In Vitro Chaperone Functions of Skp1-Fbs1

A

5 5 C
L 2
2Scris i
Leddik g B Z 10
-
55222532 £ ovanaas  §
e POEEE BT 3 o-MaSCF=12  §
& MaSCF=1/1 %
250 — % Mascron 3
150 — H £
2 a
100 — B *
75 |
50—
37— 120 120
25 £ 100 Z 100
20— £ £
R -0-Man alone i
L 3 -o-Man/full=1/2
CBB Staining g LJ B Manhull=11 £
3 & Man/uli=2/1 g
B SFl SCFmw i 3
Time(h) 02 02 €
{GST-Ub)n Fbs1 (AN)
-GTF w0

I

¥oh Rog ek <l
~= =&|arF & Man/BN=1/1
i Mary BN=2/1

O
¢
k4
3
3
T
s
Relative Light Scattering (%)

o-Fetuin

SCF ™1

Skp1-Fbst (Full)

H

o 8 58 8

8

-O-Man alone

Relative Light Scattoring (%) U

q 3 & 8 8

& ']
1
| 3332'?3?,2 ) m T & MavsCF=1/1
A Man/SF=111
=1/1
-4 Mar/SF=2/1 “” t omﬁg:ov;
* DaEERg
gai!%‘_;
Tens (min)
Fbs1 (AN)
80
Py s

oM " T 1 1 -O-Manalone
an alone i

-0~ Mar/AF=1/2
£ MarvAF=1/1
| -a-Man/AF=2/1

T
! 000 8 Marvn=1r1

O (MarVAN=1/1)
+chitobiose

H
m Astative Light Scattering (%)

7 180 1
o 0 -O-Man alone
L -0-Man alono £ & Mar/SCF=1/1
-6-Man/AP=1/2 § o B - Man/SF=1/1
& Man/AP=1/1 g T -+ ManFull=1/1
& Man/AP=2/1 E) - MavAF=1/1
z L ~o-Man/AP=1/1
3w 4, —-Man/aAN=1/1
= 2

FIGURE 5. Fbs1 complexes suppress the aggregation of denatured a-mannosidase in vitro. A, electrophoretic pattern of the recombinant proteins
produced by the baculovirus system. CBB Staining, Coomassie Brilliant Blue staining. B, GlcNAc-terminated fetuin (GTF) was incubated in a reaction mixture
containing the ATP-regenerating system, recombinant ubiquitin-activating enzyme (E1), Ubc4, GST-ubiquitin (GST-Ub), and Skp1-Fbs1 dimer (S-Fl) or SCF
complex (SCF) in the presence of the NEDDS system at 30 °C. The high molecular mass ubiquitylated fetuin ((GST-Ub)n-GTF) was detected by immunoblotting
with anti-fetuin antibody. C, after denaturation in 6 m GdnHC, e-mannosidase (Man) was diluted to a final concentration of 0.3 mm at 25 °Cin the presence of

the indicated concentrations of SCF™** (SCF™*" or SCF), Skp1 and Fbs1 dimer (

AN, or AP). Aggregation was measured by monitoring light scatteringat 360 n

Skp1-Fbs1 (Full) or SF), Fbs1 monomer (Fbs1 (Full) or Full), or Fbs1 derivatives (AF,
mover a period of 60 min. Data are the mean = S.D. of at least three independent

experiments. D, e-mannosidase was allowed to aggregate in the presence of equal mole of SCF™'or Fbs1 (AN). 0.05 mm N, N’-diacetylchitobiose was added
(+chitobiose), and the effects on aggregation were monitored by measuring light scattering at 360 nm. Data are the mean and standard deviation of three
independent experiments. E, a-mannosidase was allowed to aggregate in the presence of equal mole of recombinant Fbs1 complexes or derivatives, Data are

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

Fbsl derivatives. The degradation of P23H was suppressed by
MG132 treatment as reported previously (Fig. 4B). Although
wild-type Fbs1 or the YW mutant did not influence the kinetics
of P23H degradation, co-expression of Fbs-2N1C efficiently
promoted its degradation. On the other hand, like wild-type
Fbsl, Fbs1 [2, 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™!, Skpl-Fbsl
dimers, Fbs1, Fbsl AF, Fbs1 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 SCFF™! but not Skp1-
Fbsl dimers could ubiquitylate GlcNAc-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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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 SCFFPs!
complex suppressed the aggregation much more effectively than
Fbsl alone (Fig. 5C). Although the addition of half-molar of Fbsi
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 SCFF®*!, Skp1-Fbsl dimers,
or Fbsl and the aggregation-enhancing activity of AN were
inhibited by chitobiose (Fig. 5D and not shown). In contrast,
these recombinant Fbsl 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 Skp1-AP dimers could not suppress the aggregation of
a-mannosidase in an equal molar ratio (Fig. 5, Cand 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 Fbs1-Skpl
heterodimers or Fbs1 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
SCFFP! ubiquitin ligase, opening new perspectives for cellular
activities of F-box proteins.

Although most endogenous Fbsl was not assembled into the
SCFF! complex, a minor population of Fbsl was capable of
forming the SCE™! 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 g precipitate fraction including the microsome
(Fig. 2, Band 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 Fbs1-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, B and C, and 3C), suggesting that Cull is recruited to
the microsome membrane where the SCFF?! 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 Fbsl 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
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between the F-box and FBA domains shows lower homology
than other portions (Fig. 34). 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 Fbsl). Although Fbs2 formed the SCF complex
efficiently in the cytosol as well as the 100,000 X g precipitate
fraction, the SCFF®*! formation was mainly present bound on
the ER membrane (Fig. 3C). Although itis not clear whether the
linker sequence of Fbs1 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-Fbsl 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 Fbs1 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-Fbsl dimers produced in the insect cells
toward glycoprotein substrate GlcNAc-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 Fbsl is present as Skp1-
Fbs1 dimers or Fbs1 monomers in cells and is not an interme-
diate prior to assembly of the SCEF®*! 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

3 Mizushima, T. Yoshida, Y., Kumanomidou, T, Hasegawa, Y., Suzuki, A,
Yamane, T., and Tanaka, K., unpublished data.
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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 SCF*™! 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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The ubiquitin ligase complex SCF™s1, which contributes to the
ubiquitination of glycoproteins, is involved in the endoplasmic
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
SCFFbs function, we determined the crystal structures of the
Skpi-Fhs1 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 Man3GIcNAc,, thereby
explaining the broad activity of the enzyme against various gly-
coproteins. Comparison of two crystal structures of the Skp1-Fbs1
complex revealed the relative motion of a linker segment between
the F-box and the SBD domains, which might underlie the ability
of the complex to recognize different acceptor lysine residues for
ubiquitination.

glycoprotein | tertiary structure | ubiquitin 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
ubiquitin-proteasome system also is responsible for 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), ubiquitin-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 Skp1, Cull, Rbx1 (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 Skp1 and various
C-terminal substrate-recognition regions and are subcategorized
into three classes according to 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 that 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 Rbxl together with a
specific E2 enzyme, respectively. Skpl is an adaptor protein that

www.pnas.org/cgi/doi/10.1073/pnas.0610312104

Fig. 1.  Structure of the Skp1-Fbst complex. Skp1 and Fbs1 are colored blue
and red, respectively. The secondary structure elements for Skp1 and Fbs1 are
labeled. Dotted lines represent disordered 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/B-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 controi
(12). Misfolded proteins and unassemblied 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™s! 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, GlcNAc-GlcNAc, or GlcNAc,), 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 Skp1i-Fbs1 interface. (A) Stereo views of the Fbs1
F-box domain (red) and Skp1 (blue) are compared with the structures of
Skp1-Skp2 and Skpi-B-TrCP1. Skp1 is purple, Skp2 is green, Skp1 is orange,
and B-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. Fbs1is red
and Skp1 is blue.

underlying the ubiquitination of N-glycoproteins by the SCFFbs!
ubiquitin ligase, however, is unknown at present. To understand
the mechanistic details of the SCFF!-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 Skp1-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

Fig.3.

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, suggesting 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 « 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 &5 and a loop
structure.

The Skpl in the Skpl-Fbsl 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. 24). 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 Skpl-Skp2 and
Skpl-B-TrCP1 complexes (rms deviations for the C* atoms: 1.8
and 2.1 &, respectively).

Skp1-F-Box Interface. Whereas the F-box domain of Fbs1 contains
the same four-helix (al-a4) structure seen in the domains of
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Structure of the SBD-RNaseB complex. (A) The SBD is red and RNaseB is cyan. The secondary structure elements of the SBD and RNaseB are labeled. (8) Stereo

view of the interface between the substrate-binding pocket of the SBD and the sugar of RNaseB. The ManyGIcNAc; was modeled with the electron density map (2F, —
Fcomitmap of Man3GIcNAC;) contoured at 1.1 rms deviation. Fbs1is red and RNaseB is cyan. (C) Surface representation of the substrate-binding pocket of the SBD bound
to ManGlcNAG,. 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 SBD (green) bound to chitobiose (yellow) and the Fbs1 SBD (red) bound to glycosylated RNaseB (cyan).
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Fig. 4.

Linker Loop

Regulatory mechanism of SCFFos? glycoprotein ubiquitination. (4) Comparison of the two crystal structures of the Skp1-Fbs1 complex. Skp1 (form 1),

Fbs1 (form 1), Skp1t (form 2), and Fbs1 (form 2) are blue, red, yellow, and green, respectively. (B) Schematic representation of the model for ubiquitination on
SCFFbs1, The E2 active-site cysteine and acceptor lysine residues are depicted with circled letters.

Skp2 (1.5—1& rms deviation for 27 C*atoms) and B-TrCP1 (1.7-A
rms deviation for 28 C~ atoms), there are several differences.
Helix o2 in Fbsl is composed of two segments (o2 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 Fbs1 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 (a4).

The binding mode between Skpl and the F-box domain of
Fbsl is almost identical to those between Skpl and Skp2 (1.0- A
rms deviation for 120 C* atoms) and between Skpl and g-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 o7 in Skpl are shifted away from the N-terminal
domain of Skpl by =4.0 A (Skpl Skp2) or =2.5 A (Skpi-
B-TrCP1). These differences in the distances from the F-box
domains to a7 of Skpl and the C-terminal structures of Skp1 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

S
RNaseB lerm 0w
éﬁ%ﬁ E2 5110?’9!
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< 07 GIcNAczMan3 Cys);/ e
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Fig.5. Model of the SCFF®'-RNaseB complex bound to E2. Cul1, Rbx1, Skp1,
Fbst, 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.
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oligosaccharide (Mane-yGlcNAc,) attached at Asn-34 (19).
RNaseB binds to the edge of the p-sandwich of the SBD (Fig.
34). Clear electron density demonstrates the presence of
Man;GlcNAc: 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 Skpl-Fbsl 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 52
and B3, B3 and B4, B5 and B6, and B9 and B10. Mans;GicNAc,
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 GlcNAc
(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 GleNAc (II) residue is stacked on the aromatic
ring of Trp-280 and the O6 atom forms a hydrogen bond with the
carbonyl oxygen atom of Lys-281. The two GlcNAc 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 B(1—4)-linked
GlcNAc 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 0f 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-Fbs1/Thimerosal Skp1-~Fbs1 SBD-RNaseB
Data collection

Space group P3,21 P3321 P212424 P432
Cell parameters, A

a 106.7 106.6 66.2 148.6

b 106.7 106.6 111.1 148.6

c 110.2 113.7 153.3 148.6
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)

Rmerge 0.045 (0.327) 0.058 (0.328) 0.103 (0.225) 0.078 (0.325)
Hol 18.1(2.7) 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 5.4 (2.9) 6.2 (2.3) 2.6 (2.1) 11.8 (6.4)
Refinement
No. of reflections 26,521 12,279 15,049
Rwork/Riree 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, ° 1.33 2.08 2.51

Values in parentheses represent the highest-resolution shell.

forms a hydrogen bond with the sidechain O® atom of the
Asp-216 sidechain; this hydrogen bond stabilizes the complex
with the ManB(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 N7 atom
of Arg-214 through the O5 atom. On the other hand, Man(V)
protrudes from the binding site and does not interact with Fbs1.
These results indicate that the GlcNAc, core, B(1—>4)-linked
Man(IIl), and «(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 Man3GlcNAc, can be
sufficiently recognized by the SCF'™! complex. Indeed, various
synthetic oligosaccharides were used to show that Man;GlcNAc;
and MangGlcNAc; have similar affinities for Fbsl (22). On the
other hand, the binding affinities of MangGlcNAc, and chito-
biose for Fbsl are several orders of magnitude lower than those
of Man;GIcNAc; and MangGlcNAc,, indicating that
Man;GlcNAc; is required for efficient binding to Fbsl (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 A2 of surface-accessible area. The
surface areas occupied by Man3;GleNAc, 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 Fbsl, suggesting that Man3;GlcNAcs,
but not the protein in RNaseB, defines the interaction with Fbs1.

Linker Flexibility Might Accommeodate 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/cgi/doi/10.1073/pnas.0610312104

linker-domain structure of Fbs1 (Fig. 44). Residues 100-103 and
113-115 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 Cdc4 structure,
deletion of helix a5 or the lengthening of helix a6 due to an
insertion of amino acid residues disrupts Cde4 function in vivo,
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 Fbsi, the interac-
tion between o5 and the linker loop through van der Waals
contacts (His-113 of the linker loop to GIn-115, Phe-119, and
Arg-123 of &5) 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 flexible. This feature might allow the
protein to accommodate a range of substrates (Fig. 4B).

Discussion

In this study, we determined the crystal structures of two crystal
forms of the Skp1-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
SCFFs'-RNaseB-E2 complex was generated simply by super-
position of the Skpl subunits from the Skpl-Fbsl and Skpl-
Cull-Rbx1 structures (PDB ID code 1LDK), the RING-finger
domains derived from Rbx1 and from the ¢-Cbl subunit of the
¢-Cbl-UbcH7 structure (PDB ID code 1FBV) (23), the E2
subunits of the ¢-Cbl-UbcH7 structure, and the SBD-RNaseB
structure, In this SCFFP!-RNase B 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 A,
which is similar to the value that was reported prev:ously (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 ubiquitinated
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 activee—
site cysteine and the lysine residues in RNaseB are 58.6-88.4 A
in the model of the SCF'*s!-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 E2. Actually, SCF™s! 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;GlcNAc» 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 present 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 at the linkage site between the innermost GlcNAc
moiety and the asparagine residue, and the acceptor lysine
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.

SCF™s! is a functionally unique molecule that recognizes the
innermost Man3GlcNAc; 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 SCFIbs!,

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 6X
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 TrissHCl (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
crystallization.

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. Skpl-Fbs1 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 (Skpi-Fbs1 form 1),
P2,2,2) (Skpl-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 replacement 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 Skp1 from SCF (PDB ID code 1L.DK) 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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Constitutive autophagy: vital role in clearance of
unfavorable proteins in neurons

M Komatsu"?®, T Ueno', S Waguri®, Y Uchiyama®, E Kominami' and K Tanaka*2

Investigations pursued during the last decade on neurodegenerative diseases have revealed a common mechanism underlying
the development of such diseases: conformational disorder of certain proteins leads to the formation of misfolded protein
oligomers, which subsequently develop into large protein aggregates. These aggregates entangle other denatured proteins and
lipids to form disease-specific inclusion bodies. The failure of the ubiquitin-proteasome system to shred the protein aggregates
has led investigators to focus their attention to autophagy, a bulk degradative system coupled with lysosomes, which is involved
in non-selective shredding of large amounts of cytoplasmic components. Research in this field has demonstrated the
accumulation of autophagic vacuoles and intracytoplasmic protein aggregates in patients with various neurodegenerative
diseases. Although autophagy fails to degrade large protein aggregates once they are formed in the cytoplasm, drug-induced
activation of autophagy is effective in preventing aggregate deposition, indicating that autophagy significantly contributes to the
clearance of aggregate-prone proteins. The pivotal role of autophagy in the clearance of aggregate-prone proteins has been
confirmed by a deductive approach using a brain-specific autophagy-ablated mouse model. In this review, we discuss the
consequences of autophagy deficiency in neurons.

Cell Death and Differentiation advance online publication, 2 March 2007; doi:10.1038/sj.cdd.4402120

Cell proteins exist in a balance between continuous synthesis
and degradation. In general, this flow of synthesis and
degradation (i.e., turnover) contributes to exertion of cell-
type-specific functions and maintenance of cell homeostasis.
However, it is not uncommon that living cells are exposed to
various environmental stresses, such as oxygen radicals and
UV irradiation. Unfortunately, these stresses frequently cause
various types of protein injuries that vitiate normal celiular
functions or homeostasis and may eventually cause cell
death. Prompt elimination of injured harmful proteins, which
is particularly important in non-proliferative cells, such as
neurons, is totally dependent on proper function of protein

cytosis, whereas that of cytoplasmic components is achieved
through distinct types of autophagic pathways; for example,
macroautophagy, microautophagy, and chaperone-mediated
autophagy.?®

Macroautophagy (hereafter referred to as autophagy), the
major type of autophagy, is the bulk protein degradation
pathway associated with marked membrane dynamics. In
response to various stimuli, such as starvation (i.e., nutritional
step-down) and humoral (trophic) factors (e.g., glucagon and
cytokines), an isolation membrane appears promptly in the
cytosol, where it gradually elongates to sequestrate cytoplas-
mic constituents. Subsequently, the edges of the membrane

catabolic machineries, in which two major sophisticated
apparatuses play principal roles. One is the proteasome,
which is an elegantly organized multi-protease complex with
catalytic activities inside its central proteinaceous chamber.
It plays crucial roles in selective degradation of short-lived
regulatory proteins as well as proteins with aberrant structures
that should be eliminated from the celis.! The other apparatus
is the lysosome that contains many acidic hydrolases, which
are separated from the cytosol by the limiting membrane.
In this lysosomal pathway, degradation of plasma membrane
proteins and extracellular proteins is mediated by endo-

fuse together to form double-membrane structures termed
autophagosomes. Autophagosomes rapidly fuse with lyso-
somes, and their contents engulfed together with the inner
membrane are degraded by a variety of lysosomal digestive
hydrolases (Figure 1).* In addition to the importance of
starvation-induced (i.e., adaptive) autophagy equipped as a
fundamental survival strategy in all eukaryotic cells, growing
lines of evidence point to the importance of basal autophagy
that operates constitutively at low rate even under nutrient-
rich environment and to its key role in global turnover of
cellular components including organelles.
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Figure 1

Schematic representation of the physiological functions of autophagy. Autophagy is induced in response to emergency states such as nutrient starvation or

bacterial infection, which results in the degradation of cytoplasmic components for amino-acid supply (non-selective process) and the removal of bacteria that invade the
cytoplasm (selective process). Autophagy also contributes to processing viral proteins such as EBNA1 and certain cytosolic proteins (e.g., tumor antigens) for presentation
onto major histocompatibility complex (MHC) class It molecules. Autophagy also occurs constitutively even under a nutrient-rich state and contributes to global turnover of
cellular components. It is an essential cellular process that maintains homeostasis in quiescent cells (e.g., hepatocytes and neurons)

Starvation-induced Autophagy

The most fundamental function of autophagy is cellular
adaptation to nutritional stress. In yeast, autophagy is
promptly induced upon nitrogen starvation.® Transgenic mice
overexpressing GFP (green fluorescent protein)-LC3 is an
interesting animal model for monitoring autophagy.® LC3
(microtubule-associated protein 1 light chain 3/MAP1LC3),
originally identified as a small subunit of MAP-1A/MAP-1B, is
processed by Atg4B protease to expose the carboxyl-terminal
glycine whose residue serves as a donor site for conjugation
of target molecules.””® The processed form (LC3-1) under-
goes two consecutive ubiquitylation-like modification reac-
tions catalyzed by Atg7 (E1, activating-like enzyme) and Atg3
(E2, conjugating-like enzyme), to be covalently coupled with
phosphatidylethanolamine (PE)."®'2 The PE-conjugated
form, designated as LC3-ll, is then recruited to autophago-
somal membrane. Thus, LC3-ll is a promising marker for
autophagosomal membranes.” Similar to endogenous LC3,
GFP-L.C3 responds to nutrient-starved conditions to form
GFP-LC3-Hi, which is recruited to autophagosomes in GFP-
LC3 transgenic mice.® The autophagosomal GFP-LC3-ll
could be detected as dots in fluorescence microscopic
analyses. Under fasting conditions, the numbers of fluores-
cent dots increase in the cytoplasm of the liver, heart, and
skeletal muscles of GFP-LCS3 transgenic mice.
Starvation-induced protein degradation has been best
investigated in the liver. One unequivocal characteristic of
hepatic protein degradation is its dependence on the nutrient
conditions. Depending on the dietary cycle of the animal, the
rate of protein degradation fluctuates between ~1.5% (fed
state) and ~4.5% (fasted state) of total liver proteins per
hour.’® Recently, we generated Atg7”":Mx1 mice in which
autophagy could be successfully inactivated in the livers.**
Whereas the amount of total liver proteins decreased to about
66% in the control liver by 1-day fasting, fasting did not result
in a significant decrease in the amount of total proteins in the
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autophagy-deficient liver, indicating that the decrease in total
proteins upon fasting is indeed dependent on autophagy.
Measurement of the activity of mitochondrial enzyme,
succinate dehydrogenase (SDH), showed that fasting was
also associated with a significant decrease in SDH activity
in total extracts in the control livers, and such reduction was
proportional with the decrease in the amount of total protein.
On the other hand, fasting was not associated with any
change in SDH activity in the autophagy-deficient livers.
These results suggest that the mitochondria and cytoplasmic
proteins are proportionally degraded upon fasting by auto-
phagy. Thus, it is plausible that autophagosomes surround
cytoplasmic components including mitochondria at random to
adapt for starvation.

Yeast deficient in autophagy rapidly dies under nutrition-
poor conditions,'® suggesting the important roles of autop-
hagy in maintaining nutrient supply. Iindeed, newborn mice
deficient in Atgs or Atg7, which are indispensable for
autophagosome formation, show poor response to starvation
with regard to production of amino acids, and die within the
first day of life.’*1® Furthermore, Lum et al.’” reported that in
IL-3-dependent cells, which cannot undergo apoptosis due to
knockout of both Bax and Bak, impairment of autophagy leads
to rapid cell death by loss of IL-3, and such death is
suppressed by addition of methylpyruvate, a TCA (tricar-
boxylic acid) substrate. These results suggest that one of the
important roles of autophagy is the supply of amino acids
under nutrient-poor environment (Figure 2, top panel).

Unique Features of Neuronal Autophagy

The brain appears to be a specially protected tissue where
nutrients (e.g., amino acids, glucose, and ketone bodies) are
compensated by constant supply from other organs even
under starvation conditions and consequently autophagy
does not operate in response to nutritional stress. Indeed,
autophagosomes-related GFP-LC3 dots do notincrease at all
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Figure2 Schematic presentation of induced autophagy and basal (constitutive)
autophagy. Under nutrient-rich conditions, autophagic proteolysis proceeds in
hepatocytes at a basal rate {top panel, pink zone), which is enhanced two- to
threefold to an induced rate under nutrient-starvation conditions (blue zone). When
animals are re-fed, the rate of autophagic proteolysis promptly returns to the basal
level. In contrast to the liver, autophagy in the brain is thought to proceed at a basal
rate, irrespective of nutrient conditions. However, this basal or constitutive
autophagy plays a critical role in the quality control system of neurons. Rapamycin
and its homologs, which upregulate autophagy to an induced level (bottom panel,
broken line), are expected to prevent the accumulation of aggregate-prone proteins.
It should be noted that autophagic activity declines with age, which may relate to the
age-dependent onset of neurodegenerative diseases

in the brain of GFP-LC3 transgenic mice, irrespective of
fasting.® A reasonable conclusion drawn from these observa-
tions is that autophagy in the brain proceeds at a basal rate
but is not enhanced under fasting conditions (Figure 2, bottom
panel). Another peculiar feature of autophagy in neurons is
the free localization of autophagosomes in the cytoplasm but
the restriction of lysosomes mainly to the juxtanuclear
cytoplasm of the cell body in the neuron. This feature means
that autophagosomes formed in dendrites and synaptic
terminal regions must be transported to the lysosome in the
cell body. A previous kinetic analysis of organelie movements
in cultured neurons indicated that phase-dense vesicles,
containing sequestered cytoplasmic proteins and materials
taken up by endocytosis, move along microtubules in the axon
to the lysosomes in the cell body.'® These data suggest that
fusion of autophagosomes formed in the synaptic cytoplasm
with lysosomes is strictly dependent on retrograde axonal
transport. It has been reported that mutations of dynein and
dynactin in mice and human cause motor neuron degenera-
tion resembling amyotrophic lateral sclerosis.'®2® Using
cultured PC12 cells, flies and mice expressing different kinds
of aggregate-prone proteins, such as expanded polyQ and
mutant «-synuclein, Ravikumar et al?' demonstrated that
inhibition of dynein function retarded the clearance of
aggregates by inhibiting autophagosome-lysosome fusion. It
has been shown recently that aggregate-prone proteins
formed in the cytoplasm of cultured Hela cells and a cultured
neural cell line, are degraded by autophagy, which is also
dependent on intact microtubules.??
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Autophagic Vacuoles in Neurodegenerative Diseases

Morphological analyses revealed that accumulation of abnor-
mally large number of autophagic vacuoles (autophagosomes
plus autolysosomes) or the appearance of irregularly shaped
autophagic vacuoles is frequently observed as a common
feature in many inherited neurodegenerative diseases.?®>%’
Inclusion bodies, composed of ubiquitin-positive cytoplasmic
remnants, and lipofuscin deposits, together with dispersed
autophagic vacuoles and lysosomes are the primary hall-
marks of the late stages of these diseases. Increased density
of autophagic vacuoles seems to reflect enhanced autopha-
gosome formation, on one hand, but their accumulation
with blurred structures of sequestered materials in their lumen
may also imply impaired autolysosomal degradation, on the
other. In fact, these morphological features are not present
in normal neurons and resemble those of cultured HEK293
cells that have been placed under starvation conditions
in the presence of lysosomal proteinase inhibitors.?® Under
these conditions, autophagic response is markedly enhanced,
but autophagic proteolysis is simultaneously inhibited. In
addition, as observed in Danon disease, which is caused by
mutation of the lysosome-associated membrane protein-2
(LAMP-2), and LAMP-2-deficient mice, impairment of
autophagosome-lysosome fusion aiso leads to unequivocal
increment of autophagosomes in cardiac muscles and
hepatocytes.?%%°

Autophagy in Alzheimer’s, Huntington’s, and
Parkinson’s Diseases

Protein conformational disorders, such as Alzheimer's dis-
ease (AD), Huntington’s disease (HD), and Parkinson's
disease (PD), are characterized by abnormally high accumu-
lation of misfolded and/or unfolded proteins in the surviving
neurons as detected at postmortem examination. In this
section, we will evaluate the role of autophagy in those
hereditary neurodegenerative diseases.

It has become clear that autophagy is linked to the
pathogenesis of HD. HD is an autosomal dominant disorder
caused by mutations of huntingtin, a cytosolic protein that has
a polygiutamine (polyQ) tract in its N-terminus. In HD,
abnormal expansion of polyQ caused by codon (CAG)
reiterations in exon 1 of the Huntingtin gene produces mutated
huntingtin with an expanded polyQ repeat {(more than 37
polyQs). Mutant huntingtin with a longer polyQ tract has a
stronger tendency than the wild type to form aggregates, both
accelerating the onset and worsening the severity of the
disease, suggesting that the progressive formation of inso-
luble polyQ aggregates is a key event leading to manifestation
of the disease. Indeed, model mouse with mutant polyQ is
associated with formation of nuclear and cytoplasmic inclu-
sions in their neurons.®' However, recent studies revealed
that globular and protofibrillar intermediates form before the
organization of mature huntingtin aggregates, and that these
are toxic and could lead to disturbances of genetic transcrip-
tion networks and mitochondrial dysfunctions.®23 Then, what
are the mechanisms by which autophagy clears mutant
huntingtin? Ultrastructural examination of huntingtin-trans-
fected cells showed abundant accumulation of cathepsin
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D-positive autophagic vacuoles with or without sequestered
cellular constituents, dense lysosomes, and multilameliar and
tubuloveseicular structures.®® Ravikumar et a/.>* investigated
whether autophagy can degrade mutant huntingtin with
expanded polyQ repeats. Degradation of 74 polyQ repeats
fused to the amino terminus of GFP (polyQ74-GFP) trans-
fected into COS7 or PC12 cells was inhibited by
3-methyiadenine, a specific inhibitor of autophagy, and
enhanced by rapamycin. Rapamycin acts by inhibiting the
mammalian target of rapamycin (mTor) kinase, which forms
the core of a nutrient- and growth factor-sensitive complex
that control protein synthesis, and suppresses autophagy.*®
importantly, inhibitors of autophagy enhance cell death,
whereas rapamycin prevents the effects. Furthermore, once
the overexpressed polyQ74-GFP forms insoluble large
aggregates, the insoluble aggregates become resistant to
rapamycin-induced autophagy. The data clearly demonstrate
that failure to degrade polyQ expansions by autophagy is
associated with accelerated progression of HD and that
stimulation of autophagy in the early stages of the disease
by rapamycin treatment could prevent deposition of polyQ
aggregates. Rapamycin enhances the autophagic clearance
of different proteins with long polyQ and polyalanine (polyA)-
expanded proteins, and reduces their neurotoxicity. Thus,
rapamycin and its analogs can be potentially used therapeu-
tically for neurodegenerative diseases caused by aggregate-
prone proteins.®® 1t has been shown that mTor is sequestered
in polyQ aggregates in transgenic mice expressing mutant
huntingtin and patient brains of HD. Sequestration of mTor
in polyQ aggregates inhibits nuclear-cytoplasm shuttling of
mTor, leading to inactivation of mTor.*” The inactivation in
turn induces autophagy. Hence, co-sequestration of aggre-
gates with mTor leads to inhibition of mTor activity, which may
provide a partial explanation for accumulation of autophagic
vacuoles in neurodegenerative diseases. On the other hand,
the activation of autophagy via an insulin signal pathway
clears accumulated polyQ proteins independent of mTor, as
reported by Yamamoto et al.%® They found that aggregates of
mutant huntingtin activate insulin receptor substrate-2 invol-
ving the signaling cascades of insulin and insulin-like growth
factor 1. Such activation turns on class Il PI3K to induce
autophagy, thus contributing o clearance of huntingtin
aggregates.®®

Invariably, AD is the most prevalent form of neurode-
generative diseases with dementia and associates with extra-
cellular deposition of beta-amyloid (Af). Presenilin-1 (PS1) is
one of several proteins linked to early-onset familial AD, and
together with PS2, plays a catalytic role in the y-secretase
complex necessary for intermediate proteolysis of the amyloid
precursor protein (APP) followed by liberation of Aj. Although
it has been noticed that autophagic vacuoles accumuiate
in hippocampal and prefrontal cortical pyramidal neurons of
Aizheimer-type dementia,?>2* the mechanism remains un-
clear. Wilson et al® found the formation of enlarged late
endosome-like structures, including «- and f-synuclein, in the
perikarya of PS17/~ primary neurons and hippocampal tissue
of patients with the Levy body variant of AD. Formation of such
organelles is rescued by exogenous expression of not only
wild-type PS but also dominant-negative PS1 lacking its
activity, indicating that PS1 has another function besides
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v-secretase. Esselens et al.*® demonstrated the accumulation
of telencephalin, a neural specific intercellular adhesion
molecule known to interact with PS1, in vacuoles positive for
Atg12 and LC3, but not cathepsin D, in PS$1~/~ hippocampal
neurons. Simitar to the report of Wilson et a/,*® the formation of
such vacuoles was suppressed by not only wild-type but also
mutant PS1. Furthermore, Esselens et al.*° used cathepsin D
knockout mice to show the degradation of telencephalin in
lysosomes. Collectively, these results suggest that PS1 might
play important roles in autophagosome and lysosomal fusion
step. Recently, Yu et al.*' reported the role of autophagy in Aj
production. Their exhaustive electron and immunoelectron
microscopic analyses revealed accumulation of LC3-positive
autophagic vacuoles in brains of AD patients and in AD model
mice, neural cell lines, and in a non-neural APP-expressing
cell line, and also the localization of PS1, AS40, AS42, and
necastrin on internal and limiting membrane components
of autophagic vacuoles. Further, they found that induction of
autophagy evoked Af production, and inversely, inhibition of
autophagy suppressed Af production. Finally, they observed
the PS1-dependent y-secretase activity in biochemical iso-
lated autophagic vacuoles. Based on these findings, they
proposed a novel mechanism for the generation of Af via
autophagy that emphasized the prominent role of autophagy
in AD pathogenesis.*'

PD is a neurodegenerative disorder associated with
progressive loss of dopaminergic neurons of the substantia
nigra and locus coeruleus. The major clinical symptoms of PD
are body rigidity, hypokinesia, and postural instability asso-
ciated with trembling extremities.*? Pathological examination
shows marked accumulation of cytoplasmic inclusions of
proteinaceous material with lipids called Lewy bodies. Lewy
bodies consist of lipids, ubiquitin, enzymes involved in
ubiguitin-related pathways, neurofilament proteins, «-synu-
clein, synphilin-1, and other entangled proteins. Mutations in
the gene encoding z-synuclein, which is localized in pre-
synaptic terminals and is abundantly present in Lewy
bodies, are identified in certain cases of familial PD.**4*
2-Synuclein is a protein of unknown function and a major
component of Lewy bodies. Among three point mutations in
a-synuclein causing an autosomal dominant form of familial
PD, two mutations of z-synuclein (A53T and A30P) have
been studied extensively. These «-synuclein mutants have a
stronger tendency to form fibrils than wild-type «-synuclein.
Hence, similar to huntingtin with abnormal polyQ expansion,
misfolded or aggregated z-synuclein is believed to
cause cell toxicity and inhibits the ubiquitin-proteasome
system. Lewy bodies may contribute to aggregation of
s-synuclein into inclusions to moderate its toxicity 454
it has been reported recently that autophagic-lysosomal
dysfunction may be also involved in PD. Using stable PC12
transfectants expressing wild-type and AS53T mutant
a-synuclein, Stefanis et al.*” showed that marked accumula-
tion of autophagic vacuoles and impairment of lysosomal
and ubiquitin-proteasome functions are principal phenotypes
in the cells. On the other hand, clearance of mutant
z-synuclein is strongly dependent on both ubiquitin-protea-
somes and macroautophagy,*® but not chaperone-mediated
autophagy capable of degrading wild-type «-synuclein
efficiently.*®



Impairment of Autophagy in Neurons

Recently, our group and Mizushima’s group investigated the
pathophysiological roles of basal or constitutive autophagy in
the brain.®®3" For this purpose, we generated neuron-specific
autophagy-deficient mice (Atg7”":Nes mice) by crossing
Atg7-conditional knockout mice (Atg7”") with transgenic
mice expressing the Cre recombinase under the control of
the neuron-specific Nestin (Nes) promoter, Nes-Cre. We
found that mice lacking Atg7 (i.e., autophagy) in the central
nervous system exhibited various behavioral deficits, such as
abnormal limb-clasping refiexes and reduction of coordinated
movement, and died within 28 weeks after birth. Histological
analysis showed that Atg7-deficiency was associated with
neuronal loss in the cerebral and cerebellar cortices. Intrigu-
ingly, Atg7-deficient neurons showed abundant accumulation
of polyubiquitylaied proteins, which appeared as inclusion
bodies whose size and number increased with aging
(Figure 3), but had functionally intact proteasomes, whose
impairment is generally known to cause abnormal ubiquitin-
mediated proteolysis.*® Hara et al.%' also reported that almost
all these phenotypes, if not all, were observed in neural-
specific mice deficient in Atg5, another autophagy-essential
gene. Thus, many of the critical symptoms seen in neural-
specific autophagy-deficient mice are similar to those of
patients with neurodegenerative disorders.

Histological analyses of the brains of Atg7"":Nes mice
revealed loss of specific neurons, such as pyramidal neurons
in the cerebral cortex and hippocampus, and Purkinje cells in
the cerebellum. Unexpectedly, immunohistological analysis
using anti-ubiquitin antibody identified ubiquitin-positive
proteinaceous aggregates throughout the brain, aithough
the staining intensity varied from one region to another. Few
ubiquitin-positive inclusions were recognized in brain regions
with evident neuronal loss, whereas many ubiquitin inclusions
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were noted in areas with barely any neuronal loss such as the
hypothalamus. Although we could not determine whether
neuronal death is due to accumulation and subsequent
inclusion formation of ubiquitylated proteins, neurons with
large inclusions survived. Conversely, large pyramidal neu-
rons and Purkinje cells seem vulnerable to ubiquitylated
proteins and die before the formation of large inclusions.
Whether the formation of inclusion bodies in neurons is
protective or toxic is under debate, although emerging
evidence emphasizes that protein aggregation can be a
protective mechanism. 3?33

Although accumulation of ubiquitylated proteins and cell
death were noted in autophagy-deficient hepatocytes™ and
neurons,®®*" such phenotypes were not observed in growing
cells such as mouse embryonic fibroblasts (MEFs) and
astroglial cells, irrespective of autophagy deficiency. Thus, it
seems that autophagy is not required in rapidly dividing cells,
at least with respect to multiplication of these cells. These
results might also reflect the difference in autophagic activity
among cell types. It is possible that the cell division cycle
results in dilution of ubiquitylated proteins in autophagy-
deficient MEFs, preventing their accumulation. Alternatively,
other degradation pathways, such as chaperone-mediated
autophagy, could contribute to degradation of long-lived
proteins in growing MEFs. Considered together, it is clear
that macroautophagy (the massive autophagy pathway
discussed here) plays important roles in proteolysis in
quiescent cells.

Autophagy deficiency is considered to result in delays of
global turnover of cytoplasmic components, resulting in
accumulation of misfolded and/or unfolded proteins followed
by formation of inclusion bodies. However, a recent report
showed that p62/SQSTM1 harboring a ubiquitin binding
domain, interacted with LC3 and was degraded via auto-
phagy.®® We also obtained similar results and found that
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Figure 3  Ubiquitin-positive inclusions in autophagy-deficient neurons. The presence of ubiguitin-positive dots was examined immunohistochemically in several regions of
the brain including cerebral cortex, cerebellum (Purkinje celis), hippocampus, amygdala, hypothalamus, caudate putamen of Atg7” * :Nes (left panels), and Atg7™:Nes {right
panels) mice. Note the presence of numerous ubiguitin dots in the amygdala and hypothalamus of representative mutants. Bars, 100 um in the panel of cerebral cortex, and

50 um in others
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Figure 4 A schematic diagram of protein destruction pathways mediated by the proteasome and autophagy. The majority of cellular proteins, if not all, are
polyubiguitylated before hydrolysis by the proteasome (an ATP-dependent proteolytic complex). Similarly, unfolded/misfolded proteins generated by environmental stresses or
genetic mutations are discarded after polyubiguitylation by the same proteolytic system (a). Aging-related decline in autophagic activity causes accumulation of highly
ubiquitylated proteins, which are recovered as both soluble and insoluble forms (b). As autophagy could feed both ubiquitylated and unubiquitylated protein(s), it is not clear at
present whether polyubiquitylated aggregates/inclusions in autophagy-deficient neurons are formed consequent to impairment of degradation of unubiquitylated proteins or
aggressively polyubiquitylated proteins. In addition, further work is needed to determine whether the two proteolytic systems (autophagy and proteasomes) work independently
or cooperatively, and whether autophagy and the proteasome feed a similar set of normal and/or misfolded/unfolded proteins in general. Red text: protein dynamics associated

with autophagy deficiency, Ub: ubiquitin

p62 plays a critical role in the formation of ubiquitin-positive
aggregates by impaired autophagy (unpublished data). These
results imply that ubiquitylated unfavorable proteins might be
selectively sequestered into autophagosomes in part via p62
{(which may retain its shuttling ability of ubiquitylated proteins).
In either case (non-selective or selective degradation of
ubiquitylated proteins by autophagy), our results indicate that
autophagy operates not only as a supplier of amino acids
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under nutrient-poor conditions but also as a house cleaner of
damaged proteins under nutrient-rich conditions.

Concluding Remarks

Considering the role of autophagy in neurodegenerative
diseases, it is possible to align time-dependent enhancement
and inactivation of autophagy. First, misfolded and/or



unfolded protein aggregates formed in neurons cause
sequestration of mTor along with the aggregates, leading to
significant inactivation of mTor, which stimulates autophagy
(autophagosome formation). Second, if the size of aggregates
is small enough and the degree of aggregation is moderate,
the aggregates are engulfed into autophagosomal lumen and
subsequently degraded via autophagy. Unless the amounts of
aggregates surpass the clearance capacity of autophago-
somes, maximal activation of autophagy by pharmaceutical
agents such as rapamycin could be effective in preventing the
progression of the disease. It is noteworthy that the expres-
sion of aggregation-prone protein(s) observed frequently in
familial neurodegenerative disorders is not required for the
formation of inclusions associated with impaired autophagy,
suggesting the involvement of autophagy even in sporadic
neurcdegenerative diseases. On the other hand, autophagic
activity of rat liver decreases with aging and this decrease
conversely correlates with an increase in the accumulation of
oxidized proteins.®® Thus, age-dependent onset of neuro-
degenerative diseases most likely correlates with the age-
dependent decline of autophagic activity. It is generally
accepted that deficits of the proteasome-ubiquitin system
are linked to various neurodegenerative disorders. Intrigu-
ingly, however, no obvious inhibition of the ubiquitin-protea-
some system occurs in the mouse brain lacking autophagy,
providing compelling evidence that constitutive autophagy
plays a prominent role in neuronal survival, independent of
proteasome function (Figure 4). In this context, we stress that
proteasome inhibition induces augmented autophagy in order
to eliminate unnecessary accumulated proteins, probably
compensating the loss of proteasome functions.?? Thus, the
two major proteolytic pathways naturally differ in the co-
operative responses in cells. We emphasize the importance of
autophagy as a process with adaptive and flexible responses.
Finally, a better understanding of basal or constitutive
autophagy, which maintains basal activity of macroautophagy
in neurons, may help in the design of new strategies to prevent
neurodegenerative diseases.
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1d proteins are negative regulators of basic helix-loop-helix transcription factors and are
involved in cellular differentiation and proliferation. Four members of the Id gene family
exhibit closely related but distinct expression patterns in various mammalian organs of
not only embryos but also adults. Among them, Id2 is known to be expressed in Purkinje
cells and neurons in the cortical layers of the adult mouse brain, suggesting that 1d2 is
involved in some neural functions in the adult. To get insight into the role of 1d2 in the
1d2 nervous system, we investigated the localization of 1d2 mRNA-expressing cells in the
Gene expression adult mouse brain in detail by in situ hybridization with the radiolabeled antisense probe

Keywords:
Helix-loop-helix protein

Adult brain and compared it with the localization of other Id gene farnily members. The results
Mouse indicated that 1d2 mRNA is detected in more varied brain regions than previously

reporied. These regions include the amygdaloid complex, caudate putemen, globus
Abbreviations:

pallidus, substantia nigra pars reticulata, suprachiasmatic nucleus, and the anterior part
of the subventricular zone. These results suggest the possibility that 1d2 plays a role in
the neural activity and cognitive functions. On the other hand, Id1 was barely detectable.
Although moderate or low expression of 1d3 was observed diffusely, high expression was
observed in some specific regions including the molecular layer of the dentate gyrus and
the external capsule. 1d4 mRNA was detected in the regions such as the caudate putamen
and the lateral amygdaloid nucleus. Thus, the expression pattern of 1d2 is distinct from
those of other Id gene family mermbers.

bHLH, basic helix-loop-helix
HLH, helix~loop-helix
DEPC, diethylpyrocarbonate

© 2005 Elsevier B.V. All rights reserved.

Transcription factors play essential roles in various biological
processes including cellular differentiation and proliferation
by regulating gene expression. They are categorized according
to their structural similarities. The basic helix-loop-helix
(bHLH) protein family is a typical example. The members of
this family share structural characteristics of the basic region
and the helix-loop-helix {HLH) domain, which are required for
DNA binding and dimerization, respectively (Massari and
Murre, 2000). In general, tissue-specific bHLH factors form

Corresponding author. Fax: +81 776 61 8164.
E-mail address: yyokota@fmsrsa.fukui-med.ac.jp (Y. Yokota).

heterodimers with ubiquitously expressed bHLH factors, so-
called E proteins consisting of E2A gene products (E12 and E47),
HEB and E2-2, and regulate the expression of their respective
target genes via the consensus-binding site, the E box {Massarni
and Murre, 2000). Tissue-specific bHLH factors that exhibit a
high degree of sequence conservation constitute subfamilies
and are involved in similar biological processes (Kageyama
and Nakanishi, 1997; Massari and Murre, 2000). For example,
neurogenic bHLH factors, such as NeuroD and Mashi, play
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important roles in cell fate determination, specification and
proliferation control during neurogenesis in a wide variety of
species by constituting gene regulatory cascades and carrying
out their specific functions (Kageyama and Nakanishi, 1997;
Massari and Murre, 20G0).

Id proteins, inhibitors of DNA binding/differentiation, are
negative regulators of bHLH transcription factors, and four
members of this protein family, Id1-1d4, have been identified
in mammals (Massari and Murre, 2000; Ruzinova and Benezra,
2003). They possess HLH domains and form heterodimers with
bHLH factors, but the resultant heterodimers are unable to
bind DNA due to the lack of a DNA-binding domain in Id
proteins (Massari and Murmre, 2000; Ruzinova and Benezra,
2003). Thus, Id proteins inhibit the functions of bHLH factors in
a dominant negative manner and suppress bHLH factor-
dependent cellular differentiation (Massari and Murre, 2000;
Ruzinova and Benezra, 2003). On the other hand, Id proteins
have the ability to stimulate cell cycle progression. Although
the mechanism remains unclear, Id proteins have been
reported to have zabilities to inhibit the enhanced expression
of cyclin-dependent inhibitors such as p21 by bHLH factors
and to antagonize the activity of Rb family proteins (Ruzinova
and Benezra, 2003; Yokota and Mori, 2002). Based on these
functional characteristics, Id proteins are thought to be
involved in the regulation of cell differentiation and in the
expansion of immature cell populations (Ruzinova and
Benezra, 2003; Yokota and Mom, 2002). In fact, each member
of the Id gene family is expressed in a wide range of embryonic
tissues including the central nervous system, and different
members show similar but distinct expression patterns
{Andres-Barquin et al,, 2000; jen et al,, 1996, 1997; Neuman et
al, 1991; Rubenstein et al,, 1999; Tzeng and de Vellis, 1998). 1d
genes are also expressed in the adult central nervous system
{Andres-Barquin et al., 2000; Elliott et al,, 2001; Neuman et al,,
1991; Riechmann et al, 1994; Rubenstein et al, 1999; Tzeng
and de Vellis, 1998), although there is a tendency for the
expression levels to decrease {Andres-Barquin et al., 2000;
Neuman et al,, 1991; Tzeng and de Vellis, 1998). For example,
1d2 is expressed in neurons in all layers of the cerebral cortex
except layer 4, Purkinje cells of the cerebellum, the olfactory
bulb (the mitral cell, glomerular and internal granule cell
layers), the hippocampus, and the suprachiasmatic nucleus
{SCN) of the adult rodent brain (Andres-Barquin et al., 2000;
Elliott et al., 2001; Neuman et al., 1991; Rubenstein et al., 1999:
Tzeng and de Vellis, 1998; Ueda et al,, 2002). These observa-
tions suggest that Id proteins are involved in cellular functions
in terminally differentiated and non-dividing cells, in addition
to playing roles in cell differentiation and proliferation control.

To get insight into the role of Id2 in neural functons, we
investigated the distribution of Id2 mRNA in the adult mouse
brain by in situ hybridization. Adult male mice of ICR or the
mixed genetic background between NMRI and 129/Sv were
used in this study. Similar results were obtained from the two
strains. Mice were deeply anesthetized with diethyl ether and
perfused transcardially with PBS followed by fixative contain-
ing4% paraformaldehyde in PBS. After perfusion, the brain was
taken out of the skull, immersed in the same fixative for24 h at
4 °C, transferred to 0.1% diethylpyrocarbonate (DEPC)-treated
20% sucrose in PBS for 48 h at 4 °C, and then frozen with OCT
compound at -80 °C. The brain was cut into 10- m-thick

sections on a cryostat and mounted on glass slides. Sections
were stored at -80 °C until use. All animal procedures were
performed in accordance with the guidelines of the University
of Fukui for animal experiments. In situ hybridization was
performed as described (Ishil et al, 1990; Mori et al,
2000). Briefly, 10- m-thick coronal sections were treated
with 5 g/ml proteinase X and acetylated before hybridi-
zation. An **S-labeled RNA probe spanning nt 61-759 of
the mouse Id2 ¢cDNA was generated by transcription with
RNA polymerase using the pBS-Id2 plasmid as template
{Mori et al,, 2000). The sections were hybridized in the
presence of 50% formamide at 60 °C overnight, washed at
high stringency, dipped with NTB2 emulsion {Kodak), and
autoradiographed. The sections were then counterstained
with the Cresyl Fast Violet solution to allow morphological
identification. Anatomical determinations were made
according to a standard atlas {Paxinos and Franklin, 2001).
In situ hybridization of brain sections with the 3°S-labeled
sense probe gave no appreciable signal and confirmed the
specificity of the *S-labeled antisense probe for the detec-
tion of the Id2 mRNA (data not shown).

In the main olfactory bulb, Id2 mRNA was expressed in
the mitral, glomerular, and granule cell layers (Mi, Gl, GrO)
(Fig. 1A and Table 1), as reported {(Neuman et al, 1991). In
the anterior olfactory nucleus, both medial {AOM) and
posterior (AOP) parts were stained (Fig. 1B). In the septum,
Id2 mRNA was moderately expressed in the lateral septal
nucleus, intermediate and ventral part (LSI and LSV,
respectively) (Fig. 1C), although the expression level was
lower in the lateral septal nucleus, dorsal part (LSD), and
medial septal nucleus (MS) {Fig. 1C). Some Id2-expressing
cells were distributed in the corpus callosum (cc) (Figs. 1C,
3E), in accordance with the report about I1d2 mRNA
expression in S100°GFAP* astrocytes and GFAP” and 04~
cells in the rat corpus callosum (Tzeng and de Vellis, 1998).

In the cerebral cortex, Id2 mRNA was detected in all
layers except layer 4, and scattered cells were positive for Id2
mRNA in layer 1 (Figs. 1B-G, 2A-C). Strong 1d2 mRNA
expression was observed in layer 5 of the neocortex as
reported (Figs. 1C-F) and in layer 2 in the piriform cortex (Pir)
{Figs. 1B-D). In the cingulate (Cg/RS) and retrosplenial
cortices (RS), the level of Id2 mRNA expression was high in
layers 2 and 3 (Figs. 1E and F).

Strong expression of Id2 mRNA was observed in the many
regions of the amygdaloid complex: the basolateral amygda-
loid nucleus anterior part (BLA), lateral amygdaloid nucleus
dorsolateral part (LaDL), ventromedial part (LaVM), ventrolat-
eral part (LaVl), medial amygdaloid nucleus posterodorsal
part {MePD), posteroventral part (MePV), posteromedial corti-
cal amygdaloid nucleus (PMCo}, and intercalated nuclei of the
amygdala (I) (Figs. 1D-G and 3A). In the other subnuclei,
moderately expressing cells were distributed {Fig. 3A). In
addition, moderate expression was observed in the dorsal
and ventral parts of the anterior amygdaloid area (AAD, AAV),
anterior cortical amygdaloid nucleus (ACo), and nucleus of the
lateral olfactory tract (LOT) (Fig 1D). High expression was also
seen in the dorsal endopiriform: nucleus {DEn) (Figs. 1B and T,
3A). Moderate expression was also observed in the bed
nucleus of stria terminalis (BST) (Fig. 1D) and the intraamyg-
daloid division of the bed nucleus of the stria terminalis
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Fig. 1 - Expression of 1d2 mRNA in the forebrain and thalamus. Dark field photomicrographs showing Id2 mRNA expression in
coronal sections. Strong expression was cbserved in the piriform cortex (B) (C), bed nucleus of the siria terminalis, intercalated
nuclei of the amygdala (D), cingulate/retrosplenial cortex (E), dorsal endopiriform nucleus, lateral amygdaloid nucleus
dorsolateral part, medial amygdaloid nucleus posterodorsal part (F), subiculum, superficial gray layer of the superior colliculus,
and medial terminal nucleus of the accessory optic tract (G). Scale bar, 500 m. Abbreviations are listed in Table 1.

(BSTIA) (Fig. 1F). Cells expressing 1d2 mRNA moderately or
strongly were dispersed throughout the hippocampus. It has
been reported that Id2-expressing cells in the hippocampus
are interneurons and/or glial cells (Elliott et al,, 2001). 1d2
positive cells were found in subgranular zone (SGZ) of the
dentate, but most of the granule cells and pyramidal cells
were not labeled (Fig. 3B). Id2 mRNA was clearly detectable
in the subiculum (S) (Figs. 1G, 2A and B). Macroscopic
observation of the sections demonstrated that the globus
pallidus showed the strongest reactivity in the basal ganglia.
In the microscopic study of the globus pallidus, most cells
were moderately labeled for 1d2 mRNA (LGP) (Fig. 1E).
Although medium- to large-sized neurons and some glial
cells were moderately labeled in the caudate putamen, the
majority of striatal neurons were not positive for Id2
expression (Figs. 1C-E and 3C).

In the subventricular zone (SVZ) and ependymal region,
some cells were labeled (Fig. 3E). In the anterior part of

the subventricular zone (SVZa), which is a source of
neuronal progenitor cells for the olfactory bulb (Luskin,
1993), strongly labeled cells were detected {Fig. 3F). In
ventral pallidum (VP), moderately labeled cells were
detected (Fig. 1C).

Id2 mRNA was expressed in some thalamic subnuclei:
moderate expression was seen in the ventral anterior
thalamic nucleus (VA) and ventral posteromedial thalamic
nucleus {(VPM) and weak expression in other regions (Figs. 1E
and F). Moderate Id2 expression was detected in the lateral
and medial geniculate nucleus (LG, MG) {Figs. iF and G) and
in the subthalamic nucleus (STh) (Fig. 1F). Id2 mRNA was also
moderately expressed in the suprachiasmatic nuclei {SCh)
(Figs. 1E and 3D), paraventricular hypothalamic nucleus
anterior parvicellular part (PaAP) {Fig. 1E), and dorsomedial
hypothalamic nucleus (DM) (Fig. 1F). In other nuclei located
in this area, the expression level was weak or undetectable
{Fig. 1E).



ermediate:

While most cells in the pars reticulata of the substantia
nigra (SNR) were moderately labeled for Id2 mRNA, no signals
were detected in the pars compacta, pars lateralis, or ventral
tegmental area (Fig. 2A). Moderate expression was observed in
the interpeduncular nucleus (IP) (Fig. 24). Strongly labeled
cells were seen in the medial terminal nucleus of the
accessory optic tract (MT) (Fig. 1G). Moderate 1d2 mRNA
expression was detected in the red nucleus, magnocellular
part (RMC) (Fig. 2A). 1d2 mRNA was expressed moderately in
the superficial gray layer of the superior colliculus (SuG) and
weakly in the oculomotor nucleus (3N), the trochlear nucleus
{4N) and the intermediate gray layer of the superior colliculus
{(InG) (Figs. 2A and B).

In the pons, Id2 mRNA was strongly expressed in the
pontine nucleus (Pr), while weak expression was observed in
the median raphe nucleus (MnR), dorsal raphe nucleus (DR),
periaqueductal gray (PAG), and pontine reticular nucleus, oral
part (PnO) (Fig. 2B). I1d2 mRNA was expressed strongly in the
nucleus of lateral lemniscus (Il), rostral periolivary region
(RPO), and the ventral and dorsal cochlear nuclei (VC, DC) and
moderately in the nucleus of the trapezoid body (Tz), lateral
superior olive (LSO), and periolivary region (PO) (Figs. 2C, D, and
E). Id2 mRNA was weakly expressed in the motor trigeminal
nucleus {Mo5) and principal sensory trigeminal nucleus {Pr5)
(Fig. 2D). In the medulla, moderately labeled cells were found in
the dorsal motor nucleus of the vagus (10N) (Fig. 2F). Id2 mRNA
was weakly expressed in the hypoglossal nucleus (12N), lateral
paragigantocellular nucleus {LPGi), spinal trigeminal nucleus
{Sp5), and rostroventrolateral reticular nucleus (RVL) {Fig. 2F) In
the cerebellum, 1d2 was strongly expressed in Purkinje cells,
but not in the external granule, molecular, or internal granule
cell layers at 8 weeks old of age (Fig. 2E). The cells in the
cerebellar nuclei {Int, Lat) showed moderate expression of Id2
mRNA (Fig. 2E). The lateral vestibular nucleus (LVe) displayed
moderate expression of 1d2 (Fig, 2E).

Northern blot analysis has revealed that the expression
level of 1d2 in the adult mouse brain is similar to that in the

e

embryonic brain (Andres-Barquin et al., 2600; Neuman et al,,





