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ABSTRACT The ubiquitin (Ub) proteolysis pathway uses an E1, E2, and E3 enzyme cascade to label substrate proteins with
ubiquitin and target them for degradation. The mechanisms of ubiquitin chain formation remain unclear and include a sequential
addition model, in which polyubiquitin chains are built unit by unit on the substrate, or a preassembly model, in which polyubi-
quitin chains are preformed on the E2 or E3 enzyme and then transferred in one step to the substrate. The E2 conjugating
enzyme UBE2K has a 150-residue catalytic core domain and a C-terminal ubiquitin-associated (UBA) domain. Polyubiquitin
chains anchored to the catalytic cysteine and free in solution are formed by UBE2K supporting a preassembly model. To study
how UBE2K might assemble polyubiquitin chains, we synthesized UBE2K-Ub and UBE2K-Ub, covalent complexes and
analyzed E2 interactions with the covalently attached Ub and Ub, moieties using NMR spectroscopy. The UBE2K-Ub complex
exists in multiple conformations, including the catalytically competent closed state independent of the UBA domain. In contrast,
the UBE2K-Ub, complex takes on a more extended conformation directed by interactions between the classic 144 hydrophobic
face of the distal Ub and the conserved MGF hydrophobic patch of the UBA domain. Our results indicate there are distinct
differences between the UBE2K-Ub and UBE2K-Ub, complexes and show how the UBA domain can alter the position of a poly-
ubiquitin chain attached to the UBE2K active site. These observations provide structural insights into the unique Ub chain-build-
ing capacity for UBE2K.

SIGNIFICANCE The E2 conjugating enzyme UBE2K has catalytic core and C-terminal ubiquitin-associated (UBA)
domains and can synthesize polyubiquitin chains anchored to its catalytic cysteine. To understand how the UBA domain
directs polyubiquitin chain assembly, we synthesized UBE2K-Ub and UBE2K-Ub, covalent complexes to mimic a growing
ubiquitin chain and analyzed interactions between the E2 enzyme and its attached ubiquitin moieties. NMR spectroscopy
showed the directly attached ubiquitin in UBE2K-Ub exists in multiple positions, including the closed state needed for
catalysis. Lengthening the ubiquitin chain leads to a more extended conformation facilitated by the UBA domain. The data
provide a structural rationale for previous kinetic results and show how the UBA domain can alter the position of a growing
ubiquitin chain.

INTRODUCTION respectively activate, transfer, and ligate ubiquitin to a sub-
strate protein. The ubiquitin protein is initially activated
with ATP to create a highly reactive covalent thioester
bond with the E1 enzyme (E1~Ub). The ubiquitin is then
transferred from the E1 active site cysteine to an E2 active
site cysteine through a transthiolation reaction to create an
E2~Ub thioester. After this, the pathway uses one of two
major types of E3 enzymes: a really interesting new gene
E3 aids in the transfer of ubiquitin directly from the E2
enzyme onto the substrate (4) or a homologous to E6AP
carboxyl-terminus E3 that first transfers ubiquitin onto the
Submitted December 4, 2019, and accepted for publication February 11, E3 enzyme and then to a substrate (5). In either case, the

Cellular proteins exist in a dynamic state in which both pro-
tein synthesis and protein degradation are regulated (1,2). A
major mechanism of protein degradation is the ubiquitin
proteolysis pathway, which is responsible for the removal
of short-lived, damaged, and misfolded proteins within the
cell (3). This pathway consists of three key enzymes, the
ubiquitin-activating enzyme (E1), a ubiquitin-conjugating
enzyme (E2), and a ubiquitin-ligating enzyme (E3), that

2020. E3 aids in the transfer of ubiquitin from the E2~Ub thio-
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polyubiquitin chain on a substrate linked through the C-ter-
minal glycine (G76) of one ubiquitin and one of the seven
lysine residues on its neighbor. Generally speaking, the link-
age type dictates the fate of the ubiquitinated substrate. For
example, proteins labeled with K48-linked polyubiquitin
chains, composed of four or more ubiquitin molecules, are
recognized and degraded by the 26S proteasome (3,6).

Some of the most complicated and least understood facets
of ubiquitination are the mechanisms for polyubiquitin
chain formation. Several mechanisms have been proposed
(7-9) to account for the positioning of ubiquitin by either
an E2 or an E3 that results in the various ubiquitin linkages.
The simplest mechanism proposed for polyubiquitin chain
formation is the sequential addition model, in which a
monoubiquitinated substrate is extended as ubiquitin mole-
cules are connected to each other one at a time. Alterna-
tively, the E2 enzymes Ubcl (10), UBE2K (E2-25K,
HIP2) (11), UBE2R1 (CDC34) (12,13), UBE2G2 (Ubc7)
(14), and UBE2N/UBE2V2 (Ubc13/Mms2) (15) have the
ability to build polyubiquitin chains in the absence of an
E3 enzyme or substrate. In addition, several studies show
that some of these E2 enzymes support a mechanism
whereby a polyubiquitin chain can be assembled at the
catalytic cysteine site, suggesting an entire polyubiquitin
chain might be transferred in one step. For example,
UBE2K can form thioester complexes with both Ub and
Ub, with near-identical kinetics (11). Further, in vitro ubig-
uitination assays show that polyubiquitin chains of different
lengths can be liberated from UBE2K after thiol reduction,
indicating the presence of a polyubiquitin chain linked to the
catalytic cysteine (16,17). Similarly, K48-linked polyubi-
quitin chains are formed and transferred intramolecularly
to a nearby lysine in the Saccharomyces cerevisiae E2
enzyme Ubcl (10). The E2 enzymes AtUBC4 (18) and
UBE2G?2 (14) can also form thioester complexes with poly-
ubiquitin chains that can subsequently be transferred to a
substrate. These types of en bloc polyubiquitin transfer
may be specific to enzymes such as Ubcl and UBE2K
that have been shown to be important for ubiquitin chain
elongation rather than initiation of a polyubiquitin chain
on a substrate (19,20). Interestingly, Ubcl and UBE2K are
class I E2 enzymes that comprise a canonical o/ catalytic
domain fold (~150 residues) but also contain a three-helix
ubiquitin-associated (UBA) domain (21). Multiple studies
have shown that acceptance of ubiquitin from an E1 enzyme
and formation of an E2~Ub conjugate is not dependent on
the presence of the UBA domain (10,11,19,22-24). In
contrast, polyubiquitin chain formation requires both cata-
lytic and C-terminal UBA domains. The UBA domain has
been shown to associate weakly with free ubiquitin
(21,23,25) but does not appear to have any interaction
with the thioester-linked ubiquitin molecule in the E2~Ub
conjugate (26).

The E2 enzyme UBE2K produces unanchored K48-linked
polyubiquitin chains in vitro using only an El activating
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enzyme and ubiquitin molecules as substrates (17,23). The
biological significance of unanchored chain building by
UBE2K remains unknown, but free unconjugated K48-linked
polyubiquitin chains are found in vivo (18). In this work, we
examined whether the UBA domain in UBE2K has a role in
directing ubiquitination through interaction with a preassem-
bled polyubiquitin chain formed at the catalytic cysteine of
the E2 enzyme. We used NMR spectroscopy to examine
interactions between UBE2K and a series of possible inter-
mediates, including an E2 Ub conjugate (UBE2K~Ub) and
the diubiquitin species linked to the catalytic cysteine of
the E2 enzyme (UBE2K~Ub,). These interactions were
used to provide insights into the preassembly of polyubiquitin
chains before transfer to a substrate protein.

MATERIALS AND METHODS
Plasmid construction

Wild-type UBE2K cDNA in a pET28a-LIC vector was a generous gift of
the Structural Genomics Consortium (Toronto, Canada). The QuikChange
Site Directed Mutagenesis (Stratagene, San Diego, CA) protocol was
used to make C170S (UBE2K“'"%%) and K97R (UBE2K**"®) substitutions
in UBE2K and to convert the protease cleavage site between the N-terminal
Hise-tag and UBE2K from thrombin to tobacco etch virus. Protein substi-
tutions and cleavage site changes were confirmed by DNA sequencing.
The expression plasmids for ubiquitin carrying K48R (UbX**®) or G76C
(UbS76C) substitutions were constructed as previously described (10,26).

Protein expression and purification

Ubiquitin variants were expressed as either unlabeled or °N, *C-labeled
proteins and purified as described previously (26). Ubal was purified as
described previously (27). Hiss-UBE2KS7% (henceforth Hiss-UBE2K)
was overexpressed in Escherichia coli BL21 CodonPlus(DE3)RIL cells
grown at 37°C to an ODggyy of 0.6. Uniform BN or N, 3C-labeled
UBE2K was expressed using M9 media containing either 1.0 g/L
SNH,CI or 2.0 g/L "*C-glucose and 1.0 g/L '>NH,CI. Protein expression
was induced with 0.7 mM isopropyl §-D-1-thiogalactopyranoside, and
the temperature was lowered to 15°C for 16-20 h. Cells were harvested
and homogenized with an EmulsiFlex-C5 homogenizer (Avestin, Ottawa,
Canada), and the soluble lysate containing His¢-UBE2K was applied to
an Ni-NTA column (Qiagen, Toronto, Canada). Fractions containing
Hisg-UBE2K were eluted from the column with 25 mM Tris-HCI,
200 mM NaCl, 250 mM imidazole, and 1 mM TCEP (pH 7.5). The Hisq-
tag was cleaved using tobacco etch virus (1 mg) for 1 h at 22°C, followed
by dialysis at 4°C against 25 mM Tris-HCI, 200 mM NaCl, 20 mM imid-
azole, 1 mM TCEP (pH 7.5). UBE2K was collected as the flow through
fractions from application to an Ni-NTA column and further purified by
size exclusion chromatography using a Superdex 75 10/300 column (GE
Life Sciences, Chicago, IL) eluted with 25 mM Tris-HCI, 200 mM NacCl,
1 mM TCEP, and 1 mM EDTA (pH 7.5). All steps were monitored by so-
dium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE).
Purified UBE2K was confirmed using mass spectrometry (UBE2K: MW,
22,534.8 = 0.3 Da, MWy 22,534.7; N,'3C-labeled UBE2K: MW,
23,778.9 = 1.4 Da, MW, 23,812.8 Da).

Diubiquitin synthesis

K48-linked diubiquitin chains were constructed using purified Ub®**® and
UbS7® proteins. In this synthesis, UbS’®C can only act as an acceptor



molecule, whereas UbX®R acts as the donor molecule. The formation of

diubiquitin (UbS7*“-Ub***R, Ub,) was catalyzed using the Ubal activating
enzyme UBE2K (28,29) and different combinations of '°N, '*C-labeled and
unlabeled ubiquitin proteins to produce species in which only one of the
ubiquitin molecules was isotopically labeled.

UBE2K-Ub and UBE2K-Ub, disulfide complex
formation

All covalent complexes were formed using a disulfide linkage between
the catalytic cysteine (C92) in UBE2K and the C-terminal cysteine in
the UbS7C protein (26). Stock solutions (0.1 mM) of unlabeled or
15N,13C—labeled Ub, Ub,, and UBE2K were freshly reduced using 5 mM
TCEP. UBE2K was combined with a twofold excess of Ub%* or
UbS76C.UbX*R  and dialyzed against several changes of 100 mM
Na,HPO,/NaH,PO,4, 200 mM NaCl, 10 uM CuCl, at pH 7.4 and 4°C.
The progress of the disulfide complex formation was monitored by nonre-
ducing SDS-PAGE and was considered complete when the reduced UBE2K
was exhausted. The protein solution was concentrated and purified by size
exclusion chromatography on a Sephadex G-75 column (GE Healthcare,
Chicago, IL) with 100 mM Na,HPO,/NaH,PO,, 200 mM NaCl, 3 mM
EDTA (pH 7.4). Fractions containing pure UBE2K-Ub%"* or UBE2K-
UbS76C.UbK*R were pooled and extensively dialyzed against 100 mM
Na,HPO,/NaH,PO,, 400 mM NaCl, and 3 mM EDTA buffer (pH 7.4)
for NMR experiments. Complex formation was confirmed by mass spec-
trometry for "*N-labeled UBE2K-Ub%7%C (MW, 31,402.9 = 2.3, MW,y
31,402.6), UBE2K-Ub®7%C-(15N,13C) UbK*R (MW, 40,165.56 + 4.6,
MW_u 40,184.4), UBE2K-("°N,"*C) UbY%C (MW, 31,602.5 = 0.8,
MW, 31,616.6), and UBE2K-('°N,'*C) UbS*C-UbKSR (MW,
40,169.1 = 2.3, MW, 40,183.4).

Ubiquitination assays

Reactions contained 0.2 uM Ubal, 20 uM UBE2K or UBE2KX*"R, 80 uM
Ub, 20 uM fluorescently labeled ubiquitin (Ub**®), 5 mM MgATP, and
50 mM HEPES (pH 7.4) as previously described (30). Ub*® was prepared
using an N-terminal cysteine containing ubiquitin protein that was specif-
ically labeled with DyLight800 maleimide (Thermo Fisher Scientific, Wal-
tham, MA). Reactions were quenched after 30 min with 3x SDS sample
buffer containing 50 mM dithiothreitol or 0.001% trifluoroacetic acid for
reducing or nonreducing conditions, respectively. Protein species were
resolved on 15% Bis-Tris (pH 6.4) separating gels using MES running
buffer (250 mM MES, 250 mM Tris, 0.5% SDS, 5 mM EDTA (pH 7.4)).
Gels were imaged using an Odyssey Imaging system (Li-COR Biosciences,
Lincoln, NE) detecting fluorescence at 700 and 800 nm.

NMR spectroscopy

All NMR data were acquired using a Varian INOVA 600 MHz spectrometer
(Biomolecular NMR Facility, University of Western Ontario, London,
Canada) equipped with a triple resonance cold probe with z gradients.
Backbone residue assignments for 15N,13C—labeled UBEZ2K were completed
as previously reported (31). The proteins Ub®7®C, UbX*8R and Ub%76C-
Ub®®, as well as the UBE2K-Ub®"*" and UBE2K-Ub®7*C-Ub**®
disulfide complexes, were dialyzed against 100 mM Na,HPO,/NaH,PO,,
400 mM NaCl, 3 mM EDTA (pH 7.4) in 90% H,0/10% D,O and character-
ized by 'H-">N HSQC (32), 'H-">N TROSY (33), and HNCA (34) experi-
ments at 30 or 35°C to complete sequential assignments for the backbone
residues. Chemical shift perturbation measurements were calculated accord-
ing to S°46 = [46("H)* + ((0.2)46("*N))*1°3, where 45('H) and 46('°N)
are the chemical shift differences for each protein component in the com-
plexed and uncomplexed forms (35). All data were processed using
NMRPipe and NMRDraw (36) and analyzed with NMRView (37).

E2 Chain Elongation Complex

Sedimentation equilibrium

Sedimentation equilibrium experiments for UBE2K-Ub, were performed
using a Beckman Optima XL-A analytical ultracentrifuge (Beckman
Coulter, Indianapolis, IN) with absorbance optics as previously described
(30). Samples were dialyzed into 100 mM Na,HPO,/NaH,PO,, 400 mM
NaCl, and 3 mM EDTA (pH 7.33) for 24 h. Experiments were completed
in triplicate using 10.9, 8.7, or 5.7 uM protein with matching reference sam-
ples containing dialysis buffer.

RESULTS

Evidence for polyubiquitin chain formation at the
catalytic cysteine of UBE2K

The E2-conjugating enzyme UBE2K (E2-25K) produces
unanchored K48-linked polyubiquitin chains in solution us-
ing the E1 activating enzyme (Ubal) and free ubiquitin (Ub)
proteins (11,17,23). To determine whether UBE2K is able to
build polyubiquitin chains on its catalytic cysteine, a series
of ubiquitination assays were assessed under reducing and
thioester-preserving conditions and monitored using
fluorescently labeled ubiquitin (Fig. 1). In these assays,
we also utilized a UBE2K protein carrying a substitution
at K97 (UBE2KX*"®) to distinguish polyubiquitin chains
at the catalytic cysteine from those that might have been
transferred to K97. It has been noted that transfer of the thio-
ester-linked ubiquitin to this lysine occurs readily in some
E2 enzymes, including Ubcl, a relative of UBE2K (10).
Under reducing conditions, wild-type UBE2K shows major
bands consistent with Ub,, Ub;, and Ub, polyubiquitin
chains that are also evident with UBE2K*®’R, This indicates
the formation of either free polyubiquitin chains or the
cleavage of these chains from the E2 enzyme through reduc-
tion of the thioester linkage. Above 35 kDa, some minor
bands are visible for both UBE2K and UBE2K*’R. Under
nonreducing conditions, the intensities of many bands for
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FIGURE 1 The catalytic cysteine of UBE2K is an in situ polyubiquitin
chain building site. The figure shows UBE2K ubiquitination assays that
were conducted for 30 min using Ubal, fluorescently labeled UbSOO, and
either wild-type UBE2K or UBE2K¥*R at 37°C as described in the Mate-
rials and Methods. Reactions were visualized by SDS-PAGE, which shows
fluorescent ubiquitination products under reducing (left) and nonreducing
(right) conditions. Products are identified as isolated polyubiquitin species
(Ub,) or polyubiquitin chains linked to the catalytic cysteine in UBE2K
(UBE2K~Ub,) at the right of the gels.
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both UBE2K and UBE2K**"R are significantly different. In
particular, a strong band corresponding to the E2~Ub con-
jugate is present in both cases. For UBE2K, multiple bands
occur above the E2~Ub conjugate species that are far
more intense than similar minor bands under reducing con-
ditions, consistent with the presence of UBE2K~Ub,,
UBE2K~Ub;, and UBE2K~Ub,, species. These bands are
also evident for UBE2K®®’R in which the polyubiquitin
chain cannot be transferred to the nearby lysine. Consistent
with previous work (16,17), these experiments support the
formation of a polyubiquitin chain linked to the catalytic
cysteine in UBE2K.

As shown in Fig. 1, thioester-linked ubiquitin or polyubi-
quitin chains at the catalytic cysteine site are easily reduced
or hydrolyzed. To examine the mechanisms of assembly of
polyubiquitin chains on the active site cysteine and the na-
ture of a preassembled chain linked to the active site,
UBE2K complexes were synthesized carrying either one
or two ubiquitin molecules (Fig. 2). To mimic the natural
thioester species and limit possible hydrolysis, a disulfide
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20—
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FIGURE 2 Diagram showing the synthesis of disulfide-linked UBE2K-
Ub and UBE2K-Ub, complexes. Schematic representations showing the
formation of the (A) UBE2K-Ub disulfide complex or (B) UBE2K-Ub, di-
sulfide complex using the E2 ubiquitin-conjugating enzyme UBE2K (gray)
and Ub%7C-UbX**R (magenta and cyan) components are given. Disulfide
formation was accomplished using mild Cu?" oxidation to link the C-termi-
nal cysteine of Ub%7 to the catalytic site (C92) of UBE2K to yield either
UBE2K-Ub%%C or UBE2K-Ub®7*.UbX**R (C) An SDS-PAGE gel
showing the synthesis and purification of UBE2K-Ub%’*C or UBE2K-
UbS76C.UbX**R is given. The gel shows molecular weight standards (lane
1), followed by purified UBE2K (lane 2), UbS’*C (lane 3), and UbS76C-
UbX*®R (lane 4) proteins. The synthesis of UBE2K-Ub®7°C (lane 5) and
UBE2K-Ub%"C.UbX*®R (jane 6) using Cu>" oxidation is shown. Side
products of these reactions include Ub, and UBE2K, as indicated. Size
exclusion chromatography was used to obtain purified UBE2K-Ub®7¢
(lane 7) and UBE2K-Ub%"5C-UbX*R (lane 8), as described in the Materials
and Methods.
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complex was formed between the catalytic cysteine (C92)
in UBE2K and the C-terminus of ubiquitin carrying a
cysteine substitution (Ub%7%). Synthesis of a diubiquitin
species (Ub,, UbS7_UbX*®R) was completed using Ubal
and UBE2K enzymes, whereby substitutions at G76
(UbY7C) and K48 (UbK*R) proteins ensured that only
one possible K48-linked arrangement of the Ub, species
could be formed. Ub%7°C or Ub®7*C-Ub***R proteins were
linked to the catalytic cysteine of UBE2K using mild oxida-
tion (Fig. 2). This approach allowed preparative amounts of
UBE2K-Ub and UBE2K-Ub, complexes to be purified with
separate isotopic '°N and/or '°C labeling of the individual
UBE2K, UbG76C, or UbK®BR components for NMR
characterization.

The UBE2K-Ub complex displays open and
closed states

Recent crystallographic data show that a covalent UBE2K-
Ub complex exists in an open state in which the conjugated
Ub molecule is not associated with the UBE2K enzyme
other than the covalent linkage site (22). Rather, the cova-
lently bound ubiquitin is associated with the UBA domain
of an adjacent UBE2K molecule in the crystal lattice that
confers the open position. In solution, multiple studies
have shown that in the absence of an E3 enzyme, the cova-
lently attached Ub molecule occupies a range of conforma-
tions in an E2~Ub conjugate but with a preference for
closed or open states. One example of this is UBE2L3
(UbcH7), for which NMR experiments show a preference
for the closed state (38,39), in which the conjugated Ub in-
teracts with a surface on the E2 enzyme in its free state that
converts to the open state in the presence of an E3 enzyme or
binding partner. Other E2 enzymes such as UBE2RI
(CDC34) and Ubcl, the S. cerevisiae homolog for
UBE2K, also appear to prefer a closed E2~Ub arrangement
(40-42). The choice of open or closed state is required to
allow facile access of a lysine residue on a substrate or
another ubiquitin molecule to the thioester linkage in the
E2~Ub conjugate.

Because UBE2K has the ability to build unaided polyubi-
quitin chains, we examined whether the UBE2K~Ub conju-
gate occupies open or closed states by monitoring NMR
spectra of the E2 and Ub components of stable UBE2K-
UbY7®C conjugates in the absence of an E3 enzyme. To
identify the regions in UBE2K most affected by Ub attach-
ment, the positions of each residue in 15N-labeled UBE2K
were tracked by comparing 'H-'>N TROSY spectra of
UBE2K-Ub®"*C with UBE2K (Fig. 3 A). Overall, two gen-
eral trends were observed. Firstly, despite the addition of a
covalently attached Ub, most visible resonances in
UBE2K-Ub%’®C underwent only minor chemical shift
changes compared to the isolated E2 enzyme (Fig. 3 A).
Not surprisingly, residues in the loops just before (F75,
179, 184-S86, T88, G89, 191) and across from (D98, L106,
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V109, D124) the catalytic site had the largest changes.
Other changes were noted for residues in «l (R11, F13,
K18), 61 (K28, V29, D30), 82 (G41), 63 (K61), and a3
(V129). However, we observed no significant chemical shift
changes beyond K135 in the sequence including the entire
UBA domain (a5—«7) in which all signals were visible in
UBE2K-Ub%’®C (Fig. 3 B). Although free ubiquitin has
been shown to weakly associate with the UBA domains of
both Ubc1 and UBE2K in solution (21,23,25,43), the results
here indicate an interaction between the UBA domain and
the covalently bound Ub in the UBE2K-Ub conjugate
does not occur. Our observations are in agreement with
previous studies on Ubcl, the UBE2K yeast homolog
(26). Secondly, conjugation of Ub to UBE2K results in a
large number of signals that experience significant line
broadening (Fig. 3 A). In particular, many residues that
straddle the C92 active site where Ub is covalently linked
are affected, including those surrounding the active site he-
lix (I91-D98) and across the catalytic cleft (E121, D124,
Q126, D127) (Fig. 3 B). We also noted that many residues
before (M104-L106) and within helix «2 (V109, L110)
are either significantly broadened or absent from the spec-
trum of UBE2K-Ub%’®C altogether.

A reciprocal experiment was completed using '°N,'*C-
labeled Ub%’°C to examine the Ub positioning and interaction
within the UBE2K-Ub®"“ complex (Fig. 3 C). Upon forma-
tion of the complex, a few residues in UbS7°C exhibited minor
chemical shift changes accompanied by changes in their
linewidths due to the increased size of the UBE2K-Ub%’%¢

UbS7®C (black) and as a component in UBE2K-
UbS7eC (blue) is shown. Broadened signals are
identified based on the chemical shift assignments
of Ub®7°C. (D) A cartoon representation of Ub is
given, showing signals from (C) that underwent
significant chemical shift changes (>average + 1
SD) (pink) or experienced significant line broad-
ening (purple). The structure of UBE2K (PDB:
1YLA) in this figure is in agreement with small
angle X-ray scattering data as described in (30).

complex. However, like the UBE2K component of the conju-
gate, the most prominent observation for Ub®’°“ was the sig-
nificant line broadening of many resonances such that their
position could not be identified in 'H-"’N HSQC spectra
(Fig. 3 C). This included residues near the 1-62 loop (L8,
113), 63 (L43-F45), 4 (K48-L50), and 85 (L67-R72) that
contribute to the classic 144 hydrophobic patch (Fig. 3 D)
recognized by most ubiquitin-binding domains (44,45).
When mapped to the structures of UBE2K and Ub®’%C,
the majority of the residues affected upon UBE2K-Ub
formation result from line broadening in NMR spectra.
Typically, this type of line broadening occurs when multiple
conformations are present that exchange at a rate(s) compa-
rable to the differences in chemical shifts for the individual
conformations. Further, the positions of the observed broad-
ened resonances are consistent with an interface between the
surfaces of the proteins in the E2-Ub complex (Fig. 3, B and
D). Thus, the broadening likely results from conformational
exchange between the association and dissociation of
Ub®7%C with residues that surround the catalytic core of
UBE2K. This observation is consistent with exchange be-
tween the “closed” and “open” states observed for an
E2~Ub conjugate in which Ub associates with the region
near helix &2 in the “closed” state or occupies a flexible sol-
vent exposed conformation in the “open” state (46). This
conclusion is also supported by the position of Q49 in
NMR spectra of Ub%’® in the UBE2K-Ub®’®C conjugate.
The position of this signal is a good diagnostic for the
open state, in which a limited shift occurs upon conjugation
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FIGURE 4 UBE2K-Ub, is monomeric in solution. The lower panels
show triplicate sedimentation equilibrium data sets (A-C) for 10.9 uM
UBE2K-Ub;, collected using rotor speeds of 15,000 (solid black circles),
18,000 (solid red circles), and 21,000 (solid blue circles) rotations per min-
ute at 5°C. Fitting of these data yielded a mass of 42,674 = 564. The upper
panel shows the residual errors between the best fit curve and data for each
data set. All other details are described in the Materials and Methods.

(39), and the closed state, in which a significant change is
observed. In our spectra for UBE2K-Ub“’°C, the signal
for Q49 was broadened beyond detection (Fig. 3 C), sug-
gesting exchange between two or more conformations of
the E2-Ub conjugate.

Ubiquitin chain extension causes opening of the
UBE2K-Ub linkage

En bloc transfer requires that specifically linked ubiquitin
chains be assembled at the catalytic site of an E2 enzyme
before transfer to another E2 or E3 enzyme or a substrate.
To identify how the position and conformation of the conju-
gated ubiquitin (Ub%’*C) might be altered by ubiquitin chain
extension, we synthesized several UBE2K-Ub, complexes
in which the UBE2K, proximal Ub (Ub®’%), or distal
Ub (Ub**R) were isotopically labeled for NMR studies.
Sedimentation equilibrium analysis of UBE2K-Ub,
(UBE2K-UbS7*C_UbX*®R) at multiple concentrations and
speeds yielded an average mass of 42,743 + 427 Da, close
to the expected mass of 40,184.37 Da, indicating UBE2K-
Ub, behaves as a homogeneous monomeric species in
solution (Fig. 4). Similar behavior has been noted for
UBE2K and UBE2K-Ub species (22,30). Our initial focus
compared NMR spectra of the proximal '°N-labeled
Ub®7* in UBE2K-Ub2 to identify how addition of the
distal Ub might alter interactions with UBE2K. Fig. 5 shows
that conjugation of Ub“’°C to UBE2K and addition of the
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distal Ub at K48 leads to surprisingly well-resolved spectra
and signal linewidths for a 40 kDa molecule. Despite the
increased molecular weight, the 'H-'"N HSQC spectrum
of "N-labeled Ub%’®¢ within UBE2K-Ub, (Fig. 5) showed
significant improvement over the Ub%’°“ moiety in the
UBE2K-Ub®"C conjugate (Fig. 3). As expected, chemical
shift changes were noted for K48 because of its linkage
with G76 in the UbX*®® distal protein. However, the most
significant observations in the NMR spectrum of UBE2K-
Ub, were the reappearance of many resonances for the prox-
imal Ub%7C that were absent in UBE2K-Ub“’° because of
conformational exchange between open and closed forms of
the complex (Fig. 5 A). This included residues in §1 (V5,
Ko, T7), 62 (I13), 83 (R42, L43, F45), 85 (L67, H6S,
L69), the C-terminus (L73), and the loop connecting (4
and o2 (Q49, E51). Some of these signals also show minor
chemical shift changes from UbY7°C alone (Fig. 5 A). In
particular, Q49 from UbS’®“, which is indicative for open
or closed states, is now visible in UBE2K-Ub, with a chem-
ical shift that is similar to that for unconjugated Ub. These
observations indicate that formation of UBE2K-Ub,
through addition of the distal Ub to UBE2K-Ub alters the
exchange rate and populations between E2-Ub conformers
and promotes a more open state for the UBE2K-Ub,
complex.

An extended diubiquitin arrangement exists
within UBE2K-Ub,

To identify the conformation of the diubiquitin chain that is
conjugated to the catalytic cysteine in UBE2K, we exam-
ined 'H-'>N HSQC spectra of '’N-labeled Ub®7°C in
UBE2K-Ub, and in diubiquitin (UbS"C-UbX**R) (Fig. 5
O). First, we examined spectra of Ub%’*“-Ub***R because
the conformational preference for diubiquitin in the absence
of E2 conjugation has been extensively characterized. The
spectrum of ""N-labeled Ub®7C in Ub%7C-UbK**R had
excellent dispersion and signal intensity (Fig. S1), consis-
tent with previous studies (47,48). The largest chemical shift
differences between Ub“°C-UbX**R and UbLY®C were
noted for residues in B1 (T7), 62 (G10, 113), 84 (G47), 35
(H68, V70, R72), and the unstructured C-terminus (L73)
(Fig. S1 A). Similarly, comparison of '>N-labeled Ub***}
in UbS7C-UbX**R with isolated UbX*®® spectra showed
chemical shift changes occurred in Ub®**® for residues in
g1 (T7), 62 (G10, 113), B4 (G47, R48, L50), 85 (H68,
V70), the unstructured C-terminus (L73), and the loop
between 84 and o2 (G53), as well as significant line broad-
ening for G76, which is linked to K48 of the proximal ubiq-
uitin (Fig. S1 B). These chemical shift changes are similar to
those observed by other groups for K48-linked diubiquitin
(47,49) and reflect an equilibrium between a “closed” Ub,
conformation, in which the hydrophobic 144 patch is seques-
tered from solvent (48), and an “open” Ub, conformation,
in which the I44 region is more accessible to solvent
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(47,50). Our data for UbS76C.UbK*R are consistent with
previous studies that show the equilibrium is largely in favor
of the open form of diubiquitin at pH 7.0 (47).

Comparison of the 'H-"N HSQC spectra for '’N-labeled
UbS7C in UbS7C_UBK4R and UBE2K-UbS76C.UpK48R
showed very little difference in the positions of most reso-
nances (Fig. 5 C). In particular, the spectrum of UBE2K-
UbS7°C_UbX**R is characterized by limited chemical shift
changes for residues in the 81 (V5-T9), 82 (K11-I113), and
B5 (H68-R72) sheets from UbS’®C that are hallmarks of
the open state of K48-linked diubiquitin (Fig. 5 D).
Although broader in linewidth, several signals including
V5, R42, L50, H68, L71, and R72, in UBE2K-Ub%’°“-
UbX*R shift closer to their positions in free UbS76¢,
showing that the diubiquitin chain linked to UBE2K adopts
a more extended conformation. Together with Fig. 3, these
data indicate that lengthening of the ubiquitin chain at the
catalytic site in UBE2K leads to a more extended arrange-
ment between the E2 and conjugated diubiquitin than in
the simpler E2~Ub conjugate.

The UBA domain in UBE2K recruits the distal
ubiquitin in a UBE2K-Ub, complex

To determine how addition of a distal ubiquitin alters the
diubiquitin conformation and interactions with UBE2K,
we examined 'H-"’N TROSY spectra of 'SN-labeled
UBE2K in UBE2K-Ub“’*® and UBE2K-Ub®7*-Ub***®
(Fig. 6 A). Upon extending the ubiquitin chain, the spectrum

that “reappear” in the "H-">N HSQC spectrum of
UBE2K-Ub%76“-UbX*®R that were absent because
of conformational exchange in UBE2K-Ub®7¢
(purple). The site of the K48 linkage in Ub®7°C
with the distal Ub"**® in UBE2K-Ub%7“-Up**%®
is indicated (blue). (C) Expanded regions of
"H-'>N HSQC spectra of the proximal Ub®’C in
UbY°C-Ub***®  (blue) and UBE2K-Ub®"*"-
UbX*®R (magenta) are shown. Signals with signifi-
cant shifts (average + 1 SD) are indicated. Boxes
indicate the position of a signal that is visible at
lower contour levels. (D) A cartoon representation
of Ub showing significantly shifted residues from
(C) is given.

of UBE2K in the UBE2K-Ub, complex displayed broader
signals compared to either UBE2K or UBE2K-Ub“7¢C,
consistent with its larger size (40 kDa). Uniquely, the spec-
trum for UBE2K-Ub%7*C-Ub**®R displayed several obvious
chemical shift changes in the catalytic domain of UBE2K,
even though the added UbX**® is separated from the cata-
lytic site by the directly linked proximal Ub%"®“. In partic-
ular, several chemical shift changes or line broadening were
noted near the catalytic site between 4 and o2 (176, N83,
184, G89, A90, A102, M104) and across the catalytic cleft
and the loop between o2 and o3 (Al115, Al119, D124,
Q126) (Fig. 6 A). These results suggest that a distinct region
near the active site of UBE2K is altered because of the addi-
tion of the distal Ub***R likely due to a readjustment of the
position of the proximal Ub%’®“ upon ubiquitin chain
extension.

In contrast to the UBE2K-Ub%’®C species, the most sig-
nificant chemical shift changes observed in the UBE2K-
UbY7C_UbX*¥R complex occur in the UBA domain of
UBE2K (Fig. 6, A and B). Specifically, several large changes
were noted in the loop between helices a5 and a6 (M172,
G173, F174), the N-terminus of a6 (N177), and the N-termi-
nus of &7 (V190). This region of the UBA domain com-
prises the “MGF patch,” which is a well-established
ubiquitin-interacting region in other UBA-containing pro-
teins (44,45). Weak noncovalent interactions between ubig-
uitin and the UBA domains of UBE2K (23,25) and its yeast
homolog Ubcl (21,26) have been shown to occur in trans.
However, this work shows that similar interactions between
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Ub and the UBA domain in an UBE2K-Ub conjugate do not
occur (Fig. 3). Conversely, lengthening the ubiquitin chain
anchored to the E2 enzyme allows the UBA domain to
recruit the distal ubiquitin within a UBE2K-Ub, complex.
The corresponding surface of interaction for the distal
UbX*¥R within UBE2K-Ub, was determined by comparing
"H-">N HSQC spectra of Ub¥**® within Ub%7C-UpK48R
and UBE2K-Ub%7*“_UbX*®R In this experiment, significant
chemical shift changes and line broadening in Ub***® were
observed for residues in 1 (T7), 82 (113, T14), «2 (D58),
65 (L67, V70), the C-terminus (1.73), and the loops between
B1 and 2 (L8), 64 and a2 (R54), and «2 and 85 (Q62)
(Fig. 6, C and D). Several of these residues showed signals
that appeared to be in slow exchange. For example, residues
in 82 (T14), 83 (L43), a2 (D58, Y59), 85 (S65), and the
loops between (4 and «2 (R54, TS55) and «2 and 85 (N60,
Q62, K63) showed two broad signals where one was located
near that of UbX*®*® within Ub“7*“-Ub***R and a second
signal was shifted from this position. The most logical inter-
pretation of this observation is that UbX*® occupies both
free and bound states with the UBA domain of UBE2K.
Significant line broadening in (3 (144), 4 (R48, Q49,
L50), 85 (L69, L71), and the loop between 34 and «2
(E51) was also observed (Fig. 6 C). When combining these
results, the affected residues are mostly located on the
classic hydrophobic face of UbX**® (Fig. 6 D). The observa-
tion that influenced residues are located on the hydrophobic
MGEF patch of the UBE2K UBA domain and the hydropho-
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Expanded regions of 'H-'>N HSQC spectra of
SN-labeled UbX**R in UbS7*C-UBK*R  (plack)
and UBE2K-Ub%"*“-Ub***® (red) are shown. Res-
idues that shift in Ub**®® upon formation of the
conjugate are labeled. (D) A cartoon representation
showing interacting residues on UbX**R is given.
Signals that undergo significant chemical shift
changes (>average + >1 SD) (pink) and residues
whose signals experienced significant line broad-
ening (purple) are indicated.

bic face of Ub**** within the UBE2K-Ub“"*“-Ub"**" com-
plex indicates these surfaces likely contact each other in the
complex. This interaction would require exposure of the
hydrophobic face of Ub***® within the UBE2K-Ub, com-
plex, which would only be possible when Ub, adopts the
“open” or extended conformation, as interpreted from
data shown in Fig. 5.

DISCUSSION

The UBE2K enzyme produces unanchored K48-linked pol-
yubiquitin chains, and those chains can also be used to form
a UBE2K~Ub, thioester with equal kinetics to the
UBE2K~Ub thioester (11). To identify the characteristics
of a preassembled ubiquitin chain on the catalytic cysteine
and how this might favor chain elongation, we investigated
the structures and interactions of UBE2K-Ub and UBE2K-
Ub, complexes.

Upon formation of UBE2K-UbG76C, residues in both
UBE2K and ubiquitin experienced chemical shift perturba-
tions and significant broadening of resonances, especially
near the active site C92 of UBE2K and the classic hydro-
phobic face of Ub. Peak broadening is characteristic of in-
termediate exchange between at least one bound and one
unbound position of ubiquitin in association with UBE2K.
Many of the residues that experience broadening are consis-
tent with a closed conformation of the E2~Ub conjugate in
which the covalently attached Ub interacts with helix o2 of



UBE2K (41,42). In the absence of an E3, the closed E2~Ub
structure is preferred by Ubcl (42) and UBE2L3 (38,39).
Alternatively, multiple orientations of E2~Ub conjugates
have been observed for a variety of E2 enzymes, including
hUBE2N-Ub (51), UBE2L6-Ub (52), and UBE2D2-Ub
(46,53). Rather than a strict divide between open and closed
conformations, a given E2~Ub conjugate likely exhibits a
labile equilibrium in which preference for these conforma-
tions is dependent on the E2 enzyme (46) and likely the
presence of a substrate and/or E3 ligase enzyme. For
UBEZ2K, even though it is in equilibrium with other confor-
mations, the closed state is necessary for catalysis to form a
Ub, species because substitutions near and along helix o2
inhibit polyubiquitin formation or ubiquitin unloading in
the absence of an E3 enzyme (19,22,54). Our data support
the idea that this closed state is populated a portion of the
time in the UBE2K~UDb conjugate but that other conforma-
tions are also occupied because of the line broadening
observed in the NMR spectra. This is not dependent on
the UBA domain because our data show this region does
not contact the conjugated ubiquitin protein and so has little
impact on its positioning. These observations are consistent
with kinetic measurements that show the UBA domain does
not alter the catalytic rate of Ub, formation or K48 chain
specificity (19,20). Therefore, it is likely that a signal
external to the catalytic domain in UBE2K serves as a stim-
ulus to influence the open or closed state equilibrium.

Our data and previous work (11,17) show that polyubiqui-
tin chains can be conjugated to the catalytic cysteine of
UBEZ2K in the absence of an E3 enzyme. Liberation of the
chain could be achieved by transfer of the intact chain to
a preubiquitinated substrate or free ubiquitin in the
cell, with the latter accounting for the formation of free
polyubiquitin chains observed for UBE2K and Ubcl
(10,11,18). Presumably, both of these ubiquitin transfer
mechanisms would require the closed E2~Ub conforma-
tion. Our data indicate that the arrangement between
UBE2K and the proximal donor ubiquitin linked to C92 is
altered upon UBE2K-Ub, formation. Specifically, intermo-
lecular interactions between the UBA domain of UBE2K
and the distal Ub in UBE2K-Ub, draw the ubiquitin chain
toward a more open, extended conformation. This open state
has been observed in a crystal structure of the UBE2K-Ub
conjugate in which the C92-conjugated ubiquitin is held
in an open state through interaction with the UBA domain
of an adjacent UBE2K molecule in the crystal lattice (22).
Current and previous work (22,30) shows that UBE2K,
UBE2K-Ub, and UBE2K-Ub, exist primarily as monomeric
proteins, indicating that intermolecular contacts likely
contribute minimally to an open state in solution. Neverthe-
less, the residues and interactions we observe between the
distal Ub and the UBA domain in UBE2K-Ub, and those
in the crystal structure (Protein Data Bank, PDB: 5DFL)
are very similar, which suggests the crystal structure faith-
fully recapitulates the intramolecular Ub-UBA interaction

E2 Chain Elongation Complex

observed in UBE2K-Ub,. This extended positioning of a
conjugated Ub, is contradictory to the closed form of
UBE2K~Ub needed to facilitate ubiquitin transfer and sug-
gests the UBE2K~Ub, species would have significantly
different kinetic properties for this reaction. Indeed, Chen
and Pickart (11) showed that UBE2K~Ub, is more labile
to water or dithiothreitol hydrolysis than UBE2K~Ub.
This would be expected in the extended UBE2K~Ub,
arrangement observed here, likely because of the accessi-
bility of the thioester linkage that is not as protected as in
closed structures. Conversely, reactivity with lysine (ami-
nolysis) or ubiquitin is markedly slower for UBE2K~Ub,
compared to a UBE2K~UDb conjugate. This observation is
consistent with the more extended conformation observed
for UBE2K~UDb, that is driven by the UBA interaction
with the distal Ub in the conjugated chain. This conforma-
tion does not favor nucleophilic attack from a lysine in ubig-
uitin that is promoted in the closed conformation.

Our NMR experiments and many previous experiments
(10,11,17,23,24) have been done in the absence of an E3
ligase enzyme. It has been observed that the UBA domain
in Ubcl, the yeast homolog of UBE2K, is required for full
processivity to generate longer polyubiquitin chains
(19,20) in the presence of an E3 ligase. Further, Ubcl pre-
fers Ub transfer to pre-existing ubiquitinated substrates
rather than as the initial ubiquitin labeling. Interestingly,
transfer of a ubiquitin chain from UBE2K~Ub, to a Ub,
chain has been shown to be more favorable than transfer
to a single ubiquitin (11), suggesting the UBA domain
must be directing the transfer in some fashion. Together,
these previous observations suggest that the extended
UBE2K-Ub, conformation observed here must be altered
by either the E3 ligase or a Ub, species to position the con-
jugated Ub or Ub, in the closed conformation needed to
optimize Ub transfer. One possibility is that the UBA
domain might preferentially recruit a polyubiquitin chain
in a similar manner as proposed here or in other work
(22), blocking the intramolecular extended conformation
and promoting the conjugated Ub to a closed, more active
position. Although further experiments would be needed
to show this, our work provides a structural rationale for
earlier kinetic studies aimed at understanding the role of
the UBA domain on ubiquitin transfer mechanisms by
complicated E2 enzymes such as UBE2K.
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