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he proteasome has been impli-

cated in transcriptional control in a
bewildering number of ways, and many
questions remain about how functional
selectivity is conferred to its action.
Here we discuss transcriptional roles for
the ubiquitin receptor Rad23 and posit
that such receptors may be key players
dictating proteasome
specificity.

transcriptional

Many well-written reviews have discussed
the complexity and variety of mechanisms
by which the proteasome affects essen-
tially all stages of the transcription cycle,
from modification of the chromatin tem-
plate to preinitiation complex formation,
elongation, transcription termination, and
RNA processing (reviewed in refs. 1-5).
The key point is that the proteasome,
either as a discrete entity or as one or more
biochemically  distinct  subcomplexes,
participates in transcriptional control by
numerous proteolytic and non-proteolytic
mechanisms. Investigations of proteasome
function in transcription have paralleled
studies revealing important roles for ubig-
uitin (Ub) receptors such as the Rad23
protein in influencing the rate and effi-
ciency of proteasome-dependent protein
turnover.'® Our goal here is to contribute
something new to the discussion of pro-
teasome function in transcription by inte-
grating current knowledge about Rad23
function with the transcription literature.
Our speculation is that a deeper under-
standing of Rad23, in particular, and
ubiquitin receptors, in general will provide
mechanistic insight into how the protea-
some impacts transcription in such diverse
ways. We focus on aspects of proteasome
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function in transcription that appear most
likely to interdigitate with the activity of
Rad23.

Proteasome Function
in Transcription

The 26S proteasome is composed of a bar-
rel-shaped 20S core particle (CP) capped
at either end by 19S regulatory particle
(RP) subcomplexes. The RP includes
Ub-binding proteins, deubiquitylases, and
six AAA ATPases responsible for unfold-
ing and translocation of substrates into the
208 barrel, which houses protease activity.
The major function of the 26S proteasome
is to recruit and degrade polyubiquitylated
substrates.!"'

Numerous transcription factors and
regulators of transcription factors are sub-
ject to proteasomal degradation, which
can serve to regulate protein localiza-
tion or level via a variety of elaborately
worked out pathways. Proteolysis has also
been linked mechanistically to transcrip-
tional activation as activation domains
are themselves signals for Ub-mediated
1314 Precisely how activator
turnover promotes activation, however,
is not understood. Different proteasome
subunits have been localized to chroma-
tin, albeit with different distributions"'°
and, in fact, functions have been ascribed
to the RP which are independent of pro-
teolysis. Nonproteolytic functions include
facilitating recruitment or activity of co-
activator complexes®!”
perhaps controversial observations linking
RP AT Pase activity to the stability of tran-
scription  factor-chromatin  interactions

(reviewed in refs. 1 and 5). The RP also

proteolysis.

and intriguing but
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somehow couples histone H2B ubiquityla-
tion to histone H3 methylation.”® In gen-
eral, RP-dependent regulation requires RP
ATPase function, typically thought of as a
chaperone-like activity, indicating that the
RP does more than simply recruit factors
to chromatin.

Ubiquitin Receptors

Substrate specificity in the Ub system is
mediated in part by selective targeting of
substrates for Ub conjugation.” However,
there is growing appreciation that Ub
receptors, proteins that bind Ub butare not
intrinsic components of the proteasome,®
play an important role in selective target-
ing of ubiquitylated proteins to the pro-
teasome.”'*222 Although the RP subunit
Rpn10 can bind Ub directly, Ub receptors
are thought to be critical adaptors that
regulate the fate of ubiquitylated proteins
once they encounter the proteasome. Ub
receptors such as Rad23, Dsk2 and Ddil,
have different affinities for different Ub
(or Ub-like) molecules or chains, and can
present them to the proteasome in differ-
ent ways.**? Such diversity and plasticity
can potentially explain why a Ub receptor
might dock a substrate to the proteasome
but inhibit polyubiquitylation, or why
more than one Ub receptor is involved in

the processing of some substrates.”?*

Rad23 —Structure and Function

One S. cerevisiaze Ub receptor, Rad23,
is involved in nucleotide excision repair
(NER;reviewed in ref. 25). Its NER activity
is related to its physical association with
the DNA damage recognition factor Rad4,
but many observations point to complex
and subtle repair activities beyond forma-
tion of the Rad4-23 heterodimer. Rad23,
like Dsk2 and Ddil, is characterized by
the presence of a Ub-like (UBL) domain
and Ub-associated (UBA) domains.®?°
The N-terminal UBL of Rad23 is struc-
turally similar to Ub and physically inter-
acts with the Rpnl subunit of the RP.*
Rad23’s two UBA domains bind ubiqui-
tylated proteins, explaining how it can act
as a bridge between the proteasome and
ubiquitylated substrates.”*’

Rad23 can inhibit Ub chain elongation,

an observation consistent with a regulatory
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function in processing ubiquitylated
substrates.”* While Rad23 protects some
proteins from degradation, in other cases
it can act as a shuttle or receptor to bring
substrates to the proteasome and promote
turnover. These activities of Rad23 appear
mechanistically related to intramolecular
interactions between the UBL and the
UBAs of Rad23 itself.?® Proteins which
require Rad23 for degradation include,
for example, many substrates targeted by
the ER-associated degradation machinery
and a number of proteins involved in cell
cycle regulation such as Sicl, Farl, and
the fission yeast protein Ruml.”?” This
list undoubtedly represents only a fraction
of the proteins under Rad23 control, but
these alone are consistent with phenotypic
results tying loss of Rad23 to effects on
cell cycle regulation, protein quality con-
trol, DNA damage response, and cellular
metabolism.

Rad23-Mediated Gene Expression
Regulation

A role for Rad23 in transcription was
recently discovered in an analysis of fac-
tors required for the transcriptional
response of yeast to UV irradiation.” This
study revealed that Rad23 is required for
proper regulation of about two-thirds of
UV-regulated genes, and surprisingly,
about a third of all yeast genes are sig-
nificantly misregulated in 72d23A cells in
the absence of any type of stress. Similar
effects on gene expression were not seen
for rad4A cells, indicating that Rad23
does not regulate transcription in con-
junction with Rad4. Instead, comparison
of rad23A and proteasome mutant gene
expression data sets showed that Rad23
and the RP regulate many of the same
genes.” Furthermore, deletion of the
Rad23 UBL domain, which abrogates the
Rad23-proteasome interaction, mimicked
gene expression changes observed in
rad23A cells. Together, these results sug-
gest that the role of Rad23 in gene expres-
sion is dependent on its association with
the proteasome.”

Interestingly, UV-regulated, Rad23-
dependent genes are reciprocally controlled
in that Rad23 keeps the UV transcrip-
tional response turned off in undamaged
cells but, conversely, is needed to turn
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UV-induced genes on in the damaged
state.”” In the absence of damage, Rad23
is required for activation of many genes
involved in ribosome biogenesis and RNA
metabolism, chromatin maintenance/
function, intracellular transport and gene
expression. Consistent with these obser-
vations, the proteasome has also been
directly implicated in activation of ribo-
somal protein genes.” Rad23-repressed
genes include many metabolic factors
involved in respiration, carbohydrate and
intermediary metabolic processes and
transport of metabolites. This suggests an
unappreciated role for Rad23 in cellular
metabolism and could explain the obser-
vation that deletion of RAD23 leads to
resistance to the TOR inhibitor rapamy-
cin (Wade SL and Auble DT, unpublished

observations).

Models of Rad23-Mediated
Regulation of Proteasome
Function in Transcription

The myriad ways in which the proteasome
has been implicated in gene expression
regulation and the remarkable breadth
of Rad23’s role in transcriptional control
suggest that it functions by more than one
mechanism.”” What are the possibilities?
In principle, Rad23 could function well
upstream of events that directly impact
transcription, influencing Snfl- or Tor-
mediated signal transduction pathways
responsible for integration of damage,
stress or nutritional cues.?” Roles for Rad23
in post-initiation events cannot be ruled
out either; however, at the moment there
is no evidence for either of these possibili-
ties. On the other hand, the observation
that Rad23 regulates promoter occupancy
of the Mig3 transcription factor points
to an important function in establishing
proper interactions at the promoter.”? For
this reason we focus the following dis-
cussion on how Rad23 might influence
transcription initiation.

“Classic” proteasome
system (UPS) functions in transcription.

ubiquitin

In its simplest form, proteasomal degra-
dation controls total cellular abundance
of transcription factors, thereby affecting
their ability to either activate or repress
transcription. The most straightforward
model is that Rad23 regulates destruction
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Figure 1. Speculative roles for Rad23 in mediating transcriptional regulation. (A) This panel depicts the extension of well-established biochemi-

cal activities of Rad23 to the transcriptional realm. The proteasome is shown in green. TF is a transcription factor. As discussed in the text, Rad23’s
ubiquitin receptor activity is required for turnover of a variety of ubiquitylated substrates; the suggestion in the top panel is that it may direct turnover
of transcriptional activators or repressors at target genes. As Rad23 can also modulate processing of a ubiquitylated substrate, an alternative is that

it governs Ub chain extension or timely processing of the substrate (bottom). (B) This panel depicts non-proteolytic functions for the proteasome

(or proteasome subcomplexes) and suggests that Rad23 may act between the RP and other regulatory factors, or it may be an unsuspected adaptor
linking the RP to chromatin. The black line represents DNA and the gray ovals nucleosomes. Of course, a variety of other adaptor-like activities are pos-
sible, and it is also possible that such localization of Rad23 would influence the enzymatic activity of the RP or other transcription co-regulators. PIC

of transcription factors subject to pro-
teasome-dependent proteolysis (Fig. 1A,
top). This type of regulation could have
either positive or negative effects on tran-
scription depending on the exact role of
Rad23 in degradation and the role of the
substrate in transcription.

For some transcription factors,
degradation does not simply decrease
protein stability, but directly affects tran-
scription by coupling of transcription fac-
tor turnover to activation.”* The precise
mechanism of this coupling is unknown,
but degradation may be required to release
components stably bound to the promoter.
This could either facilitate conversion of
polymerase into an elongation-competent
form or clear a used and functionally inac-
tive remnant of what was formerly an
active transcription complex."® Activator
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turnover may also be required for tight
temporal control of promoters by demand-
ing additional activator molecules for sub-
sequent rounds of transcription.! Gen4 is a
good example of an activator regulated in
this way (reviewed in ref. 4). Interestingly,
Gen4  can  regulate transcription  in
response to UV irradiation, and there is
considerable overlap between Gen4- and
Rad23-regulated genes sets (Wade SL and
Auble DT, unpublished observations).
This suggests that Rad23 may be an unap-
preciated player in pathways that control
Gcen4 turnover.

Rad23 binds to K48-linked multi-ubiq-

uitin chains™?’

and is selectively required
for turnover of cell cycle regulated sub-
strates.” It is intriguing that, despite the
Ub chain requirement, different substrates

are targeted to the proteasome via distinct
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pathways that display varying dependen-
cies on factors like Rad23. Moreover, the
conformations of Ub receptor complexes
can vary dramatically depending on the
nature of the Ub or Ub-like ligand, sug-
gesting that downstream events triggered
by ubiquitylation are the result of dynamic
processes that shape how the cellular
machinery interprets the modification
signal.?® Rather than conferring specific-
ity to pathways that are responsible for
transcription factor turnover, Rad23 may
instead be involved in signaling and/or
establishing the architecture of multisub-
unit complexes at the promoter. Mono- or
poly-ubiquitylation of transcriptional acti-
vators in both yeast and higher eukaryotes
can contribute to activator function.*>13
Ubiquitylation of Gal4 has been related
to its stability on promoters.’ In another
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example, Met4 activation is controlled by
poly-ubiquitylation, which blocks interac-
tion with a co-regulator rather than induc-
ing degradation.’® By controlling Ub chain
extension, Rad23 may preserve substrate-
specific distinctions between this type of
Ub-mediated regulation and Ub-mediated
degradation (Fig. 1A and bottom).

“Alternative” UPS functions in tran-
scription. Genome-wide analyses show
that many Rad23 target genes are repressed
by the DNA binding transcription factor
Mig3.? Although Rad23 is required for
the UV-induced release of Mig3 repres-
sor from the HUGI promoter, we saw no
evidence for Rad23-mediated degradation
of Mig3.” One possibility is that Rad23
specifies some other proteasome-mediated
degradation event that in turn facilitates
Mig3 release. Alternatively, Mig3 dis-
placement from chromatin may involve
a Rad23-directed nonproteolytic activ-
ity. Below we address such “alternative
functions” of the proteasome, which do
not involve proteolysis. In particular, we
consider the chaperone-like activity of the
RP for which increasing evidence points
to actions that are physically independent
from the CP.>1¢

It is evident that Rad23 plays an
important role in regulating substrate
turnover,” however, the extensive overlap
between the Rad23-dependent gene set
and those genes regulated by RP subunits
is striking in light of the fact that no such
overlap was observed for genes dependent
on the CP.? The Ub receptor activity of
Rad23 may mediate regulatory adaptor-
like interactions between ubiquitylated
proteins and the RP at particular sites on
chromatin (Fig. 1B). Since the RP facili-
tates interactions between activators and
the SAGA co-activator complex,"” one
possibility is that Rad23 can extend the
interaction network at the promoter, or
regulate the stability or lifetime of such
interactions.

From thestandpointof chromatin, H2B
ubiquitylation-dependent recruitment of
the RP is required for H3 methylation that
is associated with gene activation, as well
as being important for gene silencing.'®
Rad23 (orindeed, another Ub receptor) isa
potential regulator of interactions between
ubiquitylated histones and the proteasome
(Fig. 1B). Interestingly, although an in
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vivo interaction has not been established,
the first in vitro studies describing Rad23
binding to a ubiquitylated protein and its
ability to prevent multi-chain ubiquityla-
tion utilized H2B as a substrate.?* Studies
aimed at understanding the roles of the
proteasome in transcription have tended
to focus on how it participates in activa-
tion; however, it should be noted that 77%
of genes upregulated in an ubiquitylation-
deficient H2B-K123R mutant are Rad23-
repressed genes (Wade SL and Auble DT,
unpublished observation). This exten-
sive overlap suggests that involvement of
Rad23 with the RP is important for gene
repression rather than transcriptional
activation.

The available evidence indicates that
RP localization to chromatin is in many
cases distinct from that of the CP;™°
however, it remains possible that the RP
functions non-proteolytically in the con-
text of the entire 26S proteasome. In this
case, what would determine the outcome
of proteasome-substrate association at a
given promoter? We suggest that this is
a scenario where the action of Ub recep-
tors like Rad23 will likely be particularly
important. Rather than functioning solely
as a passive adaptor protein, it has the
potential to dictate both proteasome func-
tion and substrate selectivity to ensure the
appropriate fate for a given transcription
factor in a promoter-specific context.

Taken together, the results to date sug-
gest to us a more nuanced way of thinking
about the role of the UPS in transcriptional
regulation, even when employed for rather
well understood processes like protein deg-
radation. During the UV response, most
of the Rad23-dependent genes show per-
turbed kinetic behaviors.”” Relatively few
genes display a strong on/off dependence
on Rad23. This suggests that Rad23 is not
required to recruit essential factors or to
convert them between catalytically active
and inactive states. Instead, we favor the
idea that Rad23 facilitates time-dependent
coupling of signaling events to transcrip-
tionally affected genes, or biochemically
distinct events that follow one another in
the transcription cycle. Given that Rad23
is a2 member of a Ub receptor family,® a
provocative possibility is that other such
receptors also play fundamental roles in
transcriptional regulation.

Transcription
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