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The viral factories of mammalian reovirus (MRV) are
cytoplasmic structures that serve as sites of viral genome
replication and particle assembly. A 721-aa MRV non-
structural protein, NS, forms the factory matrix and
recruits other viral proteins to these structures. In
this report, we show that . NS contains a conserved
C-proximal sequence (711-LIDFS-715) that is similar to
known clathrin-box motifs and is required for recruitment
of clathrin to viral factories. Clathrin recruitment by
NS occurs independently of infecting MRV particles
or other MRV proteins. Ala substitution for a single Leu
residue (mutation L711A) within the putative clathrin-
binding motif of wNS inhibits clathrin recruitment,
but does not prevent formation or expansion of viral
factories. Notably, clathrin-dependent cellular functions,
including both endocytosis and secretion, are disrupted
in cells infected with MRV expressing wild-type, but
not L711A, wNS. These results identify nNS as a novel
adaptor-like protein that recruits cellular clathrin to
viral factories, disrupting normal functions of clathrin
in cellular membrane trafficking. To our knowledge,
this is the only viral or bacterial protein yet shown
to interfere with clathrin functions in this manner.
The results additionally establish a new approach for
studies of clathrin functions, based on wNS-mediated
sequestration.
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Viral genome replication and particle assembly commonly
occur within virally induced cellular subcompartments,
often associated with either intracellular membranes (1-3)
or cytoskeletal elements (4-6). Members of the family
Reoviridae, multisegmented dsRNA viruses, are believed
to replicate and assemble within large cytoplasmic struc-
tures, called viral factories in the case of mammalian
reovirus (MRV) from the genus Orthoreovirus (7-9).

MRV factories contain viral proteins, dsRNA and
partially and fully assembled particles (7,9-11). They
contain few, if any, ribosomes and are not membrane-
associated (8-12). MRV non-structural protein uUNS
has been shown to form the factory framework or
‘matrix’ (10,11), as uUNS expressed from plasmids in the
absence of infection or other viral proteins forms morpho-
logically similar factory-matrix structures when viewed
by light microscopy (13-15). In addition, upon plasmid-
based coexpression of the different proteins, uNS can
recruit MRV non-structural protein NS and core pro-
teins A1, A2, \3 or o2 (see next paragraph concern-
ing MRV core protein u2) to factory-matrix structures
via non-overlapping regions within the N-terminal one
third of uNS (with the exception of A3, whose bind-
ing sequences within the C-terminal one third of uNS
have not been finely mapped) (14,16-18). Transiently
expressed, plasmid-derived uNS can also recruit entering
MRV core particles to preformed factory-matrix struc-
tures (16,19). These observations have implicated uNS
in the recruitment of both entering core particles and
newly synthesized viral proteins to viral factories, and
have led to the proposal that uNS may help to organize
and co-ordinate these different components promoting
viral genome replication and particle assembly (16).

MRV factories also contain cellular proteins, but their
identities have remained largely unknown. Several ultra-
structural studies have detected microtubules in viral
factories (7,10,20), and more recent work has identified
a strain-independent requirement for functional micro-
tubules in factory expansion and perinuclear localiza-
tion (9). In addition, strain-dependent differences in the
ability of MRV core protein u2 to interact with micro-
tubules have been associated with differences in factory
morphology (9,21). Most MRV strains examined to date
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(>30), including prototype strain type 1 Lang (T1L), form
filamentous factories that are anchored to and spread
along stabilized microtubules; however, certain clonal iso-
lates of prototype strain type 3 Dearing (T3D), such as the
one used in our lab (T3DN), instead form globular facto-
ries (9,22). Despite the unusual appearance of their facto-
ries, these viruses replicate normally (9). Factory-matrix
structures formed by expressing plasmid-derived puNS
alone, regardless of MRV strain origin, are globular and
resemble factories formed during T3DN infection (13,14).
Plasmid-based coexpression of uNS with T1L u2 changes
the morphology of factory-matrix structures from globular
to filamentous, resembling factories that form during T1L
infection (13). Plasmid-based coexpression of uNS with
T3DNu2 does not have this effect, and this p2 is instead
recruited to globular factory-matrix structures (13). These
observations are consistent with the conclusion that uNS
forms the factory matrix while u2 of most MRV strains
determines the filamentous morphology of factories by
anchoring them to microtubules. The sequences involved
in recruiting u2 to factory-matrix structures are also found
in the N-terminal one third of uNS (13,16,19).

In experiments that led to this study, we observed
cellular clathrin colocalizing with viral factories in MRV-
infected cells. Clathrin is organized as a triskelion-shaped
oligomer comprised of three molecules of clathrin heavy
chain (HC), trimerized at their C-termini, and three
molecules of clathrin light chain A or B (LCA or LCB),
each in contact with one molecule of clathrin HC
(reviewed in Ref. 23). Its best-described roles are in
protein sorting and membrane vesicle trafficking from the
plasma membrane and the trans Golgi network (TGN).
During clathrin-mediated vesiculation, adaptor protein
complexes recognize sorting signals in the cytoplasmic
tails of cargo molecules and also interact with membrane
phosphoinositides and clathrin. Ordered recruitment of
additional adaptor and clathrin molecules to the sites of
cargo capture assembles the clathrin coat around the
newly forming vesicle or clathrin-coated pit (CCP). Clathrin
drives membrane vesiculation by forming an ordered
polyhedral lattice around the membrane, inducing its
invagination. The process is terminated by scission of
the CCP from the plasma membrane by the GTPase
dynamin, releasing into the cytosol a clathrin-coated
vesicle (CCV) (reviewed in Ref. 24). The clathrin scaffold
is then removed from the vesicle during uncoating driven
by heat-shock cognate protein 70 (Hsc70) and its co-
chaperone auxilin.

Anumber of cellular adaptor proteins have been described,
and they typically display a short consensus sequence,
termed the clathrin-box motif, that binds to the N-terminal,
B-propeller domain (NTD) of clathrin HC via a peptide-in-
groove interaction (25). Adaptor proteins AP1 and AP2
mediate CCV formation at the TGN and the plasma
membrane, respectively (reviewed in Refs 26 and 27).
AP1 and AP2 are heterotetrameric protein complexes
consisting of y, 1, w1A and o1 subunits in the case of
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AP1, and «a, B2, u2 and o2 subunits in the case of AP2.
The clathrin-box motifs of AP1 and AP2 reside within their
respective p subunits. The u2 protein discussed hereafter
in this report is the one from MRV.

The best-known use of the clathrin machinery by
pathogens is during their internalization into the host cell.
Many viruses and bacteria usurp the clathrin-mediated
endocytotic pathway to promote their uptake from the cell
surface as part of the productive infection process (28-30;
reviewed in Ref. 31). The possibility that clathrin may play
otherroles in viral life cycles has become recently apparent
in at least one notable example. Huang et al. (32) have
identified a functional clathrin-binding motif within the
large antigen protein (Ag-L) of hepatitis delta virus (HDV),
through which cytoplasmically localized Ag-L associates
with clathrin HC. Further experiments have shown the
requirement for the interaction of clathrin HC with protein
Ag-L in HDV particle assembly (33).

In this report, we show a novel clathrin adaptor-like func-
tion of the MRV uNS protein. uNS contains a conserved
sequence near its C-terminus, allowing recruitment of
clathrin to viral factories via the NTD of clathrin HC. Muta-
tion of a single residue within this putative clathrin-binding
motif of uNS inhibits association with clathrin, but does
not prevent formation or expansion of viral factories. The
resulting large cellular redistribution of clathrin to viral
factories over the course of MRV infection is associated
with inhibition of clathrin-dependent cellular membrane
trafficking, impacting both endocytosis and secretion. To
our knowledge, this is the only viral or bacterial protein
yet shown to interfere with clathrin functions in this man-
ner. The results additionally establish a new approach
for studies of clathrin functions, based on uNS-mediated
sequestration.

Results

Clathrin LCA/B and HC colocalize with . NS in MRV
factories

We attached non-purified infectious subvirion particles
(ISVPs) obtained by protease digestion of purified T1L
virions to BSC-1 cells on ice for 1 h and then fixed them
either immediately [0 h post-infection (p.i.)] or after incu-
bation at 37°C for 3, 7or 12 h (3, 7 or 12 h p.i.). To detect
infected cells, we used indirect immunofluorescence (IF)
microscopy with serum antibodies against MRV non-
structural protein uUNS, which is expressed after productive
cell entry. We also stained the cells with either monoclonal
antibody (MAb) CON.1 specific for clathrin LCA/B (34) or
MAb X22 specific for clathrin HC (35) (Figures 1 and S1A).
At 0 h p.i., we observed both clathrin LCA/B and clathrin
HC distributed in accordance with their roles in vesicular
transport: localized throughout the cell but concentrated
in the perinuclear region and at the plasma membrane.
At this time-point, we saw essentially no uNS staining,
as expected for a non-structural protein, not present in
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infecting particles. By 3 h p.i., staining for uNS revealed
small, globular viral factories. We observed clathrin LCA/B
and HC colocalized with these structures in addition to
their typical, strongly perinuclear localization. By 7and 12 h
p.i., as the factories grew in size and became more fila-
mentous in morphology due to anchoring to microtubules
through MRV protein p2 (9), we observed a concomitant
increase in the amount of clathrin LCA/B and HC associat-
ing with these structures. Given the stability of the clathrin
triskelion and the affinity of clathrin LC for clathrin HC
(reviewed in Ref. 23), it is very likely that clathrin HC and
LCA/B are recruited to viral factories as clathrin triskelia.

We additionally observed recruitment of green fluores-
cent protein (GFP)-tagged clathrin LCA stably expressed
in BSC-1 cells (LG2 cells) to cytoplasmic structures consis-
tent with viral factories and reflecting a major redistribution
of clathrin LCA within the cell at later times p.i. (e.g. 30 h)
(Video S1). The observation that clathrin LCA redistributed
to factories in the absence of antibody staining strongly
argues that the observed colocalizations of clathrin LCA/B
and HC with uNS are not an artifact of antibody cross-
reactivity or fluorophore bleed-through. Additional controls
for genuine colocalizations are presented throughout the
manuscript, and include absence of co-staining either
between UNS and adaptor proteins AP1 and AP2 (see
Figures 1D, S1B, 2A,B below and on-line) or between
mutant uNS and clathrin (Figures 3D,E, 4A,B and 5A).

Clathrin LCA/B and HC also colocalized with uNS in MRV
factories in BSC-1 cells infected instead with ISVPs of
strain T3DN or type 3 Abney (T3A), as well as in CV-1,
COS-7 or HelLa cells infected with T1L ISVPs (see
Figure 1C for related results with CV-1 cells), suggesting
a conservation of the observed phenotype across differ-
ent MRV strains infecting different cell types. In addition,
clathrin HC colocalized with uNS in viral factories in BSC-1
cells infected with virions of strain T1L, T3DN or T3A, indi-
cating that this phenomenon reflects a general character-
istic of MRV infection, not limited to infections with ISVPs.

Clathrin LCA/B and HC coimmunoprecipitate

with wNS from infected cell lysates

To provide further evidence for the association between
clathrin and uNS in viral factories, we performed
immunoprecipitation (IP) experiments. We incubated CV-1
cells with T1L ISVPs (infected) or buffer alone (mock
infected) on ice for 1 h and then allowed infection to
proceed for 10 h at 37°C. We next subjected postnuclear
supernatants to IP using either MAb CON.1 specific for
clathrin LCA/B or uNS-specific serum antibodies. We
analyzed both the immunoprecipitated proteins and those
remaining in the post-IP supernatants by SDS-PAGE
and immunoblotting using uNS-specific serum antibodies
and MAb TD.1 specific for clathrin HC (34). CON.1
coimmunoprecipitated both uNS and clathrin HC along
with clathrin LCA/B from infected cell lysates (Figure 1C,
lane 4). In the reverse IP by uNS-specific serum antibodies,
clathrin HC coimmunoprecipitated with uNS (Figure 1C,
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Figure 1: Both clathrin LCA/B and clathrin HC, but not AP1 or
AP2, colocalize with NS in MRV factories. Cells were infected
with T1L ISVPs and were either fixed for indirect IF microscopy at
0,3,70r12hp.i. (A, Band D) or harvested for IP at 10 h p.i. (C).
uNS-specific serum antibodies (a-uNS) and the MAb indicated
below were used in IF (A, B and D). Merged images in (A), (B) and
(D) are shown at right (a-uNS, green; a-CLC, a-CHC and a-AP1/2,
red). A) Cellular localizations of uNS and clathrin LCA/B (MAb
CON.1). B) Cellular localizations of uNS and clathrin HC (MAb
X22). C) Either uNS or clathrin LCA/B was immunoprecipitated
from postnuclear supernatants using either uNS-specific serum
antibodies (a-uNS) or MAb CON.1 (a-CLC). Immunoprecipitated
proteins (left, lanes 1-4) as well as proteins remaining in the post-
IP supernatants (right, lanes 5-8) were detected by SDS-PAGE
and immunoblotting using uNS-specific serum antibodies (UNS)
or MAb TD.1 (CHC). D) Cellular localizations of uNS and AP1/2
(MAb 10A). Scale bars, 20 um.

lane 2). In summary, these results corroborate the
conclusions from IF microscopy shown in Figure 1A,B.
A notable decrease in the level of clathrin HC that remains
in the post-IP supernatant following treatment of the
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infected cell lysate with uNS-specific serum antibodies
versus mock treatment (Figure 1C, cf. lanes 6 and 7)
suggests that at these times p.i. a large proportion of
clathrin HC exists in association with uNS. This finding
is consistent with IF data in cells, where at similar
times p.i. predominant staining for clathrin HC localized
to viral factories (see related data for clathrin LCA in
Figure 1A).

Adaptor proteins AP1 or AP2 do not colocalize

with wNS in MRV factories

In the process of membrane vesiculation via the
clathrin machinery, clathrin is recruited to the sites of
vesiculation by interacting with adaptor proteins (28;
reviewed in Refs 36 and 37). Adaptor proteins AP1 and
AP2 are the canonical mediators of clathrin association
with the membrane-trafficking machinery (26). How is
clathrin recruited to MRV factories, which are devoid
of membranes (8-12)? To address whether AP1 or AP2
might be present in factories, we infected BSC-1 cells with
T1L ISVPs as described for Figure 1A, but then stained the
cells with a combination of uNS-specific serum antibodies
and MAb 10A specific for the B subunits of both AP1
and AP2. The staining pattern of 10A observed at 0 h p.i.,
reflective of the perinuclear localization of AP1 and plasma
membrane localization of AP2, remained unchanged at 3,
7 and 12 h p.i. (Figures 1D and S1B). AP1 and AP2 were
absent from factories not only in BSC-1 cells infected
with T1L ISVPs but also from ones infected with ISVPs
of strain T3DN or T3A. At very late times p.i. (e.g. 16 or
24 h in experiments presented in Figure 6) when factories
nearly fill the cytoplasm, some level of stably expressed
AP2(52)-GFP [in BSC-1 AP2(c2)-GFP cells] (38) colocalized
with these structures, showing that AP2 can be recruited
to viral factories (Figure S2). Recruitment of AP2 largely
lags behind that of clathrin, suggesting that it occurs as
a result of the interaction with clathrin molecules and
not the other way around. Combined, these data strongly
argue against the requirement for AP2 in recruiting cellular
clathrin to viral factories and suggest an alternative, non-
AP1/2-dependent mode of clathrin recruitment to those
structures.

Clathrin LCA/B and HC, but not AP1 or AP2,
colocalize with NS in factory-matrix structures

In all preceding experiments, the association between
uNS and clathrin might have required a bridging viral
molecule. As the expression of UNS alone yields globular
factory-matrix structures in plasmid-transfected cells
(13-15), we asked whether clathrin accumulated in these
structures in the absence of other MRV proteins. We
transfected CV-1 cells with a plasmid expressing T1L
uNS and analyzed them at 24 h post-transfection (p.t.)
by indirect IF microscopy using a combination of uNS-
specific serum antibodies and one of three MAbs: CON.1
against clathrin LCA/B, X22 against clathrin HC and 10A
against AP1/2. As in the case of infected cells, both
clathrin LCA/B and clathrin HC, but not AP1 or AP2,
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Figure 2: Clathrin LCA/B and clathrin HC, but not AP1 or
AP2, colocalize with NS in both globular and filamentous
factory-matrix structures. A) uNS-WT protein was expressed
in CV-1 cells by plasmid-based transfection. At 24 h p.t., cellular
localizations of uNS as well as clathrin LCA/B, clathrin HC or AP1/2
were visualized by indirect IF microscopy using a combination of
uNS-specific serum antibodies (a-uNS) and MAb CON.1 (a-CLC),
X22 (a-CHC) or 10A (a-AP1/2), respectively, as labeled. B) uNS-WT
and u2 proteins were coexpressed in CV-1 cells by plasmid-
based transfection. At 38 h p.t., cellular distributions of indicated
proteins were visualized as in (A). In (A) and (B), merged images
are shown at right (a-uNS, green; a-CLC, a-CHC or a-AP1/2, red).
Scale bars, 20 pm.

colocalized with uNS in the factory-matrix structures
(Figure 2A). These same results were obtained upon
expression of T3DN uNS in plasmid-transfected CV-1
cells and upon expression of either T1L or T3DN uNS
in plasmid-transfected BSC-1 cells. We conclude that uNS
is sufficient for clathrin recruitment in the absence of any
other MRV protein.

When T1L uNS was coexpressed with the TI1L
microtubule-anchoring and uNS-associating protein p2
(9,13), clathrin LCA/B and HC, but not AP1 or AP2, contin-
ued to colocalize with UNS in the resulting factory-matrix
structures at 38 h p.t. The observed structures exhib-
ited filamentous morphology (Figure 2B), similar to that
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seen at later times p.i. in T1L-infected cells (Figure 1A)
and as expected from previous coexpressions of uUNS
and u2 (13,17,21). uNS association with clathrin in trans-
fected cells can thus occur in the setting of either globular
(the absence of u2) or filamentous (the presence of u2)
factory-matrix structures.
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NS contains a putative clathrin-binding motif
required for clathrin recruitment to factory-matrix
structures

Clathrin binds directly to adaptor proteins such as AP1
or AP2, and more specifically, the NTD of clathrin
HC binds directly to the clathrin-box motif in each
adaptor (25,27). The clathrin-box motif is a five-residue
sequence with the following consensus: L(L,I)(D,E,N)(L,F)
(D,E) (27) (Figure 3A). The fifth position is most variable
and in fact there are examples of functional clathrin-
box sequences that lack the fifth residue altogether or
contain an alternative residue such as Ser at this position
(39-41). Upon inspection of the 721-aa uNS sequence,
we identified a potential clathrin-binding motif, LIDFS, just
before the C-terminus (aa 711-715) of uNS of different
MRV strains (Figure 3A). A similar motif, LFGLD, spans
residues 191 to 195 of uNS. However, the observation
that clathrin is recruited to factory-matrix structures by
N-terminal truncation mutant uNS(471-721) (Figure S3),
which lacks the 191-195 element, focused our attention
instead on the C-terminal regions of uNS.

To address whether the putative clathrin-binding motif
near the C-terminus of uNS is functional for recruiting
clathrin to factory-matrix structures, we first made use of
one previously engineered (15) and two newly engineered
C-terminal truncation mutants of T1L uNS, which either

Figure 3: NS contains a putative clathrin-binding motif
required for clathrin recruitment to factory-matrix structures.
A) The following are shown: consensus clathrin-box motif;
examples of proteins shown to contain functional clathrin-box
motifs; C-terminal sequences of uNS of MRV strains T1L,
T2J and T3D and mutations engineered near the C-terminus
of T1L uNS. Residues matching the clathrin-box consensus
are boxed. Mutated residue in uNS-L711A is shown in red.
B and C) uNS-WT or uNS-L711A was expressed alone (lanes
1, 2, 5 and 6) or in combination with NTD-HA (lanes 3, 4,
7 and 8) in CV-1 cells following plasmid transfection. Cells
were harvested at 28 h p.t. and uNS was immunoprecipitated
from postnuclear supernatants (PNS) using uNS-specific serum
antibodies (a-uNS). Immunoprecipitated proteins (lanes 1-4) or
proteins contained within PNS prior to immunoprecipitation (lanes
5-8) were detected by SDS-PAGE and immunoblotting using
either uNS-specific serum antibodies (uUNS) or MAb TD.1 (CHC)
or a combination of MAb TD.1 and anti-HA (NTD-HA). D) uNS-WT
or uNS-L711A was coexpressed with u2 in CV-1 cells following
plasmid transfection. At 38 h p.t., cellular localizations of uNS (a-
uNS, left column) and clathrin HC (a-CHC, middle column) were
visualized as in Figure 2. E) uUNS-WT or uNS-L711A was expressed
in CV-1 cells following plasmid transfection. At 24 h p.t., cellular
localizations of uNS (a-uNS, left column) and clathrin HC (a-CHC,
middle column) were visualized as in Figure 2. Arrow in the middle
column points to residual staining for clathrin HC visible within
one of the factory-matrix structures. F) uNS-WT and NTD-HA
were coexpressed in CV-1 cells by plasmid-based transfection.
At 24 h p.t, they were visualized by indirect IF microscopy
using a combination of uNS-specific serum antibodies (a-uNS,
left column) and MAb Mono HA.11 (a-HA, middle column). In
(D—F), merged images are shown at right (a-uNS, green; a-HA or
a-CHC, red). Scale bars, 20 um.
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preserved this motif intact (truncations uNS-718 and
UNS-715) or deleted a portion of it (truncation uNS-713)
(Figure 3A). Whereas wild-type uNS (uUNS-WT), uNS-718
and uUNS-715 associated with clathrin HC (Figure 3B, lanes
7, 9 and 10) in the IP assay after expression in plasmid-
transfected CV-1 cells, uNS-713 did not (Figure 3B, lane
8). We next tested a mutant of T1L uNS in which
one of the key large hydrophobic residues within the
motif, Leu711, was changed to Ala (mutation L711A)
(Figure 3A). Whereas uNS-WT associated with clathrin
HC (Figure 3C, lane 1), uNS-L711A did not (Figure 3C, lane
2). Together, the experiments with mutants of uNS are
consistent with the LIDFS sequence in uNS representing a
functional clathrin-binding motif. Because C-terminal uNS
truncations also delete important determinants of factory-
matrix formation independent of clathrin interaction (e.g.
UNS-715 and uNS-718 are defective at forming factory-
matrix structures while retaining the ability to interact with
clathrin), we used uNS-L711A for subsequent analyses.

To eliminate the possibility that the lack of association
between uNS-L711A and clathrin HC was due to
misfolding and to provide further evidence that this
mutation disrupts association of clathrin LCA/B and HC
with uUNS, we separately coexpressed p2 along with
either UNS-WT or uNS-L711A by plasmid transfection.
The mutant was effectively expressed and recruited
to microtubules by u2 (Figure 3D), suggesting that the
mutation did not result in misfolding that abrogated its
binding to nu2. Notably, the mutant did not recruit either
clathrin LCA/B or clathrin HC (Figure 3D).

We next compared the abilities of UNS-WT and uNS-
L711A to induce factory-matrix structures upon plasmid-
based expression in CV-1 cells. We analyzed the cells at
24 h p.t. by indirect IF microscopy using a combination
of uNS-specific serum antibodies and either MAb CON.1,
specific for clathrin LCs, or MAb X22, specific for clathrin
HC (Figure 3E). Cells expressing uNS-L711A contained
numerous factory-matrix structures with smooth perime-
ters, indistinguishable from those formed by uNS-WT
(Figure 3E, cf. top and bottom rows). As expected from
the IP results, the intensity of CON.1 or X22 staining of
the structures that formed upon expression of UNS-L711A
was greatly reduced (Figure 3E). Together, the experi-
ments presented in this section provide strong evidence
that the conserved residue Leu711 within the putative
clathrin-binding motif of uNS is required for recruiting
clathrin to factory-matrix structures. The data further sug-
gest that clathrin does not serve an essential role in
forming the factory matrix, in that factory-matrix structures
continued to be formed in cells expressing UNS-L711A.

To test whether the NTD of clathrin HC (25) may be
involved in recruitment to factory-matrix structures upon
UNS expression, we expressed influenza virus hemagglu-
tinin (HA)-tagged NTD (NTD-HA) alone or in combination
with T1L uNS by plasmid transfection of CV-1 cells. In
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the absence of uNS, NTD-HA was distributed through-
out the cell, although concentrating in the perinuclear
region as expected for this protein that retains capacity
to bind clathrin-box motifs (25) (Figure 3F, top row). Coex-
pression with uNS, in contrast, allowed recruitment of a
subset of expressed NTD-HA to factory-matrix structures
(Figure 3F, bottom row), and co-IP confirmed this associa-
tion (Figure 3C, lanes 3 and 4). We conclude that the NTD
of clathrin HC is sufficient for localization to factory-matrix
structures.

Clathrin recruitment to viral factories is dispensable
for their formation

To address the requirement for clathrin recruitment to viral
factories in the context of MRV infection, we attempted
to rescue infectious, recombinant viruses encoding either
UNS-WT or uNS-L711A in the T3D background [rT3D-
UNS(WT) and rT3D-uNS(L711A), respectively] (see Mate-
rials and Methods for plasmid-based rescue protocol).
Both recombinant viruses were indeed rescued, stably
passaged into cell-lysate stocks and used to generate
purified virions with similar particle/plagque-forming unit
(PFU) ratios and similar plaque sizes. We then compared
the recombinant viruses for their abilities to form viral
factories and to recruit clathrin to those structures. We
infected CV-1 cells for 24 h and then analyzed the cells
by indirect IF microscopy using a combination of uNS-
specific serum antibodies and either MAb CON.1, specific
for clathrin LC (Figure 4A), or MAb X22, specific for clathrin
HC (Figure 4B). Consistent with the plasmid-based uUNS
expression data in Figure 3E, rT3D-uNS(WT) and rT3D-
UNS(L711A) were indistinguishable in their abilities to
form globular viral factories, characteristic of infection by
the T3D isolate from which they were derived. In contrast,
rT3D-uNS(L711A) was distinct in failing to recruit either
clathrin LCA/B or clathrin HC to the factories (Figure 4).
From these results, we first conclude that the conserved
residue Leu711 within the putative, C-proximal clathrin-
binding motif of uNS is required for clathrin recruitment
even in the presence of other viral proteins in the set-
ting of MRV infection. On the basis of this conclusion,
as well as preceding evidence for the sufficiency of uNS
for clathrin recruitment in transfected cells, we speculate
that uNS is likely the sole MRV protein responsible for
clathrin recruitment to viral factories. From the results
in this section, we further conclude that clathrin recruit-
ment to viral factories is dispensable for their formation
in infected cells. Moreover, given that recombinant virus
rT3D-uNS(L711A) was rescued and stably maintained in
cultured cells, we conclude that clathrin recruitment to
viral factories is not essential for MRV growth in culture.
Results of experiments to compare infectious titers of
rT3D-UNS(WT) and rT3D-uNS(L711A) at different times
p.i. concurred with this conclusion, although a mild kinetic
defect in the growth of rT3D-uNS(L711A) could not be
ruled out (Figure S4).
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Figure 4: Clathrin recruitment to IMIRV factories is dispens-
able for their formation. A and B) CV-1 cells were infected
with rT3D-uUNS(WT) or rT3D-uNS(L711A) at 5 PFU/cell. At 24 h
p.i., cellular localizations of UNS (a-uNS, left column) and either
clathrin LCA/B (a-CLC, middle column) (A) or clathrin HC (a-CHC,
middle column) (B) were visualized as in Figure 2. In (A) and (B),
merged images are shown at right (a-uNS, green; a-CHC, red).
Scale bars, 20 pm.

In the following experiments, we turned our attention to
address the effects of clathrin sequestration by uNS on
normal clathrin functions in the cell.

Sequestration of clathrin in MRV factories inhibits
transferrin uptake

Clathrin is an abundant cytoplasmic protein, which con-
stitutes the building block of CCVs that selectively sort
cargo at the plasma membrane, TGN and endosomal com-
partments for multiple membrane-trafficking pathways.
To characterize the impact of clathrin redistribution to
viral factories during MRV infection, we monitored the
uptake of transferrin (Tf) into BSC-1 cells. Tf is an iron-
binding glycoprotein, which is internalized into cells by
clathrin-mediated endocytosis after engagement of its
cellular receptor, TfR. We mock infected BSC-1 cells
stably expressing clathrin LCA tagged with tomato flu-
orescent protein (LCA-tom) (42) or infected them with
one of the following types of ISVPs: T1L, rT3D-uNS(WT)
or rT3D-uNS(L711A) for 16 h at 37°C. We then pulsed
the cells with fluorescently labeled human Tf for 7 min at
37°C. After washing the excess Tf and removing the
remaining plasma membrane-bound Tf by acid wash,
we fixed and immunostained the cells for uNS. Mock-
infected cells efficiently internalized fluorescent Tf as
revealed by extensive labeling of the endosomal com-
partment (Figure BA, top row). Quantification of at least
50 mock-infected cells in each of the three independent
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Figure 5: Sequestration of clathrin in MRV factories inhibits
transferrin uptake. BSC-1 cells stably expressing clathrin LCA
fused to tomato fluorescent protein (CLC-tom) were mock
infected or infected with either T1L, rT3D-uNS(WT) or rT3D-
uNS(L711A) MRV. At 16h p.i., fluorescent Tf uptake was
performed as described in Materials and Methods and cells were
fixed and immunostained using uNS-specific serum antibodies
(a-uNS). A) Representative confocal images of mock- and MRV-
infected cells. Merged images are shown at right (a-uNS, green;
CLC-tom, red; Tf, blue). Scale bars, 10 um. B) Bar plot depicting
the percentage of cells showing perinuclear localization of the
fluorescent Tf (Tf-uptake positive). The plot shows the average
and the standard deviation of three independent experiments,
each scoring at least 50, either mock- or MRV-infected (uNS-
positive), cells.

experiments yielded an average of 92% as showing sig-
nificant endosomal labeling (Tf-positive) (Figure 5B). We
detected much less Tf inside the cells infected with
either T1L or rT3D-uNS(WT) viruses (Figure 5A, second
and third rows), yielding an average of 8 and 24% Tf-
positive cells, respectively (Figure 5B). As expected, cells
infected with rT3D-uNS(L711A), which fails to recruit
clathrin to viral factories, efficiently internalized Tf and
were indistinguishable from mock-infected cells both
qualitatively (Figure 5A, cf. top and bottom rows) and
quantitatively, yielding an average of 92% Tf-positive cells
(Figure 5B).
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Inhibition of Tf uptake by infected cells was limited to late
times p.i. (atleast 16 h p.i.), when most of the cytoplasmic
clathrin has been redistributed to viral factories (Figures 1
and 5) in most cells. We observed significant Tf uptake
up to 12 h p.i. with either T1L or rT3D-uNS(WT) viruses
(Figure Sb). There was a direct correlation between the
size of factories, the amount of clathrin recruited to them
and the efficiency of Tf uptake. In cells with small factories,
even at 16 h p.i., the localization of most clathrin was
unaffected and we observed no inhibition of Tf uptake.
Infection with rT3D-uNS(WT) resulted in greater variation
in factory size between different cells than did that with
T1L, and as aresult less overall inhibition of Tf uptake at the
measured time-point (16 h p.i.) (Figure 5B). Although rT3D-
UNS(WT) and rT3D-uNS(L711A) were indistinguishable in
factory size and morphology (Figures 4 and 5A), clathrin-
mediated endocytosis of Tf was unaffected in cells
infected with rT3D-uNS(L711A) (Figure 5), arguing that
the inhibition of clathrin-mediated endocytosis observed
in rT3D-uUNS(WT)-infected cells was not an indirect
consequence of viral infection, but rather a direct effect
of sequestering clathrin in viral factories. These data
thus indicate that extensive sequestration of clathrin in
viral factories inhibits clathrin-dependent endocytosis of a
cellular receptor—ligand complex, Tf—TfR.

Sequestration of clathrin in MRV factories extends
the lifetime of clathrin-coated pits

To show that sequestration of clathrin in MRV factories
has a direct effect on CCP formation independent of a
specific cargo molecule, we analyzed the dynamics of
clathrin-mediated endocytosis in live BSC-1 cells stably
expressing AP2(c2)-GFP. We monitored the formation of
CCPs at the plasma membrane by following the AP2(c2)-
GFP signal over time using fluorescent spinning-disk
confocal microscopy. Previous work has shown that in
the course of CCV formation, the AP2(62)-GFP signal
displays a characteristic pattern over time: appearance
of a fluorescent spot, increase in fluorescence intensity
over time, followed by sudden dissipation (28; reviewed
in Ref. 36). The increase in fluorescence results from the
incorporation of AP2(52)-GFP in the growing CCP. The
abrupt dissipation is interpreted as uncoating of the CCV
after its budding from the plasma membrane.

In the current experiments, we compared CCP lifetimes
between mock-infected cells and ones infected with either
T1L, rT3D-uNS(WT) or rT3D-uNS(L711A) ISVPs at 16 h p.i.
We confirmed infection of analyzed cells by observing
viral factories by phase microscopy. We generated time-
lapse videos recording the bottom surface of a BSC-1
AP2(c2)-GFP cell by taking individual images every 3
seconds for the total duration of 300 seconds (see Videos
S2-S5 on-line). The majority of the fluorescent AP-2 spots
belonged to a single class of diffraction-limited objects,
as expected for CCPs or CCVs, about 100-200 nm in
diameter (28,30,42). To analyze the dynamics of CCP
formation, we generated kymograph views comparing
different samples (Figure 6A). Here, a single imaged axis
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showing AP2(52)-GFP fluorescence (Figure 6A, y-axis) is
projected over time (Figure 6A, x-axes). The length of
each continuous fluorescent trace in the x-axis reflects
the lifetime of each individual CCP. Qualitative comparison
of kymographs reveals extension of CCP lifetimes in cells
infected with either T1L or rT3D-uNS(WT) relative to either
mock- or rT3D-UNS(L711A)-infected cells (Figure 6A).

This initial observation was corroborated by analysis of
fluorescence intensity profiles of individual CCPs over
time (representative examples shown in Figure 6B,C).
Mock-infected cells displayed the previously observed
profile of AP-2(c2)-GFP fluorescence over time (28,30).
In T1L-infected cells, many CCPs had extended lifetimes
and a portion of them remained stationary during the
course of the experiment (one such stationary structure is
shown in Figure 6B,C, and others in Figure 6D). In rT3D-
UNS(WT)-infected cells, most of the pits were active, but
their lifetimes were significantly longer compared with
those in mock-infected cells. Finally, in rT3D-uNS(L711A)-
infected cells, the CCP fluorescence intensity profiles
were indistinguishable from those in mock-infected
cells.

To assess the effect of MRV infection on the dynamics of
CCP formation more quantitatively, we compiled lifetime
data from at least 1000 CCPs derived in each case from
three cells either mock infected or infected with one of
the following types of ISVPs: T1L, rT3D-uNS(WT) or rT3D-
uUNS (L711A). We considered a fluorescent structure to
be a CCP if this structure was dynamic, appeared and
disappeared within the time window of the data series
(300 seconds), and had a lifetime of at least 15 seconds.
Objects that existed both at the beginning and the end of
the data series were counted as arrested CCPs. Objects
that existed at the beginning but disappeared during the
experiment time window, or those that appeared during
the experiment time window but that did not disappear
before the end, were not counted. To compare the
CCP lifetime distributions in mock- to those in MRV-
infected cells, we show the box-and-whisker plot for each
condition (Figure 6D). The average CCP lifetime in mock-
infected cells was 39 + 27 seconds, similar to previously
published data (28,30,42). In T1L- and rT3D-uNS(WT)-
infected cells at 16 h p.i., short-lived CCPs were under-
represented, causing a shift in the population toward
longer lifetimes, yielding averages of 80 + 77 and 55 + 51
seconds, respectively (Figure 6D, left). Moreover, around
7 and 2% of the pits in T1L- and rT3D-uNS(WT)-infected
cells, respectively, were completely arrested and present
throughout the entire time series. As expected, in rT3D-
UNS(L711A)-infected cells the CCP lifetime distribution
was statistically identical to that in mock-infected cells,
with an average lifetime of 40 £+ 30 seconds.

As mentioned in preceding sections, we found a corre-
lation between the size of MRV factories, consequent
amount of clathrin sequestered in them (Figure 1) and
effect on clathrin-dependent Tf uptake (Figure 5). We
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Figure 6: Legend on next page.

hypothesized that at even later times p.i., when viral facto-
ries grow to occupy much of the cytoplasmic volume and
sequester much of the cytoplasmic clathrin (see Video S1
on-line), the fraction of arrested CCPs would be larger. We
hence additionally compared CCP lifetimes in an identical
experiment to that above, but at 24 h p.i. The average CCP
lifetimes increased to 104 +96 and 65+ 77 seconds in

Traffic 2011; 12: 1179-1195

CCP lifetime (sec)

T1L- and rT3D-uNS(WT)-infected cells, respectively. The
fraction of arrested CCPs followed this increase to 16 and
7%, respectively. The arrested CCPs were virtually absent
from either mock- or rT3D-uNS(L711A)-infected cells, and
again no statistical difference in average CCP lifetimes was
observed between rT3D-uUNS(L711A)- and mock-infected
cells (30+18 versus 32+ 18 seconds, respectively).
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Despite strain-specific differences in the extent of the
measured effects [T1L versus rT3D-uNS(WT)], all our anal-
yses of CCP lifetimes strongly argue that MRV infection
negatively affects the dynamics of CCP formation at the
plasma membrane, independent of a specific endocytic
cargo molecule and in a manner dependent on clathrin
sequestration by uNS.

Sequestration of clathrin in MRV factories inhibits
VSV-G'*-GFP protein secretion

To test whether clathrin sequestration in viral factories
affects the cellular secretory pathway, we used a well-
characterized assay monitoring secretion of GFP-tagged
temperature-sensitive vesicular stomatitis virus G protein
(VSV-G®-GFP) (43). At 40°C, VSV-G'S-GFP misfolds and
cannot exit the endoplasmic reticulum (ER). Upon shifting
to 32°C, VSV-G'-GFP refolds and can then exit the ER
to the Golgi, enabling its subsequent clathrin-dependent
transport to endosomes that target it to the plasma
membrane. To test the effect of MRV infection on this
process, we transfected BSC-1 cells with the plasmid
expressing VSV-G®-GFP and incubated the cells at 40°C
for 16 h to allow VSV-G'-GFP expression, but to prevent
its correct folding. We then mock infected the cells or
infected them with one of the following types of ISVPs:
T1L, rT3D-UNS(WT) or rT3D-uNS(L711A) for 16 h at 40°C.
At this point, we either shifted the cells to 32°C or
kept a duplicate sample at 40°C for 2 h more before
fixing and immunostaining for uNS. In mock-infected
cells kept at 40°C for the duration of the experiment,
we observed VSV-G®-GFP localized almost exclusively in
the ER (Figure 7A, mock, top row). Incubation at 32°C
allowed for significant transfer of VSV-GS-GFP to the
Golgi, and its subsequent clathrin-dependent transport to
the plasma membrane (Figure 7A, mock, bottom row).
Quantification of at least 50 mock-infected cells in each
of the three experiments revealed an average of 10%
VSV-G'-GFP secretion at 40°C (i.e. 90% of cells had VSV-
GS-GFP strictly localized in the ER and only 10% showed
some plasma membrane localization), whereas VSV-G-
GFP secretion increased to 92% after the shift to 32°C
(Figure 7B). All MRV-infected cells incubated at 40°C for

the duration of the experiment displayed predominant ER
localization of VSV-G'-GFP indistinguishable from that in
mock-infected cells incubated under the same conditions
(Figure 7A,B). In cells infected with either T1L or rT3D-
UNS(WT), VSV-G'-GFP failed to efficiently relocalize to the
plasma membrane after the shift to 32°C, showing only 9
and 38% VSV-G-GFP secretion, respectively (Figure 7).
As expected, in cells infected with rT3D-uNS(L711A), in
which uNS does not sequester clathrin, VSV-G'S-GFP
efficiently relocalized to the plasma membrane after
the shift to 32°C, a phenotype indistinguishable from
mock-infected cells both qualitatively (Figure 7A) and
quantitatively, vielding 88% of VSV-G'-GFP secretion
(Figure 7B).

Similar to results for Tf uptake (Figure 5), we observed a
correlation between the size of MRV factories, the level
of cellular clathrin redistribution and the inhibition of VSV-
G'S-GFP secretion. In cells with small factories, even at
24 h p.i., the localization of most clathrin was unaffected,
and VSV-G®-GFP was efficiently transported to the
plasma membrane. Infection with rT3D-uNS(WT) resulted
in greater variation in factory size between different
cells than that with T1L, and as a result less overall
inhibition of VSV-G'-GFP secretion at the measured time-
point (16 h p.i.) (Figure 7B). Althougth rT3D-uNS(L711A)
and rT3D-uNS(WT) were indistinguishable in factory
size and morphology (Figures 4, 5A and 7A), clathrin-
dependent VSV-G'-GFP secretion was unaffected in cells
infected with rT3D-uNS(L711A) (Figure 7), arguing that
the inhibition of clathrin-dependent secretion of VSV-G'S-
GFP observed in rT3D-uNS(WT)-infected cells was not
an indirect consequence of viral infection, but rather a
direct effect of clathrin sequestration by uNS. Together,
the results in this section show that the effect of
clathrin sequestration by uNS in viral factories during MRV
infection is not limited to clathrin-mediated endocytosis,
but includes interference with another clathrin-dependent
process: protein secretion from the TGN to the plasma
membrane.

Figure 6: Sequestration of clathrin in MRV factories increases the lifetime of clathrin-coated pits. BSC-1 cells stably expressing
AP2(c2)-GFP were mock infected or infected with either T1L, rT3D-uNS(WT) or rT3D-uNS(L711A) MRV. At 16 h p.i., the dynamics of
clathrin-coated pits was monitored in live cells by taking time-lapse images every 3 seconds for the total of 300 seconds by confocal
microscopy. The CCPs were identified and tracked over time as described in Materials and Methods. A) Kymographs of mock- and
MRV-infected cells showing AP2(c2)-GFP fluorescence projected over time (x-axes). Each fluorescent trace in the x-axis represents an
individual CCP forming and disassembling at the membrane of the imaged cell, and the length of the trace reflects the CCP lifetime.
The arrows point to a representative CCP analyzed further in (B) and (C). B) Tile view of a representative CCP (shown by arrow in
A) forming in either mock-, T1L-, rT3D-uNS(WT)- or rT3D-uNS(L711A)-infected cell. C) Fluorescence intensity profiles of AP2(62)-GFP
recruitment to CCPs shown by tile view in (B). Weighted averages of smoothed fluorescent time trajectories are shown in each case.
Mock-infected, black line; T1L, red line; rT3D-uNS(WT), green line; rT3D-uNS(L711A), gray line. D) Box-and-whisker plot comparing CCP
lifetimes in mock-, T1L-, rT3D-uUNS(WT)- and rT3D-uNS(L711A)-infected cells either at 16 h p.i. (left) or at 24 h p.i. (right). The bottom
and top boundaries of each box represent the 25th and 75th percentiles, respectively, defining the interquartile range (IQR) between
them. The horizontal line in each box marks the median, and the cross marks the average CCP lifetime. The whiskers on either side of
the boxes represent the lowest and the highest data value still within 1.5 IQR of the lower and the upper quartiles. The dots represent
the values outside the range encompassed by the whiskers. At least 1000 CCPs derived from three different cells were analyzed for
each sample. Circled events (dashed lines) represent arrested CCPs.

1188 Traffic 2011; 12: 1179-1195



Clathrin in Viral Factories

Mock TiL
VSV-G a-uNS VSV-G4/ VSV-G* ° t-uNS

40°C

32°C

40°C

32"C

00

B0

60

40

20

VSV-GE-GFP secretion (%)

Mock TikL rm3D- rT3D-
uNS(WT) uNS(L711A)

a2c: - + - + - o+ - 4+

Figure 7: Sequestration of clathrin in MRV factories blocks secretion of VSV-G*-GFP. BSC-1 cells were transfected with VSV-G'®
fused to GFP and incubated overnight at 40°C. Cells were then mock infected or infected with either T1L, rT3D-uNS(WT) or rT3D-
uNS(L711A) MRV and incubated at 40°C for 12-16 h. Two hours prior to fixation, cells were either kept at 40°C or transferred to
32°C to allow VSV-G'-GFP protein refolding and secretion from the TGN to the plasma membrane. Fixed cells were immunostained
using uUNS-specific serum antibodies (a-uNS) and observed by confocal microscopy. A) Representative confocal images of mock- and
MRV-infected cells, either kept at 40°C (top panels) or shifted to 32°C (bottom panels). Merged images are shown at right (VSV-G'-GFP,
green; o-uUNS, red). Scale bars, 10 um. B) Bar plot depicting the percentage of cells, which showed plasma membrane localization
of VSV-G'*-GFP in addition to the perinuclear staining after the shift to 32°C (VSV-G®-GFP-secretion positive). The plot shows the
average and the standard deviation of three independent experiments, each scoring at least 50 VSV-G*-GFP-expressing, either mock-
or MRV-infected (uUNS-positive), cells.
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Conclusions

Abundant literature describes utilization of clathrin-
mediated endocytosis by both viruses and bacteria during
internalization into cells (reviewed in Refs 31 and 44),
including for MRV uptake into endocytic vesicles dur-
ing cell entry (28; S. B.,, M. L. N. and T. K., manuscript
in preparation). In this study, however, the recruitment of
clathrin to viral factories by uNS, which is not a component
of entering MRV particles, suggests that clathrin plays
an additional role in the MRV life cycle, apart from its
role in endocytic uptake. Involvement of clathrin at a
stage of MRV infection following cell entry is reminiscent
of findings with HDV, for which clathrin HC has been
shown to interact with HDV protein Ag-L, with impor-
tant consequences for HDV particle assembly (32,33).
On the other hand, there is no evidence to date that
HDV disrupts clathrin functions. Thus, to our knowledge,
uNS-mediated clathrin sequestration represents the only
reported example of a viral or bacterial protein whose
interaction with clathrin inside cells interferes with clathrin-
dependent cellular functions.

A seemingly unusual aspect of the mechanism by which
MRV interferes with clathrin-dependent membrane traf-
ficking is that it depletes the most abundant component
of this cellular machinery, i.e. clathrin itself. Although inef-
ficient, this strategy has important consequences for the
timing with which trafficking is disrupted: disruption does
not become substantive until later in MRV infection, per-
haps ensuring that cellular functions remain intact during
the critical phases of virus multiplication. In this light, one
simple reason for the virus to inhibit clathrin-dependent
membrane trafficking at later times might be to prevent
superinfection of a cell whose resources have by then
been used up.

Although clathrin recruitment to viral factories is not essen-
tial for factory formation or MRV growth in cultured cells,
the consequences of inhibiting clathrin functions seem
likely to be more significant during growth in an ani-
mal host, where multiple rounds of virus multiplication
occur in complex tissue settings and in parallel with host
responses. Inhibition of clathrin-dependent membrane
trafficking might, for example, reduce the cell’s capac-
ity for innate immune signaling or for presentation of viral
antigens in major histocompatibility complexes (MHCs).
Given evidence that clathrin depletion in polarized cells
has negative consequences for basolateral sorting (45),
another interesting possibility is that MRV infection of
polarized epithelial cells in the infected animal might,
through clathrin sequestration by uNS and consequent
effects on basolateral polarity, damage tight junctions and
facilitate virus spread.

Another unusual aspect of clathrin recruitment by uNS
is that this process takes place within structures, viral
factories, that are largely devoid of membranes (8—12).
As a parallel to uNS—clathrin association, the binding of
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clathrin to kinetochore fibers during mitosis appears to
be independent of membranes or the endocytic process
(46), and adaptor proteins such as AP1 or AP2 are not
detected at the sites of clathrin localization during mitosis
(46,47). There clathrin seems to stabilize the kinetochore
fibers either directly or indirectly and appears to be
required for normal chromosome congression (46,48).
Thus, MRV might also benefit from the effect that clathrin
sequestration may have on cell-cycle progression.

uUNS is an 80-kDa, 721-aa protein, of which the C-terminal
one third (aa 471-721) is necessary and sufficient
for formation of the MRV factory matrix (15,49), and
the N-terminal one third (aa 1-221) is necessary and
sufficient for recruitment of viral proteins oNS, A1, %2,
u2, and o2 to the factory matrix (14,16-18). Deletion
of the two most C-terminal residues of uNS, Glu720
and Leu721, prevents factory-matrix formation, resulting
in diffuse cytoplasmic distribution of the protein (49).
Here, we identify a putative clathrin-binding motif near
the C-terminus of uNS, spanning aa 711-715. Ala
substitution for Leu at uNS aa 711, the only fully
conserved residue among diverse clathrin-box motifs in
other known clathrin-binding proteins (27), inhibits clathrin
association with uNS, without an apparent effect on
the ability of uNS to form the factory matrix. Similarly,
UNS with three- or six-residue C-terminal deletions that
abolish formation of the factory matrix (UNS-715 and
uNS-718) continues to coimmunoprecipitate with clathrin,
consistent with the conclusion that these truncations
retain the putative clathrin-binding motif, whereas uNS
with an eight-residue C-terminal deletion (UNS-713) fails
to coimmunoprecipitate with clathrin, consistent with the
conclusion that this truncation lacks one or two C-terminal
residues of the putative clathrin-binding motif. Thus,
the determinant of factory-matrix formation located at
the extreme C-terminus of uNS is separable from the
C-proximal determinant of clathrin interaction, and the
putative clathrin-binding motif spanning uNS residues 711
to 715 appears to be required for clathrin recruitment.

UNS-WT, but not uNS-L711A, recruits the NTD of clathrin
HC, consistent with the clathrin-binding motif of uNS
engaging the same general region of clathrin HC as is
engaged by cellular proteins with bona fide clathrin-box
motifs. However, defining the precise mode of binding
between uNS and NTD, such as whether it involves the
same site on NTD and the same type of peptide-in-groove
interaction as seen with cellular adaptors (25), requires
additional studies. Although known single clathrin-
box motifs displayed on peptides mediate low-affinity,
dynamic interactions with the NTD (50,51), we believe that
the interaction between viral factories or factory-matrix
structures and clathrin is of apparently higher affinity at
least in part because it results from NTD binding to a con-
centrated accretion of uUNS molecules in those structures.
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Recruitment of clathrin by uNS occurs in the context of
either filamentous or globular viral factories, as respec-
tively formed by MRV strains T1L and T3D. Infection of
cells by T1L inhibits clathrin-dependent membrane traf-
ficking to a greater extent than does rT3D (Figures 5-7).
The extent of inhibition of cellular clathrin functions is pro-
portional to the size of factories in a given cell. We explain
the smaller effect of rT3D infection by the presence of
a greater range of factory sizes among infected cells,
or a greater prevalence of cells with smaller factories,
during rT3D relative to T1L infection. These observations
may suggest existence of an additional viral determinant
affecting the extent of inhibition of cellular clathrin func-
tions, which we hypothesize to reside within microtubule-
anchoring protein u2 and to be related to factory
morphology, either directly (more effective clathrin recruit-
ment to spread-out structures) or indirectly (an effect
related to the role of microtubules in factory expansion) (9).

The only widely applied method for reducing clathrin
function has been by RNA interference (45,46,52). One
drawback of that approach is the long half-life of cytoplas-
mic clathrin (20-50 h) (52,53), requiring long incubations
(at least 72 h) and often repeated transfections with
inhibitory RNA, which increase the risk of non-specific
effects on cell viability. Sequestration of clathrin by uNS,
by comparison, is more effective and allows experiments
to be performed as early as 16 h p.i. (Figures 5-7). More-
over, the ability to include mutant control virus expressing
UNS-L711A in each experiment serves to address ques-
tions about treatment specificity.

Moskowitz et al. (54) have developed another alternative
for inhibiting clathrin-dependent cellular traffic, employing
a modified form of clathrin LC that can be cross-linked
easily and reversibly upon addition of a cell-permeable
cross-linker. The advantage of that method relative to
both RNA interference- and MRV-based approaches is
that effective inhibition of clathrin functions occurs within
minutes of the cross-linker treatment. However, that
method is dependent on establishing cell lines that stably
express the modified clathrin LC and on extensively
replacing endogenous clathrin pools with the modified
form. Because of broad cell tropism by MRV, the MRV-
based clathrin depletion can in contrast be directly applied
to many different non-engineered cell types and can
furthermore affect a large fraction of the cells consequent
to high levels of uUNS expression, especially following
infection with high multiplicities of MRV.

Utility of the uNS-based approach for knocking down
clathrin function might even extend to studies of other cel-
lular machineries that involve long-lived components or for
which alternative inhibitors are not available. The ability of
uNS to form the factory matrix has been exploited to gen-
erate a platform for studies of protein—protein interactions
(18). In that case, a fragment of uNS, which retains the
ability to form factory-matrix structures (15), is expressed
in fusion with a protein of interest and that protein’s
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interaction with its binding partners is then visualized by
the partners’ recruitment to the factory-matrix structures.
The results of this study provide a precedence by which a
variation of this method might allow for targeted depletion
of any cellular binding partner one aims to study.

Materials and Methods

Virions and ISVPs

Virions of MRV strains T1L, T3DN and T3A, derived from stocks originally
obtained from Dr Bernard N. Fields, were grown and purified by the stan-
dard protocol (565) and stored in virion buffer (VB) (150 mm NaCl, 10 mm
MgCly, 10 mm Tris—HCI, pH 7.5). For T1L, ISVPs were obtained by digest-
ing virions in VB at a concentration of 1 x 1013 particles/mL with 200 ug/mL
chymotrypsin (Sigma-Aldrich) for 10-20 min at 32°C or 37°C. For T3DN
or T3A, the chymotrypsin digestions to make ISVPs were performed at
a concentration of 1 x 1012 particles/mL at 32°C. Digestion was stopped
with 2—-5 mm phenylmethyl sulfonyl fluoride (Sigma-Aldrich) on ice.

Cells and antibodies

BSC-1, CV-1, COS-7, LG2, BSC-1 LCA-tom and BSC-1 AP2(02)-GFP cells
were grown in DMEM (Invitrogen) supplemented to contain 10% FBS
(HyClone). Medium in which LG2 cells were grown additionally contained
G418 (Cellgro) at 500 ug/mL. Generation of anti-uNS serum antibodies
was previously described (56). Here, they were used at 1:1000 dilution for
IF, 1:10 000 dilution for immunoblotting and 1:100 dilution for IP. MAbs
against clathrin HC, X22 and TD.1, were obtained from the American Type
Culture Collection (ATCC). X22 was used for IF at 1:1000 dilution and TD.1
was used for immunoblotting at 1:100 dilution. MAb CON.1 specific for
clathrin LCA and LCB (LCA/B) was from ATCC and was used at 1:500
dilution for IF, 1:100 dilution for immunoblotting and 1:20 dilution for IP.
MAb 10A specific for the B subunits of both AP1 and AP2 (AP1/2) was
previously described (57) and was used at 1:2000 dilution for IF. MAb
specific for the influenza HA tag, Mono HA.11 (Covance), was used at
1:500 dilution for both IF and immunoblotting of the HA-tagged construct
(see next section). Goat anti-mouse immunoglobulin G (IgG) and goat
anti-rabbit IgG conjugated to Alexa 488 or Alexa 594 were obtained from
Molecular Probes and used at 1:500 dilution for IF. Rabbit-specific donkey
1gG conjugated to horseradish peroxidase (Jackson ImmunoResearch) was
used in secondary immunoblot detection at 1:5000 dilution. Peroxidase-
labeled goat anti-mouse IgG (KPL) was used in secondary immunoblot
detection at 1:2000 dilution.

Generation of plasmids for protein expression
C-terminally tagged NTD-HA (aa 1-363) was constructed by polymerase
chain reaction (PCR) amplification from a template encoding the full-
length clathrin HC (pCDNA3-rHC) (58). HA tag was engineered in
the reverse primer. The amplified fragment was inserted into the
mammalian expression vector pCl-neo (Promega). The subcloned region
was sequenced to confirm correctness. WT and mutant uNS proteins
were expressed from genes cloned into the pCl-neo vector. pCI-M3(T1L)
and pCI—MS(TSDN) to express uNS from MRV strains T1L or T3DN have
been described previously (13). Constructs to express uNS-715 and uNS-
718 were made in the same general manner as previously described for
uNS-713 (15), except using distinct reverse primers to introduce novel
premature stop codons at the desired positions in uNS (codons 716
and 719). To express T1L uNS containing the L711A mutation within
the putative clathrin-binding motif, QuikChange site-directed mutagenesis
(Stratagene) was performed using pCI-M3(T1L) as a template. The region
containing the desired mutation was subcloned into an equivalent vector
that had not been subjected to PCR. The subcloned region was sequenced
to confirm correctness.
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Recombinant viruses

We generated WT [rT3D-uNS(WT)] and mutant [rT3D-uNS(L711A)]
recombinant viruses by using the protocol and plasmid constructs of
Kobayashi et al. (569). To make the new plasmid construct for mutant uNS,
we used WT pT7-M3T3D construct (59) as a template for QuikChange site-
directed mutagenesis (Stratagene). The presence of the desired mutation
and absence of any spurious mutations within the M3 segment of rT3D-
uNS(L711A) virions were confirmed as follows. A monolayer of murine
929 fibroblast cells was infected with second-passage stock of rT3D-
uNS(L711A). At 24 h p.i., total RNA was isolated with TRIzol reagent
(Invitrogen), subjected to reverse transcription with SuperScript Il reverse
transcriptase (Invitrogen) according to manufacturer’s instructions and
PCR-amplified using M3-specific primers. Purified PCR products were then
analyzed by sequencing. Virions of plasmid-rescued viruses were purified
and treated in the same manner as native virions. Titration experiments —
.929 or CV-1 cell monolayers were incubated for 1 h with purified virions of
rT3D-uNS(WT) or rT3D-uNS(L711A) over a range of different multiplicities
of infection (0.0001-2 PFU/cell) in 100 uL of attachment buffer. After
removal of unabsorbed virus by two washes with attachment buffer,
cells were incubated in normal media at 37°C for the indicated times. To
determine virus yields at these times p.i., infected cells were lysed by
freezing and thawing, and infectious titers in the resulting lysates were
measured by plaque assay in L929 cells (60).

Infections and transfections

For IF imaging experiments, 1-4 x 104 cells per well of 24-well culture
plates (or twice that cell number per well of 12-well culture plates)
were plated on glass coverslips 1 day before the experiment. For IP
experiments, 3-6 x 10° cells were plated per 100-mm culture dish 1 day
before the experiment. For Tf uptake, VSV-G'S-GFP protein secretion and
live-cell imaging experiments, 2-5 x 10° cells per 25-mm glass coverslip
in 6-well culture plates were plated 16 h before the experiment unless
stated otherwise. Infections — ISVPs or virions of indicated strains diluted
in attachment buffer (PBS with 2 mm MgCly) were bound to cells at
1-5 x 104 particles/cell (=50 PFU/cell) unless stated otherwise. The high
multiplicity of infection was used in most experiments to increase the
fraction of cells infected as well as the level of uNS expression per cell.
To rule out any artifacts attributable to the high multiplicity, however,
experiments were later performed at lower multiplicities (5, 0.5 and 0.05
PFU/cell) and yielded the same conclusions: recruitment of both clathrin HC
and clathrin LC to viral factories in the case of rT3D-uNS(WT) but not rT3D-
uUNS(L711A) (see Figure 4 for results with 5 PFU/cell). ISVPs were used
to initiate infections in most experiments because in our experience they
infect cells more efficiently, quickly and synchronously than do virions. The
attachment of virus particles to cells on coverslips was performed on ice in
50 puL of attachment buffer for the 24-well format, 100 uL for the 12-well
format and 200 uL for the 6-well format. The attachment of virus particles
to cells in 100-mm plates was performed at room temperature in 600 plL of
attachment buffer. Mock infections were performed equivalently, except
that virus was omitted from the attachment buffer. After attachment, cells
were fixed or harvested either immediately (time 0) or after incubating
at 37°C in normal media for various times to allow infection to proceed.
Transfections — Most transfections were performed using Lipofectamine
2000 (Invitrogen) following manufacturer’s protocol, except that half of
the recommended amounts of DNA and transfection reagent were used.
Cells were fixed or harvested at 24-38 h p.t. as indicated in legends
to figures. Transfections of a plasmid expressing VSV-G'S-GFP were
performed using TransIT-LT transfection reagent (Mirus) according to
manufacturer’s instructions.

IF microscopy

Transfected or infected cells on coverslips were washed with PBS and
then fixed with 4% paraformaldehyde in PBS (PFA 4%) for 10 min at
room temperature. All experiments included relevant mock-infected or
mock-transfected controls. PFA was removed by three washes in PBS,
and cells were permeabilized in IF buffer (PBS, 1% bovine serum albumin,
0.5% Triton-X-100) for 15 min at room temperature. Antibodies were
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diluted in IF buffer, and incubations with both primary antibodies (anti-
uNS serum, CON.1, X22, 10A or Mono HA.11) and secondary antibodies
(goat anti-mouse IgG and goat anti-rabbit IgG conjugated to Alexa 488
or Alexa 594) were performed for 30-60 min at room temperature; 300
nm 4,6-diamidino-2-phenylindole (DAPI) (Molecular Probes) was included
during the incubations with secondary antibodies to counterstain cell
nuclei. Cells were washed 3x with PBS both between and after
antibody incubations. Coverslips were mounted on glass slides using
Prolong antifade reagent (Molecular Probes) and examined in a Nikon
TE-2000U inverted microscope. Images were collected digitally using a
cooled, charge-coupled device camera (Hamamatsu) and processed using
a combination of MeTamorpeH 6.1 (Molecular Devices) and Adobe Photoshop
CS2. For Tf uptake and VSV-G'S-GFP secretion experiments, images were
examined under an inverted spinning-disc confocal microscope (Zeiss) and
processed using SLiDEBOOK 5 software (Intelligent Imaging Innovations, 3i).

Immunoprecipitation

Infections - Infected cells from five 100-mm dishes were scraped and
collected into a single tube. They were then pelleted at 500 x g for 5 min
and lysed in 666 uL of Raf buffer [20 mm Tris, pH 7.9, 137 mm NaCl,
10% glycerol, 1% Nonidet P-40 (NP-40)] containing protease inhibitors
(Roche Biomedicals) for 30 min on ice with occasional vortexing. Cell
debris was then removed by centrifugation at 8000 x g for 3 min, and
the supernatant was transferred to a new tube with 83 uL of protein
G agarose beads (Sigma-Aldrich) for preclearing by rotary mixing at 4°C
for 2-12 h. Beads were removed by pelleting, and infected-cell lysate
was split into three aliquots. One aliquot was incubated with anti-uNS
serum antibodies, the second with MAb CON.1 and the third without
antibody (mock IP). The identical protocol was followed for mock-infected
cells except that two dishes were used and volumes of all solutions and
reagents were appropriately scaled down at each step. Mock-infected cell
lysates were incubated with anti-uNS serum antibodies. Antibody/protein
complexes were isolated by three sets of incubations with 20 uL of
protein G beads (Dynal) (4-12 h each at 4°C). Beads and aliquots of
the supernatant were boiled in 1x gel sample buffer (125 mm Tris, pH
8.0, 1% SDS, 0.02% p-mercaptoethanol, 10% glycerol). Transfections —
Cells from three 100-mm plates transfected with the same plasmid or
a combination of plasmids were scraped and pooled into a single tube.
They were then pelleted at 500 x g for 5 min and lysed in 400 uL of Raf
buffer containing protease inhibitors for 30 min on ice with occasional
vortexing. Cell debris was then removed by centrifugation at 16 000 x g
for 3 min, and the supernatant was transferred to a new tube with 50 puL
of protein G agarose beads for preclearing by rotary mixing at 4°C for
2-12 h. Beads were separated from the lysate by pelleting, and two
30-ulL aliquots of precleared lysate were removed, boiled in gel sample
buffer and saved for analysis of relative levels of expressed proteins. The
remainder of the lysate was incubated with anti-uNS serum antibodies at
4°C overnight, and the antibody/protein complexes were isolated by three
sets of incubations with 25 uL of protein G beads (Dynal) (4-12 h each
at 4°C). Beads and aliquots of the supernatant were boiled in gel sample
buffer.

Immunoblotting

A portion of immunoprecipitated protein sample (bead fraction; one fourth
for infected or singly transfected cells, four fifths for doubly transfected
cells), along with a portion of pre-IP or post-IP supernatant (one twentieth
for transfected cells and one tenth for infected cells), was analyzed by
SDS-PAGE and transferred from the gel to a nitrocellulose membrane
(BioRad) in transfer buffer (25 mm Tris, pH 8.3, 192 mm glycine). Antibody
incubations were performed in 20 mm Tris—HCI (pH 7.5), 500 mm NaCl,
5% milk, 0.05% Tween-20. Binding of peroxidase-conjugated secondary
antibodies was detected with Western Lightning chemiluminescence
reagents (Perkin Elmer) and scanned on a Typhoon imager (GE Healthcare).
For anti-HA blots, the membrane was instead exposed to fluorography film
(Fujifilm SuperRX) for increased sensitivity.
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Transferrin uptake and VSV-G protein secretion
Mock-infected or ISVP-infected BSC-1 LCA-tom cells on coverslips
(12-16 h p.i.) were washed once with PBS and incubated with Alexa 647-
labeled Tf (50 pug/mL final) in DMEM supplemented with 10% FBS for 7 min
at 37°C. Cells were washed twice with ice-cold PBS to remove unbound
Tf, once with ice-cold PBS containing 10% acetic acid and 150 mm NaCl
to remove the cell surface-bound Tf, then twice more with ice-cold PBS
before fixing with PFA 4%. Cells were immunostained for uNS and imaged
as described under /F microscopy. To quantify Tf uptake, the localization
of Alexa 647-labeled Tf was scored in at least 50 cells: cells showing
labeled Tf localized in the vicinity of the nucleus were considered positive
for Tf uptake; those cells revealing no labeled Tf in their interior (with little
to no labeled Tf at the plasma membrane) were considered negative for
Tf uptake. To assay the effect of reovirus-induced clathrin redistribution
on protein secretion, we used a modification of the previously described
VSV-G protein secretion assay (43). Briefly, BSC-1 cells transfected with
pVSV-G'S-GFP were incubated at 40°C for 16 h to allow VSV-G'S-GFP
expression but to prevent its correct folding. Transfected cells were mock
infected or infected with T1L, rT3D-uNS(WT) or rT3D-uNS(L711A) ISVPs.
Infection was allowed to proceed for 12-16 h at 40°C, at which point
the cells were shifted to 32°C for 2h to allow the refolding of VSV-
G'S-GFP. Cells were then fixed with PFA 4%, immunostained for uNS
and imaged as described under /F microscopy. To quantify VSV-G'S-GFP
secretion, its localization in at least 50 cells was scored: cells showing
strict localization of VSV-G'S-GFP in the ER and TGN were considered
negative for VSV-G!S-GFP secretion; those cells additionally showing VSV-
G'S-GFP localized at the plasma membrane were considered positive for
VSV-G'S-GFP secretion.

Live-cell imaging and data analysis

BSC-1 AP2(62)-GFP cells on coverslips were mock infected or infected
with ISVPs of strains T1L, rT3D-uNS(WT) or rT3D-uNS(L711A) for 16
or 24 h at 37°C prior to imaging. Infected cells on coverslips were
placed into a perfusion chamber and maintained in phenol-red-free
DMEM supplemented with 10% serum and 20 mm HEPES pH 7.4.
The temperature of the specimen was kept at 37°C using a Peltier-
controlled sample holder (20/20 Technologies). The holding device and
the microscope stage were maintained in an air-controlled environmental
chamber. The air above the cells was maintained at 37°C, humidified
and contained 5% CO,. All spinning-disk confocal imaging experiments
were conducted using the microscope setup recently described (42).
A spherical aberration correction (SAC) unit (Intelligent Imaging 3i) was
used to reduce the spherical aberration and increase the sensitivity.
Images were captured using SLIDEBOOK 5. Images were then analyzed as
described previously using semiautomated MATLAB routines (42). Briefly,
to identify CCPs by monitoring the AP-2(62)-GFP signal, a sequence of
2D Gaussian and Laplacian filtering followed by thresholding were applied
to the dataset to create masks defining the fluorescent objects. The
fluorescence intensity profile of each object over time was measured and
used to characterize the endocytic events. CCPs were selected according
to the following criteria: (i) The selected objects displayed the fluorescence
intensity profiles characteristic of endocytic events (28,42); (ii) the objects
appeared and disappeared within the time window of the data series
unless stated otherwise; (i) the objects displayed limited movement
(500 nm/lifetime) as expected for membrane-bound clathrin structures in
the horizontal plane during their growth phase (28) and (iv) the objects did
not collide with each other during the time window of the data series. The
CCP lifetime distributions and the box-and-whisker graphs were plotted
using GrapHPAD Prism software.
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Supporting Information

Additional Supporting Information may be found in the online version of
this article:

Figure S1: Clathrin HC, but not AP1 or AP2, colocalizes with uNS in
MRYV factories. Cells were infected with T1L ISVPs and were fixed for
indirect IF microscopy at 0, 3, 7 or 12 h p.i. uNS-specific serum antibodies
(a-uNS) and either MAb X22 (A) or MAb 10A (B) were used in IF. Merged
images are shown at right (a-uNS, green; a-CHC or a-AP1/2, red). Scale
bars, 20 um.

Figure S2: AP2(02)-GFP is recruited to MRV factories late in infection.
BSC-1 cells stably expressing AP2(62)-GFP were mock infected or infected
with either T1L, rT3D-uNS(WT) or rT3D-uNS(L711A) MRV for 42 h. uNS-
specific serum antibodies (a-uNS) and Alexa 647-conjugated secondary
antibody were used in IF. Representative overlayed images of factories
(blue) and AP2(c2)-GFP (green) are shown. Scale bars, 10 um.

Figure S3: LNS(471-721) recruits clathrin to factory-matrix structures.
uNS (471-721) protein was expressed in CV-1 cells by plasmid-based
transfection. At 16 h p.t., cellular localizations of uNS as well as clathrin
were visualized by indirect IF microscopy using a combination of uNS-
specific serum antibodies (a-uNS) and MAb X22 (a-HC). Scale bar, 10 um.

Figure S4: Clathrin recruitment by wNS is not essential for virus
growth in cultured cells. A) L929 cells were infected with two
different preparations each of either purified rT3D-uNS(WT) (closed bars)
or rT3D-uNS(L711A) (open bars) at 0.0001 PFU/cell, and infectious titers
were determined at indicated times p.i. by plague assay. Results of
a representative experiment are shown. B) CV-1 cells were infected
with purified rT3D-uNS(WT) (closed symbols) or rT3D-uNS(L711A) (open
symbols) at 0.1 PFU/cell (circles) or 1 PFU/cell (squares), and infectious
titers were determined at indicated times p.i. by plaque assay. Yields
are expressed relative to paired 0-h samples for each virus. Results of a
representative experiment are shown.

Figure S5: Transferrin uptake is not inhibited at 12h p.i. by
MRV. BSC-1 cells stably expressing clathrin LCA fused to tomato
fluorescent protein (CLC-tom) were mock infected or infected with
either T1L or rT3D-uNS(WT) MRV. At 12 h p.i.,, fluorescent Tf uptake
was performed as described in Materials and Methods, and cells were
fixed and immunostained using uNS-specific serum antibodies (a-uNS).
Representative confocal images of mock- and MRV-infected cells are
shown, with merged images at right (a-uNS, green; CLC-tom, red; Tf,
blue). Scale bars, 10 um.

Video S1: Redistribution of clathrin LCA to MRV factories late in infection.
BSC-1 cells stably expressing clathrin LCA tagged with GFP (LG2 cells)
were infected with MRV strain T1L and time-lapse video (3 seconds per
frame) was recorded at 30 h p.i. Video is shown at the speed of 10 frames
per second [actual time passage (hh:min:second) is shown in the lower-left
corner].

Video S2: Dynamics of CCP formation in mock-infected cells. BSC-1 cells
stably expressing AP2(c2)-GFP were mock infected 36 h prior to imaging.
The movie is a 2-D time series acquired for 300 seconds at 3-second
intervals from a single optical section obtained by spinning-disk confocal
microscopy and using 100-millisecond exposures.
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Video S3: Dynamics of CCP formation in T1L-infected cells. BSC-1 cells
stably expressing AP2(62)-GFP were infected with MRV strain T1L 36 h
prior to imaging. The movie has the same characteristics as Video S2.

Video S4: Dynamics of CCP formation in rT3D-uNS(WT)-infected cells.
BSC-1 cells stably expressing AP2(c2)-GFP were infected with MRV
strain rT3D-uNS(WT) 36 h prior to imaging. The movie has the same
characteristics as Video S2.

Video S5:

Dynamics of CCP formation in rT3D-uNS(L711A)-infected

cells. BSC-1 cells stably expressing AP2(02)-GFP were infected with MRV
strain rT3D-uNS(L711A) 36 h prior to imaging. The movie has the same
characteristics as Video S2.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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