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Histone deacetylases (HDACs) are thought to function as critical
mediators of transcriptional repression. However, the physiologi-
cal targets and posttranslational modifications of the class Il HDACs
are largely unknown. Here we show that the C terminus of HDAC
6 is both necessary and sufficient for specific association with
polyubiquitin. This region contains a putative zinc finger but lacks
significant similarity to other known ubiquitin binding domains.
Thus, we have designated this region as a PAZ domain, for
Polyubiquitin Associated Zinc finger. Although the PAZ domain
possesses homology with the zinc finger of deubiquitinating en-
zymes, it is dispensable for the deubiquitinating activity we find
associated with HDAC6 following immunopurification. We also
show that both HDAC 5 and HDAC 6 are ubiquitinated in vitro and
in vivo. However, both of these proteins are stable in vivo and do
not appear to be targeted for rapid degradation by the protea-
some. Thus, HDACEG is linked to the ubiquitin system via ubiquitin
conjugation, polyubiquitin binding, and copurification with deu-
biquitinating enzymes.

Transcriptional activation and repression are processes de-
pendent on DNA accessibility regulated by chromatin re-
modeling, nucleosomal positioning, and posttranslational mod-
ification of histones (reviewed in ref. 1). Sequence-specific
transcriptional activators frequently recruit ATP-dependent
DNA chromatin remodeling complexes and histone acetyltrans-
ferases (HATSs) enabling engagement of the basal transcriptional
machinery. Gene activation correlates with phosphorylation and
subsequent acetylation of the N-terminal tails of histones H3 and
H4 (reviewed in ref. 2). Transcriptionally active chromatin has
also been correlated with polyubiquitination of the C-terminal
tails of histone H2A (3) and H2B (4, 5). Recent evidence
suggests that monoubiquitination of the linker histone, H1
mediated by TAFII250 (6), may also be required for transcrip-
tional activation.

Many repressor proteins, like transcriptional activators, also
bind specific DNA sequences; however, they initiate a reciprocal
cascade of events including deacetylation, dephoshorylation,
methylation, and quite possibily deubiquitination of histones
(reviewed in refs. 7 and 8). These changes lead to localized
chromatin structural modifications which apparently block en-
gagement of the general transcriptional apparatus. Thus, it is not
surprising that purified repressor complexes contain chromatin
remodeling proteins, methylases, and histone deacetylases
(HDAC:S).

To date, 11 different mammalian histone deacetylases have
been identified. They are grouped into three classes according to
their homology to the yeast deacetylases, rpd3 (for mammalian
class I), hdal (class IT), and the NAD-dependent sir2 (class IIT)
(reviewed in refs. 9 and 10). In vitro the class I HDACs [1, 2, 3,
8,111 and IIHDAC:s [4, 5, 6,7, 9, 10] are capable of deacetylating
all of the core histones. However, their substrate specificity or
redundancy in vivo is not well defined. Several class II HDACs
have been reported to interact with corepressors including
SMRT (11), N-Cor (12), CtBP (13, 14), B-Cor (15), TR2 (16),
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ETO-2 (17), and Bcl6 (18). However, binding partners for
HDAC 6, 9, and 10 are largely unknown.

The intracellular localization and likely functions of several
class I HDACs are dynamically regulated. HDAC 4, 5, and
presumably HDAC7, have nuclear localization signals (NLSs)
that direct them to the nucleus when bound to the MEF2 family
of transcription factors. In addition, sumoylation of HDAC4 may
be important for its nuclear import (19). Site specific phosphor-
ylation of HDAC 4, 5, and 7 by CaM kinases I or IV releases
them from MEF2 and unmasks nuclear export signals (NESs)
leading to cytoplasmic sequestration apparently mediated by
14-3-3 proteins (reviewed in refs. 9 and 20). Sumoylation and
phosphorylation, however, are the only examples of posttrans-
lational modifications of the class II HDACs to date.

HDACS6, a novel deacetylase in that it contains two functional
catalytic domains, also displays nucleo-cytoplasmic shuttling
capablities. HDAC6 contains three NES signals, the most N-
terminal of which is responsible for the enzyme’s cytoplasmic
localization in rapidly dividing cells (21). This observation raises
the intriguing possibility that this deacetylase has unique cyto-
plasmic, nontranscriptionally related targets. In fact, cytoplasmic
HDACS6 from testis extracts copurifies with mammalian homo-
logues of ubiquitin-fusion degradation protein (UFD3), as well
as cdc48p, an ATPase involved in protein trafficking from
endoplasmic reticulum to cytoplasm (22). In addition, HDAC6
has been shown to deacetylate a-tubulin in polymerized micro-
tubules thus potentially enhancing chemotactic cell motility (23).
HDACS6 has recently been reported to be sumoylated, although
the biological consequence of this modification is not known
(19). Although a cytoplasmic enzyme, HDAC6 can deacetylate
all of the core histones in vitro (24) and may specifically regulate
transcription in response to signals that induce differentiation or
arrest proliferation, because it accumulates in the nucleus after
sodium butyrate treatment and serum withdrawal (21, 25). Thus,
extracellular signals are likely to control HDAC6 localization
and its interaction with target proteins.

Signaling cascades have long been recognized to modulate
transcriptional activators, most often via phosphorylation, as a
means to control gene expression. Phosphorylation not only
affects transcription factor localization, DNA binding, and in-
teraction with other factors, it frequently also directs ubiquiti-
nation, traditionally considered as the penultimate step preceed-
ing proteasomal-mediated degradation. Indeed, many
transcription factors are short-lived proteins and are degraded by
the ubiquitin proteasome pathway (reviewed in ref. 26), although
recent evidence shows that ubiquitination may alter the activity
of the targeted factor without modifying its half life (27, 28)
(reviewed in refs. 29 and 30). Interestingly, the transactivation
domains of several transcription factors overlap sequences in-
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volved in ubiquitin-mediated degradation (31, 32) and ubiquiti-
nation is suggested to increase transcriptional activation. Even
ubiquitin itself, when fused to the VP16 activator, markedly
stimulates transcriptional potency (31). Thus, ubiquitination of
transcriptional activators, and presumably also repressors, can
directly influence their activity.

Several intriguing recent reports indicate that proteasome
subunits are involved in transcriptional regulation. Yeast strains
mutant for two 19S ATPases have defects consistent with
impaired transcriptional elongation by RNA polymerase II. In
vivo, these proteins interact with the transcriptional elongation
factor Cdc68 (33). In addition, a specific subset of the 19S
ATPases are recruited to activated promoters, and their pres-
ence is required for transcriptional elongation in a proteolytic-
independent manner (34).

In light of studies linking transcriptional activation, chromatin
structure, and ubiquitination, we elected to address whether
repressor proteins, namely the class I HDAGC:s, are linked to the
ubiquitin system. We took a two pronged approach by first
addressing whether the class I HDACs were ubiquitinated and
degraded and second, performing genetic screens to identify
relevant HDAC binding proteins.

Materials and Methods

Reagents. Flag antibodies and ubiquitin were purchased from
Sigma. Ubiquitin antibodies were from Babco (Richmond, CA).
HA antibodies and Fugene were from Roche. MG-132, ubiq-
uitin-aldehyde (Ub-al), and polyubiquitin chains were ob-
tained from Calbiochem, Boston Biochemicals, and Affiniti,
respectively.

In Vitro Conjugation of HDACs. HDACS5 and HDACG6 were sub-
cloned into the pCS2+MT vector and were translated in vitro
using TNT-reticulocyte lysate (Promega) in the presence of
[>S]methionine. Conjugation was performed as described (35).
Asindicated, reactions contained either Ub-al (0.5 ng), a specific
inhibitor of deubiquitinating enzymes (DUBs) (36) and the
proteasome inhibitor MG-132 (50 uM), or 10 mM 2-deoxyglu-
cose and 0.2 pg hexokinase. Reactions were resolved on SDS/
6.5% PAGE and visualized by PhosphoImager.

Pulse-Chase Experiments. HDACs were transiently transfected
into Cos-1 cells, and 40 h later, degradation was assessed by
pulse—chase labeling and immunoprecipitation. Briefly, cells
were labeled with [*3S]methionine (=150 uCi/ml; 1 Ci = 37
GBq) for 30 min (pulse), washed extensively with PBS, and either
harvested immediately (0 time for “chase”) or further incubated
for the indicated periods of “chase” time in the presence of 50X
excess unlabeled methionine. Cells were lysed in boiling lysis
buffer containing 1 X PBS, 1% SDS, 1 mM EDTA, 2 mM sodium
orthovanadate, 80 uM MG-132, and protease inhibitors. Equal
amounts of trichloroacetic acid-precipitable cpms were immu-
noprecipitated in buffer containing 1 X PBS, 1% Triton X, 0.25%
deoxycholate, 0.5% SDS, 1 mM EDTA, 0.5% BSA, 2 mM
sodium orthovanadate, and protease inhibitors. After SDS/
PAGE, proteins were visualized by autoradiograms.

In Vivo Ubiquitination. 293 cells were transfected with 8 ug of
HDAC and 6 ug of hemagglutinin-tagged ubiquitin (HA-ub).
Approximately 46 h after transfection, cells were treated with 80
uM MG-132 for 2 h before harvesting. Cells were lysed as
described for pulse—chase experiments with the exception that
the lysis and immunoprecipitation buffers contained 3 uM
Ub-al. Flag-immunoprecipitates were analyzed by SDS/PAGE
and Western blots using HA-antibodies.

Two-Hybrid Screens. Full-length human HDACS6 or the catalyti-
cally inactive HDAC6 (H216A/H611A) (24) were used as baits
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in two-hybrid screens as described (37, 38). Each screen yielded
3 X 10% primary transformants, of those 44 (HDAC6) and 62
(H216A/H611A) expressed high levels of B-galactosidase activ-
ity. These clones were cured of their original bait plasmids and
were then mated with Amr70 strains containing either the
original bait plasmids or lamin B. Nearly all library clones
interacted strongly with HDAC6 and negligibly with lamin.
HDAC6Azf was used as a bait to screen 6 X 10° primary yeast
transformants; however, no specific interactors were identified.

GST Pull-Down Assays. 293 cells were mock transfected or trans-
fected with flag-HDACH6 or flag-HDACO6Azf. Forty-eight hours
later, cells were snap frozen on dry ice/ethanol and thawed in 5
ml buffer containing: 0.4 M KCl, 20 mM Hepes (pH 7.4), 1 mM
DTT, and 20% glycerol. Equal amounts of cell lysates were
added to equal amounts of purified GST, GST-polyubiquitin
clone 6.3, or GST-monoubiquitin, and incubated 3 h at 4°C in
buffer containing 150 mM NaCl, 1 mM EDTA, 20 mM Tris (pH
8.0), 0.5% Nonidet P-40, and 10% glycerol. Pull-downs were
electrophoresed on SDS/8% PAGE and subjected to anti-flag
Western blots.

In Vitro DUB Assays. GST-HDAC6 or immunopurified HDAC6
was assayed for 1 h at 37°C in a buffer containing 50 mM Tris
(pH 8.0), 5 mM MgCl,, 5 mM DTT, and 3 ug K48-linked
polyubiquitin chains in the absence or presence of 6 uM Ub-al.
Reactions were terminated by the addition of SDS sample
buffer. Reaction mixtures were electrophoresed on SDS/15%
PAGE and blotted with anti-ubiquitin antibodies.

Results

HDAC5 and HDAC6 Are Ubiquitinated in Vivo and in Vitro. We first
examined the ubiquitination status of HDAC4, HDACS, and
HDACSG. Flag-tagged class I HDACs were transfected into 293
cells with or without HA-Ub. To increase the steady-state level
of ubiquitin conjugates, the cells were incubated in the presence
of the proteasome inhibitor, MG-132, and lysed with boiling lysis
buffer. HDACs were subsequently immunoprecipitated with
anti-flag antibody, subjected to SDS/PAGE, and immunoblot-
ted for ubiquitination using HA antibodies. As shown in Fig. 1
A and B, HDACS and HDACS6 were highly ubiquitinated in vivo
in the presence of HA-Ub, whereas HDAC4 was not.

Because we established that HDAC5 and HDAC6 were
ubiquitinated in vivo, we wanted to confirm these results in vitro.
As depicted in Fig. 1C, ubiquitin conjugated intermediates of in
vitro translated HDACS and HDACG6 were detected in the
presence MG-132 and the DUB inhibitor, Ub-al. Thus, these
proteins are ubiquitinated both in vivo and in vitro.

Because HDACS and HDACG6 are ubiquitinated, we deter-
mined whether they had short half lives in vivo. To test this, we
performed pulse—chase experiments and found that both
HDACS and HDACS are relatively stable proteins in vivo (Fig.
2). In addition, continued exposure to MG-132 during the chase
had no significant effect on HDACS (data not shown) or
HDACS levels (Fig. 2). In contrast, c-Myc, a protein known to
be rapidly degraded, displayed a short half life under similar
conditions (data not shown). Thus, although HDACS and
HDACS6 are ubiquitinated, they are stable proteins in vivo.

The Zinc Finger of HDAC6 Associates with Polyubiquitin. To search for
potential binding partners for HDAC6 we performed two-hybrid
screens (39) using the full-length catalytically active and inactive
HDACG6 (24) as baits. The inactive HDAC6 contains point
mutations within each of the deacetylase domains of active site
histidine residues (H216A/H611A). We screened 3 X 10° trans-
formants for each bait, and found that the only positive inter-
acting clones for HDAC6 and H216A/H611A contained cDNA
inserts encoding polyubiquitin or ubiquitin B. Both of these
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Fig. 1. Ubiquitination of HDAC4, HDACS5, and HDACS6. (A and B) 293 cells
were transfected with flag-tagged HDAC4, HDACS5, HDAC6, or HDAC6Azf
(comprising amino acids 1-1111) with or without HA-Ub. Before harvesting,
cells were treated with 80 uM proteasome inhibitor, MG-132, for 2 h. Cell
lysates were immunoprecipitated with flag antibody and blotted for HA.
Brackets denote ubiquitin conjugated HDACs (Upper). The corresponding flag
Western blots of whole cell lysates (5% immunoprecipitation input). Asterisk
denotes a nonspecific band that cross reacts with the flag antibody (Lower). A
and B are run on SDS/8% and 10% PAGE, respectively. (C) In vitro ubiquiti-
nation of HDAC5 and HDACS6. [35S]methionine-labeled HDACs were incubated
with Hela nuclear extract in the absence and presence of the proteasome
inhibitor, MG-132, and the DUB inhibitor, Ub-al. Reactions were electropho-
resed on SDS/6.5% PAGE and analyzed by Phospholmager.

genes encode several tandem repeats of ubiquitin (10 for polyu-
biquitin and 4 for ubiquitin B).

To characterize the interaction of HDAC6 and polyubiquitin,
we created several variants of a polyubiquitin clone (6.3) con-
taining 2.5 ubiquitin repeats (Fig. 34 Upper). We wanted to
assess whether branched polyubiquitin chains were required for
the interaction with HDACG6. Typically, once a substrate is
monoubiquitinated, the successive ubiquitin moieties are at-
tached through K48 linkages. Therefore, we mutated all K48
residues to R within the VP16-polyubiquitin clone so as to
disrupt potential K48-linked polyubiquitination. As shown in
Fig. 3C, HDACS interacted with wild-type polyubiquitin (KK) as
well as polyubiquitin containing one K48R mutation or both
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Fig. 2.  Pulse-chase analysis of HDAC5 and HDAC6. Cos-1 cells expressing
flag-HDAC5 or HDAC6 were pulse labeled with [35S]methionine for 30 min and
chased for the indicated times with media containing an excess of cold
methionine. HDACs were immunoprecipitated with flag antibody and ana-
lyzed on SDS/8% PAGE by autoradiography.

K48R mutations. HDAC6, however, failed to interact with
VP16-monoubiquitin (Fig. 3D). Thus, HDAC6 noncovalantly
binds tandem repeats of polyubiquitin independent of R48 and
fails to interact with a single ubiquitin moiety. In addition, these
data substantiate the argument that HDACH is not being mono-
or polyubiquitinated with the VP16 fusion proteins in the
directed two-hybrid assay.

The C-terminal region of HDAC6 (amino acids 1134-1192)
possesses significant homology to the zinc finger found in some
members of both classes of DUBs, the ubiquitin C-terminal
hydrolases (UCHs) and ubiquitin-specific processing proteases
(UBPs) (Fig. 4, see Discussion). Although the role of the zinc
finger in these enzymes has not been characterized, we tested
whether the zinc finger of HDACG6 was responsible for binding
polyubiquitin. In a directed yeast two-hybrid assay, truncation
mutants (Fig. 34) comprising amino acids 1-830, 1-953, and
1-1111 all failed to bind polyubiquitin (Fig. 3B). Thus, the
C-terminal 105 aa of HDACS6, those encompassing the zinc
finger, are necessary for interaction with polyubiquitin.

Having established that the zinc finger in HDACH6 is necessary
for interaction with polyubiquitin, we wanted to determine
whether this region was sufficient. Surprisingly, in directed
two-hybrid analysis, the isolated zinc finger interacted with
polyubiquitin more efficiently than full-length HDAC6 and also
interacted with monoubiquitin, albeit more weakly (Fig. 3D).
These results indicate that although the zinc finger is sufficient
to interact with polyubiquitin, there are likely to be specificity
determinants within full-length HDAC6 which prevent interac-
tion with monoubiquitin.

Some proteins containing ubiquitin binding regions require
these domains for efficient ubiquitination (40). Thus, we tested
whether the zinc finger was required for HDAC6 ubiquitination.
HDACOAZf, like its full-length counterpart, was highly ubiqui-
tinated in vivo and in vitro (Fig. 1 B and C). Thus, the HDAC6
zinc finger is dispensable for ubiquitination. The HDACS6 inter-
action with polyubiquitin is specific, as HDAC4 and HDACS fail
to bind polyubiquitin in the two-hybrid assay (Fig. 3B). Our data
using mammalian cells indicates that both HDACS and
HDACOAzf are highly ubiquitinated (Fig. 1B) and yet do not
interact with polyubiquitin in yeast (Fig. 3 B, C, and D). Thus, it
is unlikely that the HDAC6-polyubiquitin interaction in yeast is
driven by ubiquitination of HDAC6 with the VP16-polyubiquitin
clone.

To further explore the interaction of HDAC6 with polyubig-
uitin, we performed GST pull-down assays. GST, GST-
monoubiquitin, and GST-polyubiquitin (clone 6.3) were incu-
bated with 293 cell lysates transfected with empty vector,
HDAC6, or HDAC6Azf. As shown in Fig. 3E, a GST-
polyubiquitin interacts with HDACG6 (lane 8) but not HDAC6Azt
(lane 12) from lysates expressing considerably more HDAC6Azf
(lane 9) as compared with HDAC6 (lane 5). In contrast,
GST-monoubiquitin could not bind either HDAC6 (lane 7) or
HDACO6AZzf (lane 11). These data confirm our yeast two-hybrid
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Fig. 3. The C terminus of HDAC6 interacts with polyubiquitin in yeast two-
hybrid and GST pull-down assays. (A) Schematic diagram of the HDAC6 baits and
polyubiquitin library clone 6.3. (B) Interaction of polyubiquitin clone 6.3 (as
indicated by blue color) with different regions of HDAC6, HDAC4, or HDAC5. (C)
Yeast strains expressing mutations in residue K48 within the 6.3 library clone were
mated to yeast expressing HDAC6 or HDAC6Azf (in duplicate) and tested for
B-galactosidase activity. (D) Interaction of HDAC6 and the isolated zinc finger
domain (amino acids 1045-1216) with polyubiquitin clone 6.3 and monoubig-
uitin (in duplicate). p-galactosidase assay with amino acids 1045-1216 were
terminated after 20 min, whereas the assay with full-length HDAC6 was carried
out for 80 min. (E) HDACS interacts with GST-polyubiquitin in vitro. GST, GST-
monoubiquitin, and GST-polyubiquitin were purified on glutathione Sepharose
beads and incubated with 293 lysates from cells mock transfected, transfected
with flag-HDACS, or flag-HDAC6AZf. Proteins binding to the GST fusion proteins
were run on SDS/8% PAGE and blotted with flag antibodies. Asterisks denote
HDAC 6 or HDAC6Azf in whole cell lysates. Several bands in the mock input lanes
nonspecifically react with the flag antibodies.
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results in showing that HDAC6 interacts specifically with a
polyubiquitin tandem repeat through its zinc finger.

HDAC6 Associates with DUB Activity. Because HDAC6 binds tan-
dem repeats of polyubiquitin and has homology to DUBs, we
wanted to determine whether HDAC6 was able to deubiquiti-
nate a branched polyubiquitin chain. Purified GST fusions
encoding HDAC6 amino acids 833-1216 and 1045-1216 (sche-
matic Fig. 34) showed no observable DUB activity toward
K48-linked polyubiquitin chains (data not shown). However,
both HDAC6 and HDACG6Azf purified from cells contained
substantial DUB activity toward high molecular weight polyu-
biquitin chains. We expressed flag-tagged HDAC6 or
HDACO6Azf in 293 cells and immunopurified them on flag
antibody columns. Equal amounts of eluted HDAC6 and
HDACOAzf (as assessed by Western blots, data not shown) were
incubated with the same substrate to assess DUB activity.
Fractions from flag-vector transfected 293 cells that were im-
munopurified contained no observable DUB activity inhibitable
by Ub-al (Fig. 5 compare lanes 1 and 2). In the absence of Ub-al,
immunopurified HDAC6 and HDAC6Azf showed reduced
amounts of branched polyubiquitin chains of 7 or more ubiquitin
moieties and a concomitant increase in free ubiquitin as com-
pared with reactions in the presence of Ub-al (Fig. 5, compare
lanes 3 and 5 to 4 and 6). We therefore conclude that the DUB
activity of immunopurified HDACG6 probably comes from asso-
ciated DUB enzymes. Thus, although HDAC6 may not itself be
a DUB enzyme, it associates with endogenous DUB enzymes
and this association is independent of the HDACS6 zinc finger.

Discussion

Because ubiquitination as a posttranslational modification has
been demonstrated to be important not only for protein stability
but also transcriptional activity, we decided to study the role of
ubiquitination of the class I HDAC members 4, 5, and 6. We
have shown that HDACS is ubiquitin-conjugated both in vitro
and in vivo but is a relatively stable protein (Fig. 1 and 2) whose
turnover is not affected by proteasome inhibitor. Although the
biological significance of HDACS ubiquitination is unknown, it
is worth pointing out that several proteins involved in inhibition
of differentiation, as is HDACS (41), are specifically degraded
upon induction of differentiation (42-44). Thus, in some way
ubiquitination of HDACS might “prime” it for rapid elimination
in response to specific signals. Indeed, in a two-hybrid screen we
found that HDACS associated with the S12/rpn8 subunit, known
to localize within the lid of the 26S proteasome (data not shown).

Another possibility is that ubiquitination of HDACS and/or
HDAC6 may facilitate interaction with other proteins or directly
affect deacetylase activity. Because we have shown that HDAC6
associates with DUB activity (Fig. 5), it will be interesting to
determine whether this association depends on the ubiquitina-
tion status of HDACG6. In support of this hypothesis, HDACG6 has
been reported to be in a complex with cdc48p (22), a chaperone
that specifically interacts with polyubiquitinated proteins and is
involved in transport from the endoplasmic reticulum to the
cytoplasm (reviewed in ref. 45).

To elucidate binding partners of HDAC6, we conducted
two-hybrid screens with the full-length, catalytically active and
inactive HDACS6 as baits. All of the positive interactors con-
tained different regions of polyubiquitin or ubiquitin B genes. By
homology search, we found that HDAC6 contains a C-terminal
zinc finger with strong homology to the zinc fingers of DUBs
(reviewed in refs. 46 and 47). Here, we have shown that the zinc
finger from HDACH interacts specifically with polyubiquitin and
not monoubiquitin in yeast and in in vitro binding assays (Fig. 3).
Perhaps the zinc finger within the DUBs also serves to recognize
polyubiquitinated proteins.

Hook et al.
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Fig.4. Amino acid alignment of the zinc finger of HDAC6 with human DUBs and BRCA1 associated proteins. Asterisks denote conserved Cand H residues. USPs

are members of the UBP family.

The first characterized polyubiquitin-binding sequences were
two short ~20-aa regions within the S5A subunit of the 26S
proteasome (48). Homology searches along with Hidden Markov
Models based on these sequences have defined a UIM (ubiq-
uitin-interaction motif) domain contained in many types of
proteins (49) including some UBPs. The UIM motif defined by
four acidic amino acids followed by ®-X-X-Ala-X-X-X-Ser-X-
X-Ac, where @ is a large hydrophobic residue and Ac is an acidic
residue (49). This motif is not itself a domain, but likely forms
an a-helix that is incorporated into different protein folds. The
UIM from the S5a subunit of the proteasome prefers to recog-
nize polyubiquitin chains of 4 or more ubiquitin moieties (50).
Recently, UIMs from four proteins that mediate receptor en-
docytosis (eps15, eps1SR, epsins, and Hrs) have been charac-
terized (reviewed in ref. 51). The UIMs from these proteins, like
that of the S5a subunit of the proteasome, display preferences for
binding polyubiquitin over monoubiquitin (40). Intriguingly, the
UIM is required for these proteins to be monoubiquitinated, but
the motif itself is not ubiquitinated (40). These results are in
contrast to HDAC6 where the zinc finger is dispensable for
polyubiquitination (Fig. 1).

Recently, much attention has focused on another ubiquitin-
binding domain, the ubiquitin-associated (UBA) domain (re-
viewed in ref. 52). One of the first characterizations of this
domain was through a two-hybrid screen with p62, a phospho-
tyrosine independent interactor of the SH2 domain of p56/*.
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Fig. 5. Deubiquitinating activity copurifies with full-length HDAC6 and
HDAC6Azf. Flag HDAC6 and HDAC6Azf were immunopurified from 293 cells
and were assayed for DUB activity in vitro. Reaction mixtures were resolved on
SDS/15% PAGE and Western blotted with anti-ubiquitin antibodies.
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The vast majority of cDNAs isolated from the p62 interaction
screen encoded polyubiquitin, diubiquitin, or a ubiquitin fusion
protein, UBAS2 (rUB) (53). In yeast and in vitro the p62 UBA
domain interacts with monomeric or oligomeric ubiquitin. UBA
domains within other proteins such as ubiquitin conjugating
enzymes, UBPs, enzymes involved in nucleotide excision repair,
and several kinases have been reported to facilitate mono- and
diubiquitin binding (54) as well as mediate protein-protein
interaction (55). This domain has recently been shown to pref-
erentially bind K48-linked multiubiquitin chains as opposed to
monoubiquitin (56-58).

The UBA domain and UIM motif, although both capable of
binding polyubiquitin, do not show any sequence similarity to the
zinc finger of HDAC6. As mentioned, the UIM is predicted to
form a single alpha helix. The 45-55 aa UBA domain forms a
three helix bundle with the helices at 45° angles to one another
(59). On the surface of the bundle is a hydrophobic patch that
is thought to be responsible for interaction with ubiquitin
moieties. The structure of the HDACH6 zinc finger is currently
unknown. However, all of the crystal and NMR structures of zinc
finger proteins (reviewed in ref. 60) differ considerably from the
UBA structure. Thus, we have likely identified a unique polyu-
biquitin-binding domain which we call a PAZ domain, for
Polyubiquitin Associated Zinc finger. This domain is also found
in many UBPs and in the BRCA1 associated proteins 1 and 2
(Fig. 4). We would predict then that BRCA1 associated proteins
might also bind polyubiquitin. Careful sequence analysis similar
to Hofmann’s approach (49, 52) could identify unrecognized
PAZ domains in other proteins.

While this study was underway, Seigneurin-Berny et al. (22)
linked HDACG6 with the ubiquitin system. They found that the
zinc finger motif within HDAC6 was associated with monou-
biquitin. The authors state that the isolated C terminus of
HDACS6 binds monoubiquitin better than does the full-length
HDACS6. In our study, we have failed to detect substantial
interactions between HDAC6 and monoubiquitin in both the
yeast two-hybrid and GST pull-down assays (Fig. 3). We have,
however, also observed that the isolated zinc finger interacts
strongly with both polyubiquitin and monoubiquitin. Seigneurin-
Berny et al. (22) purified ubiquitin-binding proteins from testis
extracts using ubiquitin-agarose and isolated 9 proteins including
HDAC6 and three DUBs, ubiquitin C-terminal hydrolase 5,
UCH-L1, and UCH-L3. It is possible that these particular DUBs
interact directly with HDACG6 and the activity we see derives
from one or more of these enzymes.

What are the ubiquitinated binding targets of HDAC6? We
attempted to address this question by conducting a two-hybrid
screen with HDAC6Azf as the bait. We reasoned that by
removing the polyubiquitin-binding domain, we might now
uncover other weaker interactors. However, of 6 X 10° trans-
formants, no specific interactors of HDAC6Azf were identified.
Although we have addressed possible connections between the
ubiquitin machinery and HDACS6, we are still uncertain about
the biological roles of these phenomena.

HDAC6 may provide a link between deacetylation and de-
ubiquitination. Surprisingly, in the literature, no connection has
been reported between deacetylation and deubiquitination or
between polyubiquitination and transcriptional repression. It is
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well-documented that ubiquitinated histone H1, H2A, and H2B
correlate with transcriptionally active chromatin regions (3-6,
61), and that acetylated histones H3 and H4 correlate with
increased transcriptional activation (reviewed in ref. 62). The
nucleosome structure suggests that both ubiquitination and
acetylation would destabilize tight packing between histones
(63). Ubiquitination of H2A-H2B heterodimers does destabilize
interaction with H3-H4 tetramers within chromatin (64). Tran-
scriptional repression would then be achieved through both
deacetylation and deubiquitination. HDAC6 might bind ubiqui-
tinated histones, deacetylate them, and recruit DUBs for deubi-
quitination. Alternatively, because HDACES is reported to have
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