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Abstract

Following the discovery of protein modification by the small, highly
conserved ubiquitin polypeptide, a number of distinct ubiquitin-like
proteins (Ubls) have been found to function as protein modifiers as
well. These Ubls, which include SUMO, ISG15, Nedd8, and Atg8,
function as critical regulators of many cellular processes, includ-
ing transcription, DNA repair, signal transduction, autophagy, and
cell-cycle control. A growing body of data also implicates the dys-
regulation of Ubl-substrate modification and mutations in the Ubl-
conjugation machinery in the etiology and progression of a number
of human diseases. The primary aim of this review is to summa-
rize the latest developments in our understanding of the different
Ubl-protein modification systems, including the shared and unique
features of these related pathways.
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Ubiquitin: a

76-residue protein

that is covalently
attached to other
proteins; it is the

founding member of

the Ubl protein
family
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INTRODUCTION

The diversity and functional breadth of an or-
ganism’s proteome can be greatly expanded by
covalent posttranslational modifications. Ex-
amples of these modifications include small
molecules such as phosphate, methyl, oracetyl
groups. Entire proteins can also be attached
covalently to protein substrates. The classic
example of a protein that modifies other pro-
teins is ubiquitin, a 76-residue polypeptide
thatis highly conserved among eukaryotes but
is absent from bacteria and archaea. Among
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the many functions of ubiquitin, the best un-
derstood is the targeting of proteins for degra-
dation by the proteasome. For this purpose,
ubiquitin is attached to the substrate in the
form of a polyubiquitin chain that is then rec-
ognized by specific receptors within the pro-
teasome or by adaptor proteins that subse-
quently bind the proteasome (Elsasser et al.
2002, Young et al. 1998).

Since the discovery of ubiquitin in the
mid-1970s, an entire family of small pro-
teins related to ubiquitin (called ubiquitin-
like proteins, or Ubls) has been defined; new
members are still being added (Table 1). Al-
though not necessarily sharing high sequence
similarity, the Ubls all possess essentially the
same three-dimensional structure, the ubiq-
uitin or P-grasp fold (Hochstrasser 2000).
Moreover, for all Ubls whose covalent at-
tachment to proteins has been experimentally
demonstrated, the C-terminal residue of the
Ublis a glycine, and the carboxyl group of this
glycine is the site of attachment to substrates.
Lysine side chains are the most common tar-
get sites within substrate proteins, resulting
in an amide (or isopeptide) bond between the
Ubl and substrate.

UBL ACTIVATION AND
CONJUGATION TO
SUBSTRATES

All the Ubls appear to be attached to
substrates via related enzymatic pathways
(Figure 1). Ubiquitin and most of the Ubls
are synthesized as inactive precursors that
need to be processed at their C termini to ex-
pose the glycine carboxylate that is the site
of substrate conjugation. Specific proteases
called deubiquitinating enzymes (DUBs) are
responsible for the processing in the case
of ubiquitin, whereas Ubl-specific proteases
(ULPs) process the other Ubls.

To be capable of substrate modification,
the Ubl first must be activated (Haas et al.
1982). A specific activating enzyme (called
E1, or El-like enzyme) uses ATP to adeny-
late the Ubl modifier at its C terminus. The
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high-energy mixed anhydride bond thus
formed is quickly attacked by the sulthydryl
group of the E1 active-site cysteine, forming
a high-energy thioester bond between the E1
and the Ubl and expelling AMP. From the E1,
the modifier is passed to the active-site cys-
teine of an E2, or E2-like enzyme, also known
as a Ub-conjugating or Ubl-conjugating en-
zyme. Finally, the modifier is conjugated to its
substrate with the aid of an E3 protein ligase,
resulting in the covalent isopeptide linkage
of the modifier’s C terminus to the e-amino
group of a lysine in the substrate.

Although lysines are the most frequent
substrate sites for ubiquitin and Ubl attach-
ment, conjugation can sometimes occur on
other residues. More and more examples in
which the free «-NH, group of an N-terminal
residue of a protein is the primary liga-
tion site are being unearthed (Ciechanover
& Ben-Saadon 2004). Ubiquitin may also be
conjugated to a substrate via a cysteine side
chain. A recent study reported the apparent
ubiquitin modification of a cysteine in the
MHC class I heavy chain in a reaction cat-
alyzed by a viral E3 called MIR1 (Cadwell &
Coscoy 2005).

There are two main types of E3 for ubiqui-
tin, the RING class and the HECT class. The
RING E3s contain a subunit or domain with a
RING motif, which coordinates a pair of zinc
ions. RING E3s (and the structurally related
but zinc-free U-box E3s) function at least in
part as adaptors: They bind the ubiquitin-
thioester-linked E2 and substrate protein si-
multaneously and position the substrate lysine
nucleophile in close proximity to the reactive
E2-Ubl thioester bond, facilitating transfer of
the Ubl. Recent evidence suggests that the
RING E3 also triggers subtle conformational
changes in the bound E2, stimulating Ubl re-
lease from the E2 cysteine and transfer to sub-
strate (Ozkan et al. 2005). Using the human
ubiquitin E2 UbcHS5b as a model, Ozkan etal.
(2005) identified E2 residues that appear to
be necessary for allosteric coupling between
the E3-binding site and the distal E2 active
site. Most telling were UbcHS5b mutants that

bound E3 and formed a thioester with ubiq-
uitin with normal kinetics yet were defective
in transfer of the E2-bound ubiquitin to sub-
strate. The exact network of interactions nec-
essary for communication between the spa-
tially separate E3-binding and active sites of
the E2 remains to be determined.

Catalysis of ubiquitin-substrate modifica-
tion by the HECT E3s follows a mecha-
nism distinct from that of the RING E3s.
In HECT E3s, the ubiquitin is first trans-
ferred from the E2 to an active-site cysteine in
the conserved HECT domain of the E3. The
thioester-linked ubiquitin is then transferred
to substrate. HECT domains have a bilobal
architecture, with a large distance between
the E2-binding site in the N-terminal lobe
and the active-site cysteine in the C-terminal
lobe. For the E3 to be catalytically active,
both lobes of the molecule must be brought
together, which may require movements of
up to 50 A (Ogunjimi et al. 2005). Notably,
when mutations that restrict movement in the
hinge between the two lobes in the HECT
E3 are introduced, catalytic activity decreases
markedly (Verdecia et al. 2003).

As shown in Figure 1, the E2 is at the
center of a cascade of Ubl transfers linking
activation of the Ubl by E1 to its eventual
E3-catalyzed attachment to substrate. Inter-
estingly, recent data indicate that an E2 can-
not bind to El and E3 at the same time,
meaning that after transfer of the Ubl from
El to E2, the E1 must be released before
the Ubl-thioester-linked E2 can bind a cog-
nate E3 (Eletr et al. 2005, Huang et al. 2005).
Specifically, competitive binding experiments
of three human E2-E3 protein pairs reveal
that the binding of E1 or E3 to E2 is mu-
tually exclusive in all cases (Eletr et al. 2005).
These pairs include both HECT and RING
ubiquitin E3s as well as enzymes for Nedd8
conjugation. Ubiquitin or Ubl thioester for-
mation on the E1 and E2 also alters their
relative affinities for their cognate enzymes.
When the ubiquitin E1 forms a thioester
with ubiquitin, the E1 readily binds free, un-
charged E2, but when the E1 is uncharged, it
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Ubiquitin-like
protein (Ubl):
protein that contains
the conserved
ubiquitin fold and is
conjugated to other
proteins by a
pathway similar to
ubiquitin
conjugation (see
Figure 1)

DUB:
deubiquitinating
enzyme

ULP: Ubl-specific
protease

E1: the activating
enzyme that
adenylates the C
terminus of a Ubl,
activating it for
substrate conjugation

E2: the conjugating
enzyme that receives
a Ubl from its
cognate E1 and
transfers it either to a
HECT E3 or
substrate

E3: a Ubl-protein
ligase that catalyzes
transfer of the
activated Ubl to a
substrate group
(usually a lysine side
chain)

Nedd8/Rubl: a
Ubl that is ~55%
identical to ubiquitin
and whose
conjugation to
certain ubiquitin E3s
regulates their ligase
activity

161



asuodsazx $S911S-9AIBPIXO

q‘eg00z T 30 Surgeon) ‘Gursuas Juarnnu ‘Surppng ON - - peqn Tun

$007 Te 30 uosdwoy T, syuefd ur SurpAoax
‘1007 runsyQ uarnnu 45eqdoiny ON - 018V LBy 18y

5007 "Te 32 uosduoy T, syuefd ur SurpAoax
100 TwnsyQ jusrnnu “A3eydoyny (#31v) s - ¢y LSy CERY

9/0-NLAT 4q paonpur

‘asuodsar N[ {T Surmp

00T 'Te 3 0eYZ ‘5007 Suprds yNyw-a1d pue
e 30 sonodoyeuuets) uondudsuen ur3oe Aey (evdqn) sox dyyq ‘o1 8H29N I'TP9N STOSI

¢6d jo uonengax

[euondrdsuen ‘soxojduwod

$00Z "[& 30 SeWIpoIry ADS JO UONEZI[IqEISIP (swosopeudis

6007 "[e 3 N pue UoneAROY 6doD “Tyng) sax Twa aRqn IeN-eeqn 8PPPN/ 19y

1910 ‘suonoderanur urjoxd
$007 uosuyof ‘UOnEZI[EI0] deNsqng (zdin ‘rdin) sax TZSWIN ‘721§ ‘121§ 624N [sov-zeqn | +-1OINNS/SWS
suraoxd [qn)

(dsnosIn
put ‘WINV[/+NdIN (swro1d
$00 ¢ 195SeNSYOO] 1910 ‘SUONIBINUI ‘urydaso [/ ¢-urxery urewop-1.D)AH SWIN-€ 1990
¥ MAWY ‘€007 urj01d ‘voneziedo] ouuezd)/N 1O ‘HON pue Xoq-N/ONIY T1-

PUEB[PUSAA X Te[MIY ‘uonepe1dop Mensqng TN :S95se GN (T 9) SO Apreunnad) Auepy ‘0T- ‘8-1°qN TeqN unmbiqn
(s)2oua19joy uonoun,j qéd8earapp/Surssadod %1 F&c | 1q IOYIPOTAT

9seIJ0IJ

"Ajuo asn eucssed 104 */0/S0/€0 U0 AMYHE1TIONIIOS TVIO0S AisealunarA Aq
Bio'sma1nalenuue’s leulno e woly papeojumoq ‘08T-65T:22'9002 '1o1g "Aad [BD A8y ‘nuuy

suroyod jo Afwey (g T IqEL

Kerscher o Felberbaum o Hochstrasser

162



‘sosopuated ur paisiy axe (S[q) 19O A 10) saureu 1o (unmbiqn jo ased o ur) sasse[d asearoad ‘Umowy] UIYM g
V15122497 "G UT pUNOJ JOU 9.1€ [YoIym ‘SualsAs TINAN pue ¢THST 243 10} 3dooxs ‘saseazoxd

oyads-[qn) pue ‘s¢i] ‘Sga ‘ST7 10J UAIS Os[e a1 saureu Iseak 9seak ur 3ussaad J1 (dureu JuatopIp v Aq $903 pue UMOUY ST SO[OYILIO DIBIGILIOA © JT ISIL PIISI[) UIALS 918 SOUIRU IDYIPOU IS ,

urayoxd
J0 woniod [eurunIal-7)

S661 ¢ 39 ToURI] SIIQ[) “uMOwun uopdUn | - - - 0T1®EAS
urayoxd

J0 woniod [eurunIal-7) 95LIIUAS

8661 ‘T& 30 OJ0WERWRL SI[qQ) ‘umou{un uonounj - - - (V)o3110
surayoad passadoidoine

+007 ‘T8 3 esse(q aaneind arerin - - - 21190d

S[qN pa3oadsng

$00T "[& 39 UOSUL[I Sunrds YN w-214 ON - - 19nH
€002 uoneande

eMeSIUR], 3 BINUWIRYEN] 12> T, ur ofox1 e Aeyd Aepy SO - - JISNI/IINA
©-1IN.L
pue A-NJAT 4q paonput
‘uonepeIdop aensqns

$007 T8 20 ddrpy Juopuadopur-unmbiqn ON - - oreq
ssuodsaz urazoad papjojun
o) 3urmp paonpur st

+007 ‘T& 32 NS1eWo| GBq) ‘UMO{UN TOMOUN,{ SOX 1970 seqN TINAN

"Ajuo asn eucssed 104 */0/S0/€0 U0 AMYHE1TIONIIOS TVIO0S AisealunarA Aq
Bio'sma1nalenuue’s leulno e woly papeojumoq ‘08T-65T:22'9002 '1o1g "Aad [BD A8y ‘nuuy

163

www.annualreviews.org o Protein Modification by Ubls



Annu. Rev. Cell Dev. Biol. 2006.22:159-180. Downloaded from arjournals.annualreviews.org
by Yale University SOCIAL SCIENCE LIBRARY on 03/05/07. For personal use only.

DUBs, ULPs

Ubl
precursor

Ubl recycling

Activation by E1

Transfer to E2

Ligation via E3

&

DUBs, ULPs

Figure 1

ATP PRI ©
" O 4 1]
o . | Gly-C~AMP

(G ] ——( Gly:c-0 LZ» E1 =E¥'
Con'u__atable -&";H

e e AMP

k :

E1

Gys-S~C4Bly )

0 —
FE s~CLaly )

(o]
WER s-CGly )
e y P -
)

FE7Er s~ C{aly HECTE3 GCys-SH
e— h o
= — v
RING E3 i
. g2 A h
L s v _‘." (”) .
Lys-NH, HECTES Cys-S-C<Gly )

oY
/ Lys—b]'l:l,
S © __
Lys-N-C<Gly )
b
Modified substrate

A generalized Ubl-conjugation pathway. Precursor Ubls (including ubiquitin) are processed by either
DUBs (deubiquitinating enzymes) or ULPs (Ubl-specific proteases) to expose a C-terminal glycine in the
mature Ubl. The processed Ubl is now conjugation competent and can be activated with ATP by E1, or
Ubl-activating enzyme. The E1 adenylates the Ubl C-terminal carboxyl group, forming a high-energy
Ubl-AMP intermediate (the “~” represents a high-energy bond). This intermediate is attacked
(indicated by the dashed red arrow) and covalently bound by the catalytic cysteine of the E1, creating a
thioester linkage and releasing AMP. The Ubl is transferred to the catalytic cysteine of the E2, or
Ubl-conjugating enzyme, via a transthiolation reaction. The Ubl can then be ligated to a substrate with
the aid of an E3, or Ubl-protein ligase. The adaptor-like RING E3s catalyze modification by binding
simultaneously the Ubl-E2 thioester complex and the substrate to be modified. This positions the amino
group of a substrate lysine (the most common modification site) near the E2-Ubl thioester, catalyzing
transfer of the Ubl to substrate. HECT E3s catalyze substrate ligation in two steps. First, the Ubl is
transferred to a catalytic cysteine of the HECT E3 via transthiolation. Then, the E3-Ubl thioester
complex transfers the Ubl to the substrate. The DUBs and ULPs can remove Ubls from substrates.

releases the loaded E2 (Hershko et al. 1983,
Pickart and Rose 1985). In contrast, free E3s
readily bind ubiquitin-loaded E2s and have
much lower affinity for free E2s (for exam-
ples, see Kawakami etal. 2001, Siepmann et al.
2003). These differences in relative affinity
help drive the vectorial transfer of activated
Ubl between successive conjugation pathway
enzymes and to the substrate.

164  Kerscher o Felberbaum o Hochstrasser

UBIQUITIN AND UBL
POLYMERS

Multiply-modified proteins can result either
when ubiquitin or Ubl molecules are indi-
vidually conjugated to different residues on
a substrate or when they are attached to each
other to form a chain that is conjugated to
the substrate at a single site (or small number
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of sites). By far the most fully documented
example of such polymeric chains is for ubiq-
uitin. Ubiquitin molecules in these chains are
linked to one another in the same way in which
they are usually linked to substrate proteins.
In particular, the C terminus of the more dis-
tal ubiquitin molecule is attached to the pre-
vious ubiquitin molecule through an isopep-
tide bond with an ¢-amino group of a Ubl
lysine. Exactly how such chains are assem-
bled is still not fully understood (Hochstrasser
2006b).

Ubiquitin has seven lysine residues, all of
which are potentially involved in chain for-
mation, although ubiquitin-Lys48 and -Lys63
are the best-characterized residues involved in
polyubiquitylation (Haglund & Dikic 2005).
Polyubiquitin chains of at least four Lys48-
linked ubiquitin molecules can efficiently tar-
get a conjugated substrate to the proteasome
for degradation (Thrower et al. 2000). Lys63-
linked chains represent a distinct linkage
topology and are involved in cellular processes
such as DNA repair and signal transduction
(Chan & Hill 2001). They typically do not
target proteins to the proteasome. Function-
ally, both types of polyubiquitin chain attach-
ment can be distinguished from monoubiqui-
tylation, which is involved in processes such
as endocytosis and transcriptional regulation
(Haglund et al. 2003). Ubiquitin polymers
comprising mixed linkages are also possible
and have been observed both in vitro and in
vivo, but their prevalence and significance in
vivo remain unclear (Kirkpatrick et al. 2005,
Saeki et al. 2004).

Other than ubiquitin, the only Ubls known
to form chains are certain members of the
SUMO family (Table 1 and Figure 2).
SUMO chains have been detected in vitro and
in vivo in both yeast and mammalian cells;
however, no function has yet been ascribed
to them (Bylebyl et al. 2003). Interestingly,
the major branch site for SUMO chains is
in an N-terminal extension not shared with
ubiquitin. Regarding other Ubls, a recent
mass spectrometry study of ISG15 substrates
hinted that ISG15 may conjugate multiple

times to some proteins (Giannakopoulos et al.
2005). However, the study did not differenti-
ate between single ISG15 molecules attached
to several different lysines versus an ISG15
chain.

VARIATIONS ON UBL
MODIFICATION: EASY AS
El, E2, E3?

Despite commonalities in the Ubls, consider-
able variation exists among the different Ubl
conjugation pathways. This section highlights
some of these differences.

Recruiting Substrates

As described above, a central function of the
E3 ligase is to recognize and recruita substrate
that is to be modified by a Ubl. Many of the
Ubl pathways, however, have either very few
or no identified E3s. How then are substrates
identified and recruited in these pathways?

Analyses of SUMO substrates have
pointed to the existence of a sumoylation con-
sensus motif, [I/V/L]-K-X-[D/E], where X
is any amino acid (Johnson 2004). This se-
quence can bind directly to the E2 SUMO-
conjugating enzyme, Ubc9 (Bernier-Villamor
et al. 2002). Thus, this motif may serve as
a signature sequence that identifies SUMO
substrates to the conjugation machinery even
without an E3. Indeed, in many cases, in vitro
sumoylation reactions at high concentrations
of SUMO EI and E2 result in the correct tar-
geting of the same lysine that normally is mod-
ified in vivo, without addition of a specific E3
(Johnson & Gupta 2001). Whether any sub-
strates are sumoylated in vivo without an E3
is not known. Consensus modification sites in
the substrates of other Ubls have not yet been
identified, but very few substrate modification
sites have been mapped for these Ubls.

The aforementioned sumoylation motif
can often, but not always, predict which lysine
in a substrate will be conjugated to SUMO.
Sites not conforming to a sumoylation
consensus motif also can be conjugated to

www.annualreviews.org o Protein Modification by Ubls

SUMO (small
ubiquitin-like
modifer): a Ubl that
shares ~18%

identity with
ubiquitin and whose
conjugation often
alters the localization
and interactions of
its substrate with
other proteins
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Figure 2

The eukaryotic Ubl protein family. The known Ubls from the yeast Saccharomyces cerevisiae (Sc) and
humans (Hs) are depicted under the size scale at left (amino acid number, with mature C termini
positioned at zero). The unprocessed C-terminal extensions of the precursors are depicted in green.
Colored bars (closer to ubiquitin, orange; SUMO-related, blue) represent levels of amino acid
conservation: dark bars, identical amino acid between yeast and human; light bars, conservative
substitution; white bars, nonconservative substitution. The percent identity of each Ubl to yeast
ubiquitin (Sc_Ub) is shown at right. Percent identity between individual human SUMO isoforms and
yeast Smt3 is reported separately with blue numbers on the left. Significant amino acid conservation
between ubiquitin and the Urm1, Ufm1, Atg8, and Atg12 Ubls is not detected. Atg8 and Atgl12 show
approximately 20% identity to each other (not shown). Percent identity between each of the two Ubl
domains in Fat10 and ISG15 to Sc_Ub is indicated by the single asterisks. Ubiquitin and FUBI are also
synthesized in precursor form, but their C-terminal extensions comprise either longer ribosomal
peptides or, for a subset of ubiquitin-coding genes, additional ubiquitin units (indicated by the double
asterisks). For these polyubiquitin precursors, the C-terminal ubiquitin has a single amino acid extension
that is also cleaved off. Identity scores were generated using a Blosum62 matrix and best local alignment
at http://www.ch.embnet.org/software/LALIGN _form.html. Size comparison and graphic pair scores
were generated in Macaw 2.05 (Multiple Alignment Construction and Analysis Software, Greg
Schuler/National Center for Biotechnology Information), using a Blosum62 matrix. Macaw graphics

output was processed using Adobe Photoshop™

SUMO, and not all sites conforming to
the consensus motif are necessarily modi-
fied (Johnson 2004). Interestingly, regula-
tory factors can sometimes control which sites
are utilized. For example, a phosphorylation-
dependent sumoylation motifrecently was de-
scribed, suggesting that phosphorylation can
promote the sumoylation of certain substrates
such as heat-shock factors (Hietakangas et al.

Kerscher o Felberbaum o Hochstrasser

software.

2006). The structural context within which a
lysine resides can also dictate whether or notit
is sumoylated. Sumoylation of the ubiquitin-
conjugating enzyme E2-25K occurs on a non-
consensus lysine within an «-helical struc-
ture and not on neighboring lysines situated
within consensus motifs (Pichler et al. 2005).
Mutational studies with disordered peptides
revealed that when the same sequences were
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no longer constrained by a helical struc-
ture, sumoylation preferentially deviated to
the consensus lysines. Therefore, factors be-
yond primary sequence also influence sites of
modification.

Enzyme Sharing by Ubls

Inrecentyearsithas become apparent thatnot
all Ubl-ligating enzymes are specific for a sin-
gle Ubl. For instance, the two Ubls involved in
autophagosome formation, Atg8 and Atgl2,
share a single E1, Atg7; however, each Ubl
requires a distinct E2 (Ichimura et al. 2000).
This remains the only known example in
which a single E1 can activate two different
Ubls. The ability of Atg7 to transfer Atg8 and
Atgl12 to distinct E2s suggests that these E2s
bind to the E1-Ubl complex in ways that are
productive only for transfer of the E2’s cog-
nate UbL. The structural basis of this discrim-
ination remains to be determined.
Conversely, two different Els specific for
different Ubls can share the same E2: UBELI,
the E1 for ISG15, and Ubal, the E1 for ubiq-
uitin, both can use the UbcH8 E2 (Zhao
et al. 2004). How is Ubl-substrate specificity
maintained in this situation? The explana-
tion may largely involve mass action. ISG15
and UBEL1 are strongly expressed only when
cells are induced with interferon. Potentially,
activated ISG15 is present under these condi-
tions at levels sufficient to ensure that UbcHS8
picks up a sizeable amount of it and, together
with ISG15-specific E3s, transfers it to the ap-
propriate targets. Recently, such interferon-
induced ISG15 E3s, one a RING E3 and the
other a HECT protein, have been reported,
(Dastur etal. 2005, Zou & Zhang 2005). Inter-
estingly, the newly identified ISG15 E3s also
are able to function with ubiquitin. For the
SUMO pathway, structural studies have un-
covered direct contacts between an E3 and the
SUMO protein (Reverter & Lima 2005, Song
et al. 2005). ISG15-specific E3s also may be
able to use direct ISG15 contacts to identify
the cognate ISG15-E2 thioester even if the
same E2 sometimes is linked to ubiquitin.

Other mechanisms controlling Ubl choice
by an E3 are also possible. For instance, addi-
tional specificity factors may exist. An anal-
ogous specificity factor may be the NublL
protein, which has been proposed to be an
adaptor that delivers both Fat10 and Nedd8
conjugates to the proteasome for degrada-
tion (Hipp et al. 2005, Kamitani et al. 2001).
NublL, however, binds Fatl0 much more
strongly than Nedd8 and thus preferentially
promotes the degradation of Fat10-modified
proteins (Hipp et al. 2004). A similar type
of factor may allow discrimination between
ISG15- and ubiquitin-bound E3s or E2-E3
complexes. Therefore, whether a substrate is
modified by ubiquitin or a particular Ubl that
shares the same E3 may be determined by the
relative cellular levels of the activated mod-
ifiers or by additional specificity factors (or
both).

Analogous to the mixed specificity of these
ISG15/ubiquitin E3s, the mammalian Mdm2
protein is an E3 ligase that mediates both
ubiquitylation and neddylation of the p53
tumor suppressor protein (Xirodimas et al.
2004). Interestingly, p53 can be ubiquitylated
on six different lysines, whereas neddylation
occurs at only three of these sites. Polyubiq-
uitylation of p53 results in its proteasome-
mediated degradation in the nucleus, whereas
the monoubiquitylated form is exported from
the nucleus (and therefore away from its tran-
scriptional targets) but spared degradation
(Boyd et al. 2000, Geyer et al. 2000). Sim-
ilar to the negative effects of ubiquitin on
p53 transcriptional activity, abrogation of p53
neddylation in tissue culture cells enhanced
its transcriptional activity. Therefore, neddy-
lation likely is also a negative regulator of p53
activity.

An Exception to the Universal

E1-E2 Couple?

Conceivably, some Ubl-ligating enzymes may
perform multiple steps in the activation and
transfer of a single Ubl. For the eight Ubl-

conjugation systems in which an E1 has been
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identified (Table 1), all but one—the Urm1
system—is known to require a separate E2
protein. The transfer of Ubls from a cysteine
side chain of an E1 to a cysteine on an E2 is
not chemically necessary insofar as the Ubl C
terminus is already activated when it is bound
to the E1, and the transfer to E2 also yields an
enzyme-Ubl thioester bond.

The Urm1 pathway may represent an ex-
ception to the E2 requirementin E1-catalyzed
Ubl-protein conjugation. Urml shares sig-
nificant sequence identity (~20%) with the
bacterial proteins MoaD and ThiS, ubiquitin-
fold proteins involved in molybdopterin and
thiamin cofactor biosynthesis, respectively.
The Urm1l-activating enzyme, Uba4, is also
related to the El-like proteins, MoeB and
ThiF, which act on MoaD and ThiS. As
with activation of Ubls, MoaD and ThiS
are activated through C-terminal adenyla-
tion. Although in MoaD and ThiS this ac-
tivation leads to the attachment of a sulfur
atom to their C termini rather than attach-
ment of a substrate protein, the mechanistic
and structural similarities to Ubl ligation are
striking.

Urml ligation appears to be poised, mech-
anistically, between MoaD/ThiS activation
and most Ubl-protein ligation mechanisms. A
unique and conserved feature of the Urm1 E1
(Uba4) compared with the Els for other Ubls
is the presence of a rhodanese-homology do-
main (RHD) in the protein. Rhodanese and
a number of RHD proteins are sulfurtrans-
ferases that form a persulfide (-S-S-H) on
their active-site cysteine. Many MoeB family
proteins, such as human MOCS3, have a sim-
ilar domain organization, with an E1-like do-
main followed by an RHD. Based on these and
other similarities, we previously proposed that
thiocarboxylate formation in MoaD catalyzed
by MoeB/MOCS3 is closely related mecha-
nistically to Uba4-catalyzed Urm1 activation
and transfer (Hochstrasser 2000, 2006b). In
particular, we suggested that the Uba4 RHD
forms a transient covalent intermediate with
Urml, which serves as the immediate donor to
the substrate. In this scenario, the RHD func-
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tions as a kind of built-in E2, bypassing the
requirement for a separate E2 enzyme. The
RHD cysteine indeed is essential for Urm1-
protein ligation in yeast (see Hochstrasser
2006a), but whether it functions in the way
described here will require additional testing.

TAKING DIRECTIONS FROM
UBIQUITIN AND UBLS

Posttranslational modification of proteins by
Ubls is expected to modulate their function
in the cell, primarily by altering their inter-
actions with other macromolecules, thereby
changing the tagged proteins’ location, con-
formation, stability, or activity. Here, we dis-
cuss recent data that document some of the
general ways in which the Ubls, including
ubiquitin, direct these changes.

Ubiquitin and SUMO-Binding
Domains

Attachment of a Ubl or Ubl chain to a protein
creates a protein surface topography in the
conjugate that is changed substantially from
that of the unmodified protein, atleast locally.
Although in some cases Ubl modification may
change the conformation of the tagged pro-
tein, the simpler possibility is that Ubl conju-
gation either links together a set of receptor-
binding sites—in the Ubl and target protein—
to enhance binding to another macromolecule
or masks a receptor-binding site in the target
protein to inhibit binding to another macro-
molecule. By this reasoning, enhanced bind-
ing of a Ubl-conjugated protein, relative to
its unconjugated form, to another “receptor”
protein implies the existence of a binding site
for the Ubl in that other protein. Indeed, over
the past decade, an extensive series of Ubl-
binding domains has been described.

By far the most numerous and best-
characterized Ubl-binding domains are those
that recognize ubiquitin (Hicke et al. 2005).
Generically termed ubiquitin-binding do-
mains (UBDs), this large class of protein
modules binds noncovalently to ubiquitin or
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polyubiquitin chains. At least nine distinct
structural subclasses of UBDs have been re-
ported, and more can be expected. These do-
mains are found in hundreds of proteins in
the human proteome, and UBD-bearing pro-
teins participate in a broad range of cellular
processes, including protein ubiquitylation,
deubiquitylation, and degradation (Hicke
etal. 2005).

The first UBD was found in a reg-
ulatory subunit of the proteasome. Using
Far-Western analysis with an !*I-labeled
polyubiquitin-protein substrate, Deveraux
et al. (1994) identified a single subunit of the
19S regulatory complex called S5a (Rpnl0
in yeast) that bound tightly to the radio-
labeled substrate. Two related ~30-residue
hydrophobic segments in S5a are responsi-
ble for the binding to polyubiquitin (Young
etal. 1998). A subsequent bioinformatics anal-
ysis recognized a more general ~20-residue
core related to the S5a ubiquitin-binding
element, and this element was named the
ubiquitin-interaction motif (Hofmann and
Falquet 2001).

The most common UBD found to date
is the ubiquitin-associated (UBA) domain
(Hofmann and Bucher 1996). Interestingly,
the role of this domain in ubiquitin binding
first was elucidated for a set of proteins that
also bind directly to the proteasome regula-
tory complex. These adaptor proteins appear
to escort a subset of polyubiquitylated sub-
strates to the proteasome. Adaptors, such as
Rad23 and Dsk2, contain both a UBA domain,
which binds polyubiquitylated substrates, and
aubiquitin-related domain that binds the pro-
teasome’s Rpn1/S2 subunit. Rpn1 islocated in
the base of the proteasome regulatory com-
plex near the proteasomal ATPases that me-
diate the unfolding of substrates prior to their
degradation (Elsasser et al. 2002). Rpn1 binds
the ubiquitin-like domain of the adaptor pro-
teins via a leucine-rich-repeat domain. Rpnl
may not be the only proteasome docking site
of adaptor proteins. A recent study of the
adaptor protein Nubl revealed that it does
not interact with the proteasome through its

ubiquitin-like domain but rather via an un-
characterized elementin its C terminus (Tanji
etal. 2005). The exact Nubl and proteasome
sites that mediate this interaction have not yet
been determined.

The identified UBDs are structurally di-
verse, yet the majority contact the same hy-
drophobic surface patch on ubiquitin, which
centers on Ile44 (Hicke et al. 2005). Muta-
tions of Ile44 or neighboring hydrophobic
residues severely inhibit the ability of ubiqui-
tin to function in vivo and in vitro. For exam-
ple, substrates polyubiquitylated with mutant
144A ubiquitin fail to be degraded by the pro-
teasome in vitro (Beal et al. 1996). Another
shared feature among most of the UBDs is
that the binding to a single ubiquitin is gener-
ally very weak; apparent dissociation constants
range from ~2 pM to more than 0.5 mM.
Despite this unimpressive affinity, mutational
studies have made clear the physiological rel-
evance of these weak binding interactions in
many cases. Binding can be greatly enhanced
either by polymerizing the ubiquitin signal or
by combining weak binding to ubiquitin with
additional weak binding sites in the tagged
protein.

Much less is known about potential bind-
ing domains that are specific for other Ubls.
An exception is the recent description of a
SUMO-binding motif (SBM). The first hint
of such a motif came from two-hybrid stud-
ies. Comparison of the identified SUMO-
interacting proteins suggested a short com-
mon motif that was potentially important for
SUMO binding; this was supported by mu-
tagenesis experiments (Minty et al. 2000).
Subsequent structural and mutational char-
acterization of peptides that bind SUMO
suggested the consensus sequence V/I-X-V/I-
V71, where X is any amino acid (Song et al.
2004). With as few as nine residues, these pep-
tides are substantially smaller than the do-
mains that typically bind ubiquitin (20-145
residues); nevertheless, these peptides form
1:1 complexes with SUMO that have disso-
ciation constants between 5-10 uM, which
is much tighter than the binding seen with
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most of the ubiquitin-binding motifs dis-
cussed above. Yeast two-hybrid analysis of
proteins able to bind noncovalently to yeast
SUMO (Smt3) yielded an SBM characterized
by a cluster of three to four aliphatic residues
followed by a cluster of three to four neg-
atively charged amino acids (Hannich et al.
2005), which is related to the SUMO-binding
sequences documented in the two aforemen-
tioned mammalian studies (Minty et al. 2000,
Song et al. 2004). There are almost cer-
tainly other SUMO-binding domains to be
found that are distinct from the SBM, but
it is striking that unrelated screens as difter-
ent as the yeast and mammalian two-hybrid
studies could yield such similar consensus
sequences.

Recent structural analyses reveal that the
mode of binding of the SBM to SUMO is
very different from that of UBDs to ubiquitin
(Reverter & Lima 2005, Songetal. 2005). The
SBM peptides form a {3 strand thatsits in a hy-
drophobic surface groove on SUMO and ex-
tends the SUMO f sheet; the ends of the SBM
segments are acidic residues that interact with
basic residues on the SUMO surface. Interest-
ingly, the SBM 3 strand was bound to SUMO
with opposite polarity in the two aforemen-
tioned studies. Deletion studies of SUMO E3
proteins lacking predicted SBMs suggest that
the SBM-SUMO interaction is important for
both the conjugation of SUMO to substrates
as well as for the regulation of substrates that
already have been sumoylated (Takahashi &
Kikuchi 2005, Yang & Sharrocks 2005).

Although binding domains for Ubls other
than ubiquitin and SUMO have yet to be
identified, proteins containing sequences that
match the consensus for UBDs but do not
appear to bind ubiquitin have been described
(Raasi etal. 2005). Perhaps these proteins bind
other Ubls instead.

Ubls and Protein Complex Assembly

Besides modulating simple binary protein-
protein interactions, Ubl modification of
polypeptides that are part of large complexes
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may help orchestrate the assembly or dis-
assembly of such complexes. The most fre-
quently cited example that lends support to
this hypothesis is the assembly of the promye-
locytic leukemia nuclear bodies (PML bod-
ies). The PML protein functions as a scaf-
fold for the assembly of the PML bodies,
which are subnuclear structures implicated
in transcriptional regulation and DNA re-
pair. The PML protein must be sumoylated
for PML bodies to form and for a number
of other sumoylated proteins to concentrate
there as well (Zhong et al. 2000). By com-
bining SUMO ligation sites and SBMs into
the same polypeptides, networks of protein
interactions can potentially be created (Seeler
& Dejean 2001). In cells from patients with
acute promyelocytic leukemia, the PML pro-
tein is fused to retinoic-acid receptor «, caus-
ing a loss of PML sumoylation and disrupting
the PML bodies. Moreover, depletion of the
SUMO?3 paralog decreases the number and
integrity of PML bodies found in HeLa cells
(Fu et al. 2005). PML bodies may serve as
a kind of molecular storage facility for tran-
scription factors whose inventory is regulated
by sumoylation.

Other Ubl modifications can also regu-
late the formation of multisubunit complexes.
The Ubl Atgl2 was first shown to conjugate
to the AtgS autophagy protein in yeast, and
this modification since has been shown to be
important for autophagy in multiple species
(Mizushima etal. 2003, 1998; Thompson etal.
2005). Conjugation of Atg12 to Atg5 may sta-
bilize their association with the protein Atg16
(Mizushima et al. 1999). Atg16 has a coiled-
coil region through which it forms homo-
oligomers, and it is thought that Atg16 cross-
links multiple Atg12-Atg5 conjugates to form
a large complex that localizes to autophago-
some precursors and contributes to the devel-
opment of autophagic isolation membranes
into autophagosomes (Mizushima etal. 2003).
Thus, just as SUMO seems to direct the for-
mation of the PML bodies, the modification
of Atg5 by Atgl2 may help drive the forma-
tion of autophagic vesicles.
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UBLS AND THEIR
CONJUGATION MACHINERY:
LOCALIZE TO REGULATE?

One perplexing feature of Ubls such as
SUMO and ISG15 is that they tend to modify
only a very small fraction of any particular tar-
get protein. This places significant constraints
on how the modification can regulate tar-
get protein function (see Hochstrasser 2006b,
Johnson 2004). For instance, negative regu-
lation of protein activity by Ubl attachment
generally should not be effective under these
circumstances. On the other hand, if the small
fraction of modified protein were localized
to some functionally unique cellular site, or
if a transient modification were sufficient to
switch the protein into a new state, inhibitory
mechanisms could still operate. One way that
such mechanisms may be enabled is by re-
stricting spatially the Ubl and/or its conju-
gation machinery within the cell.

Subcellular Localization of Ubls

The subcellular distribution of a Ubl some-
times can provide useful clues about its func-
tions and substrates. For example, in verte-
brate cells, SUMO localizes to the nucleus
and concentrates at nuclear pore complexes
and in PML bodies (Johnson 2004). Local-
ization of SUMO to PML bodies led to the
testing of multiple PML body components for
SUMO conjugation and binding, resulting in
the current model noted above for PML body
assembly through a network of covalent and
noncovalent SUMO interactions among the
different PML body components. Subcellular
concentrations of Ubls may reflect hotspots
of Ubl modification or sites at which abun-
dant Ubl-modified proteins can bind and ac-
cumulate (or both). In directed and whole
proteome-scale studies, the subcellular local-
ization of specific Ubl conjugates, for example
SUMOL1- versus SUMO3-modified proteins,
has helped to predict the functions for partic-
ular Ubl modification pathways (Manza et al.
2004, Vertegaal et al. 2004).

In addition, degenerative disorders such
as Huntington’s, Parkinson’s, or Alzheimer’s
disease often are characterized by large pro-
tein aggregates in specific cell types and sub-
cellular sites, and these aggregates are mod-
ified extensively by ubiquitin and in some
cases SUMO. Studies correlating the degree
of ubiquitin or Ubl modification of aggregate
components with clinical severity suggest that
these modifications may have a direct impact
on disease progression (Arrasate et al. 2004,
Neve 2003, Ross & Pickart 2004). For exam-
ple, ubiquitin modification of the Huntingtin
(Htt) protein correlates with reduced neu-
rodegeneration, whereas SUMO modifica-
tion of the same Hitt lysines inhibits aggregate
formation in cultured cells and exacerbates
symptoms in a Drosophila model (Steffan et al.
2004). Sumoylation of Htt seems to increase
Htt levels in cultured cells, so the enhanced
toxicity in flies may also derive from an in-
crease in Htt abundance. The data in general
suggest that formation of large Htt aggregates
protect against Htt-induced toxicity, but this
remains to be clarified. Moreover, the exact
impact of these different modifications on Htt
level and function remains ill defined (but see

below).

Localization of the Ubl-Conjugation
Machinery

Some Ubl-modified substrates have an ex-
tremely circumscribed spatial distribution
within the cell, raising the possibility that ef-
ficient Ubl attachment requires colocaliza-
tion of components of the Ubl conjugation
machinery to these sites. For example, the
Ubl Atg8 is induced in response to starva-
tion, whereupon it is conjugated to the lipid
phosphatidylethanolamine as part of the au-
tophagy pathway. Atg7, the E1 enzyme that
activates Atg8 (and Atgl2), is a cytosolic pro-
tein under normal growth conditions. How-
ever, when cells are starved, Atg7 becomes
membrane bound, and a portion relocalizes
to autophagocytic structures in the cell (Kim
etal. 1999). Analogously, the SUMO E2 Ubc9
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colocalizes with Rad51 on synaptonemal
complexes of meiotic mouse chromosomes
(Kovalenko etal. 1996). Although Rad51 may
not be sumoylated, other interacting proteins
such as Rad52 probably are (Ho et al. 2001).
Finally, there are examples of membrane-
associated ubiquitin E3s that localize to
specific organelles such as the endoplasmic
reticulum or trans-Golgi network, where mis-
folded proteins can be tagged for degradation
(Lotz et al. 2004, Swanson et al. 2001).

Although cells can sometimes bring the
Ubl machinery to substrates, at other times
they can sequester it away from substrates.
For example, the PML protein may aid in the
stabilization of p53 in response to genotoxic
stress by binding and sequestering the E3 lig-
ase of p53, Mdm2, in the nucleolus, away from
p53 (Bernardi et al. 2004).

An alternative to directing particular con-
jugating enzymes to different cellular sites
would be for multiple isoforms of an en-
zyme to reside in distinct compartments. Pre-
cisely this type of functional specialization
has occurred with the Fbw7 tumor suppres-
sor protein. Fbw7, an F-box protein, is a
substrate recognition subunit for the SCF
(SKP1-CULLI-F-box protein) E3, a multisub-
unit ubiquitin ligase. F-box proteins share
a sequence segment, the F-box, that binds
them to the SKP1 subunit of the SCF com-
plex, and they also contain distinct protein-
protein interaction motifs that are used in
substrate binding. Many, including Fbw7, rec-
ognize phosphorylated degradation signals
(phosphodegrons) in their substrates. Fbw7
targets include the c-Myc growth regulator.

Alternative splicing generates three iso-
forms of Fbw7 («, B, and y). Welcker et al.
(2004) recently showed that these isoforms
reside in distinct subcellular sites: Fbw7« is
predominantly nuclear, whereas Fbw7 is cy-
toplasmic, and Fbw7y nucleolar. Localiza-
tion is controlled by cis-acting sequences in
the unique segment of each isoform. Inter-
estingly, Fbw7y colocalizes with the c-Myc
protein in the nucleolus when the protea-
some is inhibited. These and other data led to
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the suggestion that Fbw7y-dependent degra-
dation of c-Myc in the nucleolus keeps the
growth-promoting activity of the oncoprotein
in check.

NEW FUNCTIONS FOR UBLS

The functional consequences of ubiquitin and
Ubl conjugation are slowly being deciphered,
and the number of biological pathways known
to be regulated by Ubl conjugation contin-
ues to grow. Here, we highlight a number of
provocative examples of Ubl action. These
serve both to emphasize how pervasive the
ubiquitin/Ubl modification systems are in eu-
karyotic regulation and to point out how often
we are surprised by novel findings, even in ar-
eas of Ubl biology in which our understanding
seemed fairly mature.

SUMO and Ubiquitin in Some
Unexpected Places

SUMO regulation of circadian rhythms.
BMALL is a transcription factor that forms
a heterodimer with the protein CLOCK,
and together they form an integral part
of the mammalian circadian oscillator. The
BMAL1-CLOCK heterodimer controls the
transcription of genes encoding circadian
clock components. Unexpectedly, mouse
BMALL is modified on a conserved lysine by
SUMO, and the protein is sumoylated with a
circadian rhythmicity in the liver that parallels
its activation in other mouse tissues in which
the clock is thought to operate (Cardone etal.
2005). Sumoylation requires CLOCK, and
ectopic expression of a mutant sumoylation-
defective BMALLI in a cell culture model sug-
gests that SUMO attachment is required for
normal clock rhythmicity.

SUMO and gene silencing. In the fission
yeast Schizosaccharomyces pombe, deletion of the
nonessential SUMO-coding gene results in
severe silencing defects of the muat mating-
type locus and increased Lys4 methylation of
histone H3, a hallmark of active chromatin.
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This suggests that SUMO is somehow in-
volved in the establishment and/or mainte-
nance of silent heterochromatin. Recently,
Ubc9 (the SUMO E2) was shown to localize
to heterochromatic loci and interact with the
heterochromatin protein Swi6, the Swi6 para-
log Chp2, and the methyltransferase Clr4, all
of which are sumoylated (Shin etal. 2005). Ex-
pression of unsumoylatable mutants of Swi6
and Chp2 results in compromised silencing
of the mat locus. These results suggest that
sumoylation of specific proteins such as Swi6
mediates their ability to form and/or regulate
heterochromatin.

Quantitative modification: opening ion
channels by channel desumoylation. As
noted above, for the vast majority of Ubl sub-
strates, only a small fraction of the target
protein is in the Ubl-modified state within
the cell. SUMO-protein conjugates, for ex-
ample, almost always follow this generaliza-
tion. Recently, however, several examples of
proteins that are nearly quantitatively mod-
ified by SUMO have been reported. One is
the vaccinia virus A40R early protein (Palacios
etal. 2005). A40R sumoylation is required for
its localization to ER viral replication sites.
Mutation of the A40R sumoylation site causes
the protein to self-associate and aggregate
into long rods. Thus, SUMO attachment to
A40R appears to block its interaction with
other proteins, likely another copy of A40R.
A second potential example of quantitative
sumoylation is the plasma membrane K2P1
potassium leak channel (Rajan et al. 2005).
Human K2P1 channels do not exhibit any
measurable activity when expressed in frog
oocytes or in COS7 cells. Further analysis,
however, suggested that the cause of this in-
activity is the complete sumoylation of K2P1
on a single lysine residue (K274). Either mu-
tation of K274 to glutamate or overexpres-
sion of the SUMO protease SENP1 (hULP1)
led to the appearance of a pH-sensitive potas-
sium conductance. If these data can be con-
firmed, particularly for an endogenously ex-
pressed K2P1 channel, the system should be

well suited for a detailed mechanistic analy-
sis of how SUMO conjugation could alter the
physical properties of a target protein.

Auxin signaling and ubiquitin in plants.
Auxin, a derivative of tryptophan, is a key plant
hormone (phytohormone) that is required for
almost every aspect of plant growth and de-
velopment (for a review, see Woodward &
Bartel 2005). Plant cells contain genes that
are turned on or off in response to auxin
signaling. Auxin binds to soluble cellular re-
ceptors, which somehow trigger a signaling
pathway that ends in the regulated transcrip-
tion of auxin-responsive genes. A complex of
transcription factors, called Arf and Aux/TAA
proteins, binds DNA and represses the tran-
scription of the auxin-responsive genes. No-
tably, the Aux/IAA proteins are regulated by
ubiquitin-mediated destruction; in particular,
auxin signaling leads to their degradation, al-
lowing transcription to commence.

Aux/TAA proteins are ubiquitylated by a
version of the SCF ubiquitin ligase that uti-
lizes the TIR1 F-box protein as its substrate
receptor. When TIR1 binds Aux/TAA pro-
teins, they are polyubiquitylated by SCFR!
and degraded by the proteasome. Remarkably,
it was recently discovered that the TIR1 SCF
subunit also directly binds auxin (Dharmasiri
et al. 2005, Kepinski & Leyser 2005), and
TIR1 along with three TIR1-related proteins
(AFB1-3) appear to be the only soluble auxin-
binding factors presentin plantextracts. TIR1
and AFB association with Aux/TAA proteins is
auxin dependent, so in response to an auxin
signal, they are ubiquitylated and degraded.
The discovery that a ubiquitin ligase subunit
is the long-sought auxin receptor provides a
key missing piece to the mechanistic expla-
nation of the far-ranging effects of auxin on
plant growth and development.

Ubl-Related Pathologies

As mentioned above, many neurodegen-
erative disorders are characterized by the
accumulation of intracellular proteinaceous
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aggregates. The formation of these inclu-
sions may involve the dysregulation of various
Ubls as well as components of the ubiquitin-
proteasome system. Disease progression, as
discussed below, seems to be modulated by
a complex interplay of different Ubl-protein
modifications.

Huntington’s disease and Ubls. Mutant
Htt contains N-terminal polyglutamine ex-
pansions of varying lengths that have been
linked to the formation of intranuclear ag-
gregates, a hallmark of Huntington’s disease
(see above). Although the precise role of nor-
mal Htt in the cell is not clear, mutant Htt
somehow interferes with basic cellular func-
tions such as transcription, signaling, trans-
port, and endocytosis and ultimately leads to
neuronal degeneration (reviewed by Landles
& Bates 2004). As discussed above, pathogenic
mutant Htt can be either ubiquitylated or
sumoylated. The latter modification renders
the protein more soluble, more abundant, and
apparently more toxic (Steffan et al. 2004). In
the Drosophila model for Huntingon’s, genet-
ically lowering SUMO levels, in contrast to
lowering ubiquitin levels, reduces neurode-
generation in flies expressing the pathogenic
Htt. Reduced sumoylation of Htt may facil-
itate aggregation of Htt into inclusions that
limit its toxicity or may allow enhanced Htt
degradation (or both).

A provocative recent study suggests that
one role of ubiquitin may be to provide a phys-
ical link between Htt protein aggregates and
the autophagocytic machinery where the ag-
gregates can be degraded (Bjorkoy etal. 2005).
Autophagy is a degradative mechanism in
which a double-membraned vesicle is formed
around sections of cytoplasm; the resulting
autophagosome then fuses with the lysosome,
and the autophagosome’s contents are hy-
drolyzed. A key intermediary between the au-
tophagocytic machinery and Htt appears to
be the p62 protein (also called sequestosome
1). This protein has a ubiquitin-binding UBA
domain and is known to associate with poly-
ubiquitylated Htt aggregates. Surprisingly,
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the same protein is also closely associated with
an important autophagic factor, light chain 3
(LC3). LC3 is orthologous to the yeast Ubl
Atg8; both proteins are C-terminally conju-
gated to phospholipid, which leads to a tight
association with the developing autophago-
some membrane. By bridging polyubiquity-
lated Htt aggregates to the initiating mem-
brane of the autophagosome, p62 may drive
the selective engulfment of the aggregates
by autophagosomes so that the potentially
toxic proteins can be cleared from the cell.
It is striking that at least three different Ubls
(SUMO, LC3, and ubiquitin) directly impact
Huntington’s disease progression. Whereas
SUMO has the potential to increase the
levels of toxic forms of Htt, ubiquitin and
LC3 help remove aggregated Htt from the
cell.

This example of ubiquitin, SUMO, and
LC3 interplay demonstrates how “cross-talk”
between Ubls can impact important physio-
logical processes. Several additional examples
have come to light in recent years (for a re-
view of SUMO and ubiquitin cross-talk, see
Ulrich 2005). A particularly intricate case, dis-
cussed briefly above, involves the regulation
of the p53 tumor suppressor by its modifica-
tion by SUMO, monoubiquitin, polyubiqui-
tin, and Nedds.

Alzheimer’s disease: a role for SUMO
chains? Alzheimer’s disease, a form of pro-
gressive dementia, is caused by the degener-
ation of specific brain regions. This process
is closely linked to the accumulation of ag-
gregated fragments of the amyloid precursor
protein (APP). The transmembrane APP is
processed by several different proteases (“sec-
retases”), and when certain cleavages pre-
dominate, the resulting peptides, or Ap frag-
ments, tend to aggregate into amyloid fibers.
Opverexpression of SUMO?2 in tissue culture
cells cotransfected with the APP gene sup-
presses AP fragment accumulation (Li et al.
2003). Interestingly, overexpression of a mu-
tant SUMO?2 that cannot form polySUMO
chains (Tatham et al. 2001) has the opposite
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effect. Although the same study failed to
detect SUMO2-modified APP, a proteomic
analysis of SUMO1-modified proteins identi-
fied APP as a possible SUMOL1 target (Gocke
et al. 2005). However, SUMOI1 cannot form
polySUMO chains. Hence, the exact mech-
anism by which SUMO2 suppresses toxic
A processing and accumulation remains
unclear.

CONCLUDING REMARKS

As should be evident from the above sur-
vey, ubiquitin and Ubl modification of pro-
teins represents a highly versatile means
of regulating protein function. Nature has
made widespread the use of such conjugation
through the elaboration of multiple variants
of the same basic enzymatic mechanism. On
the order of a dozen or so Ubls have been
documented to date, and for eight of these, at
least one enzyme in the pathway for substrate
conjugation has been identified. Ubiquitin it-

SUMMARY POINTS

self can attach to proteins in the form of poly-
mers of different topology, and these topolog-
ical variants impart differences in function as
well. The fundamental E1-E2 couple, which
probably arose very early in the evolution of
the ubiquitin system from more ancient sul-
fur transfer pathways, has been supplemented
with an array of specificity factors (E3s) in
some of the pathways, especially the ubiquitin
pathway. Deconjugating enzymes have turned
ubiquitin and many of the Ubls into dynamic
modifiers whose attachments are tightly regu-
lated both spatially and temporally. The basic
biochemical consequence of protein modifi-
cation by ubiquitin or Ubls usually is a change
in the target’s association with other proteins.
This can occur by both direct and indirect
mechanisms and can either stimulate or in-
hibit particular protein-protein interactions.
Given the intricacy of the ubiquitin/Ubl sys-
tem, research into its functions and mecha-
nisms should continue to yield novel insights
into cell regulation.

1.

The different ubiquitin-like proteins (Ubls) are activated and conjugated to substrates
by similar biochemical mechanisms.

. All the structurally characterized Ubls share the ubiquitin or 3-grasp fold, even when

their primary sequences are not detectably similar.

. Ubl-protein conjugation is subject to many kinds of controls, including regulation

of the accessibility and activity of conjugating enzymes, control of deconjugating
enzyme activity, and posttranslational modification of substrates by other covalent
groups, such as other Ubls.

. The ubiquitin and Ubl activation mechanisms are related to biosynthetic sulfur trans-

fer by sulfurtransferases, suggesting an evolutionary derivation of the Ubl-protein
conjugation pathways from a more ancient sulfurtransferase system.

. Dysregulation of Ubl-protein modification contributes to the progression and severity

of various diseases, such as cancer and neurodegenerative disorders.
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An analysis that
suggests that
ubiquitin and
ubiquitin-binding
proteins link
intracellular
protein aggregates,
such as those found
in Huntington’s
disease, and the
autophagocytic
machinery.

This paper
suggests that
ubiquitylation of
the MHC class I
heavy chain by the
viral E3 ligase
MIR1 can occur on
a cysteine residue.

This research
group, along with
Kempinski &
Leyser (2005),
discovered that
Tirl, an SCF F-box
protein, is a
receptor for the
plant
phytohormone
auxin. This
suggests that
hormonal signals in
plants are directly
sensed and
transduced by
specific
ubiquitin-protein
ligases.
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