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The huntingtin-interacting protein family members (Hip1
and Hip1R in mammals and Sla2p in yeast) link clathrin-medi-
ated membrane traffic to actin cytoskeleton dynamics. Genetic
data in yeast have implicated the light chain subunit of clathrin
in regulating this link. To test this hypothesis, the biophysical
properties of mammalian Hip1 andHip1R and their interaction
with clathrin light chain and actin were analyzed. The coiled-
coil domains (clathrin light chain-binding) of Hip1 and Hip1R
were found to be stable homodimers with no propensity to het-
erodimerize in vitro. Homodimers were also predominant in
vivo, accounting for cellular segregation of Hip1 and Hip1R
functions. Coiled-coil domains of Hip1 and Hip1R differed in
their stability and flexibility, correlating with slightly different
affinities for clathrin light chain andmoremarkedly with effects
of clathrin light chain binding on Hip protein-actin interac-
tions. Clathrin light chain binding induced a compact confor-
mation of both Hip1 and Hip1R and significantly reduced actin
binding by their THATCHdomains. Thus, clathrin is a negative
regulator of Hip-actin interactions. These observations neces-
sarily change models proposed for Hip protein function.

Regulation of membrane traffic depends on molecules that
link membrane vesicle formation to components of the actin
cytoskeleton. Hip1 (huntingtin-interacting protein 1) and its
homolog Hip1R (Hip1-related), which both bind clathrin and
actin, are implicated in a functional connection between the
two. Hip1 and Hip1R have the same domain structure, consist-
ing of an N-terminal phospholipid binding domain (ANTH), a
central coiled-coil, and a C-terminal actin-binding domain
(THATCH) (1). The coiled-coil domains of both proteins com-
prise the binding site for clathrin light chains (2–4). The coiled-
coil domain of Hip1 contains binding sites, which are not pres-
ent in Hip1R, with functions linked to caspase activation,

androgen receptor activation, and the pathogenesis of Hun-
tington disease (5–9). Interactions between Hip1 and Hip1R
have been shown (2), although the molecular details remain
unclear. Extensive heterodimerization seems unlikely, since it
would mix the functions of Hip1 and Hip1R, which are distinct
in cells, and genetic deletion of each protein produces a mark-
edly different phenotype (10, 11). To understand the molecular
basis for the functions ofHip1 andHip1R, the biophysical prop-
erties of the coiled-coil domains were analyzed with respect to
their self-association and their intramolecular influence on
actin binding.
Clathrin-coated vesicles mediate major membrane traffic

pathways, including receptor-mediated endocytosis and pro-
tein sorting, during lysosome biogenesis (12). Clathrin is a
triskelion-shaped molecule made up of three heavy chains and
three light chains, which polymerizes to form a lattice-like ves-
icle coat that organizes cargo and proteins that control vesicle
budding (12–15). In both mammalian and yeast cells, clathrin-
coated vesicle budding also involves actin polymerization (1,
16). In mammalian cells, overexpression of the Hip protein-
binding region of clathrin light chain causes an alteration in
actin cytoskeleton structure, generating short actin protrusions
tipped with cortactin (4). The complex of Hip1R and cortactin
has been shown to slow or block actin assembly and is proposed
to mediate the positioning of actin assembly on a budding ves-
icle (17). In yeast cells that are deficient in clathrin heavy chain,
clathrin light chain can rescue the mobility of membrane
patches containing Sla2p, the yeast homolog ofHip1 andHip1R
(18). Regulation of Sla2p-actin binding by clathrin light chain
was proposed to mediate this rescue (18). Intramolecular regu-
lation of actin binding by the Hip1 and Hip1R THATCH
domains has also been shown (19, 20). Here we address how
intramolecular mechanisms regulating actin binding by Hip
proteins are related to the influence of clathrin light chains on
Hip-actin interactions.
Many cellular functions of Hip1 and Hip1R are linked to

their coiled-coil domains. Dimerization occurs through the
coiled-coil, as does binding to clathrin light chain (4, 3, 21).
The Hip1 coiled-coil domain also binds huntingtin and has
been implicated in binding to androgen receptor (5, 6, 9).
Coiled-coils have a canonical heptad repeat that allows the coils
to wrap around each other and maintain a hydrophobic core
(22). Changes within the heptad repeat of coiled-coils often
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signify a region of flexibility where protein partners bind and
can potentiate conformational change (22–25). Hip1 and
Hip1R coiled-coils have high similarity to each other at the
primary sequence level and have virtually identical regions
important for clathrin light chain binding (3, 21). The struc-
tures of fragments of theHip1 coiled-coil showed irregularity in
the heptad repeat, including the region where a hydrophobic
patch predicted to bind clathrin light chainwas located (21, 26).
Also, these structures showed a split in the coiled-coil, suggest-
ing increased flexibility in the clathrin light chain-binding
region (21, 26), with potential for structural changes upon
ligand binding.
To understand the mechanism of their functional impor-

tance, the biophysical properties of the coiled-coil domains of
Hip1 and Hip1R were quantitatively analyzed. These domains
showed strong homodimerization, regions of flexibility, and the
ability to induce conformational changes upon clathrin light
chain binding, which dramatically reduced actin affinity for the
THATCH domains. These biophysical properties of Hip pro-
teins provide a basis for understanding Hip1 and Hip1R func-
tions in cells and for understanding the regulatory effect of
clathrin light chain onHip protein-actin interaction in endocy-
tosis. Our findings further suggest a model for the sequential
function of clathrin and actin in coated vesicle budding.

EXPERIMENTAL PROCEDURES

Expression Constructs and Peptides—Separate domains of
either human Hip1 or mouse Hip1R were cloned. The coiled-
coil of Hip1 (Hip1cc), corresponding to amino acids 361–637;
Hip1R coiled-coil (Hip1Rcc), corresponding to amino acids
346–655; Hip1 coiled-coil and THATCH (Hip1ccth), corre-
sponding to amino acids 400–1038; Hip1R coiled-coil and
THATCH (Hip1Rccth), corresponding to amino acids 379–
1068; Hip1 THATCH (Hip1th), corresponding to amino acids
600–1038; and Hip1R THATCH (Hip1Rth), corresponding to
amino acids 600–1068, were cloned via PCR amplification of
gene fragments with flankingGateway (Invitrogen) recombina-
tion sequences and inserted into pRSF-duet (Novagen) or pET-
duet plasmid (Novagen) modified with Gateway sequences.
Full-lengthHip1 or Hip1Rwere amplified by PCRwith primers
containing either the polyhistidine (His)2 tag or hemagglutinin
(HA) tag sequence and cloned into the pCDNA3.1 plasmid
(Invitrogen). Clathrin light chain LCb was expressed from a
previously described construct (27). Cortactin Src homology 3
domain fused with glutathione S-transferase (GST) was
expressed and purified as previously described (17).
A peptide representing the consensus sequence of clathrin

light chains (EEDPAAAFLAQQESEIAGIEND) was synthe-
sized commercially. Control peptides of the same length were
either the clathrin light chain peptide with three previously
described point mutations (underlined) that abrogate Hip1R
binding (4) (EEVPAAAFLAQQESEAAGIAND) or unrelated
peptide (FINKPETGAVELESPFILLADKKI) derived from the
bacterial protein GroEL.

Protein Expression and Purification—For all proteins, BL21
(DE3) Escherichia coli were transformed with the appropriate
plasmid, and expression was induced via standard methods.
Purification was via standard methods using Talon affinity
resin (all Hip protein constructs) or glutathione-Sepharose
(GST-cortactin). All Hip protein constructs were further puri-
fied over a Superdex 200 column. See supplemental materials
for details.
Analytical Ultracentrifugation—Hip1cc or Hip1Rcc was

placed in a six-channel cell at 1 mg/ml. Concentration filtrate
was used for reference cells. Protein was centrifuged at four
speeds, 8,000, 10,000, 15,000, and 20,000 rpm, in an AN Ti60
rotor in a Beckman Optima XL-A analytical ultracentrifuge.
Data were collected after 8 h of spinning to equilibrium via
absorption optics and analyzed using Ultrascan 9.0 (28). Equi-
librium data were globally fitted to a monomer-dimer equilib-
rium or single species of either the calculated monomer or
dimer size.
Circular Dichroism—CD spectra were collected using a Jasco

J-710 spectrapolarimeter. Hip1cc and Hip1Rcc were diluted in
20 mM phosphate, pH 7.0, 150 mM NaCl to a concentration of
0.035 mg/ml and 0.036 mg/ml, respectively. Individual melting
analysis for Hip1cc and Hip1Rcc was performed starting at
22 °C and increasing to 80 °Cwhilemonitoring ellipticity at 222
nm. The rate of heating was 0.5 °C/min.
Formelting of themixture of Hip1cc andHip1Rcc the rate of

heating was 1 °C/min. Annealing time for the mixture of
Hip1cc and Hip1Rcc was between 45 min and 1 h, until the
ellipticity at 222 nm was back to the starting base line. Data
were collected and analyzed to 65 °C, well past the major melt-
ing transitions of both Hip1cc and Hip1Rcc, which should
include dimer unfolding. The data were plotted as the mean
residue molar ellipticity.
Surface Plasmon Resonance—Clathrin light chain surface

was prepared by immobilizing �400 response units of protein
via amine coupling to a CM5 chip (Biacore). For binding exper-
iments, either Hip1cc or Hip1Rcc was flowed at the concentra-
tions indicated in Fig. 5 with MES, pH 6.7, running buffer. The
actin surface was prepared by immobilizing �1000 response
units of rabbit muscle F-actin to the chip surface via amine
coupling. Hip1ccth or Hip1Rccth at the indicated concentra-
tions (Fig. 5) and with or without 20 �M clathrin light chain
peptide or control peptide were flowed over the surface in 20
mM Tris pH 8.0, 1 mM MgCl2, 150 mM KCl running buffer.

GST-cortactin was immobilized with an anti-GST antibody
(Biacore), and Hip1Rccth at the indicated concentrations was
flowed over (Fig. S5). Running buffer was HBS-EP (Biacore).
All protein concentrations were determined in at least dupli-

cate to ensure accurate concentrations. All data were collected
on a Biacore T100 biosensor at 25 °C. Steady state binding anal-
ysis was performed using BiaEvaluation software (Biacore).
Partial Proteolysis—12.5�g ofHIP1 orHIP1R in gel filtration

buffer was mixed with 0.01 �g/ml pure subtilisin (Roche
Applied Science) in 20mMHEPES, pH 7.2, 200mMNaCl. Incu-
bation times are as shown in the figures. At each time point, 20
�l of protein was taken, and the proteolysis reaction was
stopped by mixing with SDS gel loading buffer and boiling.

2 The abbreviations used are: His, polyhistidine; HA, hemagglutinin; GST, glu-
tathione S-transferase; MES, 2-(N-morpholino)ethanesulfonic acid; siRNA,
small interfering RNA; ANS, 8-anilino-1-napthalenesulfonic acid; NSF,
N-ethylmaleimide sensitive factor; SPR, surface plasmon resonance.
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Proteolysis products were resolved on a 12% SDS NuPAGE gel
in MES running buffer (Invitrogen).
Mass Spectrometry—Spectra of tryptic fragments excised

from gels were taken on a Voyager-DE STR spectrometer
(Applied Biosystems) in reflector mode. See supplemental
materials for details. Spectra were processed and analyzed
using theData Explorer program (AppliedBiosystems). Peptide
peaks were identified using MS-Fit and MS-Digest within the
Protein Prospector suite.
Immunoprecipitation and Immunoblotting—HeLa cells were

co-transfected with HA- or His-tagged full-length Hip1 and
Hip1R using Lipofectamine 2000 (Invitrogen). DNA concen-
trations used for transfectionwere adjusted to yield equal levels
of tagged protein expression (Fig. 2) or a 4-fold excess of one
tagged protein over the other (Fig. S1). Immunoprecipitation (5
�g of each antibody) and immunoblottingwerewith eitherHis6
monoclonal antibody (BD Biosciences) or HA.11 monoclonal
antibody (Covance) using standard methods. Immunoblotting
for clathrin light chain was with a previously described anti-
serum against a conserved region of LCa and LCb (29). For
details, see the supplemental materials.
Immunofluorescence and siRNA Depletion—HeLa cells cul-

tured in Dulbecco’s modified Eagle’s medium containing 10%
bovine growth serum (Hyclone) were transfected with a final
concentration of 10 nM siRNA targeted to clathrin light chain or
control siRNA using the HiPerfect reagent (Qiagen). Target
sequences for LCa and LCb knockdown were as described (30).
Both control and the clathrin light chain siRNAs were synthe-
sized by Qiagen. Cells were fixed and labeled for immunofluo-
rescence 72 h post-siRNA treatment using rabbit anti-Hip1R
antiserum (Millipore), monoclonal antibody to clathrin heavy
chain (X22, (31)), and Alexa Fluor-conjugated phalloidin

(Invitrogen) to visualize F-actin.
The samples were viewed by confo-
cal laser-scanningmicroscopy using
a Leica TCS-SP5 operating system.
Electron Microscopy—5 �l of 0.2

�M purified Hip1ccth or Hip1Rccth
incubated with 20 �M control pep-
tide, clathrin light chain peptide, or
no peptide was dropped on a car-
bon-coated grid and stained with
uranyl formate. Samples were
imaged at �67,000 using a Philips
Tecnai T20 electron microscope
operated at an acceleration voltage
of 120 kV with a defocus range of
1.2–1.5 �M. Images were taken
using a 4K � 4K CCD (GATAN)

with a pixel size of 2.25Å/pixel. Imageswere selected andmeas-
ured using EMAN.
8-Anilino-1-napthalenesulfonic Acid (ANS) Fluorescence—

0.7 �M purified Hip coiled-coils or coiled-coil THATCH
domainswere incubatedwith 20�Mclathrin light chain peptide
or control peptide and 100 �M ANS. Excitation of ANS was at
360 nm, and emission was scanned from 400 to 600 nm. Raw
data were averaged over three independent experiments, and
S.E. values were calculated for each condition. Difference spec-
tra of Hip coiled-coil THATCH andHip coiled-coils were plot-
ted with propagated S.E.

RESULTS

Hip1 and Hip1R Are Stable Homodimers—Homodimers of
Hip1R have an elongated dumbbell shape, with the N- and
C-terminal globular domains in variable positions (32). This
implies the primary dimerization determinants are within the
coiled-coil domain. Interactions betweenHip1 andHip1R have
been shown by GST pull-down and co-immunoprecipitation
(2). Whether this interaction arises from direct heterodimer-
ization or another mode of interaction has yet to be explicitly
determined and would have different functional implications.
Coiled-coil domains (Hip1 residues 361–637 and Hip1R resi-
dues 346–655; Fig. 1) from Hip proteins were expressed and
purified, and their dimerization properties were analyzed by
equilibrium sedimentation analytical ultracentrifugation
(Table 1). Assuming a monomer-dimer equilibriummodel, the
data analysis suggested that there was no equilibrium under
standard conditions and that all of the coiled-coils for both
Hip1 and Hip1R are dimeric in solution. The fitted molecular
masses were 67.4 and 67.7 kDa for the Hip1 and Hip1R coiled-
coils, respectively, corresponding closely to calculated
homodimeric sizes of 66.79 and 73.45 kDa (Table 1). Fitting the
sedimentation data to a single species with the calculated
molecular weight of the dimers (data not shown) also fit well
with the experimental data. Attempts to fit the sedimentation
data to the true calculated size of the monomer, as either a
single species or as a monomer-dimer equilibrium, resulted in
poor fits (data not shown). These data indicate that
homodimers of Hip1 and Hip1R are stable and that there is

FIGURE 1. Schematic diagram of the functional domains of Hip proteins showing amino acid numbers
that mark domain boundaries. The sequences of residues influencing clathrin light chain (CLC) binding
regions as determined by mutagenesis are shown in alignment (3). The structure (Protein Data Bank code
2NO2) of a fragment of the Hip1 coiled-coil is shown in blue (21). Red amino acids make up the clathrin light
chain binding site predicted by Ybe et al. (21). The ANTH domain binds phospholipids, and the THATCH domain
binds actin, subject to intramolecular regulation by a USH (19) and a C-terminal segment (latch) (20).

TABLE 1
Hip coiled-coil molecular mass determined by analytical
ultracentrifugation fitted to monomer-dimer equilibrium model

Protein
Calculated

dimer molecular
mass

Calculated
monomer

molecular mass

Experimental
molecular

mass
Fitting
variance

kDa kDa kDa
Hip1cc 66.79 33.39 67.4 2.51 � 10�5

Hip1Rcc 73.45 36.73 67.7 2.57 � 10�5
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virtually no dissociation to themonomer form of these proteins
in vitro.
This stability was also evident from biochemical treatments.

Dimers of purifiedHip1 andHip1R coiled-coils survived stand-
ard denaturing, reducing SDS-polyacrylamide gels (Fig. 2A).
Coiled-coil domains of Hip1 and Hip1R were mixed with SDS-
PAGE sample buffer and heated to 95 °C for increasing time
intervals (Fig. 2A). After only short heating times, large
amounts of Hip1 or Hip1R coiled-coils remained complexed.
This SDS-resistant behavior is similar to that of the four-helix
bundles of SNARE proteins that require an ATP-hydrolyzing
chaperone,N-ethylmaleimide sensitive factor (NSF) to dissoci-
ate the complex (33). Although both Hip1 and Hip1R coiled-
coils were very stable,Hip1 remained a dimer for longer heating
times (Fig. 2A).

Given the high stability of the coiled-coil domains of Hip1
and Hip1R, it is likely that homodimers are the preferred mode
of interaction. To test the possibility of heterodimerization in a
stringent way, a 1:1mixture of Hip1 andHip1R coiled-coils was
thermally denatured through their primary melting transition
to 65 °C while monitoring the melting transition by circular
dichroism (Fig. 2B). The denaturedmixturewas then allowed to
slowly reanneal. Melting and annealing should overcome any
thermodynamic or kinetic barrier to monomer formation and
allow heterodimers to form during reannealing if feasible. Fol-
lowing reannealing, thermal denaturation of the resulting mol-
ecules was measured, and the melting curve was identical to

that of the mixture of the Hip1 and
Hip1R coiled-coil homodimers (Fig.
2B). Thus, no new stable het-
erodimers had formed upon rean-
nealing. These would have gener-
ated a melting curve that deviated
from that of the original mixture
because the heterodimers would
contribute differently to the shape
of the melting curve.
These biophysical results indicate

there is no heterodimerization of
Hip1 and Hip1R through their
coiled-coil domains in vitro. To fol-
low up the biophysical analysis in a
cellular context, four constructs
encoding full-length HA- or His-
tagged Hip1 and Hip1R were pro-
duced and expressed in HeLa cells
(Fig. 2C). After co-transfection of
Hip1 and Hip1R, each with a differ-
ent tag (in either combination),
immunoprecipitation of eitherHip1
orHip1R gave negligible amounts of
the other protein. However, when
Hip1 constructs with two different
tags or Hip1R constructs with two
different tags were transfected into
cells, homotypic interactions were
readily detected by immunoprecipi-
tation. Varying the expression level

of each construct relative to the other did not change this result
(Fig. S1). Our biochemical analysis and its correlation with cel-
lular data thus suggest that the preferred mode of Hip protein
interaction in vivo and in vitro is homodimeric. These results
are compatible with reported functional segregation of Hip1
and Hip1R in cells (10, 11).
Flexibility Is a Mechanism for Conformational Regulation in

Hip1 and Hip1R—Given the preference for homodimerization
and the segregation of biological functions of Hip1 and Hip1R,
further biophysical properties of their coiled-coil domainswere
analyzed to determine whether these might account for func-
tional differences. Separate crystallographic analyses of the N-
and C-terminal halves of the coiled-coil domain of Hip1
showed classical coiled-coil segments from residues 371–430
and from residues 540–581. These structures also suggested a
segment, around residues 445–539, of decreased stability and
increased flexibility that included residues implicated in bind-
ing clathrin light chain as well as in binding of HIPPI (Hip1
protein interactor) (21) (Fig. 1). To investigate whether this
regionmight function in regulatory aspects of the Hip proteins,
biophysical properties related to stability of the Hip protein
coiled-coil domains were analyzed. First, using the program
COILS (34), subdomains of high and low coiled-coil propensity
were mapped within the coiled-coil domains of both Hip1 and
Hip1R (Fig. 3, A and B). COILS suggested that both domains
have N-terminal regions with high propensity to form coils. At
the (D/E)LLRKN sequences implicated in binding clathrin light

FIGURE 2. Hip1 and Hip1R are stable homodimers. A, Hip1cc or Hip1Rcc, amino acids 361– 637 and 346 – 655,
respectively, were expressed and purified. Purified Hip proteins were diluted into reducing SDS-PAGE loading
buffer and run on an SDS-polyacrylamide gel after boiling for the indicated times. The migration positions of
monomers and dimers and molecular weight (MW) markers (in kDa) are indicated. B, circular dichroism melting
analysis of a 1:1 mixture of Hip1cc and Hip1Rcc. Shown is the molar ellipticity versus temperature as determined
by monitoring the change in helical content of proteins at 222 nm. Homodimers of Hip1 and Hip1R were mixed
at a 1:1 ratio, and then a thermal denaturation profile was obtained (corresponding to melting step 1 in the
diagram; open circles). The mixture of denatured proteins was allowed to anneal slowly back to 20 °C (step 2 or
2� in the diagram). The thermal denaturation profile was collected for the newly annealed population (step 3 in
the diagram; filled triangles). Both melting curves precisely overlap, showing that path 2 (not 2�) was the
primary route followed. C, co-immunoprecipitation of His- or HA-tagged full-length Hip1 or Hip1R. HeLa cells
were co-transfected with the two constructs indicated in the table above the blot to achieve equivalent levels
of expression of each construct. HeLa cells were lysed, and tagged Hip proteins were isolated by immunopre-
cipitation (IP) with either anti-His antibody or anti-HA antibody as shown. Immunoprecipitates and transfected
cell lysate were separated by SDS-PAGE and transferred to nitrocellulose for immunoblotting. Nitrocellulose
membranes were probed with anti-His, stripped, and then probed with anti-HA. Black dots indicate homotypic
transfection combinations. Gray dots indicate heterotypic transfection combinations.
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chains (3), the predicted propensity dropped for both Hip1 and
Hip1R. However, for Hip1, this decrease was slight, whereas for
Hip1R, there was a significant decrease in predicted coil pro-
pensity. C-terminal to the clathrin light chain binding
sequence, both Hip1 and Hip1R had predicted regions of sig-
nificantly lower coiled-coil propensity interspersed with
regions of high coiled-coil propensity, again with Hip1R having
less coil propensity.
Partial proteolysis was used to establish the regions of stabil-

ity and flexibility in Hip1 and Hip1R. The coiled-coil domains
of Hip1 and Hip1R were partially digested with subtilisin over
time and analyzed by SDS-PAGE. Hip1 was resistant to prote-
olysis for �10–15 min, whereas Hip1R was almost completely
digested in the same time period (Fig. 3C). The coiled-coil
domains of both proteins had subfragments that were resistant
to proteolysis. Peptide mass fingerprints from the protease-re-
sistant fragments ofHip1 (11 and 20 kDa) andHip1R (10 and 13

kDa) showed that peptides C-terminal to the clathrin light
chain binding region were missing from these fragments (Fig.
3D). The increased susceptibility to degradation of the C-ter-
minal subdomains of the Hip1 and Hip1R coiled-coils agrees
with the COILS analysis predicting decreased coiled-coil pro-
pensity in the same region. Thus, although the static crystal
structure indicated that coiled-coil interactions can occur in
this region, it is functionally less stable (more flexible) than the
coiled-coil region that is N-terminal to the clathrin light chain
binding site. The differences in the relative rates of partial pro-
teolysis indicate that Hip1R has increased flexibility in the
C-terminal subdomain compared with Hip1.
The relative stability of Hip1 and Hip1R coiled-coils was

determined by reversible thermal denaturation while meas-
uring the ellipticity at 222 nm by circular dichroism (Fig. 4).
Thermal melting curves for Hip1 and Hip1R showed signifi-
cantly different profiles for unfolding. Hip1 had a single smooth

FIGURE 3. Flexibility within the Hip1 and Hip1R coiled-coils. A and B, coiled-coil propensity of Hip1 and Hip1R coiled-coil domains, respectively, as predicted
by the program COILS (34). An asterisk indicates the approximate position of residues known to be important for light chain binding, as determined by
mutagenesis (3). C, partial proteolysis of Hip1 and Hip1R coiled-coil domains. 12.5 �g of Hip1 or Hip1R was digested with 0.01 �g/ml of subtilisin protease for
the indicated times. Reactions were stopped by boiling in SDS-PAGE loading buffer. Proteolysis products were separated by SDS-PAGE. Fragment sizes in kDa
are indicated. D, whole Hip1 or Hip1R coiled-coils or subtilisin proteolysis products indicated by arrows in C were excised from the SDS-polyacrylamide gel and
further digested with trypsin. Peptides from the tryptic digests were identified by MALDI mass spectrometry. The black regions of the diagram indicate tryptic
peptides identified by mass spectrometry in each digestion reaction, labeled according to the molecular weight of the band digested. Tryptic peaks missing
(gray) in the subtilisin fragments indicate which regions were digested during subtilisin proteolysis. CLC marks the approximate position of clathrin light chain
binding.
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melting transition (Tm) at 43 °C,whereasHip1Rhad amultistep
unfolding profile. The first melting transition for Hip1R
occurred at 32 °C, much lower than that for Hip1. The second
Hip1R Tmwas much higher, near 72 °C. The first melting tran-
sition for Hip1R probably represents most of the protein
unfolding, given its significant change. The second transition
occurs at high temperature and may reflect residual bits of hel-
ical structure unfolding or temperature dependent changes in
absorption, not related to Hip1R denaturation. These melting
data correlate with the partial proteolysis, gel denaturation, and
COILS data, suggesting that the dimeric coiled-coil region of
Hip1 is more stable than that of Hip1R.
Since the flexible region started at the clathrin light chain

binding site, we measured whether the differences in flexibility
of Hip1 and Hip1R correlated with their binding affinity for
clathrin light chain. Using surface plasmon resonance (SPR),
the binding affinity between Hip1 or Hip1R and full-length
clathrin light chain b (LCb neuronal isoform) was determined
(Fig. 5A). Hip1 bound LCb with an affinity of 1.02 �M. Hip1R
boundLCbwith an affinity of 0.566�M, about 2-fold better than
Hip1, correlating with the greater flexibility of Hip1R in the
LCb binding region.
Hip1 and Hip1R Adopt Compact Conformations in Response

toClathrinBinding—Since flexibility of the coiled-coil domains
correlated with clathrin light chain interaction, we addressed
whether their flexibilitymight influence additional functions of
Hip1 andHip1R. For the yeast homolog Sla2p, sequences in the
vicinity of the coiled-coil domain were shown by two-hybrid
and in vitro binding assays to have the capacity for intramolec-
ular interaction with the actin-binding THATCH domain (35).
The flexibility of the coiled-coils starting at the clathrin light
chain binding region could provide a means to induce this
intramolecular interaction, which would affect the surface
properties of the THATCH domain. To investigate this possi-

bility, we assessed changes in the surface properties of the
THATCH domains by monitoring fluorescence of the hydro-
phobic dye ANS (Fig. 6A). The C-terminal fragments of Hip1
and Hip1R, including the coiled-coil and THATCH domain
(Hip1 residues 400–1038, Hip1ccth; or Hip1R residues 379–
1068, Hip1Rccth), were expressed, and ANS fluorescence spec-
tra were collected in the presence of clathrin light chain peptide
or control peptide. The clathrin light chain peptide is a 22-res-
idue peptide representing the Hip-binding region of clathrin
light chains (common to LCa and LCb) (see “Experimental Pro-
cedures” for the sequence) (4). ANS spectra in the presence of
the two peptides were also collected for the coiled-coil domains
alone. Coiled-coil spectra were subtracted from the coiled-coil
THATCH spectra to get the net change in ANS fluorescence,
reflecting changes due to conformational rearrangement of the
THATCHdomain alone. Hip1R showed a significant change in
the ANS fluorescence difference spectrum for the THATCH
domain in the presence of the clathrin light chain peptide com-
pared with the control peptide. The Hip1 THATCH domain
difference spectrum had a similar trend but was not above the
error (Fig. 6A). These assays reveal a change in the accessible

FIGURE 4. Thermal stability of Hip1 and Hip1R. Purified coiled-coil domains
of Hip1 and Hip1R were subjected to increasing temperature while the
change in ellipticity at 222 nm was monitored by circular dichroism. The heat-
ing rate was 0.5 °C/min. The mean residue molar ellipticity versus temperature
was plotted. The transition for the thermal denaturation of Hip1 coiled-coil
domain had a Tm � 43 °C (E). The thermal denaturation profile of Hip1R had
a Tm � 32 °C (Œ) for the first and primary transition.

FIGURE 5. SPR binding of Hip1 and Hip1R to clathrin light chain and actin.
Representative SPR plots for steady state binding between Hip proteins and
clathrin light chains or actin are shown. Fitted binding affinities are noted on
each plot, with a vertical line also indicating fitted binding affinity. A, purified
clathrin light b (LCb neuronal isoform) was immobilized on a CM5 chip by
amine coupling. Purified coiled-coil domains of Hip1 or Hip1R at the concen-
trations indicated were flowed over the clathrin light chain surface until a
steady state was reached, and the steady state response units (RU) were plot-
ted. B, actin purified from rabbit muscle was assembled and immobilized on a
CM5 chip by amine coupling. Purified Hip1 or Hip1R fragments containing
the coiled-coil and THATCH domains (Hip1ccth or Hip1Rccth) were flowed
over the F-actin surface at the concentrations indicated in the presence of
saturating amounts (20 �M) of clathrin light chain peptide (CLC) or GroEL
control peptide. All data were collected on a Biacore T100. BiaEvaluation soft-
ware (Biacore) was used for steady state analysis of binding data. Curves with
clathrin light chain peptide have no line indicating binding affinity, because
fitted binding affinity was off the scale.
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hydrophobic surfaces in the THATCH domain when clathrin
light chains are bound to coiled-coil domains, suggesting an
intramolecular conformational rearrangement in mammalian
Hip proteins similar to that predicted for Sla2p (35). The lim-
ited change detected in Hip1 is probably due to ANS being
insensitive to the conformational changes induced by the clath-
rin light chain peptide, since electron microscopy data (see
below) clearly show altered conformations for both Hip1 and
Hip1R.
To visualize the conformational changes in Hip1 and Hip1R

that were implied by ANS fluorescence, negative stain electron
microscopy was used. Hip1 and Hip1R coiled-coil THATCH
domains (Hip1ccth andHip1Rccth) were combined with clath-
rin light chain peptide or control peptide and stained with ura-
nyl formate, and electron microscopy images were collected.
The control peptide was the clathrin light chain peptide con-
taining three mutations that abrogate Hip protein binding (4).
To avoid bias, random single particles were preselected from
fields without knowing which peptide had been added, and the
longest dimension of these particles was measured. Measure-

ments were binned in groups of 20
Å and plotted as a histogram (Fig. 6,
B and C). The length of single parti-
cles of both Hip1 and Hip1R with
clathrin light chain peptide bound
had a narrower distribution than
seen with control peptide and
peaked near 120 Å. In the presence
of control peptide (and no peptide
for Hip1R), both proteins showed a
much broader length distribution
and many more particles with
dimensions greater than 120Å. This
indicates that clathrin light chain
binding to their coiled-coil domains
can induce compaction of Hip1 and
Hip1R (Figs. 6B and S2).
Actin Binding by Hip1 and Hip1R

Is Negatively Regulated by Clathrin
Binding—Our studies here have
shown how clathrin light chain can
induce a compact conformation of
Hip proteins through binding the
flexible regions of their coiled-coil
domains and also influence the sur-
face properties of their actin-bind-
ing THATCH domains. These
observations suggest that clathrin
light chain binding to the coiled-coil
domain of Hip proteins could affect
the binding of actin to their
THATCH domains. To assess this
possibility, SPR was used to deter-
mine the binding affinities of Hip1
and Hip1R for actin in the presence
of clathrin light chain peptide or
control peptide. For these experi-
ments, Hip1ccth orHip1Rccthwere

flowed over a chip with covalently bound F-actin. The steady
state affinity ofHip1ccth binding to F-actinwas calculated to be
7.66 �M, and for Hip1R, it was 1.03 �M in the presence of con-
trol peptide (Fig. 5B). These affinities were very similar to the
affinity of Hip proteins for actin with no peptide present (Fig.
S3). In agreement with our results, it has been previously
reported that Hip1 binds actin with a relatively weaker affinity
than Hip1R, but no specific binding constants were calculated
in that study (2). Also both affinities calculated from our data
are in the micromolar range, as previously reported for binding
between actin and the isolated THATCH domains of Hip1 and
Hip1R (lacking their regulatory upstream helix) (19).
Clathrin light chain peptide or control peptide was then

introduced into the SPR assay for measuring Hip-actin interac-
tion. In the presence of saturating amounts of clathrin light
chain peptide, the determinedKD(actin) for actin binding was 45
�M for the Hip1ccth-peptide complex (Fig. 5B) and �1000 �M
for the Hip1Rccth-peptide complex (Fig. 5B). Its greater
response to clathrin light chain peptide correlates with Hip1R
being the more flexible of the two Hip proteins. Notably, there

FIGURE 6. Hip1 and Hip1R change conformation upon clathrin light chain binding. A, purified Hip coiled-
coils (Hip1cc and Hip1Rcc) or Hip coiled-coil plus THATCH fragments (Hip1ccth and Hip1Rccth) were incubated
with ANS in the presence of clathrin light chain (CLC) or control peptide. ANS fluorescence spectra of the
coiled-coils were subtracted from ANS spectra of the coiled-coil THATCH fragments. The difference between
the spectra of the two fragments is plotted, indicating ANS fluorescence due to the THATCH domains alone in
the presence of either peptide. B, representative electron microscopy images of Hip1Rccth in the presence of
control or clathrin light chain peptide, stained with uranyl formate. Box edge, 270 Å. Top panels show micro-
graphs, and bottom panels show outlines of protein images. See Fig. S2 for representative images of Hip1ccth
after peptide binding. C, length distributions of particles of Hip1ccth and Hip1Rccth in the presence of clathrin
light chain peptide, control peptide, or no peptide from images of uranyl formate-stained samples. Distribu-
tion was determined by measuring �100 particles for each condition. The control peptide is the clathrin light
chain peptide with three mutations that abrogate Hip protein binding (4).
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was an �6 to �1000-fold decrease in affinity of both Hip1 and
Hip1R for actin when the clathrin light chain peptide was pres-
ent. The reciprocal effect was also observed, although to a lesser
extent (Fig. S6). Hip1 (Hip1ccth) had a 3–4-fold decreased
affinity for clathrin light chain if it was prebound to actin. Puri-
fied THATCH domains missing the clathrin-binding coiled-
coil domains (residues 600–1038 for Hip1 and residues 600–
1068 forHip1R) had little change in actin-binding affinity in the
presence of clathrin light chain peptide or control peptide (Fig.
S4). Thus, the clathrin light chain effects on actin binding by
Hip proteins are the result of long range conformational inter-
actions between the coiled-coil and THATCH domains.
Studies in yeast and mammalian cells indicated that clathrin

light chain fragments comprising only the Hip-binding or
Sla2p-binding regions affected actin-dependent membrane
dynamics (4, 18). Our results explain this effect by demonstrat-
ing the profound influence of the clathrin light chain peptide on
the affinity of the Hip proteins for actin. Consistent with the
cellular assays showing functional efficacy of Hip-binding or
Sla2p-binding domains, the clathrin light chain peptide used in
our studies binds to Hip proteins with similar efficiency as full-
length purified clathrin light chain (data not shown) (4, 18).
The proline-rich domain of Hip1R, found C-terminal to

the THATCH domain, has been previously shown to bind
cortactin (17). SPR experiments showed that the presence of
clathrin light chain did not alter the affinity Hip1Rccth for
cortactin (Fig. S5), demonstrating specific regulation of
Hip1R actin affinity by clathrin light chain. As expected, the
equivalent domain of Hip1, which does not contain a pro-
line-rich domain, did not bind to cortactin (data not shown).
The demonstration that clathrin light chain specifically

reduces Hip protein affinity for actin suggests that cellular
depletion of clathrin light chains should increase Hip pro-
tein-actin interactions at sites of clathrin heavy chain-con-
taining structures. Normally, in mammalian cells, Hip1R is
seen colocalized with punctate clathrin structures that align
with but do not overlap with actin (Fig. 7). As predicted,
depletion of cellular clathrin light chains showed an increase
in overlap between Hip1R and actin (Fig. 7). These observa-
tions indicate that the regulation of actin-Hip protein inter-
actions by clathrin light chain is relevant to cellular control
of actin-clathrin interactions.

DISCUSSION

Hip1 andHip1R promote clathrin assembly through binding
to clathrin light chains (3, 4), and Hip1R controls assembly of
actin through its interaction with cortactin and actin (17, 20).
Hip1 is also an actin-binding protein (19). In addition to their
common properties, Hip1 and Hip1R seem to have distinct
roles within cells, because separate phenotypes result from
deletion of the genes encoding either Hip1 or Hip1R (10). Here
we demonstrate that homodimerization is the predominant
state for the Hip proteins, which allows segregation of their
cellular functions. We characterize further biophysical differ-
ences between the coiled-coil domains of Hip1 and Hip1R but
demonstrate that both contain flexible regions that contribute
to their common functions. In particular, clathrin light chain
binding to their coiled-coil regions is shown to change the con-

formation of both Hip proteins and to reduce their affinity for
actin. These observations suggest that Hip proteins have sepa-
rate interactions with clathrin and actin duringmembrane traf-
fic rather than the direct bridging function between clathrin
and the cytoskeleton proposed previously (32, 36). They also
suggest that clathrin light chain partially rescues endocytosis in
yeast, in the absence of clathrin heavy chain, by releasing actin
from Sla2p to promote asymmetric attachment of actin to the
budding vesicle (18).
Differential localization and binding partners suggest that

Hip1 and Hip1R have varied and separate functions. Here we
show strong tendencies for homodimerization of the Hip1 and
Hip1R coiled-coil domains in vitro that would prevent themix-
ing of their separate functions. By co-immunoprecipitation
experiments, we confirmed preference for homotypic interac-
tion of the full-length proteins in cells. It is possible that earlier
reports of Hip1-Hip1R heterodimerization and the very minor
(unidirectional) heterotypic interaction in cells that we detect
reflect an interaction between Hip1 and Hip1R that occurs
under special conditions of cellular regulation. However, our
data establish homodimers as the base-line state for Hip1 and
Hip1R in cells. Consistent with their homodimerization and
distinct binding properties, Hip1 and Hip1R can only partially
compensate for each other in genetic knock-out experiments
(10).
Although strong dimerization is clearly a property of the

coiled-coil regions of the Hip proteins, there have been sugges-
tions of flexibility within the coiled-coil regions from electron
microscopy and crystallography studies (21, 26, 32). Here we
characterized the extent of flexibility within the coiled-coil
regions of Hip proteins in solution and addressed its function.
The binding constants reported here indicate that Hip1 and
Hip1R exhibit a small difference in affinity for clathrin light

FIGURE 7. Immunofluorescence of Hip1R, actin, and clathrin following cellu-
lar depletion of clathrin light chains. HeLa cells were transfected with siRNAs
targeting both clathrin light chain a (LCa) and clathrin light chain b (LCb) to knock
down all clathrin light chains (LC KD) or with control (scrambled) siRNA at the
same concentration and cultured for 72 h. A, HeLa cells were lysed after siRNA
treatment, and protein levels were determined by immunoblotting. The indi-
cated proteins were detected by a rabbit polyclonal antiserum against a con-
served sequence shared by LCa and LCb (LC) (29) and �-actin (Sigma). Actin is
shown as a loading control. B, cells treated with siRNA against clathrin light chain
(LC KD) or with control siRNA were labeled for immunofluorescence with anti-
bodies against clathrin heavy chain (HC) (green) and Hip1R (red). Actin was
detected with fluorescent phalloidin and is shown in black and white images in
the center panels or in green in the far right panels. Merged images of the indicated
proteins are shown in the two right-hand panels of each row, with yellow indicat-
ing overlap of red and green labeling. In the far right panels, the central boxed area
is magnified in the upper righthand corner. Bar, 10 �m.
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chain, consistent with previous qualitative predictions that
Hip1R binds clathrin light chain more avidly than Hip1 (4, 32).
The lower melting temperature and higher susceptibility to
proteolysis of the Hip1R coiled-coil domain compared with
that of Hip1 indicates greater flexibility or conformational
entropy, which could play a role in the stronger binding by
Hip1R of light chain. We propose that intrinsic flexibility may
modulate binding affinity by influencing the frequency that the
coiled-coil is in the clathrin light chain binding-competent
state, although a complete analysis of this phenomenon awaits
further experimentation.
We further investigated whether coiled-coil flexibility and

clathrin light chain binding play a role in actin binding by Hip
proteins, because it has been previously suggested that the
THATCH domain is subject to intramolecular regulation (18,
19, 20). In studies of isolated THATCH domains, Senetar et al.
(19) observed that their actin binding affinity was considerably
reduced in the presence of an N-terminal upstream helix
(USH), and Brett et al. (20) identified a C-terminal LATCH
sequence that increased Hip1R THATCH binding affinity for
actin in the presence of the USH. In addition, intramolecular
interactions between the coiled-coil domain of Sla2p and the
THATCH domain were predicted by yeast two-hybrid studies
(35). Here we measured actin binding of extended domains of
Hip1 and Hip1R, fragments comprising the coiled-coil and
THATCH domains with both the USH and the LATCH
sequences. In the absence of the clathrin light chain peptide,
Hip1 and Hip1R bound actin in the micromolar range, as if the
inhibitory USHwere inactive. In the presence of the light chain
peptide, the KD(actin) of both proteins was significantly
decreased, with a 6.4-fold change for Hip1 and a �1000-fold
change for Hip1R. Thus the binding of clathrin light chain to
the coiled-coil of Hip proteins seems to reduce the affinity of
both proteins for actin, with a greater effect on themore flexible
Hip1R. These effects of clathrin light chain peptide on actin
binding by the Hip proteins correlated with conformational
changes induced upon peptide binding. Both Hip proteins are
able to adopt compact structures aswell as extended structures.
Upon clathrin light chain binding, both proteins assumed a
more compact state. That these conformational changes
involved the THATCHdomain was confirmed byANS spectra,
which showed a change in THATCH surface contacts upon

binding of clathrin light chain pep-
tide to Hip1R, with the same tend-
ency for Hip1. These data suggest
that in the compact state, the Hip
protein actin binding sites are
masked by an intramolecular inter-
action. The compact conformation
may also involve repositioning of
the USH (Fig. 8A). In cells depleted
of clathrin light chain, Hip1R label-
ing was directly co-localized with
actin, consistent with Hip1R being
in the extended state with higher
affinity for actin. In cells treated
with control siRNA, Hip1R in the
compact state with low affinity for

actin was colocalized with clathrin-containing structures and
was “offset” (not overlapping with) adjacent labeled actin.
These cellular and biophysical observations together indicate
that Hip1R interactions with clathrin and actin are mutually
exclusive.
It remains to be seenwhether binding of other partner proteins

to the Hip1 coiled-coil affects its coiled-coil properties and
whether this in turn influences other binding partner interactions.
In contrast to themultiple partners of Hip1, clathrin light chain is
the only binding partner identified so far for theHip1R coiled-coil
region, suggesting that Hip1R primarily functions in clathrin-me-
diated endocytosis. Notably, clathrin light chain binding did not
affect cortactin binding,which interactswithHip1RC-terminal to
the THATCH domain. In addition to demonstrating the specific-
ity of clathrin light chain binding in regulating actin binding, this
result indicates that cortactin should remain bound to Hip1R
whether or not clathrin is bound.
The work reported here has novel implications for the influ-

ence of clathrin and Hip proteins on actin organization during
coated vesicle formation. During clathrin coat formation, Hip
interactions with clathrin and actin are likely to be sequential,
since clathrin-bound Hip proteins have considerably reduced
affinity for actin (Fig. 8B). The comparable affinities of Hip
proteins for clathrin light chains or for actin and the reciprocal
influence of each ligand on the other’s binding are compatible
with the scenario thatHip proteins, when captured by a clathrin
coat, will not be encumbered by Hip-actin interactions. Con-
sistent with this prediction, electron micrographs localizing
Hip proteins relative to clathrin and actin show that clathrin-
associated Hip does not co-localize with actin, except at the
neck of the budding vesicle, near the clathrin lattice edge (32).
At the neck, Hip proteins can interact directly with membrane
via their ANTH domains and dissociate from clathrin light
chains, enhancing their affinity for actin and thereby regulating
actin filament growth at this site. As suggested by LeClainche et
al. (17), the binding of cortactin by Hip1R could control the
localization of actin polymerization at the budding vesicle neck
and contribute to vesicle scission. Since cortactin binding is not
affected by clathrin light chain, it could be constitutively bound
to lattice-associated Hip1R.
In summary, our findings show that although overall stability

of the coiled-coil domains of Hip proteins favors homodimer-

FIGURE 8. Model of Hip protein conformations and effect on vesicle budding. A, model of the mechanism
for regulation of actin binding to Hip proteins by clathrin light chain. Flexibility in the coiled-coil allows large
scale bending of the coiled-coil upon clathrin light chain binding. This could reduce actin binding by the
THATCH domain by direct blocking resulting from an intramolecular interaction between THATCH and a site
that is exposed following clathrin light chain binding or indirectly by light chain inducing a conformational
change that repositions the USH to an inhibitory conformation or a combination of both mechanisms. B, the
decreased affinity of Hip1 and Hip1R for actin while bound to clathrin light chain suggests that Hip proteins do
not interact with actin while incorporated into the clathrin coat. Instead, Hip proteins may interact with actin at
the neck of the budding vesicle or edge of the clathrin coat, promoting development of a budding vesicle.
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ization and segregation of Hip1 and Hip1R function, their
intrinsic flexibility allows regulation of partner protein binding
through conformational changes. In particular, these changes
mandate sequential interaction of Hip proteins with clathrin
and actin, redefining the proposed mechanism of action of Hip
proteins during membrane traffic.
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