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Novel function of a dynein light chain in actin
assembly during clathrin-mediated endocytosis
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Department of Biochemistry and Molecular Biology, Colorado State University, Fort Collins, CO

Clathrin- and actin-mediated endocytosis is essential in eukaryotic cells. In this study, we demonstrate that Tda2 is
novel protein of the endocytic machinery necessary for normal internalization of native cargo in yeast. Tda2 has not
been classified in any protein family. Unexpectedly, solving the crystal structure of Tda2 revealed it belongs to the dynein
light chain family. However, Tda2 works independently of the dynein motor complex and microtubules. Tda2 forms a
tight complex with the polyproline motif-rich protein Aim21, which interacts physically with the SH3 domain of the
Arp2/3 complex regulator Bbc1. The Tda2-Aim21 complex localizes to endocytic sites in a Bbc1- and filamentous
actin—dependent manner. Importantly, the Tda2-Aim21 complex interacts directly with and facilitates the recruitment of
actin-capping protein, revealing barbed-end filament capping at endocytic sites to be a regulated event. Thus, we have
uncovered a new |oyer of regu|otion of the actin cytoske|eton by a member of a conserved protein chi|y that has not
been previously associated with a function in endocytosis.

Introduction

Clathrin-mediated endocytosis (CME) is an essential process
spanning all eukaryotes (Boettner et al., 2011; Traub and Bon-
ifacino, 2013; Kirchhausen et al., 2014; Goode et al., 2015).
CME has roles in the maintenance of membrane composition,
signaling, protein trafficking, polarity, virus uptake, and nutri-
ent and drug internalization (Brodsky et al., 2001; Brodsky,
2012). Applications of CME extend from basic eukaryotic cell
biology to physiology and human disease (Robinson, 2015).
CME is highly conserved between yeast and mammalian cells
in protein composition, progression, and function. Close to 60
proteins have been identified with roles in CME, and live-cell
fluorescent microscopy has revealed that they form patches on
the plasma membrane, where they assemble in a precisely cho-
reographed manner (Kaksonen et al., 2003, 2005; Weinberg and
Drubin, 2012). Early in CME, a subset of coat proteins gathers
at the membrane in an immobile but variable timed phase. In-
termediate coat proteins and integral membrane protein cargoes
then arrive at the endocytic site. Later, actin polymerization and
actin-associated proteins are observed, concomitant with the in-
ward movement of the membrane and most of the CME machin-
ery. Lastly, scission and uncoating processes free the vesicle and
allow the recycling of machinery components. Despite the de-
scription of the dynamics of many machinery proteins, several
aspects of the endocytic process and its regulation are not well
understood. For example, recently described putative endocytic
factors are yet to be established as true components of the CME
machinery and, if confirmed, the molecular function they may
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serve remains to be elucidated (Burston et al., 2009; Weinberg
and Drubin, 2012; Farrell et al., 2015; Goode et al., 2015).

Actin polymerization produces force to overcome mem-
brane tension and causes membrane bending during CME
(Kukulski et al., 2012). When yeast cells are incubated with the
actin monomer—sequestering agent latrunculin A, early endo-
cytic coat proteins are recruited to the membrane, but invagi-
nation does not occur (Kaksonen et al., 2003; Newpher et al.,
2005). Similarly, when the link between actin and the membrane
is broken, such as in cells carrying a deletion of the SLA2 gene,
large “comet tails” of actin are present, but the membrane does
not internalize (Kaksonen et al., 2003; Newpher et al., 2005).
Actin polymerization is a highly regulated process, and numer-
ous actin-associated proteins are needed for the membrane in-
vagination step of CME. For example, the a and  subunits of
actin-capping protein localize to CME sites and are required
for actin filament barbed-end capping function (Amatruda and
Cooper, 1992; Amatruda et al., 1992). Thus, yeast cells carrying
a deletion of the CAPI or CAP2 genes encoding the actin-cap-
ping protein a and f§ subunits show a defect in CME (Kaksonen
et al., 2005). The mechanisms and regulation of this CME net-
work of actin-associated proteins are still being uncovered. For
instance, it is not known whether capping protein simply binds
in free fashion to newly formed barbed ends or if it is actively
recruited via interactions with other proteins during CME.

In contrast to the fundamental functions of the actin
cytoskeleton, microtubules and microtubule-associated motor
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proteins such as kinesin and dynein are not known to localize to
CME sites or to have a role in endocytosis. Interestingly, some
members of the dynein light chain protein family have functions
independent of the dynein motor complex and microtubules
(Chuang et al., 2005; Yeh et al., 2006, 2012; Conde et al., 2010;
Li et al., 2011; Rapali et al., 2011). Nevertheless, no dynein
light chain has been reported to work in endocytosis.

In this study, we show that Tda2 is a novel component of
the CME machinery that associates with the actin cytoskeleton
during the late stages of the endocytic process and is needed
for the efficient uptake of native cargo. X-ray crystallography
revealed Tda2 is an ancient dynein light chain. Tda2 is more
closely related to the TcTex1 type than to the LC8 or LC7
branches of the dynein light chain family, thus representing
the first TcTex1 dynein light chain found in yeast. Importantly,
Tda2 has a dynein motor— and microtubule-independent role
in CME. Tda2 forms a tight complex with another endocytic
protein, Aim21, and together they are recruited to CME sites
through interaction with Bbc1, a component of the WASp/Myo
module and a regulator of actin polymerization during CME.
The Tda2—Aim21 complex binds actin-capping protein directly
and mediates its recruitment to CME sites. Therefore, we have
discovered a new function for the dynein light chain working as
a regulator of the actin cytoskeleton during CME.

Tda2 was an uncharacterized protein of unknown function. In a
screening for new candidate components of the CME machin-
ery, we found that Tda2 localizes to endocytic sites, suggesting
Tda2 may function in endocytosis (Farrell et al., 2015). In still
images, Tda2-GFP colocalized with the well-established CME
intermediate coat protein Slal-RFP with a Pearson correlation
coefficient of 0.49 = 0.13 (Fig. 1 A; Farrell et al., 2015). In
time-lapse imaging, Tda2-GFP appeared at 96% of Slal-RFP
patches and, conversely, Slal-RFP appeared at 98% of Tda2-
GFP patches. Tda2-GFP had a patch lifetime of 13 + 4 s, appear-
ing only at the late stages of Slal-RFP fluorescence (Fig. 1 B
and Video 1). Tda2-GFP overlapped Slal-RFP fluorescence
by several seconds and persisted after Slal-RFP disappeared.
Furthermore, when analyzed in cells with a temperature-sensi-
tive clathrin heavy chain (chcl-ts), Tda2-GFP showed no patch
lifetime change upon clathrin destabilization by high tempera-
ture, whereas coat proteins such as Slal-RFP had a significantly
decreased patch lifetime (Fig. 1, D and E). These results sug-
gest that Tda2 may be a component of the CME machinery,
in particular the actin module or the scission module, rather
than a coat protein. Interestingly, Tda2-mCherry appeared at
endocytic sites just before the scission protein Rvs167-GFP
(Fig. 1 C). Localization, timing, dynamics, and independence
from the clathrin coat suggest that Tda2 is part of the late-stage
endocytic machinery, likely the actin cytoskeleton.

To analyze endocytic dependence on Tda2, endocytic as-
says were performed with cells carrying a deletion of the TDA2
gene (tda2A). First, we used Mup1-GFP to track cargo endocy-
tosis. Mupl is a methionine transporter that is localized to the
plasma membrane in methionine-starved cells, but quickly in-
ternalized via CME after returning the cells to methionine-rich
media. A delay in Mup1-GFP internalization was observed in

tda2A cells relative to control cells (Fig. 2 A). Second, a small
but significant defect in fluid-phase endocytosis was mea-
sured in tda2A cells using the fluorescent dye Lucifer yellow
(Fig. 2 B). The Lucifer yellow internalization defect was less
pronounced than the one observed with cells carrying a deletion
of the SLAI gene (slalA), which is known to essentially stall
CME (Fig. 2 B; Holtzman et al., 1993; Howard et al., 2002;
Kaksonen et al., 2005; Di Pietro et al., 2010). The extent of
the endocytic defect in rda2A cells was comparable to the one
we observed for other endocytic machinery mutants including
Las17-MP8-12, a mutant displaying misregulation of actin po-
lymerization during CME (Feliciano and Di Pietro, 2012; Far-
rell et al., 2015). Collectively, these data indicate that Tda2 is a
newly identified late-stage component of the CME machinery
needed for optimal endocytosis.

Tda2 has very low sequence similarity to any characterized
protein in databases and therefore has not been classified into
any protein family from which to infer function at a molecular
level. To determine its 3D structure, recombinant 6-histidine—
tagged Tda2 (His-Tda2) was expressed in Escherichia coli,
purified, concentrated, and crystalized using the hanging drop
vapor diffusion method. The crystal structure of Tda2 was de-
termined by the multiwavelength anomalous diffraction method
using data collected from a bromide-derivative crystal, where
the anomalous signal extended to 2.5 A. This model was re-
fined against native data to a resolution of 2.3 A and R/R;,,
values of 21.2/26.5% (Table 1). The asymmetric unit was com-
posed of two Tda2 molecules. The full-length protein chains,
apart from the first four residues and some loops within the
B chain monomer, were clearly observed in the electron den-
sity for both molecules.

Tda2 forms a homodimer via a combined central } sand-
wich, with each p sheet composed of four strands arranged in an
antiparallel fashion (f2°’—f1-p4—f3), and the two helices from
each Tda2 molecule flanked this central f sandwich (Fig. 3 A).
The existence of the dimer in solution was verified by analyt-
ical ultracentrifugation that revealed a single 30.8-kD species,
consistent with a dimer of 15.6-kD monomers (Fig. 3 B). The
first strand of each P sheet was contributed by the homodimer
partner, and the major interface between the two molecules
was the antiparallel p2°—fp1 strand interaction. The dimer inter-
face buried a total of 3,138 A2 solvent—accessible surface area
(~1,570 A2 of each molecule).

Surprisingly, the overall Tda2 fold was highly homolo-
gous to the dynein light chain of the TcTex1 type. The closest
structural homologue is the Drosophila melanogaster TcTex1
(PDB: 1YGT chain A; root mean square deviation [rmsd] of
~1.8 A on 85/104 C pairs; Fig. 3 C; Williams et al., 2005, 2007;
Hall et al., 2009). Tda2 also shared structural homology with
the LC8-type dynein light chain. Among the LC8-type dynein
light chains with known structure, the Saccharomyces cerevi-
siae LC8 is the closest structural homologue of Tda2 (PDB:
4HT6 chain E; rmsd of ~2.1 A on71/86 C pairs; Fig. 3 D; Rao
et al., 2013). This is consistent with the fact that TcTex1 and
LCS8 have a similar fold. However, Tda2 shares only 9% over-
all sequence identity with S. cerevisiae LC8 and 14-16% with
TcTex1 from Homo sapiens, Mus musculus, D. melanogaster,
and Caenorhabditis elegans, reinforcing the idea that Tda2 is a
TcTex1-type dynein light chain. The third type of dynein light
chain, LC7 (also known as Roadblock), has a more distantly
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Figure 1. Tda2 localizes to sites of CME at
late stages of the endocytic process and in-
dependently of the clathrin coat. (A) Live-cell
fluorescence microscopy showing strong co-
localization between Tda2-GFP and Sla1-RFP.
(B) Dynamics of Tda2-GFP and Sla1-RFP were
compared. (Left) One frame of a video indicat-
ing with a white box the endocytic site used for
constructing a kymograph. (Right) Kymograph
illustrating how Tda2 is recruited fo late stages
of endocytosis. (C) Livecell fluorescence mi-
croscopy showing strong colocalization be-
tween Tda2-mCherry and Rvs167-GFP. Notice
Tda2-mCherry arrives a few seconds before
Rvs167-GFP. (D and E) Patch lifetimes of Sla1-
RFP and Tda2-GFP were measured in WT cells
(CHCI) and cells carrying a temperature-sensi-
tive allele of the clathrin heavy chain (chc-ts)
after incubating the cells at 23° or 37°. Clath-
rin disruption (37°) reduces patch lifetime in
Sla1-RFP but not Tda2-GFP. Bars, 1 pm. Error
bars indicate means + SEM. *, P < 0.05.

B CHC1 23°
M CHC1 37
Mchc1-ts 23°
Mchc1-ts 37°

*H

Tda2-GFP

Patch lifetime (s) [T1

Sla1-RFP !

related fold. For example, D. melanogaster LC7 (PDB: 3L7H
chains C and D) has an rmsd of ~3.6 A on 71/90 C pairs. Also,
Tda2 shares a mere 9-12% sequence identity with LC7 from
H. sapiens, M. musculus, D. melanogaster, and C. elegans. The
data therefore reveal that Tda2 is an ancient dynein light chain
more closely related to the TcTex1 branch of the protein family.

The identification of Tda2 as a member of the dynein light
chain family was unexpected as microtubules and the microtu-
bule-associated dynein motor complex are not known to have
roles in endocytosis. Although metazoan TcTex1 has been

shown to have both dynein motor—dependent and —independent
functions, it is not known to work in endocytosis (Chuang et
al., 2005; Yeh et al., 2006, 2013; Conde et al., 2010; Li et al.,
2011; Rapali et al., 2011). To investigate whether Tda2 is as-
sociated with the dynein motor complex and microtubules, we
followed several approaches.

First, cells were treated with the microtubule-depolymer-
izing agent nocodazole. Previously known endocytic proteins
(Slal, Myo5, and Rvs167) did not show any change in recruit-
ment or patch lifetimes (Fig. S1 A) under conditions in which
microtubules were readily disrupted (Fig. S1 C). Similarly,
Tda2 recruitment and lifetime was unaffected by microtubule
depolymerization, suggesting that microtubules are not needed
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Figure 2. Tda2 is needed for optimal endocytosis of a native cargo. (A) Endocytosis of Mup1-GFP was analyzed in WT (TDA2) and tda24 cells as de-
scribed in the Fluorescence microscopy and endocytosis assays section of Materials and methods. Internalization of Mup 1-GFP was delayed in tda24 cells.
Representative images at indicated time points are pictured below the plots. (B) WT (TDA2), tda24, and sla14 cells were incubated with the fluorescent dye
Lucifer yellow and analyzed by fluorescence microscopy. Lucifer yellow internalization was modestly reduced in tda24 cells, whereas slal4 cells portray a
severe defect. Vacuoles containing Lucifer yellow are seen after 2 h incubation, pictured below the plots. Bars, 10 pm. Error bars indicate means + SEM.

*, P<0.05; **, P<0.01.

for Tda2 recruitment or normal progression of endocytosis (Fig.
S1, A-C). Additionally, cells carrying a deletion of the TDA2
gene (tda2A) did not show any obvious defects in microtubules
as observed with Tub1-GFP (Fig. S1 C).

Second, live-cell imaging analysis did not show any
colocalization between Tda2-mCherry and Dyn2-GFP, the
yeast LC8 dynein light chain component of the dynein motor
complex (Pearson correlation coefficient = 0.04 + 0.03; Fig.
S1 D). Furthermore, Dyn2-GFP was not observed at endo-
cytic sites (Fig. S1 E).

Third, biochemical experiments failed to detect Tda2
association with the dynein motor complex. To facilitate fur-
ther investigation into endogenous Tda2, a rabbit affinity-pu-
rified anti-Tda2 antibody was generated and verified using
recombinant His-Tda2 purified from bacteria as well as with
cytosolic extracts from WT and tda2A cells (Fig. 4 A). Then,
a TAP-tagged strain of the dynein heavy chain (DYNI-TAP)

was used to purify the dynein motor complex under conditions
that preserve motor integrity and activity (Markus and Lee,
2011; Markus et al., 2012; Lammers and Markus, 2015). Im-
munoblotting analysis showed that Tda2 was present in total
cell extracts but did not copurify with the dynein heavy chain
(Fig. S1 F). Size-exclusion chromatography on a Superpose-6
column was then performed to examine the behavior of Tda2
(Fig. 4 A). According to the column calibration with protein
standards, recombinant purified Tda2 eluted at the size expected
for the stable homodimer demonstrated in the crystal structure
(Fig. 4 A; Stokes radius ~20 A and ~29 kD). A cytosolic extract
from tda2A cells showed no signal, confirming the specificity
of our antibody (Fig. 4 A). In cytosolic extracts prepared from
WT cells, Tda2 eluted as two peaks, the homodimer and a larger
species with an estimated Stokes radius of ~54 A, correspond-
ing with molecular weights of ~250 kD for a globular complex
(or less for an asymmetric complex; Fig. 4 A). This cytosolic



Table 1. Tda2 data collection and refinement statistics

PDB Code 5VKY
Data collection
Space group P2,2,2

Cell dimensions

a b c(A) 50.39, 161.26, 33.26
B,y ) 90, 90, 90
Resolution (A) 53.75.2.30 (2.38-2.30)
Rierge 0.035 (0.195)
cCw 1.00 (0.986)
Mean I/l 32.9 (8.4)
Completeness (%) 100 (100)
Multiplicity 6.8 (6.4)
Refinement

Resolution (A)
Reflections

Ruork/ Ricee (%)
Number of atoms

40.31-2.3 (2.382.30)
12,714 (1,257)
21.1/26.5 (22.9/31.8)

Protein 1,843

Ligand/ion 0

Water 87
Bfactors

Protein 45

Water 47.7
Rmsd

Bond lengths (A) 0.008

Bond angles (°) 0.87
Ramachandran

Favored (%) 98.6

Outliers (%) 0

Values in parentheses are for highestresolution shell.

Tda2 complex is much smaller than the large dynein motor
protein complex of >1,000 kD, which eluted with the column
exclusion volume (fractions 7-8), further supporting Tda2 as
separate from the dynein motor complex.

Fourth, the dynein motor pathway has a genetic interaction
with the Kar9 pathway with dynlAkar9A double mutant cells
showing a strong synthetic effect (Fig. S1 G; Lee et al., 2005).
In contrast, tda2Akar9A double mutant cells did not show a syn-
thetic effect (Fig. S1 G). Therefore, the data indicate that Tda2
does not localize, function, associate, or interact genetically
with the dynein motor complex and microtubules. However, the
data suggest that Tda2 is part of a different complex.

Aim?21 is a protein of unknown function that may be linked
to Tda2 (Gavin et al., 2002). As determined by size-exclu-
sion chromatography, the majority of cytosolic Tda2 exists in
a complex of ~54 A (Fig. 4 A). However, in cytosolic frac-
tions from aim21A cells analyzed in parallel, the ~54-A Tda2
species was no longer present, and only the ~20-A Tda2 ho-
modimer was observed (Fig. 4 A), suggesting that Aim21 is
an essential component of the ~54-A complex. To test for a
direct physical association between Tda2 and Aim21, GST
pulldown experiments with purified recombinant proteins were
performed. GST alone and GST-Aim21 were immobilized on
glutathione-Sepharose and subsequently incubated with His-
Tda2. GST-Aim21 was able to specifically pull down His-Tda2,
indicating a direct interaction between Tda2 and Aim21 (Fig.
S2). Consistent with a Tda2—-Aim21 complex, localization of

Tda2-GFP was completely lost in aim2IA cells, indicating
that Tda2 recruitment to endocytic sites is strictly dependent
on Aim21 (Fig. 4 B). Immunoblotting analysis of total cell ex-
tracts indicated that Tda2-GFP was not destabilized in aim21A
cells (Fig. S2 B). Conversely, Aim21-GFP recruitment to en-
docytic sites was strongly dependent on Tda2, as determined
with tda2A cells, although some residual Aim21-GFP was
observed (Fig. 4 C). Quantification of the Aim21-GFP mislo-
calization in tda2A cells likely underestimated the defect as
many patches had too little Aim21-GFP fluorescence to be de-
tected and included in the analysis. Immunoblotting analysis of
total cell extracts showed Aim21-GFP was not destabilized in
tda2A cells (Fig. S2 B).

We further tested aim21A cells using the same endocyto-
sis assays described in the first section of the Results, Mupl-
GFP and Lucifer yellow (Fig. S3). In both assays, aim21A
cells showed an endocytosis defect similar to the one observed
with tda2A cells relative to WT cells. Finally, Tda2-RFP and
Aim21-GFP colocalized tightly at CME sites (Fig. S4 D). Col-
lectively, these data suggest that Tda2 interacts directly with
Aim21, forming a stable complex of ~54 A that was present
in the cytosol and recruited to CME sites to function during
late stages of endocytosis.

Because of the late recruitment of Tda2 to the endocytic site,
its dynamics and lifetime are similar to filamentous actin-
associated proteins (Fig. 1; Kaksonen et al., 2005). Indeed, live-
cell imaging showed Tda2-GFP and the well-established marker
of filamentous actin Abp1-RFP had very similar dynamics at
endocytic sites (Fig. 5 A). More importantly, upon treatment of
cells with the actin-depolymerizing agent latrunculin A, Tda2-
GFP was no longer recruited to endocytic patches (Fig. 5 B).
The behavior of Tda2 (and by extension Aim21) was typical
of proteins associated with filamentous actin at CME sites.
In latrunculin A—treated cells, coat proteins such as Slal-RFP
were recruited but remained immobile as the patch could not be
internalized without actin polymerization (Fig. 5 B; Kaksonen
et al., 2003; Newpher et al., 2005).

How is the Tda2—-Aim21 complex recruited to the actin
cytoskeleton at CME sites? Aim?21 is a 679-residue protein pre-
dicted to be largely disordered. Interestingly, our analysis of its
primary structure detected 10 sequences conforming to the poly-
proline motif consensus (PxxP, where x represents any amino
acid). We reasoned that some of these sequences may bind to
SH3 domains, which are prevalent among CME machinery pro-
teins. Yeast two-hybrid analysis was performed to test for binding
of full-length Aim21 to a panel of SH3 domains from known en-
docytic proteins (Tonikian et al., 2009). Only the SH3 domain of
Bbcl interacted with Aim21 as indicated by growth in selective
plates lacking histidine (—HIS; Fig. 6 A). The Aim21 PxxP se-
quences were clustered in three separate segments of the protein
corresponding with amino acids 1-85, 291-344, and 367—406.
The ability of each of these fragments to interact with the Bbcl
SH3 domain was assessed by yeast two-hybrid analysis, and a
comparison of the relative interaction strength was obtained by
using selective plates with increasing concentrations of 3-ami-
no-1,2,4-triazole (3-AT). The Bbcl SH3 domain showed strong
binding to Aim21 fragment 1-85, moderate binding to fragment
367406, and no binding to fragment 291-344 (Fig. 6 B).

Dynein light chain function in endocytosis
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Figure 3. Tda2 belongs to the dynein light chain family. (A) Ribbon representation of the Tda2 crystal structure (PDB entry 5VKY) showing a homodimer
via a combined central B sandwich, with each p sheet composed of four strands arranged in an antiparallel fashion and the two helices from each Tda2
molecule flanking the central B sandwich. One Tda2 molecule is shown in wheat color and the other in cyan, with some loops (magenta) on the cyan
subunit being in poor density and omitted from the final model. Structure is rotated 90° for another view on the right. (B) Analytical ultracentrifugation data
showing Tda2 to behave as a single species with a molecular weight of 30.8 kD, reflecting a dimer of 15.6-kD monomers in solution. (C and D) Ca-based
superposition of Tda2 (wheat) and D. melanogaster TcTex1 (violet; PDB entry 1YGT, chain A) or S. cerevisiae LC8 (green; PDB entry 4HT6, chain E).

To corroborate a direct association between the Aim?21
polyproline motif-rich fragments and the Bbcl SH3 domain,
we performed GST pulldown assays. GST fusions of the Aim21
fragments 1-85, 291-344, and 367-406 were immobilized on
glutathione-Sepharose and subsequently incubated with purified
6-Histidine—tagged Bbcl SH3 domain (His-Bbc1-SH3). Paral-
lel experiments were performed with purified His-Slal-SH3
as a negative control based on the yeast two-hybrid results.
Coomassie blue staining showed that the Aim21 fragment 1-85
strongly bound His-Bbc1-SH3 but did not bind His-Slal-SH3,
demonstrating specificity (Fig. 6 C). Aim21 fragment 367-406
also bound His-Bbc1-SH3, although to a lesser extent, and the
Aim21 fragment 291-344 showed no binding (Fig. 6 C). The
relative level of binding paralleled the data obtained with the
yeast two-hybrid system and confirmed a direct interaction be-
tween Aim21 and Bbcl. Given that Bbc1 is a component of the
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WASp/Myo module that regulates actin polymerization at CME
sites, the physical interaction between Aim21 and Bbcl1 is well
positioned to mediate recruitment of the Tda2—Aim21 complex
to CME sites. Confirming this idea, Aim21-GFP and Tda2-GFP
localization to endocytic sites was drastically decreased in cells
carrying a deletion of the BBCI gene (bbclA) compared with
WT cells (Fig. 6 D). Collectively, these data suggest that the
Tda2-Aim21 complex associates with the actin cytoskeleton at
CME sites through interaction with Bbcl.

The Tda2-Aim21 complex binds actin-
capping protein and regulates its
recruitment to endocytic sites

As described in the previous section, Tda2-GFP and Abp1-RFP
have very similar dynamics at endocytic sites (Fig. 5 A). In-
terestingly, upon close inspection, the fluorescent localization
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Figure 4. Tda2 exists both as a homodimer and in a larger complex with Aim21. (A) S. cerevisiae cytosol was fractionated by size-exclusion chromatog-
raphy on a Superose 6 column, and the resulting fractions were analyzed by immunoblotting (IB) with the indicated antibodies. Recombinant Tda2 eluted
at the expected position for the homodimer (peaking at fractions 19-20, Stokes radius ~20 A). Cytosolic cellular extracts prepared from WT cells showed
endogenous Tda2 eluting as a homodimer (peaking at fractions 19-20) as well as a larger complex (peaking at fraction 13, Stokes radius ~54 A). Cyto-
solic cellular extracts prepared from tda24 cells portrayed no Tda2, confirming the specificity of our affinity-purified anti-Tda2 antibody. Cytosolic extracts
prepared from aim21A cells showed the Tda2 homodimer species but no evidence of the larger Tda2 complex, indicating that Aim21 is essential for the
larger Tda2 complex. In cytosolic extracts from WT cells, endogenous capping protein (Cap1) eluted in fractions 17-18. The Stokes radius of standard
proteins is indicated at the top. (B) Live-cell fluorescence microscopy showing Tda2-GFP is no longer recruited to endocytic sites in aim214 cells. (C, left)
Livecell fluorescence microscopy showing Aim21-GFP recruitment to endocytic sites is severely reduced in tda24 cells. (Right) Quantification of the Aim21-
GFP peak fluorescence intensity at endocytic patches in control (TDA2) and tda24 cells. Bars, 1 pm. Error bars indicate means + SEM. ***, P < 0.001.

of Tda2-GFP appeared slightly offset from Abpl-RFP, with
Tda2-GFP appearing closer to the membrane than Abpl-RFP
fluorescence. Quantification showed the peak patch intensity of
Tda2-GFP was 0.13 + 0.06 um (n = 20 patches and seven cells)
closer to the plasma membrane than the peak patch intensity of
Abp1-RFP (Fig. S4 A). A similar offset in localization had been
previously demonstrated between actin-capping protein (Cap1/
Cap2 dimer) and Abpl1 in sla2A cells, with capping protein lo-
calizing closer to the plasma membrane (Michelot et al., 2013).
When Tda2-GFP fluorescence was compared with Cap1-RFP,
there was no shift in location of peak patch intensity (Fig. S4
B). This result was confirmed in cells with switched fluorescent
tags (Fig. S5). Consistent with a tight Tda2—Aim21 complex,
Aim21-GFP also showed no shift relative to Cap1-RFP (Fig. S4
C) and Tda2-RFP (Fig. S4 D). The analysis was further validated
by determining the localization offset between Myo5-GFP and
Abp1-mCherry, a pair of actin-associated proteins known to be
spatially separated. Quantification showed the peak patch inten-
sity of Myo5-GFP was 0.12 £ 0.01 um (n = 29 patches and eight
cells) closer to the plasma membrane than Abp1-RFP (Fig. S4
E). Thus, Tda2-Aim?21 is an actin filament—associated protein
complex with similar localization to actin-capping protein.
Interestingly, a large-scale screening suggested actin-capping

protein may be linked to Tda2 and Aim21, although no follow-
up experiments were reported (Gavin et al., 2002).

To test for a direct physical association between the Tda2—
Aim21 complex and actin-capping protein, GST pulldown ex-
periments with purified recombinant proteins were performed
(Fig. 7 A). GST-Aim21 (lane 1), GST-Tda2 (lane 3), and GST
alone (lane 4) were immobilized on glutathione-Sepharose and
subsequently incubated with actin-capping protein carrying a
6His-tag in its Capl subunit (His-Capl/Cap2 dimer). Neither
GST-Aim21 nor GST-Tda2 were able to pull down actin-
capping protein, as determined by Coomassie blue staining and
anti—6His-tag immunoblotting analysis (Fig. 7 A). However,
parallel experiments in which both 6His-tagged Tda2 and ac-
tin-capping protein were incubated with GST-Aim21 showed
robust binding of both proteins (Fig. 7 A, lane 2). Anti—6His-tag
immunoblotting analysis confirmed the identity of the bound
protein bands (Fig. 7 A, bottom). Thus, a reconstituted Tda2—
Aim21 complex, but not each protein separately, strongly and
directly binds to actin-capping protein.

Mouse and chicken actin-capping proteins have been
shown to interact physically with a diverse group of proteins
containing a capping protein interaction motif (Hernandez-
Valladares et al., 2010). Mutation of surface residues R15 and
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Figure 5. Tda2 localizes to the actin cytoskeleton
at sites of CME. (A) Livecell fluorescence micros-
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was not recruited to endocytic sites, whereas Slal-
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Y79 of the actin-capping protein [} subunit abolished the inter-
action (Hernandez-Valladares et al., 2010; Edwards et al., 2015).
In this study, we introduced homologous R15A and Y80A point
mutations in yeast Cap2 and tested for binding to the Tda2—
Aim21 complex using the GST pulldown assay with purified
recombinant proteins described in Fig. 7 A. Binding of mu-
tant actin-capping protein was significantly reduced compared
with WT actin-capping protein, suggesting a conserved bind-
ing mechanism (Fig. 8).

Consistent with a physical interaction between the Tda2—
Aim21 complex and capping protein, Cap1-GFP localization
to endocytic sites was decreased in cells carrying a deletion
of the TDA2 gene (tda2A) or the AIM21 gene (aim21A) com-
pared with WT cells (Fig. 7, B and C). However, Tda2-GFP
recruitment to endocytic sites was not decreased but rather
was increased in cells carrying a deletion of the CAPI gene
(caplA; Fig. 7 D). These data suggest that the Tda2—Aim21
complex works upstream of capping protein and is needed
for efficient capping protein recruitment to CME sites. Nev-
ertheless, capping protein is not part of a stable complex with
Tda2 and Aim21 because it does not cofractionate with the
cytosolic ~54-A Tda2 peak in size-exclusion chromatogra-
phy analysis (Fig. 4 A).

Deletion of actin-capping protein causes an endocytic
phenotype characterized by increased Abpl recruitment to en-
docytic sites presumably caused by the formation of longer,
uncapped actin filaments (Kaksonen et al., 2005). We reasoned
that if the Tda2-Aim21 complex functions in actin-capping
protein recruitment to CME sites, deletion of TDA2 or AIM21
would cause a similar phenotype. Indeed, Abpl-GFP levels
at endocytic sites were increased in cells carrying a deletion
of the AIM21 gene (aim21A) or the TDA2 gene (tda2A) com-
pared with WT cells (Fig. 9). Overall, the data suggest that
the Tda2—Aim21 complex binds actin-capping protein directly
and facilitates its recruitment to CME sites for efficient fila-
ment barbed-end capping.

Several uncharacterized proteins that may function in endocy-
tosis still await establishment as true CME machinery compo-
nents and, if confirmed, require elucidation of their function at
a molecular level (Burston et al., 2009; Weinberg and Drubin,
2012; Farrell et al., 2015; Goode et al., 2015). In this study, we
show how one such uncharacterized protein, Tda2, functions
during late stages of the endocytic process and is needed for
optimal internalization of native cargo, thereby defining Tda2
as a bona fide CME factor. Excitingly, Tda2 was revealed to
be a member of the dynein light chain family that is associated
with the actin cytoskeleton and required for proper recruit-
ment of actin-capping protein to sites of CME. Thus, we have
discovered a new regulatory mechanism of the actin cytoskel-
eton during CME by a member of a protein family that has
not been previously associated with function in endocytosis
or actin polymerization.

Despite not being previously classified in any protein fam-
ily, the 3D structure of Tda2 demonstrated that it is a dynein light
chain most closely related to the TcTex]1 member of the family.
This is the first identification of a TcTex 1-type dynein light chain
in yeast. In metazoans, TcTex1 corresponds with one of three
dynein light chain subfamilies; the others are the well-studied
LC8 as well as the LC7 (also known as Roadblock) light chains.
TcTex1 copurifies with the dynein motor complex in metazoans,
demonstrates binding to the dynein intermediate chain, and has
been predicted to link cargo to the motor complex, though cargo
linking is under debate (Williams et al., 2007; Hall et al., 2009).
Importantly, the TcTex1 dynein light chain has also been ob-
served in roles outside the dynein motor complex, but not in en-
docytosis or regulation of actin filament dynamics (Chuang et al.,
2005; Yeh et al., 2006, 2013; Conde et al., 2010; Li et al., 2011;
Rapalietal.,2011). Our results show Tda2 does not work associ-
ated with microtubules or the dynein motor complex. First, Tda2
localization was not affected by microtubule depolymerization.
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Figure 6. Aim21 inferacts physically with Bbc1, and recruitment of the Tda2-Aim21 complex to CME sites depends on Bbc1. (A) Yeast two-hybrid analysis:
yeast cells were cotransformed with plasmids expressing the GAL4 DNA binding (pGBT9) and activation (pGAD424) domains fused to Aim21 and the
SH3 domains from the indicated endocytic proteins, respectively. Cells were spotted onto plates containing histidine (+HIS; as control) or selective medium
lacking histidine (—HIS) and containing various concentrations of 3-AT. Cell growth indicative of interaction was only detected within the Bbc1 SH3 domain.
(B) Yeast two-hybrid analysis with polyproline motif-rich fragments of Aim21 (amino acids 1-85, 291-344, and 367-406) and the Bbc1 SH3 domain.
Aim21 fragment 1-85 demonstrated the strongest interaction. (C) A GST pulldown assay was performed with GST fused to Aim21 fragments 1-85,
291-344, and 367-406. Each GST fusion protein was incubated with His-Sla1-SH3 and His-Bbc1-SH3. The bound proteins were analyzed by Coomassie
staining demonstrating direct binding between the Bbc1 SH3 domain and Aim21. Fragment 1-85 showed the strongest binding. (D, top) Live-cell fluores-
cence microscopy showing recruitment of Aim21-GFP and Tda2-GFP to endocytic sites is dramatically reduced in bbc14 cells relative to WT cells (BBC1).
(Bottom) Quantification of the Aim21-GFP and Tda2-GFP peak fluorescence intensity at endocytic patches in control (BBCT) and bbclA cells. Bar, 1 pm.
Error bars indicate means = SEM. **** P < 0.0001.

Furthermore, the CME machinery in general was unaffected by motor complex. Third, Tda2 failed to copurify with the dynein
microtubule depolymerization. Second, Tda2 did not colocalize heavy chain. Fourth, in contrast with Dyn1, Tda2 did not interact
with the LC8 light chain, which does function with the dynein genetically with Kar9. On the other hand, the data demonstrate
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Figure 7. The Tda2-Aim21 complex binds actin-capping protein and regulates its recruitment to CME sites. (A) GST pulldown assay was performed with
GST-Aim21 (lanes 1 and 2), GST-Tda2 (lane 3), and GST alone (lane 4). Each GST fusion protein was incubated with purified actincapping protein
carrying a polyhistidine tag in its Cap1 subunit (His-Cap1/Cap2; lanes 1-4). One GST-Aim21 sample was incubated with His-Tda2 (to reconstitute the
Tda2-Aim21 complex) in addition to HisCap1/Cap2 (lane 2). The bound proteins were analyzed by Coomassie staining (top) and anti-His immunoblot-
ting (IB; bottom). His-=Cap1/Cap2 bound robustly to the GST-Aim21-His-Tda2 complex but not to GST-Aim21 alone or GST-Tda2 alone. (B, left) Live-cell
fluorescence microscopy of actin-capping protein (Cap1-GFP) showing reduced recruitment to endocytic sites in tda24 cells relative to WT cells (TDA2).
(Right) Quantification of the Cap1-GFP peak fluorescence intensity at endocytic patches in control (TDA2) and tda24 cells. (C, left) Livecell fluorescence
microscopy of actin-capping protein (Cap 1-GFP) showing reduced recruitment to endocytic sites in aim214 cells relative to WT cells (AIM21). (Right) Quan-
tification of the Cap1-GFP peak fluorescence intensity at endocytic patches in control (AIM21) and aim214 cells. (D, left) Live-cell fluorescence microscopy
of Tda2-GFP showing increased recruitment to endocytic sites in caplA cells relative to WT cells (CAPI). (Right) Quantification of the Tda2-GFP peak
fluorescence intensity at endocytic patches in control (CAP1) and capl4 cells. Bars, 1 pm. Error bars indicate means + SEM. *, P < 0.05; ***, P < 0.001.

that Tda2 exists in a distinct complex with Aim21 and that the
Tda2-Aim21 complex is a component and regulator of the actin
cytoskeleton at CME sites. This expands the repertoire of cellular
processes performed by the dynein light chain family.

Aim21 is another uncharacterized protein with poten-
tial function in endocytosis (Burston et al., 2009). Our results
directly link Tda2 with Aim21 both physically and function-
ally: (a) the ~54-A Tda2 complex detected by size-exclusion
chromatography of yeast cytosol requires Aim21; (b) Tda2 and
Aim?21 interact directly in GST pulldown assays using purified
recombinant proteins; (c) the recruitment of Tda2 to endocytic
sites is absolutely dependent on Aim21 and, conversely, re-
cruitment of Aim?21 is largely dependent on Tda2; (d) Tda2 and
Aim?21 colocalize tightly at endocytic sites and have the same
dynamics; (e) deletion of either gene elicits a similar defect in
endocytosis of endogenous cargo Mup1; (f) localization of both
Tda2 and Aim21 to CME sites depends on Bbcl; and (g) both
Tda2 and Aim21 are needed for efficient actin-capping protein
recruitment to CME sites. Collectively, these data suggest that
Tda2 and Aim?21 interact directly as part of a complex that is
stable enough to withstand fractionation by size-exclusion
chromatography. As TcTex1 and LC8 are strong dimers, these
proteins have a “dimerization chaperone” activity, mediating

dimerization of proteins both as part of and outside the dynein
motor complex (Williams et al., 2007; Benison and Barbar,
2009; Hall et al., 2009; Rapali et al., 2011). The light chains
typically bind disordered regions of their partners, promoting
them to dimerize and form ordered structures, often coiled-coils
(Williams et al., 2007; Benison and Barbar, 2009; Hall et al.,
2009; Rapali et al., 2011). Interestingly, Aim21 is predicted
to be a largely disordered protein with the exception of amino
acids 85-110, which are predicted to form a coiled-coil. Thus,
Tda2 likely performs a similar dimerization chaperone role with
Aim21 (Fig. 10). The size-exclusion chromatography analy-
sis is compatible with two Aim21 molecules per Tda2 dimer
in the complex. The molecular weight of these four peptides
(179 kD) is slightly below the estimated complex molecular
weight (~250 kD for a globular complex), which is consistent
with an asymmetric complex (Fig. 10). We also cannot rule out
the possibility of additional proteins in the complex that were
not identified in the scope of this study.

Our results show that the Tda2—Aim21 complex defines
a new player of the endocytic actin cytoskeleton network. Lo-
calization of the Tda2—Aim21 complex to CME sites depends
on actin filaments, and its recruitment time tightly matches that
of Abp1 and other filamentous actin-associated proteins. Direct
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Figure 8. Binding to the Tda2-Aim21 complex depends on conserved
residues on the surface of actin-capping protein. GST-Aim21 pulldown as-
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analyzed by anti-His immunoblotting (IB). Binding of His-Cap1/Cap2
mutant was significantly decreased compared with His-Cap1/Cap2 WT.

physical interaction between polyproline motif-rich regions
of Aim21 and the SH3 domain of Bbcl provide a mechanistic
link between the Tda2—-Aim21 complex and a well-established
component of the actin cytoskeleton at CME sites (Fig. 10).
Accordingly, the drastic reduction in Tda2 and Aim21 local-
ization to CME sites in cells carrying a deletion of the BBCI
gene suggests that the interaction between Aim21 and Bbcl
mediates recruitment of the Tda2—Aim21 complex to the actin

cytoskeleton. Further linking the Tda2—-Aim21 complex with
the actin cytoskeleton, we also found it interacts directly with
actin-capping protein in in vitro assays using purified recom-
binant proteins. Actin-capping protein is likely not stably as-
sociated with the Tda2—Aim21 complex in vivo because it is
not detected in the cytosolic gel filtration fractions correspond-
ing with ~54 A. Instead, the data support a model in which
actin-capping protein and the Tda2—-Aim21 complex associate
in a transient manner at CME sites where Tda2—-Aim21 facili-
tates actin-capping protein recruitment (Fig. 10). This model is
supported by the fact that Cap1-GFP recruitment to CME sites
was decreased in rda2A and aim21A cells. Conversely, in caplA
cells, Tda2-GFP recruitment to CME sites was not decreased
but slightly increased, consistent with the model that the Tda2—
Aim21 complex functions upstream of actin-capping protein.
These results have several important conceptual implications.

The first implication is that actin-capping protein has crit-
ical roles in actin assembly in vitro as well as in live cells by
binding to the barbed end of the filament and blocking addition
and loss of subunits (Kim et al., 2004). Consequently, yeast cells
carrying a deletion of the CAPI and CAP2 genes display defec-
tive CMEs (Kaksonen et al., 2005). It was previously assumed
that capping protein simply diffuses in free fashion to bind
and cap newly formed barbed ends. However, it was recently
demonstrated that in human cells, capping protein localization
and function at the leading edge of the cell is mediated by inter-
action with other proteins (Edwards et al., 2015). Our findings
suggest capping protein recruitment and function at yeast CME
sites is facilitated by interaction with the Tda2—-Aim21 com-
ponent of the actin network. Furthermore, our results show the
surface residues of actin-capping protein involved in binding
to recruitment partners are conserved between yeast, chicken,
and mouse, suggesting a conserved mechanism. Therefore,
the concept that actin-capping protein is actively recruited to
specific cellular locations is broader and more ancient than
previously appreciated.

The second implication is that mathematical modeling
of endocytic actin patch kinetics in fission yeast concluded
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Figure 10. Model of Tda2-Aim21 complex function in CME. Tda?2 is a TcTex 1-type dynein light chain homologue and exists as a stable homodimer. Tda2
associates with Aim21 into a stable complex in which Tda2 likely acts as an Aim21 “dimerization chaperone.” The Tda2-Aim21 complex is recruited
to endocytic sites via interaction with Bbc1, a component of the WASp/Myo module. The Tda2-Aim21 complex interacts physically with actin-capping

protein and mediates its recruitment to the barbed end of actin filaments.

that in vivo binding of capping protein to the filament barbed
end is 10 times faster than determined in vitro with purified
capping protein and actin (Berro et al., 2010). Binding to the
Tda2-Aim21 complex should increase the local concentration
of actin-capping protein at CME sites, thus increasing the rate
of filament capping and providing an elegant explanation to
this apparent discrepancy.
The third implication is that Bbcl is a well-established
factor of the WASp/Myo module that works with the Arp2/3
complex in the formation of a branched actin filament network
at CME sites (Fig. 10). Bbc1 regulates the WASp-mediated acti-
vation of the Arp2/3 complex in vitro, Bbcl polyproline motifs
interact physically with the SH3 domains of Myo3 and Myo5,
and deletion of the BBCI gene contributes to an exaggerated
network of actin filaments at CME sites in live cells. Because
of its ability to bind both Bbc1 and capping protein, the Tda2—
Aim21 complex is well positioned to physically link the pointed
and barbed filament ends, thus limiting the length of actin fila-
ments (Fig. 10). Such architectural constraint would explain the
highly dendritic actin network observed at CME sites, which
is composed of short actin filaments of only 20 actin subunits
and ideally suited to effectively exert the force needed for
membrane bending (Young et al., 2004). The observation of
excessive actin polymerization (higher Abp1-GFP levels) and
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deficient internalization in caplA cells (Kaksonen et al., 2005)
and Tda2-Aim21 complex—deficient cells described in this
study is likely a result of uncapped, long, and wobbly filaments
that are less effective at applying membrane-bending force.

In conclusion, we have firmly established two new com-
ponents of the endocytic machinery and uncovered a mecha-
nism for recruitment of actin-capping protein showing that
barbed-end filament capping at endocytic sites is a regulated
event. This newly discovered layer of regulation of the actin
cytoskeleton is mediated by a member of the conserved dynein
light chain family, which was not known to function in endocy-
tosis or the regulation of actin polymerization.

Materials and methods

Plasmids, yeast strains, and yeast two-hybrid assay

Plasmid for bacterial expression of recombinant His-Tda2 was cre-
ated by PCR amplification of full-length ORF TDA2 from S. cerevi-
siae genomic DNA and was cloned into pET30a(+) using Ndel and
Sall restriction sites. The 6-histidine tag was encoded in the forward
primer used in the PCR so that the protein contained the sequence
MHHHHHH directly attached to the amino terminus of Tda2. Plasmid
for bacterial expression of recombinant GST-Aim21 was created by



PCR amplification of full-length ORF AIM21I from S. cerevisiae ge-
nomic DNA and cloned in-frame into pGEX-5X-1 using EcoRI and
Sall sites. Bicistronic plasmid for simultaneous expression in bacteria
and of both yeast actin-capping protein subunits was created by PCR
amplification of full-length ORF CAPI and CAP2 from S. cerevisiae
genomic DNA and cloned into pETDuet using restriction sites EcoRI
and Sall for CAPI (multiple cloning site I) and Fsel and Xhol for
CAP2 (multiple cloning site II). The pETDuet plasmid encodes for a
6-histidine tag attached to Capl for protein purification. The R15A and
Y80A point mutations were introduced in CAP2 using the In-Fusion
system (Takara Bio Inc.).

Plasmids for yeast two-hybrid analysis of the SH3 domains
of BZZ1, Slal, Myo3, MyoS5, Abpl, Bbcl, Lsbl, Lsb3, Rvs167, and
Ysc84 were generated by PCR amplification of the corresponding
DNA fragment from S. cerevisiae genomic DNA and cloning into
pGAD424 using the In-Fusion system. Plasmids for yeast two-hybrid
analysis of full-length Aim21 and fragments encoding Aim21 amino
acids 1-85, 291-344, and 367-406 were created by PCR amplifica-
tion of the corresponding DNA sequence from S. cerevisiae genomic
DNA and cloned into pGBT9 using the In-Fusion system. Plasmids
for bacterial expression of recombinant GST-Aim21 fusions encoding
Aim21 amino acids 1-85, 291-344, and 367406 were created by PCR
amplification of the corresponding DNA fragment from S. cerevisiae
genomic DNA and cloned into pGEX-5X-1 using the In-Fusion sys-
tem. Plasmids for bacterial expression of recombinant His-Bbcl SH3
domain was created by PCR amplification of the corresponding DNA
fragment from S. cerevisiae genomic DNA and cloned into pET30(+)
using the In-Fusion system. Plasmids for expression of His-Slal SH3
domains 1 and 2 (His-Slal-SH3) was previously reported (Feliciano
and Di Pietro, 2012). Plasmid for expression of GFP-Tubl was a gift
from S. Markus (Colorado State University, Fort Collins, CO). Con-
structs were verified by DNA sequencing.

Background strains of S. cerevisiae BY4741 and BY4742 were used
for this study. WT GFP-expressing strains (Tda2-GFP, Mup1-GFP, Slal-
GFP, Dyn2-GFP, Cap1-GFP, Aim21-GFP, Abp1-GFP, and Rvs167-GFP)
were obtained from the yeast GFP library (Invitrogen). The library Tda2-
GFP strain (MATa his3A1, leu2A0, met15-A0, ura3A0, and TDA2-GFP::
HIS3) was mated with (MATa his3A1, leu2AQ, metl5-A0, and ura3A0),
and the resulting diploid strain was sporulated and subjected to tetrad
dissection. From this cross, we obtained SDY425 (MATa his3A1, leu2A0,
metl5-A0, ura3A0, and TDA2-GFP::HIS3). SDY425 was subsequently
crossed with the knockout library strains capIA and am2iA, provided
by L. Stargell (Colorado State University, Fort Collins, CO), to obtain
SDY741 (MATa his3Al, leu2A0, metl5-A0, ura3A0, caplA::KanMX4,
and TDA2-GFP::HIS3) and SDY754 (MATa his3A1, leu2A0, metl5-A0,
ura3A0, aim21A::KanMX4, and TDA2-GFP::HIS3). SDY425 was also
crossed with SDY 360 to create SDY710 (MATa his3A1, leu2A0, met15-A0,
ura3A0, ABP1-RFP::TRP1, and TDA2-GFP::HIS3). The TDA2 and
CAPI ORFs were tagged with RFP or mCherry by PCR amplification of
pFA6a-mRFP-KanMX6 or pFA6a-mCherry-KanMX6 and homologous
recombination (Ito et al., 1983; Longtine et al., 1998) to create SDY740
(MATa his3A1, leu2A0, metl5-A0, ura3A0, and TDA2-RFP::KanMXO6),
SDY820 (MAT«a his3A1, leu2A0, metl5-A0, ura3A0, and TDA2-mCher-
ry::KanMX6), and SDY756 (MATa his3A1, leu2A0, met15-A0, ura3A0,
and CAPI-RFP::KanMX6). SDY740 was then crossed with GFP library
strains to obtain SDY751 (MATa his3A1, leu2A0, metl5-A0, ura3A0,
CAPI-GFP::HIS3, and TDA2-RFP::KanMX6) and SDY781 (MATa
his3A1, leu2A0, met15-A0, ura3A0, AIM21-GFP::HIS3,and TDA2-RFP::
KanMX6). SDY756 was crossed with Tda2-GFP or Aim21-GFP li-
brary strains to create SDY776 (MATa his3Al, leu2A0, metl5-A0,
ura3A0, CAPI1-RFP::KanMX6, and TDA2-GFP::HIS3) and SDY778
(MATa his3A1, leu2A0, metl5-A0, ura3A0, CAPI-RFP::KanMX6, and

AIM21-GFP::HIS3). SDY820 was crossed with Dyn2-GFP and Rvs167-
GFP library strains to create SDY827 (MATa his3A1, leu2A0, met15-A0,
ura3A0, TDA2-mCherry::KanMX6, and DYN2-GFP::HIS3) and SDY 828
(MATa his3A1, leu2A0, met15-A0, ura3AO, TDA2-mCherry::KanMX6,
and RVS167-GFP::HIS3). Deletion strains (tda2A, slalA, cap1A, aim21A,
and kar9A) were obtained from the yeast knockout library (GE Healthcare).
The tda2A strain was mated, sporulated, and dissected to create SDY722
(MATa his3A1, leu2A0, metl5-A0, ura3A0, and tda2A::KanMX4).
SDY722 was then crossed with GFP library strains to create SDY656
(MATa his3A1, leu2A0, metl5-A0, ura3A0, tda2A::KanMX4, and
MUPI1-GFP::HIS3), SDY725 (MATa his3A1, leu2A0, met15-A0, ura3A0,
tda2A::KanMX4, and CAPI1-GFP::HIS3), and SDY727 (MATa his3Al,
leu2A0, metl15-A0, ura3A0, tda2A::KanMX4, and AIM21-GFP::HIS3).
SDY647 (MATa his3A1, leu2A0, metl5-A0, ura3A0, and MUPI-GFP::
HIS3) was mated with aim2]A strain from the library, sporulated, and
dissected to create SDY729 (MATa his3A1, leu2A0, metl5-A0, ura3A0,
aim21A::KanMX4, and MUPI-GFP::HIS3). SDY423 (MATa ura3-52,
leu2-3,112, his3-A200, trpl-A901, lys2-801, suc2-A9, GAL-MEL chcl-
521::URA3, TDA2-GFP::HIS3, and SLAI-RFP::KanMX6) was used for
experiments in Fig. 1 (A, B, D, and E). Deletion strains bbclA, aim21A,
and tda2A from the yeast knockout library were subjected to GFP tagging
of AIM21, TDA2, and ABPI ORFs by PCR amplification of pFA6a-GFP-
HIS3MX6 and homologous recombination (Ito et al., 1983; Longtine et
al., 1998) to create SDY 1011 (MATa his3A1, leu2A0, metl5-A0, ura3A0,
bbclA::KanMX4, and AIM21-GFP::HIS3), SDY1012 (MATa his3Al,
leu2A0, metl5-A0, ura3A0, bbclA::KanMX4, and TDA2-GFP::HIS3),
SDY 1013 (MATa his3A1, leu2A0, met15-A0, ura3A0, aim21A:: KanMX4,
and ABP1-GFP::HIS3), and SDY 1030 (MATa his3A1, leu2A0, met15-A0,
ura3A0, tda2A::KanMX4, and ABPI-GFP::HIS3). DYN1-TAP and de-
letion strains kar9A (SMY193) and dynlA (SMY16) were gifts from
S. Markus (Markus et al., 2009, 2012; Markus and Lee, 2011; Lammers
and Markus, 2015). GPY 1805 was subjected to GFP tagging of MYO5
and mCherry tagging of ABPI by PCR amplification of pFA6a-GFP-
TRPI1 and pFA6a-mCherry-HIS3MX6 and homologous recombination
to obtain SDY871 (MATa, ura3A-52, leu2-3,112, his3-A200, trpl-A901,
lys2-801, suc2-A9, sstlA::LYS2, ste2A::LEU2, MYOS5-GFP::TRPI,
and ABP1-mCherry::HIS3).

Yeast two-hybrid experiments were performed using pGBT9
and pGAD424 vectors (Takara Bio Inc.), and AH109 S. cerevisiae cells
were grown on synthetic dropout media lacking leucine and tryptophan
as selection markers as previously described (Starcevic and Dell’ An-
gelica, 2004). 3-AT was used to test for higher binding stringency.

Biochemical methods

Cytosolic yeast extracts were obtained as follows: liquid nitrogen fro-
zen yeast pellets were ground in a blender, resuspended in PBS (12 mM
phosphate, 147 mM NaCl, and 3 mM KCl, pH 7.35) supplemented with
protease inhibitor cocktail (Sigma-Aldrich), and were subjected to ul-
tracentrifugation at 4°C for 15 min at 400,000 g as previously described
(Feliciano et al., 2011; Feliciano and Di Pietro, 2012).

Size-exclusion chromatography fractionation of cytosolic ex-
tracts (~2 mg/ml) was performed on a Superose 6 10/300 GL column
(GE Healthcare) connected to a fast protein liquid chromatography sys-
tem (GE Healthcare) equilibrated with PBS. Elution was performed at a
flow rate of 0.4 ml/min at 4°C with fractions collected every 1 ml and an-
alyzed by immunoblotting. The column was calibrated using blue dex-
tran and the standard proteins cytochrome C, carbonic anhydrase, BSA,
alcohol dehydrogenase, f-amylase, apoferritin, and thyroglobulin.

Recombinant fusion proteins His-Tda2, His-Bbcl-SH3, His-
Slal-SH3, the His-Capl/Cap2 capping protein dimer, GST-Aim21,
GST-Aim21 1-85, GST-Aim21 291-344, and GST-Aim21 367-406
were expressed in BL21 codon plus E. coli and purified using the
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TALON cobalt affinity resin or glutathione—Sepharose-4B (Takara Bio
Inc.; BD) as described previously (Di Pietro et al., 2004, 2010).

The generation and characterization of antibodies against Tda2
was performed as described previously (Di Pietro et al., 2004; Bultema
et al., 2012). Polyclonal antibodies were raised in rabbit by immuniz-
ing with recombinant His-Tda2 protein. Subsequently, these antibodies
were affinity-purified using as a ligand the same recombinant His-Tda2
protein that had been covalently coupled to Affi-Gel 15 activated media
(Bio-Rad Laboratories). The antibodies were validated using yeast total
cell extracts from WT, Tda2-GFP, and rda2A strains. Antibodies against
yeast actin-capping protein were provided by J. Cooper (Washington
University School of Medicine, St. Louis, MO).

GST-pulldown assays were performed as previously described
(Farrell et al., 2015; Feliciano et al., 2015). In brief, recombinant
polyhistidine-tagged proteins (10 pg) were incubated with GST and
GST fusion proteins (10 pg) bound to glutathione-Sepharose beads in
1 ml of PBS containing 0.1% Triton X-100 for 1 h at 4°C. Beads were
washed with PBS containing 0.1% Triton X-100 four times, boiled in
Laemmli sample buffer, and analyzed by SDS-PAGE and Coomassie
blue staining and/or immunoblotting.

Fluorescence microscopy and endocytosis assays

All fluorescently tagged proteins were expressed from the correspond-
ing endogenous locus and visualized by confocal fluorescence micros-
copy using live cells grown to early logarithmic phase. Fluorescence
microscopy was performed as previously described using an IX81 spin-
ning-disk confocal microscope (Olympus) with a Cascade II camera
(Photometrics) and a 100x 1.40 NA objective (Di Pietro et al., 2010;
Feliciano and Di Pietro, 2012; Farrell et al., 2015). Time-lapse videos
were generated by collecting 60 images every 2 s at room temperature
using cells grown until early log phase. Slidebook 6 software (Intel-
ligent Imaging Innovations) was used for quantifying colocalization
(Pearson correlation coefficient), patch lifetimes, patch intensities, and
intensities of Mup1-GFP cargo and Lucifer yellow (Ambrosio et al.,
2012, 2015; Farrell et al., 2015). A mask was generated covering en-
docytic spots, the entire plasma membrane, or regions inside the cell,
depending on the assay. Mup1-GFP cells were grown in minimal media
with methionine to early log phase, moved to minimal media lacking
methionine for 2 h, and imaged at each time point after return to methi-
onine-rich media. Fluorescence in the membrane was measured using
a mask drawn on the cell periphery and normalized to the background.

Lucifer yellow uptake experiments were performed as described
previously (Duncan et al., 2001), incubating cells in dye (Invitrogen)
for 2 h at room temperature (excepting heat shock strains at 37°C).
Fluorescence was measured with a mask drawn on the vacuole and nor-
malized to the background.

Localization displacement between Tda2-GFP and Abpl-RFP
(and other pairs of endocytic proteins) was determined using Slide-
book 6 software. For each endocytic patch, a single frame of the video
in which Tda2-GFP fluorescence intensity was maximal was used for
analysis. A line scan analysis was performed across the endocytic patch,
perpendicular to the plasma membrane, and the distance between the
fluorescence intensity peaks of the two channels was measured in pix-
els (1 pixel = 0.11 pm).

Statistical significance was determined using an unpaired Stu-
dent’s 7 test (GraphPad Software) comparing mean, SEM, and n (cells
or patches). Nocodazole and latrunculin A treatment were performed as
described previously (Newpher et al., 2005; Aravamudhan et al., 2015).

Crystallization and structure determination
Native crystals of full-length Tda2 were grown at 16°C by hanging
drop vapor diffusion. Crystals grew in drops containing one part

15 mg/ml protein (in 10 mM Hepes, pH 7.0, 100 mM NaCl, and 5%
glycerol) and one part well solution (0.1 M Bis-Tris, pH 4.9-5.1, 1.5—
1.7 M (NH,),SO,, and 15% xylitol). All crystals were frozen in liquid
nitrogen after soaking in 10-ul drops of well solution made with 20%
xylitol for 1-5 min. Bromide derivative crystals were obtained by soak-
ing native crystals in 10-ul drops consisting of well solution made with
20% xylitol and 1 M NaBr for 30 s.

Native diffraction data were collected on the Molecular Biol-
ogy Consortium beamline 4.2.2 at the Advanced Light Source using
shutterless data collection on a CMOS-based Taurus detector (RDI,
Inc.) with 0.1° frames covering 180° in 180 s at a wavelength of 1 A.
Bromide-derivative multiwavelength anomalous diffraction data were
collected with 0.2° frames over 180° total at wavelengths correspond-
ing with the peak (0.9193 A), inflection (0.9196 A), and high remote
(0.90502 A) bromide absorption edge.

All data were processed with XDS, and initial phases were de-
termined from the bromide multiwavelength anomalous diffraction
data using Phenix (phenix.autosol), which located two bromide sites
and computed a density-modified map into which an initial model was
built. This model was used as a molecular replacement model for a
native crystal dataset and was refined to 2.3 A resolution. Model build-
ing, refinement, and validation were performed with Coot, Phenix, and
MolProbity, respectively, as implemented in the SBgrid suite (Morin et
al., 2013). Loops composed of residues 10—14 and 36-39 showed weak
but traceable density within the A chain but were omitted altogether
from the final B chain model. The residue 76-83 loop appeared to be
flexible and was omitted from the B chain because of a lack of density,
but the A chain was stabilized into one conformation by a crystal pack-
ing contact. The coordinates and molecular structure factors of the Tda2
dimer have been deposited in the PDB under accession code SVKY.

Analytical ultracentrifugation

The solution molecular weight of Tda2 was determined by
sedimentation equilibrium ultracentrifugation in an XL-I centrifuge
(Beckman Coulter) with an AnTi60 rotor and six-sector centerpieces
at 20°C in a buffer composed of 2 mM KH,PO,, 10 mM Na,HPO,,
137 mM NaCl, and 2.7 mM KCI. Data obtained at rotor speeds of
26,000, 30,000, and 34,000 rpm were globally fit using Ultrascan II
v9.9 (http:/www.ultrascan.uthscsa.edu) with a protein partial specific
volume of 0.73066 cm®g and a buffer density of 1.0057 g/cm?,
revealing an excellent fit to a single-species model with a 30.8 kD
molecular weight that corresponded with a Tda2 dimer.

Online supplemental material

Fig. S1 contains supporting data showing that Tda2 does not work as
part of the dynein motor complex or associate with microtubules. Fig.
S2 contains supporting data showing that Aim21 and Tda2 interact
physically and that they are not destabilized in the absence of the part-
ner protein. Fig. S3 contains data supporting a role for Aim21 in endo-
cytosis. Fig. S4 contains supporting data demonstrating that Tda2 and
Aim21 localize closer to the plasma membrane than Abp1. Fig. S5 con-
tains supporting data showing Tda2 has the same localization as Capl
regardless of the fluorescent protein tag used for visualization. Video 1
shows the dynamics of Tda2 and Slal at endocytic sites in live cells.
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