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Abstract Mutation of tubulin chaperone E (TBCE)
underlies hypoparathyroidism, retardation, and dysmor-
phism (HRD) syndrome with defective microtubule (MT)
cytoskeleton. TBCE/yeast Pac2 comprises CAP-Gly, LRR
(leucine-rich region), and UbL (ubiquitin-like) domains.
TBCE folds a-tubulin and promotes o/ff dimerization. We
show that Pac2 functions in MT dynamics: the CAP-Gly
domain binds o-tubulin and MTs, and functions in sup-
pression of benomyl sensitivity of pac24 mutants. Pac2
binds proteasomes: the LRR binds Rpnl, and the UbL
binds Rpn10; the latter interaction mediates Pac2 turnover.
The UbL also binds the Skp1-Cdc53-F-box (SCF) ubiquitin
ligase complex; these competing interactions for the UbL
may impact on MT dynamics. pac24 mutants are sensitive
to misfolded protein stress. This is suppressed by ectopic
PAC2 with both the CAP-Gly and UbL domains being
essential. We propose a novel role for Pac2 in the mis-
folded protein stress response based on its ability to interact
with both the MT cytoskeleton and the proteasomes.
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Introduction

Mutations in tubulin chaperone E, TBCE, cause an autosomal
recessive disorder characterized by hypoparathyroidism,
growth and mental retardation, and dysmorphism (HRD
syndrome, MIM241410). The founder mutation in HRD-
affected individuals of the Middle East is an in-frame 12-bp
deletion (del52-55) in the third exon of TBCE [1]. Five
tubulin-specific chaperones, TBCA-TBCE, are conserved
from yeast to mammals [2—4]. TBCB/Saccharomyces cere-
visiae Alfl and TBCE/S. cerevisiae Pac2 bind «-tubulin
and promote its assembly with fS-tubulin to form the basic
o/ -tubulin microtubule (MT) building block [5, 6]. TBCA
and TBCD bind f-tubulin, and a supercomplex is formed of
TBCC, TBCD, and TBCE together with o- and f-tubulin
from which the native o/f-tubulin heterodimers are released
by GTP hydrolysis (reviewed in [7]). Cells from HRD-
affected individuals show lower MT density at the MT
organizing centers and perturbed MT organization. In addi-
tion the HRD mutation affects the organization of organelles
that require MTs for their trafficking, such as the Golgi and
late endosomal compartments [1]. A destabilizing Trp514Gly
mutation in mouse Thce underlies progressive motor neu-
ronopathy (pmn) [8, 9].

The two cofactors involved in folding «-tubulin, TBCB
and TBCE/S. cerevisiae Alfl and Pac2, respectively, have
a similar domain organization arranged in opposite orien-
tation. Their functional motifs include: a cytoskeleton-
associated protein glycine-rich (CAP-Gly) domain [10], a
coiled-coil domain composed of leucine-rich repeats
(LRR), and an ubiquitin-like (UbL) domain at the
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C-terminus in TBCE [11]. The CAP-Gly domain is a
highly conserved domain present in a Pfam family of ca. 70
proteins exemplified by the MT-binding proteins, CLIP-
170 [12], and the p150°™? subunit of the dynein/dynactin
motor complex [13]. Many CAP-Gly domain proteins
mediate binding between MTs and other elements of the
cytoskeleton or with organelles [12, 14]. The (del52-55)
mutation deletes four residues in the CAP-Gly domain
including a highly conserved Gly and is adjacent to resi-
dues essential for a-tubulin binding by CLIP-170 [1]. No
protein-protein interactions have been mapped to the LRR
domain of either cofactor, TBCB or TBCE. The UbL
domain of TBCB is required for interaction with the Kelch/
BTB domain substrate receptor, Gigaxonin, that recruits
TBCB to a cullin-RING E3 ubiquitin ligase complex for
ubiquitylation and degradation in the proteasome. Muta-
tions in Gigaxonin lead to human giant axonal neuropathy
(GAN) characterized by accumulation of TBCB and a
diminished MT network [15]. A structural study of the UbL
domain of TBCB on which the parallel domain of TBCE
was modeled suggests that these two domains could
dimerize via electrostatic interactions [16]. This hypothesis
is supported by biochemical isolation of a TBCB-TBCE
binary complex and of a ternary complex of TBCB and
TBCE with a-tubulin after o/f tubulin heterodimer disso-
cation. These complexes are proposed to escort o-tubulin
towards degradation or recycling [17, 18].

Protein ubiquitylation is executed by an enzyme cascade
comprising El ubiquitin activating and E2 conjugating
enzymes and an E3 ubiquitin ligase that recruits the sub-
strate protein. Proteins marked with ubiquitin chains linked
via K48 of ubiquitin are targeted for degradation in the
proteasome, a complex comprising a 20S catalytic core and
usually two 19S regulatory particles (RP), one appended at
each end [19, 20]. The 19S RP binds the ubiquitylated
substrate, cleaves and releases the ubiquitin chains, and
unfolds the substrate for insertion into the catalytic core.
Deubiquitylation (DUB) activity is provided by the intrinsic
lid Rpn11 subunit [21] or by DUBs that are attached to 195
RP subunits via an ubiquitin-like (UbL) domain, e.g., Ubp6
[22] or Uch37 [23]. Furthermore, the UbL-UbA family of
proteins exemplified by yeast Rad23, Dsk2, and Ddil bind
the 19S RP with their UbL domains and ubiquitin chains
with their ubiquitin-associated (UbA) domains. These pro-
teins are proposed to serve as shuttles that deliver
ubiquitylated substrates to the proteasome [24-28]. The
Rad23 UbL domain is reported to bind the Rpnl subunit of
the 19S RP [29, 30] and Rpn10 [28]; the Dsk2 UbL domain
binds Rpn10 [30, 31]; Ddil interacts with Rpnl [26, 32].

Pac2 was found in preparations of proteasomes affinity-
purified through a tagged 19S RP subunit [33]. Pac2 shows
30% identity and 54% similarity to human TBCE with
conservation of all functional domains. Here we analyzed

the interaction of yeast Pac2 and human TBCE with MTs
and with the proteasome. pac24 mutants are sensitive to
benomyl that inhibits MT polymerization [2], and we show
that in addition to its established role in folding of
o-tubulin, Pac2 interacts with polymerized MTs in vitro via
its CAP-Gly domain. The CAP-Gly domain is crucial for
suppression of benomyl sensitivity. We found a robust
interaction between Pac2 and the proteasome that involves
two independent interactions: the LRR domain binds Rpnl,
whereas the UbL domain binds Rpnl0. Interaction of the
UbL domain with Rpnl0 is important for Pac2 turnover.
The UbL domain also interacts with the SCF ubiquitin
ligase complex. The interaction between Pac2 and the
proteasome has functional significance as we find that
pac2A mutants are sensitive to accumulation of misfolded
proteins, evidenced as sensitivity to the arginine analog,
canavanine. Canavanine sensitivity is suppressed by ecto-
pic full-length Pac2 and requires both the CAP-Gly and
UbL domains. Further evidence of a role of Pac2 in the
response to accumulation of aberrant proteins is the finding
that pac2 4 mutants are sensitive to cadmium. Endoplasmic
reticulum (ER)-associated degradation (ERAD) eliminates
aberrant proteins from the ER for ubiquitylation and deg-
radation by the proteasome. Cadmium causes ERAD stress
through mechanism(s) that are not fully understood. It
reacts with thiol groups prevalent in the ER and replaces
zinc and iron in metalloproteins, and this may reflect
ERAD deficiencies [34]. Similar to the result observed with
canavanine, we found that pac24 mutants are very sensi-
tive to cadmium and that ectopic expression of full-length
PAC2 restored cadmium resistance to wild-type levels.
Here too suppression of the sensitivity requires both the
MT-interacting CAP-Gly and proteasome-interacting UbL
domains of Pac2.

Materials and methods
Yeast strains

Wild-type BY4741 (MATa; his3A1; leu2A0; met15A0;
ura3A0), pac2A (BY4741; MATo; his3A41; leu240;
met15A0; ura3A0; yerO07w::kanMX4), pdr5A (BY4741;
MATa; his3A41; leu2A0; metl5A0; ura3A0; yoll53c::kan-
MX4) were purchased from Euroscarf. The rpnl0A mutant
is RID2478 (leu2-3,-112, his3-11,-15, trpl-1, ura3-1,
ade2-1, rpnl0::KANMX, MATa) [35]. Yeast strains
expressing C-terminal GFP fusions of TUB/ are from [36].

Bacterial strains

Rosetta bacteria [F~ ompT hsdSg (rg-mg-) gal dem lacYl
PRARE (argU, argW, ileX, glyT, leuW, proL) (Cm®)



Pac2 proteasome interactions

2027

(Novagen)] were used for most recombinant protein
expression. His-tagged recombinant proteins were expres-
sed in BL21 bacteria [F~ ompT, hsdSg(rg-, mg-), decm, gal,
AMDE3), pLysS (Cm") (Promega)].

Plasmids

pGAL-GFP-PAC2, pGAL-GFP-PAC2ACG, and pGAL-
GFP-PAC24AUBL were constructed by amplifying
each gene product from genomic DNA using primer
pairs Pac2BamF (GAATTTCAGAGGATCCATGAC
TTATGAAATTGGGG) with Pac2BamR (CCAAGA
TTAACTGGATCCTGTGATTACGATGGGC) to con-
struct pGAL-GFP-PAC2; primers Pac2CGBamF (GCAG
GATCCGCATTGTCAAAG) with Pac2BamR for pGAL-
GFP-PAC24CG; and primers Pac2BamF with Pac2UbLR
(GAATTCTCATGTTTGACAGC) for pGAL-GFP-PAC2-
AUBL. The PCR products were cloned into pGFP-Superglo
[37]. The Pac2 LRR domain was amplified with primers
Pac2LRR-F (GCTTTGCGAGGATCCGATGTCGCTATA
TTG) and Pac2LRR-R (CCTTAAATTTGTTATCTG
TTGGATCCAAGGATTCAACAG) and cloned into the
same vector for expression in yeast. GST, GSTTBCE, and
GSTRpn10 were produced from vector pGEX-5X-1 (Ame-
rsham Biosciences). pGEX expressing “"Rpnl was from
[29]. HisanlO was cloned in pQE30 (QIAGEN), expressed
in bacteria, and purified on Ni-NTA [31]. Hispyc2LRR was
cloned in the pHis-parallel expression vector and purified
from inclusion bodies as detailed below.

Transformations  of yeast cells were performed

by LiOAc [38].

Immunoprecipitation and immunoblotting were per-
formed as described in [39]. Proteins were induced from the
GAL promoter by overnight growth in minimal medium with
2% galactose. Next morning the culture was diluted 1:3 and
grown for a further 1.5 h; 50 ml of logarithmic culture
served as the source of a 300-pul extract that had 80 pg/ul
protein. Then 200 pl were taken for immunoprecipitation
(IP) with the appropriate antibody, and the immunoprecipi-
tate was run in a single lane for Western blotting (WB). Anti-
Rpn10 antiserum was used at 1:1,000 for IP and 1:10,000 for
WB; anti-Rpn12 was used at 1:1,000 for IP and 1:10,000 for
WB; anti-Pre6 was used at 1:1,000 for WB [40]; anti-GFP
antibodies from Roche Molecular Biochemicals were used at
1:200 for IP and 1:1,000 for WB, anti-tubulin Yol34/1
antibody (Serotec) was used at 1:1,000 for WB, and rabbit
anti-ubiquitin antibodies (Dako) were used at 1:5,000 for
WB. Affinity purified rabbit polyclonal antibody to human
TBCE was used at 1:200 for WB. Goat anti-mouse, goat anti-
rabbit, and goat anti-rat used at 1:1,000 were from Santa Cruz
Biotechnology. Protein A-Sepharose was purchased from
Amersham and used at 50%; 30 pl was added to each sample.

For TCA precipitation  proteins were precipitated from
300 Wl by adding TCA to 10% with 10 min incubation
on ice. The pellet was centrifuged at 12,000g for 10 min,
and five volumes of cold acetone were added. The pro-
tein pellets were harvested and dried. For Western blot
analysis proteins were dissolved in 30 pl of sample
buffer, and 5 pl of each fraction was separated by
SDS-PAGE.

Expression of GST fusion proteins in Rosetta bacteria

Bacteria were transformed by electroporation and the
colonies selected on LB-agar plates with 100 pg/ml
ampicillin and 34 pg/ml chloramphenicol. A single col-
ony was grown in 1 1 of TYx2 with ampicillin and
chloramphenicol to an ODgyy of 0.6-0.8 (3-5 h) with
vigorous agitation at 37°C. Then 0.4 mM of isopropyl-1-
thio-B-p-galactopyranoside (IPTG) was added to induce
expression, and the culture was incubated overnight at
20°C. The cells were harvested by centrifugation at 4°C
for 10 min at 3,000g. The cell pellet was washed with
20 ml of ice-cold 1x PBS and then resuspended in 3 ml
lysis buffer [SO0 mM Tris-HCl pH 7.5, 150 mM NaCl,
5 mM EDTA, 0.1% NP40, 1:25 of protease inhibitor
cocktail (Roche)]. The cells were sonicated on ice six
times for 10 s and clarified by centrifugation for 10 min
at 12,000g at 4°C. The supernatants containing the GST-
fusion proteins were incubated with washed Glutathione-
Sepharose 4B beads (Amersham Biosciences) for 1.5 h at
4°C. The samples were washed five times in lysis buffer.
The GST-fusion proteins on beads were then stored at
—20°C after addition of glycerol to 5%.

Purification of recombinant M5Pac2L.RR
from inclusion bodies

Recombinant T*Pac2LLRR was expressed in bacteria, and
the cells were lysed as above. After centrifugation at
12,000g for 30 min, the pellet was washed twice with
DDW. Then 1/100™ volume of 1 M NaOH at pH 12 was
added and the suspension was sonicated to dissolve the
inclusion bodies and incubated at room temperature for
15 min. One-tenth volume of 1 M Tris pH 8.0 was added,
and the sample was incubated for 2 h at 4°C followed by
overnight dialysis against 100 mM Tris pH 8.0. The sample
was centrifuged at 30g for 20 min, and the protein in the
supernatant was bound to nickel beads (Qiagen) according
to the manufactor’s instructions.

GST in vitro binding assay

Yeast cells were grown overnight till late log phase
(ODggo = 0.8) in 2% galactose medium for the
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GAL-regulated constructs, or in YePD. The cells were
harvested by centrifugation at room temperature for 5 min
at 4,000 rpm, washed in 50 ml TE, and resuspended in
600 pl lysis buffer. Then 0.5-0.6 mg of glass beads was
added, and cells were broken by vigorous vortexing for
25 min at 4°C. The extract was clarified by centrifugation at
12,000 g for 20 min at 4°C, and protein concentration was
measured using the Bio-Rad protein reagent; 5-10 mg of
protein extract was taken for each GST pull-down in a total
volume of 350—400 pl lysis buffer. Then 30-50 pl of 50%
Glutathione-Sepharose 4B beads (Amersham) coupled to
GST fusion protein was added to each sample and incubated
at 4°C for 1-2 h with very mild shaking. The samples were
washed six times with lysis buffer with 2.5% Triton-X 100.
The pellet was resuspended in 30-50 pl sample buffer x2,
boiled for 5 min, and centrifuged for 3 min at high speed to
remove insoluble material. The supernatant was separated
on a 12% polyacrylamide SDS gel with protein size stan-
dards followed by Western blot analysis.

Microtubule cosedimentation assay

Yeast extracts were prepared in PEM buffer (100 mM
PIPES pH 6.8; 1 mM EGTA; 5 mM MgSO,) with glass
beads and vortexing as above. Before use the extract was
precentrifuged once in a Beckman Airfuge at 10 p.s.i. for
5 min. A 5 mg/ml solution of &/ff tubulin heterodimer in
PEM buffer was centrifuged in a Beckman Airfuge as above
to precipitate tubulin aggregates. Two 20-pul aliquots of
supernatant were used in each experiment. One aliquot
served for tubulin-binding experiments and was diluted once
more into 200 pl PEM buffer and incubated on ice. The
other aliquot served to prepare MTs by addition of 5 mM
GTP (tubulin-GTP) and incubation at 37°C for 30 min.
After incubation, 200 pl stabilizing buffer (1 mM GTP +
0.1 mM taxol in PEM) was added to each 20 pl aliquot of
MT; 50 pl of tubulin or MTs was mixed with 50 pl yeast
extract, controls were mixed with PEM buffer, and the
mixtures were incubated at room temperature for 15 min.
The mixtures were layered onto a 60% glycerol solution in
PEM buffer and centrifuged at 10 p.s.i. for 5 min. After
centrifugation the supernatants were transferred to fresh
tubes, and 15 pl sample buffer was added to each pellet. The
pellets and 10 pl of each supernatant with 10 pl sample
buffer were analyzed by SDS-PAGE followed by Western
blotting with anti-tubulin and anti-GFP antibodies.

Glycerol gradients  were performed as in [41]. To each
1040% glycerol gradient we added 0.7 ml of protein
extract and centrifuged the tubes at 25,500 rpm for 22 h
using a SW 40 Ti rotor in a Sorvall Discovery 90SE.
Eleven 1-ml fractions were collected, and proteins were
TCA-precipitated from 200 pl aliquots of each fraction for

SDS-PAGE and Western blot analysis. Measurement of
protein band intensity was done using ImageJ freeware.

Results

The CAP-Gly domain of human TBCE interacts
with yeast «-tubulin

The CAP-Gly domain is predicted to bind a-tubulin, and to
map the interaction we incubated full-length TBCE and
subclones of the TBCE CAP-Gly, LRR, and UbL domains
produced in bacteria with yeast lysate from cells expressing
endogenous TUBI-GFP [36]. We also included the yeast
Pac2 LRR domain in this experiment. We found an inter-
action of yeast a-tubulin®® with both full-length human
TBCE and with the subclone of the TBCE CAP-Gly
domain. «-tubulin®® did not interact with the LRR domain
of either yeast or human TBCE or with the UbL domain of
TBCE (Fig. 1).

Pac2 interacts with polymerized MTs and may affect
MT dynamics

pac2/4 mutants are sensitive to the MT binding agent,
benomyl [2], and to test for an effect of Pac2 on MT
dynamics we examined suppression of the benomyl sen-
sitivity of pac24 mutants by ectopic expression of either
full-length “*PPAC2, Pac2 lacking the CAP-Gly domain,
9"PPAC2ACG, or Pac2 without the UbL domain,
GFPPAC2AUDL. We found that both full-length “**PAC2
and PAC2AUBL restored wild-type levels of growth in the
presence of benomyl, but that deletion of the CAP-Gly
domain abrogated suppression of benomyl sensitivity of
pac2A mutants (Fig. 2a). Furthermore, we tested for direct
binding of Pac2 to polymerized MTs using a MT-cosedi-
mentation assay [42]. Tubulin heterodimers were
polymerized in vitro and incubated with yeast extracts from
pac24 cells or from pac2A4 cells that produced GFPpac2,
GFPPacACG, or SFPPacAUDL. Controls consisted of these
same yeast extracts incubated with tubulin heterodimers.
We found that a large proportion of both Pac2 and Pac-
AUbL cosedimented with the polymerized MTs, but
remained in the supernatant when mixed with tubulin
heterodimers. In contrast ““*PacACG protein was not
found in the pellet, only in the supernatant, indicating that
Pac2 binds assembled MTs in vitro and that this is
dependent on the CAP-Gly domain (Fig. 2b).

Interaction of Pac2 with the proteasome

Given that UbL-UbA proteins bind the 19S RP subunits
Rpnl and/or Rpnl0O via their UbL domain, we tested
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Fig. 1 The CAP-Gly domain mediates interaction of TBCE with
o-tubulin. a Domain structure of human TBCE and yeast Pac2 showing
CAP-Gly (CG), LRR, and UbL domains based on [11]. b Yeast extract
from cells with tagged genomic a-tubulin®® was incubated with GSH
beads to which were bound recombinant yeast “STPac2-LRR domain,
human “*"TBCE, ®*"TBCE-LRR, “"TBCE-UbL, “"TBCE-CG, or
GST, produced in bacteria. The bead fraction was analyzed by Western
blotting with anti-GFP and anti-GST antibodies; 10% is an aliquot of the
yeast extract incubated with the beads

whether the UbL domain of Pac2 could be its proteasome-
interacting domain. We performed an in vitro experiment
in which recombinant yeast 19S RP subunits produced in
bacteria, “TRpn1 or “TRpn10, were bound to glutathione
(GSH) beads and incubated with yeast extracts from pac24
mutant cells producing full-length “*FPac2 or “FPac2-
AUDL. We observed an extremely robust interaction of
both F*Pac2 and FPPac2AUDBL with GSTanl; however,
only full-length “"PPac2 interacted with “STRpnl0
(Fig. 3a). This indicates that the UbL domain is not
required for interaction with Rpnl and suggests that it may
be the LRR domain that interacts with the proteasome. To
test this we expressed in bacteria a recombinant subclone
comprising 120 amino acids of the core of the Pac2 LRR
(residues 125-255) domain fused to a Histidine tag.
Hispac2LLRR was bound to nickel beads that were incubated
with bacterial lysate from cells that expressed “*"Rpnl,
SSTRpn10, or control GST peptide. After centrifugation the
bead fraction was analyzed by Western blotting with anti-
GST antibodies to detect the proteasome subunits followed
by anti-His antibodes to show the "*Pac2LRR protein on
the beads. We observed that only ““"Rpnl bound
Hispac2LRR (Fig. 3b), confirming the results of the previ-
ous experiment and indicating a direct role for the LRR
domain in interaction of Pac2 with the 19S RP.

Benomyl 1 pg/mi

PAC2ACG

B Apac2 PAC2
Tub MT Tub MT
S PSP S P S P

Detect; anti-GFP

| — e,

GFPPgc2

o-tub = o
Detect: anti-tubulin

PAC2ACG PAC2AUbL
Tub MT Tub MT

S PS PS P S P
t*Pac2 I

Detect: anti-GFP

Detect: anti-tubulin

O-tub s

Fig. 2 Pac2 affects MT dynamics. a Transformed pac24 mutants
expressing pGAL-GFP-PAC2, pGAL-GFP-PAC24UBL, or pGAL-
GFP-PAC2ACAP-GLY (CG) were induced overnight with galactose
and the next morning were observed in the fluorescent microscope to
ascertain production of each protein. Serial threefold dilutions of
wild-type, pac24 mutants, or pac2A mutants expressing pGAL-GFP-
PAC2, pGAL-GFP-PAC2AUBL, or pGAL-GFP-PAC24CG were
spotted onto plates without (control) or with 1, 3, or 10 pg/ml
benomyl and grown for 48 h prior to documentation. b Tubulin
heterodimers (Tub) or microtubules polymerized in vitro (MT) were
mixed with yeast extracts from pac24 cells or from pac2A cells
producing “**Pac2, “*Pac2AUbL, or “*FPac2ACG and spun through
a glycerol cushion (“Materials and methods”). The supernatant (S)
and pellet (P) fractions were analyzed separately by Western blotting
for the presence of GFPpac2, GFPPac2 AUBL, and FPPac2ACG

To follow up our finding that deletion of the Pac2 UbL
abrogates interaction with “"Rpn10 in vivo (Fig. 3a), we
tested whether Rpnl0 may be binding the UbL domain
directly. In this experiment we expressed in bacteria
recombinant yeast "*Rpn10 and subclones of the S. cere-
visiae and human TBCE proteins expressed as GST fusions
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Fig. 3 The LRR domain interacts with Rpnl of the 19S RP. a GSH» A

beads to which recombinant yeast “STRpn1, 9STRpn10, or GST was
bound were incubated with yeast extracts from pac24 mutants
expressing pGAL-GFP-PAC2 or pGAL-GFP-PAC2AUBL. The bead
fraction was analyzed by Western blotting with anti-GFP and anti-
GST antibodies; 10% is the volume of total cell extract used in the
experiment. b Recombinant yeast Pac2 "SLRR domain produced in
bacteria was bound to nickel beads and incubated with a bacterial
lysate from cells that produced yeast “"Rpnl, ®TRpn10, or GST.
The bead fraction was analyzed by Western blotting first with anti-
GST and then with anti-His antibodies; 5% is of the bacterial cell
lysate. ¢ Recombinant yeast "™ Rpnl0 produced in bacteria was
incubated with yeast ©TPac2-LRR domain, full-length human TBCE,
or subclones of the TBCE LRR (T-LRR), UbL (T-UbL), or CAP-Gly
(CG) domains, or with control GST beads, all produced in bacteria.
HISanlO that bound TBCE protein was detected with anti-His
antibodies; the proteins on the beads are shown using anti-GST
antibodies, and 10% is an aliquot of ™SRpnl0 bacterial lysate
incubated with the beads

in bacteria. These included the above core Pac2 LRR
domain, this time fused to GST, full-length human TBCE,
the CAP-Gly domain (residues 8-85), the TBCE-LRR
domain in its entirety (residues 103-390), and the TBCE
UbL domain (residues 444-527) (Fig. 1a). The GST fusion
were bound to GSH beads and incubated with bacterial
lysate from cells that expressed "*Rpn10. The bead frac-
tion was analyzed by Western blotting using anti-His and
anti-GST antibodies sequentially. We found that full-length
TBCE and the “"TBCE UbL domain subclone bound
HISRpn10 in vitro (Fig. 3c).

Degradation of Pac2 is dependent on binding
of the UbL domain to Rpnl0

The interaction of the UbL domain with RpnlO could
indicate that Rpn10 serves as a proteasome receptor during
degradation of Pac2. Initially, to determine whether Pac2 is
a proteasomal substrate, we compared Pac2 half-life in the
presence or absence of the proteasome inhibitor, MG132
[43], in pdr54 mutants of the ABC transporter to inhibit
export of the inhibitor [44]. pGAL-GFP-PAC2 was induced
overnight; next morning the cells were diluted 1:3, and
after 1 h, at the zero time point 100 pM MG132 was added
to the cells together with 3% glucose to repress the GAL
promoter and 10 mM cycloheximide (CHX) to inhibit
translation. The culture was sampled over 4.5 h. Incubation
with MG132 led to stabilization of Pac2, indicating that its
degradation proceeds via the proteasome (Fig. 4a). The
half-life of endogenous Pac2, assayed using affinity-puri-
fied polyclonal antibody to human TBCE, was similar to
that determined for plasmid-expressed PAC2 (Fig. 4b).

If Rpnl10 is a proteasome receptor for Pac2, deletion of
either the Pac2 UbL domain or of Rpnl0 through use of a
rpnl0A4 mutant should cause the protein to be stabilized.
We therefore compared the half-life of Pac2AUbL with
that of full-length Pac2 in wild-type cells and also
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CG - 35
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compared the half-life of full-length Pac2 in pac24 and
rpnl0A4 mutant cells. We found that deletion of the UbL
domain leads to stabilization of Pac2AUbL in pac24 cells.
Similarly, full-length Pac2 is stabilized in rpnl0A mutants
(Fig. 4c). The rpnl04 mutant is competent for protein
degradation [35]. Our interpretation is that Rpnl0 recruits
Pac2 via its UbL domain to the proteasome for
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Fig. 4 Turnover of Pac2 depends on interaction of its UbL domain
with Rpnl0. a Pac?2 is stabilized in cells treated with the proteasome
inhibitor MG132. pGAL-GFP-PAC?2 transformed into pdr54 mutant
cells was induced overnight with 2% galactose. Next morning the
cells were diluted 1:3, and after 2 h 100 pl MG132 dissolved in
DMSO was added (controls were treated with DMSO), together with
3% glucose to repress transcription and 10 mM CHX to inhibit
translation. Equal aliquots of cells were analyzed at the zero time
point and at the times indicated above each lane by anti-GFP
immunoprecipitation followed by Western blotting. Graph shows
protein remaining at each time point. b Half-life of endogenous Pac2
determined using an affinity-purified polyclonal antibody to human

degradation. In contrast, when we deleted the Pac2 CAP-
Gly domain that binds MTs, we observed that this does not
affect the half-life of Pac2 (Fig. 4d).

Pac2 interacts with the SCF complex
via its UbL domain

Mammalian TBCB is recruited via its UbL domain by
Gigaxonin for ubiquitylation by a cullin-RING ubiquitin
ligase (“Introduction”), and here we tested for an inter-
action between Pac2 and the Skpl-Cdc53/cullin-F-box
protein (SCF) complex in vivo. We transformed “*Pac2 or
GFPPac2AUbBL into yeast cells that expressed ™°Cdc53 and
immunoprecipitated cell extracts using anti-GFP antibod-
ies. (The myc tag does not prevent Cdc53 from forming
active SCF complexes). We found that Cdc53 coimmu-
noprecipitates with ““FPac2, but not with ““*Pac2AUbL
(Fig. 5a). To preclude the possibility that “*"Pac2AUbL
may be interacting with endogenous full-length Pac2, we
produced “"PPac2 and “"PPac2AUbL in pac24 mutants

TBCE; 10 mM CHX was added at the zero time point, and equal
aliquots were analyzed by TCA precipitation and Western blotting at
the times indicated. Extract from pac24 mutants was used as a control
for the specificity of the antibody; anti-actin was used as a loading
control. ¢ Pac2 and Pac2AUbL turnover in pac2A4 and rpnl04 cells:
pGAL-GFP-PAC2 or pGAL-GFP-PAC2AUBL were induced over-
night in pac2A mutants, and pGAL-GFP-PAC2 was induced
overnight in rpnl0A mutants. At the zero time point, 3% glucose
and 10 mM CHX were added, and equal aliquots of cells were TCA-
precipitated for Western blotting at the times indicated above the
lanes. Actin was used as a loading control. d Pac2 and Pac2ACG
turnover in pac2/ mutants: experimental conditions as in ¢

and incubated the extracts with GSH beads bound to a
yeast “5TSkp1-Cdc53 complex produced in insect cells
[45]. The result was similar to that of the coimmunopre-
cipitation experiment: the interaction of “*Pac2 was
robust, whereas there was no interaction with GFPpac)-
AUbL (Fig. 5b). These experiments suggest an additional
role for the UbL domain: SCF-mediated ubiquitylation of
Pac2. However, when we tested the half-life of Pac2 in
cdc53 4 mutants, we found only partial stabilization of the
protein, implying that not all Pac2 degradation is depen-
dent on SCF-mediated ubiquitylation (Fig. Sc¢).
Furthermore, by Western blotting with anti-ubiquitin anti-
bodies we found that both “*"Pac2 and “**Pac2AUbL are
ubiquitylated, indicating that the UbL domain is not
required for protein ubiquitylation (Fig. 6a). In this
experiment each protein was produced in pac24 and in
rpnl0A mutants and immunoprecipitated with anti-GFP
antibodies and Protein A beads followed by Western
blotting with anti-ubiquitin antibodies. Controls were pre-
cipitated with Protein A beads alone. In pac24 mutants
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Fig. 5 The Pac2 UbL domain interacts with the SCF complex.
a Spac2 and S PPac2AUbL were immunoprecipitated with
anti-GFP from yeast extracts made from cells that expressed
Y°Cdc53. The bead fractions were blotted with anti-myc antiserum
to detect Cdc53 and with anti-GFP to detect immunoprecipitated
GFPpac2. b 9STSkp1-Cdce53 heterodimers (SC) from Sf9 cells on GSH

immunoprecipitated “"*Pac2 was observed only in the anti-
GFP Western blot, and no high MW ubiquitin conjugates
were detected with anti-ubiquitin antibodies. In contrast, in
rpnl0A mutants a pronounced smear indicative of high
molecular weight ubiquitin conjugates was observed. This
smear is specific for ubiquitylated “"Pac2 as it was absent
from the controls precipitated with Protein A beads without
anti-GFP antibodies. ““*Pac2AUbL that is stabilized in
pac2/4 mutants showed ubiquitylated conjugates in both
pac2A and rpnl0A mutants. Thus, the UbL domain is not
crucial for ubiquitylation of Pac2, and it is not clear to what
extent ubiquitylation of Pac2 can be attributed to SCF
activity.

In view of the direct binding of Pac2 to the 19S RP,
there is a formal possibility that Pac2 may be degraded
without being ubiquitylated. Therefore, to exclude the
possibility that the ubiquitylation we observed is of
o-tubulin bound to the Pac2 CAP-Gly domain rather than
of Pac2 itself, we immunoprecipitated Pac2, Pac2ACAP-
Gly, and Pac2AUbL from pac2A4 and rpnl0A mutants and
analyzed the bead fraction by Western blotting. In pac24
mutants all three forms were detected with anti-GFP
antibodies, but only Pac2AUbL accumulated as an ubiq-
uitylated conjugate. In contrast in the rpn/0A4 mutants all
three proteins accumulated as ubiquitylated conjugates
(Fig. 6a). Ubiquitylation of Pac2ACAP-Gly affirms that it
is Pac2 itself rather than o-tubulin bound to the CAP-Gly
domain that is ubiquitylated. Accumulation of ubiquity-
lated Pac2AUDbL in pac2 A mutants and of all three forms in

% Protein

! -, vt ﬁ___i_ __—*

Cledes3

]

o 3 4

Time (hr)

beads or GST peptides were incubated with yeast extracts from pac2A
mutants expressing pGFP-PAC2 or pGFP-PAC2AUBL. Interaction
was detected by Western blot with anti-GFP antibodies. ¢ Half-life of
Pac2 in wild-type cells and in cdc53 mutants measured at 37°C.
Experimental details as in Fig. 4c

rpnl0A mutants emphasizes the importance of the inter-
action between the Pac2 UbL domain and RpnlO for
recruitment of ubiquitylated Pac2 to the 19S RP for
degradation.

Our ability to observe a fraction of “*FPac2 with anti-
GFP antibodies that was not detected with antibodies to
ubiquitin indicates that not all Pac2 is ubiquitylated at any
given time point in a nonsynchronized logarithmic cell
population. To check for cell cycle-dependent Pac2 deg-
radation, we synchronized pdr54 mutants expressing
pGAL-GFP-PAC2 or pGAL-GFP-PAC2A4UbL in G; with
a-factor, in S phase with hydroxyurea (HU), and in pro-
metaphase with nocodazole. The amount of Pac2 relative
to actin was estimated for each culture by Western blotting.
We found a considerable variation in the amount of Pac2
with the highest amount present in G; cells; cells that
produced the non-degradable Pac2AUbL showed equal
amounts of the protein at each phase of the cell cycle
(Fig. 6b). This was also observed for endogenous Pac2
(Fig. 6¢).

The nature of Pac2 complexes in vivo

Our experiments above indicate that Pac2 binds both MTs
and the proteasome. Therefore, to characterize the com-
plexes formed by Pac2 in vivo we performed 10-40%
glycerol gradients of extracts of cells expressing pGAL-
GFP-PAC2. The MW of “FPPac2 is ca. 84 kDa, whereas
that of the proteasome is ca. 700 kDa. Aliquots of 11
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ubiquitylation. a Pac2, Pac2AUbL, and Pac2ACAP-Gly (CG) were
produced in pac24 and rpnl0A mutants and immunoprecipitated with
anti-GFP antibodies and Protein A beads (IP) or without antibodies
(—). They were analyzed by Western blotting with anti-GFP and anti-
ubiquitin antibodies. T is 5% of the extract used. b Ectopic Pac2 and
Pac2AUDL levels at different stages of the cell cycle. pdr54 mutants
expressing pGAL-GFP-PAC2 or pGAL-GFP-PAC2AUBL were

fractions were separated by SDS-PAGE and blotted with
antibodies to detect Pac2, a-tubulin, Rpn10, 19S RP (with
anti-Rpn12), and 20S CP (with anti-Pre6 antibodies). The
presence of both 20S CP and 19S RP in the same fraction is
indicative of the assembled 26S proteasomes. We found
Pac2 both in the lighter fractions in which tubulin and free
extraproteasomal Rpnl0 are present, and in the fractions
enriched for the 19S5 and 20S proteasome particles
(Fig. 7a). Two fractions were chosen for immunoprecipi-
tation of "PPac2: Fraction 4 in which stochiometric
amounts of the proteasome subunits Rpn12 and Pre6 were
present at a high concentration, and Fraction 9 in which we
found o-tubulin, Pac2, and Rpnl0, but far less Rpnl2 or
Pre6. Extracts of each fraction were immunoprecipitated
with anti-GFP antibodies followed by Western blotting
with the above antibodies. Analysis of Fraction 4 showed
that Pac2 coimmunoprecipitated with o«-tubulin, Rpnl0,
Rpnl2, and Pre6, i.e., 26S proteasomes, whereas immu-
noprecipitation of “**Pac2 from Fraction 9 led to
coimmunoprecipitation of o-tubulin and of RpnlO with
minor traces of 26S proteasome marker proteins (Fig. 7b).
This result indicates that the direct interaction between
Pac2 and RpnlO obtained with recombinant proteins
(Fig. 3a and c) occurs in vivo. In addition we immuno-
precipitated aliquots of Fraction 4 with Protein A beads in

C
aF HU  Noc

Pac? em— I,
Detect: anti-TBCE

ACHN a— e c—
Detect: anti-actin

paczZA

arrested in G with a-factor, in S phase with HU, and in prometaphase
with nocodazole. Equal aliquots were precipitated with TCA and
blotted with anti-GFP and anti-actin antibodies. The ratio of Pac2 and
Pac2AUDBL to the actin loading control is shown in the histogram.
¢ Levels of endogenous Pac2 in wild-type cells were detected with a
rabbit polyclonal antibody to human TBCE in cells arrested in
different stages of the cell cycle as above. pac24 mutants are shown
as a control for the specificity of the human antibody

the presence of either anti-GFP or anti-Rpnl2 antibodies,
or without antibodies for controls. We found that when
SFPPac2 was immunoprecipitated with anti-GFP antibod-
ies, subunits of both the 19S and 20S proteasome were
present in the bead fraction. When the gradient fraction
was immunoprecipitated with anti-Rpnl2 antibodies, both
Pac2 and the 20S particle were present in the bead fraction
(Fig. 7¢). Thus, Pac2 can be found in two complexes in
vivo: one with 26S proteasomes and another with «-tubulin
and free extraproteasomal Rpnl10.

pac2/ mutants are sensitive to canavanine
and cadmium stress

Our experiments demonstrate interactions with the pro-
teasome for two different domains of Pac2. The Pac2 LRR
domain binds Rpnl, whereas the UbL domain binds
Rpn10, and this mediates Pac2 turnover. To determine the
functional significance of these interactions, we first tested
the sensitivity of pac2 4 mutants to misfolded protein stress
using the arginine analog, canavanine. Incorporation of
canavanine into proteins affects their folding, and accu-
mulation of a high level of misfolded proteins leads to
stress on the proteasome. Threefold serial dilutions of cells
were plated in the presence of increasing concentrations of
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Fig. 7 Pac2 complexes in vivo. a Western analysis of 11 40-10%
glycerol gradient fractions blotted with anti-GFP antibodies to detect
GFPpac2 (MW 89 KDa); and with anti-a-tubulin (MW 50 KDa); with
anti-Rpn10 (MW 30 KDa) and anti-Rpn12 (MW 32 KDa) to detect
the 19S RP; and with anti-Pre6 (MW 28.5 KDa) antibodies to detect
the 20S CP. Graphs show relative amount of each protein in the
different fractions. b Comparison of the Pac2 complexes from
Fraction 4 and Fraction 9. “"PPac2 was immunoprecipitated with anti-
GFP antibodies, and the bead fraction was separated by SDS-PAGE
for Western blotting with anti-GFP, anti-o-tubulin, anti-Rpn10, anti-
Rpn12, and anti-Pre6 antibodies. ¢ Immunoprecipitation of aliquots of
Fraction 4 with anti-Rpn12 («R12 lane) to immunoprecipitate the 19S
RP or anti-GFP antibodies («GFP lane) to immunoprecipitate
GFPPac2. Components of the complex that co-immunoprecipitated
in each fraction were detected by Western blotting with the antibodies
used in Fig. 8a. Controls (C) were Protein A beads without antibody;
10% is a TCA precipitation of an aliquot of the gradient fraction

canavanine. We found that compared with wild-type cells,
pac2/ mutants are very sensitive to canavanine and that
ectopic expression of full-length PAC2 restored canavanine
resistance to wild-type levels. The Pac2 CAP-Gly domain
was crucial for suppression of the canavanine sensitivity
even at very low canavanine concentrations, whereas both
the CAP-Gly and the UbL domains were essential at the
higher concentrations (Fig. 8a). Similar to canavanine
sensitivity, we found that pac24 mutants are very sensitive
to cadmium, which leads to ERAD deficiencies [34] (and
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Fig. 8 pac24 mutants are sensitive to canavanine and to cadmium
stresses. a Suppression of canavanine sensitivity of pac24 mutants by
ectopic PAC2. Serial threefold dilutions of wild-type, pac24 mutants,
or pac24 mutants expressing pGAL-GFP-PAC2, pGAL-GFP-
PAC2ACAP-Gly (CG), or pGAL-GFP-PAC2AUbL were plated on
cells with different concentrations of canavanine as indicated above
the plates. They were photographed after 48 h at 30°C. b Suppression
of cadmium sensitivity of pac24 mutants by ectopic PAC2. Cells
were spotted as above onto plates with different concentrations of
cadmium chloride as indicated above the plates

references therein). Ectopic expression of full-length PAC2
restored cadmium resistance to wild-type levels. Here too
the CAP-Gly domain was crucial for suppression of cad-
mium sensitivity at every dose tested, whereas the UbL
domain became essential at the highest concentration of
cadmium (Fig. 8b).

Discussion

The sensitivity of pac24 mutants to the MT-binding drug,
benomyl, has been known for some time [2], and here we



Pac2 proteasome interactions

show that restoration of growth in the presence of benomyl
depends on the presence of the CAP-Gly domain, the
domain shown by our analysis to interact with o-tubulin
and with in vitro polymerized taxol-stabilized MTs. In this
respect Pac2 is similar to Alfl, the mammalian TBCB
ortholog, that interacts with a-tubulin via its CAP-Gly
domain and associates with MTs in vivo [5]. Mammalian
TBCE has been implicated in MT dynamics through reg-
ulation of tubulin heterodimer dissociation [17]; in this
context it acts in a heterodimer with TBCB [18]. Similarly,
in Drosophila TBCE promotes MT network formation at
neuromuscular synapses [46]. Likewise, the C. elegans
ortholog of Pac2, KO7H8.1, has a role in MT dynamics
enhancing lethality of spindle assembly checkpoint
mutants, MADI-3, that is attributable to accelerated chro-
mosome loss [47].

Our experimental results confirm the interaction of Pac2
with the proteasome reported by [33]. However, in contrast
to the family of UbL-UbA proteins that bind the 19S RP
via interaction of their UbL domains with the 19S RP [25-
27], we demonstrate two different interactions, each med-
iated by a separate domain of the protein. The Pac2/TBCE
LRR domain binds Rpnl, whereas the Pac2 UbL domain
binds Rpnl0. The importance of the interaction between
the LRR domain and the proteasome was confirmed by the
recent discovery of a new case of HRD syndrome in which
the TBCE protein lacks the founder CAP-Gly mutation, but
is deleted for the N-terminal half of the LRR domain (R.
Parvari, in preparation). The interaction between the Pac2
UbL domain and Rpnl0 is essential for turnover of Pac2
and possibly of a-tubulin that binds its CAP-Gly domain.
Rpn10 binds K48 ubiquitin chains in vitro [48] and recruits
ubiquitylated substrates to the proteasome [49, 50]. Rpn10
may also fulfill a facilitator role, e.g., in degradation of
Sicl in the presence of Rad23 [35]. Rpnl0 also interacts
with the UbL domain of Dsk2 [30], and extraproteasomal
Rpnl0 may regulate degradation of substrates that reach
the proteasome via Dsk2 [30, 31]. In contrast to UbL-UbA
shuttle proteins that are protected from degradation by their
UbA domain [51], Pac2 itself is a proteasome substrate
being stabilized in the presence of the proteasome inhibi-
tor, MG132. In the absence of interaction between the Pac2
UbL and RpnlO0, there is little deubiquitylation of Pac2.
Pac2AUDBL is highly ubiquitylated but is not degraded,;
similarly full-length Pac2 accumulates as a high MW ub-
iquitylated conjugate in rpnl0A4 mutants. We propose that
deubiquitylation of Pac2 may involve a proteasome-asso-
ciated deubiquitylating enzyme whose access to Pac2 is
dependent on interaction of its UbL domain with Rpnl10.
The association of Pac2 with the 19S RP via its LRR
domain and Rpnl does not promote Pac2 deubiquitylation.

The amount of Pac2 protein varies during the cell cycle,
and not all the protein undergoes ubiquitylation, suggesting
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Fig. 9 Interactions of the Pac2 protein domains. Left Pac2/TBCE
protein domains. The CAP-Gly domain interacts with o-tubulin and
MTs; the LRR domain interacts with Rpnl; the UbL domain:
a dimerizes with the UbL of TBCB [16, 18] and affects MT
dynamics; b interacts with Rpn10 and this determines turnover of
Pac2 (present study), and of o-tubulin[52]; ¢ interacts with the SCF
ubiquitin ligase complex core subunits, Skp1-Cdc53 (present study).
We propose that by engaging in these different interactions the UbL
domain could fulfill a regulatory role in MT dynamics. The LRR
domain is not drawn to scale (double line)

that ubiquitylation of Pac2 is regulated. A possible mech-
anism could be through the proposed interaction between
the UbL domains of TBCB and TBCE [16, 18]. Dimer-
ization of the two a-tubulin cofactors could serve a
regulatory function by determining the proportion of cel-
lular Pac2 that is involved in MT polymerization, that
interacts with the SCF, or that is degraded through inter-
action with Rpn10; this could also determine whether the
o-tubulin bound to TBCE is recycled or degraded (Fig. 9).

The UbL domain of mammalian TBCB serves for
recruitment to a cullin-RING ubiquitin ligase complex, and
in the absence of the substrate receptor, Gigaxonin, TBCB
accumulates in the cells [15]. Similarly, we find that the
Pac2 UbL domain binds the SCF core subunits, Skpl-
Cdc53. However, in contrast to mammalian TBCB, dele-
tion of the Pac2 UbL domain does not abrogate Pac2
ubiquitylation indicating the involvement of an additional
as yet unidentified E3.

Immunoprecipitation of Pac2 from light glycerol gra-
dient fractions in which o-tubulin and Rpnl0 are present
indicates the presence of a trimeric complex that does
not include stochiometric amounts of the 26S subunits.
o-tubulin is among the polyubiquitylated proteins that
accumulate in rpnl0A mutants, indicating a role for Rpn10
in its turnover [52]. However, our results do not allow us to
determine whether o-tubulin reaches the proteasome as part
of a trimeric complex formed initially with the extrapro-
teasomal RpnlO. RpnlO is cleaved by caspases during
apoptosis in mammalian cells [53], and our results imply
that this would impact on the MT cytoskeleton. The new
interactions we identify for the UbL imply a regulatory role
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for the UbL domain and a new facet in the regulation of
MT dynamics.

pac2A mutants are sensitive to canavanine that leads to
misfolded protein stress on the proteasome, indicating that
the interaction between Pac2 and the proteasome is func-
tionally significant. Canavanine sensitivity of pac24
mutants is suppressed by ectopic expression of PAC2, and
both the Pac2 CAP-Gly and UbL domains are required for
this. Similarly, we report that pac24 mutants are sensitive
to cadmium, which leads to ERAD deficiency [34] (and
references therein). Here too both the MT-interacting CAP-
Gly and the proteasome-interacting UbL domains are
required to suppress cadmium sensitivity, particularly at
the higher concentrations.

Proteasomes are reported to localize to the centrosomes
of cells where they are biochemically active, and when cells
accumulate misfolded proteins or are treated with a prote-
asomal inhibitor, there is an increase in centrosome-
associated proteasomes [54, 55]. Cyclin B [56] and the cell
cycle regulated kinase, Nek2 [57], are two substrates shown
to undergo degradation at the centrosome. In addition the
UbL-domain E3 Parkin binds MTs [58] and is recruited to
the centrosome in response to inhibition of the proteasome
[59], further implying a role for MTs and MT-binding
proteins in mediating activity of the ubiquitin-proteasome
system at the centrosome. The mechanisms that recruit
proteins to the centrosomes are poorly understood, and
minus-end-directed MT motors such as cytoplasmic dynein
have been implicated in their transport [60]. Moreover, a
recent report indicates that proteasome subunits of both the
19S and 20S particles are found in association with MTs in
Drosophila embryos [61]. The interaction of Pac2 with both
the proteasome and with MTs, the benomyl sensitivity of
pac2A mutants, and the requirement for both its CAP-Gly
and its UbL domains to withstand misfolded protein stress
lead us to hypothesize that Pac2 may have a role in sub-
cellular localization of proteasomes.
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