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Abstract: Post-translational modification by ubiquitin-like proteins (UBLs) is a predominant
eukaryotic regulatory mechanism. The vast reach of this form of regulation extends to virtually all
eukaryotic processes that involve proteins. UBL modifications play critical roles in controlling the
cell cycle, transcription, DNA repair, stress responses, signaling, immunity, plant growth,
embryogenesis, circadian rhythms, and a plethora of other pathways. UBLs dynamically modulate
target protein properties including enzymatic activity, conformation, half-life, subcellular
localization, and intermolecular interactions. Moreover, the enzymatic process of UBL ligation to
proteins is itself dynamic, with the UBL moving between multiple enzyme active sites and
ultimately to a target. This review highlights our work on how the dynamic conformations of
selected enzymes catalyzing UBL ligation help mediate this fascinating form of protein regulation.
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Introduction

A primary mechanism of eukaryotic protein regula-
tion involves their post-translational modification. An
abundance of such modifications exist, ranging from
attachment of small chemical groups such as phos-
phate, acetyl, or methyl moieties to ligation of entire
proteins in the ubiquitin-like family (UBLs). In higher
eukaryotes, there are over a dozen structurally
related UBLs that become covalently attached to
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other proteins, generally via an isopeptide bond
between the UBL’s C-terminus and a lysine side-chain
on the target, although UBLs can also be ligated to
protein N-termini, and Ser, Thr, or Cys residues.
Numerous types of UBL modifications provide poten-
tial targets with an enormous assortment of distinct
destinies. For example, ubiquitin can become linked
to proteins in many different ways. In some cases,
attachment of a single ubiquitin can alter a protein’s
subcellular localization.'™” In other cases, proteins
are modified by polyubiquitin chains, in which multi-
ple ubiquitin molecules become covalently linked to
each other.® Some polyubiquitin chains shorten a tar-
get protein’s cellular half-life, by directing degrada-
tion by the 26S Proteasome.®™® Other polyubiquitin
chains mediate binding to distinct, ubiquitin-linkage-
specific recognition proteins, often to modulate signal-
ing pathways.'®~?® Ubiquitination regulates most eu-
karyotic pathways, including cell division,?5?” stress
responses,?® DNA repair,?° and transcription.?®3! In
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addition to ubiquitin, other UBLs such as NEDDS,
SUMO, and ISG15%?7%7 impart unique functional
changes to their own distinct targets.

We are interested in how dedicated cascades of
E1 activating enzymes, E2 conjugating enzymes, and
E3 ligase enzymes direct UBLs to their targets to reg-
ulate the cell cycle, autophagy, and other processes
(Fig. 1). Over 600 human proteins display sequences
indicating that they are components of Els, E2s, and
E3s in UBL ligation pathways. Deregulation of these
pathways through mutations, enzyme mis-expres-
sion, or aberrant behavior of UBL-modified proteins
is associated with numerous pathologies, including
neurogedenerative diseases, immune disorders, viral
infections, and many cancers. I believe that determin-
ing the mechanisms by which enzymes transfer UBLs
will be of broad importance, much like studies of pro-
tein kinases have influenced our knowledge of signal-
ing pathways and their roles in diseases.

In addition to the broad physiological importance
of UBL modifications,?®° the biochemical pathway of
UBL ligation is captivating in its own right from the
perspective of basic protein science.*™*2 Modification
of a protein with a UBL is a highly dynamic multi-
step, multienzyme process, which involves transport-
ing an entire protein—the UBL—between multiple
enzyme active sites within an E1 enzyme, then transi-
ently onto an E2 enzyme, and ultimately with assis-
tance of an E3 onto a target protein (Fig. 1).4*

Between the enormous biological significance
and fascinating enzymology, the UBL field is full of
stellar scientists, and I am very fortunate to be a
part of this exciting arena of protein science.
Because this review article stems from my receiving
a 2011 Dorothy Crowfoot Hodgkin Award, I will
mainly describe my lab’s contributions to this vast
field. The Hodgkin Award is a tremendous honor,
which recognizes the discoveries of numerous train-
ees and staff in my lab over the years, as well as sig-
nificant contributions from enriching collaborations
and supportive mentors, and enthusiasm, stimula-
tion, and encouragement from wonderful colleagues.

Much of our initial work has focused on the UBL
NEDDS, which switches on a family of ~300 ubiqui-
tin E3s, thereby activating ubiquitin-mediated turn-
over of presumably thousands of proteins.32-34:45-51
As such, NEDDS8 functions as a major regulator of
protein homeostasis. Indeed, the NEDD8 pathway
was recently hailed as a new target for anticancer
therapies.?? In humans, the NEDDS8 cascade involves
one E1, two E2s, and few E3s and targets.3+%361
This contrasts with the expansive, hierarchical na-
ture of the human ubiquitin pathway, which involves
two Els, tens of E2s, hundreds of E3s, and thousands
of targets with diverse biological functions.26:44.62-74
We are exploiting the minimal nature of the
NEDDS8 pathway to follow a UBL from beginning
to end: how it enters the cascade via E1, moves
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Figure 1. Generalized enzymatic mechanisms of UBL
transfer between enzymes and ultimately to a target,

based on studies of ubiquitin. ~ refers to covalent

complex; - refers to noncovalent complex. A, Initial steps
catalyzed by E1. (1) E1 binds MgATP and a UBL, and
catalyzes acyl-adenylation of the UBL’s C-terminus. (2) E1
catalytic cysteine attacks the UBL~AMP intermediate, to
form the covalent thioester-linked E1~UBL intermediate. (3)
E1 repeats adenylation reaction on a 2nd UBL molecule,
such that E1 binds 2 UBL molecules: UBL(T) is thioester-
linked to E1’s catalytic cystine; UBL(A) is associated
noncovalently at the adenylation site. (4) Doubly-UBL-loaded
E1 binds an E2. UBL(tI') is transferred from the E1 cysteine to
the E2 catalytic cysteine. B, RING E3s (ca. 600 in humans)
enhance UBL transfer from E2 to a target. C, HECT E3s
(almost 30 in humans) contain a catalytic cysteine, and (1)
form a covalent thioester intermediate with a UBL prior to
UBL ligation to a target lysine (2). Adapted from Ref. 38.

from enzyme to enzyme to target, and regulates
its targets. Sequences of NEDDS8 E1-E2-E3
enzymes resemble those for several other UBLs, so
our goals are both to understand NEDD8-specific
regulation, and to identify general mechanisms of
UBL transfer. This latter goal has led us to also
investigate specific features of ubiquitin, SUMO,
ISG15, and other UBL pathways.

Studies by ourselves and others have revealed
that the structures of E1, E2, and E3 enzymes are
themselves dynamic, and how plasticity of conforma-
tion—be it wholesale domain rotations, local confor-
mational changes, or complete remodeling of por-
tions of structures—helps mediate such a dynamic
process in a specific manner. As many recent
reviews have discussed the overall structures, mech-
anisms, and regulation of E1, E2, and E3 enzymes,
here I will focus on the structural dynamics and
specificity of this process, and provide some recent
initial glimpses of how enzyme dynamics can be
modulated to influence activity.

Dynamic assembly-line-like UBL

activation by E1s

UBL structures have two regions: (1) an N-terminal
globular domain adopting a B-grasp fold, which con-
sists of a mixed B-sheet on one side and o-helix on
the other, and (2) a flexible C-terminal “tail” ending
with a Gly residue.”® Many UBLs are synthesized as
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precursors with C-terminal extensions, which
undergo proteolytic maturation to expose the C-ter-
minal Gly. In all cases, even after maturation, UBLs
start out like other proteins, with relatively inert C-
termini. Thus, a UBL’s C-terminus must be chemi-
cally activated for covalent ligation to a target. This
is accomplished in a multistep process by a UBL
activating enzyme, or “€1.” In general, Els are spe-
cific for only one or a few related UBLs.

Els are fascinating enzymes, which efficiently
select the correct UBL for its pathway, chemically
activate the UBL’s C-terminus, and coordinate the
UBL with the path-
way. 626471727682 Hare T refer to covalent complexes
with a tilde (~), and noncovalent complexes with a
hyphen (-). The multistep reaction by which Els
activate UBLs such as ubiquitin, NEDD8, SUMO,
and ISG15 is shown in Figure 1(a). First, E1 binds
to MgATP and the UBL, and catalyzes UBL C-termi-
nal adenylation. This reaction has two products:
(1) the UBL covalently linked by its C-terminus to
AMP via a high-energy acyl-phosphate bond, and (2)
inorganic pyrophosphate. Second, the E1’s catalytic
cysteine attacks the UBL C-terminus to produce a
transient covalent thioester-linked E1~UBL complex,
concomitant with its liberation from AMP. Third, for
ubiquitin and NEDDS8, and most likely also for
SUMO and ISG15, the E1 next binds and catalyzes
adenylation of a second UBL molecule, thus becoming
loaded with two UBL molecules asymmetrically. The
UBLs are bound at distinct active sites: the first
[UBL(T)] is covalently bonded to the E1’s cysteine by
a thioester linkage. The second [UBL(A)] is associ-
ated noncovalently, at the same adenylation active
site that initially bound the first UBL. Fourth, the
thioester-bound UBIL(T) is transferred to a catalytic
cysteine on a cognate E2 conjugating enzyme. In this
reaction, the E2 interacts physically with E1 to
receive the UBL via a thioester transfer reaction. Af-
ter generation of the E2~UBL product, the cycle con-
tinues for the noncovalently associated UBL(A).

The Els for ubiquitin and ISG15 exist as single
polypeptides that share homology throughout their
sequences. The same features are essentially split
into two halves in the NEDD8 and SUMO Els,
which exist as heterodimers with one subunit homol-
ogous to the N-terminal half of a single polypeptide
E1, and the other subunit homologous to the C-ter-
minal half (reviewed in Refs. 83 and 84). Along with
other E1 structures,®® %7 our studies of the E1 for
NEDDS8, alone and in complexes with NEDDS,
MgATP, and with NEDD8 E2s provided a structural
framework for understanding many E1 func-
tions.6%®83 The structures revealed three independ-
ently-folded globular domains, each specifying dis-
tinct E1 activities: (1) an adenylation domain binds
the UBL and MgATP and contains the adenylation
reaction active site; (2) a distinct domain houses the
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catalytic cysteine that becomes covalently linked to
the UBL C-terminus; and (3) a “ubiquitin-fold do-
main” (UFD) unexpectedly adopts a ubiquitin-like
fold and recruits an E2.

How does the E1 architecture mediate so many
binding and catalytic activities? Overall, the three
E1 domains are organized so that E1 could function
much like an assembly line - binding nucleotide,
UBLs, and E2 at different sites - with many moving
parts bringing substrates together and directing
intermediates down the line for rapid and efficient
production of thioester-linked E2~UBL intermediate
complexes (Fig. 2).%8

The first E1 catalyzed reaction is centered
around an ~45-A wide platform from the adenyla-
tion domain, with MgATP and the UBL globular
domain binding at opposite ends. The UBL C-termi-
nal tail spans the intervening distance, and is main-
tained in a highly ordered extended conformation by
numerous UBL-specific contacts to its particular E1
[Fig. 2(a)]. Comparison of the structures of E1 alone
and complexed with NEDD8(A) and ATP revealed
that both the UBL C-terminal tail and the E1
undergo conformational changes to juxtapose
NEDDS8’s C-terminus with the o-phosphate of ATP,
to drive the adenylation reaction.®%5°

Although the initial structures provided much
insight into how an E1 selects and catalyzes C-ter-
minal adenylation of its particular UBL, they also
raised a major topological conundrum because it was
unclear how the subsequent reaction could occur.
Formation of the E1~UBL thioester intermediate
requires juxtaposition of the E1 catalytic cysteine
and UBL C-terminus, despite their separation by an
~30 A gap in the E1-NEDDS8-ATP structure [Fig.
2(a)].8%8° Thus, the structures implied that a confor-
mational change must accompany the second E1-cat-
alyzed reaction. Indeed, flexibility observed in the
loops linking the E1 domains and plasticity of
NEDDS8’s C-terminal tail supported the notion of
other dramatic conformational changes driving
downstream reactions in the transfer cascade.®®®°
Similar properties of SUMO and ubiquitin Els
in complexes with their UBLs, revealed by struc-
tures from the Lima and Schindelin labs respec-
tively, suggested that all these Els utilize some com-
mon mechanisms [Fig. 2(b), left].5>%7

The structural transformation required for for-
mation of an E1~UBL thioester intermediate,
recently revealed by a brilliant chemical biology col-
laboration from Christopher Lima and Derek Tan,
exceeded all possible expectations and in my opinion
is one of the most awesome illustrations of the gen-
eral beauty and exciting transformability of protein
structure.®® Their crystal structure of SUMO’s E1 in
a chemically trapped complex mimicking formation
of the E1~SUMO thioester linkage showed a 130°
relative rotation of the entire domain housing the

PROTEIN SCIENCE ‘ VOL 2018411954 1943



A > E1 + NEDDS + ATP

T

7 |Adenylation
domain

E1~SUMO~AMP C E1+SUMO~AMP E1~SUMO~AMP

Cat Cys - Hiz Cat Cys
\..domain Cat Cys “Q) Cat Cys i
o N domain
Cat Cys //:(f o had)
Adenylation G‘;" :
domain
AMP O T xR AMP  SUMO AMP  SUMO
Tnalog SUMO UFD analog C-ter analog C-ter

E1~NEDDS8(T)-NEDD8(A)-MgATP-E2

Figure 2. Dynamic assembly-line like UBL activation by E1s. Some substructures conserved in the E1s for NEDD8, SUMO,
and ubiquitin are colored as follows: part of the adenylation domain is shown in pink, part of the catalytic cysteine domain is
shown in red with the active site Cys in green with its side-chain as a sphere, and the E2-binding ubiquitin-fold domain (UFD)
is shown in purple. Portions of the structures not discussed in the text, undergoing lesser conformational changes, or not
conserved among E1s are shown in white and light grey. A, Two views, separated by an 80° rotation around the y-axis, of an
E1-NEDDB8-ATP complex highlighting domains that are common among E1s and that undergo significant conformational
rearrangement during the activation cycle.®® NEDD8 is shown in yellow with its C-terminus approaching the a-phosphate of
ATP. A dashed line shows the large gap between the E1 Cys and the UBL C-terminus, suggesting conformational change for
forming a thioester-linked E1~UBL intermediate. B, Chemically-trapped mimics of complexes between SUMO’s E1 and
SUMO after the adenylation reaction (left) and a transition-state analog for forming the covalent E1~SUMO intermediate
(right).®® Remarkable structural remodeling accompanies this transition, including rotation of the catalytic cysteine domain,
dismantling of some substructures such as the helix that contains the catalytic cysteine during the adenylation reaction that
does not involve the catalytic Cys, and formation of new catalytic substructures such as the loop containing the catalytic
cysteine that is covalently linked to the UBL’s C-terminus in the right structure. The structures are oriented by
superimposition on the adenylation domain of NEDD8'’s E1 in the right panel in A. C, Same as B, but close-up views
highlighting the reorientation/structural remodeling of the catalytic cysteine domain (red) of SUMO’s E1 between the
structures representing adenylation of SUMO (yellow) (left) and formation of the E1~SUMO covalent intermediate (right).2°
Helices 6, 7, 12, and 13 from SUMO’s E1 are labeled H6, H7, H12, and H13, respectively, at roughly the same relative
locations on the two structures, except for H6 which has “melted” into a loop in the structure mimicking the E1~SUMO~
AMP intermediate. D, Left, docking model of NEDD8 E2 (cyan) binding to the NEDD8 E1 UFD as in the structure in A, left
panel. In docking models of E2 binding to NEDD8 or SUMO E1s, E1 and E2 cysteines (green spheres) face opposite
directions and are widely separated (dashed line).®”-9% Right, structure of a trapped activation complex containing NEDD8'’s
E1, two NEDD8s [one thioester-linked to E1—lime (T), one noncovalently associated for adenylation—yellow (A)], a
catalytically inactive NEDD8 E2 (Ubc12, cyan), and MgATP.%® This structure revealed multiple conformational changes. First,
in the double-UBL-loaded E1, the catalytic cysteine domain has returned to its original position and conformation. Second,
the UFD (purple, highlighted) has undergone significant rotation such that the E2 cysteine now faces the E1.



catalytic cysteine to approach SUMO’s C-terminus.
Most remarkably, the structure revealed that during
formation of a covalent E1~UBL intermediate,
many substructures associated with the adenylation
reaction are completely dismantled, and replaced
with entirely new substructures required for forming
the thioester bond between E1 and the UBL C-ter-
8 For example, this includes the region
around the catalytic cysteine, which plays no role in
adenylation and during that reaction is in a helix
distal from the UBL, but which melts into a reposi-
tioned loop for covalent linkage to the UBL [Fig.
2(b,c)].

Ultimately, the UBL bound to the E1 catalytic
Cys is transferred to the next enzyme in a cascade,
a member of the E2 or UBL conjugating enzyme
(UBC) family. We showed that the E2 is recruited by
a conserved ubiquitin-fold domain (UFD).88%2 Qur
structures of complexes between the ubiquitin-fold
domains from NEDD8 and SUMO Els and their re-
spective E2s revealed that Els recognize their cog-
nate E2s with a concave surface formed by the
UFD’s twisted B-sheet.’1929 However, upon docking
an isolated E2-UFD subcomplex onto prior struc-
tures of full-length NEDD8 or SUMO E1s,35-8889.91
an E2 would bind the opposite side and face away
from the El’s catalytic cysteine [Fig. 2(d), left].
Thus, significant conformational changes would be
required for the E1 and E2 catalytic cysteines to
face each other.

Several previous biochemical studies had sug-
gested distinct structural properties for E1 and E2
forms involved in latter steps of UBL activa-
tion. 87572771 Thys we determined the structure
of a trapped activation complex, containing NEDD8’s
heterodimeric E1, two NEDDS8s [one thioester-linked
to E1 (T), one noncovalently-associated for adenyla-
tion (A)], a catalytically-inactive NEDD8 E2 (Ubc12),
and MgATP.?3 The structure revealed (1) that after
formation of the E1~UBL(T) thioester linkage and
with E1 also bound noncovalently to UBL(A), the
catalytic cysteine-containing domain returns to its
original conformation/position, and (2) that a strik-
ing E1 conformational change orients the E2. Rela-
tive to prior structures of NEDD8’s E1, here the E2-
associated UFD is rotated ~120° so that the E1 and
E2 catalytic cysteines faced each other [Fig. 2(d),
right]. Although the structure still displays a moder-
ate gap between the E1 and E2 cysteines, mutations
hindering rotation of the structurally-observed hinge
impaired E1-to-Ubc12 NEDDS8 transfer, confirming
the importance of UFD rotation.”? Furthermore, in
the structure, the E2 also interacted with an addi-
tional E1 domain, and the NEDDS8(T) that is thio-
ester-bound to E1. Thus, the results suggested that
transferring the UBL’s thioester linkage between
successive conjugation enzymes may induce confor-
mational changes and alter interaction networks to
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drive consecutive steps in UBL cascades. This may
enable transient protein-protein interactions to be
established and eliminated, so that molecular hand-
offs can occur between successive components of
UBL conjugation cascades.

Interprotein interaction dynamics of E2 enzymes
Following E1-mediated UBL-loading, E2s are gener-
ally employed by E3s, which facilitate UBL attach-
ment to substrates by various mechanisms. Struc-
tural comparisons of E1-E2°2 interactions with
Pavletich and coworker’s prior structures of E2-E3
complexes®®%® suggested overlap between E1 and E3
binding sites on E2s. Our collaboration with Brian
Kuhlman examining three distinct sets of E1-E2-E3
enzyme cascades confirmed that some E2s cannot
bind their E1 and E3 partners simultaneously.®” The
results suggested that E2 interactions with E1 and
E3 are highly dynamic, with a common E2 surface
shuttling back and forth between E1 to pick of a
UBL and an E3 catalytic domain for UBL delivery
to the target.?%%7

This notion raises the question of how UBL
transfer cascades can proceed without the E2 becom-
ing trapped bound to either E1 or E3. One possible
answer to this question is that Els bind free E2s,
but release their E2~UBL products, which are then
available to bind E3s.7""8% A corollary is that E3
binding to substrate and E2 might partially define
mono- or polyubiqutinating enzymes. E3s with high
off-rates for substrate and low off-rates for free E2
may catalyze monoubiquitination, whereas E3s with
relatively low off-rates for substrate and high off-
rates for free E2s may catalyze polyubiquitination.
Recently, it has become clear that additional E2
interactions also influence their polyubiquitination
activities. These include a variety of types of interac-
tions between E2s and UBLs.®*192 Also, pathway-
specific E2-E3 interactions outside of the catalytic
domains may tether an E2 to a nonconserved E3 do-
main during El-mediated UBL loading, and allow-
ing the UBL-loaded E2’s rapid return to a conserved
E3 catalytic domain for UBL transfer.!03-106

Dynamic conformational control of

RING E3 ligases

Like other UBLs, NEDDS8 ultimately becomes
ligated to its targets. The best-studied targets of
NEDDS8 are cullin proteins, which are themselves
components of ubiquitin cascades.3273445-51 The six
best-understood human cullin proteins (CUL1-, 2, 3,
4A, 4B, and 5) are subunits of the modular, multisu-
bunit Cullin-RING ligase (CRL) family of ubiquitin
E3s. These cullins assemble with a B-strand of one
of 2 RBX-family RING proteins (RBX1 and 2), and
tens to hundreds of cullin-specific substrate receptor
complexes to generate a family of ~300 distinct
CRLs that serve as E3s and mediate ubiquitination
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of thousands of targets (reviewed in Refs. 107-111).
Isopeptide linkage of NEDD8’s C-terminus to a con-
served cullin lysine activates CRL ubiquitinating
activity, and it is estimated that 10—-20% of all protea-
somal degradation is regulated by NEDDS8 activation
of CRLs.%? Thus, we are interested in understanding
both how NEDD8 becomes ligated to cullins, and how
NEDDS ligation activates CRL E3 activity.

We wished to investigate E3-mediated NEDDS8
ligation to cullins. Studies from ourselves and others
had suggested that RBX proteins are RING-type E3s
for NEDD8.5457:60.6L.112 RING E3s are thought to
function as adaptors promoting UBL transfer from
an E2 cysteine directly to the target lysine [Fig.
1(b)].86-707374 RING ES3s contain a RING domain
that binds an E2 surface distal from the E2 catalytic
cysteine, and a protein-interaction domain that
recruits substrates. RING E3s enhance UBL trans-
fer without donating any residues directly to the
catalytic center, by bridging the catalytic E2~UBL
intermediate with a target. Indeed, an intact
RBX1 RING domain is required for NEDDS8 liga-
tion,?*?76%61 and RBX1 and the NEDDS8 E2, Ubcl12,
interact via surfaces that parallel ubiquitin RING
E3-E2 interactions.’®%%12 Further credence to this
notion came from our finding of distinct molecular
pathways for NEDDS ligation to different cullin pro-
teins.®* On the basis of a series of systematic analy-
ses defining E2 surfaces that dictate their UBL spe-
cificities, we identified a second, previously
uncharacterized NEDD8 E2 (UBE2F). In collabora-
tion with Martine Roussel, we found that in vivo
Ube2F specifically pairs with Rbx2 to regulate ned-
dylation of CUL5, whereas Ubc12-RBX1 specifically
regulates NEDD8ylation of Cullins 1-4.5! Swapping
the RBX1 and RBX2 RING domains swapped their
preferences for Ubcl2 and UBEZ2F, respectively,
in vitro.%* Thus, RBX proteins serve as selective,
classic RING-type E3s for the NEDDS8 pathway, by
recruiting both a particular cullin protein target and
a specific NEDDS8 E2.

Nonetheless, initial structures raised questions
about the mechanism of NEDDS8 ligation to cullins.
Cullin-RBX complexes have been the subjects of
intense crystallographic analyses due to their impor-
tant functions as ubiquitin E3 ligases. Detailed
knowledge of CRL assembly with ubiquitination tar-
gets has been established for a subset of model CRLs
from studies by Nikola Pavletich’s lab, in collabora-
tions with Wade Harper, Stephen Elledge, and
Michele Pagano, and by Frank Sicheri and Mike
Tyers.'37121 The best-characterized CRL ubiquitin
E3s are the SCFs (SKP1-CUL1-Fbox).6%-70:73.74,122-125
In human SCFs, one of nearly 70 substrate-recruiting
F-box proteins binds interchangeably to SKP1, which
in-turn binds CUL1-RBX1.'" In addition to its role as
an E3 for NEDDS ligation to cullins, the RBX1 RING
domain recruits the catalytic domains of partner ubig-
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uitin E2s, for ubiquitin ligation to F-box-protein asso-
ciated targets. A series of studies determined struc-
tural bases for F-box protein recruitment to SKP1 and
for  substrate recruitment to F-box  pro-
teins,113:114,116,118,120,126-128 5\ 4 pevealed how the
~400-residue CUL1 N-terminal domain recruits sub-
strate-binding adaptors (i.e., SKP1-F-box protein) and
how a cullin’s ~375-residue C-terminal domain binds
RBX1.113:114116,118-121 4k Jed by Ning Zheng
showed that SCF's and other CRLs generally adopt an
overall elongated architecture, with substrate and
E2-binding sites at opposite ends, separated by ~50—
60 A 119129 Notably, 5 structures of CUL1-, CUL4-,
and CUL5-RBX1 complexes showed homologous
RBX1 RING domain packing against a cullin’s C-ter-
minal region.'%129-131 However, structural models of
SCF-E2 complexes raised topological challenges in
terms of how CRLs could have UBL ligase activities.
In the models, large gaps separated Ubc12’s catalytic
cysteine and the cullin’s NEDDS8 acceptor lysine, rais-
ing the question of how RBX1 could be an E3 for
NEDDS [Fig. 3(a)]."'2 Also, in the models a ubiquitin
E2’s catalytic cysteine an F-box protein-bound sub-
strate are separated by 50-60 A, raising questions
as to how CRLs promote substrate ubiquitination
[Fig. 3(a)], 119131

Consistent with the idea of an RBX conforma-
tional change for NEDDS ligation to cullins, we per-
formed disulfide trapping experiments showing that
restraining CUL1’s C-terminal region and RBX1’s
RING domain in close proximity specifically impairs
NEDDS transfer a cullin.'*? Futhermore, our recent
crystal structure of CUL1 C-terminal domain (CTD)
bound to RBX1 explained how RBX proteins can be
RING E3s for NEDDS8 [Fig. 3(b)].*'? As in prior
structures, RBX1’s N-terminal strand recruits the
cullin substrate. However, in the new crystal, the
RBX1 RING domain has undergone a relative ~60°
rigid-body rotation [Fig. 3(b)],''? and mutations hin-
dering rotation about this hinge diminish CUL1
NEDDS8ylation.'! A docking model of CUL1-RBX1-
Ubcl2 based on this new orientation for RBX1’s
RING domain revealed RBX1-associated Ubc12 posi-
tioned adjacent to a cullin’s NEDDS8 acceptor lysine
[Fig. 3(c)].*2 This work presented a RING E3-sub-
strate complex in a conformation poised for conjuga-
tion, and showed how RING E3s can bring together
an E2 and substrate for UBL transfer.!!2

We propose that RING domain rotation is gener-
ally associated with UBL ligation by the largest fam-
ily of E3s, and that RBX1 RING domain orientation
and flexibility is modulated by additional factors to
achieve specific activities.®®11%13! Indeed, through
an effort to resolve an apparent paradox, we found
that RBX1’s orientation can be harnessed to stimu-
late NEDDS8 ligation.’® The seeming paradox was
that a different protein called Dcenl had previously
been reported as being a NEDD8 E3.585%132 W
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Figure 3. Examples of RING domain rotation and conformational control of cullin-RING E3 ligases. A, Initial structural model
of an SCF CRL (SKP1 and the F-box protein B-TRCP in purple, CUL1 in green, RBX1 in blue) bound to the peptide target
(B-catenin phosphopeptide, orange sticks) and a generic E2 (cyan, with catalytic cysteine in yellow). Gaps between E2
cysteine and CUL1’s NEDD8 acceptor lysine (“N8 site,” spheres) and to the ubiquitination target (in this case, peptide) are
indicated with arrows.®®118119.130 B RBX{1 RING domain orientational flexibility revealed from comparing structures of
CUL5°™P-RBX1 (RBX1 RING in a similar orientation as in CUL1-RBX1 as in panel A),'™' CUL1°™°-RBX1 with the RBX1 RING
domain in a different orientation,''? and two complexes of NEDD8~ CUL5°TP-RBX1,"3" with cullin C-terminal domains
(CTDs) in green, RBX1 in blue, and NEDDS in yellow. Structures are aligned over the subdomain containing the RBX1 strand.
C, Model for juxtaposition of the CUL1 NEDD8 acceptor lysine (N8 site) and NEDD8 E2 catalytic cysteine based on docking
NEDDS8’s E2 Ubc12 (cyan with catalytic Cys in yellow) onto SCFFTRCP as in A but substituted with RBX1 from the
CUL1®™P-RBX1 as in B, with the RBX1 RING domain in an orientation poised for NEDD8 ligation.92:96:112:118.119.130 i ‘N el
for ubiquitin (orange) transfer from ubiquitin E2 (cyan) to the ubiquitination peptide target by a NEDD8-activated CRL. The E2

cysteine and peptide target are first brought into proximity via extension/rotation of the RBX1 linker (left), with
polyubiquitination (ubiquitins in orange, olive, magenta and red) by a NEDD8-activated CRL, where rotation about the RBX1

linker allows multiple catalytic geometries associated with building a polyubiquitin chain.

dissected the roles of RBX1 and Denl, and found
that they function synergistically via a “dual E3”
mechanism.’® Whereas RBX1 functions like a con-
ventional RING E3, Denl functions only in the pres-
ence of RBX1’s RING domain, to impart specificity
for Ubcl2~NEDDS8 rather than an E2~ubiquitin
complex, to reduce nonspecific Ubc12~NEDDS8 reac-
tivity, and to bring Ubcl2’s active site to the cullin
target presumably by favoring the rotated orienta-
tion of the RBX1 RING domain.%® The two E3s syn-
ergize to massively increase catalytic efficiency of
UBL transfer to a target. On the basis of structural
data and modeling, we propose that the second E3
(Dcenl) restricts the somewhat flexible RBX1 RING-
Ubc12~NEDD8 to a catalytically competent
orientation.®°

RBX1 RING domain flexibility can also appa-
rently be hindered by CAND1 (Cullin-Associated
and Neddylation-Dissociated 1) to inhibit NEDDS li-
gation to cullins. Zheng’s crystal structure of a
CAND1-CUL1-RBX1 complex revealed that CAND1
binds at the interface between the C-terminal por-
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tion of CUL1 and RBXI’s RING domain.’®® This
interaction would prevent rotation of RBX1’s RING
domain into an orientation compatible with NEDD8
ligation.

Finally, RBX1 RING domain orientational flexi-
bility can also be stimulated to promote ubiquitina-
tion—and this appears to be a major function of
NEDDS.'?! Following NEDDS ligation to the cullin,
a CRL binds a ubiquitin-loaded E2, which is the
source of ubiquitin to be transferred to a tar-
get. 104133 After ligation of the first ubiquitin, subse-
quent ubiquitin molecules are transferred in a proc-
essive manner to build a polyubiquitin chain.'%*
However, the prior structures raised the question of
how an E2 active site could be juxtaposed with the
substrate for ubiquitin transfer.!'®120129 1t wag also
unclear how an RBX1-bound E2 could add ubiquitin
to the growing end of a polyubiquitin chain.*®** Our
X-ray crystallographic, SAXS, disulfide crosslinking,
limited proteolysis, and enzymatic data explain how
CRLs mediate substrate ubiquitination: NEDDS8
ligation to a cullin’s C-terminal domain stimulates
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Figure 4. HECT E3 conformational dynamics. A, Schematic view of HECT E3 ubiquitin transfer mechanism. HECT E3s have
an N-terminal region of varying sequence/structure containing protein interaction domains responsible for substrate binding
and subcellular localization, and a C-terminal HECT domain. The HECT domain contains two “lobes,” an “N-lobe” that binds
an E2 and a “C-lobe” that contains the catalytic cysteine. Ubiquitin is first transferred from an associated E2 to the HECT
catalytic cysteine, and then to a lysine residue on the target. It is thought that conformational changes accompany many
steps in HECT E3-mediated ubiquitin transfer. B, Structural insights into the first HECT E3 function of E2-to-E3 ubiquitin
transfer. Shown from left to right are EGAP HECT domain (violet) bound to the E2 UbcH7 (cyan),®®> WWP1 HECT domain
(purple) with UbcH7 (cyan) modeled,'** and NEDD4L HECT domain (magenta) bound to UbcH5B (cyan)~ubiquitin (yellow).'4®
Arrows denote gaps between the E2 and HECT domain cysteines (green). The structures were aligned by superimposing the

HECT domain N-lobes.

CRL ubiquitin ligase activity apparently by favoring
RBX1 RING domain rotational flexibility [Fig.
3(b)].13* This imparts multiple potential catalytic
geometries to an associated E2 [Fig. 3(d)].'*! This
notion is also supported by contemporaneous bio-
chemical studies from Saha and Deshaies!®® and
Pan and coworkers,'®®
and computational studies.

In addition to RBX RING domains adopting dif-
ferent orientations for E3 ligase functions, there is
evidence of additional conformational flexibility
influencing CRL activities. First, F-box proteins and
other CRL ubiquitination substrate receptors may
display some flexibility between their cullin- and
substrate-binding regions, allowing presentation of
subsrates from different orientations.'?%!3® Further-
more, ubiquitination substrates themselves range
from having flexible regions to being completely
intrinsically disordered, but with their lysines opti-
mally spaced to receive ubiquitin from a catalytic
E2.118140 Algo, some CRLs dimerize, important for
E3 ligase activities.!'®21139 What roles may these
additional modes of E3 and substrate conformational
variability play? In collaboration with Wade Harper
and Kevin White, our results suggested that struc-
tural flexibility within a dimeric CRL may allow
avid interaction with structurally diverse substrates
containing two or more CRL-binding motifs, with

as well as more recent in vivo
137,138
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dimerization having additional roles in catalysis
that have yet to be defined.*®®

It seems likely that we have only touched the sur-
face in terms of understanding structural mechanisms
underlying assembly, regulation, and activities of the
several hundred human CRLs. I await with great
anticipation many future studies elucidating addi-
tional forms of regulation exerted at the level of con-
formational control for CRLs and other RING E3s.

Structural dynamics of HECT E3s

In addition to RING E3s, members of the HECT
family form a major class of ubiquitin ligases, with
critical roles in cellular regulation. For many of the
28 human HECT E3s, disrupted function is associ-
ated with a range of diseases including cancers, high
blood pressure, and retroviral infections.!4!142
Thus, it is important to understand catalytic mecha-
nisms of HECT E3s.

An ~40 kDa C-terminal catalytic “HECT do-
main” participates in ubiquitin transfer in manner
distinct from RING E3s [Figs. 1(c) and 4(a)]. The
HECT domain binds a thioester-linked E2~ubiquitin
complex, and ubiquitin is transferred from the E2
catalytic cysteine to the HECT domain catalytic cys-
teine. Ultimately ubiquitin is transferred from the
HECT E3 cysteine to a lysine of an associated tar-
get, or to ubiquitin linked to the target. Several
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mechanisms have been proposed for how HECT E3s
build a polyubiquitin chain on a target, but the most
favored model is that each ubiquitin is transferred
sequentially from the HECT catalytic cysteine to a
lysine from the previous ubiquitin in the chain.'*!
Different HECT E3s build polyubiquitin chains with
distinct linkages. For example, E6AP links the
C-terminus of one ubquitin to Lys48 in another,
whereas Rsp5 builds chains via ubiquitin’s Lys63.14*

The Pavletich and Noel labs had shown that
HECT domains have two flexibly-tethered “lobes”
(1) the “N-lobe” binds part of an E2 distal from the
E2 catalytic cysteine; (2) the “C-lobe” contains the
catalytic cysteine, which receives ubiquitin from E2
to form a thioester-linked HECT E3~ubiquitin com-
plex.9®1%* However, the structures showed large
gaps between the E2 and HECT active sites, raising
questions as to how ubiquitin could be transferred
between them [Fig. 4(b)]. To address this question,
we determined the crystal structure of a complex
between the HECT domain of NEDD4L and the E2
UbcH5B with its active site covalently linked to
ubiquitin’s C-terminus (UbcH5B~ubiquitin).}*® The
structure showed how an E2~ubiquitin intermediate
binds an E3, and revealed a new conformation for
the HECT domain, with the E2 and E3 active sites
within 8 A of each other [Fig. 4(b)]. Extensive nonco-
valent interactions between UbcH5B~ubiquitin with
the HECT domain lead to an overall compact struc-
ture, with ubiquitin’s C-terminus centrally localized,
presumably for transfer between the UbcH5B and
HECT domain active sites [Fig. 4(b)].}*® It will be
exciting to see in the future how HECT E3-mediated
substrate ubiquitination, and generation of specific
polyubiquitin chains, are driven by distinct HECT
E3 conformations.

Additional twists and turns in UBL cascades

In addition to E1-E2-E3 enzyme conformational
changes during UBL ligation to targets, many other
aspects of UBL pathways are dynamic. Target modi-
fication by a UBL is often transient, being reversible
by the action of UBL deconjugating enzymes. Inter-
estingly the deubiquitinating enzyme A20 also con-
tains a separate E3 ligase domain, for ubiquitin
chain editing: after a polyubiquitin chain linked
through ubiquitin’s Lys63 is removed, another is
rebuilt on the same target, but with Lys48 linkages
to mediate a different function.'® Furthermore, pro-
tein conformational dynamics play major roles in
establishing the functions of UBL modifications. For
example, although highly dynamic, ubiquitin chains
with different lysine links display different confor-
mations and surface accessibilities, which are distin-
guished by linkage-specific binding partners that
impart unique functionalities.?%?%*7 And the best
recognized function of ubiquitin—to direct proteins
for degradation—relies on remarkable dynamics of
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the 26S Proteasome, as its subunit composition
varies for regulatory purposes, and as it carries out
its numerous activities such as binding and recy-
cling particular polyubiquitin chains, unfolding and
directing substrates into the catalytic chamber, and
mediating substrate proteolysis (e.g., see Refs. 11,13,
and 148-152). It is also noteworthy that two of the
first reported small-molecule inhibitors of UBL liga-
tion cascades rely on conformational flexibility of
their targets, in one case the NEDD8 E1,'%% and in
the other a CRL E3.1%* These findings inspire great
hope that dynamic protein features, especially in
UBL systems, will prove useful targets for improv-
ing human health. I look forward with great gusto
to future studies unveiling what will undoubtedly be
a dazzling array of new, unanticipated, and exciting
structural mechanisms underlying the dynamic na-
ture of protein regulation by UBLs.
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