import = 0). Values from three independent experiments ± s.e.m.
are shown. (c, d) 293T cells were transfected with expression vectors for IAV WSN PA, PB1, PB2, NP,
pPolI-EGFP, and the indicated HA-tagged VHHs. 24 h post transfection, cells were stained for HA and
analyzed by flow cytometry. The fraction of VHH-HA-positive cells that expressed high levels of EGFP
was quantified. Exemplary histograms are shown in (c), and average data from three independent
experiments ± s.e.m. are displayed in (d).

Anti-IAV VHHs block nuclear import of vRNPs and viral mRNA transcription
We next sought to define the step of the viral replication cycle at which the anti-IAV VHHs
block infection. After fusion of the viral membrane with that of late endosomes, viral
ribonucleoproteins (vRNPs) are released into the cytosol, followed by import into the nucleus
to allow replication and transcription of viral RNAs. To quantify nuclear import of vRNPs, we
infected VHH-expressing cell lines with a high MOI of IAV in the presence of cycloheximide
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to block translation of new viral proteins. We then determined the localization of incoming
vRNPs by confocal fluorescence microscopy (Fig. 5). NP predominantly localized to the
nucleus in untreated A549 cells and in cells expressing the control VHH HA68. Treatment of
A549 cells with bafilomycin A1, an inhibitor of the endosomal vATPase, blocks endosomal
acidification and virus fusion, and thus nuclear import of vRNPs – causing an absence of
nuclear NP staining. To quantify nuclear import in VHH-expressing cells, we calculated the
ratio of NP signal strength in the nucleus and in the cytoplasm, and determined relative nuclear
import by comparison with untreated cells (relative nuclear import = 1) and cells treated with
bafilomycin (relative nuclear import = 0). With the exception of VHH 170, all VHHs blocked
nuclear import substantially, with relative nuclear import values ranging from 0 to 0.5. Binding
of VHHs to NP must impair binding of importins to vRNPs, inhibit translocation of vRNPs
through the nuclear pore complex, or interfere with an unknown step that precedes nuclear
import per se. The VHH expressors were challenged with a very high dose of virus: the
respective VHHs must therefore be capable of potently blocking nuclear import, for some
VHHs even when expressed at a relatively low level. It is possible that the effects of VHH 170
on nuclear import were overcome in the experimental setup used.
Inhibition of vRNP nuclear import likely explains the antiviral properties of the identified antiIAV VHHs, but it is possible that NP-specific VHHs perturb other functions of the viral
nucleoprotein. Following nuclear import of vRNPs, the viral RNA polymerase transcribes the
viral subgenomic segments and replicates the viral RNA genomes (vRNA). NP associates with
vRNA and complementary RNA (cRNA), and is essential for complete replication and
transcription of viral RNA by IAV polymerase (17). We therefore used a minigenome
replication assay, in which polymerase activity is assessed in the absence of a natural infection:
The viral RNA polymerase subunits PB2, PB1, and PA as well as NP and the respective VHHs
were transiently expressed in the presence of a model IAV genome segment encoding EGFP
(Fig. 5c and 5d). Viral mRNAs encoding EGFP were transcribed from the model genome and
translated. EGFP expression required the presence of NP as well as each RNA polymerase
subunit, but did not rely on the nuclear import of vRNPs, shown to be sensitive to antiviral
VHHs. Most of the antiviral VHHs and the control VHH HA68 did not perturb viral gene
expression. This suggests that the binding of a VHH to vRNP templates is in principle
compatible with transcription, at least at the ratio of NP and VHHs achieved in the experimental
setup. However, VHHs 22, 151, and 495 substantially reduced RNA polymerase activity. We
thus identified three VHHs that bind to NP epitopes crucial for NP-dependent RNA polymerase
activity. VHHs 22 and 495, while distinct in sequence, exhibit similar CDRs and bind to
overlapping epitopes on NP, confirming the functional importance of this binding site. None of
the expressed VHHs prevented nuclear import of free NP.
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In summary, we found that 14 of the 15 newly identified IAV NP-specific VHHs block nuclear
import of incoming vRNPs, and that at least three of these also block NP-dependent viral RNA
polymerase activity. Our functional VHH screen therefore discloses vulnerabilities of IAV NP
that may represent druggable targets.
Anti-VSV VHHs block viral mRNA transcription
In the course of VSV entry, viral membranes fuse with limiting membranes of early endosomes
to release the viral genomes with associated proteins into the host cell cytosol. The genomes
are coated by the nucleocapsid protein N (N-RNA) and are associated with the polymerase L,
bound through its co-factor P. N-RNA serves as a template for polymerase-catalyzed mRNA
transcription, which involves transcription of an uncapped leader sequence, followed by
transcription of five capped and polyadenylated mRNA species, all catalyzed by the
multifunctional RNA polymerase (18, 19).
To quantify mRNA transcription directly, we infected the VHH-expressing cell lines with VSV
and metabolically labelled the produced RNA species with [3H]-uridine (Fig. 6a,b). While all
five mRNA species could be detected in the absence of VHH expression, mRNA was
undetectable in VSV-infected cells expressing VHH 1001, 1004, and 1307, and substantially
reduced in cells expressing VHH 1014. This confirms that anti-VSV VHHs prevent viral gene
expression by directly or indirectly blocking mRNA transcription. The viral mRNAs detected
in infected cells are the products of both primary transcription from incoming viral genomes
and transcription from replicated genomes. To specifically analyze primary transcription, we
performed in vitro polymerase assays in the absence and presence of VHHs using purified
components, including N-RNA templates obtained from virions (20, 21) (Fig. 6c). At a ratio of
10 molecules of VHH per 63 molecules of N, the maximum concentration at which all VHHs
remained soluble, VHH 1001 and 1307 abrogated RNA transcription almost completely, while
VHH 1004 and 1014 did not substantially block RNA transcription. The lack of inhibition by
VHH 1004 and 1014 could be attributed to 1) a binding site on N that allows replication in the
presence of bound N when the VHH is present at substoichiometric levels, 2) lower affinity of
the VHHs to N, or 3) the fact that the respective VHHs target a step that is not fully recapitulated
in the in vitro assay, e.g. by exclusively binding to newly generated N during infection in cells,
which would directly perturb genome replication and therefore reduce the amount of mRNA
transcripts by preventing secondary transcription.
In sum, all anti-VSV VHHs block viral mRNA transcription by binding to the nucleoprotein N.
At substoichiometric levels, VHH-binding to different epitopes of N impaired polymerase
activity to variable degrees, suggesting that different mechanisms of action apply. The exact
binding sites may hold clues to potential antiviral drugs targeting RNA transcription. i
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Figure 6 | Anti-VSV VHHs impair mRNA transcription. (a,b) A549 cells or clones expressing the
indicated VHHs were treated with 1 μg/mL Dox for 24 h, infected with VSV Indiana, and viral RNAs
metabolically labeled with [3H]-uridine. We purified the RNA from cell lysates and separated RNA
species by acid agarose-urea gel electrophoresis. An autoradiogram representative of three independent
experiments is shown; the positions of the mRNAs of the respective viral genes are indicated. Band
intensities of G, N, and P/M mRNAs were quantified and normalized to band intensities in the absence
of Dox. Average values from three independent experiments ± s.e.m. are shown. (c) To test the effects
of anti-VSV VHHs on polymerase activity in vitro, we incubated recombinantly expressed L and P with
N-RNA templates purified form VSV virions. Reactions were performed in the absence or presence of
the indicated VHHs as well as NTPs, including [α-32P]-GTP. RNA species were separated by acid
agarose-urea gel electrophoresis. An autoradiogram representative of three independent experiments is
shown; the positions of the mRNAs of the respective viral genes are indicated.

Discussion
The perturbation of molecular processes in the cell has mostly relied on methods that involve
genetic intervention (gene knockout, mutagenesis, or knock-down) or the application of small
molecule compounds as inhibitors or activators. The available arsenal of well-defined
pharmacological inhibitors to reversibly interfere with protein function level is small and
mostly limited to ‘druggable’ proteins. Many such compounds were discovered serendipitously
and their specificity is not always easy to establish. The approach described here allows the
72

functional screening of camelid single domain antibodies to identify highly specific gain and
loss of function molecular perturbants. Provided a suitable assay is at hand, VHHs can be
identified as inhibitors or modulators of any biological process by such phenotypic screens.
VHHs can then be inducibly expressed to perturb protein function in a highly specific and
reversible manner and thus present a valuable research tool orthogonal to genetic ablation.
The use of VHH libraries from animals immunized with a distinct set of desired protein targets
substantially increases the likelihood of obtaining the desired antibody fragments. Large
numbers of candidates can be tested in lentiviral screens, an approach that could perhaps be
applied to synthetic libraries as well. To identify VHHs, the cytosolic expression of which
blocks pathogen infection, it may even be sufficient to harvest the VHH repertoire from a
naturally infected animal. Selection of VHHs is not limited to lethal screens, but can be
extended to fluorescence-activated cell sorting (FACS) and other enrichment strategies
following reporter gene expression or turnover of fluorogenic substrates. There is no reason
why the selected phenotypes should be limited to functional perturbation in the cytosol, and
similar screens may exploit expression of VHHs targeted to other organelles or rely on display
of VHHs at the cell surface. Although we selected and amplified clonal cell lines from cells
that survived the screens, high throughput sequencing methods could be used instead to identify
enriched VHHs. This approach would be compatible with selection of VHHs in terminally
differentiated cells or in cells that have to be fixed prior to cell sorting.
In the screen described here, we identified 19 VHHs that specifically block infection of cells
with IAV or VSV. Previous attempts to identify virus specific VHHs using phage display with
VHH libraries from the same animals yielded fewer hits that inhibited infection less potently
(13). The screening approach described here thus complements other VHH screening
techniques based on affinity, and is likely to be better at identifying VHH-based intracellular
inhibitors or activators. The identification of epitopes, the occlusion of which blocks the
infectious cycle, may inform the development of small molecule inhibitors, in particular if they
are well conserved among different serotypes of a virus. In theory, antiviral application of
VHHs fused to cell-penetrating peptides is conceivable as well (22). These anti-viral VHHs
should further help elucidate the vulnerable steps of the viral life cycle. Ongoing structural
analysis of the anti-IAV VHHs bound to NP may shed light on how incoming vRNPs are
imported into the nucleus and how NP interacts with the necessary cellular factors. Structures
of VHHs capable of inhibiting IAV RNA polymerase activity will help unravel how NP
contributes to the formation of full length viral mRNA, vRNA, and cRNA transcripts.
Similarly, VHHs that target VSV N will be helpful in the molecular analysis of VSV RNA
polymerase activity. The finding here that VHHs have different inhibition properties on in vitro
transcription and the synthesis of RNA in cells indicates that such tools may well aid in the
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discrimination of N-related functions in transcription vs replication. Of note, homologues of
the VSV polymerase and nucleocapsid are found in many human pathogens of the order
mononegavirales, including rabies virus, Ebola virus, mumps virus, measles virus, and
respiratory syncytial virus (RSV) (23).

Methods
Cell lines
Human epithelial A549 and HEK 293T cells, canine MDCK cells, and hamster BHK-21 cells
were obtained from ATCC and grown in DMEM supplemented with 10% FBS. A549 cell lines
inducibly expressing HA-tagged VHHs were cultivated in the presence of 500 μg/mL geneticin.
All cell lines used for experiments were negative for Mycoplasma as judged by the absence of
of cytosolic Hoechst 33342-positive foci in immunofluorescence microscopy samples.
Virus
A/WSN/33 strain of influenza virus was propagated in MDCK cells and concentrated by
sedimentation (75,000 g, 4° C, 2h) through a 20% sucrose cushion (in 20 mM Tris pH 7.6, 150
mM NaCl), followed by resuspension in desorption buffer (0.245% BSA in 20 mM Tris pH
7.6, 150 mM NaCl). VSV Indiana and VSV Indiana GFP were propagated in BHK-1 cells.
Clarified supernatants were used for flow cytometry-based infection assays.
Reagents
Doxycycline hyclate (Dox) was purchased from Sigma Aldrich. Hybridoma cells secreting
mouse monoclonal anti-IAV NP (clone H16-L10-4R5, ATCC HB-65)(24) were obtained from
ATCC and antibodies in the supernatant purified using a protein G column. Polyclonal rabbit
anti-neomycin phosphotransferase II (NPTII) was purchased from Fitzgerald Industries
International. Mouse anti-HA.11 (clone 16B12) was acquired from BioLegend, polyclonal
rabbit anti-HA (Y-11) from Santa Cruz. Mouse anti-HA.11 (clone 16B12) coupled to Alexa
Fluor (AF) 488 or AF594, as well as fluorescently-labeled secondary antibodies and AF647
Phalloidin were obtained from Life Technologies.
Generation of lentiviral plasmid VHH library
In order to raise heavy chain-only antibodies against structural components of IAV and VSV,
two male alpacas were immunized five times with a mixture of ethanol-inactivated IAV PR8
and VSV Indiana (ca. 1012 plaque forming units of each virus per injection) according to a
protocol authorized by the Tufts University Cummings Veterinary School Institutional Animal
Care and Use Committee. RNA from peripheral blood lymphocytes was extracted and used as
a template to generate cDNA using three sets of primers (random hexamers, oligo(dT), and
primers specific for the constant region of the alpaca heavy chain gene) (10, 25). VHH coding
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sequences were amplified by PCR using VHH-specific primers, cut with NotI and AscI, and
ligated into the M13 phagemid vector pJSC to yield the VHH phagemid plasmid library
described in our previous study (13). A derivative of pInducer20 (26), pInducer20-NA, was
generated by removing all NotI restriction sites and by replacing the gateway cassette with a
DNA fragment containing NotI and AscI restriction sites. VHHs were subcloned into
pInducer20-NA and the library amplified in electroporation competent Escherichia coli (E.
coli) ElectroTen-Blue while maintaining the diversity of the phagemid library (2.4·107
ampicillin-resistant colonies obtained).
Generation of lentivirus library
Lentiviral particles were generated by transfecting HEK 293T cells in 15 cm dishes with
psPax2, pMD2.G (both kind gifts from Didier Trono, École polytechnique fédérale de
Lausanne, Switzerland), and the pInducer20-NA VHH library using Lipofectamine 2000 (Life
Technologies). Supernatants were harvested 48 h post transfection and filtered through 0.4 µm
filters. Virus stocks were titered on A549 cells by flow cytometry using anti-NPII, goat antirabbit AF647 and a BD Biosciences LSRFortessa flow cytometer.
Lentivirus VHH screen
A549 cells in 15 cm dishes were transduced with the lentivirus library at a multiplicity of
infection (MOI) of 0.25 in the presence of 10 µg/mL polybrene. VHH expression was induced
8 h post transduction by the addition of Dox to a final concentration of 1 µg/mL. 48 h post
transduction, cells were infected with IAV/WSN/33 in DMEM (0.2% BSA) at an MOI of 13 or
VSV EGFP Indiana in DMEM at an MOI of 4.5. The inoculum was removed 1 h post infection
and cells were covered with fresh DMEM containing 10% FCS, 1 µg/mL Dox,
Penicillin/Streptomycin, and Fungizone Antimycotic (Life Technologies); medium of VSVinfected cells was supplemented with 100 mM NH4Cl and 20 mM Hepes. 48 h post infection
with IAV or VSV, cells were washed with PBS, trypsinized, split 1:2, and seeded in DMEM
with 20% FCS, 1 µg/mL Dox, Penicillin/Streptomycin, and Fungizone Antimycotic (as well as
100 mM NH4Cl and 20 mM Hepes in case of VSV-infected cells). The medium of the IAV
plates was replaced every 2-3 days until most cells had detached. Adherent cells of the VSV
plates were covered with DMEM containing 1.5% carboxymethyl cellulose, 20% FCS, 500
µg/mL G418, 1 µg/mL Dox, Penicillin/Streptomycin, and Fungizone Antimycotic and left
unperturbed. 3-4 weeks later, cell colonies were harvested from the plates, individually
amplified, tested in infection assays, and frozen. To prevent infection of cell clones with
residual VSV, freshly picked clones of the VSV screen were grown in 1.5 µg/mL VSVneutralizing antibody IE2 (27) and controlled for EGFP expression. To retrieve the VHH
sequences encoded by surviving cell clones, we lysed cells in 1% SDS, 50 mM Tris,100 mM
NaCl, 1 mM EDTA, 100 μg/mL proteinase K at 55°C for 2h. Genomic DNA was subsequently
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precipitated by addition of one volume of isopropanol, dried in a fume hood, and resuspended
in ddH2O. VHH sequences were amplified with lentivirus-specific primers using the Platinum
PCR Super Mix (Life Technologies) and directly sequenced from PCR products. VHH
sequences were analyzed by ClustalW alignment, and neighbor-joining trees were constructed
to group identical or highly similar sequences (<3 aa differences in CDRs). One representative
sequence of each group was chosen for further analysis. The antiviral VHH sequences were
deposited in the NCBI GenBank sequence data base with the accession numbers KX022606KX022624.
Flow cytometry-based infection assays
To quantify infection by flow cytometry, A549 cell lines were seeded in 24-well plates 40 h
before infection (2·104 cells/well). Cells were treated with 1 μg/mL Dox 24 h before infection
to induce VHH expression. Cells were infected with appropriate amounts of IAV WSN/33 (in
0.2% BSA/DMEM) or VSV Indiana GFP (in DMEM) to infect 50% of wild-type cells. 30
minutes post infection, inocula were removed and cells cultivated for 5:30 h (IAV) or 3:30 h
(VSV) in full medium. Cells were trypsinized, fixed in 4% formaldehyde/PBS, and stained with
1 μg/mL AF647-coupled VHH NP2 and mouse anti-HA AF488 (IAV-infected cells), or mouse
anti-HA AF594 (VSV-infected cells), all under permeabilizing conditions. Fluorescence was
quantified using a BD Biosciences LSRFortessa flow cytometer and the FlowJo software
package.
LUMIER Assay
Protein interactions in transfected HEK 293T cells were quantified using the LUMIER assay
according to a protocol modified from Taipale et al. (28). HEK 293T cells in 24-wells were
transfected with 0.25 μg bait expression vectors (pCAGGS VHH-HA) and 0.25 μg prey
expression vectors (IAV: empty vector, pEXPR PB2-Renilla, pEXPR PB1-Renilla, pEXPR
PA-Renilla, pEXPR Renilla-NP, pEXPR Renilla-M1, or pEXPR M2-Renilla; VSV: empty
vecor, pEXPR N-Renilla, pEXPR Renilla-P, pEXPR Renilla-M, pEXPR Renilla-L, pEXPR
Renilla-LN, or pEXPR Renilla-LC; all expression vectors are derived from pcDNA3-ccdBRenilla, a kind gift of Mikko Taipale, Susan Lindquist laboratory, Whitehead Institute,
Cambridge, MA, USA) using Lipofectamine 2000. 24 h post transfection, cells were lysed in
120 μL LUMIER IP buffer (50 mM Hepes pH 7.9, 150 mM NaCl, 2 mM EDTA pH 8.0, 0.5%
Triton X-100, 5% glycerol, protease inhibitor cocktail (Roche)). 90 μL of the lysates were
transferred to blocked LUMITRAC™ 600 plates (Greiner) coated with mouse anti-HA.11 and
incubated at 4°C for 3 h. After extensive washing steps with IP buffer, incubated wells (or 10
μL lysate) were incubated with Coelenterazine-containing Renilla luciferase substrate mix
(BioLux Gaussia Luciferase Assay Kit, New England BioLabs) and light emission quantified
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using a SpectraMax M3 microplate reader (Molecular Devices). Renilla luciferase activity in
the immunoprecipitation samples was normalized by Renilla luciferase activity in the lysates.
Protein Expression and Purification
For periplasmic bacterial expression, VHH coding sequences were cloned into a derivative of
pHEN6(29) encoding a C-terminal sortase recognition site (LPETG) followed by a His6-tag.
VHH-LPETG-His6 fusion proteins were expressed in E. coli WK6 cells and purified from
periplasmic extracts using Ni-NTA affinity purification and size exclusion chromatography
with a HiLoad 16/600 Superdex 75 pg column. To fluorescently label or biotinylate VHHs
using sortase, proteins were incubated with sortase and GGG-Alexa Fluor 647 or GGG-biotin
as described before (Guimaraes et al., 2013), followed by removal of His-tagged sortase with
Ni-NTA beads and desalting.
The IAV/WSN/33 NP cds was cloned into pET30b+. NP-His6 was expressed in E. coli
LOBSTR(30) and purified by Ni-NTA purification, Mono S cation exchange chromatography,
and size exclusion chromatography with a HiLoad 16/60 Superdex 200 column. VSV Indiana
N was purified as described before (31). In brief, E. coli BL21(DE3) was transformed with pET
N/P to co-express VSV N and P protein. The N/P complex associated with RNA was purified
by Ni-NTA purification, P precipitated during dialysis against an acidic buffer (100 mM citrate,
pH 4.0, 250 mM NaCl), and N-RNA further purified by gel filtration with a HiLoad 16/60
Superdex 200 column.
Competition assays
Immunoprecipitations for competition assays were performed with 2 μg C-terminally
biotinylated VHH (16) bound to streptavidin magnetic beads (MyOne Dynabeads; Life
Technologies) and 7.5 μg of recombinant IAV WSN NP. Before addition to the beads, NP was
blocked with 50 μg of the individual His-tagged VHHs. Bound NP was eluted in 0.2 M glycine,
pH 2.2, and analyzed by SDS-PAGE and colloidal Coomassie staining.
IAV nuclear import assay
To quantify nuclear import of vRNPs, A549 cell lines were seeded in 24-well plates 40 h before
infection (104 cells/well). Cells were treated with 1 μg/mL Dox 24 h before infection to induce
VHH expression. IAV WSN/33 (in 0.2% BSA/DMEM) at an MOI of 230 was bound to the
cells on ice for 1h in the presence of 1 mM cycloheximide (CHX). Cells were subsequently
covered with fresh BSA/DMEM with CHX and incubated at 37° C for 4 h. Cells were fixed
with 4% formaldehyde and permeabilized in permeabilisation buffer (PS) (0.05% saponin, 1%
BSA, 0.05% NaN3 in PBS) for 20 min. Samples were incubated with mouse anti-NP (clone
HB-65, 1 µg/mL in PS) and rabbit anti-HA (1:200 in PS) for 2 h, washed with PBS, and
subsequently incubated with AF488-coupled goat anti-mouse IgG and AF594-coupled goat
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anti-rabbit IgG (both 1:1,000 in PS), Hoechst 33342 (1:5,000), and AF647 Palloidin (1:100) for
1 h. Samples were washed with PBS and H2O, and mounted with Fluoromount-G (Southern
Biotech). Z stacks were acquired using a PerkinElmer Ultraview Spinning Disk Confocal
microscope and Z projections from 3 fields of view with a 40x objective (typically containing
ca. 50 cells) were analyzed using CellProfiler(32). Gaussian filters were applied to the DNA
and actin channels, which were subsequently used to segment nuclei and cells, respectively.
For each cell, the mean intensity of the NP signal in the nucleus was divided by the mean
intensity of the NP signal in the cytoplasm. Average values for all cells in one experimental
condition were calculated and normalized to the values for untreated A549 cells (nuclear import
= 1.0) and BafA-treated cells (nuclear import = 0).
IAV minigenome replication assay
To quantify polymerase activity of transiently expressed IAV polymerase, 293T cells were
transfected with 150 ng of each pCAGGS PB2, pCAGGS PB1, pCAGGS PA, pCAGGS
NP(33), pPolI-EGFP-RT (a derivative of pPolI-NS-RT(34) in which the NS coding sequence
was replaced with EGFP, and which allowed transcription of the model IAV genome segment
by host cell RNA polymerase I), and the respective pCAGGS VHH-HA vector (or empty
vector) using Lipofectamine 2000. 24 h post transfection, cells were fixed and stained with
AF594 mouse anti-HA. VHH-HA expression was measured and EGFP fluorescence in HApositive cells quantified using a BD Biosciences LSRFortessa flow cytometer and the FlowJo
software package.
VSV mRNA transcription assay in infected cells
To analyze viral RNA species in infected cells, A549 cell lines were seeded in 60 mm dishes
and, where indicated, VHH expression induced with 1 µg/mL Dox for 24 h hours. 85%
confluent cells were infected with VSV at an MOI of 100 in 1 ml of DMEM with 1 µg/ml of
Dox (where indicated). After 45 min at 34° C, 2 ml of DMEM complemented with 60 µl
actinomycin D (0.5 mg/ml), 50 µl of [5,6-3H]-Uridine (38 Ci/mmol, Moravek Biochemicals)
and 1 µg/ml of Dox (where indicated) were added to the cells. After 5 h of incubation at 34° C,
cytoplasmic extracts were prepared and RNA was purified by phenol/chloroform extraction as
described previously(35). Purified RNA extracts were analyzed by acid/agarose gel
electrophoresis and autoradiography (36).
VSV in vitro transcription assay
Genomic N-RNA templates were prepared from VSV virions as previously described (20).
Polymerase assays were carried out as described(37) using 0.25 µg of N-RNA with 0.2 µM of
VSV L and 0.3 µM of VSV P in a reaction mixture containing 20 mM Tris, pH 8.0, 50 mM
NaCl, 6 mM MgCl2, 500 µM UTP, 250 µM GTP, 1 mM ATP, 1 mM CTP, 165 nM of [α32P]78

GTP (3000 Ci/mmol) (Perkin-Elmer) and, where indicated, 80 µM of the respective VHHs.
Reactions were incubated at 30° C for 2.5 h and stopped by addition of EDTA/formamide.
Reactions products were resolved using acid/agarose gel electrophoresis and autoradiography
(36).
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Abstract
The transcription and replication machinery of negative-stranded RNA viruses present possible
targets for interference in the viral life cycle. We demonstrate the validity of this concept
through the use of cytosolically expressed single domain antibody fragments (VHHs) that
protect cells from a lytic infection with vesicular stomatitis virus (VSV) by targeting the viral
nucleoprotein N. We define the binding sites for two such VHHs, 1004 and 1307, by X-ray
crystallography to understand their inhibitory properties and the structural features that are
targeted. We found that VHH 1307 competes with binding of the essential polymerase cofactor
P to N and thus inhibits replication and mRNA transcription, while binding of 1004 likely only
affects genome replication. The functional relevance of these epitopes is confirmed by the
isolation of escape mutants able to replicate in the presence of the inhibitory VHHs. The
determined structures pave the way for targeted antiviral intervention.
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Introduction
Vesicular stomatitis virus (VSV) is a member of the Rhabdoviridae family, which includes the
human pathogen rabies virus. The VSV single-stranded RNA genome is negative-sense, nonsegmented, and encodes 5 viral proteins: the nucleoprotein N, the phosphoprotein P, matrix
protein M, glycoprotein G and the RNA-dependent RNA polymerase L. Expression levels of
the viral proteins correlate with their position within the single-stranded RNA genome, with N
being the most abundant and L the least abundant. The VSV genome is tightly encapsidated by
N to form a nucleocapsid (N-RNA), which serves as the template during RNA synthesis. In the
absence of N, transcription can be initiated but no full length RNAs are produced (1). As it
encapsidates the 11,161 nucleotide genome, the nucleocapsid adopts a bullet shape in the virion,
whereas it shows an elongated, more flexible representation in the cytosol of infected cells (2).
Recombinant expression of the N protein, together with the RNA polymerase cofactor P in E.
coli, results in ring shaped, decameric nucleocapsid-like particles that encapsidate bacterial
RNA non-specifically (3).
Crystallographic analysis has provided molecular details of RNA encapsidation and N
oligomerization (3). The N protein consists of an N- and a C-terminal lobe in between which
the RNA is packed. Each N protomer makes cross-molecular contacts with three neighboring
N protomers, for which an extension of the N-terminal lobe (N-arm) and a large loop in the Cterminal lobe (C-loop) are critical. Removal of the N-arm reduces incorporation of RNA (4),
while mutations in the C-loop affect VSV RNA replication and transcription differentially (5).
In the nucleocapsid, the RNA is largely protected against digestion with RNAse; only harsh
treatment with RNAse leads to RNA removal (6). How the polymerase L accesses the tightly
encapsidated RNA in the course of transcription remains elusive. The L protein is unable to
bind to the nucleocapsid directly. Instead, this interaction is mediated by P, a non-enzymatic
polymerase cofactor that interacts with both L and N proteins. P can interact with N in two
different ways. First, the extreme N terminus of P can chaperone the free N protein (N0) to
prevent it from premature oligomerization and association with random RNA. Instead, it directs
N to encapsidate the viral RNA (7). The second interaction is mediated by the C-terminal
domain of P, which binds to the C-lobes of two adjoining N protomers and thus is a
nucleocapsid-specific interface (8). This interaction properly positions the L protein, which in
turn could impose a conformational change on N that permits access to the RNA. As the
complex moves along the template, N folds back and encapsidates the RNA while N0 molecules
encapsidate the newly synthesized strand of RNA.
The three proteins essential for VSV transcription and replication, N, P and L, provide attractive
possible targets for intervention in the virus life cycle. We have explored the use of single
84

domain antibody fragments, derived from the variable region of the heavy chain of camelid
heavy chain-only antibodies (VHHs), as antiviral agents that can be expressed intracellularly
with retention of antigen-binding properties. We immunized an alpaca with inactivated VSV
and selected VHHs using a lentiviral screening approach that relies on inducible expression of
cytosolic VHHs and selection of cells that survive a lethal dose of VSV (9). All four identified
VHHs specific for VSV (VHH 1001, 1004, 1014, and 1307) target the N protein and impede
VSV replication when expressed cytosolically by blocking viral mRNA transcription. In an in
vitro transcription assay with purified L, P and N-RNA template, only two VHHs (1001 and
1307) blocked mRNA transcription, indicating that the identified VHHs inhibit the virus in
different ways. Competition analysis showed that all four N-specific VHHs recognize distinct
epitopes (9).
To provide a molecular explanation for the inhibitory properties of N-specific VHHs, we
defined the VHH binding sites on the N protein for three of the identified VHHs. We obtained
crystal structures of N in complex with two VHHs and could map the binding site of a third
VHH by generating VSV escape mutants grown in the presence of the inhibitory VHH. The
defined binding sites provide a rationale for the inhibitory properties of the VHHs and explain
relevance and function of the bound subdomains during viral replication.

Results
Inhibitory characteristics of VSV N specific VHHs
We reported the identification of several VSV N protein specific VHHs that, if expressed
cytosolically, protect cells from VSV infection (9). To uncover the underlying vulnerabilities
of the virus, we defined the inhibitory properties of three N-specific VHHs in more detail. First,
we tested the effect of the VHHs on VSV infection in A549 cell derivatives in which cytosolic
VHH expression is doxycycline-inducible. We induced VHH expression and infected cells 24
hours (h) later with VSV-GFP, a VSV Indiana strain that -in addition to the structural proteins
of VSV- expresses GFP as a measure of a successful infection. We infected cells with different
doses (multiplicities of infection, MOIs) of virus to test whether increasing amounts of virus
could overcome the inhibitory potential of the VHHs (Fig 1A). Cells were harvested 4 h post
infection and the percentage of GFP-positive cells was assessed by flow cytometry. All cell
lines that expressed any of the N protein-specific VHHs blocked VSV when infected at an MOI
of 10, while the cell line that expressed the control VHH was readily infected (control VHH:
αNP-VHH1, influenza A nucleoprotein-specific (10)). An up to 32-fold increase in the amount
of virus barely allowed infection of cells expressing VHH 1001. For cells that expressed VHH
1004, the fraction of GFP-positive cells increased with increasing MOI, reaching 37% GFPpositive cells when infected with the highest dose (MOI 320). Inhibition of infection in cells
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that expressed VHH 1307 could be more easily overcome by increasing the virus dose, yielding
more than 80% of GFP positive cells at a 4-fold increase of virus (MOI 40). Two VHH
characteristics might contribute to the differential response to increasing doses of virus: (I) the
expression level of the VHH, and (II) the mechanism by which the VHH inhibits the virus. To
assess VHH expression levels, we stained for the HA-tagged VHHs with anti-HA-DL650 and
quantified fluorescence intensity by flow cytometry (Fig 1B). Expression levels were highest
for VHH 1001 and low for VHH 1307, explaining their robustness and vulnerably to increasing
doses of virus, respectively. Despite only mild susceptibility to increasing amounts of virus,
levels for VHH 1004 were barely detectable, suggesting a potent mechanism of inhibition for
this VHH.

Figure 1 | Inhibitory properties of VSV N specific VHHs. (A) N protein specific VHHs differentially
cope with increasing doses of VSV. A549 cells expressing VHHs in a doxycycline (Dox)-inducible
manner were seeded 24 h before VSV infection. VHH expression was induced (grey - black bars) with
Dox or cells left untreated (white bars). Each cell line was infected with increasing amounts of VSVGFP (MOI = 0 – 320). Cells were harvested 4 h post infection and the percentage of infected cells (GFP
positive) was quantified by flow cytometry. Average data from three independent experiments (± s.e.m.)
is shown. (B) Quantification of VHH expression levels in A549 cells. Cells were seeded and HA-tagged
VHH expression was induced with Dox. After 24 h, cells were harvested and stained for VHH-HA using
anti-HA-DL650 antibodies. The geometric mean of anti-HA-DL650 fluorescence was quantified by flow
cytometry and compared to uninduced cells lines. Data from three independent experiments (± s.e.m.) is
shown.
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Figure 2 | Crystal structures of VHH 1004 and VHH 1307 in complex with VSV N-RNA (A)
Purified N-RNA alone (blue), or preincubated with an excess of VHH (red), was subjected to size
exclusion chromatography on a Superdex 200 column. Absorbance at 280 nm of the elution profile is
displayed. Data exemplarily shown for N-RNA and N-RNA in complex with VHH 1307. (B/C) Ribbon
representation of VHH 1004 and 1307 in complex with VSV N. (B) Side view of VHH 1004 (grey)
bound to the N-lobe of a single N protomer (blue). (C) VHH 1307 (grey) and three N protomers are
displayed (dark cyan, green and blue); view from the outside of the 10-mer ring. The VHH binds to the
C-lobes of two adjacent N protomers. In the depicted structure, the VHH interacts with the left Nprotomer (N1, dark cyan) and the N protomer in the center (N2, green).

VHH 1004 in complex with N-RNA
To uncover the inhibitory mechanism and epitope of the identified VHHs, we defined the
binding site on the N protein by X-ray crystallography. We produced recombinant VHHs and
N protein individually in E. coli and purified the proteins. We then combined VHH and N
protein in a 3:1 molar ratio and purified the complex by size-exclusion chromatography. For all
VHH:N-RNA complexes, we detected a clear shift in the elution profile, indicative of VHH
binding to the N-RNA 10-mer ring (Fig 2A). The collected peak fractions were concentrated to
2.5 – 5 mg/ml and used to set up crystal screens of the VHH:N-RNA complexes. We were able
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to obtain diffraction quality crystals for N-RNA in complex with VHH 1004 and VHH 1307
respectively.
Crystals of the N-RNA:1004 complex diffracted to 5.45 Å (Table 1). We solved the structure
by molecular replacement (MR) (details in the Methods section) and refined to a final Rwork
of 33.9% and Rfree of 34.0%. Besides the bound VHH, the structure resembles previously
characterized N-RNA structures, in which N forms a 10-mer ring that encapsidates RNA
(RMSD 0.89 – 0.99 Å). VHH 1004 binds the N-terminal lobe of the N protein, and decorates
the circumference of the 10-mer N-RNA ring (Figs 2B and EV1). The VHH buries an area of
~500 Å2 on the N protein surface. The VHH contacts residues that are dispersed over three
polypeptide segments of the same N protomer, which suggests that VHH 1004 should also be
capable of binding to monomeric N0. VHH 1004, when expressed in the cytosol, strongly
inhibits VSV replication, whereas in vitro transcription catalyzed by purified components (L,
P and N-RNA) is barely affected by its presence (9). To replicate or transcribe the RNA, the
VSV polymerase L must access the encapsidated RNA. Because VHH 1004 does not cover the
known P binding site on the N protein (8), it either prevents L association with N and thus
polymerase processivity, or manipulates N in such a way that prevents L from gaining access
to the RNA, for example by perturbing the necessary flexibility for conformational changes.
Since in vitro replication was not affected, it is likely that VHH 1004 only affects genome
replication, but not mRNA transcription. This would substantially reduce the amount of
genomes that serve as templates for mRNA transcription in infected cells.
VHH 1307 in complex with N-RNA
For the N-RNA:VHH 1307 complex, we obtained crystals that diffracted to 3.2 Å (Table 1).
We solved the structure by MR and refined to a final Rwork of 23.5% and Rfree of 27.4%. The
complex crystallizes as two 10-mer rings of N-RNA that are crowned at both ends with 10
VHHs each, yielding 40 protein subunits to the asymmetric unit (Fig EV1). The VHH binds to
the C-terminal lobe of N-RNA, makes contact with two adjacent protomers, and thus binds to
a nucleocapsid-specific interaction interface (Fig 2C). No drastic changes in N structure upon
VHH binding can be detected (RMSD 0.81-0.96 Å). We identified the residues involved in the
N:VHH 1307 binding interface using PDBePISA (11). VHH 1307 makes direct contact to
residues from two adjacent protomers to a nucleocapsid-specific epitope that overlaps with the
binding site of the polymerase cofactor P (8). This binding site suggests that the VHH may
inhibit viral transcription by preventing P from binding to the nucleocapsid, which would block
the P mediated access of the polymerase L to the RNA template. Accordingly, VHH 1307
inhibits transcription in vitro, and gene expression in infected cells, the latter of which likely
relies on both genome replication and mRNA transcription (9). Experiments that interchanged
the position of N and P proteins on the VSV genome, and thus switched expression levels
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showed the importance of a balance between N and P proteins (12). VHH 1307 perturbs this
balance, but because of this VHH’s comparatively low expression levels, increasing amounts
of virus may overcome antiviral restriction as shown in Figure 1.
Table 1 Data collection and refinement statistics

Protein
Organism
PDB ID
Data collection
Space group
a, b, c (Å)
α, β, γ (°)
Wavelength (Å)
Resolution range (Å)
Total reflections
Unique reflections
Completeness (%)
Redundancy
Rsym (%)
Rp.i.m. (%)
I/σ
CC1/2 (%)
Refinement

VSV N:VHH 1004 native
Vesicular stomatitis virus,
Vicugna pacos

VSV N:VHH 1307 native
Vesicular stomatitis virus,
Vicugna pacos

5UKB

5UK4

P21212
240.117, 335.497, 75.899
90.0, 90.0, 90.0
0.9791
195.26 - 5.50 (5.70 - 5.50) a
227207
20655
99.7 (98.3)
11.0 (5.5)
16.6 (100.0)
5.2 (46.0)
16.2 (0.86)
99.7 (55.6)

P1
147.555, 156.008, 217.450
79.24, 75.66, 62.27
0.9791
128.45 – 3.20 (3.31 – 3.20)
614436
250547
92.4 (92.5)
2.5 (2.4)
20.4 (67.5)
15.2 (50.2)
5.1 (1.4)
99.3 (61.9)

195.26 - 5.50
Resolution range (Å)
33.9
Rwork (%)
34.0
Rfree (%)
1.01
Coordinate error (Å)
Number of Reflections
20603
Total
Rfree reflections
2000
21875
Number of non-hydrogen
atoms
21875
Protein atoms
R.m.s. deviations
0.004
Bond lengths (Å)
0.85
Bond angles (°)
Average B factors (Å2)
305.1
Protein
Ramachandran (%)
94.4
Favored (%)
5.1
Allowed (%)
0.5
Outlier (%)
37.39
Clashscore
2.44
Molprobity score
97th
Molprobity percentile
a
Values in parentheses are for highest-resolution shell.
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128.45 – 3.20
23.6
28.7
0.44
250544
1990
88846
88846
0.013
0.94
58.33
93.9
5.9
0.2
13.4
2.04
97th

VHH 1307 in complex with N-RNA
For the N-RNA:VHH 1307 complex, we obtained crystals that diffracted to 3.2 Å (Table 1).
We solved the structure by MR and refined to a final Rwork of 23.5% and Rfree of 27.4%. The
complex crystallizes as two 10-mer rings of N-RNA that are crowned at both ends with 10
VHHs each, yielding 40 protein subunits to the asymmetric unit (Fig EV1). The VHH binds to
the C-terminal lobe of N-RNA, makes contact with two adjacent protomers, and thus binds to
a nucleocapsid-specific interaction interface (Fig 2C). No drastic changes in N structure upon
VHH binding can be detected (RMSD 0.81-0.96 Å). We identified the residues involved in the
N:VHH 1307 binding interface using PDBePISA (11). VHH 1307 makes direct contact to
residues from two adjacent protomers to a nucleocapsid-specific epitope that overlaps with the
binding site of the polymerase cofactor P (8). This binding site suggests that the VHH may
inhibit viral transcription by preventing P from binding to the nucleocapsid, which would block
the P mediated access of the polymerase L to the RNA template. Accordingly, VHH 1307
inhibits transcription in vitro, and gene expression in infected cells, the latter of which likely
relies on both genome replication and mRNA transcription (9). Experiments that interchanged
the position of N and P proteins on the VSV genome, and thus switched expression levels
showed the importance of a balance between N and P proteins (12). VHH 1307 perturbs this
balance, but because of this VHH’s comparatively low expression levels, increasing amounts
of virus may overcome antiviral restriction as shown in Figure 1.
VHH 1307 and P bind to the same or overlapping epitopes on N
We found that VHH 1307 and P bind to overlapping epitopes of N (Fig 3A). To test
biochemically whether VHH 1307 prevents binding of P to N or vice versa, we addressed the
interaction of VHHs with N alone or N in complex with stoichiometric amounts of P (Fig 3B).
We biotinylated VHH 1001, 1004, 1307 and a control VHH (αNP-VHH1, influenza A
nucleoprotein specific (10)), and immobilized them on streptavidin beads. We incubated the
beads with purified N, or the N/P complex, and analyzed the bound protein by SDS-PAGE and
Coomassie staining. With the exception of the control VHH, all VHHs immunoprecipitated the
N protein alone. VHH 1001 and 1004 also immunoprecipitated intact N/P complexes. In
contrast, VHH 1307 only retrieved N from the complexes, indicating that the VHH displaced
P from the complex. These data confirm that 1307 and P bind to overlapping epitopes on the N
protein, and suggests that VHH 1307 can also displace P from viral nucleocapsids.
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Figure 3 | VHH 1307 competes with P for binding to N. (A) Magnified view and superposition of the
C-terminal domain of P (red) and 1307 (grey) at their binding site at the N-RNA C-loop region. (B) VHH
binding to N and the N/P complex. Biotinylated, N specific VHHs and a control VHH (αNP-VHH1,
influenza A nucleoprotein specific) were immobilized on streptavidin beads and N alone, or N in
complex with P was added to the beads. Bound protein was eluted and subjected to 10% SDS-PAGE
(75:1 acrylamide/bis-acrylamide) and Commassie staining. A representative gel from three independent
experiments is shown.

Functional determination of binding site by escape mutants.
To independently identify VHH binding sites on N based on function, we generated VSV
escape mutants by serial passage of infectious supernatants in cells that expressed the different
VHHs. We diluted cell supernatants after passaging, infected a new monolayer of cells and
analyzed the resulting plaques by RT-PCR and sequencing. For VHH 1001 all four analyzed
plaques carried different mutations in N. All plaques analyzed from escape mutants of VHH
1004 carry the mutation G75R in N, while all escape mutants of VHH 1307 contain the mutation
D374N in N (Table 2). All identified escape mutation residues are surface-exposed and are not
in close proximity to each other (Figs 4 and 5), confirming that the identified anti-VSV N
VHHs have unique binding sites (9).
Table 2 List of observed escape mutations in N
VHH

clone

Mutations

Sequence change

1001

1

A771C

E257D

2

C778A

Q260K

3

A779G

Q260R

4

A728G

E243G

1004

1,2,3

G223A

G75R

1307

1,2,3

G1120A

D374N

The glycine residue 75 mutated in VHH 1004 escape mutants is positioned in the center of the
binding site as determined crystallographically (Fig 5A). The D374N substitution found in all
VHH 1307 escape mutants is likewise located in the established binding site of VHH 1307 (Fig
5B). Because this subdomain of N is also bound by the essential polymerase cofactor P, this
mutant must retain the ability to engage P. While many of the interaction/interface residues of
VSV P and VHH 1307 overlap, residue D374 is exclusively engaged by VHH 1307 but not by
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P (Fig 4) (8). The escape mutant therefore affects the interaction of the nucleocapsid and VHH
1307 without altering the binding to P.

Figure 4 | Amino acid sequence overview of VSV N protein. Protein sequence of VSV Indiana N
protein. Binding interface residues for VHH 1004 are shown in blue. Interface residues for VHH 1307
are shown in light green (N1) or dark green (N2). Residues engaged from two VHH 1307 molecules are
colored in both green tones. The better resolution of the N-RNA:1307 crystal allowed to specify the
interaction types. ‘H’ labels residues involved in hydrogen bonds and ‘S’ labels residues engaged in salt
bridge. A ‘P’ labels residues interacting with the phosphoprotein P (8). Amino acids changed in escape
mutants (Table 2) are highlighted with the VHHs color. Escape mutations for VHH 1001 colored in light
red (N1) or darker red (N2).
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Figure 5 | VSV escape mutations for VHH 1001, 1004 and 1307. Surface representation of the N
protein. (A) VHH 1004 binding interface residues on a single N protomer are shown in green, the escape
mutant residue G75R is shown in red. (B) The two adjoining N protomers that are bound by VHH 1307
are shown in grey and silver. Interface residues of the left protomer (N1) are colored in light green,
interface residues of the right protomer (N2) are shown in dark green. Location of escape mutation D374N
is shown in red. (C) Two adjoining N protomers with magnified view of the VHH 1001 binding site.
Locations of the escape mutations E243G on the left protomer (N1) and Q260K/R on the right protomer
(N2) are shown in red. Escape mutation E257D is also surface exposed but located behind Q260K/R and
cannot be seen from this angle. All illustrations were generated in PyMOL.

We were unable to obtain diffraction quality crystals for VHH 1001 in complex with N, but
successfully generated VSV escape mutants instead. Because the escape mutants for VHH 1004
and 1307 were located precisely in the binding site as determined by crystallography, and the
residues mutated under pressure from VHH 1001 are similarly solvent exposed, we presume
that the identified escape mutations correspond to the VHH 1001 binding site. VHH 1001
inhibits VSV mRNA transcription if expressed in the cytosol and blocks in vitro transcription
as well. In the lentiviral screening approach that led to the identification of VHH 1001, this
particular VHH was found in 34 of 41 independently identified clones, which we attribute to
its comparatively higher expression levels and potent mechanism of inhibition (9). For VHH
1001 we analyzed 4 plaques (Table 2). Each carried a different mutation that resulted in 4
independent changes in the N protein sequence (E243G, E257D, Q260R, Q260K). Mutated
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residue E243G and residues E257D, Q260K are located on opposite sides of the C-terminal
lobe of an N protomer. The location of the escape mutations suggests that the VHH engages an
interface of N-RNA that is composed of two adjacent N protomers, rather than a single N
protomer (Fig 5C). The distance of the identified residues in two adjacent protomers is ~2 nm
and therefore equivalent to the diameter of a typical VHH (~2x3.5 nm). At this interface, the
VSV nucleocapsid exhibits a small notch between two N molecules that would perfectly
accommodate a VHH. It is possible that VHH 1001 binding stabilizes the nucleocapsid by
forming a bridge between two adjacent N protomers. The resulting reduced flexibility might
prevent the LP complex to gain access to the RNA for transcription and replication.
Figure 6 | VHH binding to
VSV N escape variants.
(A) Indicated, HA-tagged
VHHs and mutated versions
of N fused to Renilla
luciferase or influenza A NP
fused to Renilla luciferase
were
transiently
coexpressed in 293T cells. 96well plates coated with antiHA anti-body to capture the
VHHs were incubated with
cell lysates. Activity of the
co-purified luciferase was
measured. Emitted light was
normalized to luciferase
activity in the lysate. Data
are from three independent
experiments (±s.e.m.).

Binding of VHHs to the escape mutants.
Not all escape mutations resulted in drastic changes of amino acid characteristics at the mutated
site. While mutations G75R, E243G or D374N are major changes in size, polarity or charge of
the surface exposed amino acids, the mutation E257D represents a single methylene group
difference. To test how these mutations in N affect recognition by the VHHs, we applied
LUMIER assays with mutated versions of the N protein (Fig 6) (9, 13). In this assay, an HAtagged VHH and a Renilla luciferase fusion of N are transiently co-expressed in 293T cells.
After 24 h, cells are lysed and the HA-tagged VHH is immobilized in 96-well plates coated
with anti-HA antibody. Renilla luciferase activity is quantified as a measure of how much Nprotein is bound to the VHH. All Renilla-N mutants were expressed to comparable levels (data
not shown, but used for normalization), and all N protein specific VHHs were able to retrieve
wild type (WT) N protein. Escape mutations observed for VHH 1001, as single mutations or as
combinations, abolished binding of VHH 1001, indicating that these surface exposed residues
are indeed critical for VHH 1001 binding. N protein carrying these escape mutations were still
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readily retrieved by VHH 1004 and 1307, indicating that these mutations did not alter overall
N structure. A loss of VHH binding as observed for VHH 1001 is the expected escape strategy
from inhibitory VHHs. Surprisingly, the VHH 1004 escape mutation G75R resulted in a strong
increase of retrieved N by VHH 1004, while VHH 1001 and 1307 recovered this N variant at
levels comparable to WT N. Similarly, VHH 1307 retrieved higher levels of its escape mutant
D374N mutant compared to its WT counterpart.
To better understand the escape mutations that failed to eliminate binding, we performed biolayer interferometry to analyze binding kinetics. When binding of N-RNA to immobilized
VHHs was analyzed, we could confirm all binding activities observed in LUMIER assays, but
could not deduce any binding constants due to the lack of dissociation. We thus immobilized
WT and mutant version of N and measured VHH association and dissociation. For VHH 1001
and 1004, we observed poor association, likely because of their lateral VHH binding sites, steric
hindrance and unfavorable orientations of the N-RNA ring in this assay geometry. VHH 1307
associated slightly faster to the D374N mutant compared to WT N, but, importantly, dissociated
more than 1000-fold faster (Table 3 and Fig EV2). In the LUMIER assay, fast dissociation is
likely prevented by avidity affects and the larger amount of retrieved mutant protein is a result
of faster association. During infection however, the more dynamic binding allows VHH 1307
to be more easily replaced by P, undermining the VHHs inhibitory properties. In conclusion,
abolished or altered binding dynamics allowed VSV N to escape from VHH-mediated
restriction.
Table 3 Binding affinities of VHH 1307 to WT or mutant N.
VHH 1307 binding to
WT N
D374N N

KD (M)

Kon (1/Ms)
-11

5.53 x 10
6.47 x 10-8

6

1.18 x 10
1.28 x 106

Koff (1/s)
6.51 x 10-5
8.25 x 10-2

Discussion
Virus infections continue to fuel the threat of future epidemics. While vaccine strategies
directed against viral glycoproteins have been remarkably successful, the selective pressure
exerted by the immune system can generate escape variants against which the vaccine-elicited
response is no longer effective, as so well documented for influenza A (14). Targeting
enzymatic functions unique to particular viruses offers a viable alternative, exemplified by
drugs that exploit influenza virus neuraminidase activity or herpesvirus kinases (15, 16). VSV
is a prototypic non-segmented RNA virus. To better understand the transcription/replication
process, and to identify new vulnerabilities of this class of viruses, we used cytosolically
expressed VHHs, also called nanobodies, that target the VSV nucleoprotein N and block
infection. To relate the inhibitory properties of the N specific VHHs to the structural features
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they recognize, we determined the binding sites of three VHHs by means of X-ray
crystallography and the analysis of escape mutants. One identified VHH binds to the N-terminal
lobe of N, and two VHHs bind to different epitopes on the C-terminal lobe of N. Escape mutants
showed single mutations at the established binding sites and thus confirm them by functional
biological criteria.
Because the N protein encapsidates the RNA in a tight manner, a close coordination of the LP
complex with the N-RNA template is necessary to allow RNA access and polymerase
processivity. Our VHHs are likely to perturb this coordination and there are at least two possible
ways to do so: First, by competing with, or sterically excluding the binding of other viral or
host proteins to the N-RNA template or, by preventing a conformational change and dislocation
of N from the RNA during the process of transcription. Both scenarios could, in combination
or alone, hamper polymerase processivity, transcription and replication.
The structural data presented here readily explain the inhibitory mechanism of VHH 1307,
which is further supported by immunoprecipitation experiments. The binding site of VHH 1307
overlaps with the binding site of the polymerase cofactor P. Although VHH 1307 effectively
blocks transcription and likely replication, the inhibitory properties can be overcome by
infecting with an increased virus dose. This could be due either to a complete absorption of the
inhibitory VHH and a surplus of N-RNA genomes that thus remain unbound by a VHH, or, that
an increased concentration of P suffices to outcompete the VHH. The latter explanation would
be in line with the model of a highly dynamic interaction of the N protein and C-terminal
domain of P during transcription and replication.
In contrast, the (presumptive) binding sites for VHH 1001 and 1004 do not readily explain their
antiviral mechanism. Both VHHs can bind to the N/P complex, thus likely inhibit transcription
in a manner different from that of VHH 1307. Further, both VHHs show inhibitory potential
against high doses of virus. While the high expression levels of VHH 1001 are a likely
contributing factor, the comparatively low levels of VHH 1004 that suffice for inhibition
illustrate the potency of its mechanism of inhibition. Nevertheless, we did not find VHH 1004
to be a potent inhibitor in in vitro transcription assays with purified components, suggesting
that VHH 1004 only indirectly affects mRNA transcription in infected cells, e.g. by interfering
with genome replication, which ultimately substantially reduces the number of available
templates for transcription (9). The detectable levels of GFP expression in VHH-producing
cells infected at high MOIs might thus result from primary transcription of the incoming
genomes. The strong VHH 1004-mediated inhibition despite low expression levels might
indicate that the VHH does not have to bind to each protomer to block replication. However,
we also cannot exclude that in vitro transcription does not accurately recapitulate the events
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that occur in the cytosol of cells during infection. Differences that potentially have an impact
include the non-natural ratios of N and L proteins, a structural difference of the isolated N-RNA
template compared to its more flexible representation in the cytosol, or the lack of an additional
factor. However, from the results obtained for VHH 1004 we conclude that not only the N-arm
but the entire N-lobe of VSV N is of relevance for efficient replication.
Based on the nucleocapsid structure, binding of VHH 1001 would function similarly to the Narm and stabilize the association of the two adjacent monomers bound. Removal of the N-arm
reduces incorporation of RNA (4). VHH 1001 supports the N-arm and may stabilize the
interaction between two protomers and thus reduces the flexibility of the N-RNA template. This
flexibility might be of crucial importance when L and P engage the N-RNA template in order
to access the viral RNA. Based on the binding site, we presume that VHH 1001 directly hinders
N-RNA to function as a template for transcription and replication by preventing access to the
encapsidated RNA.
While we see the expected loss of binding of VHH 1001 to its escape variants of N, VHH 1004
and 1307 retrieve increased amounts of their respective escape mutants. The binding kinetics
revealed that VHH 1307 dissociates much faster from its N escape mutant compared to WT N
and thus that the VHH may be replaced more readily by P, explaining how this mutant avoids
VHH-mediated restriction. The observed increase in recovered protein in the LUMIER assay
might primarily be the result of avidity effects that prevent fast dissociation from immobilized
VHHs. The escape mechanism for VHH 1004 might work in similar fashion, based on more
dynamic binding kinetics that allow polymerase processivity. Nevertheless, for the very lowexpressing VHH 1004, an opposed escape mechanism is also conceivable, and increased
binding affinity might be advantageous. If transcription of viral genes is unaffected by this
VHH as it is in vitro (9), its inhibitory properties could be neutralized by newly produced N,
and high affinity and limited dissociation would prevent interference with replication later
during infection. Lastly, mutations in N, in the precise binding sites of the VHHs, altered
binding kinetics to restore virus propagation.
In conclusion, we have shown that it is possible to use VHHs for a robust cycle of experiments
that reveal insights into the molecular biology of their targets: first, we produced and selected
VHHs that impede viral growth; second, accurately defined the epitope recognized at the
structural level; third we used cytosolically expressed VHHs to select virus variants that escape
VHH-imposed inhibition, and finally, -in at least one case- provide a rational explanation for
the inhibitory mechanism of the VHH in question using the structure of the VHH in complex
with its target. The defined binding sites leverage the use of these newly identified VHHs as
tools to further investigate this non segmented RNA virus.
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Expanded view figures

Figure EV1 | Overview of the N-RNA ring in complex with VHH 1004 (A) and in complex with
VHH 1307 (B). VHHs are depicted in grey/black and N protomers are displayed in color. (A) VHH 1004
binds to the circumference of the 10-mer N-RNA ring and the N-terminal lobe of N. (B) VHH 1307 binds
to the C lobe of the N-RNA ring.
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Figure EV2 | Binding affinity determination for VHH 1307. Octet RED96 sensorgrams with
immobilized VSV N WT (A) or D374N (B). VHH 1307 association and dissociation is shown for VHH
concentrations of 12.5 – 100 nM.

Materials and Methods
Virus, Cell lines and Reagents
VSV Indiana GFP was propagated in BHK-21 cells, which were obtained from ATCC.
Clarified, infectious supernatants were used for flow cytometry-based infection assays. The
A549 cell line inducible expressing VHH-HA, derived from A549 cells purchased from ATCC,
and were generated using lentivirus produced with derivatives of pInducer20 (17), and selected
in the presence of 500 μg/ml G418. HEK 293T cells were obtained from ATCC. Cells were
cultivated in DME with 10% FBS and 500 μg/ml G418. Doxycycline hyclate (Dox) was
purchased from Sigma Aldrich. Nickel-nitrilotriacetic acid (NTA) beads were purchased from
Qiagen. Mouse anti-HA.11 (clone 16B12) was acquired from BioLegend. Mouse anti-HA.11
(clone 16B12) coupled to Dylight (DL) 650 was purchased from Abcam. VHHs were sitespecifically biotinylated using sortase A and GGG-biotin as described earlier (18).
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Infection Assay
To analyze the effect of the N protein specific VHHs on different doses (MOI) of virus, A549
cells inducibly expressing the VHHs were seeded and VHH expression was induced with 1
μg/ml doxycycline (final concentration). After 24 h, cells were infected with VSV Indiana GFP
at an MOI between 0 and 320. 4 h post infection, cells were trypsinized, fixed in 4% PFA and
analyzed by flow cytometry using a BD accuri and the FlowJo software package.
Protein expression and purification
The identification and production of VSV N specifc VHHs was described earlier (9). VSV NRNA and its escape mutant variants were expressed and purified as described elsewhere (19).
Sequences encoding the different VHHs with a C-terminal sortase recognition site (LPETG)
followed by a His6-tag were cloned into a pHEN6 expression vector for periplasmic expression.
E.coli WK6 bacteria were transformed with the vector and expression was induced with 1 mM
IPTG at OD600=0.6; cells were grown overnight at 30° C. VHHs were retrieved from the
periplasm by osmotic shock and purified by Ni-NTA affinity purification and size-exclusion
chromatography on a Superdex 75 column.
Crystallization
For co-crystallization, VHHs 1004 and 1307 were individually mixed in a 3:1 molar ratio with
recombinant VSV N-RNA and purified by size-exclusion on a Superdex 200 column. A single
peak of the 20-mer N-RNA:VHH complex was collected and VHH binding was confirmed by
SDS-PAGE and Coomassie staining. We concentrated the complex to a concentration of 2
mg/ml in 50 mM Tris/HCl pH 7.5 and 150 mM NaCl buffer. Initial crystal growth was observed
in 0.1 M sodium acetate pH 5.0, 1.5 M ammonium sulfate for VHH 1004 and 0.2 M sodium
acetate, 0.1 M tri-sodium citrate pH 5.5, 5% (w/v) polyethylene glycol 4.000 for VHH 1307, in
a vapor diffusion experiment in a 96-well sitting drop setup (Index HT, Hampton Research;
Procomplex, Qiagen). Diffraction quality crystals were grown from crystal seeds in a 24-well
vapor diffusion hanging drop set up in the same buffers where initial crystal growth was
observed. Crystals were cryoprotected in 20% glycerol and flash frozen in liquid nitrogen.
Data processing and structure determination.
Datasets were collected at the Advanced Photon Source user end station 24-IDC. Data reduction
was performed in HKL2000 (20). Molecular replacement was performed in the PHENIX suite
using PhaserMR (21). We first analyzed N:RNA:1307 and used PDB ID 2GIC (3) (N-RNA)
for molecular replacement and PDB ID 3HHZ (8) for P-VHH superposition. For the NRNA:1004 structure we used the significantly improved N-RNA model from our first structure
for molecular replacement. For MR of the VHH, we used PDB ID 4KRL, which had the highest
degree of sequence similarity. We could place 4KRL to one N molecule, replaced amino acids
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in the loop regions, applied non-crystallographic symmetry (NCS) and refined with target
weight optimization.
LUMIER assays
To analyze binding of VHHs to mutated version of N, we applied LUMIER assay as described
in detail before (9). 293T cells were co-transfected with pCAGGS VHH-HA and pEXPR NRenilla as WT or escape mutant variants using Lipofectamine 2000. 24 h post transfection,
cells were lysed and incubated in 96-well LUMITRAC 600 plates (Greiner) coated with antiHA.11 antibody to capture the VHHs. Activity of the co-purified luciferase was quantified by
addition of coelenterazine-containing Renilla luciferase substrate mix (BioLux Gaussia
Luciferase Assay Kit, New England BioLabs) and light emission measured using a SpectraMax
M3 microplate reader (Molecular Devices).
Bio-layer interferometry
The Octed RED96 (Fortebio, Pall) was used to measure affinity and kinetic parameters.
Strepavidin biosensors were purchased from Pall, all measurements were performed in PBS,
1% BSA, 0.005 % Tween-20. N-RNA and its escape mutant variants were biotinylated via
coupling to primary amines with the Chromalink NHS biotin reagent (Solulink, San Diego,
CA) for 90 min in 100 mM phosphate buffer pH 7.4, 150 mM NaCl. Streptavidin biosensors
were loaded with the biotinylated N-RNA variants at a concentration of 4 μg/ml. Association
and dissociation of VHHs was recorded with dilutions at concentrations between 12.5 and 100
nM. Data was analyzed using the 2:1 heterogeneous ligand binding global fit model.
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In the ongoing evolutionary arms race between pathogens and the immune system, most viruses
have developed mechanisms to evade antiviral responses. One effective way for a virus to
escape host immune responses is to mutate those proteins targeted by the immune system. The
majority of such mutations occur in surface-exposed viral proteins that are targets of the host’s
antibody response. This is exemplified by the vast diversity of IAV HA sequences. In contrast,
the diversity of intracellularly disposed viral proteins is far less pronounced, likely because of
a less complex, but not necessarily less efficient, antiviral immune repertoire inside the cell,
which is mostly innate and less specific. A tailored immune response to intracellular viral
proteins is often limited to the presentation of viral peptides on MHC class I molecules to CD8+
T cells, and not to fully-folded viral proteins. The complex enzymatic functions and interactions
of viral proteins with host proteins inside the cell are often accompanied by functional or
selective constraints which may limit the possibility of generating escape mutants. Furthermore,
viruses are often highly adapted to interact with the intracellular proteins of a specific host
leading to viral tropism. Thus, minor changes in the amino acid sequence of certain viral
proteins can sometimes discriminate between virulent and non-virulent strains. Residue 627 in
the avian IAV polymerase basic protein 2 (PB2) is a well-studied example of this. Avian IAV,
which typically has a glutamic acid in position 627 of PB2, can overcome restriction to avian
cells to infect and replicate in human cells with a mutation to lysine.
It is the functional constraints of intracellularly disposed viral proteins, which have led their
surfaces to evolve for specific host interactions, that make them prone to antiviral interference.
Therefore, using the diversity of the mammalian antibody repertoire that binds to those surfaces
can aid in identifying viral vulnerabilities. The use of intracellularly-expressed, camelidderived, single-domain antibody fragments (VHHs) has allowed us to implement this concept.
The goal of the work presented herein was to establish a continuous cycle of antiviral VHH
development and characterization in order to identify new viral vulnerabilities. I demonstrated
this process independently with two different, negative-strand RNA viruses: IAV and VSV, a
segmented and non-segmented RNA virus, respectively. Alpacas were immunized with
inactivated IAV and VSV to generate VHH libraries. We then used a phage display to select
anti-IAV and anti-VSV VHH candidates (Chapter 2), and also employed a phenotypic
screening approach based on cell survival of viral infection to identify VHHs with antiviral
activity (Chapter 4). All identified and described VHHs were found to bind to the nuclear
proteins of either IAV or VSV (NP or N protein, respectively), and protected cells from
infection when expressed in the cytosol. Most IAV NP-specific VHHs prevented incoming
vRNP complexes from reaching the nucleus, and thus inhibited viral transcription and
replication, which take place in the nucleus. Several of these NP-specific VHHs also
specifically inhibited viral transcription and replication in the nucleus in reconstitution assays,
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which bypass vRNP nuclear import that was the primary inhibited process of most of the antiNP VHHs. We then solved the crystal structure of one of these VHHs (αNP-VHH1) in complex
with IAV NP. The crystal structure revealed that the VHH binding site overlapped with the
putative binding site of antiviral Mx proteins. Superimposed on vRNP structural models, the
VHH blocked the NLS of the adjacent NP molecule, which likely prevents Importin-α isotypes
to associate with vRNPs and facilitate nuclear import. Thus, our findings provide a mechanism
of action for the major antiviral activity of this VHH and possibly the antiviral mechanism of
cytosolically localized Mx proteins. Once the vRNPs are in the nucleus, only transcription of
longer transcripts is inhibited by αNP-VHH1. Again, this antiviral mechanism is surprisingly
similar to that of Mx proteins localized in the nucleus, though why an occlusion of NP at this
VHH binding site results in this phenotype remains unknown. However, an elegant analysis
with mutated NP variants clearly showed the importance of intact NP, especially for longer
transcripts (1). Specifically, mutated NP was sufficient to promote transcription of shorter
transcripts but intact NP was necessary for RNA longer than 500 nucleotides. The results
therefore suggest that αNP-VHH1 inhibits the function of NP for transcript elongation, likely
by preventing specific conformations of the vRNP complex during transcription. Highresolution microscopy with one of the anti-NP VHHs presented herein may help to shed new
light on the structure of vRNP during transcription and replication.
To show that our approach of identifying and screening for antiviral VHHs was not limited to
IAV, we next demonstrated its suitability for VSV, an unrelated virus. As described in Chapters
4 and 5, we were able to generate four VSV N protein-specific VHHs that blocked viral
transcription inside cells. We mapped the molecular binding sites for three of these VHHs by
means of X-ray crystallography or the generation of escape mutants. For the first of these VHHs
(VHH 1307), the binding site directly overlapped with the binding site of the essential nonenzymatic polymerase cofactor P, and thus readily provided an explanation for the antiviral
mechanism of this VHH. The second VHH (VHH 1004), likely inhibited VSV replication, but
not transcription, and was found to bind to a poorly characterized part of the N protein, the N
terminal lobe. For the third VHH, (VHH 1001), we mapped the VHH binding site by the
generation of escape mutants to a nucleocapsid specific interface at the C terminal lobe. This
VHH presumably inhibited viral transcription and replication by stabilizing the capsid, thus
locking the RNA into the N protein.
All screening for antiviral VHHs described in this thesis was performed with the VHH library
generated from two alpacas immunized with inactivated IAV and VSV. Extensive screening of
this library resulted in one VHH that targeted IAV HA (2). All other identified VHHs were
specific for either IAV NP or VSV N protein, likely the most immunogenic and abundant
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proteins of the immunization mixtures. All four VSV N protein-specific VHHs that bound to
four unique epitopes interfered with the life cycle of the virus. All VHHs specific for IAV NP,
which bound to at least 4 different epitopes on the protein’s surface, inhibited replication. Since
most IAV NP-specific VHHs primarily inhibited the nuclear import of incoming vRNPs, it
suggested that this process is especially suitable for interference and inspired us to impede this
process in a different way. Nuclear import of vRNPs is dependent on the cytosolic heat shock
protein (Hsp)70. We could show that huntingtin interacting protein E (HYPE) mediated
AMPylation disrupts influenza transcription and replication through inhibition of cytosolic
HSP70 (Addendum 1, (3) ). We thus provide an example of how VHH directed antiviral target
identification and validation can stimulate the investigation of new ways to interfere with the
life cycle of a virus.
Overall, our findings illustrate the excellent suitability of viral nuclear proteins as targets for
interference.

Conclusions
Antibodies have a long history as tools to identify and validate drug targets. Due to their small
size, excellent stability, and ease of expression, intracellular VHHs are ideal to transfer this
concept to the interior of living cells. In this thesis, I present work that exemplifies and validates
the suitability of such an approach: first, by screening an alpaca-derived single-domain VHH
library to identify candidates specific for IAV and VSV proteins; second, by characterizing the
inhibitory properties of the VHH candidates and determining the precise step in the viral life
cycle that was inhibited; third, by defining the precise binding sites of one IAV NP-specific
VHH and two VSV N protein-specific VHHs by X-ray crystallography. Lastly, I found that the
antiviral activity of the IAV NP-specific VHHs was similar to that of endogenous Mx proteins,
a finding supported by the results of structural analysis. Moreover, the structural data from the
two VSV N protein-specific VHHs readily revealed the antiviral mechanism of action for one
VHH while another structure shed light on the importance of the N-terminal lobe of the VSV
N-protein.
Fortunately, viral propagation in vitro is often sufficient so that their use in cell-based or animal
models is not the limiting factor to study them. However, to advance our understanding of
viruses, additional methods that allow us to image and monitor intracellular localization and
expression, determine function, identify interactions, and solve structures of viral proteins and
viral-host protein complexes are still needed. The versatility of VHHs allows researchers to
streamline such processes, as a single VHH can be used to monitor, perturb, and aid in the
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crystallization of a target antigen or virus. Therefore -and as shown in this thesis- VHHs are a
useful addition to the virologist’s toolbox.

Future Directions
In this thesis I demonstrated the suitability of VHHs to screen for those that inhibit IAV and
VSV. Based on these results, it is promising to extend the approach described herein to other
viral proteins and other viruses. Together, such efforts may allow virologists to build more
precise functional maps of viral proteins, which may in turn serve as a platform to develop
novel antiviral strategies. To expand the spectrum of possible antiviral targets, one could
explore the use the lentiviral-based VHH screens (as described in Chapter 4) to go beyond those
that are expressed cytosolically. In such screens, VHHs could be directed to the ER, the nucleus,
or displayed on the surface of cells. This latter approach, for example, would allow for the direct
screening of IAV HA-specific, neutralizing VHHs, either displayed on the surface, or
alternatively directed to the ER to prevent successful maturation of HA precursors.
Besides the aforementioned applications as crystallization chaperones, VHHs may also be
helpful for cryo-EM. Because VHHs can trap their target molecules in specific conformations,
they may improve cryo-EM sample quality by yielding more homogenous samples. Viral
proteins often form larger oligomeric complexes that exhibit inherent structural flexibility, and
are thus difficult to study structurally. An example of this is the vRNP complex of IAV.
Although the structure has been solved independently by two different groups, the exact
orientation of the NP, its major component, remains mostly unknown. For such cases, a VHH
with a structurally defined binding site to a protomer of a complex, such as that of αNP-VHH1
to IAV NP (Chapter 2 and 3), may serve as a point of reference or help determine the
stoichiometry of a complex.
It is important to note the importance of the source of immunogen used for the initial
immunization of the alpaca. Quality and composition will have tremendous impact on the
success of the screening results. To screen for VHHs against viral proteins that are present only
in small numbers in the virions, the production and subsequent immunization with recombinant
protein or protein domains should be considered. The same principle also applies to nonstructural viral proteins that are not found in infectious virions, but may be interesting targets
for intervention.
Finally, recent developments in the Ploegh lab in positron emission tomography (PET) imaging
using VHHs have allowed us to visualize particular cells and their distribution in vivo (4, 5).
Considering that the surface proteins of enveloped viruses are typically expressed on the surface
of infected cells before budding occurs and before virions are released, this approach may allow
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one to monitor a viral infection in a living animal. Additionally, this approach could be used to
monitor immune cells, such as CD8+ T cells in the context of a viral infection. Together, results
from these types of studies could provide new information regarding tissue tropism of viral
pathogens and how this tropism is influenced by, for example, an induced CD8+ T cell response.
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Abstract
Protein AMPylation is a conserved post-translational modification with emerging roles in
endoplasmic reticulum (ER) homeostasis. However, the range of substrates and cell biological
consequences of AMPylation remain poorly defined. We expressed human and Caenorhabditis
elegans AMPylation enzymes – HYPE and FIC-1, respectively – in Saccharomyces cerevisiae,
a eukaryote that lacks endogenous protein AMPylation. Expression of HYPE and FIC-1 in yeast
induced a strong cytoplasmic Hsf1-mediated heat shock response, accompanied by attenuation
of protein translation, massive protein aggregation, growth arrest and lethality. Over-expression
of Ssa2, a cytosolic Hsp70, was sufficient to partially rescue growth. In human cell lines, overexpression of active HYPE likewise induced protein aggregation and the HSF1-dependent heat
shock response. Excessive AMPylation also abolished HSP70-dependent influenza virus
replication. Our findings suggest a novel mode of Hsp70 inactivation by AMPylation and point
towards a role for protein AMPylation in the regulation of cellular protein homeostasis beyond
the ER.

Significance
The stability of the proteome is essential to cellular and organismic health- and lifespan. To
maintain proteostasis, cells are equipped with a network of chaperones that support folding of
nascent as well as refolding of unfolded or misfolded proteins. Aging and age-associated
diseases progressively increase the accumulation of misfolded, damaged and aggregated
proteins, thus taxing the chaperoning machinery to its limits. Here, we describe how
AMPylation of cytosolic heat shock proteins leads to a collapse of proteostasis, the induction
of a strong heat shock response, inhibition of translation as well as the formation of protein
aggregates. AMPylation-mediated inhibition of HSP70 may represent a novel strategy for
targeted ablation of this chaperone.
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Introduction
How complex organisms maintain homeostasis in the midst of internal and environmental stress
is a fundamental question in biology. The stability of the proteome is essential to maintain
cellular processes and contributes to organismic health and lifespan. Cellular protein
homeostasis (proteostasis) is continuously challenged by a variety of stressors that trigger
protein misfolding and aggregation (1). Aging and age-associated diseases progressively
increase the accumulation of misfolded, damaged and aggregated proteins, thus interfering with
numerous biological processes (2).
To overcome proteotoxicity, cells are equipped with compartment-specific stress responses that
provide protection through transcriptional, translational as well as post-translational regulation
of protein degradation and protein folding (3). The mitochondrial unfolded protein response
(UPRmt) as well as the endoplasmic reticulum (ER) unfolded protein response (UPRER) regulate
chaperone function and protein degradation pathways within these organelles (4). The heat
shock response (HSR) controls extensive heat shock protein (Hsp) chaperone networks
throughout the cell and is essential to survive acute stress (5). Together, these responses provide
the cell with the capacity to react to and endure various stresses, while maintaining proteostasis.
Hsps are involved in all branches of cellular stress responses that support protein folding (6).
The mitochondrion-resident mtHsp40 and mtHsp70 proteins ensure protein homeostasis within
this critical organelle, while the ER-resident Hsp70-family chaperone BiP/Grp78 refolds
unfolded and misfolded proteins within the ER and helps remove and degrade terminally
damaged proteins from the ER. In addition to their direct involvement in protein folding,
individual or complexed Hsps inhibit or inactivate stress response regulators, including the
UPRER stress sensors IRE1 and PERK and the transcriptional regulator of the HSR, HSF1, in
negative feedback loops (7, 8).
Recent work on BiP’s function in ER homeostasis identified a major role for a particular posttranslational modification, AMPylation, in the regulation of BiP’s ATPase and chaperone
activity (9-11). Protein AMPylation involves the transfer of AMP from ATP to a Ser or Thr
side chain and is carried out by enzymes that contain a fic domain (Fic proteins), an
evolutionarily conserved protein family present in both bacteria and metazoans, but lacking in
fungi and plants (12, 13). In prokaryotes, Fic proteins are often associated with toxin-antitoxin
systems, such as the VbhT-VbhA pair encoded by Bartonella schoenbuchensis, leading to
modification of Gyrase and Topoisomerase IV (14, 15). Several human pathogens are equipped
with fic-domain effector proteins that covalently AMPylate and inactivate small GTPases of
the Rho and Rab family in their respective host cells (16, 17). Eukaryotic Fic proteins AMPylate
a variety of molecular targets, including BiP, core histones as well as translation elongation
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factors that contribute to the regulation of the UPRER, innate immunity and perception of light
(10, 11, 18, 19). Nevertheless, our knowledge of the range of substrates and consequences of
AMPylation remains incomplete.
Here we examine heterologous expression of Fic proteins in S. cerevisiae, which lacks
endogenous protein AMPylation. In addition to activating the UPR, we find that expression of
active H. sapiens HYPE or C. elegans FIC-1 in yeast results in the functional ablation of
cytosolic chaperone pools with concomitant induction of a strong Hsf1-mediated heat shock
response. Further, we observed massive protein aggregation and inhibition of translation,
eventually causing growth arrest and lethality. In vitro, both FIC-1 and HYPE covalently
AMPylated cytosolic Hsp40, Hsp70 and Hsp90. Over-expression of Ydj1 and Ssa2, a cytosolic
Hsp40/Hsp70 pair, rescued growth of S. cerevisiae. Expression of active HYPE in human cells
confirmed AMPylation-dependent interference with the chaperoning network involved in
protein aggregation and the induction of the Hsf1-dependent heat shock response. Our findings
identify a novel trigger that can cause collapse of the cellular chaperoning machinery and
activate Hsf1, mediated by AMPylation of cytosolic chaperones. Protein AMPylation may thus
regulate proteostasis beyond the ER and present a target for intervention.

Results
Protein AMPylation in S. cerevisiae results in growth arrest and cell death.
To explore the consequences of protein AMPylation in an unbiased manner, we introduced
enzymes that carry out this modification into the budding yeast S. cerevisiae, a eukaryote that
lacks endogenous AMPylation machinery. We expressed a set of Fic domain-containing
proteins in yeast under the control of a galactose-inducible promoter. This set included Vibrio
parahaemolyticus VopS, C. elegans FIC-1 and human HYPE, as well as mutant versions with
increased or impaired AMPylation activity (14, 16). Upon galactose induction, cells that
express active FIC-1 (E274G) and, to a lesser extent, active HYPE (E234G), showed attenuated
cell growth (Fig. S1A – S1C). In contrast, expression of wild type or activity-impaired mutants
(FIC-1 H404A, HYPE H363A) did not diminish growth. Moreover, expression of a mutant of
FIC-1 that retains the ability to auto-AMPylate but cannot AMPylate other substrates (FIC-1
E274G/H404A) was also benign (Figure S1B). Overexpression of VopS, a potent bacterial Fic
protein known to modify small GTPases (16), did not affect cell viability (Fig S1D). To exclude
copy number variation as responsible for these findings, we engineered yeast strains that carry
galactose-inducible FIC-1 or mutants thereof as single copy genomic integrations. While
growth rates were indistinguishable when grown on dextrose, induction of FIC-1 (E274G)
resulted in impaired growth and eventual growth arrest in liquid culture (Fig. 1A). Expression
of FIC-1 (E274G) upon galactose induction was verified by immunoblotting (Fig. S1E). To test
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whether the growth impairment was reversible or lethal, we transferred cells grown for three
hours in galactose into repressive dextrose-containing media and monitored cell growth. Cells
that express active FIC-1 (E274G) failed to recover from growth arrest upon promoter shut-off,
indicating that in S. cerevisiae expression of FIC-1 (E274G) and the level of AMPylation
associated with it is lethal (Fig. 1B and S1F).
AMPylation triggers the heat shock response in S. cerevisiae.
Given that AMPylation has been reported to target BiP and modulate ER homeostasis in
mammalian cells (9-11), we wondered whether the toxicity of FIC-1 (E274G) seen in yeast
could be attributed to ER stress. We introduced a fluorescent reporter of the unfolded protein
response (UPRE-GFP) into strains bearing estradiol-inducible FIC-1 and HYPE genes. Upon
ER stress, the transcription factor Hac1 activates the UPRE-GFP reporter, a signal that can be
quantified by flow cytometry. For comparison, we also introduced reporters of cytosolic stress
responses, including the heat shock response (HSE-YFP), activated by the transcription factor
Hsf1, and the general stress response (STRE-GFP), activated by the transcription factors
Msn2/4. FIC-1, FIC-1 (E274G) and HYPE (E234G) did induce the UPRE-GFP reporter in the
presence of estradiol, but did so very weakly, and not significantly more than they induced the
STRE-GFP reporter (Fig. S2A, B). In marked contrast, expression of both FIC-1 (E274G) and
HYPE (E234G) robustly induced the HSE-YFP reporter (Fig. 2A).
To test whether AMPylation not only promoted HSE-YFP reporter activation but also induced
a genome-wide heat shock response, we performed RNA deep sequencing (RNA-seq) to
compare cells induced to express FIC-1 (E274G) for two hours to cells heat shocked at 39ºC
for 30 minutes. We found that the two transcriptomes were highly correlated (r = 0.81). Gene
ontology (GO) analysis of the set of 91 genes that were induced ≥ 4-fold by both heat shock
and FIC-1 (E274G) showed a strong enrichment for the GO term “protein folding” (p < 10-10).
In contrast, there was no enrichment for biological processes or molecular functions in the set
of 41 genes that were induced by FIC-1 (E274G) but not by heat shock. Expression of FIC-1
(E274G) thus mimics the response to elevated temperature (Fig. 2B, S2C). Among the most
strongly up-regulated genes were canonical heat shock protein genes (HSPs) (e.g., SSA4, SSE2,
HSP10, HSP42, HSP82); the most down-regulated set included ribosomal protein genes
(RPGs) (e.g., RPL31B, RPL21A, RPS22A, RPS12, RPS31) (Fig. S2D, E). A comparison by
RNA-seq of induction of FIC-1 (E274G) over time with a heat shock time course showed stable
up-regulation of HSPs and down-regulation of RPGs in both conditions (Fig. 2C). Global gene
expression remained correlated as well (Fig. S2C). However, AMPylation induced even larger
maximal -fold changes in transcript levels than did heat shock: AMPylation is thus an even
stronger inducer of the heat shock response than elevated temperature (Fig. 2C).
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To determine whether the down-regulation of RPGs attenuated translation, we performed a 35Smethionine/cysteine labeling experiment. Expression of FIC-1 (E274G) decreased global
translation (Fig. 2D) and modified the overall translation profile, the most pronounced change
being the appearance of a strong band running at approximately 70 kDa, likely representing
Hsp70 family proteins, (Fig. S2F). In summary, FIC-1 (E274G) expression induces a strong
heat shock response, accompanied by up-regulation of heat-shock proteins and attenuation of
protein translation.
HYPE (E234G) triggers a heat-shock response in human cells and promotes the
formation of HSF1 foci in the nucleus.
Since AMPylation is an artificial stressor for yeast, we turned our attention to human cells –
which encode the endogenous AMPylation enzyme HYPE – to determine the wider validity of
the yeast results. To this end, we performed RNA-seq on HeLa cells that ectopically express
active HYPE (E234G) and compared its transcriptome to that of untransfected controls.
Expression of HYPE (E234G) induced both UPRER target genes as well as HSF1 target genes.
The set of genes upregulated ≥ 4-fold was enriched for the GO terms “stress response”,
“chaperone” and “response to unfolded protein” (Fig. 3A-C, S3A). We then focused on the
apparent activation of the HSF1-mediated cytosolic stress response and employed an HSF1
reporter cell line that contains a GFP cassette driven by consensus heat-shock elements (HSEGFP) (20), analogous to the HSE-YFP reporter used in yeast. Transfection of this reporter line
with HYPE (E234G) triggered induction of GFP, while transfection with wild type HYPE,
AMPylation-deficient HYPE (H363A) or a vector containing only mCherry failed to do so (Fig.
S3B). Next, as an independent readout, we monitored HSF1 clustering into nuclear stress
granules, the sub-nuclear foci that are a hallmark of HSF1 activation in human cells (21).
Indeed, expression of HYPE (E234G) induced HSF1 to form sub-nuclear clusters that were
similar to those formed in heat-shocked cells (Fig. 3D, representative images shown in S3C).
By contrast, expression of wild type HYPE, HYPE (H363A) or mCherry did not trigger HSF1
clustering (Fig. 3D, S3C). Thus, RNA-seq, the HSE-GFP reporter and HSF1 immunofluorescence all indicate that HYPE (E234G) activated HSF1 and the heat shock response in
human cells.
To assess protein translation in the presence of HYPE (E234G), we co-transfected HeLa cells
with mCherry and various HYPE constructs and measured mCherry intensity after 24 hours.
HYPE (E234G) led to a marked decrease in mCherry expression, as compared to wild type
HYPE

or

AMPylation-deficient

HYPE

(H363A)

(Fig.

S3D).

Metabolic

(35S-

methionine/cysteine) labeling of de novo synthesized proteins in transfected HeLa cells
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confirmed HYPE (E234G)-mediated attenuation of mCherry expression and showed additional
changes in the protein translation profile (Fig. S3E). Notably, just as in yeast cells expressing
FIC-1 (E274G), cells that express HYPE (E234G) produced an additional 70 kDa protein,
presumably representing Hsp70 family members (Fig. S3E).
FIC-1 (E274G) and HYPE (E234G) disrupt cytosolic proteostasis.
HSF1 and the heat shock response are activated when the cytosolic chaperoning machinery
fails and unfolded or misfolded proteins accumulate and aggregate. To determine whether
AMPylation impairs proteostasis, we imaged yeast and human cells that express aggregation
reporters. In yeast, we imaged Hsp104-YFP – a disaggregase that forms discrete foci marking
aggregated proteins in stressed cells – upon induction of FIC-1 (E274G). Indeed, FIC-1
(E274G) – but not wild type FIC-1 or AMPylation-deficient FIC-1 (H404A) – triggered
Hsp104-YFP to form foci, indicating that the function of cytosolic chaperones had been
compromised (Fig. 4A). Next, we tagged FIC-1 (E274G) at its C-terminus with YFP, induced
its expression with estradiol and imaged live cells. We observed localization to the perinuclear
and cortical ER as demonstrated by the partial signal overlap with Ire1-mCherry, but also to
juxtamembranous and cytosolic puncta that were distinct from the ER (Fig. 4B, upper panel).
Indeed, cells co-expressing FIC-1 (E274)-YFP and mKate2-Ssa2 (a strictly cytosolic Hsp70
chaperone) showed co-localization of the two proteins (Fig. 4B, lower panel), suggesting that
a fraction of FIC-1 (E274G) is present in the cytosol of S. cerevisiae. Subcellular fractionation
of FIC-1 (E274G)-expressing animals confirmed that a small amount of FIC-1 (E274G) is
present in the cytosol (Fig. S4A). To further support our hypothesis that FIC-1 (E274G) is also
active in the cytoplasm, we generated nanobodies (VHHs) specific for FIC-1. Two unrelated
FIC-1 specific nanobodies (VHH), VHHFIC-1_4 and VHHFIC-1_19,were isolated and shown to bind
to FIC-1 but not its human ortholog HYPE (Fig. S4B). Variation of the VHH:FIC-1 (E274G)
ratios inhibited target AMPylation in vitro in a dose-dependent manner, while the presence of
inhibitory HYPE-specific VHH1 did not affect FIC-1 (E274G) activity (Fig. S4C). Cytosolic
expression of these FIC-1-specific VHHs in yeast showed that both VHHFIC-1_4 and VHHFIC-1_19
markedly improved growth when synthesis of FIC-1 (E274G) was induced (Fig. S4D). Coexpression of an irrelevant VHH (VHH7, a Class II MHC-specific VHH) failed to rescue growth
(Fig. S4D) This supports our hypothesis that FIC-1 (E274G)-promoted modification of
cytosolic targets is the cause for the observed phenotypes in yeast.
In human cells, we used a destabilized mutant firefly luciferase (FlucDM-GFP) that clusters in
stressed cells and loses its luciferase activity (22). We co-transfected HeLa cells with HYPE
constructs and FlucDM-GFP and monitored reporter clustering as well as luciferase activity.
We observed that the presence of HYPE (E234G) induced aggregation of the FlucDM-GFP
and showed a significant reduction in luciferase activity – similar to cells co-expressing an
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aggregation-prone poly-glutamine construct – while wild type HYPE or HYPE (H363A) did
not (Fig. 4C). Together, these results demonstrate that AMPylation compromises proteostasis
and triggers the formation of cytosolic protein aggregates in both yeast and human cells.
FIC-1 (E274G) and HYPE (E234G) modify Hsp40, Hsp70 and Hsp90 in vitro.
The cytosolic chaperones Hsp40, Hsp70 and Hsp90 support protein folding and are thought to
repress HSF1. Since AMPylation activates HSF1, we wondered whether Hsp40, Hsp70 and
Hsp90 might be substrates of FIC-1 (E274G) and HYPE (E234G). To test this, we expressed
and purified recombinant C. elegans HSP-1 (cytosolic Hsp70 ortholog), HSP-3 (BiP ortholog)
and DAF-21 (cytosolic Hsp90), as well as human Hsp40 and Hsp70 and performed in vitro
AMPylation assays. Since recombinant wild-type AMPylases (FIC-1, HYPE) function only
poorly in vitro (9, 11, 14, 17, 23), we performed all experiments using only the constitutively
active versions (FIC-1 E274G, HYPE E234G). FIC-1 (E274G) efficiently AMPylated HSP-1,
HSP-3 and DAF-21 (Fig. S5A), while no detectable binding of
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P-ATP to HSP-1, HSP-3 or

DAF-21 was observed. Likewise, HYPE (E234G) AMPylated Hsp40, Hsp70 and Hsp90 (Fig.
5A-B). We also tested whether the two enzymes could modify non-endogenous substrates.
While HYPE (E234G) AMPylated C. elegans proteins HSP-1, HSP-3 and DAF-21, FIC-1
(E274G) was unable to AMPylate human Hsp70 or Hsp90, but efficiently AMPylated human
Hsp40 (Fig. S5B-D). Further, both enzymes catalyzed AMPylation of recombinant yeast Ssa2,
the major cytosolic Hsp70 protein found in yeast (Fig. 5C). Similar reactions using a TPRdomain containing version of FIC-1aa134-508 (E274G) as AMPylase confirmed that Hsp40, HSP1, HSP-3 and Ssa2 but not Hsp70 were modified by FIC-1 aa134-508 (E274G) (Fig. S5E). To map
the sites of AMPylation on the newly identified HYPE targets (Hsp40, Hsp70), we subjected
the modified proteins to mass spectrometry. We identified multiple sites of modification on
both Hsp40 and Hsp70 (Fig. S5E – G). The modified residues clustered into well-defined
subdomains of the chaperones: Hsp70 was modified on 5 threonine residues in the nucleotide
binding (ATPase) domain, while Hsp40 was predominantly AMPylated on 6 residues in its Cterminal portion, with an additional single site N-terminal to the J domain (Fig S5H). In
summary, these results show that HYPE and FIC-1 can efficiently modify a number of cytosolic
chaperones, potentially altering their function.
FIC-1 (E274G) AMPylates cytosolic Hsp70 in vivo.
By analogy to the established finding that ER-localized Fic proteins AMPylate the Hsp70
chaperone BiP, we next tested whether cytosolic Hsp70 could also be AMPylated in vivo. To
this end, we analyzed the S. cerevisiae model and examined time-resolved samples from cells
that over-express FIC-1 (E274G) by immunoblot. Consistent with the increase in translation of
a 70 kDa protein observed by 35S-methionine/cysteine incorporation (Figure S2F), probing the
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membrane with an Hsp70-specific antibody showed that intracellular Hsp70 levels increased
over time (Fig. 6A, upper panel). To determine whether Hsp70 is AMPylated, we reprobed the
membrane with a Thr-AMP-specific polyclonal antibody. Indeed, the Thr-AMP antibody
demonstrated that Hsp70 is AMPylated in S. cerevisiae (Fig. 6A, lower panel). In contrast,
similar experiments performed for yeast cells that express either FIC-1 or FIC-1 H404A failed
to show upregluation of cytoplasmic HSP70s or their AMPylated equivalents (Fig. S6A). These
results confirm that only expression of FIC-1 (E274G) triggers a heat-shock response
accompanied by elevated levels of cytosolic HSP70 proteins. Cytosolic Hsp70 may thus be a
major target of FIC-1 (E274G) in yeast.
Cytosolic Hsp70 detoxifies FIC-1 (E274G) overexpression in yeast.
Our data fit a model in which AMPylation of cytosolic chaperones causes a failure of cytosolic
proteostasis, thus activating HSF1 and inducing the heat shock response. A prediction of this
model is that additional chaperones should attenuate these effects. To test this prediction, we
integrated additional copies of Ssa2 (Hsp70) and Hsc82 (Hsp90) into the genome of the S.
cerevisiae strain that expresses FIC-1 (E274G) under the control of the estradiol-inducible
promoter (Fig. 6B, S6B). Ssa2 partially suppressed the consequences of overexpression of FIC1 (E274G) by improving growth in the presence of estradiol, yet without reducing intracellular
FIC-1 (E274G) levels (Fig. S6C). Moreover, additional Hsc82 had no effect on cell viability
(Fig. S6B) while co-expression of Ydj1 (a yeast Hsp40 ortholog that improves the efficiency
of Ssa2’s chaperone activity (24)) and Ssa2 further improved growth in the presence of FIC-1
(E274G) (Fig. 6B). Co-expression of Hsc82 with Ssa2 or with Ssa2 and Ydj1 antagonized the
growth rescue afforded by these chaperones and reduced fitness in the presence of FIC-1
(E274G) (Fig. 6B). Hsp90 may therefore stabilize or potentiate the AMPylation activity of FIC1 (E274G). In addition to suppressing the growth phenotype, Ssa2 also abrogated the
breakdown in the cytosolic chaperoning machinery triggered by expression of FIC-1 (E274G),
as evidenced by the decrease in Hsp104-YFP foci (Fig. 6C, S6D). Over-expression of FIC-1
(E274) in S. cerevisiae thus results in inactivation of cytosolic chaperones, especially Hsp70,
thus disrupting proteostasis.
AMPylation of Hsp70 alters its cellular localization dynamics.
Heat shock triggers Hsp70 to partially relocalize to the nucleus (25). While wild-type Hsp70
shows a dynamic influx-efflux pattern, the chaperoning-impaired mutant Hsp70 K71E is almost
completely immobilized and absent from the nucleus following heat shock (25). To directly
monitor Hsp70 function in mammalian cells, we tested whether AMPylation would change the
subcellular redistribution of Hsp70 during heat shock. We used GFP-Hsp70 and GFP-Hsp70
K71E constructs to monitor their localization in the presence of HYPE (E234G). HeLa cells
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expressing HYPE, HYPE (E234G) or HYPE (H363A) together with GFP-Hsp70 or GFPHsp70 K71E were analyzed by fluorescence microscopy. In the absence of heat stress, fewer
than 5% of cells contained a substantial fraction of GFP-Hsp70 in the nucleus (Fig 7A, S7AB). Upon heat shock, approximately 30% of cells co-transfected with wild type HYPE or HYPE
(H363A) showed GFP-Hsp70, but not GFP-Hsp70 K71E, relocalization to the nucleus. In
contrast, cells co-expressing HYPE (E234G) and GFP-Hsp70 showed no relocalization,
mimicking GFP-Hsp70 K71E (Fig. 7A, S7A-B). We conclude that AMPylation interferes with
Hsp70 localization dynamics during stress.
AMPylation disrupts influenza virus replication and infectivity.
To examine the consequences of AMPylation-induced interference with Hsp70 function, we
investigated the effects of AMPylation on influenza virus infection in 293T cells, an HSP70dependent process. Influenza virus RNA polymerase activity requires nuclear localization of
the viral ribonucleoproteins (vRNPs), a process that relies on active Hsp70 shuttling from the
cytoplasm into the nucleus (26). We therefore hypothesized that AMPylation of Hsp70 would
result in a reduction of vRNP nuclear localization and activity. We tested RNA polymerase
activity in a mini-genome transcription/replication assay where transient expression and nuclear
localization of the viral ribonucleoprotein complex (vRNP) components (NP, PB2, PB1 and
PA) results in EGFP expression (27). As controls, we used VHHs previously demonstrated to
inhibit (anti-NP) or not affect (anti-Class II MHC) assembly of vRNPs and virus replication,
respectively (28). Indeed, while co-expression of HYPE or HYPE (H363A) together with the
vRNP components had no effect on GFP synthesis, HYPE (E234G) reduced GFP expression,
indicating impaired polymerase activity (Fig. 7B). HYPE (E234G) also efficiently attenuated
viral infection as assessed by nucleoprotein levels 5 hours post infection (Fig. 7C). In summary,
these results show that AMPylation can disrupt influenza transcription and replication through
inhibition of cytosolic HSP70.

Discussion
Cells inevitably suffer exposure to various stressful cues that challenge protein homeostasis.
Evolutionarily conserved stress responses help overcome and limit the damage imposed by
stress. In this work, we uncovered a novel mode of induction of one such critical stress response
pathway, the HSF1-driven heat shock response. We found that Fic protein-mediated
AMPylation leads to disrupted proteostasis and activation of HSF1 in yeast and human cells.
In yeast, this response is associated with irreversible damage that culminates in cell death.
Importantly, the toxicity associated with AMPylation in yeast can be suppressed by
overexpression of cytosolic Hsp70, further implicating disrupted proteostasis as the root of the
growth defect in general and supporting the notion that AMPylation impairs cytosolic Hsp70
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function. However, Hsp70 could suppress toxicity by generally promoting protein folding
without being the consequential AMPylation target.
Introduction of heterologous AMPylation enzymes into S. cerevisiae produced catastrophic
consequences. The irreversible toxicity imposed by AMPylation on yeast host underscores the
potency of this modification and its potential to wreak havoc on cellular homeostasis. In our
model for the consequences of AMPylation (Fig. 7D), we propose that AMPylation inhibits
Hsp70 activity, leading to protein misfolding and aggregation. Increased protein aggregation
not only sequesters diverse chaperones, removing them from the general pool required to
support folding of nascent proteins, but may also limit the availability of diverse essential
factors that fall victim to growing aggregates. HSF1 senses the dearth of available chaperones
and induces expression of the heat shock response, only to have one of its major targets, Hsp70,
continue to be inhibited. Moreover, a breakdown of the cytosolic chaperoning machinery is
coupled to inhibition of de novo protein synthesis, another process essential for growth. Thus,
unrestrained AMPylation generates a perfect storm that disrupts both protein synthesis and
folding, and undermines the effectiveness of the heat shock feedback loop by continuing to
inhibit Hsp70.
The concept of modulating the HSF1-mediated heat shock response has been explored as a
potential route for the treatment of neurodegenerative diseases, viral infections and diverse
cancers (29, 30). Although the detailed mechanisms of how protein aggregation-associated
neurodegenerative diseases develop remain unclear, there is a large body of evidence
suggesting a strong tie to the Hsp40/Hsp70/Hsp90 protein folding machinery as well as the
HSR and UPRER (31). Since hyper-AMPylation disrupts proteostasis in both the ER and
cytosol, modulation of HYPE activity may boost the homeostatic capacity of these
compartments and counteract protein aggregation, potentially offering a novel avenue toward
ameliorating these conditions. In the realm of viral infections, we show that active HYPE can
prevent transcription and replication functions essential for propagation of influenza by
inhibition of Hsp70 nuclear localization and activity. As such, induction of AMPylation may
be an effective antiviral strategy. Finally, most cancer cells have elevated Hsp70 and Hsp90
levels that enable them to resist dysregulation of protein homeostasis during tumorigenesis or
anti-cancer therapies, thus enhancing cancer cell survival and tumor growth (32). Harnessing
AMPylation to inhibit Hsp70 activity could be a powerful and broad-spectrum anti-cancer
therapy that may synergize profoundly with Hsp90 inhibitors to cripple cancer’s proteostatic
support system.
While the role of AMPylation in regulating stress responses via modification of Hsp70-class
chaperones has been reported in several studies, it mostly confined the function of AMPylation
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to tuning the activity of the UPRER by altering the activity of the ER-resident Hsp70 chaperone
BiP (9-11). However, subcellular localization of metazoan Fic proteins remains a matter of
debate. While several studies suggested that HYPE localizes to the ER and the adjacent nuclear
envelope, we recently provided evidence for the presence of endogenous C. elegans FIC-1 in
the cytoplasm (19). Further, global AMPylation studies in mammalian cells showed that the
plurality of modified targets are cytosolic (33). When expressed in yeast, FIC-1 colocalized
both with ER and cytosolic markers. Cytosolic expression of inhibitory VHHs partially
prevented FIC-1 (E274G)-associated cell death, suggesting that the enzyme is active in the
cytosol, too. These data support a broader localization of FIC-1 and HYPE that includes both
the ER and the cytosol, allowing AMPylation to modulate proteostasis in both of these
compartments. Further efforts are required to work out the details of whether or not endogenous
HYPE AMPylates cytosolic targets under certain stress conditions.
Although overexpression of FIC-1 (E274G)- and HYPE (E234G) in yeast results in comparable
outcomes, there are differences as well. FIC-1 (E274G) promotes far more pronounced
phenotypes than does HYPE (E234G). In contrast, HYPE (E234G) in vitro AMPylates Ssa2
more efficiently than FIC-1 (E274G). However, while both enzymes modify similar targets in
yeast, the residues involved and the extent to which the individual HSPs are AMPylated may
vary. We also cannot exclude the possibility of targets uniquely AMPylated by either FIC-1
(E274G) or HYPE (E234G). Indeed, although target pools for FIC-1 (E274G) and HYPE
(E234G) show substantial overlap, some targets are modified only by one of these AMPylases
(19). Whether the functions of FIC-1 and HYPE are completely identical or show slight
differences in the processes, they regulate in worm and man, respectively, is an open question.
Overall, our work describes a new mechanism for the simultaneous inactivation of Hsp70 and
the activation of a robust HSR in the absence of heat stress. This mechanism depends on posttranslational protein AMPylation by Fic proteins. We are struck by the observation that Fic
proteins can directly modify the major cellular chaperones, Hsp40, Hsp70 and Hsp90,
suggesting a critical role for AMPylation enzymes in modulating the proteostasis network. By
deploying Fic proteins to different compartments, cells – and genetic engineers – can modulate
proteostasis and stress response pathways beyond the ER.

Material and Methods
Yeast growth experiments
5 ml SR-CSM, SD-CSM or YPD was inoculated with respective strains and grown over night
at 30 °C. The next day, cultures were diluted in intended growth medium to OD600 = 0.1-0.3
and continuously cultured at room temperature or 30 °C. For growth curve experiments,
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samples were taken in duplicate or triplicate for each measured timepoint. For agar-plate
experiments, cells were plated as a dilution series on respective plates.
Yeast stress reporter assays
Reporter constructs to assay for activation of the heat shock response (HSE), the general stress
response (STRE) and the unfolded protein response (UPRE) consisted of GFP (STRE, UPRE
constructs) or YFP (HSE constructs) with a series of 4xHSE, 4xSTRE, or 4xUPRE sequences
in a crippled CYC1 promoter combined in a single integrating vector backbone (34). Constructs
were integrated into a wild type (W303a) yeast strain background at the leu2 locus. To enable
estradiol-mediated induction of FIC-1 and HYPE constructs, a chimeric, hormone-responsive
transcriptional activator (GEM), consisting of the Gal4 DNA binding domain, the human
estrogen receptor ligand binding domain and the activation domain from the yeast transcription
factor Msn2 (35), was transformed into the reporter strains and integrated into the his3 locus.
Subsequently, the three reporter/GEM strains were transformed with 2 µ plasmids encoding the
FIC-1 and HYPE constructs under the control of the GAL1 promoter and transformants were
selected on SD-URA plates. For assays, cells were grown from single colonies in SD-URA
overnight, diluted into fresh media, and then left untreated or treated with 500 nM estradiol to
induce the constructs for 4 h at 30 °C. Fluorescent reporters were measured by flow cytometry
in a BD LSRFortessa equipped with a high-throughput sampler. Data were analyzed using
FlowJo.
VHH generation, purification and evaluation
VHH generation, purification and evaluation was performed as described in (18). To test VHHFIC-1 interaction in solution, approximately 100
1aa258-508 was incubated with 100

g of recombinant HYPEaa187-437, or FIC-

g VHH-TAMRA at 4 °C for 1 hour and analyzed on a

Superdex S75 10/300 GL size exclusion column. Absorbance at 280 nm (proteins) as well as
at 545 nm (TAMRA) was recorded to assess the occurrence of specific interactions as
evidenced by co-elution of FIC-1aa258-508 and a candidate VHH that results in overlapping peak
maxima at both 280 nm and 545 nm.
Subcellular fraction of yeast cells
Cells were lysed with a coffee grinder (36), resuspended in 1 ml PBS and centrifuged at 300 g
for 5 min to remove unlysed cells. Cleared total cell lysate was transferred into a fresh tube and
centrifuged at 13.000 xg for 15 min to pellet the insoluble fraction (ER, nuclei, protein
aggregates, etc). The soluble (cytosolic) fraction was transferred into a fresh tube and samples
were analyzed by immunoblotting.
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Cell culture
HeLa and HEK cells were cultured in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS).
Immunoblotting & Immunofluorescence staining, in vitro AMPylation assays
Samples were treated, visualized and analyzed exactly as described in (18). For analysis of
nuclear Hsf-1 speaks formation and Hsp70-GFP localization, at least 10 randomly chosen
frames from 3 independent samples were chosen and assessed by eye. Supplementary table 2
lists all antibodies used in this study. In vitro AMPylation assays were performed and analyzed
as described (18).
Plasmid construction
Primers used for plasmid constructions are listed in supplementary table 1. Plasmids were
routinely cloned using Gibson cloning (37).
Yeast 35S-pulse labeling experiment
Yeast cells were grown in SR-CSM overnight at 25 °C. The next morning, cells were diluted
to OD600 = 0.2 in SR-CSM without Cys/Met and incubated at 25 °C for 3 hours. All cultures
were then supplemented with EasyTag Express 35S Protein Labeling Mix (Perkin Elmer) and
2% Galactose to allow and induce transgene expression. Samples were collected at indicated
time points post induction. For CPM analysis (to quantify total 35S-Cys/Lys incorporation as
shown in Fig. 2D), 200

l OD-normalized culture was mixed with 200

acid (TCA) on ice and boiled for 15 minutes. 20

l 10% trichloroacetic

l of each sample were transferred to a 1 cm2

filter paper, air-dried, washed twice in individual containments with 10 ml 5% TCA, rinsed
once with Acetone and air-dried over night. The next morning, filters were transferred into
scintillation counter vials containing 5 ml Opti-Flour (Perkin Elmer) and analyzed. Samples
were collected at indicated timepoints at least in duplicate. For autoradiographical visualization
(to qualitatively assess changes in protein expression profiles as shown in Fig. S2E), 1 ml from
the same culture was centrifuged and resulting pellets were resuspended in 30

l PBS, boiled

for 15 minutes, supplemented with 6x SDS-Sample buffer and boiled again for 20 minutes.
Samples were then CPM-count-normalized prior to loading as described above.

Hela 35S-pulse labeling experiment
Cells were grown in 6 well plates, transfected with Lipofectamine2000 (Life Technologies)
according to manufacturer’s instructions and incubated for 24 hours. Cells were starved in
cysteine/methionine-free medium for 3 hours, supplemented with EasyTag Express 35S Protein
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Labeling Mix (Perkin Elmer) for 15 min and collected on ice. Total count normalization was
done by scintillation counting as described above.
HSE-reporter assays, cell viability assays and FACS analysis
HSE-reporter cells were kindly provided by Susan Lindquist and assay was performed as
described (20). For cell viability analysis, treated cells grown in 6 well plates were trypsinized
and stained with LIVE/DEAD Fixable Violet Dead Cell Stain according to manufacturer’s
instructions (Life technologies).
Data acquisition was performed on a BD LSR II (BD Biosciences) using CellQuest Pro (BD
Biosciences) software. Data were analyzed with FlowJo (Tree Star Inc.).

RNAseq
For yeast RNA-seq, 5 ml of cells were grown to OD600=0.5 at 30 ºC and either left untreated,
heat shocked at 39 ºC for 30 minutes or FIC-1(E274G) was induced with 500 nM estradiol for
2 hours. Cells were spun and pellets were snap frozen in liquid N2 and stored at -80 ˚C. Pellets
were thawed on ice, and total RNA was purified via phenol/chloroform separation using phase
lock tubes (5 prime) followed by ethanol precipitation as described (35). For HeLa cells overexpressing mutants of HYPE, 107 cells were pelleted and stored at -80 ºC. Total RNA was
extracted using a RNeasy kit (Qiagen). Total RNA samples were submitted to the Whitehead
Genome Technology Core where polyA + RNA was purified, fragmented and sequencing
libraries were prepared with barcoding. Samples were multiplexed in a single lane of an
Illumina Hi-Seq 2500 and deep sequencing was performed. Reads were assigned by the barcode
to the appropriate sample.
Data was processed using a local version of the Galaxy suite of next-generation sequencing
tools. Reads were groomed and aligned to the SacCer3 S. cerevisiae reference genome or the
Hg19 reference human genome using Tophat, transcripts were assembled and quantified using
Cufflinks and fold changes were computed using Cuffdiff (38).

Gene ontology analysis was performed using Gorilla (39) and redundant GO terms were
removed with REVIGO using a similarity threshold of 0.5 (40).
Protein purification
Purification of HYPEaa187-437, HYPEaa187-437 (E234G), HYPEaa187-437 (H363A), FIC-1aa258-508, FIC1aa258-508 (E274G), FIC-1aa258-508 (H404A), FIC-1aa134-508 (E274G), Hsp-1 and Hsp-3 has been
described previously (19); Hsp40, Hsp70 and DAF-21 were purified accordingly. Human
Hsp90 was purchased from Sigma.
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VHH-HYPE interaction tests
Approximately 100 μg of recombinant HYPEaa187-437, or FIC-1aa258-508 was incubated with 100
μg VHH-TAMRA at 4 °C for 1 hours and analyzed on a Superdex S75 10/300 GL size
exclusion column. Absorbance at 280 nm (proteins) as well as at 545 nm (TAMRA) was
recorded.
Mini-genome assay and influenza infection
293T cell were transfected with pCAGGS plasmids encoding for the viral NP, PB2, PB1 and
PA proteins and pPolI-EGFP to provide an influenza model genome encoding for EGFP. HYPE
variants or single domain antibodies (VHHs) as positive and negative control were coexpressed from pCDNA and pCAGGS plasmids, respectively. EGFP levels were measured 24
hours post transfection by flow cytometry.
For influenza A infection assays we transfected 293T cells with plasmids encoding for Hype
variants or VHHs. 24 hours post transfection we infected the cells with influenza A/WSN/33 at
an MOI of 5 for 5 hours. Cells were then trypsinized, fixed in 4 % PFA, permeabilized with 0.1
% saponin and stained with an influenza nucleoprotein specific VHH (αNPVHH1) (41)
covalently coupled
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Figure legends
Figure 1: Over-expression of C. elegans FIC-1 (E274G) in S. cerevisiae is lethal.
(A) Time courses of S. cerevisiae inducibly expressing genomically integrated FIC-1 genes
grown in repressive (glu) or inductive (GAL) conditions. (B) growth of S. cerevisiae inducibly
expressing genomically integrated FIC-1 genes in repressive (glu) condition following
induction for 3 hours in (GAL) medium. P-values calculated using repeated measure ANOVA
tests; ns = not significant (p > 0.05). Data shown represents average of 6 independent
experiments.
Figure 2: Protein AMPylation induces a strong heat shock response in S. cerevisiae
(A) Induction of P4xHSEYFP heat shock reporter in the presence of distinct Fic proteins. Results
are normalized to empty vector controls. (B) Comparison of global changes in transcript levels
induced by over-expression of FIC-1 (E274G) or heat shock. Heat shock protein genes (HSPs)
are highlighted in blue, ribosomal protein genes (RPGs) are colored in red. (C) time-resolved
analysis of gene transcription during heat shock (solid lines) or in the presence of FIC-1
(E274G) (dashed lines). Heat shock genes (HSGs) are highlighted in blue, ribosomal genes are
colored in red. (D) protein translation in the presence of FIC-1 proteins as monitored by 35SCys /
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S-Met incorporation. Counts are OD-normalized to account for different growth

behaviors of individual strains. FIC-1 (E274G) expression was induced at timepoint -2 hours
when starting cell starvation. P-values calculated using repeated measure ANOVA tests (D) or
student’s t-test (A); ns = not significant (p > 0.05).
Figure 3: HYPE (E234G) triggers a heat shock response in human cells.
(A) Genome wide mRNA expression levels (FPKM) as measured by RNA seq in untransfected
HeLa cells and in the presence of HYPE (E234G). Red dots are example HSF1 target genes;
blue dots are example UPR target genes. (B) Gene ontology (GO) analysis of mRNA
enrichments upon expression of HYPE (E234G). (C) HSF1 target gene mRNA expression
levels in untransfected HeLa cells and in the presence of HYPE (E234G). (D) Quantification
of HYPE (E234G)-induced nuclear spec formation. Bars represent means of at least 3
independent experiments. P-values calculated using student’s t-test (A); ns = not significant (p
> 0.05).
Figure 4: AMPylation induces cytosolic protein aggregation in S. cerevisiae and human
cells and AMPylation enzymes partially localize to the cytosol
(A) Fluorescence microscopy of yeast cells expressing Hsp104-YFP to mark protein aggregates
in the presence and absence of expression of FIC-1, FIC-1 (E274G) or FIC-1 (H404A) in S.
cerevisiae. Quantification of the number of Hsp104-YFP aggregates/cell in the absence or
presence of FIC-1 (E274G) is shown below. At least 50 cells were imaged in each condition.
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(B) Fluorescence microscopy images of subcellular localization of FIC-1 (E274G)-YFP, SSa2mKate2 and Ire-1-mCherry. Upper panel shows cells co-expressing FIC-1 (E274G)-YFP and
Ire-1-mCherry, lower panel displays cells co-expressing FIC-1 (E274G)-YFP and SSa2mKate2. (C) HYPE (E234G) induces protein aggregation in HeLa cells via quantification of
luciferase activity of FlucDMGFP reporter. Q74-GFP is a polyglutamine protein that causes
protein aggregation. P-values calculated using student’s t-test (A); ns = not significant (p >
0.05).
Figure 5: FIC-1 (E274G) and HYPE (E234G) AMPylate Hsp40, Hsp70, Hsp90 and Hsf1 in vitro.
(A-C) in vitro AMPylation reaction using
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P-ATP as nucleotide substrate to monitor

AMPylation of Hsp70, Hsp40 (A) and HSP90 (B) by HYPE (E234G) as well as S. cerevisiae
Hsp70 (SSA2) by FIC-1 E274G and HYPE E234G (C). Solid black arrows depict autoAMPylated enzymes (Hype (E234G), Fic-1 (E274G)); cyan arrows depict AMPylated target
proteins.
Figure 6: FIC-1 (E274G) AMPylates cytosolic Hsp70 in vivo and Hsp70 suppresses FIC1 (E274G)-mediated toxicity.
(A) Increase in in vivo Hsp70 AMPylation following expression of FIC-1 (E274G) in S.
cerevisiae. Samples were collected at indicated time intervals, OD-normalized and probed with
indicated antibodies. (B) Yeast growth test upon co-expression of FIC-1 (E274G) and Ydj2,
Ssa2 and Hsc82. (C) Quantification of protein aggregation in the presence of FIC-1 (E274G)
or FIC-1 (E274G) together with Ssa2.
Figure 7: AMPylation of Hsp70 alters its ATPase activity and cellular dynamics.
(A) Quantification of GFP-Hsp70 nuclear localization. Averages from at least three replicas
with more than 100 cells/sample analyzed in each experiments are shown. (B-C) HyperAMPylation inhibits influenza virus polymerase activity and replication. Influenza Minigenome assay to monitor vRNP polymerase activity in host cell nucleus (B) and influenza
infection assay (C). Data normalized to non-relevant VHH-7-expressing cells. Average of three
independent replicas including standard deviation shown here. (D) Schematic model depicting
how AMPylation might trigger the activation of a heat shock response in eukaryotic cells. Pvalues calculated using student’s t-test (A); ns = not significant (p > 0.05).

129

Figure 3

Figure 4

130

Figure 5

Figure 6

131

Figure 7

Figure 8

132

Figure 9

133

Appendix
Nederlandstalige Samenvatting
Virussen beschikken over het algemeen over een compact genoom hetwelk de informatie voor
een beperkt aantal genprodukten bevat. Het succes van virussen is gebaseerd op een complex
netwerk van essentiele interacties met eiwitten van de gastheer. Ten einde deze interacties
nader te identificeren en nieuwe zwakke plekken te vinden om in te grijpen in de virale
levenscyclus heb ik gebruik gemaakt van de intracellulaire expressie van variabele domeinen
afkomstig van de zware keten antistoffen ofwel VHHs ( “variable region of heavy chain only”),
opgewekt in alpacas. De door mij ontwikkelde VHHs hebben als doelwit de intracellulaire
eiwitten van vesicular stomatitis virus (VSV) en influenza A (IAV). In tegenstelling tot
conventionele antistoffen of daarvan afgeleide fragmenten herkennen de “heavy chain only”
antistoffen van de camelidae hun doelwit uitsluitend via het variabele domein van de zware
keten. De daarvan afgeleide fragmenten, met name het ~15 kDa variabele domein, binden met
hoge affiniteit en specificiteit, zijn goed water-oplosbaar en voor het merendeel niet afhankelijk
van disulfide bruggen. Dit maakt het mogelijk VHHs in het cytosol van zoogdiercellen tot
expressie te brengen.
Hoofdstuk 1 is de introductie van dit proefschrift. Ik geef een overzicht van antivirale VHHs
en hun toepassingen in de diagnostiek, in de kliniek en in fundamenteel onderzoek. Ik leg de
nadruk op het gebuik van intracellulair tot expressie gebrachte VHHs die virus infecties
remmen. In hoofdstuk 2 beschrijf ik het opwekken van VHHs die IAV nucleoprotein (NP)
herkennen, alsmede hun karakterisatie. Gebruik makend van een testsysteem gebaseerd op
competitie in een immunoprecipitatie experiment kon ik aantonen dat de 6 door mij
geidentificeerde VHHs tenminste 3 verschillende NP epitopen herkennen. Wanneer deze VHHs
intracellulair tot expressie worden gebracht beschermen ze de gastheercel tegen infectie met
IAV, omdat ze de import van de virale ribonucleoproteine partikels (vRNPs) naar de kern
verhinderen.

Deze import van vRNPs naar de kern is essentieel voor virale transcriptie en

replicatie. Naast de remming van vRNP import is er tenminste één VHH (NP-VHH1) die ook
transcriptie en replicatie van IAV in de kern blokkeert, een conclusie die gebaseerd is op
transfectie van een polymerase-afhankelijk reconstitutie test systeem.

Om beter inzicht te

verkrijgen in het onderliggende mechanisme heb ik de binding van NP-VHH1aan NP
onderzocht met behulp van Röntgendiffractie (hoofdstuk 3). De door mij geidentificeerde
plaats van binding vertoont overlap met die van het antivirale eiwit Mx. Een superpositie van
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de bindingsplaats met de gerapporteerde structuurmodellen van vRNPs laat zien dat binding
van NP-VHH1interfereert met de herkenning van een nucleair localisatie signaal (NLS) op
een naburige NP subeenheid . Naar alle waarschijnlijkheid blokkeert dit de interactie van
vRNPs met eiwitten van de -importin familie en verhindert zo de import van vRNPs naar de
kern. Mijn bevindingen verschaffen dus ook een mogelijke verklaring voor het mechanisme
van werking van de cytosolaire Mx eiwitten. Nadat vRNPs in de kern zijn aangekomen wordt
alleen de productie van langere transcripten geremd door NP-VHH1. Dit mechanisme
vertoont wederom een frappante parallel met de inhibitoire rol van Mx eiwitten in de kern. Hoe
precies de occlusie van de bindingsplaats op NP door NP-VHH1 dit phenotype veroorzaakt
is nog niet geheel duidelijk, maar wellicht verhindert NP-VHH1 conformationele
veranderingen die essentieel zijn voor transcriptie.
In Hoofdstuk 4 beschrijf ik een nieuwe screeningsaanpak voor de identificatie van antivirale
VHHs. Deze method is gebaseerd op de phenotypes opgewekt door de intracellualire expressie
van VHHs, in mijn geval: bescherming tegen het lethale/lytische effect van een virus infectie
in weefselkweek. Met behulp van lentivirale transductie heb ik een diverse collectie van VHHs
geintroduceerd in de A549 cel lijn, zodanig dat gemiddeld een enkele cel slechts één VHH tot
expressie brengt. Deze collectie A549 transductanten werd vervolgens blootgesteld aan een
lytische dosis van hetzij IAV, hetzij VSV. De overlevende cellen werden vervolgens geoogst
en geanalyseerd. Dit resulteerde in de isolatie van 15 VHHs die beschermden tegen IAV, en 4
die beschermden tegen VSV. Alle geidentificeerde VHHs herkennen ofwel NP in het geval van
IAV ofwel N in het geval van VSV. Dit laat ten minste zien dat de virale nucleiproteines een
geschikt doelwit kunnen zijn voor antivirale therapie. De anti-IAV NP VHHs waren tot op
zekere hoogte verwant aan de al geidentificeerde VHHs (Hoofdstuk 2), maar leverden
verschillende VHHs op die een epitoop herkenden dat geen overlap vertoonde met wat ik
rapporteerde in Hoofdstuk 2. De VSV-specifieke VHHs herkenden allen een uniek epitoop. In
hoofdstuk 5 beschrijf ik de kristalstructuur van twee van de vier VHHs in complex met VSV
N, en voor een derde VHH identificeer ik het herkende epitoop met behulp van “escape”
mutanten. Voor VHH 1307 kon ik vaststellen dat de bindingsplaats directe overlap vertoont
met de bindingsplaats van co-factor P, een enzymatisch inactief eiwit dat evenwel essentieel is
voor de activiteit van het L eiwit, het VSV RNA polymerase. Dit verklaart uiteraard waarom
VHH 1307 een anti-viraal effect heeft. Een tweede VHH, VHH 1004 remt waarschijnlijk wel
VSV replicatie maar niet VSV transcriptie; het bindt aan een functioneel slecht gekarakteriseerd
deel van het N eiwit, het N-terminale segment. Voor VHHH 1001 kon ik de bindingsplaats
identificeren met behulp van escape mutanten; de mutaties waren gelocaliseerd in

een

nucleocapsid-specifiek contact gelocaliseerd in het C-terminale deel van het N eiwit. Ik
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veronderstel dat VHH 1001 virale transcriptie en replicatie remt door stabilisatie van de capside
structuur, en zo het RNA-N eiwit complex ontoegankelijk maakt voor transciptie.
Een beter begrip van de levenscyclus van virussen, ongeacht hun herkomst, heeft baat bij het
ontwikkelen van nieuwe technieken. Methodes die het mogelijk maken de localisatie en
expressie niveaus van virale eiwitten te volgen en te beinvloeden, hun interacties met andere
eiwitten in kaart te brengen en te verstoren blijven hoog op het verlanglijstje staan. Mijn werk
laat zien dat VHHs hierbij een nuttig hulpmiddel kunnen zijn, en het mogelijk maken zowel
structurele als functionele informatie te verkrijgen. Ik concludeer dan ook dat VHHs een
interessante toevoeging zijn aan het instrumentarium van de viroloog.
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