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FIGURE 3. Linker sequence between F-box and substrate-binding domains of Fbs1 b SCF™" complex formati N
constructs of fusion proteins consisting of Fbs1 and Fbs2 f The f i from Fbs1 and Fbs2 appﬂfinqrayand whirebmremupmlvely

The numbers above the constructs represent the amino acid posnion of Fbs1. The vertical bars represent identical amino acids between Fbs1 and Fbs2. Pand
F-box domains, linker sequence, and sugar-binding domain are represented by P, F-box, linker, and ssa. respenmly The binding activities of these constructs
toward Cull and Skp1 shown in B are summarized on the right, with + rep ing strong bi vg weak binding, and — representing no
binding. B, 293T cells were transfected with plasmids encoding the FLAG-tagged mutants F-box pru!am r!pl'esen!.nd in A. Whole cell lysates were subjected
to immt ipitation (/P) with an antibody ta FLAG, and the resulting prxipnates were analy blotting with antibodies to Cull, Skp1, and
FLAG. Asterisks shwlg heavy and light chains. C, 2937 cells were fected with FLAG Fbsi Fbs-2N1C, Fbs1 12, or Fbs2. Cell lysates were fractionated
by ultracentrifugation, and FLAG-Fbs1 was irnrnu nopfeclpdrated with an antibody to FLAG from 100,000 x g supernatant (s) and precipitate (p) fractions. The
resulting Immunoprecipitates were analy blotting as in Fig. 28.
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FIGURE 4. Expression of Fbs-2IN1C promotes sub d dation. A, 2937 cells were fected with g oding FLAG-tagged empty vector (V),

Fbs1 (W), Fbs-2N1C (2N), or Fbs1 YW (¥) and comb with rhodopsin P23H Sorr-eceﬂsmmtmudmh 10 pm MG132 for 16 h. Whole cell lysates
were subjected to immunoprecipitation (IP) with antibodies to FLAG and rhodopsin, and the were analyzed by immuncblotting with an
antibody to rhodopsin. Asterisks show Ig heavy and light chains. B, rhodopsin P23H was cotramie(‘ted w-hh FLAG-tagged empty vector, Fbs1, Fbs-2N1C, or
Fbs1 YW. Twzﬂty -four hours after transfection, 2937 cells were pulse-labeled with [**S|Met/Cys for 1 h and chased for the indicated time intervals. Rhodopsin
P23H and Fbs1 di were | d with antibodies to rhodopsin and FLAG, respectively. The plotted data at the bottom show a quantifi-
cation analysis of the stability of rhudopsm P23H over time in the upper panels. Data are the mean * 5.0. of thrae independent experiments. WT, wild type.

Fbs-2N1C could bind to P23H, although its binding to P23H
seemed weaker than that of wild-type Fbsl (Fig. 4A, left panel).
Since the activity to bind RNaseB was not different between
Fbsl and Fbs-2N1C (data not shown), it seems likely that the
SCF™®*NIC causes degradation of P23H through its ubiquity-
lation. Interestingly, the quantity of P23H decreased upon Fbs-
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2N1C expression (Fig. 44, right panel). It has been reported that
the degradation of P23H was suppressed by MG132 treatment
(15, 16). The quantities of both P23H associated with Fbs-2N1C
and the P23H protein were recovered by the addition of
MGI132. Moreover, we performed pulse-chase analysis using
293T cells co-expressing the P23H mutant and FLAG-tagged
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FIGURE 5. Fbs1 compl PF the aggregation of denatured idase in vitro. A, electrophoretic p of the rec proteins
produced by the baculovirus sy CBB Staining, C ie Brilliant Blue staining. 8, GlcNAc-terminated fetuin (GTF) was incubated in a reaction mixture

containing the ATP-reg ing system, recombinant ubiquitin-activating enzyme (E1), Ubc4, GST-ublquitin (GST-Ub), and Skp1-Fbs1 dimer (5-FI} or SCF
complex (SCF) in the presence of the NEDDB system at 30 °C. The high molecular mass ubiquitylated fetuin ((GST-Ub)n-GTF) was detected by immunablotting
with anti-fetuin antibody. C, after denaturation in 6 M GdnHCl, a-mannosidase (Man) was diluted to a final concentration of 0.3 mmat 25 “C in the presence of
the indicated concentrations of SCF™ (SCF™" or SCF), Skp1 and Fbs1 dimer (Skp1-Fbs1 (Full) or SF), Fbs1 monomer (Fbs1 (Full) or Full), or Fbs1 derivatives (AF,
AN, or AF). Aggregation was measured by monitoring light scartering at 360 nm over a period of 60 min. Data are the mean + 5.0. of at least three independent
exper a idase was all
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d to aggregate in the presence of equal mole of SCF™ ' or Fbs1 (AN). 0.05 mm N, N'-diacetylchitobiose was added

{+chitobiose), ;ml the effects on aggregation were monitored by measuring light scattering at 360 nm. Data are the mean and standard deviation of three

independent experiments. £, a~mannosidase was allowed to aggregate in the presence of equal mole of rec

the mean = 5.D. of three independent experiments.

Fbs1 derivatives. The degradation of P23H was suppressed by
MG132 treatment as reported previously (Fig, 4B). Although
wild-type Fbsl or the YW mutant did not influence the kinetics
of P23H degradation, co-expression of Fbs-2NI1C efficiently
promoted its degradation. On the other hand, like wild-type
Fbs1, Fbsl 12, could associate with P23H, but its expression did
not influence both the amount of P23H and the kinetics of
P23H degradation (data not shown). These results demonstrate
that the non-SCF complex of Fbs1 can be converted to an active
E3 ligase by introducing the complex-forming activity mapped
onto the F-box domain and the linker sequence of Fbs2.

Fbsl Suppresses Aggregation of Denatured Glycoprotein in
Vitro—We reported previously that the expression of Fbsl
inhibits aggresome formation in Cos7 cells (8). Furthermore,
since Fbsl interacts with denatured glycoproteins more effi-
ciently than native glycoproteins, we examined whether Fbsl
functions as a molecular chaperone for glycoproteins in vitro.
To this end, we prepared recombinant SCF™', Skp1-Fbsl
dimers, Fbs1, Fbs1 AF, Fbsl AP, Skp1-AP dimers, and Fbs1 AN,
all of which were produced by using a baculovirus system (Fig.
5A). To obtain highly purified recombinant proteins, we puri-
fied them by using the affinity for the RNaseB resin but not
nickel resin toward His tag. The purified SCF*™™! but not Skp1-
Fbsl dimers could ubiquitylate GleNAc-terminated fetuin
(GTF) effectively (Fig. 5B), We next assessed the ability of these
proteins or their complexes to suppress the aggregation by
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Fbsic or derivatives. Data are

P

using denatured a-mannosidase that contains high mannose
type oligosaccharides, a typical substrate for the glycoprotein
aggregation assay (17). Although Fbsl alone suppressed the
aggregation of denatured a-mannosidase in a concentration-de-
pendent manner, the Fbs1-Skpl dimers as well as the SCF™
complex suppressed the aggregation much more effectively than
Fbsl1 alone (Fig. 5C). Although the addition of half-molar of Fbsl
AF did not affect the aggregation of denatured a-mannosidase,
AF was also active to suppress the aggregation at a level similar
to that of Fbs1 alone in an equal molar ratio, suggesting that the
partial suppression by Fbs1 is independent of the hydrophobic
F-box domain. On the other hand, AN, consisting of substrate-
binding domain alone, enhanced its aggregation. Both the
aggregation-suppressing activity of SCF™, Skp1-Fbs1 dimers,
or Fbsl and the aggregation-enhancing activity of AN were
inhibited by chitobiose (Fig. 5D and not shown). In contrast,
these recombinant Fbs1 protein complexes had no effect on the
aggregation of non-glycosylated proteins such as citrate syn-
thase and luciferase (data not shown). Importantly, AP as well
as the Skpl-AP dimers could not suppress the aggregation of
a-mannosidase in an equal molar ratio (Fig. 5, C and E, and not
shown). These results indicate that the Skp1-Fbs1 dimers effec-
tively suppress the aggregation of denatured glycoproteins by
recognizing the exposed chitobiose in N-glycans and that the P
domain of Fbsl is required for this aggregation suppressing
activity.
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DISCUSSION

The F-box family of proteins, which are the substrate-recog-
nition subunits of the SCF ubiquitin ligase, play important roles
in ubiquitin-dependent proteolysis in eukaryotes (18, 19).
However, it is not clear whether all F-box proteins indeed func-
tion as receptor subunits of SCF complexes. For example, it has
been reported that at least two F-box proteins, Ctfl3 and Reyl,
out of 11 F-box proteins in Saccharomyces cerevisiae, do not
form SCF complexes (20-22). Since not all RING-finger pro-
teins are ubiquitin ligases, it is possible that non-canonical
F-box proteins that fail to form the SCF complex play some
important roles other than ubiquitin ligase activity. In the pres-
ent study, we showed that the SCF complex formation of Fbsl,
which recognizes N-glycans, is not efficient and that the inter-
vening segment between the F-box domain and the sugar-bind-
ing domain of Fbsl suppresses the formation of the SCF com-
plex. The major population of Fbsl is present as Fbsl-Skpl
heterodimers or Fbsl monomers, which can inhibit the aggre-
gation of the glycoproteins. Our results show that Fbs1 contrib-
utes to a chaperone function in addition to the role of the
SCF™*! ubiquitin ligase, opening new perspectives for cellular
activities of F-box proteins.

Although most endogenous Fbsl was not assembled into the
SCF™! complex, a minor population of Fbs] was capable of
forming the SCF™' complex in cells. Moreover, the SCF™!
complex could be produced in insect cells by infection with the
baculovirus, indicating that Fbs1 can intrinsically form the SCF
complex. It is worth noting that the SCF™*' was mainly present
in the 100,000 X gprecipitate fraction including the microsome
(Fig. 2, B and C). It is not clear why the SCF™" is bound to the
ER membrane, although it is plausible that it plays a pivotal role
in the ERAD pathway. To examine how the SCF complex for-
mation of Fbs1 was promoted in vivo, we treated Fbsl-express-
ing cells with ER stress inducers, such as thapsigargin and
dithiothreitol or a proteasome inhibitor MG132. These treat-
ments, however, did not affect the SCF complex formation
(data not shown). Furthermore, although the interaction
between Fbsl and its substrate glycoproteins did not affect the
SCF complex formation (Figs. 14 and 3B), we examined the
effects of overexpression of p97/VCP, Fbsl substrates, Skpl, or
Cull. No protein other than Cull accelerated the SCF*™" for-
mation not only in the 100,000 X g precipitate fraction but also
in the cytosol (Fig. 24 and data not shown). Intriguingly,
whereas Fbsl and Skpl were mainly located in the cytosol
(100,000 X g supernatant fraction), Cull was detected not only
in the cytosol but also in the 100,000 X g precipitate fraction
(Figs. 2, Band C, and 3C), suggesting that Cull is recruited to
the microsome membrane where the SCF™' complex will be
assembled to ubiquitylate efficiently the N-linked glycosylated
ERAD substrates.

Fbs1 belongs to a subfamily consisting of at least five homol-
ogous F-box proteins that contain a conserved FBA motif in
their C termini (5, 6). Among them, at least Fbs2 recognizes
high mannose oligosaccharides as well as Fbs1 and forms an
SCF-type ubiquitin ligase. The Fbsl protein sequence shows
highly homologous to that of Fbs2 other than the P domain of
Fbsl and C-terminal part of Fbs2, but the linker sequence

ey
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between the F-box and FBA domains shows lower homology
than other portions (Fig. 3A). As shown in Fig. 3B, the differ-
ence in the ability for assembling into the SCF complex between
Fbs1 and Fbs2 is ascribed to the short linker sequence (92-117
amino acids of Fbs1). Although Fbs2 formed the SCF complex
efficiently in the cytosol as well as the 100,000 X g precipitate
fraction, the SCF™ formation was mainly present bound on
the ER membrane (Fig. 3C). Although it is not clear whether the
linker sequence of Fbs] prevents the SCF*™' from being in the
cytosol or causes the formation of the SCF™*' bound on the ER
membrane, this limited localization of SCF™" is also due to the
linker sequence (Fig. 3C). Crystal structure and mutational
analyses of Cdc4 and BTrCP1 revealed the importance of ori-
entation and rigidity in the linker sequence between F-box and
WD40 domains for their in vivo function (23, 24). The linker
sequences of Cdc4 and BTrCP1 are longer than that of Fbs1 and
form three or four helix globular domains. On the other hand,
the linker sequence of Fbsl is an unstructured domain that
consists of a flexible linker loop and an a-helix and is too far
from Cull to influence directly the SCF complex formation.®
The information of the structure of Skp1-Fbs1 suggests that the
prevention of the SCF complex formation by this unstructured
linker sequence can be cancelled by binding to the membrane
or unidentified proteins on the ER.

In this study, we demonstrated that the Fbsl could suppress
the aggregation of denatured glycoproteins. This activity is due
to the N-terminal P domain that is not seen in other F-box
proteins. This N-terminal domain has been reported as a PEST
sequence rich in proline, glutamic acid, serine, and threonine,
which are often found in short-lived proteins (25). The N-ter-
minal sequence in Fbsl, however, did not seem to act as a gen-
eral PEST because the deletion of the P domain from Fbsl or
the addition to Fbs2 did not affect the protein stability (Fig. 3).
More recently, it has been reported that U-box type E3 CHIP (C
terminus of Hsc-70-interacting protein) is associated with Fbs1
through the P domain (26). Although we did not detect the E3
activity of the Skpl-Fbs1 dimers produced in the insect cells
toward glycoprotein substrate GleNAc-terminated fetuin (Fig.
5B), it is possible that an unknown chaperone molecule of
insect cells was bound to the P domain of Fbsl. Skpl-Fbsl
dimers and Fbsl monomers as well as the SCF™' complex
showed activity to suppress the denatured glycoprotein aggre-
gation, suggesting that the majority of Fbs1 is present as Skp1-
Fbs1 dimers or Fbs1 monomers in cells and is not an interme-
diate prior to assembly of the SCF*™*' complex, but rather, a
novel functional unit.

It is predicted that more than 30% of eukaryotic proteins
contain substantial regions of disordered structure (27). One
feature of intrinsically disordered proteins is their rapid degra-
dation. Intracellular protein quality control, especially the deg-
radation of proteins with aberrant structures, is thought to be
important particularly in quiescent cells such as neurons (28).
Fbsl is expressed mainly in neuronal cells in the adult brain
(14). Recently, it has been reported (29, 30) that loss of autoph-
agy leads to neurodegeneration even in the absence of any

' Mizushima, T., Yoshida, Y, K idou, T, Hi
Yamane, T., and Tanaka, K, unpublished data.

Y., Suzuki, A,
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aggregation-prone mutant proteins. Moreover, these reports
have shown that the primary role of autophagy under normal
conditions is the turnover of diffused cytosolic proteins, rather
than direct elimination of inclusion bodies (29, 30). Our study
suggests that Fbs1 contributes to the clearance of such cytosolic
proteins by constitutive autophagy, like other chaperone sys-
tems, to suppress the aggregation of abnormal glycoproteins in
neurons. For this, the N-terminal unique sequence of Fbs1, the
P domain, having chaperone function, may have been made up
during evolution. Since Cull is a common component of the
SCF complexes and Fbsl is abundant in neuronal cells, Fbsl
may also evolutionally acquire the linker sequence that sup-
presses the SCE™™! complex formation to supply Cull toward
other F-box proteins. It also seems possible that Fbs1 functions
as a chaperone to keep the solubility of a particular glycopro-
tein(s) in the cytosol in neuronal cells. Further studies are
needed to identify the Fbsl target glycoproteins in neuronal
cells, which may reveal the role of Fbsl in maintaining homeo-
stasis of neuronal cells.

Acknowledgment— We thank M. E. Cheetham for generously provid-
ing rhodopsin constructs.
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ligase complex SCF™' which contributes to the
q of glycoproteins, is involved in the endoplasmi
reticulum-associated degradation pathway. In SCF ubiquitin li-
gases, a diverse array of F-box proteins confers substrate specific-
ity. Fbs1/Fbx2, a member of the F-box protein family, recognizes
high-mannose oligosaccharides. To elucidate the structural basis of
SCF™' function, we determined the crystal structures of the
Skp1-Fbs1 complex and the sugar-binding domain (SBD) of the
Fbs1-glycoprotein complex. The mechanistic model indicated by
the structures appears to be well conserved among the SCF
ubiquitin ligases. The structure of the SBD-glycoprotein complex
indicates that the SBD primarily recognizes Man;GleNAc;, thereby
explaining the broad activity of the enzyme against various gly-
coproteins. Comparison of two crystal structures of the Skp1-Fbs1
plex revealed the relati of a linker seg tb
the F-box and the SBD domains, which might underlie the ability
of the complex to recognize different acceptor lysine residues for
ubiquitination.

The ubiquiti

glycoprotein | tertiary structure | ubiguitin system

biquitin-mediated proteolysis plays a regulatory role in a

number of diverse cellular processes and involves the se-
lective destruction of short-lived functional proteins (1). The
ubigquitin—-proteasome system also is responsible {or the disposal
of misfolded and unfolded cellular proteins, the aberrant accu-
mulation of which usually causes cell death, which can lead to
neurodegenerative diseases (2). Protein ubiquitination is cata-
lyzed by a sophisticated cascade system consisting of the ubig-
uitin-activating (E1), ubiguitin-conjugating (E2), and ubiquitin-
ligating (E3) enzymes (3). Among these enzymes, the E3
enzymes are responsible for the selection of target proteins. E3
enzymes are a diverse family of proteins and protein complexes.
One of the best characterized groups of E3 enzymes is the SCF
complex [composed of Skpl, Cull, Rbxl (also called Rocl), and
an F-box protein], which regulates the degradation of a broad
range of cellular proteins (4). F-box proteins consist of an
N-terminal =40-aa F-box domain that binds to Skpl and various
C-terminal substrate-recognition regions and are subcategorized
into three classes according 1o their substrate-binding domains.
The Fbw (or FBXW) and Fbl (or FBXL) families possess WD40
repeats and leucine-rich repeats in their binding domains, re-
spectively (5). The third class of F-box proteins is the Fbx (or
FBXO) family, which does not contain any presumptive func-
tional domains. However, we recently identified a subfamily
within the Fbx family thal consists of at least five homologous
F-box proteins that recognize N-glycan; we named the sugar-
binding domain (SBD)-containing proteins of this subfamily the
Fbs (F-box protein that recognizes sugar chains; known previ-
ously as FBG) proteins (6).

In the SCF complex, Cull functions as a molecular scaffold
that simultaneously interacts through its N and C termini with
the crucial adaptor subunits Skpl and Rbx! together with a
specific E2 enzyme, respectively, Skpl is an adaptor protein that

www, pnas.org/cgi/dol/ 10.1073/pnas. 0610312104

Fig. 1. Structure of the Skp1-Fbs1 complex. Skp1 and Fbs1 are colored blue
and red, respectively, The secondary structure elements for Skp1 and Fbs1 are
labeled. Dotted lines represent disardered regions. The F-box, linker, and SBD
domains of Fbs1 are circled.

links Cull and one of the F-box proteins (6), Fbw and Fbl
proteins usually recognize the phosphorylation status of the
substrate, and structural models of the SCF complexes of some
of these proteins, such as Fbw1/g-TrCP1 (7), Fbw7/Cdc4 (8), and
Fbl1/Skp2 (9-11), have been reported. Structural information,
however, is available only for the recognition of phosphorylated
protein substrates.

N-linked glycosylation of proteins takes place in the endo-
plasmic reticulum and plays a key role in protein quality control
(12). Misfolded proteins and unassembled protein complexes
that fail to assume their functional states in the endoplasmic
reticulum are subjected to endoplasmic reticulum-associated
degradation, which involves retrotranslocation into the cytosol
and degradation by the ubiquitin-proteasome system. SCF'™! js
an N-linked glycoprotein-specific ubiquitin ligase complex that
contains the neuron-specific F-box protein Fbsl/Fbx2/NFB42
(13-16). We previously reported x-ray crystal structures of the
Fbsl SBD alone and in complex with di-N-acetylchitobiose
(chitobiose, GleNAc-GleNAc, or GleNAc;), which revealed that
the binding site is formed by a small hydrophobic pocket located
at the top of a B-sandwich (17). The molecular mechanism
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Fig. 2. Structure of the Skp1-Fbs1 interface. (A) Stereo views of the Fbs1
F-box domain (red) and Skp1 (blue) are compared with the structures of
Skp1-Skp2 and Skp1-g-TrCP1, Skp1 is purple, Skp2 is green, Skp1 is orange,
and g-TrCP1 isyellow. The secondary structure elements for Skp1 and Fbs1 are
labeled with black and red letters, respectively, (8) Close-up view of the
interface between Skp1 and Fbs1 showing intermolecular contacts, Fbsi is red
and Skp1 is blue

underlying the ubiquitination of N-glycoproteins by the SCF'™!
ubiquitin ligase, however, is unknown at present. To understand
the mechanistic details of the SCF*™!-mediated ubiquitination
reaction, we determined the crystal structures of the SBD-
glycoprotein and Skpl-Fbsl complexes.

Results

Overall Structure of the Skp1-Fbs1 Complex. The Skpl-Fbsl com-
plex has an overall L-shaped structure with Skpl and the Fbsl
subunits oriented =90° to each other (Fig. 1). Skpl and the
chitobiose-binding site (17) are located at the opposite ends of

A

Fbsl. Fbsl consists of four distinct domains: the PEST domain
(residues 1-54), the F-box domain (residues 55-95), a linker
domain (residues 96-124), and the SBD (residues 125-297). The
electron densities of the N-terminal PEST domain (residues
1-47) and part of the linker domain (residues 104-108) are not
visible, supgesting that these regions are flexible. Although the
Skpl-Fbsl complex was crystallized in the presence of 30 mM
chitobiose, the chitobiose molecule is not visible in this structure.
The F-box domain comprises four a helices, which is the same
structural motif observed in the Skpl-binding domains of Skp2
and B-TrCP1 (Fig. 24). The SBD in the Skpl-Fbsl complex is
composed of a 10-stranded antiparallel B-sandwich, and it can be
superposed on the previously reported structure of SBD alone
with an average rms deviation of 0,39 A for the C* atoms,
indicating that the structures are very similar. On the other hand,
the C-terminal linker helix a5 assumes slightly different positions
in the two structures because of crystal packing and the flexi-
bility of the linker domain, which consists of a5 and a loop
structure,

The Skpl in the Skpl-Fbs] complex adopts the same BTB/
POZ fold (18) observed in previously reported structures of
Skp1 (7-9). Interestingly, the C-terminal a-helix a8 of previously
reported structures of Skpl complexed with other F-box proteins
is replaced with an extended structure (C loop: residues 146-
155) (Fig. 2A). The differences in the secondary structure of
Skpl may reflect different roles of the protein. With the excep-
tion of the C-terminal loop, the overall structure of Skpl is
almost identical to those of the protein in the Skp1-Skp2 and
Skpl-B-TrCP1 complexes (rms deviations for the C" atoms: 1.8
and 2.1 A, respectively).

Skp1-F-Box Interface. Whereas the F-box domain of Fbsl contains
the same four-helix (al-ad) structure seen in the domains of

Fig.3. Structure of the SBD-RNaseB complex, (4) The $BD is red and ANaseB is cyan. The secondary structure elements of the S80 and RNaseB are labeled. (B) Stereo

view of the interface b the sub

binding pocket of the SBD and the sugar of ANaseB. The ManiGlcNAc; was modeled with the electron density map (2F, -

F.omitmap of ManyGIcNAC;) contoured at 1.1 rms deviation, Fbs1 isred and RNaseB is cyan. (0) Surface representation of the substrate-binding pocket of the 58D bound
to ManyGlcNAc;. The surface is colored according to the electrostatic potential of the residues (blue, positive; red, negative). (D) Comparison between the
substrate-binding sites of the Fbs1 580 (green) bound to chitobiose (yellow) and the Fbs1 S8D (red) bound to glycosylated RNaseB (cyan)
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Fig. 4.

Regulatory mechanism of SCF™' glycoprotein ubiquitination. (4) Comparison of the two crystal structures of the Skp1-Fbs1 complex. Skp1 {form 1),

Fbat (form 1), Skp1 (form 2), and Fin1 (form 2) are blue, red, yellow, and green, respectively. (8) Schematic representation of the mode! for ubiquitination on
SCF™' The E2 active-site cysteine and acceptor lysine residues are depicted with circled letters

Skp2 (l.i-A rms deviation for 27 C* atoms) and 8-TrCP1 (1.7-A
rms deviation for 28 C™ atoms), there are several differences.
Helix a2 in Fbsl is composed of two segments (a2 and a2')
separated by a turn, which causes it to bulge into the C loop of
Skpl. The orientations of helices a3 and a4 of Fbsl are similar
to those of Skp2 but not to those of B-TrCP1 (Fig. 24).
Moreover, whereas the C-terminal region of the F-box domain
of Skp2 is a loop structure, those of Fbsl and B-TrCP1 form
a-helices (ad),

The binding mode between Skpl and the F-box domain of
Fbs] is almost identical to those between Skpl and Skp2 (I.U—A
rms deviation for 120 C* atoms) and between Skpl and 8-TrCP1
(1.1-A rms deviation for 117 C* atoms), except that the C loop
of Skpl interacts with the F-box domain through van der Waals
contacts (Phe-145, Glu-149, Glu-150, Ala-151, Gin-152, and
Val-153 of Skpl interact with Val-72, Gin-73, Arg-76, Leu-77,
and Leu-80 of Fbsl) (Fig. 2B). The positions of the Fbsl F-box
domain and a7 in Skpl are shifted away from the N-terminal
domain of Skpl by ~4.0 A (Skpl-Skp2) or =25 A (Skpl-
B-TtCP1). These differences in the distances from the F-box
domains to a7 of Skp1 and the C-terminal structures of Skpl are
likely due to the F-box structure.

Structure of the Glycoprotein Complex of the SBD. Ribonuclease B
(RNaseB) is a glycoprotein that has a single high-mannose

Fig.5. Model of the SCF™'-RANasel complex bound to E2. Cull, Rbx1, Skp1,
Fbs1, RNaseB, and E2 are green, orange, blue, red, cyan, and yellow, respec-
tively. Lysine residues on the RNaseB surface are presented in ball-and-stick
format and are coral.

Mizushima et al

oligosaccharide (Man,_yGlcNAc;) attached at Asn-34 (19),
RNaseB binds to the edge of the B-sandwich of the SBD (Fig.
34). Clear electron density demonstrates the presence of
Man;GlcNAG bound to the Fbsl monomer, but the outer
branches of the carbohydrate are disordered and not visible in
the electron density map. The structure of the Fbsl-bound
RNaseB, which consists of three a-helices and seven B-strands,
is essentially identical to the previously reported structures of
apo-RNaseB (20, 21); these structures have an average 0.59-A
rms deviation for the C" positions. Similarly. the SBDs in the
structures of the Skp1-Fbs1 and SBD-RNaseB complexes can be
superposed with an average 0.48-A rms deviation for the C*
positions, indicating that RNaseB binding does not cause any
significant structural changes in the SBD.

Glycoprotein Recognition by the SBD in the SBD-RNaseB Complex.
The sugar-binding surface consists of the four loops between A2
and B3, B3 and B4, p5 and B6, and B9 and B10. Man:GleNAc;
interacts with nine Fbsl residues (Asp-158, Asn-159, Phe-177,
Arg-214, Asp-216, Tyr-279, Trp-280, Lys-281, and Phe-284)
through hydrogen bonds and/or van der Waals contacts (Fig. 3
B and C). The molecular recognition mechanism between the
chitobiose moiety and the amino acid residues in Fbsl is similar
to that reported previously for the SBD-chitobiose complex
(17). The methyl group of the N-acetyl moiety from the GleNAc
(I) residue is inserted into a small hydrophobic pocket sur-
rounded by the side chains of Phe-177, Tyr-279, and Lys-281; and
the O3 atom forms a hydrogen bond with the main chain N atom
of Lys-281. The GlcNAc (IT) residue is stacked on the aromatic
ring of Trp-280 and the 06 atom forms a hydrogen bond with the
carbonyl oxygen atom of Lys-281. The two GleNAc residues
form an intramolecular hydrogen bond between the O3 atom of
GleNAc (1) and the O6 atom of GleNAc (11). Formation of these
hydrogen bonds fixes the orientation of the p(1—4)-linked
GleNAc residues. Comparison of the SBD-RNaseB complex
and the previously reported SBD-chitobiose complex reveals
that the substrate binding pockets (Phe-177, Tyr-279, Trp-280,
and Lys-281) and the chitobiose structures can be superposed
with an average rms deviation of 0.69 A for all of the atoms (Fig.
3D). Only the side chain of Lys-281 has a different conformation,
and it has been shown that Lys-281 is not essential for the binding
to chitobiose (17). The outer mannose-binding residues of the
SBD also do not exhibit significant conformational changes. We
have reported that Fbsl recognizes not only chitobiose but also
the outer mannose branches (17), The O4 atom of Man(III)
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Table 1. Data collection, phasing, and refinement statistics

Skp1-Fbs1 Skp1-Fbsi/Thimerosal Skp1-Fbs1 SBD-ANasel
Data collection

Space group P3;21 P21 P24242¢ Pa32
Cell parameters, A

a 106.7 106.6 66.2 148.6

b 106.7 106.6 1ma 148.6

3 110.2 137 1533 148.6
Unique reflections 27,964 17,765 12,269 15,839
Resolution range, A 2.40 (2.49-2.40) 2.80 (2.90-2.80) 3.50(3.63-3.50) 2.70 (2.80-2.70)
Reraige 0.045 (0.327) 0.058 (0.328) 0.103 (0.225) 0.078 (0.325)
Werl 18.12.7) 16.0 (2.2) 7.0(4.1) 13.9(5.2)
Completeness, % 97.7 (93.0) 95.7 (79.6) 85.2 (79.0) 99.4 (97.9)
Redundancy 54 (2.9) 6.2(23) 26(2.7) 11.8(6.4)

Refinement

No. of reflections 26,511 12,279 15,049
Rycck/Riren 0.233/0.291 0.223/0.299 0.216/0.288
rms deviations

Bond lengths, A 0.010 0.022 0.026

Bond angles, * 133 2.08 251
Values in pa h ) the high sheil,

forms a hydrogen bond with the sidechain O® atom of the
Asp-216 sidechain; this hydrogen bond stabilizes the complex
with the ManpB(1—4)GlcNAc; moiety. Clear electron density is
observed between the B(1—4)-linked Man residue and Asp-216
in Fbsl. Furthermore, Asp-216 is conserved in other F-box
proteins that contain an F-box-associated domain, suggesting
that it plays a role in the recognition of oligosaccharides.
Man(1V) forms hydrogen bonds with the sidechain N® atom of
Asn-159 through the O2 atom and with the sidechain N" atom
of Arg-214 through the O5 atom. On the other hand, Man(V)
protrudes from the binding site and does not interact with Fbsl.
These results indicate that the GlcNAc; core, B(1—4)-linked
Man(I11), and a(1—3)-linked Man(IV) play significant roles in
the binding to Fbsl. Whereas MangGlcNAc: is thought to be the
major N-glycan among unfolded glycoproteins that are translo-
cated into the cytosol for endoplasmic reticulum-associated
degradation, our results indicate that Man;GleNAc; can be
sufficiently recognized by the SCFF™! complex. Indeed, various
synthetic oligosaccharides were used to show that Man;GleNAc;
and MangGlcNAc; have similar affinities for Fbsl (22). On the
other hand, the binding affinities of MansGleNAc; and chito-
biose for Fbsl are several orders of magnitude lower than those
of ManiGlcNAc: and MangGlcNAc,, indicating that
ManiGlcNAc; is required for efficient binding to Fbs1 (15, 22).
Moreover, the binding site provides substrate selectivity and
specificity based on its shape and hydrogen-bonding network.
There are limited contacts between the SBD and RNaseB; the
interface involves only 514 A? of surface-accessible area. The
surface areas occupied by Man;GlcNAc; and the protein portion
of the substrate are 349 and 165 A2, respectively. In addition to
the smaller contact area, the protein portion of RNaseB does not
form a hydrogen bond with Fbs1, suggesting that MansGlcNAc,,
but not the protein in RNaseB, defines the interaction with Fbs1.

Linker Flexibility Might Accommodate a Range of Substrates. Two
crystal forms were identified for Skp1-Fbs1 (P3;21 and P2,2,2,
define form 1 and form 2, respectively). These two forms have
essentially the same overall structure (rms deviation of 1.1 A for
the C* atoms) (Fig. 44). Whereas the Skpl proteins are well
aligned with each other, the SBD of Fbsl in form 2 is tilted
farther away from Skpl by ~3°, The 3° tilt angle of the SBD
creates a 3-A gap at the substrate-binding site and a 6-A shift at
the E2 active site. This flexibility seems to be due in part to the

5780 | www.pnas.org/cgl/doi/10.1073/pnas. 0610312104

linker-domain structure of Fbs1 (Fig, 44). Residues 100-103 and
113115 are shifted significantly compared with form 1. Al-
though the linkage between the F-box and WD40 domains does
not seem to be exceedingly rigid in the yeast Cded structure,
deletion of helix a5 or the lengthening of helix a6 due to an
insertion of amino acid residues disrupts Cdc4 function in vive,
suggesting that the orientation and rigidity of the linkage
between the F-box and the substrate-binding domains is impor-
tant for SCF function (8). In the structure of Fbsl, the interac-
tion between a5 and the linker loop through van der Waals
contacts (His-113 of the linker loop to Gin-115, Phe-119, and
Arg-123 of a5) is not rigid, and residues 104-108 of the linker
domain are not visible in the electron density map. This structure
indicates that the linkage between the F-box domain and the
SBD of Fbsl is somewhat {lexible, This feature might allow the
protein to accommodate a range of subsirates (Fig. 4B).

Discussion

In this study, we determined the crystal structures of two crystal
forms of the Skpl-Fbs1 complex and the SBD-RNaseB complex
at 2.4-, 3.5, and 2.7-A resolutions, respectively. The structure of
the Skpl-Fbsl complex illustrates a different class of F-box
proteins within the SCF ubiquitin ligase model. A model of the
SCF™-RNaseB-E2 complex was generated simply by super-
position of the Skpl subunits from the Skpl-Fbsl and Skpl-
Cull-Rbx1 structures (PDB 1D code 1LDK), the RING-finger
domains derived from Rbx1 and from the ¢c-Cbl subunit of the
¢-Cbl-UbcH7 structure (PDB ID code 1FBV) (23), the E2
subunits of the c-Cbl-UbcH7 structure, and the SBD-RNaseB
structure. In this SCFF!-RNascB model, RNaseB points toward
the E2-binding site on Rbx1 (Fig. 5). The distance between the
E2 active-site cysteine and the substrate-binding site is =60
which is similar to the value that was reported previously (7, 8,
10). Despite differences in the sizes of the substrates and the
positions of ubiquitinated lysine residues, the distance between
the E2 active-site cysteine and the substrate-binding site is
conserved among the SCF complexes. The same mechanism that
allows the E2 active-site cysteine to reach the ubiguitinated
lysine residues of the substrates is used independently of the type
of F-box protein.

In the case of RNaseB, the distances between the E2 active-
site cysteine and the lysine residues in RNaseB are 58.6-88.4 A
in the model of the SCF*™'-RNaseB-E2 complex, whereas the
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lysine residues in RNaseB are between 5.3 and 36.9 A away from
Asn-34. RNaseB is smaller than the minimum distance required
to reach E2Z. Actually, SCF™! was not able to ubiquitinate
RNaseB in vitro. This could be because RNaseB is too small, the
lysine residues are at the wrong positions, or RNaseB is fixed
because of contacts between Man;GleNAc; and Fbsl.

One of the most important properties for ubiquitination is
the rigidity of the SCF-ubiquitin-ligase complex structure,
because it serves to correctly position the target protein and
E2. The two crystal structures of the Skpl-Fbsl complex
described in the ?m:nl study, however, show differences in
the orientation of the SBD. We propose that SCF'™' has the
ability to nonspecifically ubiquitinate glycoproteins targeted to
the endoplasmic reticulum-associated degradation pathway.
The protein portion of a target glycoprotein bound to Fbsl
may rotate al the linkage site between the innermost GleNAc
moiety and the asparagine residue, and the acceptor l?(smc
residue can be located at a variety of positions. In SCF¥™! the
relative motion of the linker domain between the F-box
domain and the SBD might be necessary to accommodate the
different positions of the acceptor lysine residues in the various
endoplasmic reticulum-associated degradation substrates.

™! is a functionally unique molecule that recognizes the
innermost Man3GlecNAc; in N-glycans as a marker of denatured
proteins. Our results provide a mechanistic basis for the recog-
nition and ubiquitination of various glycoproteins by SCFf™!,

Materials and Methods

Protein Expression and Purification. The Skpl-Fbsl complex was
coexpressed from the pET28b plasmid (Novagen, Madison, WI)
in BL21 (DE3) cells. Full-length Skpl was expressed as a 6%
His-tagged protein, and full-length Fbsl was expressed as an
untagged protein. The complex was purified stepwise by Ni
affinity, anion exchange, and gel-filtration chromatography. The
Skpl-Fbsl complex was then concentrated to =10 mg/ml by
ultrafiltration in 25 mM Tris-HCI (pH 7.5) and 1 mM DTT.

For the SBD-RNaseB complex (with SBD residues 105-297 of
Fbsl), the SBD and RNaseB (Sigma, St. Louis, MO) were
combined in a 1:1 molar ratio and purified by gel-filtration
chromatography. Fractions containing the SBD-RNaseB com-
plex were then concentrated to =~10 mg/ml and used for
cryslallization.

Crystallization and Data Collection. Crystals of Skpl-Fbsl and
SBD-RNaseB were obtained at 20°C by using the sitting-drop
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vapor diffusion method. Skp1-Fbsl crystals were grown from 2.0
M ammonium sulfate, 0.1 M sodium citrate (pH 5.7), and 30 mM
chitobiose, which produced two crystal forms. The SBD-
RNaseB crystals were prepared by using 2.0% (vol/vol) PEG 400,
0.1 M Hepes (pH 7.5), and 2.1 M ammonium sulfate.

Diffraction data sets for Skpl-Fbsl and SBD-RNaseB were
collected at beamline BL44XU (SPring-8, Hyogo, Japan). Data
processing and reduction were carried out with the HKL pro-
gram suite (24). The two crystal forms of Skpl-Fbsl and the
SBD-RNaseB crystals belong to the P3;21 (Skp1-Fbsl form 1),
P2:2,2; (Skp1-Fbsl form 2), and P432 (SBD-RNaseB) space
groups. Heavy-atom soaks of the Skpl-Fbsl crystals (form 1)
were performed in crystallization buffer with 1 mM thimerosal
for 5 min. Data collection, phasing, and refinement statistics are
summarized in Table 1.

Structure Determination and Refinement. The structure of Skpl-
Fbs1 was determined by a combination of molecular replacement,
single isomorphous replacement, and anomalous scattering with an
Hg derivative. The initial single isomorphous t and
anomalous scattering phases were calculated with SHARP (25) and
then improved by density modification with DM (26). Molecular
replacement with the program MOLREP (27) was used to locate
the Skpl and SBD portions of the complex with search models
consisting of Skpl from SCF (PDB ID code 1LDK) and the SBD
of Fbsl (PDB ID code 1UMH). The model was further built with
the program COOT (28) and then was improved by several cycles
of manual rebuilding and refinement with the program REFMACS
(29). The structure of crystal form 2 was solved by molecular
replacement using MOLREP with the refined model of form 1.

The structure of SBD-RNaseB was determined by using the
molecular replacement technique, MOLREP, and the structures
of the SBD and RNaseB. The refined model contains residues
123-297 of the SBD and residues 1-124 of RNaseB. Phasing and
refinement statistics are summarized in Table 1. There are no
residues in disallowed regions of the Ramachandran plot. Struc-
ture figures were generated by using MOLSCRIPT (30),
RASTER3D (31), and CCP4MG (32).
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Autophagy is a regulated lysosomal degradation process that
involves autophagosome f ion and transport. Although re-
cent evidence indicates that basal levels of autophagy protect
against neurodegeneration, the exact mechanism whereby this
occurs is not known. By using conditional knockout mutant mice,
we report that neuronal autophagy is particularly important for
the maintenance of local homeostasis of axon terminals and
protection against axonal degeneration. We show that specific
ablation of an essential autophagy gene, Atg7, in Purkinje cells
initially causes cell us, progressive dystrophy (mani-
fested by axonal swellings) and degeneration of the axon termi-
nals. Consistent with suppression of autophagy, no autophago-
somes are observed in these dystrophic swellings, which is in
contrast to accumulation of autophagosomes in the axonal dys-
trophic swellings under pathological conditions. Axonal dystrophy
of mutant Purkinje cells proceeds with little sign of dendritic or
spine atrophy, indicating that axon terminals are much more
bl hagy impairment than dendrites. This early
pathological event in the axons is foll d by cell-aut
Purkinje cell death and mouse behavioral deficits. Furthermore,
ultrastructural analyses of mutant Purkinje cells reveal an accumu-
lation of aberrant membrane structures in the axonal dystrophic
swellings. Finally, we observe double-membrane vacuole-like struc-
tures in wild-type Purkinje cell axons, whereas these structures are
abolished in mutant Purkinje cell axons. Thus, we conclude that the
autophagy protein Atg7 is required for membrane trafficking and
turnover in the axons. Our study implicates impairment of axonal
autophagy as a possible mechanism for axonopathy associated
with neurodegeneration.

1
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Macmaumphagy is characterized by dynamic membrane
rearrangements, involving the formation, trafficking, and
degradation of double-membrane autophagic vacuoles (auto-
phagosomes) in the cytoplasm. Macroautophagy (hereafter re-
ferred to as autophagy) is a highly regulated process, which can
be induced by nutrient starvation, trophic factors, and stress (1).
Despite recent advances in characterizing autophagy in several
model systems, autophagic processes in the nervous system
remain poorly understood. On one hand, nutrient deprivation
has not been observed to induce autophagy in the mammalian
brain (2), thus suggesting a specific regulatory system for auto-
phagy that is not typically activated by starvation. On the other
hand, a variety of conditions that cause neuronal stress or
degeneration can lead to the accumulation of autophagosomes
in neurons, thus implicating autophagy in these neuropathogenic
processes (3, 4).

The axon is a highly specialized neuronal compartment that
performs many functions independently from the cell body.
After axotomy or excitotoxicity, double-membrane vacuoles

www.pnas.org/cgi/doi/10.1073/pnas.0701311104

resembling autophagosomes were originally observed to accu-
mulate in dilated axon terminals that result from the injury (5,
6), a local phenomenon that is not observed in undisturbed
axons. Autophagosome-like vacuoles have also been shown to be
present in the dysfunctional or degenerating axons associated
with a range of chronic neurodegenerative conditions, including
Alzheimer's (7, 8), Parkinson’s (9), Huntington's (10), and
Creutzfeldt-Jakob (11) discases and their animal models (12-
14). These observations suggest a link between locally altered
autophagy and axonopathy, which is one of the underlying
mechanisms in neurodegeneration (15).

Although the biological significance of these autophago-
somes-like vacuoles in degenerating axons is unclear, recent
studies have shown that genetic inactivation of autophagy in the
mouse CNS causes neurodegeneration accompanied by axonal
dystrophy and the formation of intracellular ubiquitin-associated
inclusions (16, 17). These studies suggest a role for basal levels
of autophagy in neuronal protection and in protein quality
control. However, the connection between the inactivation of
autophagy and the observed axonal dystrophy and neurodegen-
eration remains to be determined. In addition, because autoph-
agy was suppressed in all cell types in the CNS (including neurons
and nonneuronal cells) (16, 17), it is not known whether the
observed axonal dystrophy and neurodegeneration is cell-
autonomous.

Here, we seek 1o further elucidate the physiological function of
neuronal autophagy by generating conditional knockout mice with
Purkinje cell-specific deletion of Atg7, an autophagy gene encoding
El-like enzyme in the two ubiquitin-like conjugation systems that
are essential for the autophagosome biogenesis (18). We show that
ablation of Atg7 leads to abnormal swellings and dystrophy of
Purkinje cell axon terminals in the deep cerebellar nuclei (DCN).
Subsequently, these Aig7-deletion mice develop cell-autonomous
neurodegeneration of Purkinje cells, dendritic atrophy, and behav-
ioral deficits. Moreover, double-membrane vacuole-like structures
are formed in the distal ends of wild-type Purkinje cell axons,
whereas they are absent in Awg7-deletion Purkinje cell axons.
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Fig. 1. Deletion of Atg7 specifically in Purkinje cells caused progressive
dystrophic swelling of axon terminals. (A) Immunohistochemistry of Atg?
protein expression in Purkinje cells of Arg7™e™* and Arg7*«".pepd-Cre
mice at P15 and P19. The endogenous Atg? protein was present at P15 but
absent at P19in the Arg7™«"ex-pen2.Cre Purkinje cells. (Scale bar: 100 2m.) (8)
Progression of the abnormal Purkinje cell axon terminal swellings in the DCN
of Atg7fes®es.pep2-Cre mice (anti-calbindin immunofiuorescent staining in
green with anti-NeuN counterstained in red) at P19, P35, and P56, Atg7festics
was used as control. (Scale bar: 20 um.) n = 3-5.

Instead, the mutant Purkinje cell axon terminal swellings accumu-
late aberrant membranous structures. Our results suggest that
autophagy is required for normal axon terminal membrane traf-
ficking and turnover, and indicate an essential role of local auto-
phagy in the maintenance of axonal homeostasis and prevention of
axonal degeneration,

Results
Specific Depletion of Atg7 in Purkinje Cells Caused Cell-Autonomous
Dystrophy and Degeneration of Axon Terminals. To generate Pur-
kinje cell-specific deletion of A7 in mice, we crossed mice
harboring the floxed A7 alleles (19) with transgenic mice
expressing Cre recombinase under control of the Pep2 (L7)
promoter (20) to establish the mouse line Ag7™*;Pcp2-Cre.
To determine when loss of the endogenous :‘;tg? rotein oc-
curred, we examined Atg7 expression in A7l Pep2-Cre
mice at postnatal day 15 (P15) and P19. At P15, Ag7 was
expressed at similar levels in Purkinje cells of both mutant
Atg7Mflox;Pep2-Cre and the control Aig7<f* mice, whereas at
P19, despite residual expression in a small number of Purkinje
cells (<129%), Atg7 immunostaining was largely diminished in
Atg7laflax pend-Cre Purkinje cells (>88%), but unchanged in
the Aig7"7ex Purkinje cells (Fig. 14). At P35, >95% Purkinje
cells in Atg 7"/l Pep2-Cre showed no detectable Atg7 expres-
sion (data not shown). In addition, Aig7 deficiency in
Atg Moxiflox. pepd.Cre mice was specific for Purkinje cells because
Alg7 is clearly present in the other cell types (Fig. 14). Thus, the
specific loss of Atg7 in Purkinje cells occurred largely between
P15 and P19 in A7/l Pep2.-Cre mice.

Next, we examined Purkinje cell axons in the DCN of

14490 | wwwpnas.org/cgi/doi/10.1073/pnas. 0701311104

Agg7oxiflaz. pep).Cre mice by immunofluorescent staining using
an antibody against calbindin, a Purkinje cell marker. At P15,
no morphological alteration was observed in the axons of
Atg7ellaz.pepd-Cre Purkinje cells compared with those of
Ag7lexflex Pyrkinje cells [supporting information (SI) Fig. 7],
consistent with the presence of normal levels of Atg7 in
Ag7oxifiax.pepd-Cre Purkinje cells at this stage (Fig. 14).
However, at P19, g7 "x.Pcp2-Cre Purkinje cell axons were
abnormally dilated, as visualized by green fluorescence-
labeled “endbulbs” (Fig. 18). In addition, these Purkinje cell
axonal swellings were labeled with the antibody raised against
synaptophysin, the presynaptic terminal marker (SI Fig. B),
suggesting that they were terminals of Purkinje cell axons. The
number and size of the swollen axon terminals in the DCN of
the Agg7ecflox, Pep2-Cre were markedly increased at P35 in
comparison with those at P19 (Fig. 1B8). At P56, the number of
such axonal dystrophic swellings of the mutant Purkinje cells
was noticeably decreased in comparison with that at P35,
suggesting that many of these swollen axons had degenerated
by this age (Fig. 18). These data demonstrated that deletion of
Atg7 caused cell-autonomous axonal dystrophy and degener-
ation in Purkinje cells.

Axonal Dystrophic Swellings of Atg7%e*expcp2-Cre Purkinje Cells
Were Devoid of GFP-Light Chain 3 (LC3)-Labeled Puncta and Exhibited
Increased Levels of p62/SQSTM1, Transgenic mice producing GFP
fused with microtubule-associated protein 1 light chain 3 (LC3), a
specific marker for autophagosomes (21), were previously gener-
ated 1o monitor autophagosomes in vivo (2). By expressing GFP-
LC3 in Lurcher mice (GFP-LC3/Lurcher), we showed that a large
number of autophagosomes were formed in the dystrophic axon
terminals of Lurcher Purkinje cells (Fig. 24d), providing in vive
evidence for the induction of autophagy in response to Lurcher-
induced excitotoxicity (22). To assess autophagic activity in
the dystrophic axons of A7 fPep2-Cre Purkinje cells, we
crossed transgenic GFP-LC3 with Ag7%=fiexPep2-Cre mice
(Atg 7o Pep2-Cre/GFP-LC3). Despite intense GFP-LC3 accu-
mulation in the axonal dystrophic swellings of Purkinje cells in
Atg 7eflex. Pep2-Cre/GFP-LC3 mice at P35, no GFP-LC3 fluores-
cent puncta characteristic of autophagosomes were observed in
these swellings (Fig. 24 b and c). We contrasted this finding to our
observation of GFP-LC3 puncta in Purkinje cell axons GFP-LC3/
Lurcher mice (Fig. 24d) (22). In addition, no GFP-LC3 puncta were
observed in the somata or dendrites of A7 /1, Pcp2-Cre/GFP-
LC3 Purkinje cells (Fig. 24 f and g), again in contrast to the
observation of GFP-LC3 puncta in the somata and dendrites of
GFP-LC3/Lurcher Purkinje cells (Fig. 2.4h) (22).

It has been shown that inhibition of autophagy is correlated
with increased levels of the polyubiquitin binding protein p62/
SQSTMI (22, 23). We thus examined the levels of p62/SOSTMI
in Arg7fleflax. pep2-Cre Purkinje cells. As detected with anti-p62/
SQSTM1 immunofluorescent staining, p62/SQSTM1 was mark-
edly accumulated in the axonal dystr;u:hic swellings (Fig. 1B,
arrows) and somata (S1 Fig. 9) of Atg7/%%,Pep2-Cre Purkinje
cells in comparison with Ag7" /e Purkinje cells. It is also
noteworthy that the dystrophic axonal swellings in Lurcher
Purkinje cells did not have detectable p62/SQSTM1 immuno-
fluorescent staining (SI Fig. 10). These results provided molec-
ular evidence for impaired autophagic activity in the dystrophic
axons of Awg7"=flox.pep2-Cre Purkinje cells, but not in the
dystrophic axons of Lurcher Purkinje cells.

Atg7Moxfioxpen).Cre Purkinje Cells Exhibited Normal Dendritic Tree
and Spine Morphology at PS6. Despite the remarkable dystrophy
and degeneration of Purkinje cell axon terminals in the DCN of
Arg7efax.pep2-Cre mice at P35 and P56, the cerebellar cortex
displayed little change in its overall size and organization (Fig.
34). For example, at P35 and P56, Aig 7"/, Pcp2-Cre mice and
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The axonal dystrophic swellings of the Atg7-deficient Purkinje cells contained no GFP-LC3 labeled autophagosomes but accumulated pb2/SQSTMI. (A)
The absence of GFP-LC3 puncta in Purkinje cell axonal dystrophic swellings (b and c) and somata (f and g) of .Mg)"“""‘f-';Pcpz Cre/GFP-LC3 mice (P35). GFP-LC3
puncta were found in GFP-LC3/Lurcher Purkinje cell axonal dystrophic swellings (o) and somata (h) (P12). DCN (a) and Purkinje cell layer (PCL) (e) of control mice
Arg7feflenGFP.LCI are shown, (Scale bars: a, b, e, and f, 20 um; ¢, d, g, and h, 10 um.) (8) Anti-p62/SQSTM1 immunofluorescent staining (in green) showed
accumulation of pe2/SQSTM1 In Purkinje cell axonal dystrophic swellings (calbindin labeling in red) (white arrows) in the DCN of Atg7Meaanpend Cre mice at

Fig. 2.

P56, Arg7Mesflon wae used as control, (Scale bar: 10 um,)

Atg 7T flor mice did not exhibit ‘-ii!rllfi('anl difference in their
cerebellar molecular layer thickness (Fig. 3.4 and B). To evaluate
changes in dendritic tree and spine morphology, we examined
the expression pattern of metabotropic glutamate receptor la
(mGluR1e) protein, a marker for parallel fiber-Purkinje cell
synapses. No difference in localization and intensity of the
anti-mGluR1la immunofluorescent staining was observed be-
tween the Ag7MexfloxPep2.Cre and Ag7"fler cerebellar molec-
ular layers at either P35 (data not shown) or P56 (Fig. 3C). Thus,
Atg7 deletion had little effect on Purkinje cell dendritic tree and
spine morphology up to at least P56, We conclude that Arg7
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Fig.3. Deletion of Atg? in Purkinje cells had little effect on the morphology of
cerebellar cortex, Purkinje cell dendritic tree and spines in Atg 77" oepend.Cre
mice at P56. (4) H&E-stained Images of midsagittal sections from Atg77asTior ang
Atg7flosifion. e 3-Cre cerebella at PS6. (Scale bar: 0.5 mm.) n = 3-5. (B) Quantifi
cation of the molecular layer thickness (as the distance between lobules V and VI
of the Purkinje cell layer divided by 2) from the cerebeliar midsagittal sections of
Atg7ioamian and Atg7™e™.pend-Cre mice at P19, P35, and PS6. n = 3-5. (0)
Immunofluorescent staining of cerebellar midsagittal sections shows normal
localization and appearance of mGluR1a (in red) in Arg7#e®oprpd.Cre mice
compared with Atg7"="% mice at PS6. Green indicates anti-calbindin. {Scale bar
Wumjn=3
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deletion in Purkinje cells elicit differential effects on the den-
dritic and axonal compartments, suggesting that the axon ter
minals are particularly vulnerable to autophagy deficiency.

Axonal Dystrophy Preceded Cell-Aut D ation of Pur-
kinje Cells and Behavioral Deficits in Atg7fesfox, P(p! Cre Mice. To
further evaluate the effects of Arg7 deletion, we assayed for

Purkinje cell degeneration and mouse behavioral deficits.
Whereas the I’urkln]c cell axonal dystrophic swellings in the DCN
of AigPexfie Pep2-Cre mice first became apparent at P19 and grew
severe at P35 (Fig. 24), no significant difference in Purkinje cell
numhcn was observed hgl\rccn thu 4 1g 7axflox. l’u.p‘ ('n and

by 284% (P <. [llh)i.!ll'l'tpllu.! with !n,'
B). Thus, loss of Purkinje cells in Aqg 7% "',I’l pZ-( '!e mice un.'currud
between P35 and P56, In comparison, the onset of axonal dystrophy
began as early as P19. In addition, levels of GIuR&2 (a Purkinje
cell-specific glutamate receptor subtype) in Ag7™ e Pep2-Cre
cerebellar extract were not reduced until P56 (SI Fig. 11), further
supporting that the onset of axon dystrophy was earlier than
Purkinje cell degeneration in Atg7'*MPcp2-Cre mice,

Next, we assessed the locomotive behaviors in Arg 7o/l Pep2-
Cre mice by limb-clasping, rotarod, and gait analyses at different
postnatal ages. At P19 and P35, Arg7fax, Pep2.Cre mice appeared
normal and did not show any difference in performance compared
with their control A7~ littermates (data not shown). At P36,
Plaxifior mice performed equally well on
the rotarod and gait analyses (Fig. 4 C and D). However, 5 of 13

Atg7Mxflax Pep2-Cre mice (38.5%) displayed limb-clasping reflexes

on tail suspension, in comparison with 0 of 10 of their control
littermates (P < 0.01). Thus, at P56, despite the 28.4% loss of
Purkinje cells (Fig. 4B), Ag7"/Pep2-Cre mice displayed only
mild behavioral impairment. In contrast, at 1 year, these mice
demonstrated severe behavioral disorders in locomotion and motor
coordination when evaluated in all three behavioral tests (Fig
4 C and D; data not shown)

We summarize the temporal relationship of the morphological
alterations, differential pathology in different compartments of
Purkinje cells, and behavioral changes in Atg7 Fhacfias Pep2-Cre mice
in SI Table 1. These results demonstrate that axonal dystrophic
swelling is an early pathogenic event and is likely to be a direct result
of impairment of local autophagy in axon terminals

Aberrant Membrane Structures Accumulated in the Dystrophic Axon
Terminals of Atg7fexfloxpep2.Cre Purkinje Cells. To further assess
the effect of impairment of autophagy on axon terminals, we
characterized the axonal dystrophic swellings of Arg7

PNAS September 4, 2007 vol 104 | no. 36

- 368 -



Atg 7 oxiox

Atg7foxiox; Pcp2-Cre

A
7]
L]
©
[Te)

g

Purkinje cell number
s 888
]

m

T
-
©

C_ s T
g 400 l
B 3004
§ 200 | . ‘
]
E 1001 i)
+ | T
0 — — Fa—
P56 1 year
D P56 1 Year
AlgTouses, T
» Mo et
Alg7™ Pcp2-Cre Algre Pcp2-Cre
*
"t
’
i ¥ ; :
Fig. 4. Time course of Purkinje cell degeneration and locomotive behavioral

deficits in Arg7™=ox.pep2.Cre mice. (A) Anti-calbindin immunofiuorescent stain-
ing of the cerebellar midsagittal sections of Atg7%= and Arg7e+"opcp2.-Cre
mice at P35 and PS6. (B) Quantitation of Purkinje cells at lobules V-V of the
midsagittal sections of Atg7™"* and Atg7™=ex;Pcp2-Cre mice at P19, P35, and
PS6 based on HAEstained images. n = 3, 3, and 3 for Atg7™ao= gt P19, P35, and
PSE, respectively. n = 2, 3, and 5 for Atg7™*"epep2-Cre at P19, P35, and P56,
respectively (+, P < 0.0005). (C) At P56, Atg7™s"er and Atg7fiesfanPep2-Cre mice
showed no significant difference in the time spent on the rod in rotarod assay. At
1 year, Atg7foffles mice spent much longer time on the rod than
Atg 7. pep2-Cre mice (+v, P< 0.05). (D) In gait analyses at P56, Atg 770475 andl
Atg7e=fies.pon2 Cre mice showed similar step width and overlapping of forefeet
and hindfeet (forefeet, red; hindfeet, black). At 1 year old, Atg7 e« onpcp2-Cre
mice showed shorter step width than Atg 77 mice a5 well as nonoverlapping
forefeet and hindfeet (left feet, black; right feet, red). For both Cand D, n = 5at
PS6: n = 3 and 4 at 1 year

Cre Purkinje cells by transmission clectron microscopy. The
cross-sections of the Purkinje cell axon terminals in the DCN of
the Arg7<M mice were normally 0.5-2 um in diameter (Fig. 54,
white arrows), Remarkably, the swollen Purkinje cell axon
terminals in the DCN of the Ag7%fox;Pep2-Cre mice often
spanned 1-6 um in diameter (Fig. 5 B-F, black arrows) and
differed profoundly in their morphology from the axonal dys-
trophic swellings observed in Lurcher Purkinje cells (Fig. 5G,

14492 | www.pnas.org/cgi/dei/10.1073/pnas 0701311104

black arrows). The Purkinje cell axonal dystrophic swellings of
Lurcher mice contained a large number of autophagosomes/
autolysosomes (Fig. SG), whereas those of the Arg7"</;Pcp2-
Cre mice were devoid of autophagosomes (Fig. 2 and 64f).
However, these autophagasome-free swellings of the
Arg7fiacfiex. Pen2-Cre Purkinje cell axons often contained abnor-
mal organelles or membrane structures (Fig. 5 B-F, white
arrows), including stacks of cisternal membranes that formed
lamellar bodies (Fig. 5 B and E, white arrows) (24), large and
elaborate cisternal arrays and filaments (Fig. 5F, white arrow),
and highly convoluted double-membrane whorls that occupied
1.5-2 uwm of the swollen terminal (Fig. 5 C and D, white arrows).
The exact nature of these aberrant structures was not clear; they
were rarely seen in the somata of Aig7" e Pcp2-Cre Purkinje
cells (data not shown) or in the Ag7f= Pyrkinje cells axons
(Fig. 54). However, it is noteworthy that the formation of
convoluted membrane whorls was previously described in hepa-
tocytes with Aig7 deletion and was attributed to a failure in
autophagic degradation (19). Our observations suggest a con-
served function for autophagy in the clearance of cellular
membranes and/or lipids in both axon terminals and hepatocytes.

Vacuole-Like Structures with Double Membranes Were Formed in
Normal Purkinje Cell Axons but Were Absent in the Dystrophic Axon
Terminals of Atg77exfex.pep2-Cre Purkinje Cells. Interestingly,
through further ultrastructural analysis, we observed vacuole-
like structures with double membranes in the myelinated Pur-
kinje cell axons in the DCN of control Aig7"*</% mice (Fig. 64a
and SI Fig. 12). These structures typically appeared to be closed
and had diameters of 0.1-05 um (Fig. 64a). We occasionally
observed these double-membrane vacuole-like structures in the
process of formation (Fig. 64 b-e and SI Fig. 124). Many of
these developing double-membrane vacuole-like structures ap-
peared to be formed through invagination of the axolemma
along the myelinated layers (Fig. 64 b and ¢, SI Fig. 124),
reminiscent of invasion by oligodendrocytic processes (25, 26)
Some of them appear to be continuous with the axonal plasma
membrane (Fig. 64 d and ¢), which are enwrapping portions of
axoplasm (27). The average number of these distinct double-
membrane vacuole-like structures (both closed and in the pro-
cess of formation) in Purkinje cell axons of Atg7™1er mice was
~0.9/50 um? (Fig. 68). In contrast, these structures were virtu-
ally absent in the A7 Pcp2-Cre mice (Fig. 6 Af, B, and C).
Although we have yet to determine the exact nature of the
vacuole-like structures with double membranes and their rela-
tionship with autophagosomes, our results suggested that Aig7
was required for the formation of these distinct structures in
axon terminals of normal Purkinje cells,

Discussion

Axonal dystrophic swelling is a hallmark of CNS axonopathy, which
can be triggered by neuronal injuries, excitotoxicity, and various
neurodegenerative conditions. Despite the prevalence of this pa-
thology, the molecular mechanisms underlying axonopathy as well
as the connection between axonopathy and neurodegencration
remain poorly understood (28). A critical question is whether
axonal dystrophy and degeneration precede neuronal cell death or
are secondary 1o neurodegeneration. Here, we analyzed the time
course of pathological events after the deletion of the autophagy
gene Ag7 in cerebellar Purkinje cells. We showed that axonal
dystrophy and degeneration caused by ablation of 41g7 occurred
much earlier than the onset of neuronal death, indicating that
axonal dystrophy was not secondary to neurodegeneration. In
addition, axonal dystrophy and degeneration was a cell-autonomous
event, which precluded the action of glia as the primary cause of the
axonal dystrophy in Arg7" /. Pep2-Cre mice. Although this study
was limited to Purkinje cells for the purpose of cell type-specific
study of autophagy, axonal dystrophies occurred widely in many
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Fig.5. Deletion of Atg7 in Purkinje cells led to aberrant membrane structures in the axonal dystrophic swellings. Ultrastructural image of normal myelinated
Purkinje cell axons (white arrows) and axon terminals (black arrows) in the DCN of Atg7e« mice (A) and Purkinje cell axonal dystrophic swellings (black arrows)
in the DCN of Atg7flefenpep?.Cre mice (B-F). (8 and E) Stacks of cisternal membranes (white arrows). (C and D) Convoluted double-membrane wharls (white
arrows). (F) The arrays of abnormal filaments (white arrows). (G) A dystrophic axon (black arrows) of Lurcher Purkinje cells containing numerous autophago-

somes, (Scale bars: 500 nm.)

regions of the mutant mouse brain with Arg7 or Arg5 deletion (16,
17). We speculate that the axonal dystrophy associated with various
types of neurons in these mutant mice are also cell-autonomous
events caused by the absence of neuronal autophagy. Importantly,
our results implied that interference in local autophagy would have
a deleterious effect on axons, a potential mechanism of axonopa-
thies involving impaired autophagy. Furthermore, we showed that
deletion of A1g7 had little effect on the overall morphology of the
Purkinje cell dendritic arbors at a stage when axon terminals
displayed massive dystrophy and degeneration. These differential
effects of Arg7 deletion suggested that basal levels of autophagy
played a particularly important role in housekeeping functions in
axon terminals and in protection against axonal degeneration.
We showed that Arg7 was indispensable for the formation of the
distinctive vacuole-like structures with double membranes, which
were normally present within wild-type Purkinje cell axons, These
structures have not been described previously in the wild-type
Purkinje cell axons. Although the majority of these structures were
likely derived from invagination of neighboring oligodendrocytes
(Fig. 64 b and ¢ and SI Fig. 124) (25, 26), some of them appeared

to originate from axonal subsurface cisternae (27) or smooth
endoplasmic reticulum (29) (Fig. 6.4 d and ¢). Although we have yet
to determine the nature of these structures, we cannot exclude the
possibility that some of these structures are autophagosome-related
vacuoles. A previous study has shown the presence and transport of
autophagosomes in the axons of cultured sympathetic neurons,
despite that the physiological function of autophagy in the axons is
unknown (30). Regardless of the nature of these vacuole-like
structures, Arg7 deletion abolished their formation, and caused
axonal swelling and accumulation of aberrant membrane structures
in these swellings. These results established an important role of
Arg7 in regulating local membrane trafficking and turnover. How-
ever, an important question arising from these results is whether the
requirement of Arg7 for the formation of the double-membrane
vacuole-like structures is somehow connected to autophagy or
associated with a specific Alg7 function independent of autophagy.
Current evidence suggests that A7 function is exclusively associ-
ated with autophagy. Consistent with this idea, the abolishment of
the double-membrane vacuole-like structures caused by Alg7 de-
letion can be explained by the failure of autophagy, which would

T —
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Mg T—
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Fig.6. Deletionof Atg7in Purkinje cells abolished double-membrane vacuole-like structures in their axon terminals in the DCN. (4) Ultrastructural images show
the presence of vacuole-like structures with double membranes in Purkinje cell preterminal axons of Atg7#o<"x mice (a-e, white arrows) and the abalishment
of these structures in Atg7™=oxpepd.Cre mice () at P35. (Scale bars: 0.5 um.) (B) Comparison of the numbers of these vacuole-like structures per transmission
electron microscopy micrograph (50 um?) in the DCN of Atg7™"oxpep?-Cre versus Atg7iexfier mice (ratio, 4.0; P = 0.00003), (C) Comparison of the volume
fraction of double-membrane vacuole-like structures by point counting of transmission electron microscopy micrographs in the DCN of Atg77evfoxpep2.Cre
versus Atg7Medfer mice (ratio, 6.9; P = 0.00002).
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normally participate in the formation of these structures. Thus, we
hypothesize that, in addition to the role in protein quality control
(16, 17), neuronal autophagy regulates membrane homeostasis in
the axon terminals. Furthermore, we showed that deletion of Arg7
caused the axonal terminal swelling, which was a reminiscence of
hepatic cell swelling in Ag7-deleleted mouse liver (19). Tt is
conceivable that axon terminals and hepatocytes may share a
similar mechanism for cell (or cellular compartment) size control,
which requires autophagy (31).

Previous morphological studies have consistently shown the
presence of large numbers of autophagosome-like vacuoles in
axonal dystrophic swellings of injured neurons (4-13). We have
previously demonstrated that induction of autophagy in Lurcher
Purkinje cells involved accumulation of autophagosomes in the
dystrophic axons (22). In contrast, our present study shows that
the axonal swellings of Purkinje cells in Atg77/1% Pep2-Cre mice
were devoid of vacuoles that resembled the autophagosomes
observed in Lurcher mice. Although our present study demon-
strates a role for basal levels of autophagy in axonal protection
and indicates that altered autophagy could serve as an adaptive
response for remodeling the axon terminals for regeneration (3,
22), we cannot exclude the possibility that up-regulation of
autophagy in dystrophic axons is actually destructive, causing
overdegradation of axonal structures. This possibility can be
tested, in principle, by genetic crossing of the autophagy-
deficient mice with diseased mice containing the autophago-
some-like vacuoles in dystrophic axons or cell bodies.

In summary, our study provides genetic and molecular evidence
for the indispensable role of neuronal autophagy in the mainte-
nance of axonal homeostasis, particularly in local membrane traf-
ficking and turnover. Perturbation of local autophagy in the axons
leads to axonopathy. We believe that it is important to study the
connection between axonal autophagy impairment and human
neuropathological conditions associated with axonal dystrophy.

Materials and Methods

Antibodies. Antibodies used were mouse monoclonal anti-
calbindin D-28K (Swant, Bellinzona, Switzerland), anti-
calbindin (Sigma, St. Louis, MO), anti-GluR&2 (BD Transduc-
tion Laboratories, San Diego, CA), anti-p62 (American
Research Products, Belmont, MA), Cy3-conjugated anti-mouse
and anti-rabbit IgG (Upstate Biotechnology, Lake Placid, NY),
and NeuN, mGluR1ea, and actin antibodies (Chemicon Interna-
tional, Temecula, CA). Anti-Atg7 is described in ref. 19.
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with 0.1 M phosphate buffer containing 4% paraformaldehyde.
The color images of the Meyer's H&E-stained midsagittal
cryosections (10 pum) of cerebella were acquired with a 20
objective lens and a color CCD camera, and later assembled to
full images in Photoshop for the quantification of Purkinje cells.
Immunofluorescent stained cerebellar samples were prepared as
described in ref. 22 and examined by using confocal microscopy.

Behavioral Analyses. Motor function was assessed by the limb-
clasping test, rotarod assay, and gait analysis (S/ Materials and
Methods).

Electron Microscopy. Tissue samples were obtained from three
Arg7Mexifier mice and three Arg7'o“fie*;Pcp2-Cre mice. Details of
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SUMMARY

Inactivation of constitutive autophagy results in
formation of cytoplasmic protein inclusions and
leads to liver injury and neurodegeneration, but
the details of abnormalities related to impaired
autophagy are largely unknown. Here we used
mouse genetic analyses to define the roles of
autophagy in the aforementioned events. We re-
port that the ubiquitin- and LC3-binding protein
“p62" regulates the formation of protein aggre-
gates and is removed by autophagy. Thus, ge-
netic ablation of p62 suppressed the appear-
ance of ubiquitin-positive protein aggregates
in hepatocytes and neurons, indicating that
p62 plays an important role in inclusion body
formation. Moreover, loss of p62 markedly at-
tenuated liver injury caused by autophagy defi-
ciency, whereas it had little effect on neuronal
degeneration. Our findings highlight the unex-
pected role of homeostatic level of p62, which
is regulated by autophagy, in controlling intra-
cellular inclusion body formation, and indicate
that the pathologic process associated with au-
tophagic deficiency is cell-type specific.

INTRODUCTION

Macroautophagy (hereafter referred to as autophagy) is
a highly conserved bulk protein degradation pathway in
eukaryotes. In the initial step of this process, the cytoplas-
mic portions and organelles are engulfed within a double-
membrane vesicle called autophagosome, and then the
autophagosome fuses with the lysosomes to degrade
the sequestered materials by various lysosomal hydrolytic
enzymes, followed by generation of amino acids that are
recycled for macromolecular synthesis and energy pro-
duction. Emerging evidence emphasizes the importance
of autophagy in various biological and pathological pro-
cesses, such as cellular remodeling, tumorigenesis, and
developmental programs (Levine and Klionsky, 2004).
Recent evidence indicates that in mammalian cells, au-
tophagy serves two physiological purposes. The first is to
supply amino acids for cell survival under poor environ-
mental conditions, which s universally known as “adap-
tive autophagy.” Indeed, this type of autophagy is rapidly
induced under nutritional deprivation in yeast (Tsukada
and Ohsumi, 1993} and in newborn mice (Kuma et al.,
2004), serving as a basic survival strategy in all eukary-
otes. The second is to degrade proteins in the cell through
continuous operation at a low level irrespective of nutri-
tional stress, known as “basal or constitutive autophagy.”
In the latter pathway, autophagy is responsible for the
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tumover of long-lived proteins, disposal of excess (lwata
et al., 2006) or damaged organelles (Eimore et al., 2001),
and clearance of aggregate-prone proteins (Fortun et al
2003; Kamimoto et al., 2006; Ravikumar et al., 2004). Re-
cent genetic studies using mice have highlighted the im-
portance of constitutive autophagy in nondividing cells,
such as hepatocytes and neurons, in which loss of au-
tophagy results in severe liver injury and neurodegenera-
tion, respectively (Hara et al, 2006, Komatsu et al,
2005, 2006). Unexpected findings in these studies were
that loss of autophagy causes cytoplasmic accumulation
of ubiquitin-positive proteinaceous inclusions, together
with hepatocytic and neuronal death without expression
of proteins with disease-associated mutations (Hara
et al., 2006; Komatsu et al., 2005, 2006). However, the
underlying mechanism of inclusion body formation in the
aforementioned diseases Is largely unknown at present.
Using mouse genetics, we report the critical role of the
multifunctional protein "p&2/A170/SQSTM1" (also known
as a signaling adaptor/scaffold protein) in the formation of
intracellular ubiquitin-related protein aggregation caused
by deficiency in autophagy. Wa show that autophagic
degradation of the “pB62" via direct interaction with LC3,
a postiranslational modifier essential for autophagosome
formation, prevents inclusion body formation. Importantly,
our studies uncover the molecular mechanism linking au-
tophagy, p62, and inclusion body formation, which is a cel-
lular hallmark in various pathophysiological conditions,
and reveal pathophysiological changes associated with
loss of p62 and/or autophagy in hepatocytes and neurons.

RESULTS

Identification of LC3-Interacting Proteins

The microtubule-associated protein 1A/1B fight chain 3
(LC3) is a modifier protein conjugated with phosphatidyl-
ethanolamine (PE), analogous to Atg8 in yeast (ichimura
et al, 2000). PE-conjugated LC3 (LC3-ll) is localized in
the inner and outer membranes of autophagosomes, and
the population associated with the inner membrane is de-
graded after fusion of autophagosomes with lysosomes
(Kabeya et al., 2000). To identify protein(s) that could inter-
act with LC3, we employed the proteomic approach as
described previously (Komatsu et al., 2004) and then
identified a unique protein p62 as one of LC3-interacting
proteins, in addition to LC3-modifying enzymes (Ohsumi,
2001) (Table S1). The p62 protein is conserved in metazoa
and plants but not in yeasts and can bind a large number of
proteins through its multiple protein-protein interaction
motifs (Moscat et al,, 2006) (Figure S1). This protein
mediates diverse signaling pathways including cell stress,
survival, and inflammation (Moscat et al., 2006; Wooten

et al., 2006).

p62 Is Degraded by Autophagy-Lysosome

Pathway

To verify the interaction between LC3 and p62 in vivo, we
first carried out immunoprecipitation assay with cultured

hepatocytes isolated from green fluorescent protein
(GFP)-LC3 transgenic (Tg) mice (GFP-LC3 tg) (Mizushima
et al., 2004) and confirmed the coimmunoprecipitation of
p62 with GFP-LC3 under both nutrient-rich and -poor con-
ditions (Figure 1A). We also confirmed the coimmunopreci-
pitation of p62 with endogenous LC3 in wild-type mouse
liver (Figure 1B). In addition to the major band, the minor
band detected by our p62 antibody was probably a p62
splicing variant product found in the mouse protein data-
base or a partially cleaved product (see also Figures 2, 3,
and 4). Moreover, recombinant p62 was pulled down
with recombinant GST-LC3 (Figure 1C), indicating direct
physical interaction between p62 and LC3. Subsequent
binding assays with a series of recombinant p62 mutants
indicated that p62 interacts with LC3 through a linker
region that connects the N-terminal Zinc finger and the
C-terminal ubiquitin-associated (UBA) domain of p62
(Figure S1). Immunofluorescence microscopy using hepa-
tocytes isolated from GFP-LC3 Tg mice showed colocali-
zation of large numbers of punctate signal for GFP-LC3
(84.7% + 109%, ¢+ SD, n = 21) with that for p62
(Figure 1E). When autophagosome formation was induced
by nutrient-deprivation, 34.9% = 6.7% (n = 22) of ring-
shaped GFP-LC3-positive autophagosomes contained
p62 signal, some of which showed partial colocalization
(Figure 1F). A similar colocalization pattern was also ob-
served in liver sections of GFP-LC3 Tg starved for 1 day
(Figure 1G). The p62-positive and GFP-LC3-negative par-
ticles might correspond to late endosomes or lysosomes,
as reported previously (Sanchez et al,, 1998). Consistent
with the notion that some population of LC3-1l is degraded
in lysosomes (Kabeya et al., 2000), treatment with lyso-
somal enzyme inhibitors, but not with a proteasomal
inhibitor, resulted in the accumulation of LC3-1l in primary
hepatocytes (Figure 1D). Similarly, lysosomal inhibition
resulted in marked accumulation of p62 (Figure 1D).
When lysosomal inhibitors were added to cultured hepato-
cytes, the majority of p62 accumulated around the perinu-
clear region, where it colocalized with the lysosomal
marker LysoTracker (Figure 1H), suggesting the turnover
of p62 together with LC3Il in lysosomes.

p62 Is a Component of Inclusions

in Autophagy-Deficient Hepatocytes

If p62 is degraded by the autophagic-lysosome pathway,
autophagy deficiency should result in the accumulation of
p62 protein. To test this in vivo, we used the Atg7™":Mx1
mice, in which Atg7, a gene essential for autophagy, can
be depleted in the liver by intraperitoneal injections of pol-
yinosinic acid-polycytidylic acid (plpC) (Figure 2A, left
panel) (Komatsu et al., 2005). We observed specific accu-
mulation of p62 protein in Atg7-deficient livers (Figures 2A
and 20D) without marked induction of p62 mRNA
(Figure 2E). Similar to Atg7 knockout liver, deficiency of
Atg5, which is essential for autophagosome formation
(Mizushima et al., 2001), was also associated with marked
accumulation of p62 (Figure S2). These results indicate
that p62 turnover is mediated by autophagy. Autophagic
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Figure 1. p&2 Is Degraded by the Auto-
phagic-Lysosomal Pathway

(A) Interaction of p62 with GFP-LC3. Hepato-
cytes prepared from GFP-LC3 Tg mice were
cultured for 3 hr in Williams' E medium (lanes
1, 2. and 3) or Hank's solution (lane 4). The call
lysates were immunoprecipitated with anti
Flag or GFF antibodies followed by immuno-
blotting with antibodies against LC3 and p62
(B) Interaction of p62 with endogenous LC3
Liver lysates from wild-type mice were immu-
noprecipitated with anti-LC3 antibody or nor
mal rabbit IgG followed by immunoblotting
with antibodies against LC3 and p&2

(C) In vitro GST pull-down analysis of purified
p62 by recombinant GST or GST-LC3

(D) Degradation of p62 and LC3. Hepatocytes
prepared from wild-type mice were treated
with EB4d (10 pg/mi) and pepstatin A (10 ug/mi)
for 24 hr or lactacystin (10 uM) for 3 hr. The cell
lysates were subjected to SDS-PAGE followed
by immunoblotting with indicated antibodies
Data shown in {A}-D) are representative of
three separate experiments

(E, F, and H) Immunofiucrescent analysis of pn
mary cultured hepalocyles. Hepatocytes iso-
lated from GFP-LC3 Tg mice ware cultured for
3 hr in Willlams' E medium (E) and Hank's solu-
tion (F) or for 24 hr in Williams' E with E64d and
pepstatin A (H) and then immunostained with
antibody against p62. Lysosomal inhibitor
treated hepatocytes were stained with the fluc
rescent acidotropic probe LysoTracker prior to
p62 immunostaining (H). Higher magnification
views are shown in insats. Bar, 10 um

(G) Immuncfiuorescence analysis of the liver of
GFP-LC3 Tg mice. Mice were fasted for 1 day
and then the liver sactions were immunastained
with anti-p62 antibody. Right panels show
merged images. Bar, 10 um
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Figure 2. Formation of Ubiquitin- and p&2-Positive Inclusions in Autophagy-Deficient Hepatocytes
(A) Accumulation of p62 in Atg7-deficient hepatocyles. Left panel shows liver hamogenates from ﬁ:g?’ F and AtgT *:Mx1 mice at 28-day post-plpC

injection were subjected to SDS-PAGE followed by immunoblotting with indicated antibodies. Right panel shows Iiver homogenales were separated
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breakdown of p62 appears to occur irespective of cell
type, because a similar observation was recently reported
in HeLa, HEK293T, and mouse embryonic fibroblasts
(Bjorkoy et al., 2005; Wang et al., 2006).

Interestingly, abundant amounts of p62 were noted in
both detergent-soluble and insoluble fractions from
Atg7-deficient livers (Figure 2A, right-middle panel), in par-
allel with accumulation of ubiquitinated proteins in both
fractions from Atg7-deficient but not from control livers
(Figure 2A, right-top panel) (Komatsu et al., 2005). Subse-
quently, to investigate the cellular localization of ubiquitin,
pB2, and LC3 in autophagy-deficient hepatocytes, we
generated the Atg7"F:Mx1:GFP-LC3 mice by crossing
Atg77":Mx1 with GFP-LC3 Tg mice. Immunofluorescence
microscopy showed that the Atg7-deficient cultured he-
patocytes contained abundant ubiquitin- (Figure 2B, top
panels), or p62- (Figure 2B, bottom panels) positive inclu-
sions in the cytoplasm, which were also positive for GFP-
LC3. Finally, double immunoelectron microscopy con-
firmed the colocalization of LC3, ubiquitin, and p62
proteins in the cytoplasmic aggregated structures (Figures
2C and S3). Next, we analyzed the inclusion formation pro-
cess, Immunoblot analysis revealed that p62 began to ac-
cumulate in the detergent-soluble fraction at 4 days and
was abundant in both detergent-soluble and -insoluble
fractions at B days (Figure 2D). In contrast, RT-PCR anal-
ysis showed no induction of p62 transcript during this pe-
riod (Figure 2E). The accumulation pattern of polyubiquiti-
nated proteins essentially matched that of p62 (Figure 2D).
Double-immunofluorescence microscopy showed the ap-
pearance of ubiquitin- and p62-double-positive dots at 2
days in some Atg7"'":Mx1 hepatocytes (Figure 2F). At later
stages, both the number of hepatocytes containing the in-
clusions and the size of the inclusions increased gradually
with time. These results suggest the time-dependent de-
velopment of inclusions containing both ubiquitin and
p62 in autophagy-deficient hepatocytes.

p62 Is a Component of Inclusions

in Autophagy-Deficient Neurons

Next, we investigated the behavior of p62 in neuronal-
specific autophagy-deficient mice, Atg7":Nes mice

(Komatsu et al., 2006). Similar to autophagy-deficient
livers, p62 accumulated in the mutant brain without the ap-
parent induction of its mRNA (Figures 3A and 3B}, implying
a common pathway in p62 turnover across tissues, Fur-
thermore, the p62-positive Inclusions were observed immu-
nohistochemically in various brain regions in Atg7"":Nes
mice (Figure S4). Double-immunofluorescence micros-
copy revealed extensive colocalization of pé2 and LC3
(Figure 3C, left panels), or p62 and ubiquitin (Figure 3C,
right panels), in numerous inclusions in the cerebral cor-
tex. Immunoelectron microscopy confirmed the localiza-
tion of p62 in the cytoplasmic aggregated structures (Fig-
ures 3D, top panel, and S5). These inclusions also
contained ubiquitin (Figures 3D, bottom panel, and S5).
Next, we investigated the time course of inclusion forma-
tion in the cerebral cortex of Atg7™"":Nes mice from 2 to
28 days after birth. Ubiquitin/p62-double-positive dots
began to appear at postnatal day 2 in the cerebral cortex,
and they increased in size and number during postnatal
development (Figure 3E). Taken together, these results
indicate that reduced autophagic activity leads to the for-
mation of ubiquitin- and p62-double positive inclusions in
neurons,

Generation of p62-Knockout Mice

To examine the physiological roles of p62 in autophagy,
we generated p62-knockout (062 /") mice (Figure S6).
They were born at Mendelian frequency, fertile and lived
longer than 1 year (data not shown). Although p&2 defi-
ciency was associated with adulthood-onset obesity
and diabetes as reported recently (Rodriguez et al.,
2006), no apparent abnormality was noted in the p62-
deleted liver (Figure S7). Moreover, p62-deficient mice
exhibited neither marked neurodegeneration nor inclu-
sion formation in neurons (see Figures 6 and S8), The
conversion from LC3-l to LC3-ll, induction of GFP-LC3
dots, and the appearance of many autophagosome
structures after starvation were similar between the con-
trol and p62-deficient hepatocytes (Figures S9A, S9B,
and S9C). Furthermore, there was no significant change
in the turnover of long-lived protein in the mutant hepato-
cytes (Figure S9D).

into detergent (0.5% Tx-100)

luble (Sol.) and inscluble (Insol.) fractions. Each fraction was subjected to SDS-PAGE and analyzed by immunobilot-

ting with indicated antibodies. Data shown are representative of three separate experiments.
(B} Immunofiuorescence analysis of cellular localization of ubiquitin, p62, and LC3 in autophagy-deficient her Hepatocyt from

Atg7":Mx1:GFP-LC3 mice at 14-day post-plpC inj were imi

images. Bar, 10 ym,

i with anti-ubiquitin or p62 antibodies. Right panels show merged

(C) Immunoelectron micrograph showing double labeling of ubiquitin (10 nm colloidal gold particles [cgp]) and GFP (5 nm cgp), p62 (10 nm cgp), and
GFP (5 nm cgp), or p62 (10 nm cgp) and ubiquitin {5 nm cgp in hepatocytes isolated from Atg 7" :Mx1:GFP-LC3 mice at 14-day post-pipC injection.
Bars, 0.5 um. Magnified images can be seen in Figure S3.

(D) Immunoblotting analyses of ubiquitinated proteins and p62 in Atg7'*:Mx1 mice livers at various time points post-pipC injection. Each fraction
prepared as shown in (A) was subjected 1o SDS-PAGE and analyzed by ting with ind 1 anti . Data shown are representative
of three separate expariments.

(E) Quantitation of p62 mRANA level in Arg?‘"—.Mﬂ liver by RT-PCR. Total RNAs were prepared from Atg7"" :Mx1 livers at various time points post-
plpC injection, and then cDNA was synthesized from each RNA, followed by real-time PCR analysis, Data are mean = standard deviation (SD) values
of p&2 mANA normalized to the amount in Atg7 " :Mx1 liver at 0 day post-plpC injection,

{F) Immunchistochemical detection of p62- and ubiguitin-positive inclusions in Afg7-deficient livers. Alg7™™:Mx1 mice were sacrificed at various time
points post-plpC injection, and liver sections were immunostained with anti-ubiquitin and p62 antibodies. Battom panels show merged images, Bar, 10um
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