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Ubiquitinated proteins are brought to the proteasome and undergo proteolysis 
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The Ubiquitin Code

Question: When does ubiquitin enable protein-degradation, a protein-interaction, or another process?
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What is Ubiquitin?

RCSB PDB: 1UBQ

◼︎ 76 amino acids ◼︎ 8.6 kDa

Ubiquitin

Ub

◼︎ Expressed in all Eukaryotic cells



What is Ubiquitin?

OH

O

C-terminus

Ubiquitin

Attachment of ubiquitin occurs at the C-terminus of Ubiquitin and a nucleophilic residue of the substrate

H2N

Protein Substrate

Lysine



What is Ubiquitin?

Amide bond
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Attachment of ubiquitin occurs at the C-terminus of Ubiquitin and a nucleophilic residue of the substrate



Ubiquitin Chains

Ubiquitin can be conjugated to ubiquitin to form chains
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Ubiquitin Chains

C-terminus
OH

O



MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPD
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Ubiquitin Chains

Additional ubiquitin proteins can be conjugated to lysine on ubiquitin 
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“For the discovery of Ubiquitin-mediated protein degradation”
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Proc. Nati. Acad. Sci. USA
Vol. 77, No. 3, pp. 1365-1368, March 1980
Biochemistry

ATP-dependent conjugation of reticulocyte proteins with the
polypeptide required for protein degradation

(protein/breakdown/energy requirement/covalent linkage of polypeptides)

AARON CIECHANOVER*, HANNAH HELLER*, SARAH ELIAS*, ARTHUR L. HAASt, AND AVRAM HERSHKO*§
*Faculty of Medicine, Technion-Israel Institute of Technology, Haifa, Israel; and tThe Institute for Cancer Research, Fox Chase Cancer Center,
Philadelphia, Pennsylvania 19111

Communicated by Irwin Rose, December 10, 1979

ABSTRACT The heat-stable polypeptide (APF-1) required
for ATP-dependent proteolysis in reticulocytes enters into high
molecular weight conjugates upon incubation with the fraction
of reticulocytes that is retained by DEAE-cellulose. Conjugate
formation requires ATP and Mg2+ and is inhibited by N-ethyl-
maleimide. UTP and GTP are inactive. These properties are
identical to those of ATP-dependent protein breakdown in the
same system, suggesting that the conjugates are intermediates
in this process. The APF-1 conjugates are stable in sodium do-
decyl sulfate/polyacrylamide gel electrophoresis and Sephadex
C-75 isolation and are resistant to mild acid, alkali, heat dena-
turation, and reduction; the conjugates are therefore cova-
lent.

Although most cellular proteins turn over rapidly, the enzymic
reactions of protein degradation have not yet been identified.
A basic feature of intracellular protein breakdown is its absolute
requirement for cellular energy. Inhibitors of ATP production
inhibit the degradation of liver proteins (1, 2), of tyrosine
aminotransferase in hepatoma cells (3), of normal proteins in
bacteria (4, 5) and cultured cells (6, 7), and of abnormal proteins
in Escherichia coli (8, 9) and reticulocytes (10, 11). Recently
several reports have shown an ATP requirement for protein
breakdown in cell-free systems. ATP stimulates the degradation
of abnormal proteins in crude soluble extracts of reticulocytes
(10, 11) and E. coli (12), and a requirement for ATP has been
found in the cleavage of bacteriophage X repressor in vitro (13,
14).
We have shown that the ATP-dependent proteolytic system

from rabbit reticulocytes is composed of several required
components. A heat-stable polypeptide of a relatively small size,
(Mr - 8000) designated ATP-dependent proteolysis factor 1
(APF-1), has been resolved (15). APF-1 has no proteolytic ac-
tivity itself but stimulates ATP-dependent protein breakdown
by a crude protein fraction eluted from DEAE-cellulose,
fraction 11 (15). Fraction II has been resolved into two sub-
fractions, both required for protein breakdown by the ATP-
APF-1 system (16).
To gain a better insight into the roles of the different factors

and of ATP in protein breakdown, we have now purified
APF-1, radiolabeled it, and observed its association with other
reticulocyte components. ATP is required for binding of APF-1
to reticulocyte proteins and the binding seems to be covalent
in nature.

METHODS
Preparation of Enzyme Fractions and Purification of

APF-1. Lysates from ATP-depleted rabbit reticulocytes were
prepared and separated on DEAE-cellulose into fraction I
(unadsorbed material) and fraction 11 (0.5 M KCI eluate), as

described earlier (15, 16). Fraction I was subjected to heat
treatment (90'C, 20 min) and gel filtration on a column (1.5
X 90 cm) of Sephadex G-75, as described (15). Then 10 mg of
this material was adsorbed onto a column (1.5 X 30 cm) of
CM-Sephadex equilibrated with 10 mM potassium phosphate
and was eluted with a 0-150 mM linear gradient of KCl. The
active peak, designated APF-1, eluted at about 65 mM KCL. By
this three-step procedure, an apparently homogeneous prep-
aration of the heat-stable polypeptide was obtained as indicated
by the following criteria: (i) the specific activity of APF-1 re-
mained constant throughout the CM-Sephadex peak; (fi) only
the single band of APF-1 could be detected when increasing
amounts of the purified polypeptide were analyzed by Na-
DodSO4/polyacrylamide gel electrophoresis in a 15-80%
acrylamide gradient (Fig. 1). Further details on the purification
and characterization of APF-1 will be described in a subsequent
report.

Iodination of Purified APF-1. Pure APF-1 (750 Mg) was
dissolved in water and added to 1 mCi (3.7 X 107 becquerels)
of carrier-free Na'25I and 5 ,mol of potassium phosphate (pH
7.5) in a total volume of 25 ,l; 5,ul of chloramine-T (2 mg/ml)
was added and the sample was stirred vigorously at room
temperature for 40 sec. The reaction was terminated by the
addition of 5 ul of sodium metabisulfite (2 mg/ml), and the
preparation was passed through a column of Sephadex G-25 (0.9
X 60 cm). The initial specific radioactivity of different prep-
arations of 125I-APF-1 was 2.7-7.7 X 105 cpm/,g, and the
content of unreacted iodide varied between 10 and 30% of the
total radioactivity.
Assay of Binding of 125I-APF-1 to Macromolecular Com-

ponents. Unless otherwise stated, the reaction mixture con-
tained in a final volume of 50 ,ul: 100 mM Tris-HCl (pH 7.6),
2 mM dithiothreitol, 5 mM MgC12, 130 ,g of protein of fraction
II, 0.8 ,g of 125I-APF-1, and added nucleotides as specified.
After incubation at 370C for 30 min, the samples were sepa-
rated on columns of Sephadex G-75 (0.8 X 30 cm). Unless oth-
erwise specified, the columns were equilibrated and eluted with
buffer A (20 mM Tris-HCI, pH 7.6/1 mM dithiothreitol/5 mM
MgCl2/1 mg of bovine serum albumin per ml) that also con-
tained the nucleotide tested at a concentration similar to that
used for incubation. Bovine serum albumin was included in the
above elution buffer in order to prevent the nonspecific ad-
sorption of the labeled polypeptide. Columns were developed
at room temperature or at 4° C, as indicated in the figures.
Approximately 0.6-ml fractions were collected and radioactivity
was estimated in 0.2-ml samples. Under these conditions, three
peaks of radioactive material were separated: Bound 125I-APF-I
was eluted at the void volume; this was followed by free 125I-

Abbreviations: APF-1, APF-2, ATP-dependent proteolysis factors 1

and 2.
§ To whom correspondence should be addressed.
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FIG. 7. Resistance of the bond to heat denaturation and reduc-
tion. 125I-APF-1 (3.5 Mg, 80,000 cpm) was incubated with fraction II
without ATP (track 1) or in the presence of 2 mM ATP (tracks 3-6)
and subsequently treated as follows: heated at 100° C with 0.5% Na-
DodSO4 and 0.5% 2-mercaptoethanol for 2 min (track 2), 5 min (track
3), or 10 min (track 4); heated at 100° C for 2 min with 5% (vol/vol)
mercaptoethanol and 0.5% NaDodSO4 (track 5) or with 2.5% Na-
DodSO4 and 0.5% mercaptoethanol (track 6). The samples were
separated on 12.5% polyacrylamide gels and autoradiographed. Au-
toradiography revealed a trace contamination in 1251-labeled APF-1
which was not detected by dye in the unlabeled polypeptide.

Furthermore, both processes show essentially the same nucle-
otide specificity, and both are inhibited by EDTA and N-eth-
ylmaleimide (Table 1), which also inhibit protein breakdown
(11).
The possibility that an enzymatic reaction is involved in the

ATP-dependent reaction of APF-1 with reticulocyte proteins
was suggested by the findings that conjugate formation is time
and temperature dependent (Fig. 4) and that it is blocked by
N-ethylmaleimide (Table 1). That a covalent bond might be
formed was also strongly suggested by the slowness of the dis-
sociation of the conjugates (Fig. 5). It was surprising to find,
however, that a stable bond links the heat-stable polypeptide
directly to reticulocyte proteins (Figs. 6 and 7). It is possible that
besides the covalently bound polypeptide, another smaller part
is associated in a noncovalent complex (Fig. 6). It appears rea-
sonable to assume that the noncovalent complex represents the
initial interaction between APF-1, ATP, and some enzyme(s),
and that the covalently bound compounds are products of
ensuing reactions.
The finding that numerous reticulocyte proteins are bound

covalently to APF-1 (Fig. 7) appears to be incompatible with
the notion that the linkage is to specific proteins. It seems rather
that various endogenous (possibly denatured) reticulocyte
proteins, which are substrates for the ATP-dependent reticu-
locyte system, are the targets of the covalent binding. In that
case, it will have to be concluded that the ATP-requiring co-
valent linkage of the heat-stable polypeptide to the substrates
is part of the mechanism by which APF-1 participates in protein
breakdown. In the subsequent article, it will be shown that the
heat-stable polypeptide is in fact linked to proteins that are good
substrates for ATP-dependent proteolysis reaction (18).

This work was supported by grants from the Israel-United States
Binational Science Foundation and the Edith C. Blum Foundation and
also by U.S. Public Health Service Grant AM-17320.

DISCUSSION
This work was initiated after several preliminary observations
suggested that there is an ATP-dependent interaction between
APF-1 and other components of the reticulocyte system. A
difference in the requirement for APF-1 in different prepa-
rations of fraction II had been observed, which depended on
how fraction II was prepared. When prepared from lysates
derived from ATP-depleted reticulocytes (15, 16), as usual,
ATP-dependent protein breakdown was greatly stimulated by
the addition of APF-1 (15) and ATP had little, if any, effect in
the absence of the heat-stable polypeptide. When fraction II
was prepared from untreated reticulocytes (containing en-
dogenous ATP), stimulation of protein breakdown was obtained
by ATP in the absence of added APF-1 and the effect of added
APF-1 was much less (unpublished results). One possible in-
terpretation of this observation was that, in the normal cell,
APF-1 is present in conjugates that remain intact through the
purification on DEAE-cellulose. The bound form of APF-1
could then replace the requirement for free APF-1 if this was
generated by breakdown of the complexes (Fig. 5). Another
observation was that the content of free APF-1 in extracts of
tissues such as the liver was markedly increased after the de-
pletion of ATP (unpublished results). The finding of stable
conjugates seems to provide an explanation for the above ob-
servations.

It seems reasonable to assume that the observed association
is relevant to the roles of APF-1 and ATP in protein breakdown.
The amounts of ATP, APF-1, and fraction II required for
complex formation and for protein breakdown are comparable.
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◼︎ Observation: Multiple bands by SDS-Page

Conclusion: Suggests covalent bond between ubiquitin and multiple different proteins

◼︎ Observation: Linkage is stable under denaturing conditions

3-6) SDS + BME + Heat (different concentrations /
       durations of heating)

1) No ATP
2) Complete reaction

ATP + radiolabeled-Ub + lysate fraction - SDS-PAGE
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“A sequence of reactions in which the linkage of [ubiquitin] to the substrate 
is followed by the proteolytic breakdown of the substrate is proposed.”

Proc. Natl. Acad. Sci. USA
Vol. 77, No. 4, pp. 1783-1786, April 1980
Biochemistry

Proposed role of ATP in protein breakdown: Conjugation of proteins
with multiple chains of the polypeptide of ATP-dependent
proteolysis

(protein/turnover/energy dependence/isopeptide linkage)

AVRAM HERSHKO*, AARON CIECHANOVER*, HANNAH HELLER*, ARTHUR L. HAAS, AND IRWIN A. ROSE
The Institute for Cancer Research, The Fox Chase Cancer Center, Philadelphia, Pennsylvania 19111

Contributed by Irwin Rose, December 10, 1979

ABSTRACT The heat-stable polypeptide ATP-dependent
proteolysis factor 1 (APF-1) of the reticulocyte proteolytic system
forms covalent compounds with proteins in an ATP-requiring
reaction. APF-1 and lysozyme, a good substrate for ATP-de-
pendent proteolysis, form multiple conjugates, as was shown
by comigration of label from each upon gel electrophoresis.
Multiple bands were also seen with other substrates of the
ATP-dependent proteolytic system, such as globin or a-lactal-
bumin. Analysis of the ratio of APF-1 to lysozyme radioactivities
and of the molecular weights of the bands indicated that they
consist of increasing numbers of the APF-1 polypeptide bound
to one molecule of lysozyme. The covalent linkage is probably
of an isopeptide nature, because it is stable to hydroxylamine
and alkali, and polylysine is able to give conjugates of APF-1.
Removal of ATP after formation of the 125I-labeled APF-1 con-
jugates with endogenous proteins caused the regeneration of
APF-1, indicating presence of an amidase. This reaction is
thought to compete with proteases that may act on APF-1-pro-
tein conjugates, especially those containing several APF-1 li-
gands. A sequence of reactions in which the linkage of APF-1
to the substrate is followed by the proteolytic breakdown of the
substrate is proposed to explain the role of ATP.

Since the discovery of the energy requirement of protein
breakdown by Simpson in 1953 (1), this feature has been found
to be universal in a variety of biological systems (for review, see
ref. 2). Only recently have cell-free systems in which protein
breakdown is stimulated by ATP been delineated (3-6).
We have resolved the ATP-dependent proteolytic system

from reticulocytes into several components (7, 8). In the pre-
ceding paper (9) it was found that the heat-stable polypeptide
of this system, ATP-dependent proteolysis factor 1 (APF-1), is
bound to reticulocyte proteins in an ATP-specific reaction. We
now show that this is due to the formation of a covalent, prob-
ably amide, linkage between the protein substrate and one or
more APF-1 molecules. The role of this reaction in protein
breakdown is considered.

METHODS
Preparation of Radiolabeled Proteins and Enzyme Frac-

tions. The purification and radiolabeling of APF-1 from rabbit
reticulocytes were described in the previous article (9). Crys-
talline hen egg white lysozyme (Worthington) and purified
bovine a-lactalbumin (a generous gift of W. Klee) were labeled
with Na'25I by a method similar to that described for the ra-
dioiodination of APF-1 (9). When used in unlabeled form these
proteins were treated in the same way without isotope. Globin
labeled with [3H]leucine was prepared as described (7). Fraction
11 (0.5 M KCI eluate from DEAE-cellulose) was prepared from

ATP-depleted rabbit reticulocytes (7). Poly(L-lysine) was ob-
tained from Miles-Yeda (Mr 1500-8000).
Determination of the Formation of Compounds of '25I-

Labeled APF-1 with Protease Substrates. The reaction mix-
ture contained, in a final volume of 20 gl: 100 mM Tris-HCI
(pH 7.6), 3 mM dithiothreitol, 5 mM MgCl2, 2 mM ATP, 65 ,ug
of protein of fraction II, 3 gg of 125I-APF-1 (0.2-1 X 105 cpm),
and added substrate protein where indicated. After incubation
at 37° C for 20 min, the reaction was terminated by boiling for
2 min in the presence of 25 mM Tris-HCI (pH 6.8), 5% (vol/vol)
glycerol, 0.5% NaDodSO4, and 0.5% 2-mercaptoethanol. The
samples were electrophoresed on NaDodSO4/polyacrylamide
slab gels (13 X 13 X 0.12 cm) with the system of Laemmli (10).
Unless otherwise stated, 10-14% gradients of acrylamide were
used. The gels were stained, destained, dried, and autoradio-
graphed as described (9). The autoradiograms were scanned
with an EC-910 densitometer (E-C Apparatus, St. Petersburg,
FL).

RESULTS
Formation of Covalent Compounds Between APF-1 and

Protease Substrates in an ATP-Dependent Reaction. It was
shown previously that labeled APF-1 becomes covalently bound
to reticulocyte proteins in an ATP-dependent reaction (9). On
autoradiograms of NaDodSO4/polyacrylamide gels numerous
radioactive protein bands could be detected, and it appeared
reasonable to assume that these represented conjugates with
endogenous protein substrates of proteolysis and not modifi-
cations of specific enzyme(s). In order to test this notion directly,
125I-APF-1 was incubated with crude reticulocyte fraction II
in the presence of ATP and unlabeled lysozyme [which is a
substrate for the ATP-dependent proteolytic system (Table 1)].
As shown in Fig. 1, when increasing concentrations of unlabeled
lysozyme were added, the label became associated with several
bands of higher molecular weight than APF-1, which itself ran
to the end of the gel. Some of these were at positions not labeled
in the absence of lysozyme (compare tracks 3-5 to track 2).
When 125I-labeled lysozyme was incubated with unlabeled
APF-1 in the presence of ATP, these same new bands were la-
beled (track 7, Fig. 1). This pattern also depended on the ad-
dition of ATP (Fig. 1, track 6) and APF-1 (not shown). The
number of distinct bands containing 125I-APF-1 or 125I-lyso-
zyme radioactivities varied from 5 to 7 in different experiments.
Bands C2-C5 were most intensively labeled, whereas C1, C6,
and C7 contained much less radioactive material.

Fig. 2 shows similar findings with a-lactalbumin and globin,

Abbreviation: APF-1, ATP-dependent proteolysis factor 1.
* Present address: Faculty of Medicine, Technion-Israel Institute of
Technology, Haifa, Israel.
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Conclusion: 
Ubiquitin forms multiple conjugates 

on protein substrates
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Table 1. Substrates of the ATP-dependent proteolytic system
Extent of proteolysis, %

Substrate -ATP +ATP (2 mM)
Experiment 1

1251-Lysozyme (1 ,gg) 3.0 31.8
[3H]globin (10 Mg) 1.7 5.4

Experiment 2
1251-a-Lactalbumin (1 Mg) 12.5 48.8

Protein breakdown was assayed as described (7), except that the
volume of the incubation mixture was 50 $l. The various labeled
substrates were added at the amounts indicated and were incubated
at 370C for 1 hr in the presence of 130 ,g of fraction II and 2 ,g of
APF-1.

which are also substrates of the ATP-dependent proteolytic
system (Table 1). The fact that the heavier bands appear in the
same position in each case may be related to their similar
polypeptide weights of 16,000, 14,500, and 14,000 for globin,
lysozyme, and lactalbumin, respectively. Only band C2 was not
seen in the control. The regular spacing of the new bands is
noteworthy.

Characterization of the APF-Lysozyme Adducts. The most
plausible explanation of the above findings is that in the ATP-
dependent reaction several APF-1 molecules make covalent
bonds with one substrate molecule. If several substrate mol-
ecules were involved in making these derivatives one might
expect to see a very irregular distribution of the bands reflecting
thlheterogeneity of the protein substrates present.
The relative amounts of APF-1 and lysozyme radioactivies,

in the various compounds were estimated by densitometry of

1 2 3 4 5 6 7

FIG. 1. Formation of covalent compounds between APF-1 and
lysozyme in an ATP-dependent reaction. Tracks 1-5: compound
formation with 12I-APF-1. Track 1, without ATP; track 2, with ATP;
tracks 3,4, and 5, with ATP and 5, 10, or 25Mg of unlabeled lysozyme,
respectively. Tracks 6 and 7: compound formation with 125I-lysozyme.
Conditions were as detailed in Methods, except that 5 Mg of 125I-ly-
sozyme (40,000 cpm) and 3 Mug of unlabeled APF-1 were used. Track
6, ATP omitted; track 7, with 2 mM ATP. Contamination in 125I-
labeled lysozyme is indicated.

1 2

He ~~~~~C3

-C2

FIG. 2. Covalent linkage of APF-1 to various protease substrates.
125I-APF-1 was incubated with fraction II and ATP. Track 1, without
added substrate; tracks 2 and 3, with 10 or 50 ug of unlabeled lyso-
zyme, respectively; tracks 4 and 5, with 10 or 50 Mg of unlabeled
a-lactalbumin, respectively; tracks 6 and 7, with 10 or 50,ug of unla-
beled globin.

the autoradiograms (Fig. 3). These measurements were limited
to C3-C5 because the preparation of 125I-lysozyme contained
a contaminant in the region of C2, and C1, C6, and C7 were too
small for quantitative estimation. The accuracy of these esti-
mates was limited by the necessary subtraction of a high
background of endogenous 125I-APF-1 conjugates present in
this region (Fig. 3A, broken line). Nevertheless, a clear tendency
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FIG. 3. Estimation of the relative amounts of 1251-APF-1 and
125I-lysozyme in the compounds. (A) Densitometric scan of 125I-APF-1
(3 Ag) incubated with unlabeled lysozyme (5Mqg); the control (- - -) was
incubated with ATP but without lysozyme. (B) Scan of
125I-lysozyme (5,Mg) incubated with unlabeled APF-1 (3 Mig); the
control (- - -) was a parallel sample incubated without ATP. The areas
of the peaks above the respective controls were estimated by cutting
them out and weighing them.
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◼︎ The linkage between ubiquitin and the protein substrate is stable to hydroxylamine and alkali (amide bond!)

◼︎ Removal of ATP after formation of ubiquitin conjugates caused the regeneration of ubiquitin (deubiquitinases!)
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Activation ofthe heat-stable polypeptide ofthe ATP-dependent
proteolytic system

(ubiquitin/adenylate/thiolester/high-energy bond)
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Communicated by Irwin Rose, October17, 1980

ABSTRACT It had been shown previously that the heat-stable
polypeptide of the ATP-dependent proteolytic system of reticulo-
cytes, designated APF-1, forms covalent conjugates with protein
substrates in an ATP-requfrmng process. We now describe an en-
zyme that carries out the activation by ATP ofthe polypeptide with
pyrophosphate displacement. The formation ofAMP-polypeptide
and transfer of the polypeptide to a secondary acceptor are sug-
gested by an APF-1 requirement for ATP-PP. and ATP-AMP ex-
change reactions, respectively. With radiolabeled polypeptide, an
ATP-dependent labeling of the enzyme was shown to be by a link-
age that is acid stable but is labile to treatment with mild alkali,
hydroxylamine, borohydride, or mercuric salts. It therefore ap-
pears that the AMP-polypeptide undergoes attack by an -SH
group ofthe enzyme to form a thiolester.

Protein turnover has an important role in the regulation of the
levels of cellular proteins, but the mechanisms of intracellular
protein breakdown are still obscure. A universal feature ofpro-
tein degradation is its absolute requirement for cellular energy,
as shown by early studies using inhibitors ofenergy production
with intact cells (refs. 1-3; see ref. 4 for review). This energy
dependence suggested an unusual mechanism, but its analysis
at the molecular level has become possible only recently with
the availability of several cell-free systems in which protein
breakdown is stimulated by ATP (5-8).
We have been studying the mechanisms of protein break-

down in a soluble ATP-dependent proteolytic system from retic-
ulocytes and have found that it is composed of several essential
components (9, 10). One ofthese, a heat-stable polypeptide (Mr,
8500) designated APF-1, has no proteolytic activity by itselfbut
is required for protein breakdown in the presence of a crude
DEAE-cellulose eluate (designated fraction II) and ATP (9).
Subsequently it was found that '2I-labeled APF-1 forms cova-
lent conjugates with reticulocyte proteins or with exogenous
protease substrates in a reaction that requires ATP and fraction
II (11, 12). It was furthermore observed that several molecules
of the heat-stable polypeptide are conjugated in amide linkages
to one molecule of the substrate protein (12). A model was pro-
posed according to which ATP-dependent conjugation with the
heat-stable polypeptide is followed by the proteolytic break-
down ofthe substrate (12).

Subsequent work has shown that APF-1 has a marked resem-
blance to ubiquitin, a universally occurring polypeptide ofhith-
erto unknown function (13, 14). Ubiquitin has been detected as
a conjugate of histone H2A (termed protein A-24), in which its
COOH-terminal part is bound to the e-amino group of lysine-
119 by an isopeptide linkage (15-17); this branched protein re-
sembles the conjugates of APF-1 with proteins formed in the
ATP-requiring reaction. However, it should be noted that, al-
though the isopeptide linkage in protein A-24 is to a glycine res-

idue, arginine has been reported as the COOH-terminal amino
acid ofubiquitin (18-20). t

In the present work, we have concentrated on the activation
reaction required for conjugation. It appeared reasonable to as-
sume that the actual formation ofthe amide bond is preceded by
an activation reaction in which the energy ofATP is transferred
to either the heat-stable polypeptide or the protease substrate.
We are not aware ofany instance ofactivation ofa polypeptide,
but free amino acids, for example, can be activated for amide
bond formation by two general mechanisms. In the case of the
biosynthesis of aminoacyl tRNAs (21) or in nonribosomal syn-
thesis ofpeptide antibiotics (22) an acyl-adenylate intermediate
is formed; in the biosynthesis ofglutamine by glutamine synthe-
tase, acyl-P formation precedes amide formation (23, 24). We
show here that the heat-stable polypeptide of the ATP-depen-
dent proteolytic system is activated by a reaction that involves
pyrophosphate production from ATP, indicating the formation
ofan adenylate ofthe polypeptide. The activated polypeptide is
found to be covalently bound to the enzyme in an apparent
thiolester linkage that may represent its further processing prior
to conjugate formation.

METHODS
APF-1 was purified from rabbit reticulocytes and labeled with
1251 as described (11). Fraction II was prepared by DEAE-cel-
lulose fractionation of lysates derived from ATP-depleted retic-
ulocytes (9). 32PP; was prepared by pyrolysis of Na32Pi (400° C, 1
hr) followed by purification on a column of Dowex-1 as de-
scribed (25). Yeast inorganic pyrophosphatase, originally crys-
tallized by M. Kunitz (26), was the generous gift of the late J.
Mager.

Protein breakdown was measured by the acid-solubilization
of '2I-labeled albumin following incubation with fraction II,
APF-1, and ATP, as described (10). The formation ofconjugates
of'2I-labeled APF-1 with lysozyme was followed by NaDodSO4/
polyacrylamide gel electrophoresis and autoradiography (12).

Assay ofAPF-1-Dependent 'PPi-ATP Exchange. The reac-
tion mixture contained in a final volume of 50 ,ul: 50 mM
Tris'HCl (pH 7.6), 5 mM MgCl2, 3 mM dithiothreitol, 50 mM
NaF, 2 mM ATP, 2 mM Na32PPi (approximately 105 cpm), and
enzyme preparation with or without APF-1 as indicated. After
incubation at 37° C for 15 min, the reaction was stopped with 1
ml of 5% trichloroacetic acid and the samples were mixed with
0.3 ml of a 10% suspension acid-washed charcoal (Sigma). The
charcoal then was washed three times with 2 ml of water, the
ATP was eluted with 2 ml of0.3 M NH40H in 50% ethanol, and
radioactivity in the supernatants was measured. The results are

Abbreviation: APF-1, ATP-dependent proteolysis factor 1.
* To whom reprint requests should be addressed.
t Because of this discrepancy, the active polypeptide will continue to
be designated as APF-1 in this paper.
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FIG. 5. Binding ofAPF-1 to enzyme in the presence ofATP. (A) In-
fluence of ATP on binding. The 30-1l reaction mixture contained 60
mM Tris-HCl (pH 7.6), 5 mM MgCl2, 2.5 mM dithiothreitol, 25 j.g of
inorganic pyrophosphatase, 0.25 j&g (2.2 x 10' cpm) of 14I-labeled
APF-1, and 200 ltg ofenzyme from the final purification step. After in-
cubation for 5 min at 37TC in the absence (X) or presence (0) ofATP (2.5
mM), the samples were separated on columns of Sephadex G-75 (0.7 x
27 cm) equilibrated with 20mMTris-HCl, pH 7.2/1 mM dithiothreitol/
0.5 mM EDTA containing 1 mg ofbovine serum albumin per ml. Frac-
tions (0.38 ml) were collected and radioactivity was measured in 0.2-ml
samples. (B) Stability ofthe bond to acid and alkali. "2I-Labeled APF-
1 was incubated with the enzyme and ATP under conditions as de-
scribed above, treated for 5 min with 0.2 MNaOH (o) or with 1 Mformic
acid (e), and separated on a column equilibrated with 1 M formic acid/
0.5 mMEDTA containing 1 mg ofbovine serum albumin per ml.

gel filtration on Sephadex G-75 columns. After incubation in the
presence of ATP and PPi, the labeled polypeptide became
bound to high molecular weight material and was eluted at the
void volume (Fig. 5A). The formation of a covalent linkage was
indicated by the finding that the bond was stable to treatment
with 1 M formic acid. On the other hand, treatment with mild
alkali released most of the bound polypeptide (Fig. 5B); this is
in contrast to the stability in alkali of the conjugates of the poly-
peptide with protease substrates (11, 12).
The nature of the bond between the activated polypeptide

and the enzyme was further examined in the experiments shown

Table 2. Stability of bond between APF-1 and enzyme
Treatment % APF-1 bound

None 47
Hydroxylamine (1 M), pH 6.1 10
Sodium borohydride (10 mM) 11
Mercuric acetate (3%) 8

125I-APF-1 was incubated with the enzyme in the presence of ATP
as described in Fig. 5. The reaction was stopped by the addition of 30
mM HCl; the samples were neutralized with NaOH and then treated
for 10 min at 370C as indicated. After treatment, the samples were sep-
arated on Sephadex G-75 columns as described in Fig. 5. The amount
of radioactivity eluted at the void volume is expressed as the percent-
age of total radioactivity of 125I-labeled APF-1.

Proc. NatL Acad. Sci. USA 78 (1981)

in Table 2. The linkage was cleaved by hydroxylamine at pH 6
and by the reducing agent NaBH4. It was also cleaved by salts of
mercury, which strongly suggests a thiolester bond (29).

DISCUSSION
The data presented in this paper can be explained by a two-step
mechanism in which a carboxyl group of the heat-stable poly-
peptide is first activated with the formation ofan adenylate and
is then transferred to an acceptor sulfhydryl on the enzyme:

APF-1 + ATP =APF-1-AMP + PPi
APF-1-AMP + E-SH - E-S-APF-1 + AMP

The first reaction would account for the APF-1-dependent
ATP-PPi exchange; both reactions would be necessary for the
polypeptide-requiring ATP-AMP exchange. The formation of
an energy-rich, possibly thiolester, linkage between the acti-
vated polypeptide and the enzyme is indicated by the stability
of the bond in acid and its lability to dilute alkali and to treat-
ments with hydroxylamine, borohydride, and mercuric acetate.

Although the reaction is unusual in that a polypeptide is acti-
vated, analogous mechanisms exist in the activation of several
low molecular weight compounds for biosynthetic processes.
For example, in amino acid activation for protein biosynthesis,
the acyl-adenylate is transferred to an ester linkage with tRNA;
in fatty acid activation, the intermediary acceptor is the thiol
group ofCoA. An even closer parallelism can be drawn with the
nucleic acid-independent biosynthesis of polypeptide antibiot-
ics suchlas gramicidin (22): in that system, aminoacyl adenylates
are transferred to thiolester intermediates on the same enzyme.
The energy-rich thiolester bond preserves the activated state of
the acyl group and thus can serve as a reactive intermediate in
the formation of the final peptide linkage (29).

At present, some alternative possible mechanisms for the
present findings cannot be excluded. For example, it is possible
that an -SH group of the enzyme is adenylylated, if it is also as-
sumed that the interaction of APF-1 with the enzyme is abso-
lutely required for this reaction to occur, thus explaining the
ATP-PPi exchange. Conversion to an APF-1 thiolester would
require the unusual "four-center" double-transfer step seen in
enzymes such as succinyl-CoA acetoacetate transferase (30).
Direct demonstration of the existence of an adenylate of APF-
1 is hampered by the general observation that acyl-AMP inter-
mediates do not dissociate from their specific enzymes (27). In
fact, after incubation of the enzyme with [a-32P]ATP and APF-
1, label of AMP was detected in the molecular size region of
the enzyme but not in that of free APF-l (unpublished results).

Evidence suggesting the role ofthe APF-1-activating enzyme
in conjugation and in ATP-dependent protein breakdown is not
conclusive at present. The inhibition of the above processes by
PP, might be due to the reversal of the activation reaction. The
thiolester-bound form of the activated polypeptide may be an
intermediate in its further transfer for the formation of the
amide linkage to proteins. Preliminary results indicate that two
further protein factors, in addition to the activating enzyme, are
required for the formation ofconjugates (unpublished results).

This work was supported by grants from the United States-Israel Bi-
national Science Foundation and the Edith C. Blum Foundation and by
National Institutes ofHealth Grant AM-25614-01.
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FIG. 5. Binding ofAPF-1 to enzyme in the presence ofATP. (A) In-
fluence of ATP on binding. The 30-1l reaction mixture contained 60
mM Tris-HCl (pH 7.6), 5 mM MgCl2, 2.5 mM dithiothreitol, 25 j.g of
inorganic pyrophosphatase, 0.25 j&g (2.2 x 10' cpm) of 14I-labeled
APF-1, and 200 ltg ofenzyme from the final purification step. After in-
cubation for 5 min at 37TC in the absence (X) or presence (0) ofATP (2.5
mM), the samples were separated on columns of Sephadex G-75 (0.7 x
27 cm) equilibrated with 20mMTris-HCl, pH 7.2/1 mM dithiothreitol/
0.5 mM EDTA containing 1 mg ofbovine serum albumin per ml. Frac-
tions (0.38 ml) were collected and radioactivity was measured in 0.2-ml
samples. (B) Stability ofthe bond to acid and alkali. "2I-Labeled APF-
1 was incubated with the enzyme and ATP under conditions as de-
scribed above, treated for 5 min with 0.2 MNaOH (o) or with 1 Mformic
acid (e), and separated on a column equilibrated with 1 M formic acid/
0.5 mMEDTA containing 1 mg ofbovine serum albumin per ml.

gel filtration on Sephadex G-75 columns. After incubation in the
presence of ATP and PPi, the labeled polypeptide became
bound to high molecular weight material and was eluted at the
void volume (Fig. 5A). The formation of a covalent linkage was
indicated by the finding that the bond was stable to treatment
with 1 M formic acid. On the other hand, treatment with mild
alkali released most of the bound polypeptide (Fig. 5B); this is
in contrast to the stability in alkali of the conjugates of the poly-
peptide with protease substrates (11, 12).
The nature of the bond between the activated polypeptide

and the enzyme was further examined in the experiments shown

Table 2. Stability of bond between APF-1 and enzyme
Treatment % APF-1 bound

None 47
Hydroxylamine (1 M), pH 6.1 10
Sodium borohydride (10 mM) 11
Mercuric acetate (3%) 8

125I-APF-1 was incubated with the enzyme in the presence of ATP
as described in Fig. 5. The reaction was stopped by the addition of 30
mM HCl; the samples were neutralized with NaOH and then treated
for 10 min at 370C as indicated. After treatment, the samples were sep-
arated on Sephadex G-75 columns as described in Fig. 5. The amount
of radioactivity eluted at the void volume is expressed as the percent-
age of total radioactivity of 125I-labeled APF-1.
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in Table 2. The linkage was cleaved by hydroxylamine at pH 6
and by the reducing agent NaBH4. It was also cleaved by salts of
mercury, which strongly suggests a thiolester bond (29).

DISCUSSION
The data presented in this paper can be explained by a two-step
mechanism in which a carboxyl group of the heat-stable poly-
peptide is first activated with the formation ofan adenylate and
is then transferred to an acceptor sulfhydryl on the enzyme:

APF-1 + ATP =APF-1-AMP + PPi
APF-1-AMP + E-SH - E-S-APF-1 + AMP

The first reaction would account for the APF-1-dependent
ATP-PPi exchange; both reactions would be necessary for the
polypeptide-requiring ATP-AMP exchange. The formation of
an energy-rich, possibly thiolester, linkage between the acti-
vated polypeptide and the enzyme is indicated by the stability
of the bond in acid and its lability to dilute alkali and to treat-
ments with hydroxylamine, borohydride, and mercuric acetate.

Although the reaction is unusual in that a polypeptide is acti-
vated, analogous mechanisms exist in the activation of several
low molecular weight compounds for biosynthetic processes.
For example, in amino acid activation for protein biosynthesis,
the acyl-adenylate is transferred to an ester linkage with tRNA;
in fatty acid activation, the intermediary acceptor is the thiol
group ofCoA. An even closer parallelism can be drawn with the
nucleic acid-independent biosynthesis of polypeptide antibiot-
ics suchlas gramicidin (22): in that system, aminoacyl adenylates
are transferred to thiolester intermediates on the same enzyme.
The energy-rich thiolester bond preserves the activated state of
the acyl group and thus can serve as a reactive intermediate in
the formation of the final peptide linkage (29).

At present, some alternative possible mechanisms for the
present findings cannot be excluded. For example, it is possible
that an -SH group of the enzyme is adenylylated, if it is also as-
sumed that the interaction of APF-1 with the enzyme is abso-
lutely required for this reaction to occur, thus explaining the
ATP-PPi exchange. Conversion to an APF-1 thiolester would
require the unusual "four-center" double-transfer step seen in
enzymes such as succinyl-CoA acetoacetate transferase (30).
Direct demonstration of the existence of an adenylate of APF-
1 is hampered by the general observation that acyl-AMP inter-
mediates do not dissociate from their specific enzymes (27). In
fact, after incubation of the enzyme with [a-32P]ATP and APF-
1, label of AMP was detected in the molecular size region of
the enzyme but not in that of free APF-l (unpublished results).

Evidence suggesting the role ofthe APF-1-activating enzyme
in conjugation and in ATP-dependent protein breakdown is not
conclusive at present. The inhibition of the above processes by
PP, might be due to the reversal of the activation reaction. The
thiolester-bound form of the activated polypeptide may be an
intermediate in its further transfer for the formation of the
amide linkage to proteins. Preliminary results indicate that two
further protein factors, in addition to the activating enzyme, are
required for the formation ofconjugates (unpublished results).
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FIG. 5. Binding ofAPF-1 to enzyme in the presence ofATP. (A) In-
fluence of ATP on binding. The 30-1l reaction mixture contained 60
mM Tris-HCl (pH 7.6), 5 mM MgCl2, 2.5 mM dithiothreitol, 25 j.g of
inorganic pyrophosphatase, 0.25 j&g (2.2 x 10' cpm) of 14I-labeled
APF-1, and 200 ltg ofenzyme from the final purification step. After in-
cubation for 5 min at 37TC in the absence (X) or presence (0) ofATP (2.5
mM), the samples were separated on columns of Sephadex G-75 (0.7 x
27 cm) equilibrated with 20mMTris-HCl, pH 7.2/1 mM dithiothreitol/
0.5 mM EDTA containing 1 mg ofbovine serum albumin per ml. Frac-
tions (0.38 ml) were collected and radioactivity was measured in 0.2-ml
samples. (B) Stability ofthe bond to acid and alkali. "2I-Labeled APF-
1 was incubated with the enzyme and ATP under conditions as de-
scribed above, treated for 5 min with 0.2 MNaOH (o) or with 1 Mformic
acid (e), and separated on a column equilibrated with 1 M formic acid/
0.5 mMEDTA containing 1 mg ofbovine serum albumin per ml.

gel filtration on Sephadex G-75 columns. After incubation in the
presence of ATP and PPi, the labeled polypeptide became
bound to high molecular weight material and was eluted at the
void volume (Fig. 5A). The formation of a covalent linkage was
indicated by the finding that the bond was stable to treatment
with 1 M formic acid. On the other hand, treatment with mild
alkali released most of the bound polypeptide (Fig. 5B); this is
in contrast to the stability in alkali of the conjugates of the poly-
peptide with protease substrates (11, 12).
The nature of the bond between the activated polypeptide

and the enzyme was further examined in the experiments shown

Table 2. Stability of bond between APF-1 and enzyme
Treatment % APF-1 bound

None 47
Hydroxylamine (1 M), pH 6.1 10
Sodium borohydride (10 mM) 11
Mercuric acetate (3%) 8

125I-APF-1 was incubated with the enzyme in the presence of ATP
as described in Fig. 5. The reaction was stopped by the addition of 30
mM HCl; the samples were neutralized with NaOH and then treated
for 10 min at 370C as indicated. After treatment, the samples were sep-
arated on Sephadex G-75 columns as described in Fig. 5. The amount
of radioactivity eluted at the void volume is expressed as the percent-
age of total radioactivity of 125I-labeled APF-1.
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in Table 2. The linkage was cleaved by hydroxylamine at pH 6
and by the reducing agent NaBH4. It was also cleaved by salts of
mercury, which strongly suggests a thiolester bond (29).

DISCUSSION
The data presented in this paper can be explained by a two-step
mechanism in which a carboxyl group of the heat-stable poly-
peptide is first activated with the formation ofan adenylate and
is then transferred to an acceptor sulfhydryl on the enzyme:

APF-1 + ATP =APF-1-AMP + PPi
APF-1-AMP + E-SH - E-S-APF-1 + AMP

The first reaction would account for the APF-1-dependent
ATP-PPi exchange; both reactions would be necessary for the
polypeptide-requiring ATP-AMP exchange. The formation of
an energy-rich, possibly thiolester, linkage between the acti-
vated polypeptide and the enzyme is indicated by the stability
of the bond in acid and its lability to dilute alkali and to treat-
ments with hydroxylamine, borohydride, and mercuric acetate.

Although the reaction is unusual in that a polypeptide is acti-
vated, analogous mechanisms exist in the activation of several
low molecular weight compounds for biosynthetic processes.
For example, in amino acid activation for protein biosynthesis,
the acyl-adenylate is transferred to an ester linkage with tRNA;
in fatty acid activation, the intermediary acceptor is the thiol
group ofCoA. An even closer parallelism can be drawn with the
nucleic acid-independent biosynthesis of polypeptide antibiot-
ics suchlas gramicidin (22): in that system, aminoacyl adenylates
are transferred to thiolester intermediates on the same enzyme.
The energy-rich thiolester bond preserves the activated state of
the acyl group and thus can serve as a reactive intermediate in
the formation of the final peptide linkage (29).

At present, some alternative possible mechanisms for the
present findings cannot be excluded. For example, it is possible
that an -SH group of the enzyme is adenylylated, if it is also as-
sumed that the interaction of APF-1 with the enzyme is abso-
lutely required for this reaction to occur, thus explaining the
ATP-PPi exchange. Conversion to an APF-1 thiolester would
require the unusual "four-center" double-transfer step seen in
enzymes such as succinyl-CoA acetoacetate transferase (30).
Direct demonstration of the existence of an adenylate of APF-
1 is hampered by the general observation that acyl-AMP inter-
mediates do not dissociate from their specific enzymes (27). In
fact, after incubation of the enzyme with [a-32P]ATP and APF-
1, label of AMP was detected in the molecular size region of
the enzyme but not in that of free APF-l (unpublished results).

Evidence suggesting the role ofthe APF-1-activating enzyme
in conjugation and in ATP-dependent protein breakdown is not
conclusive at present. The inhibition of the above processes by
PP, might be due to the reversal of the activation reaction. The
thiolester-bound form of the activated polypeptide may be an
intermediate in its further transfer for the formation of the
amide linkage to proteins. Preliminary results indicate that two
further protein factors, in addition to the activating enzyme, are
required for the formation ofconjugates (unpublished results).
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FIG. 5. Binding ofAPF-1 to enzyme in the presence ofATP. (A) In-
fluence of ATP on binding. The 30-1l reaction mixture contained 60
mM Tris-HCl (pH 7.6), 5 mM MgCl2, 2.5 mM dithiothreitol, 25 j.g of
inorganic pyrophosphatase, 0.25 j&g (2.2 x 10' cpm) of 14I-labeled
APF-1, and 200 ltg ofenzyme from the final purification step. After in-
cubation for 5 min at 37TC in the absence (X) or presence (0) ofATP (2.5
mM), the samples were separated on columns of Sephadex G-75 (0.7 x
27 cm) equilibrated with 20mMTris-HCl, pH 7.2/1 mM dithiothreitol/
0.5 mM EDTA containing 1 mg ofbovine serum albumin per ml. Frac-
tions (0.38 ml) were collected and radioactivity was measured in 0.2-ml
samples. (B) Stability ofthe bond to acid and alkali. "2I-Labeled APF-
1 was incubated with the enzyme and ATP under conditions as de-
scribed above, treated for 5 min with 0.2 MNaOH (o) or with 1 Mformic
acid (e), and separated on a column equilibrated with 1 M formic acid/
0.5 mMEDTA containing 1 mg ofbovine serum albumin per ml.

gel filtration on Sephadex G-75 columns. After incubation in the
presence of ATP and PPi, the labeled polypeptide became
bound to high molecular weight material and was eluted at the
void volume (Fig. 5A). The formation of a covalent linkage was
indicated by the finding that the bond was stable to treatment
with 1 M formic acid. On the other hand, treatment with mild
alkali released most of the bound polypeptide (Fig. 5B); this is
in contrast to the stability in alkali of the conjugates of the poly-
peptide with protease substrates (11, 12).
The nature of the bond between the activated polypeptide

and the enzyme was further examined in the experiments shown

Table 2. Stability of bond between APF-1 and enzyme
Treatment % APF-1 bound

None 47
Hydroxylamine (1 M), pH 6.1 10
Sodium borohydride (10 mM) 11
Mercuric acetate (3%) 8

125I-APF-1 was incubated with the enzyme in the presence of ATP
as described in Fig. 5. The reaction was stopped by the addition of 30
mM HCl; the samples were neutralized with NaOH and then treated
for 10 min at 370C as indicated. After treatment, the samples were sep-
arated on Sephadex G-75 columns as described in Fig. 5. The amount
of radioactivity eluted at the void volume is expressed as the percent-
age of total radioactivity of 125I-labeled APF-1.
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in Table 2. The linkage was cleaved by hydroxylamine at pH 6
and by the reducing agent NaBH4. It was also cleaved by salts of
mercury, which strongly suggests a thiolester bond (29).

DISCUSSION
The data presented in this paper can be explained by a two-step
mechanism in which a carboxyl group of the heat-stable poly-
peptide is first activated with the formation ofan adenylate and
is then transferred to an acceptor sulfhydryl on the enzyme:

APF-1 + ATP =APF-1-AMP + PPi
APF-1-AMP + E-SH - E-S-APF-1 + AMP

The first reaction would account for the APF-1-dependent
ATP-PPi exchange; both reactions would be necessary for the
polypeptide-requiring ATP-AMP exchange. The formation of
an energy-rich, possibly thiolester, linkage between the acti-
vated polypeptide and the enzyme is indicated by the stability
of the bond in acid and its lability to dilute alkali and to treat-
ments with hydroxylamine, borohydride, and mercuric acetate.

Although the reaction is unusual in that a polypeptide is acti-
vated, analogous mechanisms exist in the activation of several
low molecular weight compounds for biosynthetic processes.
For example, in amino acid activation for protein biosynthesis,
the acyl-adenylate is transferred to an ester linkage with tRNA;
in fatty acid activation, the intermediary acceptor is the thiol
group ofCoA. An even closer parallelism can be drawn with the
nucleic acid-independent biosynthesis of polypeptide antibiot-
ics suchlas gramicidin (22): in that system, aminoacyl adenylates
are transferred to thiolester intermediates on the same enzyme.
The energy-rich thiolester bond preserves the activated state of
the acyl group and thus can serve as a reactive intermediate in
the formation of the final peptide linkage (29).

At present, some alternative possible mechanisms for the
present findings cannot be excluded. For example, it is possible
that an -SH group of the enzyme is adenylylated, if it is also as-
sumed that the interaction of APF-1 with the enzyme is abso-
lutely required for this reaction to occur, thus explaining the
ATP-PPi exchange. Conversion to an APF-1 thiolester would
require the unusual "four-center" double-transfer step seen in
enzymes such as succinyl-CoA acetoacetate transferase (30).
Direct demonstration of the existence of an adenylate of APF-
1 is hampered by the general observation that acyl-AMP inter-
mediates do not dissociate from their specific enzymes (27). In
fact, after incubation of the enzyme with [a-32P]ATP and APF-
1, label of AMP was detected in the molecular size region of
the enzyme but not in that of free APF-l (unpublished results).

Evidence suggesting the role ofthe APF-1-activating enzyme
in conjugation and in ATP-dependent protein breakdown is not
conclusive at present. The inhibition of the above processes by
PP, might be due to the reversal of the activation reaction. The
thiolester-bound form of the activated polypeptide may be an
intermediate in its further transfer for the formation of the
amide linkage to proteins. Preliminary results indicate that two
further protein factors, in addition to the activating enzyme, are
required for the formation ofconjugates (unpublished results).
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The Discovery of E1

“We now describe an enzyme that carries out the activation by 
ATP of the polypeptide with pyrophosphate displacement.”

In the presence of ATP, “E1” catalyzes the following reaction:
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Activation ofthe heat-stable polypeptide ofthe ATP-dependent
proteolytic system

(ubiquitin/adenylate/thiolester/high-energy bond)
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Faculty ofMedicine, Technion-Israel Institute ofTechnology, Haifa, Israel

Communicated by Irwin Rose, October17, 1980

ABSTRACT It had been shown previously that the heat-stable
polypeptide of the ATP-dependent proteolytic system of reticulo-
cytes, designated APF-1, forms covalent conjugates with protein
substrates in an ATP-requfrmng process. We now describe an en-
zyme that carries out the activation by ATP ofthe polypeptide with
pyrophosphate displacement. The formation ofAMP-polypeptide
and transfer of the polypeptide to a secondary acceptor are sug-
gested by an APF-1 requirement for ATP-PP. and ATP-AMP ex-
change reactions, respectively. With radiolabeled polypeptide, an
ATP-dependent labeling of the enzyme was shown to be by a link-
age that is acid stable but is labile to treatment with mild alkali,
hydroxylamine, borohydride, or mercuric salts. It therefore ap-
pears that the AMP-polypeptide undergoes attack by an -SH
group ofthe enzyme to form a thiolester.

Protein turnover has an important role in the regulation of the
levels of cellular proteins, but the mechanisms of intracellular
protein breakdown are still obscure. A universal feature ofpro-
tein degradation is its absolute requirement for cellular energy,
as shown by early studies using inhibitors ofenergy production
with intact cells (refs. 1-3; see ref. 4 for review). This energy
dependence suggested an unusual mechanism, but its analysis
at the molecular level has become possible only recently with
the availability of several cell-free systems in which protein
breakdown is stimulated by ATP (5-8).
We have been studying the mechanisms of protein break-

down in a soluble ATP-dependent proteolytic system from retic-
ulocytes and have found that it is composed of several essential
components (9, 10). One ofthese, a heat-stable polypeptide (Mr,
8500) designated APF-1, has no proteolytic activity by itselfbut
is required for protein breakdown in the presence of a crude
DEAE-cellulose eluate (designated fraction II) and ATP (9).
Subsequently it was found that '2I-labeled APF-1 forms cova-
lent conjugates with reticulocyte proteins or with exogenous
protease substrates in a reaction that requires ATP and fraction
II (11, 12). It was furthermore observed that several molecules
of the heat-stable polypeptide are conjugated in amide linkages
to one molecule of the substrate protein (12). A model was pro-
posed according to which ATP-dependent conjugation with the
heat-stable polypeptide is followed by the proteolytic break-
down ofthe substrate (12).

Subsequent work has shown that APF-1 has a marked resem-
blance to ubiquitin, a universally occurring polypeptide ofhith-
erto unknown function (13, 14). Ubiquitin has been detected as
a conjugate of histone H2A (termed protein A-24), in which its
COOH-terminal part is bound to the e-amino group of lysine-
119 by an isopeptide linkage (15-17); this branched protein re-
sembles the conjugates of APF-1 with proteins formed in the
ATP-requiring reaction. However, it should be noted that, al-
though the isopeptide linkage in protein A-24 is to a glycine res-

idue, arginine has been reported as the COOH-terminal amino
acid ofubiquitin (18-20). t

In the present work, we have concentrated on the activation
reaction required for conjugation. It appeared reasonable to as-
sume that the actual formation ofthe amide bond is preceded by
an activation reaction in which the energy ofATP is transferred
to either the heat-stable polypeptide or the protease substrate.
We are not aware ofany instance ofactivation ofa polypeptide,
but free amino acids, for example, can be activated for amide
bond formation by two general mechanisms. In the case of the
biosynthesis of aminoacyl tRNAs (21) or in nonribosomal syn-
thesis ofpeptide antibiotics (22) an acyl-adenylate intermediate
is formed; in the biosynthesis ofglutamine by glutamine synthe-
tase, acyl-P formation precedes amide formation (23, 24). We
show here that the heat-stable polypeptide of the ATP-depen-
dent proteolytic system is activated by a reaction that involves
pyrophosphate production from ATP, indicating the formation
ofan adenylate ofthe polypeptide. The activated polypeptide is
found to be covalently bound to the enzyme in an apparent
thiolester linkage that may represent its further processing prior
to conjugate formation.

METHODS
APF-1 was purified from rabbit reticulocytes and labeled with
1251 as described (11). Fraction II was prepared by DEAE-cel-
lulose fractionation of lysates derived from ATP-depleted retic-
ulocytes (9). 32PP; was prepared by pyrolysis of Na32Pi (400° C, 1
hr) followed by purification on a column of Dowex-1 as de-
scribed (25). Yeast inorganic pyrophosphatase, originally crys-
tallized by M. Kunitz (26), was the generous gift of the late J.
Mager.

Protein breakdown was measured by the acid-solubilization
of '2I-labeled albumin following incubation with fraction II,
APF-1, and ATP, as described (10). The formation ofconjugates
of'2I-labeled APF-1 with lysozyme was followed by NaDodSO4/
polyacrylamide gel electrophoresis and autoradiography (12).

Assay ofAPF-1-Dependent 'PPi-ATP Exchange. The reac-
tion mixture contained in a final volume of 50 ,ul: 50 mM
Tris'HCl (pH 7.6), 5 mM MgCl2, 3 mM dithiothreitol, 50 mM
NaF, 2 mM ATP, 2 mM Na32PPi (approximately 105 cpm), and
enzyme preparation with or without APF-1 as indicated. After
incubation at 37° C for 15 min, the reaction was stopped with 1
ml of 5% trichloroacetic acid and the samples were mixed with
0.3 ml of a 10% suspension acid-washed charcoal (Sigma). The
charcoal then was washed three times with 2 ml of water, the
ATP was eluted with 2 ml of0.3 M NH40H in 50% ethanol, and
radioactivity in the supernatants was measured. The results are

Abbreviation: APF-1, ATP-dependent proteolysis factor 1.
* To whom reprint requests should be addressed.
t Because of this discrepancy, the active polypeptide will continue to
be designated as APF-1 in this paper.
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The History of Ubiquitin

The Discovery of E1

“We now describe an enzyme that carries out the activation by 
ATP of the polypeptide with pyrophosphate displacement.”

In the presence of ATP, “E1” catalyzes the following reaction:

Ub Ub
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Components of Ubiquitin-Protein Ligase System 
RESOLUTION,  AFFINITY  PURIFICATION,  AND  ROLE  IN  PROTEIN  BREAKDOWN* 

(Received for publication, December 27, 1982) 
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By affinity  chromatography of a crude  reticulocyte 
extract on ubiquitin-Sepharose,  three  enzymes re- 
quired  for  the  conjugation of ubiquitin  with  proteins 
have  been  isolated.  One is the  ubiquitin-activating  en- 
zyme (E,), which is covalently  linked  to the  affinity 
column in  the  presence of ATP  and  can  be specifically 
eluted  with AMP and  pyrophosphate  (Ciechanover, A., 
Elias, S., Heller, H., and  Hershko, A. (1982) J. Biol. 
Chem. 257,2537-2542). A second  enzyme,  designated 
Ez, is bound to  the ubiquitin column when E, and  ATP 
are present,  and is eluted  with a thiol compound at 
high  concentration. The  third enzyme,  designated E3, 
is  adsorbed  to  the  affinity column  by  noncovalent in- 
teractions  and  can  be  eluted  with  high  salt or increased 
pH. The  presence of all  three  enzymes is absolutely 
required  for  the  conjugation of '251-~biq~itin with  pro- 
teins. All three  affinity-purified  enzymes are also re- 
quired  for  the  breakdown of 1251-albumin to acid-sol- 
uble material  in  the  presence of ubiquitin,  ATP,  and 
the  unadsorbed  fraction of the  affinity column. 

The following observations  indicate  that  the  function 
of E2 is the  transfer of activated  ubiquitin  to  the site of 
conjugation in  the  form of an Ez-ubiquitin  thiol ester 
intermediate. (a) E2 is rapidly  inactivated by iodoacet- 
amide,  but  can  be  protected  against  inactivation  by a 
prior  incubation  with El, ATP,  and  ubiquitin.  This 
suggests an  El-mediated  transfer of activated  ubiquitin 
to an iodoacetamide-sensitive  thiol site of E2. (b) The 
requirements  for  the  binding of Ez to  the ubiquitin 
column and  the mode of its  elution,  cited  above, are 
consistent  with the notion that a covalent  linkage is 
formed  between E, and  Sepharose-bound  ubiquitin. (c) 
Upon the  incubation of '251-ubiquitin with E, and  ATP, 
followed by the addition of purified E,, activated 
ubiquitin  is  transferred  from El to  several low molec- 
ular  weight  forms of Ez, as analyzed  by sodium dodecyl 
sulfate-polyacrylamide  gel  electrophoresis.  The  link- 
age of ubiquitin  to  all  these  forms  has the  characteris- 
tics of a thiol ester bond. In a further incubation  with 
E3 and a protein  substrate  for  conjugation,  activated 
ubiquitin  was  transferred  from  the  different  forms of 
Ez-ubiquitin  to  stable  ubiquitin-protein conjugates. 
Thus, E3 is involved in  the  last  step of the  ligase system. 

* This work was supported by United  States  Public  Health Service 
Grant AM-21811 and  funds from the  Institute for Cancer  Research 
to Irwin A. Rose. The  costs of publication of this  article were defrayed 
in  part by the  payment of page  charges. This  article  must  therefore 
be hereby marked "aduertisement" in  accordance with 18 U.S.C. 
Section 1734 solely to  indicate  this fact. 

$ Supported by United  States  Public  Health Service Grant A M -  
25614 and a grant  from  the  United  States-Israel  Binational  Science 
Foundation. 

The energy  dependence of the  degradation of intracellular 
proteins  has been recognized a long time (1, 2),  but  its mech- 
anisms  remained unknown. Recent  studies  on  the mode of 
action of an  ATP-dependent proteolytic system for  reticulo- 
cytes led to  the  identification of a pathway of protein  break- 
down. The  system  is composed of several essentially required 
components  (3), including  a  small, heat-stable polypeptide (4, 
5). The polypeptide was subsequently identified as  ubiquitin, 
a  universally occurring  protein of previously unknown  func- 
tion (6). Ubiquitin is covalently bound  to reticulocyte proteins 
or exogenous protein  substrates  in  an  ATP-requiring process, 
in which several molecules of the polypeptide are conjugated 
to  the  substrate  protein by amide  linkages  (7,8). A model was 
proposed  according to which the conjugation of ubiquitin  with 
proteins  is  the  initial signal event  in  protein breakdown 
(reviewed in Ref. 9). The  relationship between ubiquitin  con- 
jugation  and  protein breakdown was corroborated by experi- 
ments with intact cells,  in  which striking  correlations were 
observed  between the  rapid  degradation of abnormal  proteins 
and increased formation of ubiquitin-protein conjugates (10, 
11). 

Our knowledge of the  intermediary  steps  in  the  ATP- 
ubiquitin  proteolytic  pathway  is  still  rudimentary.  The  con- 
jugation of ubiquitin with proteins is apparently  initiated by 
a specific ubiquitin-activating  enzyme,  first identified  by 
ubiquitin-dependent  PP,:ATP  and  AMP:ATP exchange re- 
actions,  and by the  binding of activated  ubiquitin  to enzyme 
in a thiol  ester linkage (12). A mechanism involving the 
formation of ubiquitin  adenylate  and  its  transfer  to a thiol 
site of the enzyme was proposed (12)  and  substantiated by 
direct evidence  (13, 14).  Ubiquitin  is  activated at its COOH- 
terminal glycine (15), which is  in accord with  the  observation 
that  this residue is bound by isopeptide  linkage to   eNH2 
lysine  in  a ubiquitin-histone conjugate (16). 

The  ubiquitin-activating enzyme was purified to  near ho- 
mogeneity by a covalent  affinity  chromatography procedure, 
in which the enzyme is  first  bound  to  ubiquitin-Sepharose  in 
the presence of ATP  as a thiol  ester  intermediate,  and  is  then 
specifically eluted with AMP  and  pyrophosphate (17). The 
activating enzyme  does not form ubiquitin-protein conjugates 
by itself (12, 17),  but  it  is a donor for  conjugate formation  in 
the presence of a crude reticulocyte extract (13). In  the  present 
report, we describe  two further enzymes  which participate  in 
the conjugation of ubiquitin  with  proteins. Evidence is pre- 
sented which indicates  the  involvement of the  three compo- 
nents of the  ubiquitin-protein ligase system in protein deg- 
radation. 

MATERIALS AND METHODS 

Ubiquitin was  purified from  human  erythrocytes by a  modification 
(17) of a  previously  described method (5). Ubiquitin  and bovine serum 
albumin  (Pentex) were radiolabeled with  NalWI  (Nuclear  Research 
Center, Negev, Israel) by the  chloramine-T  method, as described (7). 

8206 

This is an Open Access article under the CC BY license.

THE JOURNAL OF BIOLOGICAL CHEMISTRY 
Vol. 258, No. 13, Issue of July 10, pp. 8206-8214, 1983 
Printed I n  U.S.A 

Components of Ubiquitin-Protein Ligase System 
RESOLUTION,  AFFINITY  PURIFICATION,  AND  ROLE  IN  PROTEIN  BREAKDOWN* 

(Received for publication, December 27, 1982) 

Avram  HershkoS, Hannah  Heller, Sarah Elias,  and  Aaron  Ciechanover 
From  the  Unit of Biochemistry, Faculty of Medicine, Technwn-Israel  Institute of Technology, Haifa, Israel 
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Chem. 257,2537-2542). A second  enzyme,  designated 
Ez, is bound to  the ubiquitin column when E, and  ATP 
are present,  and is eluted  with a thiol compound at 
high  concentration. The  third enzyme,  designated E3, 
is  adsorbed  to  the  affinity column  by  noncovalent in- 
teractions  and  can  be  eluted  with  high  salt or increased 
pH. The  presence of all  three  enzymes is absolutely 
required  for  the  conjugation of '251-~biq~itin with  pro- 
teins. All three  affinity-purified  enzymes are also re- 
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of E2 is the  transfer of activated  ubiquitin  to  the site of 
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intermediate. (a) E2 is rapidly  inactivated by iodoacet- 
amide,  but  can  be  protected  against  inactivation  by a 
prior  incubation  with El, ATP,  and  ubiquitin.  This 
suggests an  El-mediated  transfer of activated  ubiquitin 
to an iodoacetamide-sensitive  thiol site of E2. (b) The 
requirements  for  the  binding of Ez to  the ubiquitin 
column and  the mode of its  elution,  cited  above, are 
consistent  with the notion that a covalent  linkage is 
formed  between E, and  Sepharose-bound  ubiquitin. (c) 
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followed by the addition of purified E,, activated 
ubiquitin  is  transferred  from El to  several low molec- 
ular  weight  forms of Ez, as analyzed  by sodium dodecyl 
sulfate-polyacrylamide  gel  electrophoresis.  The  link- 
age of ubiquitin  to  all  these  forms  has the  characteris- 
tics of a thiol ester bond. In a further incubation  with 
E3 and a protein  substrate  for  conjugation,  activated 
ubiquitin  was  transferred  from  the  different  forms of 
Ez-ubiquitin  to  stable  ubiquitin-protein conjugates. 
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The energy  dependence of the  degradation of intracellular 
proteins  has been recognized a long time (1, 2),  but  its mech- 
anisms  remained unknown. Recent  studies  on  the mode of 
action of an  ATP-dependent proteolytic system for  reticulo- 
cytes led to  the  identification of a pathway of protein  break- 
down. The  system  is composed of several essentially required 
components  (3), including  a  small, heat-stable polypeptide (4, 
5). The polypeptide was subsequently identified as  ubiquitin, 
a  universally occurring  protein of previously unknown  func- 
tion (6). Ubiquitin is covalently bound  to reticulocyte proteins 
or exogenous protein  substrates  in  an  ATP-requiring process, 
in which several molecules of the polypeptide are conjugated 
to  the  substrate  protein by amide  linkages  (7,8). A model was 
proposed  according to which the conjugation of ubiquitin  with 
proteins  is  the  initial signal event  in  protein breakdown 
(reviewed in Ref. 9). The  relationship between ubiquitin  con- 
jugation  and  protein breakdown was corroborated by experi- 
ments with intact cells,  in  which striking  correlations were 
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11). 

Our knowledge of the  intermediary  steps  in  the  ATP- 
ubiquitin  proteolytic  pathway  is  still  rudimentary.  The  con- 
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actions,  and by the  binding of activated  ubiquitin  to enzyme 
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the presence of ATP  as a thiol  ester  intermediate,  and  is  then 
specifically eluted with AMP  and  pyrophosphate (17). The 
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MATERIALS AND METHODS 
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FIG. 6. Transfer of activated ubiquitin from El to Ez and to 
conjugate formation in  the presence of Es. All incubations con- 
tained, in a final volume of 20 pl, 50 mM Tris-HCI (pH 7.2), 5 mM 
MgCI2, 0.1 mM ATP, 0.2 mM dithiothreitol, 0.1 unit of inorganic 
pyrophosphatase, 10 pg  of oxidized RNase, and 1.84 pmol of '%I- 
ubiquitin (9900 cpm/pmol). Lanes 1-3, transfer of activated ubiquitin 
from El to E2. Lune 1,  incubated with E, (0.46 nanounits) a t  37 "C 
for 5 min. Lane 2, incubated with El as in lane 1 ,  then 2000 pmol of 
unlabeled ubiquitin were added, followed by the addition of purified 
E2 (0.6 nanounits),  and a further incubation of 5 min. Lane 3, 2000 
pmol of unlabeled ubiquitin were added before the addition of the 
above amounts of El and E2, and  the mixture was incubated for 10 
min. Lanes 4-8, transfer of  E,-bound ubiquitin to conjugate formation 
in the presence of En. Lane 4, incubated at  37 "C for 5 min in the 
presence of E, (0.073 nanounits) and E2 (0.6 nanounits); lane 5, 
incubated as in lane 4, then hexokinase (1 unit)  and 2-deoxyglucose 
(10 mM) were added for a further 3-min incubation. This was followed 
by the addition of 0.46 nanounits of En (from the Sepharose 6B peak 
of the pH 9 eluate,  treated with 5 mM iodoacetamide for 15 min at  
37 "C) and incubation was continued for a  further 5 min. Lane 6, 
hexokinase and deoxyglucose, at  the above amounts, were incubated 
with the reaction mixture for 3 min before the supplementation of 
E,, E2, and E3 (at  the above amounts) and a further incubation of 10 
min. Samples 1-6 were treated with 0.5% SDS at  0 "C for 30 min 
before electrophoresis. Lanes 7 and 8, incubations identical with lanes 
4 and 5, respectively, but  the samples were boiled for 3 min, with 2% 
SDS and 3% mercaptoethanol prior to electrophoresis. SDS-polyac- 
rylamide gel electrophoresis was performed as described previously 
(17) on 12.5% polyacrylamide running gel and 6% stacking gel a t  30 
mA for 3.5 h a t  4 "C. The gel was stained,  destained, dried, and 
radioautographed as described (7). EI-Ub, El-ubiquitin thiol ester; 
Cont., contaminations in the preparation of '&I-ubiquitin; 1-4, differ- 
ent E2-bound forms of 9-ubiquitin. 

ubiquitin from bands 1 and 2 and  a  partial decrease in bands 
3-4, concomitant with the appearance of numerous high  mo- 
lecular weight bands. These new bands are ubiquitin-protein 
conjugates, as shown by the finding that they  are  resistant to 
boiling in the presence of SDS and mercaptoethanol (Fig. 6, 
lane 8). A control (Fig. 6, lane 6 )  showed that  the addition of 
a similar amount of hexokinase and glucose prior to  the 
addition of all three enzymes prevented the formation of 
conjugates, indicating that  ATP was sufficiently removed 
under these conditions in the transfer experiment. 

It should be noted that activated ubiquitin bound to E,, as 
well as  to  the different forms of E2-ubiquitin, were lost during 
the formation of ubiquitin-protein conjugates (Fig. 6, compare 
lanes 4 and 5). The question arose which enzyme-ubiquitin 
thiol ester is the main source for conjugate formation. For 

quantitation, the various lanes were cut  into 4-mm  pieces and 
radioactivity in the different bands was estimated by y count- 
ing. A small amount of high  molecular  weight contaminants, 
present in this preparation of  "'1-ubiquitin, was subtracted 
from the corresponding positions. In this experiment, the 
total  amount of 1251-ubiquitin-protein conjugates was  0.40 
pmol, as compared to 0.06 pmol of ubiquitin lost from E,- 
ubiquitin, and 0.36 pmol lost from all four  forms of EZ- 
ubiquitin. This indicates that  the different forms of E2- 
ubiquitin were the main donors for conjugate formation in 
the presence of E3. 

DISCUSSION 

The present  study was initiated by an examination of the 
components of the ubiquitin-ATP system which can be iso- 
lated by affinity chromatography on ubiquitin-Sepharose. 
Since several enzymes in this pathway may  have  specific sites 
for ubiquitin, it was expected that further components, in 
addition to the ubiquitin-activating enzyme (17), may bind to 
the affinity column. In fact, two further factors of the proteo- 
lytic system were isolated by this method: E2, which binds to 
the affinity column in the presence of ATP, and ES, the 
binding of which does not require ATP. We then found that 
E2 and En, in concert with E,, are  participating in the conju- 
gation of ubiquitin with proteins  (Table 11).  We propose to 
designate the three enzymes as components of the ubiquitin- 
protein ligase system. The identity of the components of the 
ligase system with the factors of the proteolytic system was 
indicated by the coincidence of the corresponding activities 
across gel filtration columns (Figs. 3 and 4). These results 
provide further  support for the role of the conjugation of 
ubiquitin in protein breakdown. 

Since the purified ubiquitin-activating enzyme does not 
carry out conjugation by itself (18), the existence of a  further 
enzyme (which would catalyze amide bond formation between 
ubiquitin and  proteins) was expected, but  the observed re- 
quirement for  two distinct additional enzymes  was surprising. 
The present  data indicate that  the role of E2 might be the 
transfer of activated ubiquitin to  the  site of amide bond 
formation, and the proposed sequence of events is depicted in 
Fig. 7. According to  this scheme, activated ubiquitin bound 
via its  COOH terminus to  the thiol site of E, is first  trans- 
ferred to another sulfhydryl site  on E2. The first clue for such 
a  transfer process was the observation that  the binding of E2 
to  the ubiquitin column requires ATP, as well as E,  (Table 
V). This  can be explained by the assumption that E2 replaces 
column-bound El in a thiol ester linkage, although the possi- 
bility that E2 is bound through E, could not be  ruled out. A 
more direct proof for the involvement of thiol groups on Ez 
in this process is the finding that protection of E2 against 
inactivation by iodoacetamide requires preincubation with E,, 
in the presence of ubiquitin and  ATP  (Table VII). Finally, 
transfer of activated "'I-ubiquitin  from E, to the different 
forms of E2 can be directly demonstrated by polyacrylamide 
gel electrophoresis (Fig. 6), and  the linkage of ubiquitin to all 
forms of E2 has the stability characteristics of a thiol ester 
bond. It should be noted that thiol transesterification of 
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FIG. 6. Transfer of activated ubiquitin from El to Ez and to 
conjugate formation in  the presence of Es. All incubations con- 
tained, in a final volume of 20 pl, 50 mM Tris-HCI (pH 7.2), 5 mM 
MgCI2, 0.1 mM ATP, 0.2 mM dithiothreitol, 0.1 unit of inorganic 
pyrophosphatase, 10 pg  of oxidized RNase, and 1.84 pmol of '%I- 
ubiquitin (9900 cpm/pmol). Lanes 1-3, transfer of activated ubiquitin 
from El to E2. Lune 1,  incubated with E, (0.46 nanounits) a t  37 "C 
for 5 min. Lane 2, incubated with El as in lane 1 ,  then 2000 pmol of 
unlabeled ubiquitin were added, followed by the addition of purified 
E2 (0.6 nanounits),  and a further incubation of 5 min. Lane 3, 2000 
pmol of unlabeled ubiquitin were added before the addition of the 
above amounts of El and E2, and  the mixture was incubated for 10 
min. Lanes 4-8, transfer of  E,-bound ubiquitin to conjugate formation 
in the presence of En. Lane 4, incubated at  37 "C for 5 min in the 
presence of E, (0.073 nanounits) and E2 (0.6 nanounits); lane 5, 
incubated as in lane 4, then hexokinase (1 unit)  and 2-deoxyglucose 
(10 mM) were added for a further 3-min incubation. This was followed 
by the addition of 0.46 nanounits of En (from the Sepharose 6B peak 
of the pH 9 eluate,  treated with 5 mM iodoacetamide for 15 min at  
37 "C) and incubation was continued for a  further 5 min. Lane 6, 
hexokinase and deoxyglucose, at  the above amounts, were incubated 
with the reaction mixture for 3 min before the supplementation of 
E,, E2, and E3 (at  the above amounts) and a further incubation of 10 
min. Samples 1-6 were treated with 0.5% SDS at  0 "C for 30 min 
before electrophoresis. Lanes 7 and 8, incubations identical with lanes 
4 and 5, respectively, but  the samples were boiled for 3 min, with 2% 
SDS and 3% mercaptoethanol prior to electrophoresis. SDS-polyac- 
rylamide gel electrophoresis was performed as described previously 
(17) on 12.5% polyacrylamide running gel and 6% stacking gel a t  30 
mA for 3.5 h a t  4 "C. The gel was stained,  destained, dried, and 
radioautographed as described (7). EI-Ub, El-ubiquitin thiol ester; 
Cont., contaminations in the preparation of '&I-ubiquitin; 1-4, differ- 
ent E2-bound forms of 9-ubiquitin. 
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a similar amount of hexokinase and glucose prior to  the 
addition of all three enzymes prevented the formation of 
conjugates, indicating that  ATP was sufficiently removed 
under these conditions in the transfer experiment. 
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the formation of ubiquitin-protein conjugates (Fig. 6, compare 
lanes 4 and 5). The question arose which enzyme-ubiquitin 
thiol ester is the main source for conjugate formation. For 
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radioactivity in the different bands was estimated by y count- 
ing. A small amount of high  molecular  weight contaminants, 
present in this preparation of  "'1-ubiquitin, was subtracted 
from the corresponding positions. In this experiment, the 
total  amount of 1251-ubiquitin-protein conjugates was  0.40 
pmol, as compared to 0.06 pmol of ubiquitin lost from E,- 
ubiquitin, and 0.36 pmol lost from all four  forms of EZ- 
ubiquitin. This indicates that  the different forms of E2- 
ubiquitin were the main donors for conjugate formation in 
the presence of E3. 

DISCUSSION 

The present  study was initiated by an examination of the 
components of the ubiquitin-ATP system which can be iso- 
lated by affinity chromatography on ubiquitin-Sepharose. 
Since several enzymes in this pathway may  have  specific sites 
for ubiquitin, it was expected that further components, in 
addition to the ubiquitin-activating enzyme (17), may bind to 
the affinity column. In fact, two further factors of the proteo- 
lytic system were isolated by this method: E2, which binds to 
the affinity column in the presence of ATP, and ES, the 
binding of which does not require ATP. We then found that 
E2 and En, in concert with E,, are  participating in the conju- 
gation of ubiquitin with proteins  (Table 11).  We propose to 
designate the three enzymes as components of the ubiquitin- 
protein ligase system. The identity of the components of the 
ligase system with the factors of the proteolytic system was 
indicated by the coincidence of the corresponding activities 
across gel filtration columns (Figs. 3 and 4). These results 
provide further  support for the role of the conjugation of 
ubiquitin in protein breakdown. 

Since the purified ubiquitin-activating enzyme does not 
carry out conjugation by itself (18), the existence of a  further 
enzyme (which would catalyze amide bond formation between 
ubiquitin and  proteins) was expected, but  the observed re- 
quirement for  two distinct additional enzymes  was surprising. 
The present  data indicate that  the role of E2 might be the 
transfer of activated ubiquitin to  the  site of amide bond 
formation, and the proposed sequence of events is depicted in 
Fig. 7. According to  this scheme, activated ubiquitin bound 
via its  COOH terminus to  the thiol site of E, is first  trans- 
ferred to another sulfhydryl site  on E2. The first clue for such 
a  transfer process was the observation that  the binding of E2 
to  the ubiquitin column requires ATP, as well as E,  (Table 
V). This  can be explained by the assumption that E2 replaces 
column-bound El in a thiol ester linkage, although the possi- 
bility that E2 is bound through E, could not be  ruled out. A 
more direct proof for the involvement of thiol groups on Ez 
in this process is the finding that protection of E2 against 
inactivation by iodoacetamide requires preincubation with E,, 
in the presence of ubiquitin and  ATP  (Table VII). Finally, 
transfer of activated "'I-ubiquitin  from E, to the different 
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forms of E2 has the stability characteristics of a thiol ester 
bond. It should be noted that thiol transesterification of 

AMp*wixE;i;+- "") :c ~ 

Ub *ATP 
Protein - Ub 

€2- S-Ub Conjugate 
FIG. 7. Proposed sequence of events  in the ubiquitin-protein 

ligase  system. See the text. Ub, ubiquitin. 

SDS-PAGE using 
Radiolabeled Ub

Substrate +++

Transfer of radiolabeled Ub to E2 observed with E2 addition

UbUb Ub



Hershko, A.; Heller, H.; Elias, S.; Ciechanover, A. J. Biol. Chem. 1983, 258, 8206.

The History of Ubiquitin

The Discovery of E2 and E3

E1
– +E2

++

E3 – – +
+
+

Ubiquitin-Protein Ligase System 8213 

Cont. P 

\ 

7 8  

FIG. 6. Transfer of activated ubiquitin from El to Ez and to 
conjugate formation in  the presence of Es. All incubations con- 
tained, in a final volume of 20 pl, 50 mM Tris-HCI (pH 7.2), 5 mM 
MgCI2, 0.1 mM ATP, 0.2 mM dithiothreitol, 0.1 unit of inorganic 
pyrophosphatase, 10 pg  of oxidized RNase, and 1.84 pmol of '%I- 
ubiquitin (9900 cpm/pmol). Lanes 1-3, transfer of activated ubiquitin 
from El to E2. Lune 1,  incubated with E, (0.46 nanounits) a t  37 "C 
for 5 min. Lane 2, incubated with El as in lane 1 ,  then 2000 pmol of 
unlabeled ubiquitin were added, followed by the addition of purified 
E2 (0.6 nanounits),  and a further incubation of 5 min. Lane 3, 2000 
pmol of unlabeled ubiquitin were added before the addition of the 
above amounts of El and E2, and  the mixture was incubated for 10 
min. Lanes 4-8, transfer of  E,-bound ubiquitin to conjugate formation 
in the presence of En. Lane 4, incubated at  37 "C for 5 min in the 
presence of E, (0.073 nanounits) and E2 (0.6 nanounits); lane 5, 
incubated as in lane 4, then hexokinase (1 unit)  and 2-deoxyglucose 
(10 mM) were added for a further 3-min incubation. This was followed 
by the addition of 0.46 nanounits of En (from the Sepharose 6B peak 
of the pH 9 eluate,  treated with 5 mM iodoacetamide for 15 min at  
37 "C) and incubation was continued for a  further 5 min. Lane 6, 
hexokinase and deoxyglucose, at  the above amounts, were incubated 
with the reaction mixture for 3 min before the supplementation of 
E,, E2, and E3 (at  the above amounts) and a further incubation of 10 
min. Samples 1-6 were treated with 0.5% SDS at  0 "C for 30 min 
before electrophoresis. Lanes 7 and 8, incubations identical with lanes 
4 and 5, respectively, but  the samples were boiled for 3 min, with 2% 
SDS and 3% mercaptoethanol prior to electrophoresis. SDS-polyac- 
rylamide gel electrophoresis was performed as described previously 
(17) on 12.5% polyacrylamide running gel and 6% stacking gel a t  30 
mA for 3.5 h a t  4 "C. The gel was stained,  destained, dried, and 
radioautographed as described (7). EI-Ub, El-ubiquitin thiol ester; 
Cont., contaminations in the preparation of '&I-ubiquitin; 1-4, differ- 
ent E2-bound forms of 9-ubiquitin. 

ubiquitin from bands 1 and 2 and  a  partial decrease in bands 
3-4, concomitant with the appearance of numerous high  mo- 
lecular weight bands. These new bands are ubiquitin-protein 
conjugates, as shown by the finding that they  are  resistant to 
boiling in the presence of SDS and mercaptoethanol (Fig. 6, 
lane 8). A control (Fig. 6, lane 6 )  showed that  the addition of 
a similar amount of hexokinase and glucose prior to  the 
addition of all three enzymes prevented the formation of 
conjugates, indicating that  ATP was sufficiently removed 
under these conditions in the transfer experiment. 

It should be noted that activated ubiquitin bound to E,, as 
well as  to  the different forms of E2-ubiquitin, were lost during 
the formation of ubiquitin-protein conjugates (Fig. 6, compare 
lanes 4 and 5). The question arose which enzyme-ubiquitin 
thiol ester is the main source for conjugate formation. For 

quantitation, the various lanes were cut  into 4-mm  pieces and 
radioactivity in the different bands was estimated by y count- 
ing. A small amount of high  molecular  weight contaminants, 
present in this preparation of  "'1-ubiquitin, was subtracted 
from the corresponding positions. In this experiment, the 
total  amount of 1251-ubiquitin-protein conjugates was  0.40 
pmol, as compared to 0.06 pmol of ubiquitin lost from E,- 
ubiquitin, and 0.36 pmol lost from all four  forms of EZ- 
ubiquitin. This indicates that  the different forms of E2- 
ubiquitin were the main donors for conjugate formation in 
the presence of E3. 

DISCUSSION 

The present  study was initiated by an examination of the 
components of the ubiquitin-ATP system which can be iso- 
lated by affinity chromatography on ubiquitin-Sepharose. 
Since several enzymes in this pathway may  have  specific sites 
for ubiquitin, it was expected that further components, in 
addition to the ubiquitin-activating enzyme (17), may bind to 
the affinity column. In fact, two further factors of the proteo- 
lytic system were isolated by this method: E2, which binds to 
the affinity column in the presence of ATP, and ES, the 
binding of which does not require ATP. We then found that 
E2 and En, in concert with E,, are  participating in the conju- 
gation of ubiquitin with proteins  (Table 11).  We propose to 
designate the three enzymes as components of the ubiquitin- 
protein ligase system. The identity of the components of the 
ligase system with the factors of the proteolytic system was 
indicated by the coincidence of the corresponding activities 
across gel filtration columns (Figs. 3 and 4). These results 
provide further  support for the role of the conjugation of 
ubiquitin in protein breakdown. 

Since the purified ubiquitin-activating enzyme does not 
carry out conjugation by itself (18), the existence of a  further 
enzyme (which would catalyze amide bond formation between 
ubiquitin and  proteins) was expected, but  the observed re- 
quirement for  two distinct additional enzymes  was surprising. 
The present  data indicate that  the role of E2 might be the 
transfer of activated ubiquitin to  the  site of amide bond 
formation, and the proposed sequence of events is depicted in 
Fig. 7. According to  this scheme, activated ubiquitin bound 
via its  COOH terminus to  the thiol site of E, is first  trans- 
ferred to another sulfhydryl site  on E2. The first clue for such 
a  transfer process was the observation that  the binding of E2 
to  the ubiquitin column requires ATP, as well as E,  (Table 
V). This  can be explained by the assumption that E2 replaces 
column-bound El in a thiol ester linkage, although the possi- 
bility that E2 is bound through E, could not be  ruled out. A 
more direct proof for the involvement of thiol groups on Ez 
in this process is the finding that protection of E2 against 
inactivation by iodoacetamide requires preincubation with E,, 
in the presence of ubiquitin and  ATP  (Table VII). Finally, 
transfer of activated "'I-ubiquitin  from E, to the different 
forms of E2 can be directly demonstrated by polyacrylamide 
gel electrophoresis (Fig. 6), and  the linkage of ubiquitin to all 
forms of E2 has the stability characteristics of a thiol ester 
bond. It should be noted that thiol transesterification of 
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FIG. 6. Transfer of activated ubiquitin from El to Ez and to 
conjugate formation in  the presence of Es. All incubations con- 
tained, in a final volume of 20 pl, 50 mM Tris-HCI (pH 7.2), 5 mM 
MgCI2, 0.1 mM ATP, 0.2 mM dithiothreitol, 0.1 unit of inorganic 
pyrophosphatase, 10 pg  of oxidized RNase, and 1.84 pmol of '%I- 
ubiquitin (9900 cpm/pmol). Lanes 1-3, transfer of activated ubiquitin 
from El to E2. Lune 1,  incubated with E, (0.46 nanounits) a t  37 "C 
for 5 min. Lane 2, incubated with El as in lane 1 ,  then 2000 pmol of 
unlabeled ubiquitin were added, followed by the addition of purified 
E2 (0.6 nanounits),  and a further incubation of 5 min. Lane 3, 2000 
pmol of unlabeled ubiquitin were added before the addition of the 
above amounts of El and E2, and  the mixture was incubated for 10 
min. Lanes 4-8, transfer of  E,-bound ubiquitin to conjugate formation 
in the presence of En. Lane 4, incubated at  37 "C for 5 min in the 
presence of E, (0.073 nanounits) and E2 (0.6 nanounits); lane 5, 
incubated as in lane 4, then hexokinase (1 unit)  and 2-deoxyglucose 
(10 mM) were added for a further 3-min incubation. This was followed 
by the addition of 0.46 nanounits of En (from the Sepharose 6B peak 
of the pH 9 eluate,  treated with 5 mM iodoacetamide for 15 min at  
37 "C) and incubation was continued for a  further 5 min. Lane 6, 
hexokinase and deoxyglucose, at  the above amounts, were incubated 
with the reaction mixture for 3 min before the supplementation of 
E,, E2, and E3 (at  the above amounts) and a further incubation of 10 
min. Samples 1-6 were treated with 0.5% SDS at  0 "C for 30 min 
before electrophoresis. Lanes 7 and 8, incubations identical with lanes 
4 and 5, respectively, but  the samples were boiled for 3 min, with 2% 
SDS and 3% mercaptoethanol prior to electrophoresis. SDS-polyac- 
rylamide gel electrophoresis was performed as described previously 
(17) on 12.5% polyacrylamide running gel and 6% stacking gel a t  30 
mA for 3.5 h a t  4 "C. The gel was stained,  destained, dried, and 
radioautographed as described (7). EI-Ub, El-ubiquitin thiol ester; 
Cont., contaminations in the preparation of '&I-ubiquitin; 1-4, differ- 
ent E2-bound forms of 9-ubiquitin. 
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ubiquitin. This indicates that  the different forms of E2- 
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components of the ubiquitin-ATP system which can be iso- 
lated by affinity chromatography on ubiquitin-Sepharose. 
Since several enzymes in this pathway may  have  specific sites 
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addition to the ubiquitin-activating enzyme (17), may bind to 
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the affinity column in the presence of ATP, and ES, the 
binding of which does not require ATP. We then found that 
E2 and En, in concert with E,, are  participating in the conju- 
gation of ubiquitin with proteins  (Table 11).  We propose to 
designate the three enzymes as components of the ubiquitin- 
protein ligase system. The identity of the components of the 
ligase system with the factors of the proteolytic system was 
indicated by the coincidence of the corresponding activities 
across gel filtration columns (Figs. 3 and 4). These results 
provide further  support for the role of the conjugation of 
ubiquitin in protein breakdown. 

Since the purified ubiquitin-activating enzyme does not 
carry out conjugation by itself (18), the existence of a  further 
enzyme (which would catalyze amide bond formation between 
ubiquitin and  proteins) was expected, but  the observed re- 
quirement for  two distinct additional enzymes  was surprising. 
The present  data indicate that  the role of E2 might be the 
transfer of activated ubiquitin to  the  site of amide bond 
formation, and the proposed sequence of events is depicted in 
Fig. 7. According to  this scheme, activated ubiquitin bound 
via its  COOH terminus to  the thiol site of E, is first  trans- 
ferred to another sulfhydryl site  on E2. The first clue for such 
a  transfer process was the observation that  the binding of E2 
to  the ubiquitin column requires ATP, as well as E,  (Table 
V). This  can be explained by the assumption that E2 replaces 
column-bound El in a thiol ester linkage, although the possi- 
bility that E2 is bound through E, could not be  ruled out. A 
more direct proof for the involvement of thiol groups on Ez 
in this process is the finding that protection of E2 against 
inactivation by iodoacetamide requires preincubation with E,, 
in the presence of ubiquitin and  ATP  (Table VII). Finally, 
transfer of activated "'I-ubiquitin  from E, to the different 
forms of E2 can be directly demonstrated by polyacrylamide 
gel electrophoresis (Fig. 6), and  the linkage of ubiquitin to all 
forms of E2 has the stability characteristics of a thiol ester 
bond. It should be noted that thiol transesterification of 

AMp*wixE;i;+- "") :c ~ 

Ub *ATP 
Protein - Ub 
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FIG. 7. Proposed sequence of events  in the ubiquitin-protein 

ligase  system. See the text. Ub, ubiquitin. 
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The Ubiquitin Code

Question: When does ubiquitin enable protein-degradation, a protein-interaction, or another process?
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L E T T E R S

at comparable levels to Lys63 chains. Collectively, these data may point
to a broader role for ubiquitin in processes other than proteasome-
dependent proteolysis than had been previously thought. These
data provide evidence for unexpected diversity in polyubiquitin
chain topology.

Phosphorylation of some proteins is known to be a prerequisite
for ubiquitination and subsequent substrate degradation20.
Examining the list of sequenced peptides, we found 125 phosphory-
lation sites from 97 phosphopeptides distributed among 60 proteins
(Supplementary Table 5 online). Only ten sites (7.9%) in our list were
found in the previously published phosphoproteome analysis of
S. cerevisiae3. For example, in addition to the six ubiquitination sites
found for Ecm21, we found that this protein also contained twelve
phosphorylation sites. Surprisingly, among the phosphorylated pro-
teins detected was ubiquitin itself, at serine 57. To confirm this phos-
phorylation site, we synthesized the phosphopeptide and found its
MS/MS spectrum to be the same as that detected in the S. cerevisiae–
derived sample (Supplementary Fig. 2 online). This serine has been
described as nonessential for viability in an alanine-scanning muta-
tion experiment21. However, from the crystal structure of tetraubiq-
uitin22, this residue is solvent exposed and could potentially interfere

with proteasome recognition. The signifi-
cance of this phosphorylation event merits
further studies.

The phenomenon of protein ubiquitination
has been known for more than 25 years23. The
involvement of ubiquitination in processes
as diverse as cell cycle regulation, DNA
repair and receptor-mediated endocyto-
sis18,20 provides a measure of its biological
significance. We have combined affinity iso-
lation of ubiquitin conjugates with large-
scale amino acid sequencing by MS/MS, with
the goal of characterizing both ubiquitin
conjugates and precise sites of ubiquitina-
tion (modified lysinyl residues).

The 110 ubiquitination sites presented
here provide an initial framework for future
genetic analysis whereby each modified
lysine can be studied by site-directed muta-
genesis. This is critical because it allows for
the testing of the biological significance 
of each ubiquitination event. Only three
proteins from the list (not including ubiq-
uitin itself) were previously known to be
ubiquitinated (Gap1, Pdr5 and Ste6). For
five others, there was indirect evidence of
ubiquitination (Hxt6, Hxt7, Itr1, Jen1 and
Gnp1). All eight are membrane proteins12.
We attempted to confirm the ubiquitina-
tion of 19 further proteins. All 19 proteins
were found to be substrates for ubiquitin
(Supplementary Fig. 1 online), lending
support to the basic method.

The ubiquitin conjugates detected here rep-
resent only a subset of all ubiquitin conjugates.
The mass spectrometer is a concentration-
sensitive detector and so the ubiquitin con-
jugates identified represented the more
abundant conjugates in the cell. We failed to
detect a number of known, short-lived reg-

ulators of the cell cycle (e.g., Sic1, Cln1, Cln2, Clb1, Clb2, Clb3 and
Clb4). Many of these proteins are so quickly degraded after ubiqui-
tination that they can be measured only after stabilization either by
chemical proteasome inhibition or after genetic deletion of
required E2 or E3 ligases. We used no stabilization techniques in
this first experiment. We are now repeating the experiment with the
use of chemical proteasome inhibitors in an attempt to define the
subset of ubiquitin conjugates that is rapidly degraded by the pro-
teasome. In addition, we will focus on developing a methodology
that will allow for the comparative analysis of ubiquitin conjuga-
tion in yeast strains with deletions of specific E2 and E3 ligases by
combining the strategy described here with the isotope-coded
affinity tags method24.

A more general extension of the technique is in determining the
targets of ubiquitin-like protein modifiers, nine of which have been
described to date. With one exception, each ubiquitin-like protein
modifier will leave its own signature remnant peptide bound to its
target after trypsin digestion. Thus, the present mass spectrometry–
based approach is capable of identifying proteins modified by ubiq-
uitin and ubiquitin-like modifiers, mapping their sites and defining
the specific modifier involved.
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Figure 2 Isolation and sequence analysis of yeast ubiquitin conjugates. Ubiquitin conjugates were
purified from 100 mg of whole cell lysate from a yeast strain expressing 6xHis-ubiquitin or a control
strain by denaturing nickel-affinity chromatography. For visualization, 0.5% of the eluate was analyzed
by 6•16% SDS-PAGE and silver staining. The remainder of the sample was directly trypsinized, and
resulting peptides were separated by SCX chromatography with fraction collection. All fractions (n = 80)
were sequentially analyzed by nanoscale microcapillary reversed-phase LC with online sequence analysis
by MS/MS. We identified 1,075 proteins from the 6xHis-Ub sample and 110 precise ubiquitination
sites. A molecular weight marker is shown on either side of the gel (10-kDa ladder of 10–120 kDa and
200 kDa).©
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Ubiquitin-Remnant Profiling

Problem: How to identify ubiquitinated peptides without expressing N-terminally tagged ubiquitin?
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conversion of the Boc-Gly-Gly adduct, which does not contain an 
amine, to Gly-Gly, which contains an amine, was confirmed by the 
reactivity of the TFA-treated protein with biotin-NHS (Fig. 1b).

We injected the diglycine-modified histone into mice, and screened 
hybridoma lines for antibodies that specifically recognize proteins 
containing diglycine-modified lysines. Hybridoma line GX41 gener-
ated monoclonal antibodies that exhibited pronounced specificity for 
proteins containing the diglycine-modified lysines. The antibodies 
failed to interact with unmodified lysozyme or lactoglobulin (Fig. 1c), 
or either of these proteins after they have been modified with Boc-Gly-
Gly. However, the antibody recognized Gly-Gly–modified lysozyme  
and lactoglobulin obtained after removal of the Boc group.

These results indicate that the antibody recognizes Gly-Gly–modified  
lysines, and suggest that the antibody only recognizes Gly-Gly adducts 
that contain an unmodified primary amine. Similarly, the antibody 
exhibits negligible reactivity with rat brain lysate (Fig. 1c), or brain 
lysate modified with Boc-Gly-Gly, but exhibits substantial reactivity 
with Gly-Gly–modified proteins from brain lysate. Notably, the brain 
lysate includes highly abundant proteins containing internal Gly-
Gly peptide sequences, such as B-actin, glyceraldehyde-3-phosphate 
dehydrogenase and A-tubulin, as well as histone H2A, which contains 
an internal Gly-Gly-Lys sequence. This indicates that internal Gly-Gly 
sequences are not recognized by the antibody. Additionally, peptides 
that contain Gly-Gly as the first two amino acids are not recognized 
(Supplementary Fig. 1). Together, these data indicate that the anti-
body recognizes Gly-Gly sequences that are present as an adduct on 
the E-amine of lysine.

We next investigated whether the anti–diglycyl-lysine antibody was 
able to immunoprecipitate peptides containing Gly-Gly–modified lysine. 
A flow chart for sample preparation, immunoprecipitation, and MS/MS 
analysis is shown in Figure 2a. We prepared a peptide containing an 
N-terminal Gly-Gly sequence (GGDRVYIHPFHL), and a peptide con-
taining a diglycyl adduct on lysine (Ac-SYSMEHFRWGK*PV-NH2; K* 
and Ac represent Gly-Gly–modified lysine and an acetyl group, respec-
tively). An equimolar mixture of the peptides was immunoprecipitated 
with the anti–diglycyl-lysine antibody, resulting in selective enrichment 
(q50×) of the peptide containing the Gly-Gly–modified lysine (Fig. 2b).  
Additionally, this peptide was quantitatively immunoprecipitated 
with a nearly 100% yield (Supplementary Fig. 2). These experiments 

demonstrated that the GX41 antibody is capable of enriching peptides 
containing diglycine-modified lysines and does not immunoprecipitate 
peptides containing a Gly-Gly sequence at their N termini.

We next sought to assess the diversity of lysine ubiquitination in 
cultured cells. To distinguish diglycine remnants derived from ubiqui-
tin from those originating from less common ubiquitin-like proteins 
(such as ISG15 and NEDD8, which also leave a diglycine remnant 
on lysines after trypsinization8), we used HEK293 cells express-
ing His6-tagged ubiquitin. Ubiquitinated proteins were purified 
by immobilized metal-affinity chromatography, before proteolysis 
and anti–diglycyl-lysine immunopurification. Ubiquitin remnant– 
containing peptides were subjected to liquid chromatography (LC)-
MS/MS followed by database searching and spectral validation. To 
minimize alterations in ubiquitination levels after cell lysis, 5 mM 
chloroacetamide was included in lysis buffer to inhibit deubiquitinase 
and ubiquitin ligase activity9. To measure post-lysis ubiquitination, 
we spiked a lysate with excess glutathione S-transferase. This protein 
showed no detectable level of ubiquitination (Supplementary Fig. 3), 
suggesting that negligible ubiquitination occurred after cell lysis.

MS/MS spectra of ubiquitin remnant–containing peptides exhibited 
normal y- and b-ion series, typically with a pair of ions separated by 
a mass of 242.14 Da, consistent with the masses of a lysine residue 
(128.09) and a Gly-Gly adduct (114.04 Da) on the E-amine of lysine. 
Whereas most peptides contained a single diglycine-modified lysine 
(Fig. 2c), 17 peptides contained two diglycine-modified lysines. The 
majority (>92%) of ubiquitin remnant–containing peptides have a +3 or 
+4 charge (Supplementary Fig. 4), which reflects the additional charge 
from the N-terminal amine on the Gly-Gly adduct. Gly-Gly–modified 
lysines as the C-terminal residue of peptides were also detected (~2% of 
total) (Supplementary Fig. 5), and reflect use of the Gly-Gly–modified 
lysine as a substrate for trypsin, as described previously10.

In total, we identified 374 diglycine-modified lysines on 236 ubi-
quitinated mammalian proteins. Analysis of the Swiss-Prot database 
suggests that 72% of these proteins were not previously known to 
be ubiquitinated. Similarly, 92% of the ubiquitination sites that we 
identified were not previously known. Among the identified proteins, 
156 proteins have one ubiquitination site and 80 have two or more 
ubiquitination sites (Supplementary Table 1 and Supplementary 
Fig. 6). To validate the ubiquitination detected using the ubiquitin  

Figure 1 Generation of monoclonal antibodies that selectively recognize 
diglycine-modified lysines. (a) The antigen used to raise antibodies was 
synthesized by modifying the E-amines of all lysines in a histone with 
t-butyloxycarbonyl-Gly-Gly-N-hydroxysuccinimide (Boc-Gly-Gly-NHS) 
and then removing the Boc group by treatment with TFA. The lysines 
in the final protein contain Gly-Gly adducts on the E-amine of all lysine 
residues. (b) To validate the synthesis of Gly-Gly–modified histone,  
we monitored the reaction of the histone with Boc-Gly-Gly-NHS by  
detecting amines, such as those in unmodified lysine, through the 
reaction of the protein with the amine-modifying agent biotin-NHS,  
and subsequent western blot analysis with an anti-biotin antibody. 
Amines in the histone were completely lost after treatment with  
Boc-Gly-Gly-NHS, indicating complete modification of all the  
lysines in the histone. Removal of the Boc protecting group with  
TFA resulted in the formation of an amine at the N terminus of the 
Gly-Gly adduct. This step was essentially complete, as the TFA-treated 
protein exhibited nearly complete recovery of amine reactivity.  
The position of the bands in the different samples is slightly  
shifted due to the different molecular weights and number of  
positive charges in the modified and unmodified samples. The  
bands above 50 kDa represent impurities in the histone sample.  
(c) We evaluated the specificity of the GX41 monoclonal antibody by western blot analysis of B-lactoglobulin, lysozyme or rat brain lysate, in which 
the lysines were either unmodified (A), or modified with Boc-Gly-Gly (B) or Gly-Gly- (C) adducts, respectively. 
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remnant–profiling approach, we selected a subset of six proteins iden-
tified by MS and assessed whether they were ubiquitinated in cells. 
Lysates from HEK293 cells were immunoprecipitated with antibodies  
specific for the protein under investigation and immunoblotted 
using an anti-ubiquitin antibody (Fig. 2d). In these experiments, the 
HEK293 cells were not transfected with plasmids expressing His6-
tagged ubiquitin. In each case, the immunopurified protein exhibits 
anti-ubiquitin immunoreactivity consistent with the endogenous 
ubiquitination of these proteins.

The ubiquitination targets include disease-related proteins, such 
as 14-3-3E, ataxin, B-catenin, BRCA1-associated protein and TTRAP 
(TRAF and TNF receptor-associated protein). The proteins identi-
fied by ubiquitin remnant profiling have roles in numerous biological 
processes, of which the largest number involve metabolism, cell cycle/
apoptosis and signal transduction (Fig. 3a). Additionally, we identified 
proteins that influence the trafficking, localization and structure of 
proteins, as well as regulate the immune system, consistent with previ-
ously reported roles for ubiquitination11–14. Ubiquitination of many 
ubiquitin-conjugating enzymes, ubiquitin ligases and 26S proteasome 
regulatory subunits also supports previous studies that reported the 
prevalence of ubiquitination of proteins involved in proteasome  
degradation pathways15,16. Some of the proteins found to be ubiqui-
tinated extend earlier findings regarding the role of ubiquitination in  
certain cellular processes. For example, although histone H2 ubiquitina-
tion has been described3, we found that histone H1, H3 and H4 isoforms 
are also ubiquitinated, as are subunits of histone acetyltransferases and 
histone deacetylases. These findings support the idea that ubiquitin  

contributes to epigenetic gene regulation through multiple path-
ways. Many heat shock proteins, such as HSP70, HSP105, and 
HSC71, are ubiquitinated, linking ubiquitination to stress responses. 
Ubiquitination of several heterogeneous nuclear ribonucleoproteins 
reveals a role for ubiquitination in mRNA processing, metabolism, 
transport and splicing. Our studies also identify numerous transcrip-
tion factors, splicing factors, DNA repair proteins and kinases. This 
supports the well-characterized role for ubiquitination in regulating 
cellular signal transduction.

The subcellular distribution of the detected proteins is likely to 
reflect, in part, the subcellular fractions that were used for MS/MS 
analysis. Subcellular localization analysis of the identified proteins 
indicates that essentially all the ubiquitinated proteins are cytosolic 
(Fig. 3a, right panel), which is consistent with the general observation 
that ubiquitination occurs primary in the cytosolic compartment of the 
cell12. Many of the identified proteins are localized to the nucleus, and 
several proteins are localized to the mitochondria, suggesting a role for 
ubiquitination in regulating aspects of mitochondrial function.

We next wanted to gain insight into how lysine ubiquitination 
might be regulated at the level of primary and secondary structure. 
Interestingly, ubiquitin remnant–modified lysines have a slight 
tendency to be localized in regions enriched in small hydrophobic  
residues, such as alanine, leucine, isoleucine, glycine, proline and 
valine (Supplementary Fig. 7a). Examination of a six-amino-acid 
window adjacent to ubiquitinated lysines in the human proteome 
revealed that cysteine, histidine and lysine are found at a ~40% 
lower frequency than when they are adjacent to lysines in general 
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Figure 2 Profiling immunopurified ubiquitin 
remnant–containing peptides to identify 
ubiquitinated proteins. (a) Strategy to identify 
ubiquitinated proteins by immunoprecipitation 
of peptides containing diglycyl-lysine, 
followed by MS analysis. (b) Confirmation 
of antibody specificity using two peptides, 
GGDRVYIHPFHL and Ac-SYSMEHFRWGK*PV-
NH2. Equimolar amounts (0.3 nmol) of the two 
peptides were mixed and immunoprecipitated 
with immobilized anti–diglycyl-lysine 
monoclonal antibody. Matrix-assisted laser 
desorption ionization/time-of-flight (MALDI-
TOF)-MS analysis for the starting material 
and the antibody-purified material suggests 
an enrichment factor of at least 50, based on 
the comparison of the MS signals of the two 
peptides before and after immunoprecipitation. 
(c) Representative annotated MS/MS spectra 
of two ubiquitin remnant–containing peptides 
obtained by immunoprecipitation from a 
HEK293 cell lysate. The sequence of  
the ubiquitinated peptide, including the 
diglycine-modified lysine (K*), is indicated  
and the fragment ions are labeled. The  
symbols \, / and | represent b-ions, y-ions, 
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(d) Biochemical verification of the 
ubiquitination of six proteins. Proteins were 
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Results: 63,000 unique ubiquitination sites on 9200 proteins in two human cell lines

Trypsin
1) LysC digestion, 

2) IP w/ Ubisite
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support of the pervasive nature of ubiquitination, the distributions 
of Gene Ontology (GO) term annotations on cellular location, bio-
logical process and molecular function were all indistinguishable 
between the entire protein pool and the proteins identified as ubiq-
uitinated (Supplementary Fig. 3b).

Exploring further the label-free quantification (LFQ), we com-
pared changes in the cellular ubiquitinomes as a result of bortezo-
mib and b-AP15 treatment. The reproducibility of ubiquitinated 
peptide intensities between biological replicates was excellent 

(0.77 <  R <  0.9, Spearman correlation coefficient), and the differ-
ent treatments and cell lines clustered as expected (Supplementary  
Fig. 3a). Several thousand ubiquitination sites were found to be 
significantly different between treatments with the two inhibitors, 
even though these inhibitors both target the proteasome (Fig. 2b 
and Supplementary Table 4). Bortezomib binds the PSMB5 sub-
unit of the 20 S core proteasome with high affinity and specificity28, 
whereas b-AP15 inhibits two 19 S deubiquitinating enzymes, USP14 
and UCHL529. Both inhibitors have strong anticancer activity and 
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specific unique ubiquitination sites and ubiquitinated proteins identified in the two cell lines (n!= !3 independent biological replicates). Numbers on the top 
of bars indicate identified ubiquitination sites; numbers within bars indicate identified proteins. d, Overlap of ubiquitination sites and ubiquitinated proteins 
between Hep2 and Jurkat cells. Numbers indicate the number of identified ubiquitination sites (left) or proteins (right). e, Sequence motif analysis of the 
identified ubiquitination sites.
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support of the pervasive nature of ubiquitination, the distributions 
of Gene Ontology (GO) term annotations on cellular location, bio-
logical process and molecular function were all indistinguishable 
between the entire protein pool and the proteins identified as ubiq-
uitinated (Supplementary Fig. 3b).

Exploring further the label-free quantification (LFQ), we com-
pared changes in the cellular ubiquitinomes as a result of bortezo-
mib and b-AP15 treatment. The reproducibility of ubiquitinated 
peptide intensities between biological replicates was excellent 

(0.77 <  R <  0.9, Spearman correlation coefficient), and the differ-
ent treatments and cell lines clustered as expected (Supplementary  
Fig. 3a). Several thousand ubiquitination sites were found to be 
significantly different between treatments with the two inhibitors, 
even though these inhibitors both target the proteasome (Fig. 2b 
and Supplementary Table 4). Bortezomib binds the PSMB5 sub-
unit of the 20 S core proteasome with high affinity and specificity28, 
whereas b-AP15 inhibits two 19 S deubiquitinating enzymes, USP14 
and UCHL529. Both inhibitors have strong anticancer activity and 
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Ubisite antibody

Advantage: Enrichment of ubiquitin-specific “di-gly” peptides

Advantage: Can be used for detection of N-terminal ubiquitination (No N-terminal tag)
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cleavage event at Arg74 of ubiquitin, and the resulting monou-
biquitin remnants could, in theory, also be investigated for the 
presence of heterotypic chains.

The problem: what’s in a smear
Gel electrophoresis–based methods can also be used to study 
ubiquitination. However, ubiquitinated proteins or even  
purified ubiquitin chains often do not migrate according to 
their molecular weight but rather according to their molecular  
shape. This is most obvious when purified diubiquitin, triubiq-
uitin and tetraubiquitin species are compared24. These ubiquitin 
chains differ only with regard to their linkage type while being 
composed of identical mass and charge, but nonetheless they run 
at distinct positions on denaturing SDS-PAGE gels, indicating 
that ubiquitin is not fully unfolded. This size difference has been 
used analytically24.

In cells, the vast majority of proteins are post-translationally 
modified at some point during their life cycle, often resulting in 
a fuzzy appearance on gels, which could be due to phosphoryla-
tion, glycosylation, modification by ubiquitin-like modifiers such 
as SUMO, and/or to ubiquitination. Indeed, despite the addition 
of modifications of a defined size (8.5 kDa in the case of add-
ing ubiquitin), cellular ubiquitinated proteins usually appear as 
high-molecular-weight ‘smears’ rather than as defined species, 
for multiple reasons. First, the protein may be heterogeneously 
ubiquitinated at multiple sites, in the simplest case with mono-
ubiquitin, which would lead to heterogeneous running behavior. 
Second, when ubiquitin chains are attached, the chain types may 
differ, leading to distinct motilities. Hence, even if a protein has an 
identical number of ubiquitin molecules, its gel appearance may 
be fuzzy owing to distinct running behavior of individual mol-
ecules. However, most importantly, differences in polyubiquitin 
chain length lead to heterogeneous samples. It is possible that many 
proteins, in particular when destined for proteasomal degradation, 
comprise multiple heterogeneous polyubiquitin modifications.

In addition, ubiquitin signaling is highly dynamic, and pro-
teins may be ubiquitinated with distinct chain types at different  

points in their life cycles. This was demonstrated elegantly by 
using Lys63- and Lys48-linkage-specific antibodies in a study 
of RIP1, a well-studied ubiquitin target in cytokine signaling12. 
The apparent co-occurrence of ‘signaling’ chain types (Lys63 and 
Met1) and degradative (Lys48 and Lys11) chain types on proteins 
may simply reflect different pools of proteins at different stages 
of their life cycles.

Overview of UbiCRest: using DUBs to assess ubiquitin chain 
type and architecture
To design a qualitative and quick method to assess ubiquitin 
chain type and architecture, we exploited the intrinsic linkage 
specificity of DUBs. Advances in biochemistry and chemical 
biology have enabled a comprehensive profiling of DUB link-
age preference and confirmed the specificity of, e.g., the Lys63- 
specific DUB AMSH, and of the Lys48-specific DUB OTUB1, 
which is now understood in molecular detail25–27. We have  
contributed specificity analysis of the human ovarian tumor 
(OTU) DUB family, and we have discovered that OTU enzymes 
have defined linkage preferences, identifying enzymes with rela-
tive specificity for each of the eight ubiquitin linkage types28 
(e.g., Fig. 1). This is interesting and requires further studies, as it 
suggests independent roles for each chain type in the regulation 
of cellular signaling processes.

In addition, we realized that the availability of linkage-specific 
DUBs enables their use as tools to address questions in ubiquitin 
chain research28 (Fig. 2 and Table 1; find a generalized purification 
protocol in Box 1). Once the linkage specificity of each DUB at  
a given working concentration has been established (Fig. 1 and  
Box 2), a panel of DUBs with complementary specificity can be used 
to treat polyubiquitin or polyubiquitinated samples (Fig. 2) to assess 

(i) the types of ubiquitin linkages present in 
the sample (Fig. 3), and (ii) the architecture 
of linkages within the chains (Fig. 4).
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Figure 1 | Qualitative DUB specificity analysis. Purified OTU DUBs were 
incubated in parallel with all eight diubiquitin substrates for the indicated 
times. Reactions were resolved on SDS-PAGE gradient gels and silver stained. 
Enzyme (E) concentration is as indicated. (a) OTUB1 full-length (amino acids 
1–271) shows a remarkable specificity for Lys48 linkages. (b) OTUD3 (amino 
acids 52–209) preferentially cleaves Lys6- and Lys11-linked diubiquitin.
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cleavage event at Arg74 of ubiquitin, and the resulting monou-
biquitin remnants could, in theory, also be investigated for the 
presence of heterotypic chains.

The problem: what’s in a smear
Gel electrophoresis–based methods can also be used to study 
ubiquitination. However, ubiquitinated proteins or even  
purified ubiquitin chains often do not migrate according to 
their molecular weight but rather according to their molecular  
shape. This is most obvious when purified diubiquitin, triubiq-
uitin and tetraubiquitin species are compared24. These ubiquitin 
chains differ only with regard to their linkage type while being 
composed of identical mass and charge, but nonetheless they run 
at distinct positions on denaturing SDS-PAGE gels, indicating 
that ubiquitin is not fully unfolded. This size difference has been 
used analytically24.

In cells, the vast majority of proteins are post-translationally 
modified at some point during their life cycle, often resulting in 
a fuzzy appearance on gels, which could be due to phosphoryla-
tion, glycosylation, modification by ubiquitin-like modifiers such 
as SUMO, and/or to ubiquitination. Indeed, despite the addition 
of modifications of a defined size (8.5 kDa in the case of add-
ing ubiquitin), cellular ubiquitinated proteins usually appear as 
high-molecular-weight ‘smears’ rather than as defined species, 
for multiple reasons. First, the protein may be heterogeneously 
ubiquitinated at multiple sites, in the simplest case with mono-
ubiquitin, which would lead to heterogeneous running behavior. 
Second, when ubiquitin chains are attached, the chain types may 
differ, leading to distinct motilities. Hence, even if a protein has an 
identical number of ubiquitin molecules, its gel appearance may 
be fuzzy owing to distinct running behavior of individual mol-
ecules. However, most importantly, differences in polyubiquitin 
chain length lead to heterogeneous samples. It is possible that many 
proteins, in particular when destined for proteasomal degradation, 
comprise multiple heterogeneous polyubiquitin modifications.

In addition, ubiquitin signaling is highly dynamic, and pro-
teins may be ubiquitinated with distinct chain types at different  

points in their life cycles. This was demonstrated elegantly by 
using Lys63- and Lys48-linkage-specific antibodies in a study 
of RIP1, a well-studied ubiquitin target in cytokine signaling12. 
The apparent co-occurrence of ‘signaling’ chain types (Lys63 and 
Met1) and degradative (Lys48 and Lys11) chain types on proteins 
may simply reflect different pools of proteins at different stages 
of their life cycles.

Overview of UbiCRest: using DUBs to assess ubiquitin chain 
type and architecture
To design a qualitative and quick method to assess ubiquitin 
chain type and architecture, we exploited the intrinsic linkage 
specificity of DUBs. Advances in biochemistry and chemical 
biology have enabled a comprehensive profiling of DUB link-
age preference and confirmed the specificity of, e.g., the Lys63- 
specific DUB AMSH, and of the Lys48-specific DUB OTUB1, 
which is now understood in molecular detail25–27. We have  
contributed specificity analysis of the human ovarian tumor 
(OTU) DUB family, and we have discovered that OTU enzymes 
have defined linkage preferences, identifying enzymes with rela-
tive specificity for each of the eight ubiquitin linkage types28 
(e.g., Fig. 1). This is interesting and requires further studies, as it 
suggests independent roles for each chain type in the regulation 
of cellular signaling processes.

In addition, we realized that the availability of linkage-specific 
DUBs enables their use as tools to address questions in ubiquitin 
chain research28 (Fig. 2 and Table 1; find a generalized purification 
protocol in Box 1). Once the linkage specificity of each DUB at  
a given working concentration has been established (Fig. 1 and  
Box 2), a panel of DUBs with complementary specificity can be used 
to treat polyubiquitin or polyubiquitinated samples (Fig. 2) to assess 

(i) the types of ubiquitin linkages present in 
the sample (Fig. 3), and (ii) the architecture 
of linkages within the chains (Fig. 4).
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Figure 1 | Qualitative DUB specificity analysis. Purified OTU DUBs were 
incubated in parallel with all eight diubiquitin substrates for the indicated 
times. Reactions were resolved on SDS-PAGE gradient gels and silver stained. 
Enzyme (E) concentration is as indicated. (a) OTUB1 full-length (amino acids 
1–271) shows a remarkable specificity for Lys48 linkages. (b) OTUD3 (amino 
acids 52–209) preferentially cleaves Lys6- and Lys11-linked diubiquitin.
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cleavage event at Arg74 of ubiquitin, and the resulting monou-
biquitin remnants could, in theory, also be investigated for the 
presence of heterotypic chains.

The problem: what’s in a smear
Gel electrophoresis–based methods can also be used to study 
ubiquitination. However, ubiquitinated proteins or even  
purified ubiquitin chains often do not migrate according to 
their molecular weight but rather according to their molecular  
shape. This is most obvious when purified diubiquitin, triubiq-
uitin and tetraubiquitin species are compared24. These ubiquitin 
chains differ only with regard to their linkage type while being 
composed of identical mass and charge, but nonetheless they run 
at distinct positions on denaturing SDS-PAGE gels, indicating 
that ubiquitin is not fully unfolded. This size difference has been 
used analytically24.

In cells, the vast majority of proteins are post-translationally 
modified at some point during their life cycle, often resulting in 
a fuzzy appearance on gels, which could be due to phosphoryla-
tion, glycosylation, modification by ubiquitin-like modifiers such 
as SUMO, and/or to ubiquitination. Indeed, despite the addition 
of modifications of a defined size (8.5 kDa in the case of add-
ing ubiquitin), cellular ubiquitinated proteins usually appear as 
high-molecular-weight ‘smears’ rather than as defined species, 
for multiple reasons. First, the protein may be heterogeneously 
ubiquitinated at multiple sites, in the simplest case with mono-
ubiquitin, which would lead to heterogeneous running behavior. 
Second, when ubiquitin chains are attached, the chain types may 
differ, leading to distinct motilities. Hence, even if a protein has an 
identical number of ubiquitin molecules, its gel appearance may 
be fuzzy owing to distinct running behavior of individual mol-
ecules. However, most importantly, differences in polyubiquitin 
chain length lead to heterogeneous samples. It is possible that many 
proteins, in particular when destined for proteasomal degradation, 
comprise multiple heterogeneous polyubiquitin modifications.

In addition, ubiquitin signaling is highly dynamic, and pro-
teins may be ubiquitinated with distinct chain types at different  

points in their life cycles. This was demonstrated elegantly by 
using Lys63- and Lys48-linkage-specific antibodies in a study 
of RIP1, a well-studied ubiquitin target in cytokine signaling12. 
The apparent co-occurrence of ‘signaling’ chain types (Lys63 and 
Met1) and degradative (Lys48 and Lys11) chain types on proteins 
may simply reflect different pools of proteins at different stages 
of their life cycles.

Overview of UbiCRest: using DUBs to assess ubiquitin chain 
type and architecture
To design a qualitative and quick method to assess ubiquitin 
chain type and architecture, we exploited the intrinsic linkage 
specificity of DUBs. Advances in biochemistry and chemical 
biology have enabled a comprehensive profiling of DUB link-
age preference and confirmed the specificity of, e.g., the Lys63- 
specific DUB AMSH, and of the Lys48-specific DUB OTUB1, 
which is now understood in molecular detail25–27. We have  
contributed specificity analysis of the human ovarian tumor 
(OTU) DUB family, and we have discovered that OTU enzymes 
have defined linkage preferences, identifying enzymes with rela-
tive specificity for each of the eight ubiquitin linkage types28 
(e.g., Fig. 1). This is interesting and requires further studies, as it 
suggests independent roles for each chain type in the regulation 
of cellular signaling processes.

In addition, we realized that the availability of linkage-specific 
DUBs enables their use as tools to address questions in ubiquitin 
chain research28 (Fig. 2 and Table 1; find a generalized purification 
protocol in Box 1). Once the linkage specificity of each DUB at  
a given working concentration has been established (Fig. 1 and  
Box 2), a panel of DUBs with complementary specificity can be used 
to treat polyubiquitin or polyubiquitinated samples (Fig. 2) to assess 

(i) the types of ubiquitin linkages present in 
the sample (Fig. 3), and (ii) the architecture 
of linkages within the chains (Fig. 4).
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Figure 1 | Qualitative DUB specificity analysis. Purified OTU DUBs were 
incubated in parallel with all eight diubiquitin substrates for the indicated 
times. Reactions were resolved on SDS-PAGE gradient gels and silver stained. 
Enzyme (E) concentration is as indicated. (a) OTUB1 full-length (amino acids 
1–271) shows a remarkable specificity for Lys48 linkages. (b) OTUD3 (amino 
acids 52–209) preferentially cleaves Lys6- and Lys11-linked diubiquitin.
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Figure 2 | Schematic description of UbiCRest 
analysis. (a,b) A panel of DUBs with different 
linkage specificities and preferences (a) is 
used as a toolkit to study ubiquitin chain 
composition of ubiquitinated substrates (b). 
These can be either generated in vitro by using 
a defined ubiquitin chain assembly system or 
by immunoprecipitating a ubiquitinated protein 
of interest from the cell lysate. The color of the 
circles representing ubiquitin moieties indicates 
the Lys residue it is attached to. Substrate-bound 
and free ubiquitin is shown in white. 
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Samples. Polyubiquitin is the substrate for UbiCRest analysis.  
In vitro–assembled and in vitro–purified polyubiquitin of 
unknown composition and architecture, generated, e.g., by  
an uncharacterized E2 or E3 ligase, can be examined using 
UbiCRest regardless of whether the polyubiquitin is unat-
tached (described in Step 1A, ‘assembly A’ of the PROCEDURE, 
using the example of NleL-assembled chains), attached to the 
ligase (autoubiquitination, described in Step 1A, ‘assembly B’ 
of the PROCEDURE, using E3 ubiquitin-protein ligase NEDD4 

(NEDD4) as an example) or attached to a substrate. In vivo– 
ubiquitinated substrates can be examined by UbiCRest for  
linkage composition and architecture when polyubiquitin can  
be faithfully and reproducibly detected (as described in Step 1B  
of the PROCEDURE, using the example of RIP1); in these  
applications, western blotting against proteins or tags is essential 
owing to the high background of ubiquitinated proteins in cells 
(see ‘Visualizing the sample’). In addition to the experimental 
samples, purified ubiquitin chains of defined linkage composition 
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Figure 3 | UbiCRest analysis to determine 
ubiquitin linkage types on substrates.  
(a) A model substrate with Lys63 linkages was  
generated by the autoubiquitination of the  
GST-tagged NEDD4 HECT domain with UBE2L3.  
The substrate was treated with a panel of  
DUBs in parallel reactions for 15 min at 37 °C, 
resolved on SDS-PAGE gradient gels and silver 
stained. M, marker; control, model substrate  
without DUB treatment; dollar ($) marks enzyme 
bands; asterisks (*) indicate impurities in DUB 
preparations. (b) Ubiquitin dimers, trimers  
and tetramers of all currently available linkage 
types (Lys6, Lys11, Lys48, Lys63 and Met1) 
show distinct electrophoretic mobilities on an 
SDS-PAGE gel. (c) OTUD2-released polyubiquitin 
species from autoubiquitinated GST-NEDD4 
(as in a) compared with free Lys63-linked 
polyubiquitin. Numbers of ubiquitin moieties in 
ubiquitin chains are indicated. (d) The TNF-RSC 
was isolated from HEK293T cells after stimulation 
with FLAG-tagged TNF-A for 10 min. After a FLAG 
immunoprecipitation, the beads were washed 
and subsequently treated with the same panel of 
DUBs as in a, in parallel reactions, for 30 min at 
37 °C. Ubiquitin chains on RIP1 were detected 
by western blot analysis using a RIP1 antibody. 
Control, TNF-RSC IP without DUB treatment. 
IB, immunoblot. An asterisk (*) indicates a 
nonspecific band. See also ref. 28.
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Figure 4 | UbiCRest analysis to test for 
heterotypic polyubiquitin. (a) UbiCRest can be 
used to analyze the architecture of heterotypic 
ubiquitin chains. Schematic showing the 
potential tetramer complexity in NleL-
assembled wild-type (WT) ubiquitin products 
(middle) and cleavage products after treatment 
with OTUD3 and OTUB1, respectively (right). 
The C terminus of ubiquitin can be linked 
either to Lys6 (red) or Lys48 (gray), resulting 
in 14 distinct species. A white circle indicates 
ubiquitin with a free C terminus. (b) SDS-PAGE 
analysis of purified penta-/hexaubiquitin 
(assembly B in Step 1A) assembled from WT 
ubiquitin (WT Ub5-6) treated with 4.7 MM  
OTUB1 full-length (amino acids 1–271),  
5.5 MM OTUD3 OTU (amino acids 52–209),  
a combination of both or 6.1 nM vOTU (1–217). 
Dollar ($) marks enzyme bands; M, marker. 
Neither OTUD3 nor OTUB1 alone cleaves all 
chains, indicating the presence of two distinct 
linkage types (see ANTICIPATED RESULTS). 
Reproduced with permission from ref. 32,  
Nature Publishing Group.
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cleavage event at Arg74 of ubiquitin, and the resulting monou-
biquitin remnants could, in theory, also be investigated for the 
presence of heterotypic chains.

The problem: what’s in a smear
Gel electrophoresis–based methods can also be used to study 
ubiquitination. However, ubiquitinated proteins or even  
purified ubiquitin chains often do not migrate according to 
their molecular weight but rather according to their molecular  
shape. This is most obvious when purified diubiquitin, triubiq-
uitin and tetraubiquitin species are compared24. These ubiquitin 
chains differ only with regard to their linkage type while being 
composed of identical mass and charge, but nonetheless they run 
at distinct positions on denaturing SDS-PAGE gels, indicating 
that ubiquitin is not fully unfolded. This size difference has been 
used analytically24.

In cells, the vast majority of proteins are post-translationally 
modified at some point during their life cycle, often resulting in 
a fuzzy appearance on gels, which could be due to phosphoryla-
tion, glycosylation, modification by ubiquitin-like modifiers such 
as SUMO, and/or to ubiquitination. Indeed, despite the addition 
of modifications of a defined size (8.5 kDa in the case of add-
ing ubiquitin), cellular ubiquitinated proteins usually appear as 
high-molecular-weight ‘smears’ rather than as defined species, 
for multiple reasons. First, the protein may be heterogeneously 
ubiquitinated at multiple sites, in the simplest case with mono-
ubiquitin, which would lead to heterogeneous running behavior. 
Second, when ubiquitin chains are attached, the chain types may 
differ, leading to distinct motilities. Hence, even if a protein has an 
identical number of ubiquitin molecules, its gel appearance may 
be fuzzy owing to distinct running behavior of individual mol-
ecules. However, most importantly, differences in polyubiquitin 
chain length lead to heterogeneous samples. It is possible that many 
proteins, in particular when destined for proteasomal degradation, 
comprise multiple heterogeneous polyubiquitin modifications.

In addition, ubiquitin signaling is highly dynamic, and pro-
teins may be ubiquitinated with distinct chain types at different  

points in their life cycles. This was demonstrated elegantly by 
using Lys63- and Lys48-linkage-specific antibodies in a study 
of RIP1, a well-studied ubiquitin target in cytokine signaling12. 
The apparent co-occurrence of ‘signaling’ chain types (Lys63 and 
Met1) and degradative (Lys48 and Lys11) chain types on proteins 
may simply reflect different pools of proteins at different stages 
of their life cycles.

Overview of UbiCRest: using DUBs to assess ubiquitin chain 
type and architecture
To design a qualitative and quick method to assess ubiquitin 
chain type and architecture, we exploited the intrinsic linkage 
specificity of DUBs. Advances in biochemistry and chemical 
biology have enabled a comprehensive profiling of DUB link-
age preference and confirmed the specificity of, e.g., the Lys63- 
specific DUB AMSH, and of the Lys48-specific DUB OTUB1, 
which is now understood in molecular detail25–27. We have  
contributed specificity analysis of the human ovarian tumor 
(OTU) DUB family, and we have discovered that OTU enzymes 
have defined linkage preferences, identifying enzymes with rela-
tive specificity for each of the eight ubiquitin linkage types28 
(e.g., Fig. 1). This is interesting and requires further studies, as it 
suggests independent roles for each chain type in the regulation 
of cellular signaling processes.

In addition, we realized that the availability of linkage-specific 
DUBs enables their use as tools to address questions in ubiquitin 
chain research28 (Fig. 2 and Table 1; find a generalized purification 
protocol in Box 1). Once the linkage specificity of each DUB at  
a given working concentration has been established (Fig. 1 and  
Box 2), a panel of DUBs with complementary specificity can be used 
to treat polyubiquitin or polyubiquitinated samples (Fig. 2) to assess 

(i) the types of ubiquitin linkages present in 
the sample (Fig. 3), and (ii) the architecture 
of linkages within the chains (Fig. 4).
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Figure 1 | Qualitative DUB specificity analysis. Purified OTU DUBs were 
incubated in parallel with all eight diubiquitin substrates for the indicated 
times. Reactions were resolved on SDS-PAGE gradient gels and silver stained. 
Enzyme (E) concentration is as indicated. (a) OTUB1 full-length (amino acids 
1–271) shows a remarkable specificity for Lys48 linkages. (b) OTUD3 (amino 
acids 52–209) preferentially cleaves Lys6- and Lys11-linked diubiquitin.
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Figure 2 | Schematic description of UbiCRest 
analysis. (a,b) A panel of DUBs with different 
linkage specificities and preferences (a) is 
used as a toolkit to study ubiquitin chain 
composition of ubiquitinated substrates (b). 
These can be either generated in vitro by using 
a defined ubiquitin chain assembly system or 
by immunoprecipitating a ubiquitinated protein 
of interest from the cell lysate. The color of the 
circles representing ubiquitin moieties indicates 
the Lys residue it is attached to. Substrate-bound 
and free ubiquitin is shown in white. 
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Samples. Polyubiquitin is the substrate for UbiCRest analysis.  
In vitro–assembled and in vitro–purified polyubiquitin of 
unknown composition and architecture, generated, e.g., by  
an uncharacterized E2 or E3 ligase, can be examined using 
UbiCRest regardless of whether the polyubiquitin is unat-
tached (described in Step 1A, ‘assembly A’ of the PROCEDURE, 
using the example of NleL-assembled chains), attached to the 
ligase (autoubiquitination, described in Step 1A, ‘assembly B’ 
of the PROCEDURE, using E3 ubiquitin-protein ligase NEDD4 

(NEDD4) as an example) or attached to a substrate. In vivo– 
ubiquitinated substrates can be examined by UbiCRest for  
linkage composition and architecture when polyubiquitin can  
be faithfully and reproducibly detected (as described in Step 1B  
of the PROCEDURE, using the example of RIP1); in these  
applications, western blotting against proteins or tags is essential 
owing to the high background of ubiquitinated proteins in cells 
(see ‘Visualizing the sample’). In addition to the experimental 
samples, purified ubiquitin chains of defined linkage composition 
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Figure 3 | UbiCRest analysis to determine 
ubiquitin linkage types on substrates.  
(a) A model substrate with Lys63 linkages was  
generated by the autoubiquitination of the  
GST-tagged NEDD4 HECT domain with UBE2L3.  
The substrate was treated with a panel of  
DUBs in parallel reactions for 15 min at 37 °C, 
resolved on SDS-PAGE gradient gels and silver 
stained. M, marker; control, model substrate  
without DUB treatment; dollar ($) marks enzyme 
bands; asterisks (*) indicate impurities in DUB 
preparations. (b) Ubiquitin dimers, trimers  
and tetramers of all currently available linkage 
types (Lys6, Lys11, Lys48, Lys63 and Met1) 
show distinct electrophoretic mobilities on an 
SDS-PAGE gel. (c) OTUD2-released polyubiquitin 
species from autoubiquitinated GST-NEDD4 
(as in a) compared with free Lys63-linked 
polyubiquitin. Numbers of ubiquitin moieties in 
ubiquitin chains are indicated. (d) The TNF-RSC 
was isolated from HEK293T cells after stimulation 
with FLAG-tagged TNF-A for 10 min. After a FLAG 
immunoprecipitation, the beads were washed 
and subsequently treated with the same panel of 
DUBs as in a, in parallel reactions, for 30 min at 
37 °C. Ubiquitin chains on RIP1 were detected 
by western blot analysis using a RIP1 antibody. 
Control, TNF-RSC IP without DUB treatment. 
IB, immunoblot. An asterisk (*) indicates a 
nonspecific band. See also ref. 28.
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Figure 4 | UbiCRest analysis to test for 
heterotypic polyubiquitin. (a) UbiCRest can be 
used to analyze the architecture of heterotypic 
ubiquitin chains. Schematic showing the 
potential tetramer complexity in NleL-
assembled wild-type (WT) ubiquitin products 
(middle) and cleavage products after treatment 
with OTUD3 and OTUB1, respectively (right). 
The C terminus of ubiquitin can be linked 
either to Lys6 (red) or Lys48 (gray), resulting 
in 14 distinct species. A white circle indicates 
ubiquitin with a free C terminus. (b) SDS-PAGE 
analysis of purified penta-/hexaubiquitin 
(assembly B in Step 1A) assembled from WT 
ubiquitin (WT Ub5-6) treated with 4.7 MM  
OTUB1 full-length (amino acids 1–271),  
5.5 MM OTUD3 OTU (amino acids 52–209),  
a combination of both or 6.1 nM vOTU (1–217). 
Dollar ($) marks enzyme bands; M, marker. 
Neither OTUD3 nor OTUB1 alone cleaves all 
chains, indicating the presence of two distinct 
linkage types (see ANTICIPATED RESULTS). 
Reproduced with permission from ref. 32,  
Nature Publishing Group.
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cleavage event at Arg74 of ubiquitin, and the resulting monou-
biquitin remnants could, in theory, also be investigated for the 
presence of heterotypic chains.

The problem: what’s in a smear
Gel electrophoresis–based methods can also be used to study 
ubiquitination. However, ubiquitinated proteins or even  
purified ubiquitin chains often do not migrate according to 
their molecular weight but rather according to their molecular  
shape. This is most obvious when purified diubiquitin, triubiq-
uitin and tetraubiquitin species are compared24. These ubiquitin 
chains differ only with regard to their linkage type while being 
composed of identical mass and charge, but nonetheless they run 
at distinct positions on denaturing SDS-PAGE gels, indicating 
that ubiquitin is not fully unfolded. This size difference has been 
used analytically24.

In cells, the vast majority of proteins are post-translationally 
modified at some point during their life cycle, often resulting in 
a fuzzy appearance on gels, which could be due to phosphoryla-
tion, glycosylation, modification by ubiquitin-like modifiers such 
as SUMO, and/or to ubiquitination. Indeed, despite the addition 
of modifications of a defined size (8.5 kDa in the case of add-
ing ubiquitin), cellular ubiquitinated proteins usually appear as 
high-molecular-weight ‘smears’ rather than as defined species, 
for multiple reasons. First, the protein may be heterogeneously 
ubiquitinated at multiple sites, in the simplest case with mono-
ubiquitin, which would lead to heterogeneous running behavior. 
Second, when ubiquitin chains are attached, the chain types may 
differ, leading to distinct motilities. Hence, even if a protein has an 
identical number of ubiquitin molecules, its gel appearance may 
be fuzzy owing to distinct running behavior of individual mol-
ecules. However, most importantly, differences in polyubiquitin 
chain length lead to heterogeneous samples. It is possible that many 
proteins, in particular when destined for proteasomal degradation, 
comprise multiple heterogeneous polyubiquitin modifications.

In addition, ubiquitin signaling is highly dynamic, and pro-
teins may be ubiquitinated with distinct chain types at different  

points in their life cycles. This was demonstrated elegantly by 
using Lys63- and Lys48-linkage-specific antibodies in a study 
of RIP1, a well-studied ubiquitin target in cytokine signaling12. 
The apparent co-occurrence of ‘signaling’ chain types (Lys63 and 
Met1) and degradative (Lys48 and Lys11) chain types on proteins 
may simply reflect different pools of proteins at different stages 
of their life cycles.

Overview of UbiCRest: using DUBs to assess ubiquitin chain 
type and architecture
To design a qualitative and quick method to assess ubiquitin 
chain type and architecture, we exploited the intrinsic linkage 
specificity of DUBs. Advances in biochemistry and chemical 
biology have enabled a comprehensive profiling of DUB link-
age preference and confirmed the specificity of, e.g., the Lys63- 
specific DUB AMSH, and of the Lys48-specific DUB OTUB1, 
which is now understood in molecular detail25–27. We have  
contributed specificity analysis of the human ovarian tumor 
(OTU) DUB family, and we have discovered that OTU enzymes 
have defined linkage preferences, identifying enzymes with rela-
tive specificity for each of the eight ubiquitin linkage types28 
(e.g., Fig. 1). This is interesting and requires further studies, as it 
suggests independent roles for each chain type in the regulation 
of cellular signaling processes.

In addition, we realized that the availability of linkage-specific 
DUBs enables their use as tools to address questions in ubiquitin 
chain research28 (Fig. 2 and Table 1; find a generalized purification 
protocol in Box 1). Once the linkage specificity of each DUB at  
a given working concentration has been established (Fig. 1 and  
Box 2), a panel of DUBs with complementary specificity can be used 
to treat polyubiquitin or polyubiquitinated samples (Fig. 2) to assess 

(i) the types of ubiquitin linkages present in 
the sample (Fig. 3), and (ii) the architecture 
of linkages within the chains (Fig. 4).
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Figure 1 | Qualitative DUB specificity analysis. Purified OTU DUBs were 
incubated in parallel with all eight diubiquitin substrates for the indicated 
times. Reactions were resolved on SDS-PAGE gradient gels and silver stained. 
Enzyme (E) concentration is as indicated. (a) OTUB1 full-length (amino acids 
1–271) shows a remarkable specificity for Lys48 linkages. (b) OTUD3 (amino 
acids 52–209) preferentially cleaves Lys6- and Lys11-linked diubiquitin.
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Figure 2 | Schematic description of UbiCRest 
analysis. (a,b) A panel of DUBs with different 
linkage specificities and preferences (a) is 
used as a toolkit to study ubiquitin chain 
composition of ubiquitinated substrates (b). 
These can be either generated in vitro by using 
a defined ubiquitin chain assembly system or 
by immunoprecipitating a ubiquitinated protein 
of interest from the cell lysate. The color of the 
circles representing ubiquitin moieties indicates 
the Lys residue it is attached to. Substrate-bound 
and free ubiquitin is shown in white. 

Certain DUBs prefer deubiquitination 
of specific Ub linkages 

Disappearance of polyubiquitin smear is key result
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Samples. Polyubiquitin is the substrate for UbiCRest analysis.  
In vitro–assembled and in vitro–purified polyubiquitin of 
unknown composition and architecture, generated, e.g., by  
an uncharacterized E2 or E3 ligase, can be examined using 
UbiCRest regardless of whether the polyubiquitin is unat-
tached (described in Step 1A, ‘assembly A’ of the PROCEDURE, 
using the example of NleL-assembled chains), attached to the 
ligase (autoubiquitination, described in Step 1A, ‘assembly B’ 
of the PROCEDURE, using E3 ubiquitin-protein ligase NEDD4 

(NEDD4) as an example) or attached to a substrate. In vivo– 
ubiquitinated substrates can be examined by UbiCRest for  
linkage composition and architecture when polyubiquitin can  
be faithfully and reproducibly detected (as described in Step 1B  
of the PROCEDURE, using the example of RIP1); in these  
applications, western blotting against proteins or tags is essential 
owing to the high background of ubiquitinated proteins in cells 
(see ‘Visualizing the sample’). In addition to the experimental 
samples, purified ubiquitin chains of defined linkage composition 
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Figure 3 | UbiCRest analysis to determine 
ubiquitin linkage types on substrates.  
(a) A model substrate with Lys63 linkages was  
generated by the autoubiquitination of the  
GST-tagged NEDD4 HECT domain with UBE2L3.  
The substrate was treated with a panel of  
DUBs in parallel reactions for 15 min at 37 °C, 
resolved on SDS-PAGE gradient gels and silver 
stained. M, marker; control, model substrate  
without DUB treatment; dollar ($) marks enzyme 
bands; asterisks (*) indicate impurities in DUB 
preparations. (b) Ubiquitin dimers, trimers  
and tetramers of all currently available linkage 
types (Lys6, Lys11, Lys48, Lys63 and Met1) 
show distinct electrophoretic mobilities on an 
SDS-PAGE gel. (c) OTUD2-released polyubiquitin 
species from autoubiquitinated GST-NEDD4 
(as in a) compared with free Lys63-linked 
polyubiquitin. Numbers of ubiquitin moieties in 
ubiquitin chains are indicated. (d) The TNF-RSC 
was isolated from HEK293T cells after stimulation 
with FLAG-tagged TNF-A for 10 min. After a FLAG 
immunoprecipitation, the beads were washed 
and subsequently treated with the same panel of 
DUBs as in a, in parallel reactions, for 30 min at 
37 °C. Ubiquitin chains on RIP1 were detected 
by western blot analysis using a RIP1 antibody. 
Control, TNF-RSC IP without DUB treatment. 
IB, immunoblot. An asterisk (*) indicates a 
nonspecific band. See also ref. 28.
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Figure 4 | UbiCRest analysis to test for 
heterotypic polyubiquitin. (a) UbiCRest can be 
used to analyze the architecture of heterotypic 
ubiquitin chains. Schematic showing the 
potential tetramer complexity in NleL-
assembled wild-type (WT) ubiquitin products 
(middle) and cleavage products after treatment 
with OTUD3 and OTUB1, respectively (right). 
The C terminus of ubiquitin can be linked 
either to Lys6 (red) or Lys48 (gray), resulting 
in 14 distinct species. A white circle indicates 
ubiquitin with a free C terminus. (b) SDS-PAGE 
analysis of purified penta-/hexaubiquitin 
(assembly B in Step 1A) assembled from WT 
ubiquitin (WT Ub5-6) treated with 4.7 MM  
OTUB1 full-length (amino acids 1–271),  
5.5 MM OTUD3 OTU (amino acids 52–209),  
a combination of both or 6.1 nM vOTU (1–217). 
Dollar ($) marks enzyme bands; M, marker. 
Neither OTUD3 nor OTUB1 alone cleaves all 
chains, indicating the presence of two distinct 
linkage types (see ANTICIPATED RESULTS). 
Reproduced with permission from ref. 32,  
Nature Publishing Group.

polyubiquitinated 
substrate

ubiquitin (n)

Methods to Study Covalent Modifications by Ubiquitin

Hospenthal, M. K.; Mevissen, T. E. T.; Komander, D. Nat. Protocols 2015, 10, 349. 
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cleavage event at Arg74 of ubiquitin, and the resulting monou-
biquitin remnants could, in theory, also be investigated for the 
presence of heterotypic chains.

The problem: what’s in a smear
Gel electrophoresis–based methods can also be used to study 
ubiquitination. However, ubiquitinated proteins or even  
purified ubiquitin chains often do not migrate according to 
their molecular weight but rather according to their molecular  
shape. This is most obvious when purified diubiquitin, triubiq-
uitin and tetraubiquitin species are compared24. These ubiquitin 
chains differ only with regard to their linkage type while being 
composed of identical mass and charge, but nonetheless they run 
at distinct positions on denaturing SDS-PAGE gels, indicating 
that ubiquitin is not fully unfolded. This size difference has been 
used analytically24.

In cells, the vast majority of proteins are post-translationally 
modified at some point during their life cycle, often resulting in 
a fuzzy appearance on gels, which could be due to phosphoryla-
tion, glycosylation, modification by ubiquitin-like modifiers such 
as SUMO, and/or to ubiquitination. Indeed, despite the addition 
of modifications of a defined size (8.5 kDa in the case of add-
ing ubiquitin), cellular ubiquitinated proteins usually appear as 
high-molecular-weight ‘smears’ rather than as defined species, 
for multiple reasons. First, the protein may be heterogeneously 
ubiquitinated at multiple sites, in the simplest case with mono-
ubiquitin, which would lead to heterogeneous running behavior. 
Second, when ubiquitin chains are attached, the chain types may 
differ, leading to distinct motilities. Hence, even if a protein has an 
identical number of ubiquitin molecules, its gel appearance may 
be fuzzy owing to distinct running behavior of individual mol-
ecules. However, most importantly, differences in polyubiquitin 
chain length lead to heterogeneous samples. It is possible that many 
proteins, in particular when destined for proteasomal degradation, 
comprise multiple heterogeneous polyubiquitin modifications.

In addition, ubiquitin signaling is highly dynamic, and pro-
teins may be ubiquitinated with distinct chain types at different  

points in their life cycles. This was demonstrated elegantly by 
using Lys63- and Lys48-linkage-specific antibodies in a study 
of RIP1, a well-studied ubiquitin target in cytokine signaling12. 
The apparent co-occurrence of ‘signaling’ chain types (Lys63 and 
Met1) and degradative (Lys48 and Lys11) chain types on proteins 
may simply reflect different pools of proteins at different stages 
of their life cycles.

Overview of UbiCRest: using DUBs to assess ubiquitin chain 
type and architecture
To design a qualitative and quick method to assess ubiquitin 
chain type and architecture, we exploited the intrinsic linkage 
specificity of DUBs. Advances in biochemistry and chemical 
biology have enabled a comprehensive profiling of DUB link-
age preference and confirmed the specificity of, e.g., the Lys63- 
specific DUB AMSH, and of the Lys48-specific DUB OTUB1, 
which is now understood in molecular detail25–27. We have  
contributed specificity analysis of the human ovarian tumor 
(OTU) DUB family, and we have discovered that OTU enzymes 
have defined linkage preferences, identifying enzymes with rela-
tive specificity for each of the eight ubiquitin linkage types28 
(e.g., Fig. 1). This is interesting and requires further studies, as it 
suggests independent roles for each chain type in the regulation 
of cellular signaling processes.

In addition, we realized that the availability of linkage-specific 
DUBs enables their use as tools to address questions in ubiquitin 
chain research28 (Fig. 2 and Table 1; find a generalized purification 
protocol in Box 1). Once the linkage specificity of each DUB at  
a given working concentration has been established (Fig. 1 and  
Box 2), a panel of DUBs with complementary specificity can be used 
to treat polyubiquitin or polyubiquitinated samples (Fig. 2) to assess 

(i) the types of ubiquitin linkages present in 
the sample (Fig. 3), and (ii) the architecture 
of linkages within the chains (Fig. 4).
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Figure 1 | Qualitative DUB specificity analysis. Purified OTU DUBs were 
incubated in parallel with all eight diubiquitin substrates for the indicated 
times. Reactions were resolved on SDS-PAGE gradient gels and silver stained. 
Enzyme (E) concentration is as indicated. (a) OTUB1 full-length (amino acids 
1–271) shows a remarkable specificity for Lys48 linkages. (b) OTUD3 (amino 
acids 52–209) preferentially cleaves Lys6- and Lys11-linked diubiquitin.
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Figure 2 | Schematic description of UbiCRest 
analysis. (a,b) A panel of DUBs with different 
linkage specificities and preferences (a) is 
used as a toolkit to study ubiquitin chain 
composition of ubiquitinated substrates (b). 
These can be either generated in vitro by using 
a defined ubiquitin chain assembly system or 
by immunoprecipitating a ubiquitinated protein 
of interest from the cell lysate. The color of the 
circles representing ubiquitin moieties indicates 
the Lys residue it is attached to. Substrate-bound 
and free ubiquitin is shown in white. 

Certain DUBs prefer deubiquitination 
of specific Ub linkages 

Some deubiquitinases can behave
nonspecifically to release longer chains

Disappearance of polyubiquitin smear is key result
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Figure 2
Ubiquitin-mediated degradation of key cell cycle regulators by the APC/C and SCF complexes. E3 ubiquitin
ligases (blue circles) trigger the ubiquitylation and proteolysis of cell cycle activators ( green ovals) and
inhibitors (red ovals) at specific cell cycle phases: G1, S, G2, and M. APC/C ubiquitylates target substrates
from the middle of M phase to the end of G1 phase, whereas SCF ligases are active from late G1 to early M
phase. Cul4-DDB1 shows ubiquitin ligase activity in S phase.

Cleavage Embryos and the Cyclin
B–APC/C Oscillator
As stated above, the early embryos of am-
phibians, fish, and many marine invertebrates
go through rapid, simplified cell cycles. The
study of these cell cycles has provided many
important insights concerning the machinery
and organization central to cell division in all
eukaryotes, including the role of ubiquitin-

mediated proteolysis. Although historically the
first observations with respect to periodic accu-
mulation and destruction of cyclins were made
in the sea urchin (38), by far the bulk of modern
research along these lines has been carried out
using the oocytes of the frog Xenopus laevis.
Therefore, we largely limit this discussion to
the Xenopus system. Xenopus eggs, once fertil-
ized, undergo 12 synchronous divisions without
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Cell Cycle

Ubiquitin-Mediated Regulation: Control of the Cell-Cycle

Teixeira, L. K.; Reed, S. I. Annu. Rev. Biochem. 2013, 82, 387.
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Figure 1
Schematic representation of the anaphase-promoting complex/cyclosome (APC/C) and Skp/cullin/F-box-containing (SCF) complexes.
Both E3 ubiquitin ligases are composed of catalytic cores with similar structures, consisting of a cullin-like protein (Apc2 in APC/C and
Cul1 in SCF; light blue) that serves as the complex scaffold, and a really interesting new gene (RING)-finger protein (Apc11 in APC/C
and Rbx1 in SCF; purple) that recruits an E2 enzyme for substrate ubiquitylation (orange and red ). (a) In APC/C complexes, substrate
binding and specificity are provided by the alternative adaptors Cdc20 and Cdh1, which direct ubiquitin-mediated proteolysis of target
substrates. APC/C is composed of many other highly conserved proteins that provide molecular scaffold support ( green).
Nomenclatures of human proteins are indicated with respective Saccharomyces cerevisiae correlates in parentheses. (b) SCF ligases have a
variable component F-box protein (Skp2, Fbw7, β-Trcp) that recognizes specific phosphorylated sequences on target substrates
(phosphodegrons), triggering their ubiquitylation and degradation. The adaptor protein Skp1 recruits F-box proteins to the SCF core.
Abbreviation: P, phosphate ( yellow).

Cullin: a family of
proteins that serves as
a scaffold for E3
ubiquitin ligases and
binds RING-finger
proteins through
conserved cullin
domains

CRL: cullin-RING
ligase

Anaphase-promoting
complex/cyclosome
(APC/C): a ubiquitin
ligase complex that
promotes mitotic
progression through
ubiquitylation and
degradation of
numerous cell cycle
regulators

E2 enzymes and substrates in close proximity,
but also stimulate E2 catalytic activity and
mediate transfer of ubiquitin from E2 to
substrates, thus favoring the process of protein
ubiquitylation (17, 18). One large subfamily of
RING-finger E3 ligases comprises the cullin-
RING ligases (CRLs), which include two struc-
turally similar enzymes involved in the pro-
teolysis of key cell cycle–regulatory proteins:
the anaphase-promoting complex/cyclosome
(APC/C) (Figure 1a) and Skp/cullin/F-box-
containing (SCF) (Figure 1b) complexes.

The APC/C controls progression through
mitosis and the subsequent G1 interval by
ubiquitylating many important cell cycle
regulators, including mitotic cyclins, anaphase
regulators, spindle assembly factors (SAFs),
and DNA replication proteins (19–22). In
humans, the APC/C core is composed of at

least 14 different proteins, including the Apc11
RING-finger protein that interacts with an E2
enzyme, and the Apc2 cullin-like subunit that
serves as a scaffold. Ube2S is the vertebrate E2
enzyme responsible for elongating ubiquitin
chains on APC/C substrates, once initiated by
other E2s, and it also defines the specificity of
ubiquitin chain linkage. APC/C activation is
achieved through further association with one
of two coactivator subunits, which also serve as
substrate adaptors: cell division cycle protein
(Cdc)20 (also known as Slp1 and Fzy) and Cdh1
(Cdc20 homolog 1, also known as Hct1, Ste9,
and Fzr) (19–22). Both adaptors recognize short
destruction motifs (degrons) on target sub-
strates through C-terminal domains composed
of WD40 repeats. The canonical destruction
motifs recognized by APC/C are the D-box
(consensus sequence RXXLXXXXN) and the
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Figure 1
Schematic representation of the anaphase-promoting complex/cyclosome (APC/C) and Skp/cullin/F-box-containing (SCF) complexes.
Both E3 ubiquitin ligases are composed of catalytic cores with similar structures, consisting of a cullin-like protein (Apc2 in APC/C and
Cul1 in SCF; light blue) that serves as the complex scaffold, and a really interesting new gene (RING)-finger protein (Apc11 in APC/C
and Rbx1 in SCF; purple) that recruits an E2 enzyme for substrate ubiquitylation (orange and red ). (a) In APC/C complexes, substrate
binding and specificity are provided by the alternative adaptors Cdc20 and Cdh1, which direct ubiquitin-mediated proteolysis of target
substrates. APC/C is composed of many other highly conserved proteins that provide molecular scaffold support ( green).
Nomenclatures of human proteins are indicated with respective Saccharomyces cerevisiae correlates in parentheses. (b) SCF ligases have a
variable component F-box protein (Skp2, Fbw7, β-Trcp) that recognizes specific phosphorylated sequences on target substrates
(phosphodegrons), triggering their ubiquitylation and degradation. The adaptor protein Skp1 recruits F-box proteins to the SCF core.
Abbreviation: P, phosphate ( yellow).

Cullin: a family of
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a scaffold for E3
ubiquitin ligases and
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proteins through
conserved cullin
domains
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Anaphase-promoting
complex/cyclosome
(APC/C): a ubiquitin
ligase complex that
promotes mitotic
progression through
ubiquitylation and
degradation of
numerous cell cycle
regulators

E2 enzymes and substrates in close proximity,
but also stimulate E2 catalytic activity and
mediate transfer of ubiquitin from E2 to
substrates, thus favoring the process of protein
ubiquitylation (17, 18). One large subfamily of
RING-finger E3 ligases comprises the cullin-
RING ligases (CRLs), which include two struc-
turally similar enzymes involved in the pro-
teolysis of key cell cycle–regulatory proteins:
the anaphase-promoting complex/cyclosome
(APC/C) (Figure 1a) and Skp/cullin/F-box-
containing (SCF) (Figure 1b) complexes.

The APC/C controls progression through
mitosis and the subsequent G1 interval by
ubiquitylating many important cell cycle
regulators, including mitotic cyclins, anaphase
regulators, spindle assembly factors (SAFs),
and DNA replication proteins (19–22). In
humans, the APC/C core is composed of at

least 14 different proteins, including the Apc11
RING-finger protein that interacts with an E2
enzyme, and the Apc2 cullin-like subunit that
serves as a scaffold. Ube2S is the vertebrate E2
enzyme responsible for elongating ubiquitin
chains on APC/C substrates, once initiated by
other E2s, and it also defines the specificity of
ubiquitin chain linkage. APC/C activation is
achieved through further association with one
of two coactivator subunits, which also serve as
substrate adaptors: cell division cycle protein
(Cdc)20 (also known as Slp1 and Fzy) and Cdh1
(Cdc20 homolog 1, also known as Hct1, Ste9,
and Fzr) (19–22). Both adaptors recognize short
destruction motifs (degrons) on target sub-
strates through C-terminal domains composed
of WD40 repeats. The canonical destruction
motifs recognized by APC/C are the D-box
(consensus sequence RXXLXXXXN) and the
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Figure 2
Ubiquitin-mediated degradation of key cell cycle regulators by the APC/C and SCF complexes. E3 ubiquitin
ligases (blue circles) trigger the ubiquitylation and proteolysis of cell cycle activators ( green ovals) and
inhibitors (red ovals) at specific cell cycle phases: G1, S, G2, and M. APC/C ubiquitylates target substrates
from the middle of M phase to the end of G1 phase, whereas SCF ligases are active from late G1 to early M
phase. Cul4-DDB1 shows ubiquitin ligase activity in S phase.

Cleavage Embryos and the Cyclin
B–APC/C Oscillator
As stated above, the early embryos of am-
phibians, fish, and many marine invertebrates
go through rapid, simplified cell cycles. The
study of these cell cycles has provided many
important insights concerning the machinery
and organization central to cell division in all
eukaryotes, including the role of ubiquitin-

mediated proteolysis. Although historically the
first observations with respect to periodic accu-
mulation and destruction of cyclins were made
in the sea urchin (38), by far the bulk of modern
research along these lines has been carried out
using the oocytes of the frog Xenopus laevis.
Therefore, we largely limit this discussion to
the Xenopus system. Xenopus eggs, once fertil-
ized, undergo 12 synchronous divisions without
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Figure 1
Schematic representation of the anaphase-promoting complex/cyclosome (APC/C) and Skp/cullin/F-box-containing (SCF) complexes.
Both E3 ubiquitin ligases are composed of catalytic cores with similar structures, consisting of a cullin-like protein (Apc2 in APC/C and
Cul1 in SCF; light blue) that serves as the complex scaffold, and a really interesting new gene (RING)-finger protein (Apc11 in APC/C
and Rbx1 in SCF; purple) that recruits an E2 enzyme for substrate ubiquitylation (orange and red ). (a) In APC/C complexes, substrate
binding and specificity are provided by the alternative adaptors Cdc20 and Cdh1, which direct ubiquitin-mediated proteolysis of target
substrates. APC/C is composed of many other highly conserved proteins that provide molecular scaffold support ( green).
Nomenclatures of human proteins are indicated with respective Saccharomyces cerevisiae correlates in parentheses. (b) SCF ligases have a
variable component F-box protein (Skp2, Fbw7, β-Trcp) that recognizes specific phosphorylated sequences on target substrates
(phosphodegrons), triggering their ubiquitylation and degradation. The adaptor protein Skp1 recruits F-box proteins to the SCF core.
Abbreviation: P, phosphate ( yellow).

Cullin: a family of
proteins that serves as
a scaffold for E3
ubiquitin ligases and
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proteins through
conserved cullin
domains

CRL: cullin-RING
ligase

Anaphase-promoting
complex/cyclosome
(APC/C): a ubiquitin
ligase complex that
promotes mitotic
progression through
ubiquitylation and
degradation of
numerous cell cycle
regulators

E2 enzymes and substrates in close proximity,
but also stimulate E2 catalytic activity and
mediate transfer of ubiquitin from E2 to
substrates, thus favoring the process of protein
ubiquitylation (17, 18). One large subfamily of
RING-finger E3 ligases comprises the cullin-
RING ligases (CRLs), which include two struc-
turally similar enzymes involved in the pro-
teolysis of key cell cycle–regulatory proteins:
the anaphase-promoting complex/cyclosome
(APC/C) (Figure 1a) and Skp/cullin/F-box-
containing (SCF) (Figure 1b) complexes.

The APC/C controls progression through
mitosis and the subsequent G1 interval by
ubiquitylating many important cell cycle
regulators, including mitotic cyclins, anaphase
regulators, spindle assembly factors (SAFs),
and DNA replication proteins (19–22). In
humans, the APC/C core is composed of at

least 14 different proteins, including the Apc11
RING-finger protein that interacts with an E2
enzyme, and the Apc2 cullin-like subunit that
serves as a scaffold. Ube2S is the vertebrate E2
enzyme responsible for elongating ubiquitin
chains on APC/C substrates, once initiated by
other E2s, and it also defines the specificity of
ubiquitin chain linkage. APC/C activation is
achieved through further association with one
of two coactivator subunits, which also serve as
substrate adaptors: cell division cycle protein
(Cdc)20 (also known as Slp1 and Fzy) and Cdh1
(Cdc20 homolog 1, also known as Hct1, Ste9,
and Fzr) (19–22). Both adaptors recognize short
destruction motifs (degrons) on target sub-
strates through C-terminal domains composed
of WD40 repeats. The canonical destruction
motifs recognized by APC/C are the D-box
(consensus sequence RXXLXXXXN) and the
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Figure 1
Schematic representation of the anaphase-promoting complex/cyclosome (APC/C) and Skp/cullin/F-box-containing (SCF) complexes.
Both E3 ubiquitin ligases are composed of catalytic cores with similar structures, consisting of a cullin-like protein (Apc2 in APC/C and
Cul1 in SCF; light blue) that serves as the complex scaffold, and a really interesting new gene (RING)-finger protein (Apc11 in APC/C
and Rbx1 in SCF; purple) that recruits an E2 enzyme for substrate ubiquitylation (orange and red ). (a) In APC/C complexes, substrate
binding and specificity are provided by the alternative adaptors Cdc20 and Cdh1, which direct ubiquitin-mediated proteolysis of target
substrates. APC/C is composed of many other highly conserved proteins that provide molecular scaffold support ( green).
Nomenclatures of human proteins are indicated with respective Saccharomyces cerevisiae correlates in parentheses. (b) SCF ligases have a
variable component F-box protein (Skp2, Fbw7, β-Trcp) that recognizes specific phosphorylated sequences on target substrates
(phosphodegrons), triggering their ubiquitylation and degradation. The adaptor protein Skp1 recruits F-box proteins to the SCF core.
Abbreviation: P, phosphate ( yellow).
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E2 enzymes and substrates in close proximity,
but also stimulate E2 catalytic activity and
mediate transfer of ubiquitin from E2 to
substrates, thus favoring the process of protein
ubiquitylation (17, 18). One large subfamily of
RING-finger E3 ligases comprises the cullin-
RING ligases (CRLs), which include two struc-
turally similar enzymes involved in the pro-
teolysis of key cell cycle–regulatory proteins:
the anaphase-promoting complex/cyclosome
(APC/C) (Figure 1a) and Skp/cullin/F-box-
containing (SCF) (Figure 1b) complexes.

The APC/C controls progression through
mitosis and the subsequent G1 interval by
ubiquitylating many important cell cycle
regulators, including mitotic cyclins, anaphase
regulators, spindle assembly factors (SAFs),
and DNA replication proteins (19–22). In
humans, the APC/C core is composed of at

least 14 different proteins, including the Apc11
RING-finger protein that interacts with an E2
enzyme, and the Apc2 cullin-like subunit that
serves as a scaffold. Ube2S is the vertebrate E2
enzyme responsible for elongating ubiquitin
chains on APC/C substrates, once initiated by
other E2s, and it also defines the specificity of
ubiquitin chain linkage. APC/C activation is
achieved through further association with one
of two coactivator subunits, which also serve as
substrate adaptors: cell division cycle protein
(Cdc)20 (also known as Slp1 and Fzy) and Cdh1
(Cdc20 homolog 1, also known as Hct1, Ste9,
and Fzr) (19–22). Both adaptors recognize short
destruction motifs (degrons) on target sub-
strates through C-terminal domains composed
of WD40 repeats. The canonical destruction
motifs recognized by APC/C are the D-box
(consensus sequence RXXLXXXXN) and the

390 Teixeira · Reed

A
nn

u.
 R

ev
. B

io
ch

em
. 2

01
3.

82
:3

87
-4

14
. D

ow
nl

oa
de

d 
fro

m
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 P

rin
ce

to
n 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
01

/2
0/

23
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 

Preferentially assembles Lys48-linked chains

F-box Degron: Phosphodegrons

K48
K48

K48

SKP1: Recruits F-box proteins

RBX1: Recruits E2

Promotes progression through S and G2 phase

CUL1: cullin-like scaffolding protein

Specific phosphorylated sequences on substrates



BI82CH14-Reed ARI 2 May 2013 10:51

M

S

G2 

G1 

p27Kip1

Orc1

Securin

Cyclin A/B

APC/CCdc20 

SCFSkp2
c-Myc

SCFFbw7

Emi1SCFβ-Trcp

Geminin

Cdc6

Cdt1

SCFSkp2

c-Jun Cyclin E

Notch

Wee1

Aurora A/B

Plk1

Skp2

Cdc20

p21Cip1

p57Kip2

p130/RB2

Cul4-DDB1

Cdc25A 
APC/CCdh1

APC/CCdh1

Figure 2
Ubiquitin-mediated degradation of key cell cycle regulators by the APC/C and SCF complexes. E3 ubiquitin
ligases (blue circles) trigger the ubiquitylation and proteolysis of cell cycle activators ( green ovals) and
inhibitors (red ovals) at specific cell cycle phases: G1, S, G2, and M. APC/C ubiquitylates target substrates
from the middle of M phase to the end of G1 phase, whereas SCF ligases are active from late G1 to early M
phase. Cul4-DDB1 shows ubiquitin ligase activity in S phase.

Cleavage Embryos and the Cyclin
B–APC/C Oscillator
As stated above, the early embryos of am-
phibians, fish, and many marine invertebrates
go through rapid, simplified cell cycles. The
study of these cell cycles has provided many
important insights concerning the machinery
and organization central to cell division in all
eukaryotes, including the role of ubiquitin-

mediated proteolysis. Although historically the
first observations with respect to periodic accu-
mulation and destruction of cyclins were made
in the sea urchin (38), by far the bulk of modern
research along these lines has been carried out
using the oocytes of the frog Xenopus laevis.
Therefore, we largely limit this discussion to
the Xenopus system. Xenopus eggs, once fertil-
ized, undergo 12 synchronous divisions without
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Figure 1
Schematic representation of the anaphase-promoting complex/cyclosome (APC/C) and Skp/cullin/F-box-containing (SCF) complexes.
Both E3 ubiquitin ligases are composed of catalytic cores with similar structures, consisting of a cullin-like protein (Apc2 in APC/C and
Cul1 in SCF; light blue) that serves as the complex scaffold, and a really interesting new gene (RING)-finger protein (Apc11 in APC/C
and Rbx1 in SCF; purple) that recruits an E2 enzyme for substrate ubiquitylation (orange and red ). (a) In APC/C complexes, substrate
binding and specificity are provided by the alternative adaptors Cdc20 and Cdh1, which direct ubiquitin-mediated proteolysis of target
substrates. APC/C is composed of many other highly conserved proteins that provide molecular scaffold support ( green).
Nomenclatures of human proteins are indicated with respective Saccharomyces cerevisiae correlates in parentheses. (b) SCF ligases have a
variable component F-box protein (Skp2, Fbw7, β-Trcp) that recognizes specific phosphorylated sequences on target substrates
(phosphodegrons), triggering their ubiquitylation and degradation. The adaptor protein Skp1 recruits F-box proteins to the SCF core.
Abbreviation: P, phosphate ( yellow).
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E2 enzymes and substrates in close proximity,
but also stimulate E2 catalytic activity and
mediate transfer of ubiquitin from E2 to
substrates, thus favoring the process of protein
ubiquitylation (17, 18). One large subfamily of
RING-finger E3 ligases comprises the cullin-
RING ligases (CRLs), which include two struc-
turally similar enzymes involved in the pro-
teolysis of key cell cycle–regulatory proteins:
the anaphase-promoting complex/cyclosome
(APC/C) (Figure 1a) and Skp/cullin/F-box-
containing (SCF) (Figure 1b) complexes.

The APC/C controls progression through
mitosis and the subsequent G1 interval by
ubiquitylating many important cell cycle
regulators, including mitotic cyclins, anaphase
regulators, spindle assembly factors (SAFs),
and DNA replication proteins (19–22). In
humans, the APC/C core is composed of at

least 14 different proteins, including the Apc11
RING-finger protein that interacts with an E2
enzyme, and the Apc2 cullin-like subunit that
serves as a scaffold. Ube2S is the vertebrate E2
enzyme responsible for elongating ubiquitin
chains on APC/C substrates, once initiated by
other E2s, and it also defines the specificity of
ubiquitin chain linkage. APC/C activation is
achieved through further association with one
of two coactivator subunits, which also serve as
substrate adaptors: cell division cycle protein
(Cdc)20 (also known as Slp1 and Fzy) and Cdh1
(Cdc20 homolog 1, also known as Hct1, Ste9,
and Fzr) (19–22). Both adaptors recognize short
destruction motifs (degrons) on target sub-
strates through C-terminal domains composed
of WD40 repeats. The canonical destruction
motifs recognized by APC/C are the D-box
(consensus sequence RXXLXXXXN) and the
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Preferentially assembles Lys11-linked chains

Anaphase Promoting Complex (APC/C)

BI82CH14-Reed ARI 2 May 2013 10:51
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Figure 1
Schematic representation of the anaphase-promoting complex/cyclosome (APC/C) and Skp/cullin/F-box-containing (SCF) complexes.
Both E3 ubiquitin ligases are composed of catalytic cores with similar structures, consisting of a cullin-like protein (Apc2 in APC/C and
Cul1 in SCF; light blue) that serves as the complex scaffold, and a really interesting new gene (RING)-finger protein (Apc11 in APC/C
and Rbx1 in SCF; purple) that recruits an E2 enzyme for substrate ubiquitylation (orange and red ). (a) In APC/C complexes, substrate
binding and specificity are provided by the alternative adaptors Cdc20 and Cdh1, which direct ubiquitin-mediated proteolysis of target
substrates. APC/C is composed of many other highly conserved proteins that provide molecular scaffold support ( green).
Nomenclatures of human proteins are indicated with respective Saccharomyces cerevisiae correlates in parentheses. (b) SCF ligases have a
variable component F-box protein (Skp2, Fbw7, β-Trcp) that recognizes specific phosphorylated sequences on target substrates
(phosphodegrons), triggering their ubiquitylation and degradation. The adaptor protein Skp1 recruits F-box proteins to the SCF core.
Abbreviation: P, phosphate ( yellow).

Cullin: a family of
proteins that serves as
a scaffold for E3
ubiquitin ligases and
binds RING-finger
proteins through
conserved cullin
domains

CRL: cullin-RING
ligase

Anaphase-promoting
complex/cyclosome
(APC/C): a ubiquitin
ligase complex that
promotes mitotic
progression through
ubiquitylation and
degradation of
numerous cell cycle
regulators

E2 enzymes and substrates in close proximity,
but also stimulate E2 catalytic activity and
mediate transfer of ubiquitin from E2 to
substrates, thus favoring the process of protein
ubiquitylation (17, 18). One large subfamily of
RING-finger E3 ligases comprises the cullin-
RING ligases (CRLs), which include two struc-
turally similar enzymes involved in the pro-
teolysis of key cell cycle–regulatory proteins:
the anaphase-promoting complex/cyclosome
(APC/C) (Figure 1a) and Skp/cullin/F-box-
containing (SCF) (Figure 1b) complexes.

The APC/C controls progression through
mitosis and the subsequent G1 interval by
ubiquitylating many important cell cycle
regulators, including mitotic cyclins, anaphase
regulators, spindle assembly factors (SAFs),
and DNA replication proteins (19–22). In
humans, the APC/C core is composed of at

least 14 different proteins, including the Apc11
RING-finger protein that interacts with an E2
enzyme, and the Apc2 cullin-like subunit that
serves as a scaffold. Ube2S is the vertebrate E2
enzyme responsible for elongating ubiquitin
chains on APC/C substrates, once initiated by
other E2s, and it also defines the specificity of
ubiquitin chain linkage. APC/C activation is
achieved through further association with one
of two coactivator subunits, which also serve as
substrate adaptors: cell division cycle protein
(Cdc)20 (also known as Slp1 and Fzy) and Cdh1
(Cdc20 homolog 1, also known as Hct1, Ste9,
and Fzr) (19–22). Both adaptors recognize short
destruction motifs (degrons) on target sub-
strates through C-terminal domains composed
of WD40 repeats. The canonical destruction
motifs recognized by APC/C are the D-box
(consensus sequence RXXLXXXXN) and the
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Degrons

D-box: RXXLXXXXN

KEN-BOX: KENXXXN

CDC20

CDH1

APC/C adaptor

K11
K11

K11

APC2: cullin-like scaffolding protein

Proteins in green: scaffolding proteins

APC11: Recruits E2



Jin, L. et al. Cell 2008, 133, 653.

Ubiquitin-Mediated Regulation: Control of the Cell-Cycle

UbcH10 and UbcH5, UbcH10Y91D and UbcH5F62D, inactivates
both E2s in degradation and ubiquitination assays dependent
on APC/CCdh1 (Figures S2C–S2E). When added to G1 extracts,
UbcH10Y91A and UbcH10Y91D, but not UbcH5cF62D, impair
degradation of the APC/C substrate securin and thus behave

as dominant-negative mutants (Figure S2D). Consistent with
this observation in extracts, injection of UbcH10Y91D into
X. tropicalis embryos delays cell-cycle progression (Figure S2F).
UbcH10Y91D does not interfere with proteasomal degradation,
as the SCF substrate Emi1 is ubiquitinated and degraded in its

Figure 1. K11-Linked Ubiquitin Chains Mediate APC/C Functions
(A) K11-linked chains are sufficient for degradation of cyclin B1 in mitotic extracts. CP extracts were supplemented with WT-ubi or single-lysine mutants. The

APC/C was activated by addition of UbcH10 and p31comet, and degradation of cyclin B1 was monitored by western blotting.

(B) Degradation of APC/C substrates by K11-linked chains is proteasome dependent. Degradation of radiolabeled cyclin B1 in CP extracts was triggered by

addition of p31comet/UbcH10 in the presence of WT-ubi or ubi-K11. The proteasome inhibitor MG132 was added when indicated.

(C) K11 is required for rapid degradation of cyclin B1 in mitotic extracts. CP extracts were supplemented with ubiquitin mutants and treated as described above.

Degradation of cyclin B1 was monitored by western blotting.

(D) K11 linkages are required for full activity of APC/CCdh1 in G1. The degradation of radiolabeled securin was monitored by autoradiography in G1 extracts in the

presence of ubiquitin mutants.

(E) K11-linked chains target APC/CCdh1 substrates for degradation in vivo. The APC/C-dependent degradation of geminin, Plk1, and securinDD was triggered in

293T cells in the presence of indicated ubiquitin mutants (WT-ubi, ubi-R11, ubi-R48) by coexpression of Cdh1. The expression levels were analyzed by western

blotting.

(F) K11 linkages are required for rapid cell-cycle progression in embryos of Xenopus tropicalis. One cell of X. tropicalis embryos at the two-cell stage was injected

with recombinant WT-ubi or ubi-R11 and a fluorescent tracer. Injected cells were followed by fluorescence microscopy, and cell division was monitored by phase

microscopy.

(G) K11 linkages are required for X. tropicalis development. Injected embryos were allowed to develop to the tadpole stage. The percentage of embryos without

developmental aberrations (‘‘normal’’) and that of viable embryos was determined. Error bars represent standard error from three independent experiments.

Cell 133, 653–665, May 16, 2008 ª2008 Elsevier Inc. 655

Only wild type and K11 ubiquitin triggers cyclin B1 degradation

Ubiquitin with all lysines mutated except for the one listed

The APC/C triggers degradation by assembling K11-linked ubiquitin

Experiment: Mitotic extracts supplemented with wt or single-lysine Ub and APC/C activated with addition of E2 

Conclusion: APC/C assembles K11-linked chains
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Ubiquitin-Mediated Regulation: Control of the Cell-Cycle

The APC/C triggers degradation by assembling K11-linked ubiquitin
Experiment: Expression of wt or mutant ubiquitin in 293T cells ± CDH1 adaptor expression

Conclusion: APC/C assembles K11-linked chains on multiple substrates in cells

Anaphase Promoting Complex (APC/C)

BI82CH14-Reed ARI 2 May 2013 10:51
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Figure 1
Schematic representation of the anaphase-promoting complex/cyclosome (APC/C) and Skp/cullin/F-box-containing (SCF) complexes.
Both E3 ubiquitin ligases are composed of catalytic cores with similar structures, consisting of a cullin-like protein (Apc2 in APC/C and
Cul1 in SCF; light blue) that serves as the complex scaffold, and a really interesting new gene (RING)-finger protein (Apc11 in APC/C
and Rbx1 in SCF; purple) that recruits an E2 enzyme for substrate ubiquitylation (orange and red ). (a) In APC/C complexes, substrate
binding and specificity are provided by the alternative adaptors Cdc20 and Cdh1, which direct ubiquitin-mediated proteolysis of target
substrates. APC/C is composed of many other highly conserved proteins that provide molecular scaffold support ( green).
Nomenclatures of human proteins are indicated with respective Saccharomyces cerevisiae correlates in parentheses. (b) SCF ligases have a
variable component F-box protein (Skp2, Fbw7, β-Trcp) that recognizes specific phosphorylated sequences on target substrates
(phosphodegrons), triggering their ubiquitylation and degradation. The adaptor protein Skp1 recruits F-box proteins to the SCF core.
Abbreviation: P, phosphate ( yellow).

Cullin: a family of
proteins that serves as
a scaffold for E3
ubiquitin ligases and
binds RING-finger
proteins through
conserved cullin
domains

CRL: cullin-RING
ligase

Anaphase-promoting
complex/cyclosome
(APC/C): a ubiquitin
ligase complex that
promotes mitotic
progression through
ubiquitylation and
degradation of
numerous cell cycle
regulators

E2 enzymes and substrates in close proximity,
but also stimulate E2 catalytic activity and
mediate transfer of ubiquitin from E2 to
substrates, thus favoring the process of protein
ubiquitylation (17, 18). One large subfamily of
RING-finger E3 ligases comprises the cullin-
RING ligases (CRLs), which include two struc-
turally similar enzymes involved in the pro-
teolysis of key cell cycle–regulatory proteins:
the anaphase-promoting complex/cyclosome
(APC/C) (Figure 1a) and Skp/cullin/F-box-
containing (SCF) (Figure 1b) complexes.

The APC/C controls progression through
mitosis and the subsequent G1 interval by
ubiquitylating many important cell cycle
regulators, including mitotic cyclins, anaphase
regulators, spindle assembly factors (SAFs),
and DNA replication proteins (19–22). In
humans, the APC/C core is composed of at

least 14 different proteins, including the Apc11
RING-finger protein that interacts with an E2
enzyme, and the Apc2 cullin-like subunit that
serves as a scaffold. Ube2S is the vertebrate E2
enzyme responsible for elongating ubiquitin
chains on APC/C substrates, once initiated by
other E2s, and it also defines the specificity of
ubiquitin chain linkage. APC/C activation is
achieved through further association with one
of two coactivator subunits, which also serve as
substrate adaptors: cell division cycle protein
(Cdc)20 (also known as Slp1 and Fzy) and Cdh1
(Cdc20 homolog 1, also known as Hct1, Ste9,
and Fzr) (19–22). Both adaptors recognize short
destruction motifs (degrons) on target sub-
strates through C-terminal domains composed
of WD40 repeats. The canonical destruction
motifs recognized by APC/C are the D-box
(consensus sequence RXXLXXXXN) and the
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UbcH10 and UbcH5, UbcH10Y91D and UbcH5F62D, inactivates
both E2s in degradation and ubiquitination assays dependent
on APC/CCdh1 (Figures S2C–S2E). When added to G1 extracts,
UbcH10Y91A and UbcH10Y91D, but not UbcH5cF62D, impair
degradation of the APC/C substrate securin and thus behave

as dominant-negative mutants (Figure S2D). Consistent with
this observation in extracts, injection of UbcH10Y91D into
X. tropicalis embryos delays cell-cycle progression (Figure S2F).
UbcH10Y91D does not interfere with proteasomal degradation,
as the SCF substrate Emi1 is ubiquitinated and degraded in its

Figure 1. K11-Linked Ubiquitin Chains Mediate APC/C Functions
(A) K11-linked chains are sufficient for degradation of cyclin B1 in mitotic extracts. CP extracts were supplemented with WT-ubi or single-lysine mutants. The

APC/C was activated by addition of UbcH10 and p31comet, and degradation of cyclin B1 was monitored by western blotting.

(B) Degradation of APC/C substrates by K11-linked chains is proteasome dependent. Degradation of radiolabeled cyclin B1 in CP extracts was triggered by

addition of p31comet/UbcH10 in the presence of WT-ubi or ubi-K11. The proteasome inhibitor MG132 was added when indicated.

(C) K11 is required for rapid degradation of cyclin B1 in mitotic extracts. CP extracts were supplemented with ubiquitin mutants and treated as described above.

Degradation of cyclin B1 was monitored by western blotting.

(D) K11 linkages are required for full activity of APC/CCdh1 in G1. The degradation of radiolabeled securin was monitored by autoradiography in G1 extracts in the

presence of ubiquitin mutants.

(E) K11-linked chains target APC/CCdh1 substrates for degradation in vivo. The APC/C-dependent degradation of geminin, Plk1, and securinDD was triggered in

293T cells in the presence of indicated ubiquitin mutants (WT-ubi, ubi-R11, ubi-R48) by coexpression of Cdh1. The expression levels were analyzed by western

blotting.

(F) K11 linkages are required for rapid cell-cycle progression in embryos of Xenopus tropicalis. One cell of X. tropicalis embryos at the two-cell stage was injected

with recombinant WT-ubi or ubi-R11 and a fluorescent tracer. Injected cells were followed by fluorescence microscopy, and cell division was monitored by phase

microscopy.

(G) K11 linkages are required for X. tropicalis development. Injected embryos were allowed to develop to the tadpole stage. The percentage of embryos without

developmental aberrations (‘‘normal’’) and that of viable embryos was determined. Error bars represent standard error from three independent experiments.

Cell 133, 653–665, May 16, 2008 ª2008 Elsevier Inc. 655
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K11 linkage-specific antibody

11

11

11

Where do K11-Ub chains accumulate during different stages of mitosis?



Ubiquitin-Mediated Regulation: Control of the Cell-Cycle

Matsumoto, M. L. et al. Mol. Cell 2010, 39, 477.

K11-linked chains accumulate at spindle midbody from late anaphase on 
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Figure 4. The 2A3/2E6 Antibody Reveals Cell-Cycle Regulation of K11-Linked Polyubiquitination
(A) Western blots of asynchronous (A) or synchronized and released HeLa cells.

(B) Western blots of synchronized and released HeLa cells with or without MG132.

(C) Immunofluorescence microscopy of HeLa cells. K11-linked polyubiquitin staining is shown in green, a-tubulin in red, and Hoechst DNA staining in blue.

(D) Western blots of synchronized and released control or UbcH10/Ube2S siRNA-transfected HeLa cells.

(E) Western blots of synchronized and released control or Cdc27/Apc11/Cdh1 siRNA-transfected HeLa cells.

(F) Western blots of synchronized and released control or UbcH10/Ube2S siRNA-transfected HeLa cells, with or without roscovitine treatment.

(G) Western blots of asynchronous HeLa cells mock transfected or overexpressing Cdh1 and Ube2S.

(H) Western blots of immunoprecipitations with an anti-Cdc27 or isotype control IgG from synchronized HeLa cells 2 hr after release.

(I and J) Western blots of synchronized HeLa cell extracts incubated with buffer alone, p31 and UbcH10, or p31, Emi1, and UbcH10C114S for the times indicated.
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Figure 4. The 2A3/2E6 Antibody Reveals Cell-Cycle Regulation of K11-Linked Polyubiquitination
(A) Western blots of asynchronous (A) or synchronized and released HeLa cells.

(B) Western blots of synchronized and released HeLa cells with or without MG132.

(C) Immunofluorescence microscopy of HeLa cells. K11-linked polyubiquitin staining is shown in green, a-tubulin in red, and Hoechst DNA staining in blue.

(D) Western blots of synchronized and released control or UbcH10/Ube2S siRNA-transfected HeLa cells.

(E) Western blots of synchronized and released control or Cdc27/Apc11/Cdh1 siRNA-transfected HeLa cells.

(F) Western blots of synchronized and released control or UbcH10/Ube2S siRNA-transfected HeLa cells, with or without roscovitine treatment.

(G) Western blots of asynchronous HeLa cells mock transfected or overexpressing Cdh1 and Ube2S.

(H) Western blots of immunoprecipitations with an anti-Cdc27 or isotype control IgG from synchronized HeLa cells 2 hr after release.

(I and J) Western blots of synchronized HeLa cell extracts incubated with buffer alone, p31 and UbcH10, or p31, Emi1, and UbcH10C114S for the times indicated.
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K11 linkages are upregulated in mitosis

Where do K11-Ub chains accumulate during different stages of mitosis?



OR

Meyer, H-J.; Rape, M. Cell 2014, 157, 910.

Ubiquitin-Mediated Regulation: Control of the Cell-Cycle

Linear ubiquitin 

Are linear or branched chains formed by the APC/C E3 ligase complex?

11

11
1111

11

Branched ubiquitin



Meyer, H-J.; Rape, M. Cell 2014, 157, 910.

Ubiquitin-Mediated Regulation: Control of the Cell-Cycle

Experiment: APC/C-mediated in vitro ubiquitination of Nek2A 

Wild-type ubiquitin required for polyubiquitination of Nek2A

H2N
Ub

ubi-K11 is not sufficient for polyubiquitination of Nek2A

H2N

H2N
Ub

NH2

ubi-K11

K11

K11

wild type (wt-ubi)
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Ubiquitin-Mediated Regulation: Control of the Cell-Cycle

Experiment: APC/C-mediated in vitro ubiquitination of Nek2A 

Conclusion: APC/C synthesizes branched conjugates 

H2N

H2N
Ub

NH2

Ub

Ub

Multiple lysines required for ubiquitination of Nek2A



Meyer, H-J.; Rape, M. Cell 2014, 157, 910.

Ubiquitin-Mediated Regulation: Control of the Cell-Cycle

The E2 ubiquitin-conjugating enzyme UBE2S adds ubiquitin to ubiquitin chains formed by the E2 UBE2C

UBE2C (E2): synthesizes K11, K48, and K63 linkages

UBE2S (E2): Adds blocks of K11-linked ubiquitin to moieties with unmodified K11



Meyer, H-J.; Rape, M. Cell 2014, 157, 910.

Ubiquitin-Mediated Regulation: Control of the Cell-Cycle

Branched conjugates assembled by the APC/C enhance substrate recognition by the proteasome

Branched conjugates enhance binding 
to S5A, which directs ubiquitinated

proteins to the proteasome
Conjugation of Nek2A with branched chains

enhances proteasomal degradation 



Ubiquitin-Mediated Regulation: Control of the Cell-Cycle

Teixeira, L. K.; Reed, S. I. Annu. Rev. Biochem. 2013, 82, 387.
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Figure 2
Ubiquitin-mediated degradation of key cell cycle regulators by the APC/C and SCF complexes. E3 ubiquitin
ligases (blue circles) trigger the ubiquitylation and proteolysis of cell cycle activators ( green ovals) and
inhibitors (red ovals) at specific cell cycle phases: G1, S, G2, and M. APC/C ubiquitylates target substrates
from the middle of M phase to the end of G1 phase, whereas SCF ligases are active from late G1 to early M
phase. Cul4-DDB1 shows ubiquitin ligase activity in S phase.

Cleavage Embryos and the Cyclin
B–APC/C Oscillator
As stated above, the early embryos of am-
phibians, fish, and many marine invertebrates
go through rapid, simplified cell cycles. The
study of these cell cycles has provided many
important insights concerning the machinery
and organization central to cell division in all
eukaryotes, including the role of ubiquitin-

mediated proteolysis. Although historically the
first observations with respect to periodic accu-
mulation and destruction of cyclins were made
in the sea urchin (38), by far the bulk of modern
research along these lines has been carried out
using the oocytes of the frog Xenopus laevis.
Therefore, we largely limit this discussion to
the Xenopus system. Xenopus eggs, once fertil-
ized, undergo 12 synchronous divisions without
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Key takeaways

1) APC/C performs ubiquitination through M and G1

2) SCF performs ubiquitination through S and G2



Ubiquitin-Mediated Regulation: Transcription
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The first protein known to be ubiquitinated: Monoubiquitination of H2A at K119
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Isolation and Characterization of Protein A24, a “Hi&one-like” 
Non-Histone Chromosomal Protein* 

(Received for publication, April 7, 1975) 

IRA L. GOLDKNOPF,~ CHARLES W. TAYLOR, RONALD M. BAUM, LYNN C. YEOMAN, MARK 
0. J. OLSON, ARCHIE W. PRESTAYKO, AND HARRIS BUSCH 
From the Nuclear Protein Laboratory, Department of Pharmacology, Baylor College of Medicine, 
Houston, Texas 77025 

In earlier studies, the nucleolar levels of protein A24 were found to be markedly decreased in the 
nucleolar hypertrophy induced by thioacetamide or during liver regeneration (Ballal, N. R., Goldknopf, 
I. L., Goldberg, D. A., and Busch, H. (1974) Life Sci. 14, 1835-1845; Ballal, N. R., Kang, Y.-J., Olson, 
M. O.-J., and Busch, H. J. Biol. Chem. 250, 5921-5925). To determine the role of protein A24, methods 
were developed for its isolation in highly purified form. Milligram quantities of highly purified protein 
A24 were isolated from the 0.4 N H,SO,-soluble proteins of calf thymus chromatin by exclusion chro- 
matography on Sephadex G-100, followed by preparative polyacrylamide gel electrophoresis. Protein A24 
was highly purified as shown by its migration as a single spot on two-dimensional polyacrylamide gel 
electrophoresis, its single NH,-terminal amino acid, methionine, and the production of approximately 50 
peptides by tryptic digestion. Like histones 2A, 2B, 3, and 4, A24 was extractable from chromatin with 
0.4 N H,SO, or 3 M NaC1/7 M urea, but unlike most non-histone proteins or histone 1, protein A24 was 
not extracted with 0.35 M NaCl, 0.5 M HClO,, or 0.6 M NaCl. Protein A24 was present in only 1.9% of the 
total amount of histones 2A, 2B, 3, and 4; its molecular weight is 27,000. 

There is now considerable evidence that some of the non- 
histone chromosomal proteins are responsible for the speci- 
ficity of gene transcription in higher organisms (l-5). Sub- 
fractions of these proteins have been purified by a variety 
of procedures (6-16), some of which have yielded subgroups 
enriched in proteins that stimulated chromatin transcription 
in vitro (6, 14) or exhibited specificity in binding to DNA 
(7, 15). In addition, several non-histone chromosomal proteins 
have been purified and characterized to varying extents 
(10, 17-21). 

Protein A24, so designated because of its electrophoretic 
mobility on two-dimensional polyacrylamide gel electro- 
phoresis, was detected in 0.4 N H,SO,-soluble proteins 
from nucleoli (22) and nuclei (23-26) but was not found in 
ribosomes or nucleolar ribonucleoprotein particles (27). The 
finding that rat liver nucleolar levels of protein A24 were 
markedly reduced during nucleolar hypertrophy induced by 
thioacetamide administration (25, 28) or liver regeneration 
(25, 29) suggested that this protein might play a role in gene 
control (30, 31). During liver regeneration, protein A24 was 
markedly decreased in nucleoli 10 hours prior to the onset 
of DNA synthesis (29). Since the nucleolus is the site for 

*These studies were supported by the Cancer Center Grant CA- 
10893, the United States Public Health Service Grant CA-05154, 
the Wolff Memorial Foundation, and a generous gift from Mrs. Jack 
Hutchins. 

$ Postdoctoral Trainee of the National Cancer Institutp 

transcription of ribosomal cistrons in eukaryotes (30) and a 
protein has been implicated as a repressor of ribosomal gene 
activity (31), an attempt to purify protein A24 was initiated. 

The present results show that A24 is a non-histone chromo- 
somal protein with solubility properties similar to those of 
histones 2A, 2B, 3, and 4. In this respect, it differs from 
histone 1 and other non-histone chromosomal proteins. 
Characterization of protein A24 by amino acid composition, 
NH,-terminal amino acid, molecular weight, and tryptic 
digestion shows that it differs from the histones and other 
purified non-histone chromosomal proteins (10, 17-21). 

MATERIALS AND METHODS 

Preparation of Rat Liver Nuclei and Chromatin-For studies on 
the distribution of nuclear proteins in chromatin fractions, rat liver 
nuclei were prepared (30, 32) and extracted at 4’. To prevent 
proteolysis, 1 mM phenylmethylsulfonyl fluoride was used throughout 
(33). Chromatin was prepared (34) by washing the nuclei twice by 
homogenization at 10 ml/g of nuclei with 0.075 M NaCl. 0.025 M EDTA. 
pH 8.0, and twice in 0.0: M Tris, pH 8.0. For each wash, centrifuga: 
tion was at 18,000 x g for 10 min. For electrophoretic analysis 
of proteins solubilized in these washes, as well as in the subsequent 
chromatin washes (see “Results”), the supernatants were centrifuged 
at 100,000 x g for 2 hours to remove sheared deoxyribonucleoprotein, 
concentrated by ultrafiltration, and dialyzed against electrophoresis 
sample buffer (0.9 N acetic acid/l0 M urea/l% fl-mercaptoethanol). 
The proteins soluble in 0.4 N H,SO, were ethanol-precipitated and 
dried as previously described (17). 

Preparation of Acid-soluble Calf Thymus Chromatin Proteins 
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“The present results show that A24 is a non-histone chromosomal protein 
with solubility properties similar to those of histones”
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Ubiquitination of H2A: Transcriptional Repression

1) PRC1 ubiquitinates K27 on H2A
2) PRC2 recognizes monoubiquitinated H3 and tri-methylates K27 on H3
3) PRC1 binds to H3K27Me3 and ubiquitinates adjacent H2A histones
4) SETDB1 is recruited to H3K27Me3 and tri-methylates K9 on H3
5) H3K9Me3 recruits silencing factors such as HP1
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Monoubiquitination of H2B promotes gene expression

Ubiquitination of H2B: Transcriptional Elongation
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Monoubiquitination of H2B promotes gene expression

Ubiquitination of H2B: Transcriptional Elongation

Monoubiquitinated H2B can attract over ninety effectors
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Single transcription factors can regulate multiple genes 

External stimuli can affect ubiquitin-mediated degradation of transcription factors

NRF2

HIF1α

KEAP1Oxidative stress

Hypoxia

DNA damage

VHL

P53

Substrate E3 ligase

Ubiquitination of Transcription Factors

MDM2

Stimulus

Stimulus induces the inhibition of transcription factor ubiquitiation 
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Mark, K. G.; Rape, M. EMBO Reports 2021, 22, e51078.

Ubiquitination of Transcription Factors: HIF-1α

Hypoxic conditions reduce degradation of HIF1α to promote transcription of genes that increase oxygen delivery

Overexpressed in many cancers to improve tumor vascularization
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Oxidative stress inhibits NRF2 degradation and leads to antioxidant protein expression

Ubiquitination of Transcription Factors: NRF2
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MDM2 is amplified in a large number of hematological and solid tumors

Elevated MDM2 levels suppress P53 and hamper the cell’s response to DNA-damage, increasing mutagenesis rates

Ubiquitination of Transcription Factors: p53
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MYC

Proto-oncogenic transcription factor 
Degraded by multiple E3-ligases

Mutation of T58 of MYC is observed in a high percentage of Burkitt’s lymphoma patients

Ubiquitination of Transcription Factors: MYC

et al, 2010), downregulation of MYC by UBR5 decreases protein

synthesis by limiting ribosomal biogenesis. Interestingly, UBR5 also

eliminates aberrant translation products through quality control of

nascent peptides (Yau et al, 2017). Another E3 ligase, HUWE1,

controls both MYCN levels (Adhikary et al, 2005) and excess

ribosomal proteins (Sung et al, 2016), underscoring the impor-

tance of coordinating MYC activity with protein synthesis in

dividing cells. Cells therefore implement at least four E3 ligases to

establish the appropriate levels of MYC or MYCN under a wide

range of conditions.

Transcription factor regulation by multiple E3 ligases is a

common theme in development, as also illustrated by members of

the SMAD family that control transforming growth factor-b (TGF-b)
signaling (Budi et al, 2017). Binding of TGF-b growth factors to

plasma membrane receptors induces phosphorylation and nuclear

translocation of receptor-regulated SMADs, allowing them to

promote transcription of genes involved in cell proliferation, migra-

tion, and apoptosis (David & Massague, 2018). While nuclear

SMADs are ubiquitylated by the E3 NEDD4-L to prevent aberrant re-

initiation of transcription (Gao et al, 2009), constitutive modification
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Figure 3. Ubiquitin-dependent regulation of transcriptional machinery.

(A) In the absence of WNT signal, the b-catenin transcription factor (b-cat) is constitutively degraded by a destruction complex consisting of kinases GSK3b and CK1 as
well as the ubiquitin ligase SCFbTrCP. The presence of WNT ligand stabilizes b-catenin by inhibiting its phosphorylation, thus allowing it to translocate into the nucleus.
At TCF/LEF transcriptional complexes, b-catenin facilitates the exchange of co-repressors for co-activators (CoA) through UBR5-mediated ubiquitylation and p97/VCP-
dependent extraction of the repressive Groucho/TLE subunit. (B) MYC levels are kept low in the cytoplasm and nucleus by the E3 ligases HUWE1 and UBR5, respectively.
Upstream growth signals stabilize and activate MYC through phosphorylation of the S62 residue. This primes MYC for subsequent phosphorylation at nearby T58, which
occurs upon growth factor withdrawal. T58-phosphorylated MYC is recognized by the SCFFBXW7 E3 ligase and degraded to prevent subsequent re-initiation of
transcription. (C) The proinflammatory transcription factor NF-jB is synthesized as a 105-kDa precursor (p105) that is ubiquitylated by the SCFbTrCP E3 ligase and
partially processed by the proteasome to yield a mature 50-kDa form (p50). Mature NF-jB dimers are sequestered in the cytoplasm by an inhibitor, IjBa, until cellular
signals lead to degradation of IjBa and liberation of mature NF-jB. Only then can mature NF-jB enter the nucleus and initiate transcription of target genes. (D) RNA
Pol II complexes that have stalled, such as at a DNA lesion, are first monoubiquitylated by the E3 ligase NEDD4. A second E3, CUL5ElonginABC, adds K48-linked
polyubiquitin chains to monoubiquitylated RNA Pol II leading to p97/VCP-dependent removal of the stalled complex from DNA.
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Figure 3. Ubiquitin-dependent regulation of transcriptional machinery.

(A) In the absence of WNT signal, the b-catenin transcription factor (b-cat) is constitutively degraded by a destruction complex consisting of kinases GSK3b and CK1 as
well as the ubiquitin ligase SCFbTrCP. The presence of WNT ligand stabilizes b-catenin by inhibiting its phosphorylation, thus allowing it to translocate into the nucleus.
At TCF/LEF transcriptional complexes, b-catenin facilitates the exchange of co-repressors for co-activators (CoA) through UBR5-mediated ubiquitylation and p97/VCP-
dependent extraction of the repressive Groucho/TLE subunit. (B) MYC levels are kept low in the cytoplasm and nucleus by the E3 ligases HUWE1 and UBR5, respectively.
Upstream growth signals stabilize and activate MYC through phosphorylation of the S62 residue. This primes MYC for subsequent phosphorylation at nearby T58, which
occurs upon growth factor withdrawal. T58-phosphorylated MYC is recognized by the SCFFBXW7 E3 ligase and degraded to prevent subsequent re-initiation of
transcription. (C) The proinflammatory transcription factor NF-jB is synthesized as a 105-kDa precursor (p105) that is ubiquitylated by the SCFbTrCP E3 ligase and
partially processed by the proteasome to yield a mature 50-kDa form (p50). Mature NF-jB dimers are sequestered in the cytoplasm by an inhibitor, IjBa, until cellular
signals lead to degradation of IjBa and liberation of mature NF-jB. Only then can mature NF-jB enter the nucleus and initiate transcription of target genes. (D) RNA
Pol II complexes that have stalled, such as at a DNA lesion, are first monoubiquitylated by the E3 ligase NEDD4. A second E3, CUL5ElonginABC, adds K48-linked
polyubiquitin chains to monoubiquitylated RNA Pol II leading to p97/VCP-dependent removal of the stalled complex from DNA.
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Figure 3. Ubiquitin-dependent regulation of transcriptional machinery.

(A) In the absence of WNT signal, the b-catenin transcription factor (b-cat) is constitutively degraded by a destruction complex consisting of kinases GSK3b and CK1 as
well as the ubiquitin ligase SCFbTrCP. The presence of WNT ligand stabilizes b-catenin by inhibiting its phosphorylation, thus allowing it to translocate into the nucleus.
At TCF/LEF transcriptional complexes, b-catenin facilitates the exchange of co-repressors for co-activators (CoA) through UBR5-mediated ubiquitylation and p97/VCP-
dependent extraction of the repressive Groucho/TLE subunit. (B) MYC levels are kept low in the cytoplasm and nucleus by the E3 ligases HUWE1 and UBR5, respectively.
Upstream growth signals stabilize and activate MYC through phosphorylation of the S62 residue. This primes MYC for subsequent phosphorylation at nearby T58, which
occurs upon growth factor withdrawal. T58-phosphorylated MYC is recognized by the SCFFBXW7 E3 ligase and degraded to prevent subsequent re-initiation of
transcription. (C) The proinflammatory transcription factor NF-jB is synthesized as a 105-kDa precursor (p105) that is ubiquitylated by the SCFbTrCP E3 ligase and
partially processed by the proteasome to yield a mature 50-kDa form (p50). Mature NF-jB dimers are sequestered in the cytoplasm by an inhibitor, IjBa, until cellular
signals lead to degradation of IjBa and liberation of mature NF-jB. Only then can mature NF-jB enter the nucleus and initiate transcription of target genes. (D) RNA
Pol II complexes that have stalled, such as at a DNA lesion, are first monoubiquitylated by the E3 ligase NEDD4. A second E3, CUL5ElonginABC, adds K48-linked
polyubiquitin chains to monoubiquitylated RNA Pol II leading to p97/VCP-dependent removal of the stalled complex from DNA.
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Figure 3. Ubiquitin-dependent regulation of transcriptional machinery.

(A) In the absence of WNT signal, the b-catenin transcription factor (b-cat) is constitutively degraded by a destruction complex consisting of kinases GSK3b and CK1 as
well as the ubiquitin ligase SCFbTrCP. The presence of WNT ligand stabilizes b-catenin by inhibiting its phosphorylation, thus allowing it to translocate into the nucleus.
At TCF/LEF transcriptional complexes, b-catenin facilitates the exchange of co-repressors for co-activators (CoA) through UBR5-mediated ubiquitylation and p97/VCP-
dependent extraction of the repressive Groucho/TLE subunit. (B) MYC levels are kept low in the cytoplasm and nucleus by the E3 ligases HUWE1 and UBR5, respectively.
Upstream growth signals stabilize and activate MYC through phosphorylation of the S62 residue. This primes MYC for subsequent phosphorylation at nearby T58, which
occurs upon growth factor withdrawal. T58-phosphorylated MYC is recognized by the SCFFBXW7 E3 ligase and degraded to prevent subsequent re-initiation of
transcription. (C) The proinflammatory transcription factor NF-jB is synthesized as a 105-kDa precursor (p105) that is ubiquitylated by the SCFbTrCP E3 ligase and
partially processed by the proteasome to yield a mature 50-kDa form (p50). Mature NF-jB dimers are sequestered in the cytoplasm by an inhibitor, IjBa, until cellular
signals lead to degradation of IjBa and liberation of mature NF-jB. Only then can mature NF-jB enter the nucleus and initiate transcription of target genes. (D) RNA
Pol II complexes that have stalled, such as at a DNA lesion, are first monoubiquitylated by the E3 ligase NEDD4. A second E3, CUL5ElonginABC, adds K48-linked
polyubiquitin chains to monoubiquitylated RNA Pol II leading to p97/VCP-dependent removal of the stalled complex from DNA.
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Figure 3. Ubiquitin-dependent regulation of transcriptional machinery.

(A) In the absence of WNT signal, the b-catenin transcription factor (b-cat) is constitutively degraded by a destruction complex consisting of kinases GSK3b and CK1 as
well as the ubiquitin ligase SCFbTrCP. The presence of WNT ligand stabilizes b-catenin by inhibiting its phosphorylation, thus allowing it to translocate into the nucleus.
At TCF/LEF transcriptional complexes, b-catenin facilitates the exchange of co-repressors for co-activators (CoA) through UBR5-mediated ubiquitylation and p97/VCP-
dependent extraction of the repressive Groucho/TLE subunit. (B) MYC levels are kept low in the cytoplasm and nucleus by the E3 ligases HUWE1 and UBR5, respectively.
Upstream growth signals stabilize and activate MYC through phosphorylation of the S62 residue. This primes MYC for subsequent phosphorylation at nearby T58, which
occurs upon growth factor withdrawal. T58-phosphorylated MYC is recognized by the SCFFBXW7 E3 ligase and degraded to prevent subsequent re-initiation of
transcription. (C) The proinflammatory transcription factor NF-jB is synthesized as a 105-kDa precursor (p105) that is ubiquitylated by the SCFbTrCP E3 ligase and
partially processed by the proteasome to yield a mature 50-kDa form (p50). Mature NF-jB dimers are sequestered in the cytoplasm by an inhibitor, IjBa, until cellular
signals lead to degradation of IjBa and liberation of mature NF-jB. Only then can mature NF-jB enter the nucleus and initiate transcription of target genes. (D) RNA
Pol II complexes that have stalled, such as at a DNA lesion, are first monoubiquitylated by the E3 ligase NEDD4. A second E3, CUL5ElonginABC, adds K48-linked
polyubiquitin chains to monoubiquitylated RNA Pol II leading to p97/VCP-dependent removal of the stalled complex from DNA.
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Figure 3. Ubiquitin-dependent regulation of transcriptional machinery.

(A) In the absence of WNT signal, the b-catenin transcription factor (b-cat) is constitutively degraded by a destruction complex consisting of kinases GSK3b and CK1 as
well as the ubiquitin ligase SCFbTrCP. The presence of WNT ligand stabilizes b-catenin by inhibiting its phosphorylation, thus allowing it to translocate into the nucleus.
At TCF/LEF transcriptional complexes, b-catenin facilitates the exchange of co-repressors for co-activators (CoA) through UBR5-mediated ubiquitylation and p97/VCP-
dependent extraction of the repressive Groucho/TLE subunit. (B) MYC levels are kept low in the cytoplasm and nucleus by the E3 ligases HUWE1 and UBR5, respectively.
Upstream growth signals stabilize and activate MYC through phosphorylation of the S62 residue. This primes MYC for subsequent phosphorylation at nearby T58, which
occurs upon growth factor withdrawal. T58-phosphorylated MYC is recognized by the SCFFBXW7 E3 ligase and degraded to prevent subsequent re-initiation of
transcription. (C) The proinflammatory transcription factor NF-jB is synthesized as a 105-kDa precursor (p105) that is ubiquitylated by the SCFbTrCP E3 ligase and
partially processed by the proteasome to yield a mature 50-kDa form (p50). Mature NF-jB dimers are sequestered in the cytoplasm by an inhibitor, IjBa, until cellular
signals lead to degradation of IjBa and liberation of mature NF-jB. Only then can mature NF-jB enter the nucleus and initiate transcription of target genes. (D) RNA
Pol II complexes that have stalled, such as at a DNA lesion, are first monoubiquitylated by the E3 ligase NEDD4. A second E3, CUL5ElonginABC, adds K48-linked
polyubiquitin chains to monoubiquitylated RNA Pol II leading to p97/VCP-dependent removal of the stalled complex from DNA.
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Figure 3. Ubiquitin-dependent regulation of transcriptional machinery.

(A) In the absence of WNT signal, the b-catenin transcription factor (b-cat) is constitutively degraded by a destruction complex consisting of kinases GSK3b and CK1 as
well as the ubiquitin ligase SCFbTrCP. The presence of WNT ligand stabilizes b-catenin by inhibiting its phosphorylation, thus allowing it to translocate into the nucleus.
At TCF/LEF transcriptional complexes, b-catenin facilitates the exchange of co-repressors for co-activators (CoA) through UBR5-mediated ubiquitylation and p97/VCP-
dependent extraction of the repressive Groucho/TLE subunit. (B) MYC levels are kept low in the cytoplasm and nucleus by the E3 ligases HUWE1 and UBR5, respectively.
Upstream growth signals stabilize and activate MYC through phosphorylation of the S62 residue. This primes MYC for subsequent phosphorylation at nearby T58, which
occurs upon growth factor withdrawal. T58-phosphorylated MYC is recognized by the SCFFBXW7 E3 ligase and degraded to prevent subsequent re-initiation of
transcription. (C) The proinflammatory transcription factor NF-jB is synthesized as a 105-kDa precursor (p105) that is ubiquitylated by the SCFbTrCP E3 ligase and
partially processed by the proteasome to yield a mature 50-kDa form (p50). Mature NF-jB dimers are sequestered in the cytoplasm by an inhibitor, IjBa, until cellular
signals lead to degradation of IjBa and liberation of mature NF-jB. Only then can mature NF-jB enter the nucleus and initiate transcription of target genes. (D) RNA
Pol II complexes that have stalled, such as at a DNA lesion, are first monoubiquitylated by the E3 ligase NEDD4. A second E3, CUL5ElonginABC, adds K48-linked
polyubiquitin chains to monoubiquitylated RNA Pol II leading to p97/VCP-dependent removal of the stalled complex from DNA.
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et al, 2010), downregulation of MYC by UBR5 decreases protein

synthesis by limiting ribosomal biogenesis. Interestingly, UBR5 also

eliminates aberrant translation products through quality control of

nascent peptides (Yau et al, 2017). Another E3 ligase, HUWE1,

controls both MYCN levels (Adhikary et al, 2005) and excess

ribosomal proteins (Sung et al, 2016), underscoring the impor-

tance of coordinating MYC activity with protein synthesis in

dividing cells. Cells therefore implement at least four E3 ligases to

establish the appropriate levels of MYC or MYCN under a wide

range of conditions.

Transcription factor regulation by multiple E3 ligases is a

common theme in development, as also illustrated by members of

the SMAD family that control transforming growth factor-b (TGF-b)
signaling (Budi et al, 2017). Binding of TGF-b growth factors to

plasma membrane receptors induces phosphorylation and nuclear

translocation of receptor-regulated SMADs, allowing them to

promote transcription of genes involved in cell proliferation, migra-

tion, and apoptosis (David & Massague, 2018). While nuclear

SMADs are ubiquitylated by the E3 NEDD4-L to prevent aberrant re-

initiation of transcription (Gao et al, 2009), constitutive modification
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Figure 3. Ubiquitin-dependent regulation of transcriptional machinery.

(A) In the absence of WNT signal, the b-catenin transcription factor (b-cat) is constitutively degraded by a destruction complex consisting of kinases GSK3b and CK1 as
well as the ubiquitin ligase SCFbTrCP. The presence of WNT ligand stabilizes b-catenin by inhibiting its phosphorylation, thus allowing it to translocate into the nucleus.
At TCF/LEF transcriptional complexes, b-catenin facilitates the exchange of co-repressors for co-activators (CoA) through UBR5-mediated ubiquitylation and p97/VCP-
dependent extraction of the repressive Groucho/TLE subunit. (B) MYC levels are kept low in the cytoplasm and nucleus by the E3 ligases HUWE1 and UBR5, respectively.
Upstream growth signals stabilize and activate MYC through phosphorylation of the S62 residue. This primes MYC for subsequent phosphorylation at nearby T58, which
occurs upon growth factor withdrawal. T58-phosphorylated MYC is recognized by the SCFFBXW7 E3 ligase and degraded to prevent subsequent re-initiation of
transcription. (C) The proinflammatory transcription factor NF-jB is synthesized as a 105-kDa precursor (p105) that is ubiquitylated by the SCFbTrCP E3 ligase and
partially processed by the proteasome to yield a mature 50-kDa form (p50). Mature NF-jB dimers are sequestered in the cytoplasm by an inhibitor, IjBa, until cellular
signals lead to degradation of IjBa and liberation of mature NF-jB. Only then can mature NF-jB enter the nucleus and initiate transcription of target genes. (D) RNA
Pol II complexes that have stalled, such as at a DNA lesion, are first monoubiquitylated by the E3 ligase NEDD4. A second E3, CUL5ElonginABC, adds K48-linked
polyubiquitin chains to monoubiquitylated RNA Pol II leading to p97/VCP-dependent removal of the stalled complex from DNA.
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establish the appropriate levels of MYC or MYCN under a wide

range of conditions.

Transcription factor regulation by multiple E3 ligases is a

common theme in development, as also illustrated by members of

the SMAD family that control transforming growth factor-b (TGF-b)
signaling (Budi et al, 2017). Binding of TGF-b growth factors to

plasma membrane receptors induces phosphorylation and nuclear

translocation of receptor-regulated SMADs, allowing them to

promote transcription of genes involved in cell proliferation, migra-
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Figure 3. Ubiquitin-dependent regulation of transcriptional machinery.

(A) In the absence of WNT signal, the b-catenin transcription factor (b-cat) is constitutively degraded by a destruction complex consisting of kinases GSK3b and CK1 as
well as the ubiquitin ligase SCFbTrCP. The presence of WNT ligand stabilizes b-catenin by inhibiting its phosphorylation, thus allowing it to translocate into the nucleus.
At TCF/LEF transcriptional complexes, b-catenin facilitates the exchange of co-repressors for co-activators (CoA) through UBR5-mediated ubiquitylation and p97/VCP-
dependent extraction of the repressive Groucho/TLE subunit. (B) MYC levels are kept low in the cytoplasm and nucleus by the E3 ligases HUWE1 and UBR5, respectively.
Upstream growth signals stabilize and activate MYC through phosphorylation of the S62 residue. This primes MYC for subsequent phosphorylation at nearby T58, which
occurs upon growth factor withdrawal. T58-phosphorylated MYC is recognized by the SCFFBXW7 E3 ligase and degraded to prevent subsequent re-initiation of
transcription. (C) The proinflammatory transcription factor NF-jB is synthesized as a 105-kDa precursor (p105) that is ubiquitylated by the SCFbTrCP E3 ligase and
partially processed by the proteasome to yield a mature 50-kDa form (p50). Mature NF-jB dimers are sequestered in the cytoplasm by an inhibitor, IjBa, until cellular
signals lead to degradation of IjBa and liberation of mature NF-jB. Only then can mature NF-jB enter the nucleus and initiate transcription of target genes. (D) RNA
Pol II complexes that have stalled, such as at a DNA lesion, are first monoubiquitylated by the E3 ligase NEDD4. A second E3, CUL5ElonginABC, adds K48-linked
polyubiquitin chains to monoubiquitylated RNA Pol II leading to p97/VCP-dependent removal of the stalled complex from DNA.
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eliminates aberrant translation products through quality control of

nascent peptides (Yau et al, 2017). Another E3 ligase, HUWE1,

controls both MYCN levels (Adhikary et al, 2005) and excess

ribosomal proteins (Sung et al, 2016), underscoring the impor-

tance of coordinating MYC activity with protein synthesis in

dividing cells. Cells therefore implement at least four E3 ligases to

establish the appropriate levels of MYC or MYCN under a wide

range of conditions.

Transcription factor regulation by multiple E3 ligases is a

common theme in development, as also illustrated by members of

the SMAD family that control transforming growth factor-b (TGF-b)
signaling (Budi et al, 2017). Binding of TGF-b growth factors to

plasma membrane receptors induces phosphorylation and nuclear

translocation of receptor-regulated SMADs, allowing them to

promote transcription of genes involved in cell proliferation, migra-

tion, and apoptosis (David & Massague, 2018). While nuclear

SMADs are ubiquitylated by the E3 NEDD4-L to prevent aberrant re-
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Figure 3. Ubiquitin-dependent regulation of transcriptional machinery.

(A) In the absence of WNT signal, the b-catenin transcription factor (b-cat) is constitutively degraded by a destruction complex consisting of kinases GSK3b and CK1 as
well as the ubiquitin ligase SCFbTrCP. The presence of WNT ligand stabilizes b-catenin by inhibiting its phosphorylation, thus allowing it to translocate into the nucleus.
At TCF/LEF transcriptional complexes, b-catenin facilitates the exchange of co-repressors for co-activators (CoA) through UBR5-mediated ubiquitylation and p97/VCP-
dependent extraction of the repressive Groucho/TLE subunit. (B) MYC levels are kept low in the cytoplasm and nucleus by the E3 ligases HUWE1 and UBR5, respectively.
Upstream growth signals stabilize and activate MYC through phosphorylation of the S62 residue. This primes MYC for subsequent phosphorylation at nearby T58, which
occurs upon growth factor withdrawal. T58-phosphorylated MYC is recognized by the SCFFBXW7 E3 ligase and degraded to prevent subsequent re-initiation of
transcription. (C) The proinflammatory transcription factor NF-jB is synthesized as a 105-kDa precursor (p105) that is ubiquitylated by the SCFbTrCP E3 ligase and
partially processed by the proteasome to yield a mature 50-kDa form (p50). Mature NF-jB dimers are sequestered in the cytoplasm by an inhibitor, IjBa, until cellular
signals lead to degradation of IjBa and liberation of mature NF-jB. Only then can mature NF-jB enter the nucleus and initiate transcription of target genes. (D) RNA
Pol II complexes that have stalled, such as at a DNA lesion, are first monoubiquitylated by the E3 ligase NEDD4. A second E3, CUL5ElonginABC, adds K48-linked
polyubiquitin chains to monoubiquitylated RNA Pol II leading to p97/VCP-dependent removal of the stalled complex from DNA.
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et al, 2010), downregulation of MYC by UBR5 decreases protein

synthesis by limiting ribosomal biogenesis. Interestingly, UBR5 also

eliminates aberrant translation products through quality control of

nascent peptides (Yau et al, 2017). Another E3 ligase, HUWE1,

controls both MYCN levels (Adhikary et al, 2005) and excess

ribosomal proteins (Sung et al, 2016), underscoring the impor-

tance of coordinating MYC activity with protein synthesis in

dividing cells. Cells therefore implement at least four E3 ligases to

establish the appropriate levels of MYC or MYCN under a wide

range of conditions.

Transcription factor regulation by multiple E3 ligases is a

common theme in development, as also illustrated by members of

the SMAD family that control transforming growth factor-b (TGF-b)
signaling (Budi et al, 2017). Binding of TGF-b growth factors to

plasma membrane receptors induces phosphorylation and nuclear

translocation of receptor-regulated SMADs, allowing them to

promote transcription of genes involved in cell proliferation, migra-

tion, and apoptosis (David & Massague, 2018). While nuclear

SMADs are ubiquitylated by the E3 NEDD4-L to prevent aberrant re-

initiation of transcription (Gao et al, 2009), constitutive modification
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Figure 3. Ubiquitin-dependent regulation of transcriptional machinery.

(A) In the absence of WNT signal, the b-catenin transcription factor (b-cat) is constitutively degraded by a destruction complex consisting of kinases GSK3b and CK1 as
well as the ubiquitin ligase SCFbTrCP. The presence of WNT ligand stabilizes b-catenin by inhibiting its phosphorylation, thus allowing it to translocate into the nucleus.
At TCF/LEF transcriptional complexes, b-catenin facilitates the exchange of co-repressors for co-activators (CoA) through UBR5-mediated ubiquitylation and p97/VCP-
dependent extraction of the repressive Groucho/TLE subunit. (B) MYC levels are kept low in the cytoplasm and nucleus by the E3 ligases HUWE1 and UBR5, respectively.
Upstream growth signals stabilize and activate MYC through phosphorylation of the S62 residue. This primes MYC for subsequent phosphorylation at nearby T58, which
occurs upon growth factor withdrawal. T58-phosphorylated MYC is recognized by the SCFFBXW7 E3 ligase and degraded to prevent subsequent re-initiation of
transcription. (C) The proinflammatory transcription factor NF-jB is synthesized as a 105-kDa precursor (p105) that is ubiquitylated by the SCFbTrCP E3 ligase and
partially processed by the proteasome to yield a mature 50-kDa form (p50). Mature NF-jB dimers are sequestered in the cytoplasm by an inhibitor, IjBa, until cellular
signals lead to degradation of IjBa and liberation of mature NF-jB. Only then can mature NF-jB enter the nucleus and initiate transcription of target genes. (D) RNA
Pol II complexes that have stalled, such as at a DNA lesion, are first monoubiquitylated by the E3 ligase NEDD4. A second E3, CUL5ElonginABC, adds K48-linked
polyubiquitin chains to monoubiquitylated RNA Pol II leading to p97/VCP-dependent removal of the stalled complex from DNA.
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Figure 3. Ubiquitin-dependent regulation of transcriptional machinery.

(A) In the absence of WNT signal, the b-catenin transcription factor (b-cat) is constitutively degraded by a destruction complex consisting of kinases GSK3b and CK1 as
well as the ubiquitin ligase SCFbTrCP. The presence of WNT ligand stabilizes b-catenin by inhibiting its phosphorylation, thus allowing it to translocate into the nucleus.
At TCF/LEF transcriptional complexes, b-catenin facilitates the exchange of co-repressors for co-activators (CoA) through UBR5-mediated ubiquitylation and p97/VCP-
dependent extraction of the repressive Groucho/TLE subunit. (B) MYC levels are kept low in the cytoplasm and nucleus by the E3 ligases HUWE1 and UBR5, respectively.
Upstream growth signals stabilize and activate MYC through phosphorylation of the S62 residue. This primes MYC for subsequent phosphorylation at nearby T58, which
occurs upon growth factor withdrawal. T58-phosphorylated MYC is recognized by the SCFFBXW7 E3 ligase and degraded to prevent subsequent re-initiation of
transcription. (C) The proinflammatory transcription factor NF-jB is synthesized as a 105-kDa precursor (p105) that is ubiquitylated by the SCFbTrCP E3 ligase and
partially processed by the proteasome to yield a mature 50-kDa form (p50). Mature NF-jB dimers are sequestered in the cytoplasm by an inhibitor, IjBa, until cellular
signals lead to degradation of IjBa and liberation of mature NF-jB. Only then can mature NF-jB enter the nucleus and initiate transcription of target genes. (D) RNA
Pol II complexes that have stalled, such as at a DNA lesion, are first monoubiquitylated by the E3 ligase NEDD4. A second E3, CUL5ElonginABC, adds K48-linked
polyubiquitin chains to monoubiquitylated RNA Pol II leading to p97/VCP-dependent removal of the stalled complex from DNA.
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et al, 2010), downregulation of MYC by UBR5 decreases protein

synthesis by limiting ribosomal biogenesis. Interestingly, UBR5 also

eliminates aberrant translation products through quality control of

nascent peptides (Yau et al, 2017). Another E3 ligase, HUWE1,

controls both MYCN levels (Adhikary et al, 2005) and excess

ribosomal proteins (Sung et al, 2016), underscoring the impor-

tance of coordinating MYC activity with protein synthesis in

dividing cells. Cells therefore implement at least four E3 ligases to

establish the appropriate levels of MYC or MYCN under a wide

range of conditions.

Transcription factor regulation by multiple E3 ligases is a

common theme in development, as also illustrated by members of

the SMAD family that control transforming growth factor-b (TGF-b)
signaling (Budi et al, 2017). Binding of TGF-b growth factors to

plasma membrane receptors induces phosphorylation and nuclear

translocation of receptor-regulated SMADs, allowing them to

promote transcription of genes involved in cell proliferation, migra-

tion, and apoptosis (David & Massague, 2018). While nuclear

SMADs are ubiquitylated by the E3 NEDD4-L to prevent aberrant re-

initiation of transcription (Gao et al, 2009), constitutive modification
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Figure 3. Ubiquitin-dependent regulation of transcriptional machinery.

(A) In the absence of WNT signal, the b-catenin transcription factor (b-cat) is constitutively degraded by a destruction complex consisting of kinases GSK3b and CK1 as
well as the ubiquitin ligase SCFbTrCP. The presence of WNT ligand stabilizes b-catenin by inhibiting its phosphorylation, thus allowing it to translocate into the nucleus.
At TCF/LEF transcriptional complexes, b-catenin facilitates the exchange of co-repressors for co-activators (CoA) through UBR5-mediated ubiquitylation and p97/VCP-
dependent extraction of the repressive Groucho/TLE subunit. (B) MYC levels are kept low in the cytoplasm and nucleus by the E3 ligases HUWE1 and UBR5, respectively.
Upstream growth signals stabilize and activate MYC through phosphorylation of the S62 residue. This primes MYC for subsequent phosphorylation at nearby T58, which
occurs upon growth factor withdrawal. T58-phosphorylated MYC is recognized by the SCFFBXW7 E3 ligase and degraded to prevent subsequent re-initiation of
transcription. (C) The proinflammatory transcription factor NF-jB is synthesized as a 105-kDa precursor (p105) that is ubiquitylated by the SCFbTrCP E3 ligase and
partially processed by the proteasome to yield a mature 50-kDa form (p50). Mature NF-jB dimers are sequestered in the cytoplasm by an inhibitor, IjBa, until cellular
signals lead to degradation of IjBa and liberation of mature NF-jB. Only then can mature NF-jB enter the nucleus and initiate transcription of target genes. (D) RNA
Pol II complexes that have stalled, such as at a DNA lesion, are first monoubiquitylated by the E3 ligase NEDD4. A second E3, CUL5ElonginABC, adds K48-linked
polyubiquitin chains to monoubiquitylated RNA Pol II leading to p97/VCP-dependent removal of the stalled complex from DNA.
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Ubiquitin-Mediated Regulation: DNA-Damage Response

Under Double-stranded breaks, how does the cell non-homologous end joining or homologous recombination?
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Ubiquitin-Mediated Regulation: DNA-Damage Response

1) RNF8 decorates H1 linker with K63-linked ubiquitin chains 
2) RNF168 binds to the K63-chains and mono-ubiquitinates K13 and K15 of H2A
3) RNF168 itself binds mono-ubiquitinated H2AK15 and spreads this signal to adjacent histones
4) 53BP1 attracts proteins that displace HR effectors; RAP80/BRCA1 suppresses BRCA1-mediated HR
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Ubiquitin-Mediated Regulation: Protein-Trafficking

Trafficking of Cell-Membrane Proteins

CB34CH06_Rape ARI 31 August 2018 17:26
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RecyclingDegradation
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Figure 4
Spatial regulation by localized ubiquitylation. (a) Local separation of ubiquitylation at the plasma membrane
and deubiquitylation at endosomes controls trafficking of internalized membrane receptors to the lysosome
or their recycling to the plasma membrane. (b) Localized ubiquitylation allows for selective clearance of
damaged mitochondria, while intact organelles are left intact. (c) Release of calcium from the ER allows for
localized ubiquitylation of COPII vesicle coat proteins to regulate vesicle size.
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Ubiquitination trafficks membrane proteins to the lysosome or recycles them back to the cell-membrane



Koyano, F. et al. Nature 2014, 510, 162.

1) PINK1 kinase accumulates on outer membrane of damaged mitochondrion
2) PINK1 phosphorylates the E3 ligase PARKIN; PARKIN ubiquitinates the outer mitochondrial membrane (K6 and K63)
3) PINK1 phosphorylates ubiquitin
4) PARKIN binds to phosphorylated ubiquitin and continues membrane ubiquitination, triggering a signal amplification loop

Elimination of defective mitochondria
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