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Emerging functions of branched ubiquitin chains
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Abstract
Ubiquitylation is a critical post-translational modification that controls a wide variety of processes in eukaryotes.
Ubiquitin chains of different topologies are specialized for different cellular functions and control the stability, activity,
interaction properties, and localization of many different proteins. Recent work has highlighted a role for branched
ubiquitin chains in the regulation of cell signaling and protein degradation pathways. Similar to their unbranched
counterparts, branched ubiquitin chains are remarkably diverse in terms of their chemical linkages, structures, and the
biological information they transmit. In this review, we discuss emerging themes related to the architecture, synthesis,
and functions of branched ubiquitin chains. We also describe methodologies that have recently been developed to
identify and decode the functions of these branched polymers.

Introduction
Ubiquitylation is an essential post-translational mod-

ification that controls the stability and functions of
eukaryotic proteins through multiple mechanisms. Ubi-
quitylation regulates an assortment of processes that are
of vital importance to eukaryotic cells, including cell
division, differentiation, protein quality control, gene
expression, DNA repair, protein trafficking, and signal
transduction1–5. The ability of ubiquitin to act as a mul-
tifunctional signal is due to its propensity to form a variety
of different structures that can be recognized by different
types of effector proteins. Ubiquitin can be conjugated to
substrates as a monomer on one or more sites (most
frequently lysines), referred to as monoubiquitylation or
multi-monoubiquitylation, respectively, or it can be
polymerized to form a chain, in which the carboxy ter-
minus of one ubiquitin monomer is linked to the ε-amino
group of a lysine residue or the α-amino group of the N-
terminal methionine of another ubiquitin monomer via an
isopeptide bond (Fig. 1).
Ubiquitin chains can be classified into three different

categories based on the types of linkages that connect

adjacent ubiquitin monomers within the chain. Homo-
typic chains are linked uniformly through the same
acceptor site of ubiquitin, whereas heterotypic chains are
linked through multiple sites and can be further classified
as either mixed or branched (Fig. 1). Mixed chains consist
of more than one type of linkage, but each ubiquitin
monomer within the chain is modified on only one
acceptor site. By contrast, branched chains are comprised
of one or more ubiquitin subunits that are simultaneously
modified on at least two different acceptor sites. While the
functions of homotypic chains are generally well-estab-
lished, with, for example, K48-linked chains targeting
proteins for degradation by the proteasome and M1- and
K63-linked chains regulating vital processes such as DNA
repair, NF-κB signaling, and autophagy6–9, the structures
and functions of branched chains have started to emerge
only recently. Similar in design to branched oligo-
saccharides on the cell surface, which can adopt a variety
of different structures and have a crucial role in cell–cell
adhesion, branched ubiquitin chains greatly increase the
complexity of ubiquitylation signals and thus expand the
types of biological information that can be transmitted by
such signals. In this review, we discuss the most recent
findings on branched ubiquitin chains, highlighting their
specific architectures, mechanisms of synthesis, and pro-
posed functions. We also describe some of the approaches
and techniques that have recently been developed to
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detect and study the functions of these branched
polymers.

Architecture and synthesis of branched ubiquitin
chains
There are many recent reports of branched ubiquitin

chains, and these polymers differ from each other in terms
of their length, linkage, and overall architectures (Fig. 2).
Branched chains with clear physiological functions include
those consisting of K11/K48, K29/K48, and K48/K63 lin-
kages10–15. Branched K6/K11, K6/K48, K27/K29, and K29/
K33 chains have been detected in vitro or in cells but
currently have unidentified functions16–18. Evidence also
exists for heterotypic M1/K63 and K11/K63 polymers19–23,
although it is unclear if these chains are mixed, branched, or
contain a combination of both chain types. The potential
for a nearly limitless number of distinct structures exists
because branched chains can be formed through unique
combinations of acceptor sites and because branch points
can be initiated at distal, proximal, or internal ubiquitins
within the chain. In addition, branched chains with the
same types of linkages can differ in their overall archi-
tectures depending on the order in which the linkages are
synthesized (Fig. 2). For example, the APC/C forms bran-
ched K11/K48 chains by assembling K11 linkages on pre-
formed K48-linked chains, whereas UBR5 forms branched
K11/K48 chains by attaching K48 linkages to preformed
K11-linked chains10,11.
The synthesis of all ubiquitylation signals, including

branched ubiquitin chains, requires the sequential actions
of at least three different types of enzymes: E1, E2, and
E324,25. E3 ubiquitin ligases, of which there are predicted
to be ~600 in humans, are responsible for catalyzing the

transfer of ubiquitin monomers to substrates and for
building ubiquitin chains on substrates. E3s can be clas-
sified into several different categories based on the pre-
sence of conserved catalytic domains and the mechanism
of ubiquitin transfer that they use. The really interesting
new gene (RING) and U-box E3s promote the direct
transfer of ubiquitin from the E2 to the substrate or
substrate-conjugated ubiquitin molecule. In contrast, the
homologous to E6AP C-terminus (HECT), RING-
between-RING (RBR), and recently identified RING-
Cys-Relay (RCR) E3s employ a two-step mechanism of
ubiquitin transfer, in which ubiquitin is first transferred
from the E2 to a cysteine residue in the active site of the
E3 and then from the E3 to a substrate or substrate-
conjugated ubiquitin26–29.
While several different mechanisms for chain formation

and linkage site selection for homotypic polymers have
been described6,30, the mechanisms that underlie the
formation of branched polymers by the E3s that synthe-
size them are less clear. One common theme in the
assembly of branched chains is collaboration between
pairs of E3s with distinct linkage specificities (Fig. 2). For
example, Ufd4 and Ufd2 collaborate with each other to
synthesize branched K29/K48 chains on substrates of the
ubiquitin fusion degradation (UFD) pathway in yeast13.
Similarly, branched K48/K63 chains are produced by
TRAF6 and HUWE1 during NF-κB signaling, and by the
HECT E3s ITCH and UBR5 during the apoptotic
response14,15. One likely function of collaboration
between pairs of E3s with distinct chain linkage pre-
ferences is to spatially and/or temporally separate ubi-
quitylation marks with different consequences. The pro-
apoptotic regulator TXNIP, for example, is first modified

Fig. 1 Classification of ubiquitin modifications. Protein substrates can be modified with ubiquitin monomers on one or more acceptor sites,
referred to as monoubiquitylation or multi-monoubiquitylation, respectively. Alternatively, ubiquitin monomers can be joined to each other via
isopeptide bonds to form chains of varying lengths, linkages, and structures. Homotypic chains are linked uniformly through the same acceptor site
of ubiquitin (e.g., K48-linked chains), whereas heterotypic chains contain multiple types of linkages and can be further classified as either mixed or
branched. Mixed chains consist of ubiquitin subunits that are modified on only a single acceptor site. Branched chains contain at least one ubiquitin
subunit that is simultaneously modified on multiple acceptor sites. Ubiquitins modified on one acceptor site are colored in blue or yellow; the branch
point ubiquitin is colored in red; unmodified or “terminal” ubiquitins are colored gray.
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with non-proteolytic K63-linked chains by ITCH before
UBR5 attaches K48 linkages to produce branched K48/
K63 chains, resulting in the subsequent degradation of
TXNIP by the proteasome15. The conversion of a non-
degradative signal to a degradative mark could be an
efficient means of regulating the activation and inactiva-
tion of signaling proteins that are controlled by ubiqui-
tylation events.
Other mechanisms of branched-chain formation involve a

single E3 that either recruits E2s with different linkage
specificities or has the innate ability to synthesize chains of
different linkages on its own. The APC/C, a multisubunit
RING E3, cooperates with two different E2s, UBE2C and
UBE2S, to form branched K11/K48 chains on substrates
during mitosis10,11. In this case, UBE2C first attaches short
chains containing mixed K11, K48, and K63 linkages to
substrates of the APC/C, and the K11-specific E2, UBE2S,
then adds multiple K11 linkages to these short chains,
resulting in branched K11/K48 (and probably also branched
K11/K63) polymers10,31. The HECT E3 WWP1 has been
demonstrated to synthesize branched chains containing
K48 and K63 linkages in the presence of a single E2,
UBE2L332, whereas UBE3C and the bacterial HECT-like E3
NleL have been reported to assemble branched K29/K48
and K6/K48 chains, respectively, also in the presence of a
single E217,18,33. The RBR E3 Parkin, which is often mutated
in early-onset Parkinson’s disease, has recently been shown
to synthesize branched K6/K48 chains34, consistent with
previous reports that Parkin forms chains of complex
topology including multiple linkages35–37.

Regardless of whether the formation of branched chains
involves an individual E3 or a pair of collaborating E3s, the
initiation of chain branching requires the selection of the
appropriate branch point linkage and location. For branched
chains formed by E3s that work together in pairs, the E3 that
initiates branching must recognize an initial mark that
contains a particular linkage that is distinct from the one it
synthesizes. Ufd2, for example, recognizes K29-linked chains
assembled by Ufd4 and initiates branching by adding mul-
tiple K48-linked ubiquitins to the chain. It does this by
binding to K29 linkages through two loops present in the N-
terminal domain of Ufd213. In an analogous manner,
HUWE1 attaches K48 linkages to unbranched K63-linked
chains synthesized by TRAF6 by recognizing K63 linkages
through its UIM and UBA domains14. Branched K48/K63
chains formed by ITCH and UBR5 are produced through a
mechanism that involves the binding of K63-linked chains
conjugated by ITCH to the UBA domain of UBR5, a K48-
specific E315. Existing evidence suggests that HUWE1,
UBR4, and UBR5 may have special roles as chain branching
E3s, as they have been demonstrated to collaborate with
multiple E3s to form distinct types of branched
linkages11,14,15.
For branched chains synthesized by individual E3s, the

mechanisms of branching vary and are generally less clear.
The APC/C acts as a multisubunit scaffold to recruit two
different E2s with distinct linkage preferences that work
cooperatively to assemble branched K11/K48 chains10,38.
Interestingly, the APC/C engages UBE2C and UBE2S in
different manners to create unique catalytic architectures

Fig. 2 Architecture and synthesis of branched ubiquitin chains. The APC/C collaborates with two different E2s, UBE2C and UBE2S, to assemble
branched K11/K48 chains on cyclin A and other mitotic substrates. UBR5 collaborates with an unknown K11-specific E3 to form branched K11/K48
chains of a different architecture on a pathological mutant version of the Huntingtin protein (HTT-Q73). UBR5 has also been reported to synthesize
branched K11/K48 chains on newly synthesized misfolded polypeptides11. Spt23 and substrates of the ubiquitin fusion degradation pathway are
modified with branched K29/K48 chains synthesized by Ufd4 and Ufd2. ITCH cooperates with UBR5 to assemble branched K48/K63 chains on the
pro-apoptotic regulator TXNIP. Substrates are colored in green; chain branching E3s are colored in light blue; the color coding for ubiquitins is as
described in Fig. 1.
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that promote the different stages of chain initiation and
branching39. For individual E3s that have the ability to
assemble branched polymers with a single E2,
mechanisms for building chains that contain at least two
different linkages must be intrinsic to the E3, although
such mechanisms have yet to be identified. It is notable
that the HECT E3s WWP1 and UBE3C, both of which
have been shown to form branched chains, contain a
non-covalent ubiquitin-binding site within or adjacent
to the catalytic HECT domain that could act to facilitate
chain branching32,33. Alternatively, the topology of the
growing chain tethered to the E3-bound substrate could
limit the length of an unbranched homotypic chain,
thereby indirectly altering the catalytic specificity of the
E3 in a way that promotes branching, as suggested for
WWP132. The latter model would predict that branch-
ing is initiated from the distal ubiquitin on the end of
the growing chain, although it is unclear how further
branching would be favored over the formation of mixed
chains in this model. One possibility is that the chain
building activity of the E3 is redirected to internal ubi-
quitins within the chain, through an as of yet uni-
dentified mechanism, once the growing chain reaches a
critical threshold length.

Physiological functions of branched ubiquitin
chains
Recent studies have revealed that branched chains

represent a significant fraction of all ubiquitin chains in
cells, with current estimates ranging from 5 to 20%
depending on the cell type and the method of measure-
ment used37,40. The abundance of some types of branched
chains is especially high in unstimulated cells. For
example, it has been estimated that branched K48/K63
chains make up about 20% of all K63 linkages in U2OS
cells14. Other types of branched chains are probably of
lower abundance but can be synthesized at much higher
levels under certain conditions or in response to specific
signals. Branched K11/K48 chains, for instance, increase
sharply in number during mitosis and in response to
proteotoxic stress10,11,41, whereas branched K48/K63
chains increase in response to activation of NF-κB sig-
naling14. Branched K48/K63 chains also increase greatly
in abundance after treatment with proteasome inhibitors,
accounting for ~50% of all K63 linkages14, suggesting that
branched K48/K63 chains are prominent degradation
signals in cells. The abundance of other types of branched
chains has not been measured directly but is likely to
fluctuate in response to context-dependent signals or
events, such as bacterial infection in the case of branched
K6/K48 chains synthesized by NleL17,18.
Not unexpectedly, the first clearly defined function of

branched ubiquitin chains was in the degradation of
proteins by the proteasome. In a landmark study,

the APC/C was found to attach branched K11/K48 chains
to mitotic cell cycle regulators, such as cyclin A and
Nek2A, targeting them for destruction by the protea-
some10,42. Branched K11/K48 chains have also been
implicated in the degradation of newly synthesized mis-
folded proteins and cytoplasmic aggregates11,43, many of
which seem to require the activity of VCP/p97, a AAA+
ATPase that prepares ubiquitylated proteins for degra-
dation by the proteasome and binds efficiently to bran-
ched K11/K48 chains10,11,44,45. Similarly, branched K29/
K48 and K48/K63 chains have been shown to target a
diverse array of proteins, including substrates of the UFD
pathway, ERAD substrates, and apoptotic regulators, for
proteasomal degradation13,15. Importantly, in many cases,
branched chains appear to act as more potent degradation
signals than their unbranched counterparts10,11,13,15,
raising the possibility that branched chains have evolved
to promote the disposal of a subset of unwanted or
extremely toxic proteins. While the functions of branched
chains in degradative pathways have been reviewed in
detail elsewhere45, we focus here on recent findings per-
taining to the role of branched polymers as the preferred
signals for proteasomal degradation and highlight the
functions of non-degradative branched chains in con-
trolling cell signaling pathways.
The ability of branched chains to act as powerful

degradation signals and to carry out non-degradative
functions is driven by the specific recognition of branched
polymers by effector proteins. These effector proteins
harbor ubiquitin-binding domains (UBDs), which recog-
nize a variety of ubiquitylation signals, including branched
and unbranched chains, and in many cases show specifi-
city for the types of ubiquitylation marks that they bind
to46,47. Although there are currently no examples of UBDs
that bind exclusively to branched chains, a number of
ubiquitin receptors that are directly involved in protea-
somal degradation have been shown to bind to branched
polymers with higher affinity compared to unbranched
chains. Two of the three established ubiquitin receptors of
the proteasome, RPN1 and RPN10, bind to branched
K11/K48 chains more robustly than their respective
unbranched polymers10,48. Additionally, VCP/p97, which
facilitates proteasomal degradation through multiple
mechanisms, including the extraction and unfolding of
ubiquitylated substrates44, binds more efficiently to
branched K11/K48 chains than to unbranched K11,
unbranched K48, or mixed K11/K48 chains10,11. In yeast,
branched K29/48 chains formed by Ufd4 and Ufd2 in the
context of the UFD pathway bind more tightly than
homotypic K29-linked chains to Rpn10 and the protea-
some shuttling factors Rad23 and Dsk213. Interestingly,
although K11-linked chains were initially thought to act as
prominent degradation signals, recent work has shown
that unbranched K11 chains bind only weakly to
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proteasomes and do not support the degradation of model
substrates by proteasomes in vitro49,50. Together, these
findings support the idea that branched chains are gen-
erally more potent degradation signals than their
unbranched counterparts.
How are branched chains recognized so much more

efficiently by the proteasome and other components of
the degradation machinery? An attractive hypothesis is
that branching simply provides an increase in the local
concentration or “density” of ubiquitins surrounding the
substrate10,11,42,45, thus increasing the probability of a
productive interaction between the ubiquitylated sub-
strate and its receptor through an avidity effect (Fig. 3a).
This hypothesis is supported by studies demonstrating
that multiple short chains or monoubiquitin modifica-
tions can match or exceed the degradative capacity of one
or two longer chains consisting of 4–9 ubiquitins51–53.
However, the enhanced or specific binding of ubiquitin
receptors to recognition sites in the vicinity of the branch
point or to unique interaction surfaces created by
branching cannot be excluded (Fig. 3a). In fact, a recent
study demonstrated that RPN1, which harbors multiple
UBDs, binds more robustly to branched K11/K48

triubiquitin compared to K48-linked triubiquitin or
mixed-linkage K11/K48 triubiquitin48, suggesting that
branched K11/K48 chains form a unique structure that is
preferentially recognized by RPN1. Enhanced binding to
RPN1 may be driven by a hydrophobic interface between
the distal ubiquitins of branched K11/K48 triubiquitin
that is present only in the branched form of the chain48.
Clearly, there is still much to be learned about how
branched chains are preferentially recognized and pro-
cessed by the proteasome and other components of the
degradation machinery.
In addition to their roles in protein degradation path-

ways, branched chains can also act as non-degradative
signals to control cell signaling events. The best-
characterized example of this is in NF-κB signaling,
which is regulated by multiple types of ubiquitin chains,
including both unbranched K63-linked chains and bran-
ched K48/K63 chains14,21,54,55. Activation of NF-κB sig-
naling involves the assembly of unbranched K63-linked
chains by TRAF6, which in turn bind to TAB2 to activate
the TAK1 kinase complex, thus triggering a cascade of
downstream events that ultimately leads to the release
of active NF-κB and regulation of gene expression.

Fig. 3 Models for the recognition and functions of branched ubiquitin chains. a The binding of branched chains to the proteasome (PDB ID:
5T0J) is illustrated schematically. The ubiquitin-binding subunits of the 19S regulatory particle are colored in blue, yellow, and green; all other
proteasome subunits are colored in white. The enhanced binding of branched chains to the proteasome as a result of an increase in the local
concentration or “density” of ubiquitin subunits surrounding the substrate is illustrated by the multivalent-binding model. Enhanced binding due to
the recognition of novel interaction surfaces created by branching or recognition of the branch point itself is represented by the conformational
recognition model. Non-covalent interactions between ubiquitin and proteasome subunits are represented by arcs. The positions of the ubiquitin-
binding sites on the proteasome are shown for schematic purposes only. b Model for the role of branched K48/K63 chains in the activation of NF-κB
signaling. Homotypic K63-linked chains are efficiently disassembled by CYLD, resulting in the removal of K63 linkages from TRAF6 and the
termination of NF-κB signaling (top). Branched K48/K63 chains are resistant to CYLD cleavage, resulting in the persistence of K63 linkages on TRAF6
and sustained activation of NF-κB signaling (bottom). Branched ubiquitin subunits modified at both K48 and K63 are colored in red.
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This pathway is antagonized by two deubiquitylating
enzymes (DUBs), CYLD and A20, which disassemble
K63-linked chains and therefore inhibit the activation of
TAK1 and subsequent downstream events. Interestingly,
HUWE1 has been shown to add K48-linked ubiquitins to
K63-linked chains preassembled by TRAF6, resulting in
the formation of branched K48/K63 chains. Branched
K48/K63 chains are resistant to cleavage by CYLD, lead-
ing to stabilization of K63 linkages and sustained activa-
tion of NF-κB signaling (Fig. 3b). Thus, branching can
regulate cell signaling by blocking the activity of a DUB
and stabilizing ubiquitylation marks that function in a
non-degradative context14. A similar regulatory mechan-
ism may be involved in the activation of NF-κB signaling
by branched M1/K63 chains, which are reported to be
resistant to cleavage by A2020, although further work is
needed to confirm the presence of branched structures in
order to validate this model.

Methods and tools to study branched ubiquitin
chains
The detection of branched ubiquitin chains has been

more challenging than it has for homotypic chains for
several reasons, including low abundance relative to
homotypic chains and the existence of inherent limita-
tions of traditional proteomics methods. Ubiquitin
mutants carrying various combinations of Lys to Arg
mutations that block chain formation through one or
more Lys residues have been somewhat useful in the
identification of branched chains in vitro10,13,17,33. These
mutants have been used most successfully in conjunction
with in-frame ubiquitin fusion proteins or enzymatically
generated substrates modified with ubiquitin chains of
defined lengths and linkages10,13,32. The use of ubiquitin
mutants in cell-based studies has been less fruitful due to
a number of confounding factors, including the presence
of wild-type endogenous ubiquitin, off-target effects

Fig. 4 Mass spectrometry-based workflows to detect branched ubiquitin chains. Three different approaches to detect branched chains are
illustrated. In the classical bottom-up approach, branched chains involving neighboring lysines can be detected, but all other types of branched
chains are invisible due to the cleavage of branched peptides at intervening lysines or arginines (left). Mutation of the single arginine located
between K48 and K63 of ubiquitin (Arg54) allows the detection of branched K48/K63 chains using classical bottom-up methods (middle). In principle,
other types of branched chains can be detected in this manner. In the middle-down approach, ubiquitin chains are digested with trypsin under
native conditions or cleaved after Arg74 with a site-specific protease (right). This approach leaves all possible combinations of branch points intact.
Specific chain configurations can then be identified by tandem mass spectrometry. LC–MS liquid chromatography-mass spectrometry, SRM selected
reaction monitoring, PRM parallel reaction monitoring, LC–MS/MS liquid chromatography-tandem mass spectrometry.
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caused by global perturbation of ubiquitin dynamics, and
the presence of DUBs and protein degradation pathways.
One approach based on a ubiquitin mutant that has been
used with success in the detection of branched chains in
cells is the TEV cleavage method, which involves the
expression of a ubiquitin variant containing an engineered
TEV protease cleavage site after Gly53 or Glu64 of ubi-
quitin. In this method, affinity purification of ubiquity-
lated substrates from cells expressing the TEV ubiquitin
mutant is followed by TEV cleavage and western blotting
to detect FLAG-reactive peptides that are diagnostic of
chain branching10,13.
While the aforementioned methods have been instru-

mental in the initial discovery of branched chains, they are
limited because they generally provide only qualitative
information and are prone to artifacts due to altered
conjugation properties of the ubiquitin mutants. The gold
standard for detecting branched chains has accordingly
been mass spectrometry, and a number of recent advances
in proteomic technologies have facilitated their study.
Traditional bottom-up approaches, which rely on the
digestion of ubiquitylated proteins with trypsin and a
resulting 114 Da Gly–Gly remnant on the modified Lys
residue, have been used extensively to detect both
homotypic chains and branched chains involving neigh-
boring Lys residues, as is the case for K6/K11, K27/K29,
and K29/K33 polymers16,36,56–58. However, the detection
of branched chains involving non-neighboring Lys resi-
dues or Lys residues separated by one or more arginines is
not possible using traditional bottom-up approaches, due
to cleavage and the resulting loss of the branched peptide
(Fig. 4). The use of a ubiquitin mutant lacking the single
Arg residue found between K48 and K63 of ubiquitin
(R54A) has enabled the detection of branched K48/K63
chains using bottom-up methods14,15. However, an
extensive number of point mutations would be needed to
detect other branched peptides in this manner, and the
increased size of these peptides would likely present
challenges to their detection59,60.
Middle-down mass spectrometry approaches, which

involve the minimal digestion of ubiquitin chains under
native conditions to cleave specifically after Arg74, have
so far proven to be the most universally applicable in the
detection of branched chains. In the middle-down work-
flow, the ubiquitin polypeptide is left largely intact after
cleavage of ubiquitin chains, and multiple Gly–Gly
modifications are detected concurrently on a single
polypeptide (Fig. 4). This approach has been used to
estimate the abundance of branched chains in cells and to
detect specific chain configurations, including those
comprised of branched K6/K48, K11/K48, and K29/K48
linkages18,37,40,41. In a recent study, a middle-down
approach based on the activity of an engineered viral
protease (LbPro) with high specificity for cleavage after

Arg74 of ubiquitin was used to detect branched chains
in vitro and in cellulo. This method, dubbed Ub-clipping,
enabled the quantification of branched chains in cells and
led to the surprising conclusion that as much as 20% of
polymerized ubiquitin exists in a branched form37. It
should be noted that strategies for detecting branched
chains by mass spectrometry often involve an enrichment
step to increase the recovery of polyubiquitylated proteins
prior to enzymatic cleavage. In recent studies, tandem
ubiquitin-binding entities (TUBEs) and linkage-specific
antibodies have both been used effectively towards this
goal37,41. Enrichment is necessary to facilitate the detec-
tion of branched chains because of the large amount of
free ubiquitin and monoubiquitylated proteins present in
cell extracts that can interfere with the detection of
branched polymers, especially those that are present at
low levels.
Other methods that have contributed to the study of

branched chains include the use of a bispecific antibody
that recognizes branched K11/K48 chains and linkage-
specific DUBs to determine higher-order chain archi-
tecture. It is worth noting that the bispecific antibody for
branched K11/K48 chains also recognizes mixed K11/K48
chains and has a lower affinity for homotypic K11 and
K48 linkages10. Thus, the detection of branched K11/K48
chains must be confirmed by other methods in order to
substantiate claims of branching. A technique based on
the linkage-specific properties of DUBs, known as Ubi-
quitin Chain Restriction, has been used in several cases to
establish the general architecture of branched chains61.
For example, the K63-specific AMSH and K48-specific
OTUB1 DUBs were used to show that the formation of
branched K48/K63 chains by TRAF6 and HUWE1 during
NF-kB signaling involves the assembly of K48 linkages on
preformed K63-linked chains14. Finally, the recent use of
click chemistry to synthesize non-hydrolyzable versions of
branched K6/K11, K11/K48, and K48/K63 chains, which
are resistant to cleavage by DUBs, should prove to be
valuable in the identification of novel ubiquitin-binding
receptors for branched chains62. It is noteworthy that
non-hydrolyzable versions of homotypic chains have
already been used with success to identify previously
unknown interactors of atypical unbranched chains63.

Concluding statements and future perspectives
While the architectures and functions of branched

ubiquitin chains have clearly started to emerge in recent
years, there are still many remaining questions about how
these signals are produced, how they are recognized, how
they impact cell physiology, and how they differ from their
more primitive homotypic relatives (Box 1). Branched
chains with unique architectures are likely to be dis-
covered in the future, and the identification of additional
chain branching E3s will contribute to our understanding
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of how these signals are encoded by the ubiquitylation
machinery. HECT E3s are good candidates for chain
branching enzymes, as a number of these ligases have
been reported to synthesize heterotypic chains with mixed
linkages32,33,64–68. There is also much left to be learned
about the structures of branched chains that are already
known to exist and have been assigned to essential cellular
functions. Several recently reported atomic structures of
branched K11/K48 triubiquitin have provided some clues
about how the spatial landscapes of branched chains
might differ from those of their unbranched counter-
parts48. However, the structures of other types of

branched polymers consisting of differing lengths, lin-
kages, and branch point locations are currently unknown.
Despite recent progress, the specific functions of bran-

ched ubiquitin chains, which are mediated by effector
proteins that recognize these signals, are still only in the
early stages of their discovery. While the functions of
branched K11/K48, K29/K48, and K48/K63 chains are
understood in some detail, the physiological roles of other
branched polymers have not yet been identified. Existing
evidence suggests critical biological functions for bran-
ched M1/K63, K6/K48, and K11/K63 chains17,19–23,69,
although further research is needed to establish clear
structure/function relationships for these polymers.
Additional functions, both proteolytic and non-proteoly-
tic, are likely to be discovered for branched chains that are
already understood in some detail. In fact, branched K11/
K48 chains have recently been implicated in the regula-
tion of histone stability to control gene expression and in
the degradation-independent activation of the Met4
transcription factor12,70. Interestingly, branched K11/K48
chains are conjugated to histone proteins at specific
chromatin locations during mitosis to ensure their
degradation and the expression of genes that maintain
stem cell identity in the ensuing cell cycle. In this newly
discovered pathway, APC/C is recruited to the promoters
of pluripotency genes by WDR5, a chromatin-associated
factor that is thought to function as an APC/C adaptor to
promote the formation of branched K11/K48 chains on
histones12. Although the role of branched K11/K48 chains
in Met4 activation is less clear, existing evidence suggests
a model in which heterotypic K11/K48 chains disrupt an
autoinhibitory interaction between the tandem UBDs of
Met4 and covalently attached homotypic K48-linked
chains70.
Clearly, new methods and technological advances that

extend the capabilities of those described in this review
article will be needed to fully uncover the structures and
functions of branched chains. The rationale for investing
in these technologies is considerable because of the direct
link that these signals have to human health and disease.
Branched polymers have been implicated in the degra-
dation of aggregation-prone proteins that are directly
responsible for causing neurodegenerative diseases11, and
Parkin, a ubiquitin ligase that is often mutated in early-
onset Parkinson’s disease, was recently reported to syn-
thesize branched chains34,37. Ultimately, the “ubiquitin
code” will need to be expanded to include branched
polymers, and cracking this expanded code will
undoubtedly be a major challenge for the field. An addi-
tional layer of complexity must also be accounted for
because it is now well documented that free ubiquitin and
ubiquitin chains can both be post-translationally modified
by a number of small chemical groups, including

Box 1 Unanswered questions

● How is the formation of branched chains regulated? What are

the molecular events that promote or inhibit the assembly of

branched polymers? Possible mechanisms include the context-

dependent recruitment of chain branching E2s or E3s and

regulation through post-translational modifications of ubiquitin

chains that stimulate or block chain branching.
● What roles do DUBs have in editing the higher-order structures

of branched chains? The architectures of some branched

chains may be determined by the combined activities of chain

branching E2/E3 enzymes and DUBs that cleave specific

linkages.
● What are the molecular “rules” that govern the formation of

branched chains? Are there particular acceptor sites in proteins

that are preferred for the addition of branched chains? How

many ubiquitin subunits do branched chains typically contain?

Is there a preference for initiating branch points at proximal,

internal, or distally located ubiquitins within a chain?
● Are there novel ubiquitin receptors and UBDs that bind

specifically to branched chains? If so, what are the molecular

mechanisms of chain recognition? Are the number and

location of branch points important for the recognition of

branched polymers?
● What are the architectures and physiological functions of

branched chains that have not yet been characterized in detail?

Existing evidence suggests critical functions for branched M1/

K63, K6/K48, and K11/K63 chains, but further work is needed to

establish their general architectures and roles in cell

physiology. Additional types of branched chains (i.e., K6/K11,

K27/K29, K29/K33) have been documented but currently have

no known functions.
● What is the evolutionary relationship between homotypic

polymers and branched chains? Have branched chains evolved

in higher eukaryotic organisms to fulfill specific roles, such as

the rapid disposal of highly toxic protein aggregates?

French et al. Cell Discovery             (2021) 7:6 Page 8 of 10



phosphoryl, acetyl, ADP-ribosyl, and phosphoribosyl
groups71–73. Accordingly, it is perhaps not too far-fetched
to think of ubiquitylation marks in a manner that is
analogous to histone modifications, with, in this case, the
combinatorial effects of multiple chain linkages, branch
points, and chemical group additions, determining the
ultimate fate of a protein that a particular ubiquitylation
mark is attached to.
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