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Crystal structure of a human ubiquitin E1-ubiquitin complex
reveals conserved functional elements essential for activity
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Ubiquitin (Ub) signaling plays a key regulatory role in nearly
every aspect of eukaryotic biology and is initiated by E1 enzymes
that activate and transfer Ub to E2 Ub-conjugating enzymes.
Despite Ub El’s fundamental importance to the cell and its
attractiveness as a target for therapeutic intervention in cancer
and other diseases, its only available structural information is
derived from yeast orthologs of human ubiquitin-like modifier—
activating enzyme 1 (hUBA1). To illuminate structural differ-
ences between yeast and hUBA1 structures that might be
exploited for the development of small-molecule therapeutics,
we determined the first crystal structure of a hUBA1-Ub com-
plex. Using structural analysis, molecular modeling, and bio-
chemical analysis, we demonstrate that hUBA1 shares a
conserved overall structure and mechanism with previously
characterized yeast orthologs, but displays subtle structural dif-
ferences, particularly within the active site. Computational
analysis revealed four potential ligand-binding hot spots on the
surface of hUBA1 that might serve as targets to inhibit hUBA1 at
the level of Ub activation or E2 recruitment or that might poten-
tially be used in approaches such as protein-targeting chimeric
molecules. Taken together, our work enhances our understand-
ing of the hUBA 1 mechanism, provides an improved framework
for the development of small-molecule inhibitors of UBA1, and
serves as a stepping stone for structural studies that involve the
enzymes of the human Ub system at the level of both E1 and E2.

Ubiquitination is an essential reversible post-translational
modification that regulates nearly every cellular process from
DNA damage repair to cell cycle progression (1). Modification
of a target protein by ubiquitin (Ub)? can result in several out-
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comes, including proteasomal degradation, cellular relocaliza-
tion, and altered protein conformations, interactions, and
activities (2). Given the central role ubiquitination plays in so
many cellular processes, dysregulation of Ub signaling has been
found to be associated with a number of human pathologies
such as cancer and neurodegenerative diseases (3). Thus, the
ubiquitin—proteasome system provides an attractive target for
development of small molecule therapeutics for several dis-
eases with proof of principle provided by proteasome inhibitors
already in use in the clinic to treat multiple myeloma and man-
tle cell lymphoma patients (4).

To prevent dysregulation in healthy cells, conjugation of
ubiquitin molecules to target proteins is a specific and highly
regulated multistep process involving a three-enzyme cascade
(5-8). The first enzyme in the cascade, ubiquitin-activating
enzyme E1, activates Ub in a two-step reaction that involves
adenylation of the Ub C terminus followed by formation of a
thioester bond between the Ub C terminus and the E1 catalytic
cysteine (9, 10). The resulting E1~Ub intermediate next
recruits E2-conjugating enzyme, placing the E2 catalytic cys-
teine in proximity of the E1~Ub thioester bond to facilitate
thioester transfer of Ub from the E1 to E2 catalytic cysteine
(11-13). The E2~UD thioester intermediate product then dis-
sociates from the E1 enzyme and functions with several families
of E3 ubiquitin ligases to conjugate the Ub molecule to a lysine
side chain, forming a stable isopeptide bond (14 —16). Ub can be
attached to target proteins as a single molecule or as polymeric
chains linked together through specific lysine residues on Ub,
and the nature of these Ub linkages is a major determinant of
the biological outcome of ubiquitination (2, 17).

Given its role as the gatekeeper of the Ub conjugation cas-
cade, the E1 enzyme has been intensely studied at the biochem-
ical and structural levels. Previously, structures of yeast model
organisms Schizosaccharomyces pombe and Saccharomyces
cerevisiae Ub E1, Ubal, alone as well as with Ub and E2 mole-
cules, have been determined (18 —23). This has led to an ever-
increasing understanding of the Ubal mechanism for both ofits
catalytic activities as well as how it interacts with several E2
enzymes. These studies have revealed that Ubal is a multido-
main enzyme that undergoes large conformational changes to
perform its dual catalytic activities. At the “base” of the enzyme
are the inactive and active adenylation domains (IAD and AAD,
respectively) that assemble as a pseudodimer and serve as the
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Human Ub E1-Ub complex structure

rigid body of the enzyme. The AAD binds Ub, ATP, and Mg>"
and harbors the adenylation activity of E1 (18). The cysteine
domain is divided into the first and second catalytic cysteine
half-domains (FCCH and SCCH, respectively) with the cata-
Iytic cysteine residing in the SCCH domain (18). Studies of the
E1 for the Ub-like modifier SUMO have shown that the thioes-
ter bond formation involves disassembly of the adenylation
active site and an ~130° rotation of the SCCH domain that
transits the catalytic cysteine and other structural elements
required for catalysis of thioester bond formation into the
active site (24, 25). A similar SCCH domain rotation of ~106°
was observed for the S. pombe ortholog of Ubal (22). Finally,
the ubiquitin fold domain, UFD, recruits E2 enzymes in a “dis-
tal” conformation and subsequently rotates to a more “proxi-
mal” conformation that places the E1 and E2 catalytic cysteines
into proximity to facilitate E1-E2 thioester transfer (19). Ubal
orthologs function with tens of different E2s, and a three-resi-
due basic motif at the N-terminal helix of the core of E2s was
demonstrated to be important for Ubc2 binding to Ubal (26).
However, Ub E2s share little sequence conservation at their
predicted El-interacting region outside of the three-residue
basic motif (19), and the basic motif itself is variably conserved
among E2s (26). Altogether, the data suggest that sequence and
structural plasticity at the Ubal-E2 interface might underlie
the promiscuity of Ubal and variability in the affinities of
E1-E2 interactions. Indeed, previous studies have shown that
E1 is able to bind to E2 enzymes via distinct binding modes to
accommodate the variability of the E2s (19, 21).

In the context of its attractiveness as a target for small mol-
ecule therapeutic intervention in cancer (23, 27), a structural
understanding of the Ubal enzyme and its interactions with Ub
and E2 enzymes is crucial for rational approaches to drug
design. Herein, we present the crystal structure of a human
Ubal-Ub complex, which represents the first structural snap-
shot of human Ubal determined to date. Through structural
analysis, molecular modeling, and biochemical analysis, we
demonstrate that human Ubal shares a conserved overall
structure and mechanism with previously characterized yeast
orthologs while noting subtle structural differences in human
Ubal, particularly within the active site, that may aid efforts
focused on the development of small molecule inhibitors. We
also demonstrate that structural plasticity as a mechanism that
underlies promiscuity in E1-E2 interactions is a conserved ele-
ment of the human Ub E1-E2 system. Altogether, our work
highlights the utility of structural characterization of ortholo-
gous proteins from model organisms as well as the importance
of determining structures of bona fide mammalian target pro-
tein structures, when feasible.

Results and discussion
Overall structure of a human Uba1-Ub complex

All orthologs of Ubal share a conserved overall domain orga-
nization (Fig. 1A) and have two main functions. First, Ubal
must discriminate against other Ub-like modifiers (Ubls) and
specifically recruit and activate Ub in a two-step process involv-
ing adenylation of the Ub C terminus followed by formation of
a thioester bond between the Ubal catalytic cysteine and the
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C-terminal glycine of Ub. Second, Ubal must recruit E2-con-
jugating enzymes specific to the Ub system and subsequently
catalyze transfer of Ub from the E1 to E2 active-site cysteine to
form an E2~Ub thioester intermediate (E1-E2 thioester trans-
fer or transthiolation). Despite its fundamental importance to
cell biology and attractiveness as a target for therapeutic inter-
vention in cancer, the only structures of Ubal determined to
date are of S. cerevisiae and S. pombe orthologs which share
~50% identity to human Ubal (Fig. 1B) (18-23). To gain fur-
ther insights into how human Ubal (hUbal) performs its func-
tions and to highlight structural differences between yeast and
human Ubal that can potentially guide the development of
small molecule therapeutics, we determined the crystal struc-
ture of human Ubal (Fig. 1C). The structure has been refined to
3.14 A resolution with R/R;,.. values of 0.214/0.251 (Table 1).
Overall, the electron density maps are of high quality, including
for all regions of the structure described throughout (Fig. S1).
However, interactions described below, hydrogen bonds in par-
ticular, should be considered putative at this modest resolution.
The two copies of the hUbal-Ub structure in the asymmetric
unit are very similar, superimposing with a root mean square
deviation (r.m.s.d.) of 0.86 A (Fig. S2A4), and unless otherwise
noted, we describe the complex formed by chains A (hUbal)
and B (Ub), which were better ordered.

Analysis of the hUbal—Ub structure shows that, as expected,
hUbal is a modular, multidomain enzyme. As in other E1 struc-
tures, the IAD and AAD associate to form a pseudodimeric
adenylation domain that serves as the rigid body of the struc-
ture (Fig. 1C). Attached to this rigid body are the SCCH domain
that is tethered to the AAD by two loops called the crossover
and reentry loops, the FCCH domain that is tethered to the
AAD by two loops called the 87 and 14 loops, and the UED,
which is tethered to the AAD by a single loop (Fig. 1C). Overall,
hUbal has a “Y” shape with the adenylation domains forming
the base of the enzyme, and the SCCH domain and UFD are
situated across from each other at the “top” of the enzyme
with a large canyon between them that serves to accommo-
date the E2-conjugating enzyme during E1-E2 thioester
transfer (Fig. 1C).

Previous studies have revealed remarkable conformational
plasticity in the Ubal structure that is important for the enzyme
to fulfill its functions. Major conformational changes in the
flexible loops connecting the FCCH, SCCH, and UFD to the AAD
accompany rigid body rotations of these domains that are
essential for catalysis of Ub activation and transfer of activated
Ub from E1 to E2 (18 —23). A comparative analysis of the overall
architecture of hUbal to previously determined structures of
S. pombe and S. cerevisiae Ubal reveals a conformational snap-
shot of the enzyme that is poised for catalysis of adenylation
(Fig. 1C). In the hUbal structure, Ub engages in contacts with
the IAD, AAD, and FCCH domain and the crossover loop, so
named because it crosses over the C terminus of Ub as it leads
into the SCCH domain. The C-terminal glycine of Ub (Gly-76)
is positioned within the hUbal adenylation active site. The
hUbal SCCH domain is perched on a-helices H1 and H2 of the
IAD in an “open” conformation with the catalytic cysteine (Cys-
632) separated from the C terminus of Ub by ~35 A (Fig. 10).
The SCCH domain also engages in a network of contacts with
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Figure 1. Domain organization of Uba1 and overall structure of the human Uba1-Ub complex. A, domain organization of previously crystallized Uba1
orthologs with residue numbers at the domain boundaries listed above. B, overall amino acid sequence homology of select Uba1 orthologs to human UbaT.
Strongly similar, weakly similar, and different residues were assigned according to ClustalX. C, hUba1-Ub complex is shown as a cartoon representation with
Uba1 domains labeled and color-coded. Ub is colored gold. Only the B- and y-phosphates of ATP and two accompanying magnesium ions (shown as spheres
and labeled “ATP(B,y)-Mg") were included in the final model due to poor ordering of the adenine and ribose of ATP. The side chain of the catalytic cysteine of

hUba1 (Cys-632) is shown as a yellow sphere.

the FCCH domain that likely contributes to its stabilization in
the open conformation. This contrasts structural snapshots of
S. pombe Ubal (22) and the E1 for the Ub-like modifier SUMO
that is poised for thioester bond formation (25) where the
SCCH domain rotates ~106 —130° relative to the open confor-
mation to adopt a “closed” conformation (Fig. S2B). Closure of
the SCCH domain serves to: 1) transit the catalytic cysteine into
the active site proximal to the Ub C terminus for thioester bond
formation; 2) transit additional structural elements into the
Ubal active site that transform the active site into a thioester
bond formation— competent state along with concomitant dis-
assembly of the adenylation active site; and 3) disrupts contact
between the SCCH and FCCH domains and the SCCH domain
and IAD that facilitate SCCH domain closure along with for-
mation of a new network of contacts that stabilize the closed
conformation. Finally, the hUbal UFD adopts a proximal con-
formation in which the length of the canyon between the UFD
and SCCH domain is at a minimum and, as will be discussed in
more detail below, resembles the likely conformation of the
hUbal UFD during E1-E2 thioester transfer.

Human Uba1-Ub interface

As in other Ubal—-Ub structures (18 —23), residues from the
AAD, IAD, FCCH domain and the crossover loop form the
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Ub-binding surface of hUbal (Fig. 24). A total of ~3200 A? of
solvent-accessible surface area is buried upon formation of the
hUbal-Ub complex. The hUbal-Ub interface is contiguous,
but there are three distinct networks of intermolecular interac-
tions (Fig. 2B) that were previously defined as interfaces 1-3
based on the S. cerevisiae Ubal-Ub structure (18). Interface 1
involves residues from the “bottom” of the globular B-grasp
domain of Ub, which predominantly contacts the AAD of Ubal.
The Interface 1 network of interactions is centered on the
“Ile-44- hydrophobic patch” of Ub (Leu-8, Ile-44, His-68, and
Val-70), which engage in contacts with Phe-320, Phe-926, Phe-
933, and Ser-937 of hUbal (Fig. 2B). The importance of the
Ile-44 hydrophobic patch of Ub in mediating interaction with
hUbal is demonstrated by a previous study showing that ala-
nine substitutions of Leu-8 and Ile-44 diminish the ability of Ub
to be activated by Ubal (28). At the periphery of Interface 1 are
a few hydrogen bond-mediated interactions involving back-
bone atoms of Ub. On one side of the interface, the backbone
carbonyl oxygen of Leu-8 of Ub engages in a hydrogen bond to
the side chain of Asn-928 of the AAD, and on the other side, the
carbonyl oxygen of Gly-47 engages in a hydrogen bond to the
backbone nitrogen atom of Glu-938 of the AAD (Fig. 2B). Inter-
face 2 involves residues from one of the “sides” of the globular
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Table 1
Crystallographic data collection and refinement statistics
Parentheses indicate statistics for the high-resolution data bin for x-ray data.

Human Ubal-Ub complex

PDB code 6DC6

Data Collection
Source APS 221D
Wavelength A) ) 1.00
Resolution limits (A) 50-3.14 (3.26-3.14)
Space group P2,
Unit cell (A) a, b, ¢ 105.0, 70.4, 188.9
Unit cell (°) o, B, y 90, 95.2, 90
No. of observations 133987
No. of reflections 46012 (4503)
Completeness (%) 94.6 (93.5)
Mean I/al 8.0 (1.5)
CCy, 0.984 (0.592)
Rperge” 0.139 (0.459)

pim 0.088 (0.327)

Refinement statistics
Resolution limits (A)

41.7-3.14 (3.22-3.14)

No. of reflections (work/free) 45,928/1997
Completeness (%) 94.5 (92.7)
Protein/solvent/ligand atoms 16,866/0/22
eyt 0.213 (0.341)
R,,.. (4.4% of data) 0.250 (0.391)
Bonds (A)/angles (°) . 0.003/0.554
B-factors: protein/solvent/ligand (A%) ~ 90.1/-/54.1
Coordinate error (ML-based) (A) 0.50
Ramachandran plot statistics (%)
Favored 94.1
Allowed 5.7
Outliers 0.2

MolProbity score 1.96-100th percentile

(n=12008,3.14 A = 0.25 A)
“ Riperge = 2hkl Zill(hkl)i — (I(hkD)| /> hkIXi (I(hkD)i).
b Reryse = 2hkl Fo(hkl) — Fc(hkl)|/> hkl |Fo(hkl)|, where Fo and Fc are observed
and calculated structure factors, respectively.

B-grasp domain of Ub, which contacts the FCCH domain of
hUbal through hydrogen bond—mediated interactions. Specif-
ically, the backbone carbonyl oxygen atoms of Asp-32, Lys-33,
and Glu-34 of Ub engage in hydrogen bonds to the side chain of
Arg-239 of the hUbal FCCH domain (Fig. 2B). The backbone
nitrogen atom of Thr-12 of Ub also engages in a hydrogen bond
to the side chain of Glu-243 of the FCCH domain.

Interface 3 involves residues from the AAD and crossover
loop of hUbal, which likely function in guiding the flexible Ub
C terminus toward the hUbal active site and properly position-
ing the carboxylate of Gly-76 for catalysis. Arg-72 of the Ub C
terminus engages in an extensive network of interactions with
hUbal, including hydrogen bond and salt bridge interactions
with GIn-608 of the AAD and Ser-621 and Asp-623 of the cross-
over loop (Fig. 2B). Arg-72 of the Ub C terminus also engages in
van der Waals contacts with Asn-606 of the AAD and Tyr-618
of the crossover loop of hUbal. The backbone nitrogen atom of
Leu-73 of the Ub C terminus engages in a hydrogen bond to the
side chain of Asn-606 of the hUbal AAD and the Leu-73 side
chain participates in van der Waals contacts with Leu-601, Lys-
604, and Gly-605 of the AAD (Fig. 2B). The importance of the
glycine residue at position 605 of the hUbal AAD in creating
space to accommodate Ub C terminus has previously been
noted (18, 24, 29). The backbone carbonyl oxygen of Arg-74 of
Ub participates in hydrogen bonds with Arg-581 of the hUbal
AAD and the side chain of Arg-74 also engages in putative salt
bridge interactions with Glu-626 of the hUbal crossover loop
(Fig. 2B).
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The C-terminal diglycine motif of Ub (Gly-75 and Gly-76) is
guided toward the hUbal active site by a small network of inter-
actions with residues from the AAD. The backbone carbonyl
oxygen of Gly-75 of Ub participates in hydrogen bonds to both
the Arg-581 side chain and the backbone nitrogen atom of Thr-
600 of the Ubal AAD, whereas the backbone nitrogen atom of
Gly-75 engages in a hydrogen bond with the backbone carbonyl
oxygen of Thr-600 of the hUbal AAD (Fig. 2B). Gly-75 also
engages in van der Waals contacts with the Ile-891 side chain
from the SCCH domain of hUbal, further locking it in place. It
is also worth noting that the hUbal crossover loop, which itself
is highly flexible, participates in a network of contacts with a 3,
helix (g1 helix) and the 83 strand of Ub that properly position it
for interactions with the Ub C terminus (Fig. 2B). Here, Arg-42
from the 33 strand of Ub engages in hydrogen bond and salt
bridge interactions with Ser-621 and Asp-623 from the hUbal
crossover loop. Asp-39 and GIn-40 of the gl helix of Ub also
participate in van der Waals contacts with Gln-622 and Pro-
624 from the hUbal crossover loop (Fig. 2B). Overall, the
hUbal-Ub interface is highly conserved with orthologous
Ubal-Ub structures, including the identity of Ubal residues
involved in contacts with Ub (Fig. 2C).

Human UbaT adenylation active site

The adenylation active site of hUbal is formed by structural
elements in the IAD and AAD, which both harbor Rossman-
like folds that assemble as a pseudodimer (Fig. 34). Although
the IAD is catalytically inactive and does not bind Ub, it harbors
residues at it N terminus that are essential for catalysis of
adenylation by the AAD. As noted previously, the IAD cannot
bind Ub due to the presence of a 4-helix bundle that sterically
blocks the surface of the IAD that would interact with Ub (Fig.
S3A) (18). The IAD also lacks conservation of residues involved
in contacts with ATP and has an arginine at the second glycine
position of the “GXGXXG” p-loop at the N terminus of H2 of
the AAD that is important for ATP binding and constitutes the
oxyanion hole of the active site (Fig. S3B). The IADs of S. pombe
and S. cerevisiae share 45—48% identity with that of hUbal; the
AADs share 66—68% identity, and the overall adenylation
domains superimpose with an r.m.s.d. of 0.82—-0.94 A (516 of
531 eq Ca atoms superimposed) (Fig. 34).

The ATP-binding pocket of hUbal is formed by residues
from H14, H15, and the B17-H14, B18-g7, B19-g10, and 320-
H17 loops of the AAD as well as H2 from the IAD (Fig. 3B) (“H”
indicates a-helices, and “g” indicates 3,, helices). Although
ATP and magnesium were included in the crystallization buffer
used to determine our hUbal structure, electron density for the
adenine, ribose, and a-phosphate of ATP are both poorly
ordered in one copy of hUbal (chain A), whereas only the
ribose is weakly ordered in the other copy (chain B) with no
visible electron density for the adenine. In contrast, very strong
electron density corresponding to the binding sites for magne-
sium and B- and y-phosphates of ATP is evident in both copies
of hUbal. Although it is formally possible that this density may
belong to magnesium and sulfate ions from the crystallization
solution, the near precise structural overlap mentioned above
led us to model this electron density as magnesium and 3- and
vy-phosphates of ATP, while the adenosine and a-phosphate of
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A hUba1/Ub complex (side view) B

Ub-interacting region:
AAD mmmm FCCH domain
B AD  mmmm SCCH domain

C Uba1 sequence alignment:

FCCH IAD AAD
[ 1 [ 1 [ 1
Conservation i 2= mil_ L eI 1 e O e
human 211 SNGEQPLS 238 ARHGFES 297 VPK 319 DFAK 476 AGAIG 514 NRQ 572 ANALDNVDARM
rabbit 211 SNGEQPLS 238 ARHGFES 297 VPK 319 DFAK 476 AGAIG 514 NRQ 572 ANALDNVDARM
S.cerevisiae 176 PTGEEPRT 201 NRHGLED 260 VPR 282 DFAK 442SCA |G 480 NRQ 540 TNALDNVDART
S.pombe 175 TDGNEPLT 200 TRHGLEN 258 VPT 281 DFGK 435 AGAIG 473 NRQ 534 TNALDNVEARM
AAD Crossover Loop AAD
[ [ 1 [ L
Conservation [ .. 0 Bl
human 508 SGTLGTKGNVQVV IPFLTESYSSSQDPPEKSIPICTL 890 | 1P 925 GELNLALPFFGFSEPLA
rabbit 508 SGTLGTKGNVQVVIPFLTESYSSSQDPPEKSIPICTL 890 | IP 925 GFLNLALPFFGFSEPLA
S.cerevisite 566 SGTLGTKGNTQV I IPRLTESYSSSRDPPEKSIPLCTL 82 I 1P 87 GEVNLALPFFGFSEPIA
S. pombe 558 SGTLGTKGNTQVVVPHLTESYGSSQDPPEKSFPICTL 851 |IVP 886 GFFNLAIGLFTESDPIA

Figure 2. Human Uba1-Ub interface involves a conserved network of interactions. A, top, hUba1 is shown as a surface representation with domains
labeled and colored various shades of gray. hUba1 residues involved with contacts with ubiquitin are colored according to the domain where they reside
(colored as in Fig. 1C). Ub is shown as a worm representation. Bottom, magnified view of the Uba1-Ub interface. B, hUba1-Ub structure is shown as a ribbon
representation as in Fig. 1C with magnified views of Interfaces 1-3 interaction networks. Hydrogen bonds are indicated by dashed lines. C, sequence alignment
of the Ub-interacting regions of Uba1 from the indicated species. Residue coloring and sequence conservation (shown as a bar graph above the alignment)
were determined using default ClustalX parameters. Residues involved in contacts with Ub based on crystal structures are shaded yellow. Residue numbers are
indicated to the left, and the domain to which the residues reside are indicated at top of the alignment.

ATP were not included in the final model (Fig. 34). The reason
for the disordering of adenosine and the a-phosphate of ATP is
unclear, but the 8- and y-phosphates of ATP are involved in
coordination of two magnesium ions and participate in a simi-
lar network of contacts with hUbal (Fig. 3, B and C, and Fig.
S4A) as observed in previous structures of S.pombe and
S. cerevisiae Ubal (19, 20, 23). Specifically, the y-phosphate of
ATP engages in contacts with Arg-57, Arg-515, and Lys-851 of
hUbal, and the B-phosphate of ATP engages in contacts with
Asp-506, Asn-512, Lys-528, and Asp-576 (Fig. 3B and Fig. S4A).
Next, we docked ATP onto our hUbal structure based on sim-
ilarity to S. pombe and S. cerevisiae structures bound to ATP,
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and we found that the a-phosphate of ATP is in position to
make contacts with Ala-478 and Asp-576 of hUbal (Fig. 38 and
Fig. S4A). In the model, the ribose of ATP is in position to
interact with Gly-475 and Asp-504 of hUbal, and the adenine
of ATP is in position to interact with Arg-551, Val-552, Leu-
575, and Asn-577 (Fig. 3B and Fig. S44).

Previous studies have shown that Asp-576 and Lys-528 are
critical for ordered substrate binding (with ATP being the pre-
ferred leading substrate) and transition state stabilization
during Ubal-catalyzed Ub adenylation (30). Analysis of our
hUbal-Ub structure and a comparison with other structures of
Ubal, SUMO E1, and Nedd8 E1 provide a clue to the structural
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basis for this observation. As mentioned above, the SCCH
domain of Ubal likely exists in an equilibrium of open (adeny-
lation active) and closed (thioester bond formation active) con-
formations (22, 25). In the open conformation, the adenylation
active site is “assembled” with residues positioned optimally for
contacts with ATP-Mg, and in the closed conformation the
adenylation active site is “disassembled” with the structural ele-
ments harboring these ATP-binding residues either being dis-
ordered or suboptimally positioned (25). Binding of ATP-Mg to
E1 results in “rigidification” of the active site that includes
ordering of helices H1 and H2 from the IAD, which harbors
residues involved in contacts with the y-phosphates of ATP,
and remodeling of the “g1 helix” from the AAD of Ubal, which
positions residues Asn-512 and Arg-515 for contacts with the
B- and y-phosphates of ATP. Ordering of H1 and H2 is also
important because it likely shifts the conformational equilib-
rium of the SCCH domain toward the open state, since ordering
of H1/H2 sterically blocks the SCCH domain from adopting
the closed conformation. A recently determined structure of
S. pombe Ubal in which the adenylation active site is disassem-
bled and the SCCH domain has undergone a 106° domain alter-
nation relative to the open conformation (Ubal3““"-ALT) gyg-
gests that there is an ensemble of SCCH domain conformations
between the open and closed states (22).

Notably, one-half of the channel on E1 that threads the Ub C
terminus toward the active site is formed by different E1 struc-
tural elements in the open, closed, and alternative (alt) SCCH
conformations, with the reentry loop forming half of the chan-
nel in the open conformation, and the crossover loop forming
half of the channel in the closed conformation (Fig. S4B). Anal-
ysis of the distribution of B-factors within different conforma-
tional snapshots of Els reveals that residues from the reentry
loop have lower B-values in open structures compared with
residues from the crossover loop in the closed structure, which
implies that the channel itself exhibits less conformational var-
iability in open structures compared with closed (Fig. S4B). Fur-
thermore, in the S. pombe Ubal5““"ALT structure, the Ubal
crossover loop overlaps with the binding site for the Ub C ter-
minus, and the channel that threads the Ub C terminus toward
the active site is significantly widened (Fig. S4B). Based on this
analysis, it is possible that stabilization of the Ubal SCCH
domain in the open conformation upon ATP-Mg binding might
account for ordered substrate binding by both rigidifying the
Ub C-terminal binding channel in an open state, as suggested
previously (30), and by reducing the fraction of Ubal molecules
with intermediate SCCH domain conformations incompatible
with Ub binding. Reduced ATP binding and thus a greater
degree of conformational variability of the Ub C-terminal bind-
ing channel could account for the shift to random substrate
addition in Asp-576 and Lys-528 Ubal mutants, although we
acknowledge this is speculative.

Comparison of human and yeast Uba1 adenylation active
sites

Whereas the majority of interactions with ATP are con-
served between human, S. pombe, and S. cerevisiae based on
our hUbal-Ub/ATP(f3,y)/Mg structure and the hUbal-Ub/
ATP/Mg model, comparative analysis of human, S. pombe, and
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S. cerevisiae Ubal structures shows that there are two primary
positions of divergence that slightly alter the shape of the ATP-
binding pocket. The first position of divergence is in proximity
to the adenine of ATP, where the side chain of Met-505 projects
away from ATP in both copies of hUbal in the structure to
widen the ATP-binding pocket significantly compared with
S. pombe and S. cerevisiae Ubal (Fig. 3C). Met-505 of hUbal is
an asparagine in S. cerevisiae Ubal (Asn-471) that participates
in a hydrogen bond with a nitrogen atom from adenine, and
although S. pombe has a methionine conserved at this position
(Met-464), the side chain projects toward ATP and engages in
van der Waals interactions with adenine (PDB codes 4112 and
4113) (Fig. 3C). Interestingly, the rotamer of Met-464 of
S. pombe Ubal adopts a similar conformation regardless of
whether ATP is present in the active site (PDB codes 4112 and
4113 versus 5KNL and 5UMS6) (Fig. 3C), which suggests that the
conformational difference observed at human Met-505 may
not be simply due to the poor ordering of the adenine of ATP in
the hUbal active site. Whereas Arg-551 of hUbal is conserved
in S. pombe Ubal (Arg-512) and the overall shape of the ATP-
binding pocket is similar in this area, S. cerevisiae harbors a
lysine residue at this position (Lys-519), and the shorter and less
bulkier side chain results in a widening of the ATP-binding
pocket in this region (Fig. 3C). Consistent with these structural
differences in the active site, the ability of a recently identified
Ubal-specific inhibitor (TAK-243) to target S. cerevisiae Ubal
required N471M and K519R mutations to “humanize” the
active site (27).

The second position of divergence is at Asp-506 of hUbal.
Although Asp-506 is conserved in both S. pombe and S. cerevi-
siae (Asp-465 and Asp-472, respectively), this residue adopts
two distinct conformations in all Ubal structures that segregate
into two populations depending on the substrate/product-
binding status of the active site (Fig. 3B). In Ubal structures
harboring ATP (PDB codes 4112 and 4113, and this study), the
residue corresponding to Asp-506 of hUbal is involved in coor-
dination of a magnesium ion that contacts the - and y-phos-
phates of ATP and is unique to the Ubal active site compared
with E1s for other Ub-like modifiers (Fig. 3, B and C). In Ubal
structures harboring Ub-adenylate intermediate (PDB code
4NN]J) or Ub-adenylate intermediate mimetics (PDB codes
5L6H and 5L6]), the magnesium ion coordinated by the residue
corresponding to Asp-506 of hUbal is absent, likely due to the
absence of the B- and y- phosphates of ATP. Nevertheless, the
side chain of the corresponding aspartate residues adopts a sim-
ilar conformation as in the ATP-bound structures (Fig. 3, Band
C). In contrast, in Ubal structures lacking ATP or adenylate
intermediate (PDB codes 3CMM, 5KNL, and 5UMS6), the
aspartate side chain projects in the opposite direction and occu-
pies similar structural space as the 2'-hydroxyl group of ATP
(Fig. 3, B and C). The only outlier to this pattern is Asp-472 in
the structure of S. cerevisiae Ubal in complex with the inhibitor
MLN-4924 (PDB code 5L6I), which notably lacks a hydroxyl
group at the 2’ position of the AMP mimetic and thus can
accommodate the aspartate side chain in this conformation
(Fig. 3, Band C). Based on our structural analysis, it appears that
the “resting” conformation of the residue corresponding to
Asp-506 of hUbal in the absence of ATP is projecting toward
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Figure 4. UFD of human Uba1 contains a unique loop insertion within a conserved overall structure. A, right, UFDs from the indicated Uba1 structures
were superimposed onto the hUba1 UFD with the r.m.s.d. range indicated below the structure (110 of 119 eq Ca atoms superimposed). Left, magnified view
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green mesh (contoured at 10). B, amino acid sequence homology of the UFD from select Uba1 orthologs to human Uba1. C, sequence alignment of the
indicated Uba1 orthologs around the B27-H31 loop insertion of the hUba1 UFD. Residues are colored as in Fig. 2C.

where the 2'-hydroxyl of the ribose is situated upon ATP bind-
ing. The side chain of hUbal Asp-506 flips toward the - and
y-phosphates of ATP to adopt an “active” conformation that
avoids steric clashes with the 2’-hydroxyl group of the ribose of
the incoming ATP molecule and coordinates magnesium to
stabilize the negative charges on the - and - phosphates of
ATP (Fig. 3, B and C, and Fig. S4C). The question of why Asp-
506 needs to undergo such a substrate-dependent structural
transition is made apparent when considering the fact that a
second acidic residue (Glu-509, human numbering) is in prox-
imity to the side chain of hUbal Asp-506 in the active confor-
mation and is also involved in magnesium coordination (Fig. 3,
B and C, and Fig. S4C). If Asp-506 adopted the active confor-
mation in the absence of magnesium, its side chain would expe-
rience electrostatic repulsion with the side chain of Glu-509
(Fig. S4C). Thus, recruitment of magnesium along with ATP
not only serves to stabilize the negative charges on the - and
y-phosphates of ATP but also relieves electrostatic repulsion
that would occur between Glu-509 and Asp-506 when Asp-506
is in the active conformation.

Human Uba1 UFD and plasticity in its interactions with Ub E2s

Upon adenylation and formation of a thioester bond between
the Ubal catalytic cysteine and the C-terminal carboxylate of
Ub, Ubal next recruits Ub E2-conjugating enzymes and trans-
fers activated Ub to the E2 catalytic cysteine residue to generate
E2~Ub thioester intermediate (E1-E2 thioester transfer or
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transthiolation). The UFD of Ubal is located at the C terminus
of Ubal, adopts a B-grasp fold resembling Ub, and is required
for the initial recruitment of E2s (26). The UFDs of S. pombe
and S. cerevisiae both share only 42% identity with that of
hUbal and superimpose with an r.m.s.d. of 1.1-1.6 A (110 of
119 equivalent Ca atoms superimposed) (Fig. 4, A and B). The
most distinctive structural feature of the hUbal UFD compared
with other structurally characterized Ubal orthologs is a six-
residue insertion in the B27-H31 loop (residues Leu-963 to
Glu-968) for which there is clear electron density (Fig. 4, A and
C). This insertion in the 27-H31 loop is not conserved in
yeast, Caenorhabditis elegans, or Drosophila melanogaster, but
the sequence and length of the insertion are highly conserved in
all vertebrate Ubal orthologs we analyzed (Fig. 4C). A func-
tional role that the B27-H31 loop insertion might play is
unclear because the E2-binding surface is located on the oppo-
site side of the UFD, although this region is located in proximity
to the region of the UFD that facilitates functionally important
conformational changes (see below).

Analysis of surface electrostatic representations of Ubal
orthologs shows that overall surface features of the E2-interact-
ing region of hUbal are similar to S. pombe and S. cerevisiae
Ubal, including the presence of a large acidic patch known to
be important for E1-E2 thioester transfer activity (Fig. 54) (18,
19, 21). One unique feature of the Ub conjugation cascade com-
pared with those for other Ubls is that there are a large number
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of E2s that must interact with either one E1 (lower eukaryotes)
or two Els (mammals) in the Ub system. An elegant kinetic
analysis of E1-E2 thioester transfer identified a three-residue
basic motif on hA of Ub E2s, mutation of which altered affinity
in the predicted fashion (26). The relative but not absolute con-
servation of this three-residue basic motif across Ub E2s sug-
gested that although important, this motif was not the only
contribution to E1 binding and that variability in E2 sequence
accounts for variability in affinity through an induced fit model
(26). Consistent with this, recent structural studies in S. pombe
have demonstrated that the physicochemical properties of E2
(Ubc4 and Ubc15) residues involved in direct contacts with the
UED are variably conserved (Fig. 5B) and that promiscuity in
E1-E2 interactions is achieved through structural plasticity at
the UFD-E2 interface (19, 21). Similarly, the physicochemical
properties of human E2 residues predicted to be involved in
contacts with the hUbal UFD based on E1-E2 crystal struc-
tures are also poorly conserved (Fig. 5B).

Two questions we next wished to address are whether the
conserved acidic patch of the Ubal UFD is important for E1-E2
interactions in the human Ub system and whether there is
structural plasticity in human E1-E2 interactions as observed
in the yeast system. To help answer these questions, we first
created a model of hUBA1 in complex with UBE2T by docking
UBE2T onto hUbal based on the S. pombe Ubal—Ubc4 inter-
action and then subjected the model to optimization of rigid
body position and side-chain conformation using the Rosetta-
Dock server (Fig. 5C) (31). Based on the resulting model, there
are three basic residues on UBE2T (Lys-8, Arg-9, and His-12)
that are in proximity to three conserved residues within the
hUbal acidic patch (Glu-1037, Asp-1047, and Glu-1049) that
can potentially engage in salt bridge or longer range electro-
static interactions at the hUbal-UBE2T interface (Fig. 5C). We
mutated these three acidic residues on hUbal to alanine and
tested their ability to transfer Ub to UBE2T in E1-E2 thioester
transfer assays performed in the linear region of the reaction
with protein concentrations determined based on total protein
of apparently homogeneous enzyme preparations. The results
of these assays reveal that each of the hUbal mutants exhibit
impaired E1-E2 thioester transfer activity (Fig. 5D). Next, we
analyzed a structure-based sequence alignment of human E2s
and found that Lys-8, Arg-9, and His-12 of UBE2T are poorly
conserved (Fig. 5B), an observation consistent with structural
plasticity being a major determinant of promiscuity in human
E1-E2 interactions as it is in the yeast system. To test this, we
subjected the three hUbal mutants we analyzed above to
E1-E2 thioester transfer assays with a panel of different human
E2s (Fig. 5D). Consistent with structural plasticity being a con-
served feature of hUbal-UFD interactions, the human E2s we
tested exhibited a range of distinct activity signatures with the
different hUbal mutants. At the two extremes were UBE2D2,
UBE2L3, and UBE2B, which were not affected by mutation of
any of the three acidic Ubal residues, and UBE2E2, which was
similar to UBE2T in that all three Ubal mutants diminished
thioester transfer activity (Fig. 5D). UBE2G1 and UBE2S had
patterns in between these extremes. For UBE2G1, only D1047A
diminished thioester transfer activity, whereas for UBE2S, both
D1047A and E1049A had defective thioester transfer activity
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(Fig. 5D). Altogether, these results confirm the importance of
the Ubal acidic patch for E1-E2 thioester transfer and demon-
strate that there is likely a significant degree of structural
plasticity at the human Ubal-E2 interface due to variably
conserved E2 residues participating in distinct networks of
interactions with the hUbal UFD, consistent with previous
kinetic (26) and structural (18, 19, 21) studies.

Conformational changes in the UFD and modeling a human
SCCH domain-E2 interface

Previous structural studies have demonstrated that the Ubal
UED adopts a spectrum of conformations that result in differ-
ences in the width of the canyon between the UFD and the
SCCH domain (18 -23). At the two extremes of this spectrum
are the distal and proximal conformations in which the distance
between the UFD and the Ubal catalytic cysteine residue on the
SCCH domain are at a maximum and minimum, respectively
(Fig. 6A and Fig. S5A). Previous modeling experiments suggest
that E2 is initially recruited to the Ubal UFD in distal confor-
mations with the E1 and E2 active sites separated by as much as
25 A (Fig. S5B) (19). Recruitment of E2 with the UED in a distal
conformation with a larger canyon between the UFD and
SCCH domain likely allows the E2 to sample greater conforma-
tional space for productive complex formation with the UFD.
Subsequent transition of the UFD from the distal to proximal
conformation brings the E1 and E2 active sites into proximity,
resulting in a network of intermolecular interactions that facil-
itate nucleophilic attack of the E1~Ub thioester bond by the E2
catalytic cysteine during E1-E2 thioester transfer.

The only Ubal structures to date where the UFD has been
observed in the proximal conformation are S. pombe Ubal-
Ubc4 and Ubal-Ubcl5 complexes that were trapped in a con-
formation resembling the tetrahedral intermediate formed
during E1-E2 thioester transfer by specifically cross-linking
their catalytic cysteine residues (Fig. 64) (19, 21). These struc-
tures revealed that the transition from distal to proximal UFD
conformation occurs by a bending motion primarily at the first
B-strand of the B-grasp fold of the UFD (B27) (Fig. S5C). All
Ubal structures previously determined in the absence of E2
adopt a distal conformation (Fig. 6A) (18 -20, 22, 23). Interest-
ingly, analysis of the hUbal structure reveals that both copies of
the UFD in the asymmetric unit adopt a proximal conformation
even in the absence of E2 and that the hUbal UFD achieves the
proximal conformation primarily through bending that occurs
between residues Asp-956 and Val-960 around the 27 strand
of the UFD, similar to yeast Ubal structures (Fig. S5C).
Although both copies of the UFD are engaged in crystal con-
tacts, their crystal packing environments are completely differ-
ent (Fig. S5D). Thus, it is unclear whether crystal packing or a
difference in the equilibrium of the proximal and distal UFD
conformations in hUbal might underlie the observed proximal
UED conformation in the absence of E2.

To determine whether contacts between E2 and the hUbal
and SCCH domain and active site are conserved between the
yeast and human systems, we again analyzed our hUbal/
UBE2T model generated using Rosetta. Analysis of the hUbal/
UBE2T model shows that a hydrophobic patch on the hUbal
SCCH domain formed by Phe-637, Leu-725, Phe-729, Phe-741,
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hUBE2D2 75 NSNGSICLDILRSQ. .. ... ... .... WSPALTI 113 CNPADPLVGSIATQ
hUBE2E2 1290 NSQGV LCGLD | LKDN: wwm s ¢ 5 ¢ 2 8 2 5 8 WSPALTI 167 PNPDDPLMADISSE
hUBE2B 78 YADGSLCGLD I:LAQN: . o v ¢ 6 ¢ 5 2 %« RWSPTYDV 116 PNPNSPANSQAAQL
hUBE2G1 80 DKNGDVCISILHEPGEDKYGYEKPEERWLPIHTV 131 PNGDSPANVDAAKE
hUBE2L3 76 DEKGQV CLPV |'SAEN & wmw o2 ¢ 5 2 2 meoa WKPATKT 115 PQPEHPLRADLAEE
hUBE2S 85 GANGEICVNVLKRD. ... ... ...... WTAELG I 123 PNPESALNEEAGRL
hUBE2R2 83 YENGDVCISILHPPVDDPQSGELPSERWNPTQNV 134 PNTFSPANVDASVM
hUBE2R1 83 YETGDVCISILHPPVDDPQSGELPSERWNPTQNV 134 PNTFSPANVDASVM

SCCH domain alignment (E2-interacting region)

Conservation i

human 617 SYSSSQDPREKS IPICTLKNFEPNAIEHTLQ 722 | RQLILHNEPPDQLTSSGAPEWSGPKRCPHP

rabbit 617 SYSSSQDPREKS IBICTILKINEPNATEHTLQ 722 | RIQILILHNERPDQILTSscGAPEWSGPKIRCPHP [

M. musculus 617 SYSSSQDPPEKSIPICTLKNFPNAIEHTLQ 722 |RQLLHNFPPDQLTSSGAPFWSGPKRCPHP interface

D. rerio 617 SYSSSQDPPEKSIPICTLKNFPNAIEHTLQ 722 |RQLLHNFPPDQLTSSGAPFWSGPKRCPHP W Ubcd/UPD

S. pombe 578 SYEsSEPERERSEENET L KNEr¥® I EHT 1A 632 | QAELENEPKDEVASRcQr Bws ®FRIRAP TP | UBE2T/UED
S. cerevisiae 585 SYSSSRDPPEKSIPLCTLRSFPNKIDHTIA 688 |KQLLFNFPKDAKTSNGEPFWSGAKRAPTP model interface
C. elegans 666 SYSSSVDPPEKEIPVCTLKNFPNEIQHTIQ 772 | AQMLHSFPPDQLTDSGAKFWSGAKRCPHV

Figure 6. Human Uba1 UFD adopts the E1-E2 thioester transfer-active proximal conformation. A, right, indicated Uba1 structures were superimposed by
their adenylation domains with Ubal shown as worm representations, and the E2s from the S. pombe Uba1-Ubc4 and Uba1-Ubc15 structures shown as
cartoon representations. Left, magnified view of the UFDs of the superimposed structures, with the distal- and proximal-most conformations indicated. B, left,
hUba1 from the Uba1/UBE2T model is shown as surface representation, and UBE2T is shown as a cartoon representation (green). Ubc4 (dark gray) from the
S. pombe Uba1-Ubc4 structure and Ubc15 (light gray) and the FCCH domain (light gray) from Uba1-Ubc15 structure are also shown as cartoon representations
for comparison. Top right, SCCH domain-UBE2T interface from the hUba1-UBE2T model is shown with Uba1 shown as semitransparent surface. hUba1 and
UBE2T regions at the SCCH domain-UBE2T interface are shown as cartoon representations with residues involved in direct interactions shown as sticks. Bottom
right, magnified view of the region around the FCCH/SCCH domain interface of the hUba1-UBE2T model and the S. pombe Uba1-Ubc15 structure. The SCCH
domain is shown as semitransparent surface. Residues involved in conserved interactions between the SCCH and FCCH domain are shown as sticks. These
interactions are disrupted in the Uba1-Ubc15 structure due to a rotation of the FCCH domain. C, top, sequence alignment of the SCCH domain-interacting
region of E2s, and bottom, E2-interacting region of SCCH domains from the indicated species. Residues involved in intermolecular contacts in the Uba1-Ubc4
and Uba1-Ubc15 structures are shaded cyan and purple, respectively. Ubal and UBE2T residues involved in contacts in the hUba1/UBE2T model are shaded

gray.

and the aliphatic portion of the Lys-746 side chain are engaged and engages in a similar set of interactions with E2 in the
by the side chains of Pro-123 and Ala-126 of UBE2T (Fig. 6B).  S. pombe Ubal-Ubc4 and Ubal-Ubcl5 complex structures
The hydrophobic patch is well conserved in all Ubal orthologs  (Fig. 6C). In the hUbal/UBE2T model, Leu-124 of UBE2T is
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also positioned proximal to the active site and engages in van
der Waals contacts with the catalytic cysteine residues of both
hUbal and UBE2T as well as Ile-631 of hUbal (Fig. 6B). The
importance of this network of contacts has been demonstrated
in the S. pombe system where mutations of Ubc4 at positions
that correspond to Pro-123 and Leu-124 of UBE2T (Pro-118
and Leu-119) significantly diminish the E1-E2 thioester trans-
fer activity of Ubc4 (19). Taken together, the data suggest that
the UFD-E2 interface is poorly conserved resulting in consid-
erable plasticity in the nature of its interactions, whereas the
E2-SCCH domain interface is much more highly conserved,
particularly around the active site.

Also related to E2 recruitment by Ubal is an additional set of
intramolecular interactions between the SCCH and FCCH
domains that are observed in the hUbal—Ub structure. In the
hUbal-Ub structure, the FCCH and SCCH domains are closely
packed together where a small network of interactions, includ-
ing a salt bridge between Glu-252 of the FCCH domain and
Arg-747 of the SCCH domain, and a network of van der Waals
contacts between Met-220 and Leu-235 of the FCCH domain
and Pro-745 of the SCCH domain take place (Fig. 6B). This
network of interdomain contacts, as well as the relative orien-
tation of the FCCH and SCCH domains, are well-conserved in
S. pombe and S. cerevisiae structures determined in the absence
of E2 (Fig. S6A) (18-20, 22, 23) and may help stabilize the
SCCH domain in the open conformation that is required to
achieve the adenylation active conformation of Ubal. These
interdomain contacts are also conserved in the S. pombe Ubal—
Ubc4 complex structure (19), although they are disrupted in the
structure of the S. pombe Ubal-Ubc15 complex (21) due to the
FCCH and SCCH domains rotating away from each other (Fig.
6B and Fig. S6, A and B). This rotation is the result of the
distinct E1-binding mode of Ubc15 that places along acidic
insertion in proximity to the Ubcl5 active site directly
between the FCCH and SCCH domains (21). Based on
sequence and structural homology, it is likely that the FCCH
and SCCH domains of hUbal are able to exhibit conforma-
tional variability in order to accommodate human E2s with
acidic loop insertions that might utilize a similar Ubal-bind-
ing mode to S. pombe Ubc15.

Computational analysis of ligand-binding hot spots on human
Uba1i

The Ub-proteasome system (UPS) is a validated target for
therapeutic intervention in cancer as highlighted by the clinical
success of proteasome inhibitors in treating patients with mul-
tiple myeloma and mantle cell lymphoma (4). This has resulted
in great interest in targeting other components of the UPS for
small molecule inhibition, including Ubal (23, 27). Whereas
knowledge of the three-dimensional structures of drug targets
can facilitate the development of small molecule therapeutics,
the only Ubal orthologs structurally characterized to date
(S. pombe and S. cerevisiae) share only ~50% sequence identity
and 70% sequence similarity with hUbal. Thus, we subjected
our hUbal structure, which represents the first determined
structure of a mammalian Ubal ortholog, to FTMap analysis
(32) to identify ligand-binding hot spots that could potentially
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be used as a framework for development of novel small mole-
cule therapeutics.

FTMap docks a diverse set of 16 small organic molecules
containing various functional groups onto a protein surface,
clusters the probes, and ranks the clusters on the basis of their
average energy (32). FTMap analysis of our hUbal structure
resulted in the identification of four prominent hot spots (HS
1-4) (Fig. 7A). The surface on Ubal and the E1s for other Ubls
that has been targeted most successfully to date is the ATP-
binding pocket, and not surprisingly, the highest scoring hot
spot identified on hUbal by FTMap (HS1) corresponds to the
ATP-binding site (Fig. 7, A and B). As expected, FTMap analysis
of previously determined yeast Ubal structures shows that the
ATP-binding pocket (HS1) is identified as a ligand-binding hot
spot in all yeast structures we analyzed (Fig. S7A).

Interestingly, HS2 is located at the junction between the UFD
and AAD at a region of Ubal that is in proximity to the N-ter-
minal helix of E2s (hA) (Fig. 7A). E2s differ in the length of their
N-terminal regions preceding hA with the shortest being Ubc4/
UbcH5b that has one amino acid preceding hA and longer
N-terminal extensions of ~250 amino acids for UBE2Q1/2 (Fig.
S7B). Although HS2 is empty in the structure of S. pombe
Ubal-Ubc4 with the exception of solvent molecules (PDB code
4112), the slightly extended N terminus of Ubc15 (five residues
preceding hA; PDB code 5KNL) partially occupies HS2 in the
S. pombe Ubal-Ubc15 structure (Fig. 7B). Thus, HS2 may rep-
resent the surface of Ubal that engages the E2s with extended N
termini preceding hA. This raises the possibility that HS2 could
be exploited to specifically target interactions with E2s harbor-
ing extended N termini. FTMap analysis of previously deter-
mined yeast Ubal structures identified HS2 as a prominent hot
spot only in the structure of S. pombe Ubal with the UFD in the
proximal conformation (PDB codes 4112) (Fig. S7A). This is
likely due to the HS2 pocket not being fully formed when the
UED adopts distal conformations resulting in its positioning
farther away from the AAD.

HS3 is formed by residues from «-helices H19, H20, H22,
H23, and H25 on the SCCH domain at a region far from the
catalytic cysteine and the E2-interacting surface (Fig. 7A). Thus,
barring some unexpected allosteric effect, targeting this site
would not have an obvious functional effect on Ubal activity.
This is also the case for HS4, formed by residues from the 85
strand, H7, the B4 —H5 loop, and the H7—-H8 loop at the bottom
of the IAD, far from the active site and Ub-binding site of Ubal
(Fig. 7A). Interestingly, HS4 was partially occupied by the Ubal
inhibitor NSC624206 in a recently determined crystal structure
of S.pombe Ubal (PDB code 5UMS6) (Fig. 7B) (22), and
although this interaction was not involved in the inhibitory
mechanism of the molecule, it further validates the results of
the FTMap analysis. Targeting HS1 and HS2 could be a way to
perturb the adenylation and E2-binding activity of hUbal, and
with the rapid development of protein-targeting chimeric mol-
ecule approaches (33) even HS3 and HS4, which would not
appear to have an obvious functional consequence of small
molecule binding, could potentially be co-opted for proteolytic
targeting of hUbal.
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I NSC624206

Figure 7. Ligand-binding hot spots on human Uba1 predicted by FTmap analysis. A, center, hUba1 structure is shown as a cartoon representation as in Fig.
1C with the four top-scoring probe clusters identified by FTMap analysis shown as sticks and their corresponding binding pockets (HS7-4) on hUba1 labeled.
Insets, magnified views of the four top-scoring probe clusters shown as sticks, with the corresponding hUba1-binding pockets shown as surface representa-
tions. B, left, S. pombe Uba1-Ubc4/Ub/ATP-Mg structure (PDB code 4112) is shown as a surface representation with ATP shown as sticks in the same orientation
as the HS1 inset in A. HS1 identified by FTMap analysis corresponds to the ATP-binding pocket of Uba1. Center, the S. pombe Uba1-Ubc15/Ub structure (PDB
code 5KNL) is presented in the same orientation as HS2 in A with Uba1 shown as surface representation and Ubc15 shown as cartoon. The extended N terminus
of Ubc15, which partially occupies HS2, is shown as sticks. Right, S. pombe Uba1-NSC624206 inhibitor complex structure (PDB code 5UM6) is presented in the
same orientation as HS4 in A with hUba1 shown as a surface representation and NSC624206 shown as sticks.

Conclusions

In this study, we have presented a crystal structure of hUbal,
the first mammalian Ub E1 structure to date. Previous struc-
tures of S. pombe and S. cerevisiae Ubal have been invaluable
for providing insights into the mechanisms of Ubal catalytic
activities and have laid the foundation for understanding Ubal
promiscuity in its interactions with tens of E2 ubiquitin-conju-
gating enzymes. This work builds on that foundation by provid-
ing a consistent but subtly distinct structure of human Ubal.
Comparative analysis of the hUbal structure to previous Ubal
structures highlights two key facts. First, the structural charac-
terization of orthologous proteins can provide meaningful

SASBMB

insights to mammalian protein structure and mechanism, and
second, the subtle differences in ortholog identity can alter
druggable sites of the protein of interest.

To the first conclusion, we have shown that the overall struc-
ture of hUbal is similar to previously solved structures of Ubal,
and by utilizing modeling and biochemical analysis, we have
shown that the structural basis for mechanisms of Ubal cata-
lytic activities and E2 promiscuity are conserved from the yeast
model organisms to human. Specifically, the Ubal-Ub interac-
tion networks for Ub adenylation that are observed in this
structure are highly conserved; the ATP-binding pocket of
hUbal is conserved with the notable exceptions reviewed

J. Biol. Chem. (2018) 293(47) 18337-18352 18349



Human Ub E1-Ub complex structure

below; the UFD rigid body structure is highly conserved except
for a B27-H31 loop insertion that is well ordered in the struc-
ture but has no known biological function; and the SCCH/
FCCH domains are highly conserved compared with other
Ubal structures without E2 enzymes.

In our comparative analysis, we identified subtle structural
changes in the ATP-binding pocket of hUbal compared with
yeast Ubal that confirm previous studies of inhibitor specific-
ity. Specifically, we have provided a structural basis for the
necessity of N471M and K519R mutations to render S. cerevi-
siae Ubal susceptible to a hUbal inhibitor, TAK-243 (27), due
to Met-505 positioning to widen the ATP-binding pocket near
the adenine-binding site and the bulkier side chain of Arg-551
in hUbal. This finding highlights the need for structural char-
acterization of mammalian target proteins when feasible for
more successful target-directed drug development. In the same
vein, we have utilized FTMap to identify ligand-binding hot
spots on hUbal and identified four pockets for future drug
development efforts.

Experimental procedures
Cloning and protein expression

DNA fragment encoding human UBAI residues 49-1058
was cloned into BamHI/Notl sites of vector pFastBac-HTB
with an N-terminal TEV-cleavable His, tag. Catalytic cysteine
Cys-632 was mutated to alanine for crystallization. Point muta-
tions were introduced using PCR-based mutagenesis. The
DNA fragment encoding WT human ubiquitin (residues 1-76)
was inserted into vector pET-29 to introduce an N-terminal
TEV-cleavable His, tag. Human Ub E2s were amplified from
the human ¢DNA library and inserted into pET28 (UBE2B and
UBE2L3), pET29 (UBE2S), and pMTTH (UBE2D2, UBE2E2,
UBE2G1, and UBE2T) vectors.

hUbal was expressed using the Bac-to-Bac Baculovirus
Expression System as described previously (34). High titer
recombinant baculoviruses were used to infect Spodoptera fru-
giperda (S19) cells at a cell density of 2 X 10° cells/ml cultured in
S£-900 II SFM medium (ThermoFisher Scientific). Cells were
harvested after 72 h infection and stored at —80 °C before fur-
ther use. All other proteins in this study were expressed by
inducing E. coli strain BL21 (DE3) codon plus (Stratagene)
transformed with plasmid carrying target cDNA. All large-scale
cultures were grown at 37 °C in baffled flasks to an A4, of 1.0, at
which point the flasks were placed into ice water to cold-shock
the cells. After 30 min, isopropyl B-p-1-thiogalactoside was
added to a final concentration of 0.2 mm, and the cultures were
shaken at 18 °C for an additional 18 h.

Protein purification

Bacterial and insect cell pellets were harvested, resuspended,
and lysed by sonication in lysis buffer (20 mm Tris-HCI, pH 8.0,
350 mm NaCl, 20 mMm imidazole, 2 mm 2-mercaptoethanol
(BME)). All lysates were cleared by centrifugation and applied
to columns containing nickel-nitrilotriacetic acid Superflow
resin (Qiagen) by gravity. After elution in buffer containing
20 mm Tris-HCI, pH 8.0, 350 mm NaCl, 250 mMm imidazole, 2
mM BME, proteins with TEV-cleavable His, tags were pro-
cessed by adding TEV protease at a ratio of 1:100 (w/w) and
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incubating overnight at 4 °C. All proteins used for crystalli-
zation and biochemical experiments were subjected to gel
filtration (Superdex 200 or Superdex 75 based on protein
size; Amersham Biosciences). hUbal, UBE2T, UBE2B, and
UBE2D2 were subsequently applied to an anion-exchange col-
umn (Mono Q; Amersham Biosciences) in 20 mm Tris-HCI, pH
8.0, 50 mm NaCl, 2 mm BME buffer and eluted with a linear
gradient of 50-350 mM NaCl over 20 column volumes. Frac-
tions containing purified proteins of interest were pooled, con-
centrated to 2—-15 mg/ml, and snap-frozen in liquid nitrogen.

Crystallization and data collection

hUbal was purified as described above at a final concentra-
tion of 170 um in 20 mm Tris-HCI, pH 8.0, 100 mm NaCl, 2 mm
BME. Ub (340 um), MgCl, (5 mm), and ATP (1 mm) were added
prior to sparse-matrix screening in Intelli-Plate (Art Robbins
Instruments) (400-nl sitting drop vapor diffusion format) at
18 °C. Diffraction quality crystals of the hUbal-Ub/ATP-Mg
were grown by mixing 0.9 ul of protein sample (supplemental
with ATP and MgCl,) with 0.9 ul of crystallization buffer, and
0.2 ul of Silver Bullet Reagent C1 (Hampton Research), by
hanging drop vapor diffusion at 12 °C. Crystallization buffer
contains 0.1 m MgSO,, 0.1 m Tris-HCl, pH 8.0, 20% w/v PEG
4000. Crystals were flash-frozen in liquid nitrogen in cryopro-
tectant composed of mother liquor supplemented with 5 mm
MgCl,, 1 mm ATP, and 20% ethylene glycol.

A complete X-ray diffraction data for the hUbal-Ub/
ATP-Mg complex was collected at the Advanced Photon
Source (Argonne, IL), SER-CAT beamline 22-ID. All data were
indexed, integrated, and scaled using HKL2000. The hUbal-
Ub/ATP-Mg crystal belongs to P2, with unit cell dimensions
a=105.0,b=704,c=188.9 A, and B = 95.2°. There are two
hUbal-Ub/ATP-Mg complexes per asymmetric unit and the
crystal has a solvent content of 57.6%.

Structural determination and refinement

A complete dataset for the hUbal-Ub/ATP-Mg crystals was
collected to a resolution of 3.14 A. The program Sculptor was
used to generate an hUbal model based on the coordinates of
S. cerevisiae Ubal (PDB code 3CMM). The program PHASER
(35) was used to find a molecular replacement solution using
the coordinates for two copies of the hUbal Sculptor model and
human Ub (PDB code 1UBQ). The model was refined to R/R,.
values of 0.214/0.251 via iterative rounds of refinement and
rebuilding using PHENIX (36) and COOT (37). The initial
round of refinement involved rigid body fitting of the AAD/
IAD, FCCH, SCCH, and UFD of hUbal (domain boundaries
defined in Fig. 14) and Ub. This was followed by several itera-
tive rounds of manual model building in COOT and refinement
in PHENIX using reciprocal space and individual B-factor
refinements, with torsion-angle NCS restraints and optimiza-
tion of X-ray/stereochemistry and X-ray/ADP weights applied.
Composite omit electron density maps were used to guide
model building, and TLS refinement was applied during the
final rounds of refinement with TLS groups defined using phe-
nix.find_tls_groups. Electron density for the - and y-phos-
phates of ATP and two associated magnesium ions for each
copy of hUbal were clear after the initial round of refinement
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and were manually placed into the electron density after several
additional rounds of model building and refinement. The final
hUbal-Ub/ATP-Mg model contains amino acids 1-76 from
both copies of Ub (chains B and D), amino acids 49 — 803 and
821-1057 from copy A of Ubal, and amino acids 49— 802
and 816 -1057 from copy C of Ubal. The adenine, ribose, and
a-phosphate groups of the ATP molecules associated with both
copies of hUbal were poorly ordered and therefore not
included in the final model. The final model has good geometry,
with 94.0, 5.8, and 0.2% of residues in the favored, allowed, and
disallowed regions of Ramachandran space, respectively. All
molecular graphic representations of the structures were gen-
erated using PyMOL (38) and CCP4mg (39). Structure align-
ments were performed using the program Superpose in CCP4
software suite (40).

E1-E2 thioester transfer assay

The E1-E2 thioester transfer assays were performed at 25 °C
as described previously (19, 21). All thioester transfer assays
were performed with 2.5 nm E1, 500 nm E2, 5 um Ub, 5 mm
MgCl,, 200 um ATP, 20 mm Hepes, pH 7.5, 50 mm NacCl for
120 s. Reactions were terminated through the addition of
nonreducing urea SDS-PAGE buffer and subjected to SDS-
PAGE, 150V constant, at4 °C. The gels were stained with Sypro
Ruby (Bio-Rad) and visualized with a ChemiDoc MP (Bio-Rad).

FTMap analysis of human Uba1

The FTmap server (http://ftmap.bu.edu/)® was used to iden-
tify potential ligand-binding hot spots on the surface of hUbal.
The program was run with default parameters. Thirteen hot
spots were predicted, and the numbers of probe clusters at
these sites were 14, 13,11, 10, 8,8, 7, 6, 3, 3, 3, 2, and 2, from the
highest-ranked to the lowest-ranked hot spot. The 13 clusters
localized to five binding pockets (HS1-5) on hUbal. HS1 par-
tially overlaps with the ATP-binding site and contains 13 + 8 +
7 + 3 = 31 clusters. HS2 partially overlaps with the E2 N-ter-
minal binding region and contains 11 + 10 + 8 = 29 clusters.
HS3 in SCCH domain contains 14 + 3 + 3 = 20 clusters. HS4
contains 6 + 2 = 8 clusters. HS5, which only contained two
clusters, was not included in further analysis.
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