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Molecular and structural insight into lysine
selection on substrate and ubiquitin lysine 48
by the ubiquitin-conjugating enzyme Cdc34
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The attachment of ubiquitin (Ub) to lysines on substrates or itself by ubiquitin-conjugating (E2) and ubiquitin ligase (E3)
enzymes results in protein ubiquitination. Lysine selection is important for generating diverse substrate-Ub structures
and targeting proteins to different fates; however, the mechanisms of lysine selection are not clearly understood. The
positioning of lysine(s) toward the E2/E3 active site and residues proximal to lysines are critical in their selection. We
investigated determinants of lysine specificity of the ubiquitin-conjugating enzyme Cdc34, toward substrate and Ub
lysines. Evaluation of the relative importance of different residues positioned —2, -1, +1 and +2 toward ubiquitination of its
substrate, Sic1, on lysine 50 showed that charged residues in the —1 and -2 positions negatively impact on ubiquitination.
Modeling suggests that charged residues at these positions alter the native salt-bridge interactions in Ub and Cdc34,
resulting in misplacement of Sic1 lysine 50 in the Cdc34 catalytic cleft. During polyubiquitination, Cdc34 showed a strong
preference for Ub lysine 48 (K48), with lower activity towards lysine 11 (K11) and lysine 63 (K63). Mutating the -2, —1, +1
and +2 sites surrounding K11 and K63 to mimic those surrounding K48 did not improve their ubiquitination, indicating
that further determinants are important for Ub K48 specificity. Modeling the ternary structure of acceptor Ub with the
Cdc34~Ub complex as well as in vitro ubiquitination assays unveiled the importance of K6 and Q62 of acceptor Ub for
Ub K48 polyubiquitination. These findings provide molecular and structural insight into substrate lysine and Ub K48
specificity by Cdc34.

Introduction

Protein ubiquitination involves the covalent attachment of the
8 kDa Ub to proteins and is important in regulating nearly all
aspects of cellular function.! Protein ubiquitination requires a
cascade of three classes of enzymes.! First, the C-terminal gly-
cine of (Ub) forms a thioester bond with the catalytic cysteine
of the E1 Ub-activating enzyme in an adenosine-5-triphosphate
(ATP)-dependent manner. Ub is then transferred from the E1
to the active-site cysteine of an E2 Ub-conjugating enzyme in
a transesterification reaction. Finally, E2s in conjunction with
a substrate-binding E3 ligase, transfers Ub to a substrate lysine
(K) to form an isopeptide bond. Two major families of E3s exist.
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The RING (really interesting new gene) finger E3s, which lack
catalytic activity, recruit the substrate and E2-Ub conjugate into
a single complex to facilitate ubiquitination on substrate lysine.?
Conversely, catalytic HECT (homologous to E6-AP C terminus)
E3s accept Ub from the E2 via a catalytic cysteine in a trans-
esterification reaction, then transfer Ub to a substrate lysine.!
Protein ubiquitination is a very versatile process, due to the
ability of Ub to be conjugated to substrate lysines, its own lysines
or its N terminus, which generates a diverse range of structures.’?
Attachment of one Ub to substrate results in monoubiquitination,
while conjugation of two or more Ubs to substrate lysines results
in multiple monoubiquitination.* Furthermore, once attached
to substrate, Ub itself can act as an acceptor for conjugation
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of further Ubs, resulting in polyubiquitin chain extension. Ub
contains seven lysines at positions 6, 11, 27, 29, 33, 48 and 63,
all of which can serve as acceptors to generate polyubiquitin
chains.>>¢ Alternatively, linear head-to-tail polyubiquitin chains
can be formed where the C-terminal glycine of Ub is attached
to the a-amino group of a methionine from another Ub by the
HOIL/HOIP/SHARPIN linear ubiquitin chain assembly E3
ligase complex (LUBAC).”°

The generation of different substrate ubiquitin structures
is important for obtaining structural diversity, which, in turn,
allows proteins to be targeted to different fates. For example,
in response to DNA damage the E2 Rad6 in association with
the RING E3, Radl8, promotes monoubiquitination of PCNA
to recruit translesion polymerases and repair damaged DNA."
13 Polyubiquitination through Ub K11 or K48 generally targets
protein for proteasomal degradation.'*” K63-linked Ub chains
can function in DNA repair pathways." Synthesis of linear poly-
ubiquitin chains on the NF«B essential modulator (NEMO) by
the LUBAC complex is important in the activation of the NFkB
pathway‘B—l(J,lﬁ
ferent sites on ubiquitin generate distinct polyubiquitin struc-

Structural studies reveal that linkage through dif-

tures, which can adopt compact or open conformations.”” This
structural diversity allows proteins with specific Ub-binding
domains (UBDs) to discriminate between alternate Ub struc-
tures”” and mediate distinct downstream events.

Despite the importance of protein-ubiquitin structural
diversity in controlling specific fates of targeted proteins, the
mechanisms that control generation of this diversity is not well-
understood. While it is clear that E2s in combination with E3s
are important for substrate selection and linkage specificity dur-
ing polyubiquitination, how different sites are selected on pro-
teins or on ubiquitin to generate chains of particular topology
is not well understood. RING E3s bind substrate and position
their lysine(s) toward the thioester bond of E2-Ub for effi-
cient ubiquitination.’” In addition to the E3-mediated position-
ing of substrate lysine/s for optimal ubiquitination, emerging
work shows that amino acids proximal to ubiquitinated lysine
(s) are important determinants of their efficiency of ubiquitina-
tion."*12% Studies with the E2, Ube2C and its cognate E3, the
anaphase-promoting complex (APC) suggest that these amino
acids constitute initiation motifs, which control the efficiency of
substrate lysine ubiquitination to exert temporal control on their
degradation during the mitotic cell cycle.?! Similar findings have
been reported for the E2, Cdc34 and its cognate E3 ligase, the
Skp, cullin and F-box (SCF) complex.” In addition to RING
E3-mediated selection of lysines on substrates, the targeting of
specific lysines on Ub during polyubiquitination to generate
chains of specific topology is generally controlled by structural
aspects of E2s.!?* Structural studies of the Mms2/Ubcl13-Ub
demonstrate that this complex assembles so that K63 of acceptor
Ub is positioned proximal to the Ubc13-Ub thioester bond dur-
ing Ub chain formation.?® Similarly, studies with Ube2S, which
generates K1l-specific polyubiquitin chains, demonstrates that
this E2 recognizes a surface around K11 of acceptor Ub.*

In the current study, we investigated mechanisms of lysine
specificity by the ubiquitin-conjugating enzyme, Cdc34. In yeast,
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Cdc34 and its cognate E3 RING ligase Skpl-Cdc53/cullin-F
box protein, Cdc4 (SCF<**) generates K48-linked polyubiquitin
chains on the cyclin-dependent kinase (CDK) inhibitor Sicl,”
which targets this protein for proteasomal degradation. This is
necessary for alleviating the inhibitory effect of this protein on
cyclin-dependent kinases (CDKs) to promote G,-S phase cell
cycle progression.”2® We have previously shown that amino acids
immediately adjacent to ubiquitinated lysines on Sicl influence
their rate of ubiquitination by Cdc34/SCF“¥* to control the rate
of Sicl degradation and cell cycle progression.” In the current
study, to gain a detailed insight into the importance of sequence
motifs in ubiquitination efficiency by Cdc34/SCF¢4, the relative
importance of different amino acids positioned -2, -1, +1 and +2
on the efficiency of ubiquitination of Sicl lysine 50 (Sicl-K50)
or lysines in Ub during polyubiquitination was evaluated. These
studies showed that alternate amino acids differentially impacted
on the ubiquitination of Sicl1-K50. The -1 position plays a criti-
cal role, as mutation of this site generally decreased Sic1-K50
ubiquitination, while charged amino acids in the -2 position
reduced ubiquitination. In contrast, changes to the +1 and +2
positions did not affect ubiquitination in most cases. Modeling
studies suggest that charged residues in the -2 and -1 position
alter the interactions between substrate and Cdc34 to misplace
lysine 50 in the catalytic cleft of Cdc34. These studies indicate
that amino acids proximal to substrate lysines play important
roles in their selectivity and ubiquitination efficiency by Cdc34,
suggesting that E2s utilize this mechanism to select substrates
for optimal ubiquitination. We also evaluated the importance of
amino acids surrounding lysine residues in Ub for their impact
on ubiquitination efficiency and polyubiquitin chain extension.
As reported previously, Cdc34 showed a strong preference for Ub
K48 during polyubiquitination;?” however, K11 and K63 were
also utilized less efficiently. Mutating the proximal sites sur-
rounding K11 and K63 to mimic amino acids surrounding K48
did not improve their ubiquitination efficiency, indicating that
other determinants play important roles. Modeling the struc-
ture of the acceptor Ub with its K48 positioned at the thioester
bond of the Cdc34~-Ub complex, together with structure-guided
mutagenesis and in vitro ubiquitination assays, unveiled K6 and
Q62 of acceptor Ub as important new determinants for Ub K48-
mediated polyubiquitination by Cdc34.

Results

Charged amino acids -1 and -2 proximal to Sic1-K50 reduce
its ubiquitination efficiency by Cdc34/SCF**. We previously
investigated mechanisms of lysine specificity during ubiquiti-
nation of the yeast CDK inhibitor, Sicl, by the E2, Cdc34 in
association with its cognate E3, SCF“‘. These studies dem-
onstrated that Cdc34/SCF“ ubiquitinates Sicl with differ-
ential efficiency on different lysine residues in the N terminus.
Concurrent mutation of amino acids in the -1 and +1 positions
proximal to the ubiquitinated lysine critically affects ubiquiti-
nation efficiency.”” These studies suggest that sequence motifs
surrounding the ubiquitinated lysine are important for regulat-
ing the efficiency of ubiquitination, as demonstrated for the E2,
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Ube2C, which ubiquitinates mitotic substrates.? In addition,
studies assessing the E2, Ubc9, demonstrates that most small
ubiquitin-like modifier (SUMO)-modified proteins contain a
consensus motif @KX(D/E), where @ is a large hydrophobic
residue.?® X-ray crystallography studies of Ubc9 complexed to its
substrate RanGAP1 suggest that these amino acids proximal to
SUMOylated lysine make important contacts to residues in the
catalytic core of Ubc9.” We therefore performed a comprehen-
sive analysis of the impact of different amino acids in the -2, -1,
+1 and +2 positions on the ubiquitination of Sic1-K50 to obtain
information into the relative importance of the position and
identity of particular amino acid in relation to Sicl-K50 ubiq-
uitination efficiency. We mutated amino acids in these positions
to residues representing the seven different classes of amino acids
including alanine (neutral), cysteine (thiol), aspartate (acidic),
phenylalanine (aromatic), asparagine (amide), arginine (basic)
and serine (alcohol) (Fig. 1A). The rationale for using Sicl-K50
is that this site displays an intermediate level of ubiquitination,
between the optimal Sicl-K53 site and the suboptimal Sic1-K32,
-K36, -K84 and -K88 sites.”” Therefore, Sic1-K50 should be ame-
nable to both increased and decreased ubiquitination and thus is
suitable for evaluating any impact the surrounding amino acid
mutations may cause.

Mutation of Sicl threonine 48 (T48) at the -2 position to the
aforementioned alternate amino acids resulted in variable effects
on Sicl-K50 ubiquitination. Namely, mutation to cysteine or ser-
ine did not impact Sicl-K50 ubiquitination (Fig. 1B). However,
mutation to alanine, phenylalanine and asparagine increased
Sicl-K50 ubiquitination (135-148%). Conversely, mutation to
aspartate decreased activity to ~-75%, while mutation to argi-
nine resulted in the largest reduction in ubiquitination (~45%)
(Fig. 1B). Therefore, mutation to alternate amino acid classes
in this position differentially affects Sicl-K50 ubiquitination.
Unlike the differential effects observed by mutation to different
amino acids in the -2 position, mutation of threonine 49 in the
-1 position resulted in a significant reduction in Sic-K50 ubiqui-
tination with all the substitutions tested (Fig. 1B). This ranged
from a minor reduction in ubiquitination to 77%, when threo-
nine was mutated to alanine, to a major reduction to 28%, when
this site was mutated to cysteine (Fig. 1B). Mutation to the other
amino acids tested, including aspartate, asparagine, arginine and
serine, reduced ubiquitination of Sic1-K50 to 46-60% (Fig. 1B).
Therefore, the -1 position is critical in controlling Sic1-K50 ubig-
uitination. In contrast to the effects of mutation of the -1 and
-2 positions, mutation of serine 51 in the +1 position did not
affect Sicl K50 ubiquitination in most cases. Mutation to alanine
yielded the greatest change, with an increase in ubiquitination
to 141% (Fig. 1B). All of the other mutations only had a mini-
mal impact, with no mutation significantly reducing Sic1-K50
ubiquitination (Fig. 1B). Mutation of phenylalanine in the +2
position also resulted in modest effects on Sicl-K50 ubiquitina-
tion. Mutation to alanine reduced activity to 68% of wild-type
activity. The other mutants tested, including cysteine, aspartate,
tryptophan, asparagine and arginine resulted in Sic K50 ubiquiti-
nation ranging from 79-120% (Fig. 1B). Altogether, these stud-
ies show that altering the amino acids in the -2, -1, -1 and +2
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positions can differentially and significantly impact on the effi-
ciency of Sic1-K50 ubiquitination by Cdc34/SCF¢4. The -1 and
-2 positions are more important than the +1 and +2 positions,
since mutations at these sites had a greater impact on Sic1-K50
ubiquitination. In particular, charged residues in the -1 and -2
positions, including aspartate and arginine, negatively impact on
Sic1-K50 ubiquitination. Consistent with these findings, none of
the six N-terminal lysines in Sicl, which are all ubiquitinated in
S. cerevisiae,” contain charged residues in the -1 and -2 position
(Fig. 1C).

Computational model of the Cdc34~-Ub complex bound to
Sicl,, ., substrate. To rationalize these results at a structural level,
a ternary complex of Cdc34-Ub donor complex® in association
with the Sicl, , was modeled by comparative modeling using
as template the known structure of Ube2I and its substrate (pdb
code: 2GRN)?' by Modeler v.9.11.32 Twenty different models
were generated for each variant. The models differed mainly in
their side-chain orientations at the interface of the complex. This
allowed assessment of the reproducibility of the predicted effects
induced by the mutations. Since mutation of the -2 and -1 posi-
tions, namely Sicl; ., o and Sicl o 00, yielded the great-
est changes in Sicl-K50 ubiquitination (Fig. 1B), we focused on
changes at these sites. The Sicl, ,, was oriented within the cata-
lytic site of the Cdc34-Ub donor complex, in agreement with the
model of Sicl bound to Cdc34/SCF®4 33 and the Sicl S51 serine
in +1 position aligned with the serine in +1 position observed in
the 2GRN complex.

In agreement with the mechanism proposed for Ube2l,
where N85, Y87 and D127 provide a suitable environment for
alignment of the substrate lysine,” the models suggest that the
homologous Cdc34 residues, N87, Y89 and S139 are also impor-
tant for Sicl-K50 alignment in the catalytic cleft. Mutagenesis
of Cdc34 Y89 confirms the importance of this site for substrate
lysine ubiquitination.” The region surrounding the catalytic
pocket of Cdc34 is rich in charged residues, arginines (colored
in blue, Fig. 2A) and aspartate (colored in red, Fig. 2A). In par-
ticular Cdc34 R90, R93, D104 (which belongs to the acidic
loop), D91 and arginine 74 in the C-terminal tail of ubiquitin.
There are more than thirteen charged residues surrounding the
Cdc34 catalytic core, and most are involved in well-defined intra-
and intermolecular electrostatic networks in the native complex
(Fig. 2B, left). In particular, two groups of charged residues
located in positions that suggest the formation of sale-bridge
interactions can be highlighted in the wild-type model. On one
side of the catalytic cleft, Cdc34 R93 may be involved in a salt-
bridge network with D91 and the lysine in the +3 position of
the Sicl. On the other side, the two C-terminal Ub arginines
are likely to form a network of electrostatic interactions with an
aspartate of Ub itself and D104 of the Cdc34 acidic loop.

Mutation of Sicl T48 to arginine likely induces repulsive elec-
trostatic effects to misalign Sicl-K50 in the catalytic cleft. To
assess this model of Sic1-K50,,. Figure 2B (middle) was com-
pared with the wild-type reference model (Fig. 2B, left). This
modeling gives an estimate of locally induced effects and does
not allow for large conformational rearrangements. The T48R
mutation may induce electrostatic repulsion of Sicl K50, causing
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Figure 1. For figure legend, see page 5.
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ate sequence environment.

Figure 1 (See opposite page). Amino acids —2, -2, +1 and +2 positions relative to Sic1-K50 regulate its efficiency of ubiquitination. (A) Schematic of
the sequence surrounding Sic1-K50 with amino acids in the —2, —1, +1 and +2 positions (top) and mutation of these amino acids to the different amino
acids belonging to different functional classes (bottom). (B) Cdc34/SCF““-mediated monoubiquitination of Sic1-K50 with Ub KO and the indicated
mutants with changes to the -2 (Sic1-K50 T48), —1 (Sic1-K50 T49), +1 (Sic1-K50 S51) or +2 (Sic1-K50 F52) positions. As a control, E1 was omitted from the
reaction (lane 1). The level of monoubiquitination of the different mutants was normalized relative to the level of monoubiquitination of wild-type
Sic1-K50, which was calculated as the ratio of monoubiquitinated Sic1 (Sic1-K50-Ub) relative to unmodified Sic1 substrate (Sic1-K50). The results are
quantified as the mean and standard error of the mean from three independent experiments. (C) The six N-terminal lysines of Sic1 and their immedi-

a misplacement of its side chain in the
catalytic cleft. This, in turn, in a cascade
effect, may alter the interactions between
Cdc34 R93 and D91 and the lysine in +3
position of Sicl. Since these are homology
models and large conformational rear-
rangements are not allowed, an effect on
perturbation of the arginines in the Ub
tail cannot be ruled out. Modeling the
Sic1-K50.,,,, mutant (Fig. 2B, right) sug-
gests that this mutation may impact on the
Ub arginines by electrostatic interactions
to alter the location of the Ub-tail with
respect to Sicl K50. This also induces
misplacement of the Sicl-K50 side chain
in the catalytic cleft. Ultimately, detailed
information on the effect of mutations
surrounding Sic1-K50 on their interaction
with the Cdc34 catalytic site will require
co-crystallization and structural determi-
nation of Sicl-K50 and its mutants with
Cdc34.

Cdc34 generates Ub K48- in prefer-
ence to K11- and K63-linked polyubiq-
uitin chains. In addition to assessing the
significance of the residues surround-
ing lysine/s in Sicl substrate in regulat-
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Figure 2. Model of the wild-type and mutant ternary complexes of Cdc34-Ub-Sic1,, .. (A) A
consensus model for the wild-type complex Cdc34-Ub-Sicl,, .., as well as the distribution of the
charged residues in the proximity of the Sic1 peptide. (B) The effects induced by the mutation

ing the efficiency of ubiquitination, the

importance of amino acids proximal

T48R (middle panel), T49D (right panel) compared with the wild-type Sicl
denote ubiquitin arginines.

(left panel). Ub-Rs

48-52

to Ub lysines in regulating polyubiqui-

tin chain formation was investigated.

Cdc34/SCF** is known to generate K48-linked polyubig-
uitin chains, leading to substrate proteasomal degradation.”’
Previous studies showed that glycine 47 is critical for K48-linked
polyubiquitination by Cdc34/SCF¢*."” To determine the role
of residues surrounding Ub lysines in Ub lysine selection by
Cdc34/SCF<4, we first investigated the relative specificity of
Cdc34/SCF< toward different Ub lysines during polyubiqui-
tination. For this, Sicl-K50 was used as substrate, which con-
tains only one lysine at position 50, as described previously.”
This ensures that any higher Mr species observed following
ubiquitination by Cdc34/SCF** are due to polyubiquitination,
rather than ubiquitination on multiple lysine residues on Sicl.
Wild-type Ub, or Ub where all lysine residues were mutated
to arginine (Ub KO) or Ub mutants containing a single lysine
were utilized. These studies showed that Cdc34/SCF“ read-
ily polyubiquitinated Sic1-K50 in the presence of wild-type Ub
(Fig. 3, top panel). As expected, when Ub KO was used, only
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monoubiquitinated Sic-K50 (Sicl-K50-Ub) was generated, as
there were no lysines on Ub KO for polyubiquitin chain exten-
sion (Fig. 3, top panel). Assays with Ub single lysine mutants
showed that Cdc34/SCF® readily generated polyubiquitin
chains in the presence of Ub K48, similar to that observed with
wild-type Ub (Fig. 3, top panel). Conversely, assays in the pres-
ence of Ub mutants containing a single lysine at positions 6, 27,
29 or 33 generated monoubiquitinated Sic-K50 (Sicl-K50-Ub),
which was indistinguishable from the pattern observed when Ub
KO was used (Fig. 3, top panel). Interestingly, when the Ub K11
and Ub K63 mutants were used, in addition to the generation
of monoubiquitinated Sic1-K50 (Sic1-K50-Ub), diubiquitinated
Sic1-K50 (Sicl-K50-Ub,) was also generated, although further
polyubiquitin chain extension was impaired (Fig. 3, top panel).
This data indicates that Cdc34/SCF“ efficiently utilizes
Ub K48 during polyubiquitination, but also that Ub K11 and
K63 may be utilized, but at significantly lower efficiency.

Volume 12 Issue 11

Do not distribute.

I0Science.

©2013 Landes B



:

= - N OO ™M O M
~— O © «~ N N M T ©
W SY¥¥ ¥ ¥ ¥¥Y¥ Y
O O 0 0 0 0 0 o0 o0 Qo
Z>555 55555 5

- Sic1-K50-PolyUb

Sic1-K50-Ub,
| Sic1-K50-Ub
Sic1-K50

1 2 3 45 6 7 8 9 10

- - N O ® o M
— O © «~ N N MO < O
W= ¥ ¥Y¥ ¥ ¥Y¥ ¥ ¥
0 £L L O OO0 0 9 a9 o Qo
Z>5 555555 3 5

~ Sic1-K50-Uby
Sic1-K50-Ub,
Sic1-K50-Ub
Sic1-K50

1 2 3 4 5 6 7 8 9 10

Figure 3. Cdc34 efficiently generates K48-linked polyubiquitin chains
but also inefficiently utilizes Ub K11 and K63. Cdc34 (top) and Cdc34
S139D (bottom) were tested for their ability to generate polyubiqui-
tin chains in the presence of SCF®, with Sic1-K50 as substrate and
wild-type Ub (Ub WT), Ub with no lysines (Ub KO) or Ub mutants with
a single lysine in the designated position. Lane 1 is a control where

E1 was omitted from the reaction. The position of Sic1-K50 substrate,
monoubiquitinated Sic1-K50 (Sic1-K50-Ub), diubiquitinated Sic1-K50
(Sic1-K50-Ub,) and polyubiquitinated Sic1-K50 (Sic1 K50-PolyUb) is
indicated on the right.

We have previously shown that recognition and utiliza-
tion of Ub K48 by Cdc34 during polyubiquitination requires
compatibility between amino acids surrounding Ub K48 and
key amino acids in the catalytic core of Cdc34. In particular
mutation of serine 139 of yeast Cdc34 to aspartate, which are
the two alternate amino acids almost exclusively present at this
position in different ubiquitin-conjugating enzymes, almost
completely abolishes the ability of this Cdc34 mutant (Cdc34
S139D) to generate K48-linked polyubiquitin chains, but has no
impact on its ability to monoubiquitinate different Sicl lysines.”
However, polyubiquitination with the Cdc34 S139D mutant
could be restored by mutation of residues proximal to Ub K48.
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Namely, the Ub Q49P and Ub L50S mutants restored polyubig-
uitination with the Cdc34 S139D mutant. Since our data shows
that wild-type Cdc34 displays a strong preference for Ub K48
during polyubiquitination, but also can utilize Ub K11 and K63
inefficiently (Fig. 3, top panel), we investigated if the Cdc34
S139D mutant may display altered specificity toward different
lysines of Ub. These data showed that unlike wild-type Cdc34,
Cdc34 S139D was dramatically impaired in polyubiquitination
with wild-type Ub. This was due to its inability to utilize Ub
K48 efficiently, not unlike Ub K11 or Ub K63 (Fig. 3, bottom
panel). Therefore, the Cdc34 S139D mutant inhibits its ability to
utilize Ub K48, but does not change its preference toward other
lysines in Ub.

Ub glycine 47 is critical for Cdc34/SCF®“-mediated poly-
ubiquitination via Ub K48."” Since Cdc34/SCF“* efficiently
utilizes Ub K48 during polyubiquitination but can ineffi-
ciently utilize Ub K11 and K63 (Fig. 3, top panel), we investi-
gated if amino acids proximal to Ub K48 may be important
and dominant determinants contributing to the specificity of
Cdc34/SCF<¥ for this lysine over Ub K11 and K63. We investi-
gated if replacing the amino acids around Ub K11 and K63 with
those present around Ub K48 could improve the ubiquitination
of these lysines by Cdc34/CSF. Two Ub mutants were generated,
where the -2, -1, +1 and +2 amino acids surrounding Ub K11
and K63 were mutated to those present around K48. Therefore,
the wild-type sequence around K11 (TGK, TI) was changed to
(AGK, QL), and the wild-type sequence around K63 (IQK_ES)
was changed to (AGK QL) (Fig. 4A). As expected, ubiquitina-
tion reactions using Cdc34/SCF®4 and Sic1-K50 as substrate,
demonstrated that polyubiquitin chains were readily generated
when wild-type Ub or Ub K48 was used, while Ub with only K11
and K63 were severely impaired in polyubiquitination (Fig. 4B,
left panel). When the Ub K11 or K63 mutants containing the
“K48-like” sequence context around their lysine (AGK QL and
AGK,,QL) were utilized, polyubiquitination was also severely
impaired and equivalent to that observed within their wild-type
sequence context (Fig. 4B, left panel). When the Cdc34 S139D
mutant was used in the same assays, there was no improvement
in polyubiquitination with these Ub K11 and K63 mutants com-
pared with their wild-type counterparts (Fig. 4B, right panel).
Therefore, while amino acids proximal to K48, such as glycine
47, are critical for Cdc34/SCF®“-mediated Ub K48 polyubig-
uitination," other residues in addition to the -2, -1, +1 and +2
proximal to Ub lysines are important determinants of specificity
during polyubiquitination.

Structural model of the Cdc34~-Ub donor complex with
acceptor Ub. To gain a further insight into the basis of Ub K48
specificity during polyubiquitination by Cdc34, we modeled the
overall binding interfaces and analyzed potentially important
residues that interact between the Cdc34-Ub donor complex and
K48 of the acceptor Ub. The crystal structures of human Cdc34
(PDB code: 20B4)** and ubiquitin (PDB code: 1UBQ),” have
been reported. The crystal structure of Cdc34 has the catalytic
domain (resides 6-183) resolved, with a small loop region (resi-
dues 98—113) and the unstructured 53 amino acid C terminus
tail missing. The C terminus plays a role in binding to the Cull
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Figure 4. Mutation of residues proximal to Ub lysines 11 and 63 to those present around Ub lysine 48 does not change Ub lysine specificity of Cdc34.
(A) Schematic of the sequence surrounding Ub lysines 11 (Ub K11), 48 (Ub K48) and 63 (Ub K63) encompassing amino acids from the —10 +10 relative to
lysine within their wild-type context is shown. Ub lysine 11 mutant (Ub K11 (K48-like) and Ub 63 mutant (Ub K63 (K48-like) were generated where their
surrounding -2, —1, +1 and +2 amino acids (underlined) were changed to those present around Ub lysine 48. (B) Cdc34 (left) and Cdc34 S139D (right)
were tested for their ability to generate polyubiquitin chains in the presence of SCF*, with Sic1-K50 as substrate and wild-type Ub (Ub WT), Ub K11,
Ub K48, Ub K63, Ub K11(K48-like) or Ub K63(K48-like). Lane 1 is a control where E1 was omitted from the reaction.

subunit of the SCF complex.’*¥ Previous NMR spectroscopy
studies of the Cdc34~Ub donor complex show that a hydropho-
bic patch located on one side of Ub, comprising of residues L8,
R42, 143, F45, G47, Q49, H68, L69, V70, L71, R72, L73, R74,
G75 and G76, interact with the catalytic domain of Cdc34.%*
Furthermore, in vitro ubiquitination assays using complemen-
tary charge swap mutants to map interacting residues of Ub and
Cdc34, has provided more insight into the Cdc34-Ub donor
complex.?” Based on these data, a refined model of the Cdc34-Ub
complex was created with a thioester bond between G76 of Ub
and the catalytic cysteine, C93 of Cdc34. This Cdc34-Ub com-
plex was then computationally docked with the acceptor Ub (Fig.
5A). The model of the whole complex highlighted a number of
protein-protein interactions that may be important in position-
ing the acceptor Ub K48 residue toward the Cdc34-Ub thioester
bond. For example, three potential hydrogen bonds were identi-
fied between the acceptor Ub and Cdc34 (Fig. 5B). Importantly,
this model predicted that, in addition to the important role of
G47, residues such as K6 and Q62 in acceptor Ub, which are dis-
tal in the amino acid sequence but proximal in the 3-dimensional
structure, may provide important contacts for orientating K48 of

acceptor Ub toward the Cdc34~-Ub thioester (Fig. 5B).
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Lysine 6 and glutamine 62 of acceptor Ub are important
for K48-linked polyubiquitination by Cdc34. To assess the
importance of these potential interactions, mutations in Ub were
constructed and their activity assessed in the Cdc34/SCFd-
mediated polyubiquitination assays. The model in Figure 5
represents human Cdc34-Ub. The Ub pathway, Cdc34 and
its E3 ligase SCF are conserved through evolution from yeast
to humans. Cdc34 is essential for viability in S. cerevisiae, and
human Cdc34 can functionally complement yeast deficient in
Cdc34 function.®” Furthermore, human Cdc34 is active with
the yeast SCF ligase in polyubiquitination of Sicl in vitro.?!
Polyubiquitination assays were therefore performed using human
Cdc34 and Ub and their mutant counterparts, together with
yeast SCF* and Sic1-K50 as substrate.

Since Ub G47 is known to be important for K48-mediated
polyubiquitination of Sicl by Cdc34/SCF®4" we tested the
impact of mutating the Ub K6 and Q62 sites. In polyubiquitina-
tion assays with Cdc34/SCF®* and Sic1-K50, polyubiquitina-
tion was readily observed with wild-type Ub (Fig. 6A). Mutation
of Ub K6 to aspartate, (Ub K6D) significantly reduced Sic1-K50
polyubiquitination (Fig. 6A). Conversely, conservative mutation
of K6 to arginine (Ub K6R) did not impair polyubiquitination
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Donor Ub

Acceptor Ub

Figure 5. Model of the Cdc34~Ub donor complex in association with
acceptor Ub. (A) Molecular model of Cdc34~Ub donor complex (Cdc34,
green; donor Ub, cyan) in association with acceptor Ub (purple). Lysine
48 of the acceptor Ub is positioned toward the thioester bond of the
Cdc34~Ub complex. (B) In the catalytic region of the Cdc34~donor
Ub/acceptor Ub complex interface three potential hydrogen bonds are
highlighted (yellow), together with the lysine 48 of acceptor Ub posi-
tioned toward the Cdc34~Ub thioester bond. Figure was constructed
using pymol (http://pymol.org/).

activity (Fig. 6A). Mutation of the Ub Q62 to asparagine (Ub
QO62N) also significantly reduced Sicl-K50 polyubiquitination
(Fig. 6A).

To ensure that this loss of activity was not due to alterations
in the ability of these mutants to be charged with El and then
transferred to the catalytic cysteine of Cdc34, we assessed thioes-
ter bond formation on Cdc34. These assays showed that there
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Table 1. Putative interactions of amino acids between the Cdc34 cata-
lytic region and acceptor Ub

Acceptor Ub Cdc34

LYS-6 SER-71
GLY-47 TYR-87
GLN-62 PRO-100

was no difference in the ability Cdc34 to be charged with these
mutants compared with wild-type Ub (Fig. 6B).

Since polyubiquitination of Sicl-K50 involves attachment of
Ub first to K50 of Sicl and then polyubiquitin chain extension
through Ub K48, it is possible that the alterations in Sicl-K50
polyubiquitination with the Ub mutants may be due to effects
on one or both of these steps. As we are interested in assessing
the effects of the Ub mutants on K48-mediated polyubiquiti-
nation, we performed assays to assess only the discharge of Ub
from Cdc34-Ub donor to K48 of an acceptor Ub, as described
previously.?” These assays involve generation of the Cdc34-Ub
complex, which is then incubated with acceptor Ub to monitor
the attack and disappearance of the Cdc34-Ub complex by SDS-
PAGE/western blotting.”” This assay thus bypasses the poten-
tial confounding effects of attack of the Cdc34-Ub complex by
Sic1-K50 and only measures the attack of this complex by acceptor
Ub K48. Wild-type Ub can attack and degrade the Cdc34-Ub
thioester complex, which is accelerated in the presence of SCF.%
These studies showed that the Cdc34-Ub thioester complex was
degraded in the presence of wild-type Ub, with greater than 50%
depleted after 20 min (Fig. 6C). The Ub K6R yielded similar
results (Fig. 6C). The Ub K6D was slightly delayed, while the
Ub Q62N was significantly delayed in its ability to degrade the
Cdc34-Ub thioester. These data indicate that Ub Q62 and K6 of
acceptor Ub are important during K48 attack of the Cdc34-Ub
thioester, with the Q62 site playing a more prominent role.

The aforementioned mutations, Ub K6D, K6R and Q62N,
all agree with the computational modeling, validating the model.
For the K6D mutation, the modeling predicts a loss of a protein-
protein polar interaction with Ser71 of Cdc34. However, the
longer K6R mutant would still be able to form the polar interac-
tion. Similarly, the Q62N mutant would result in a loss of a polar

interaction with the backbone of Cdc34 P100 (Fig. 6D).
Discussion

Protein ubiquitination is a versatile post-translational modifi-
cation that can decorate proteins with a vast array of different
ubiquitin structures, generating protein-Ub structural diversity,
which is important for targeting proteins to different fates.® In
the majority of cases, ubiquitin is attached to specific lysines on
substrate or itself, thus understanding the mechanistic basis of
lysine selectivity is critical toward understanding the basis of
structural diversity during ubiquitination.

In terms of substrate lysine selectivity, RING E3s bind sub-
strate to optimally position ubiquitinated lysine/s toward the
thioester bond of the E2-Ub conjugate to catalyze ubiquitin
transfer.'® In addition to E3-mediated positioning, emerging
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Figure 6. Mutation of acceptor Ub K6 and Q62 affects K48 polyubiquitination by Cdc34. (A) Effect of mutation of sites in Ub on its K48-mediated
polyubiquitination. Polyubiquitination of Sic1-K50 with Cdc34/SCF and wild-type Ub or the designated Ub mutants. Control lanes had no Ub
added (Lane 1). Lanes 2-5: Ub wild-type, Ub K6D, Ub K6R and Ub Q62N, respectively. (B) The Ub K6 and Q62 mutants do not impair generation of

the Cdc34~Ub thioester. Wild-type Ub or the designated Ub mutants were incubated with E1 and Cdc34 under ubiquitination conditions for 15 min.
The reaction was stopped with sample buffer under non-reducing conditions (NR) or reducing (R) conditions by including 3-mercaptoethanol in the
sample buffer. Samples were then separated on SDS-PAGE, transferred to nitrocellulose and subjected to western blotting with an anti-penta His
antibody to detect Cdc34 (Cdc34) or Cdc34~Ub thioester complex (Cdc34~Ub). (C) Acceptor Q62N and K6D Ub mutants impair discharge of Ub from
the Cdc34~Ub thioester complex. Cdc34~Ub thioester complex was generated in the presence of E1, ATP and treated with NEM/EDTA to prevent
subsequent Cdc34 recharging, as described in experimental procedures. Wild-type Ub or the designated Ub mutants were then added to degrade
the Cdc34~Ub complex. At the indicated times, aliquots were removed and subjected to SDS-PAGE under non-reducing conditions and western blot-
ting with an anti-penta His antibody to detect Cdc34 or the Cdc34~Ub thioester complex (left). The rate of degradation of the Cdc34~Ub thioester
complex normalized relative to the level of Cdc34~Ub thioester complex at 0 min, which was calculated as the ratio of Cdc34~Ub thioester complex
relative to Cdc34. The results are quantified as the mean and standard error of the mean from three independent experiments (right). (D) Model of Ub
K6 and Q62 mutagenesis. (1) Wild-type Ub K6 (purple carbons) interacts (yellow dashed lines) with Cdc34 S71 (green carbons). Ub K6R mutation (ma-
genta carbons) is still able to form this interaction; however, the distance to the shorter Ub K6D mutation (pink carbons) is too far. (2) Wild-type Ub Q62
(purple carbons) interacts (yellow dashed lines) with the backbone of Cdc34 P100 (green sticks). When mutated to the shorter Ub Q62N, the distance is
beyond the acceptable length. Mutagenesis and figures were constructed in pymol (http://pymol.org/).
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studies indicate that the sequence environment surrounding
ubiquitinated lysine/s in substrates is critical for their ubiquiti-
nation efficiency. Work in our laboratory has demonstrated that
amino acids -1 and +1 proximal to lysine residues are critical
for their ubiquitination efficiency by the E2 Cdc34 in associa-
tion with its cognate E3, SCF.” Similarly, the E2 Ube2C in asso-
ciation with its cognate E3, the anaphase-promoting complex
(APC/C) RING E3 recognizes a sequence motif near acceptor
lysines, which is important for lysine selection." These motifs
have been suggested to constitute “initiation motifs,” which reg-
ulate the efficiency of lysine ubiquitination by Ube2C to exert
temporal control over their proteasomal degradation during cell
cycle progression.!

In view of the emerging importance of sequence motifs in
ubiquitination efficiency, a systematic evaluation of the relative
importance of both the position and identity of different amino
acids positioned -2, -1, +1 and +2 on the efficiency of ubiquiti-
nation of a substrate lysine was evaluated. These positions were
chosen, since previous studies on the E2, Ubc9, which transfers
the small ubiquitin-like modifier, SUMO, to lysines in substrates
analogous to ubiquitin transfer on substrates by ubiquitin-con-
jugating enzymes, demonstrates that Ubc9 recognizes residues
from the -1 to +2 region, with the consensus SUMOylation
motif, KxE/D (is a bulky hydrophobic residue).?

We utilized the yeast E2 Cdc34 and its cognate E3 RING
ligase (SCF) to ubiquitinate the physiological substrate Sicl, with
one lysine at position 50. These studies showed both the relative
position and identity of amino acids differentially impacted on
the ubiquitination of Sicl-K50. Therefore, the -1 position plays a
critical role, as mutation of this site generally decreased Sicl-K50
ubiquitination (Fig. 1). Mutation of T48 in the -2 position could
either increase or decrease activity, depending on the identity of
the amino acid (Fig. 1). It was notable that positively or negatively
charged arginine or aspartate residues in the -2 and -1 positions
significantly reduced Sicl-K50 ubiquitination (Fig. 1). Unlike
the effects observed by mutation of the -1 and -2 positions,
mutation of the +1 and +2 positions in most cases only modestly
affected Sic1-K50 ubiquitination (Fig. 1). Therefore, these stud-
ies show that the -1 and -2 positions are important determinants
of ubiquitination efficiency, with charged residues in these posi-
tions negatively impacting on Sicl-K50 ubiquitination. Previous
studies have provided models of Sicl bound to Cdc34/SCF<44 %
and of the Cdc34-Ub thioester complex.*® Our molecular mod-
eling analysis provides a rationale for the importance of particu-
lar amino acids proximal to Sic1-K50. The native complex is rich
in sale-bridge interactions, which are well-organized in several
networks (Fig. 2). Therefore, the introduction of charged resi-
dues in positions proximal to the target lysine of Sicl are likely
to affect the interactions between the different components of
the complex. In particular, the -2 and -1 positions seem to be
critical. The replacement of the wild-type threonines with argi-
nine and aspartate, respectively, is predicted to cause a misplace-
ment of the target lysine and potentially the terminal residues in
the Ub-tail in the Cdc34 catalytic cleft. Hence, modeling the
Sic1-K50,,, .
this position induces repulsive electrostatic effects to misalign

mutant suggests that introduction of arginine in
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the Sic1-K50 side-chain in the catalytic cleft (Fig. 2B). Similarly,
modeling the Sic1-K50, . .
this position may lead to electrostatic interactions with arginines
in the C terminus of donor Ub to alter the location of the Ub-tail
with respect to Sicl K50 and misplace the Sic1-K50 side-chain in
the catalytic cleft (Fig. 2B). Consistent with these results, none
of the six N-terminal lysines in Sicl, which are ubiquitinated by
Cdc34/SCF contain charged residues in the -1 and -2 position
(Fig. 1C). In addition to the effects of charged residues, the pres-
ence of uncharged residues in the -1 position was also detrimental
to Sicl-K50 ubiquitination. For example, Sicl-K50.,, reduced
ubiquitination to 54%, indicating that this site is particularly

mutant also suggests that aspartate in

sensitive to alterations. This perturbation may be due to steric
hindrance induced by the larger asparagine side chain compared
with the threonine residue. This observation indicates that both
the size and charge of side chains of amino acids in position 49
contribute to the efficiency of Sic1-K50 ubiquitination.

Our results are consistent with emerging studies demonstrat-
ing the importance of amino acids proximal to substrate lysines
in regulating their efficiency of ubiquitination. Therefore, the E2
Ube2C recognizes sequence motifs on its substrates. Interestingly,
unlike in our studies where charged residues in the -1 and -2
positions decreased ubiquitination of Sic1-K50, with Ube2C, the
initiation motifs consist of charged residues, including arginine,
lysine, aspartate and histidine.?' For example lysine 50 within the
initiation motif sequence LSK, RKHR was a major ubiquitina-
tion site in geminin, and mutation of HR53/54 residues to ala-
nine reduced ubiquitination of geminin,? Ube2C and its cognate
E3, the APC ubiquitinate mitotic substrates. Initiation motifs
control the efficiency of substrate lysine ubiquitination and pro-
teasomal degradation and thus temporally control their degrada-
tion during mitosis.”! Cdc34 in association with SCF is also a
critical regulator of the G,-S phase cell cycle transition, mediated
through polyubiquitination and degradation of critical cell cycle
regulators, such as CDK inhibitors and cyclins.»*2¢ Although it
is known that post-translational modification of substrates, such
as phosphorylation is often an important trigger for targeting sub-
strates for Cdc34/SCF-mediated polyubiquitination,? our stud-
ies suggest that sequence motifs proximal to substrate lysines also
play important roles in their ubiquitination efficiency. This may
provide a mechanism for fine-tuning the selection of substrates for
optimal ubiquitination and thus temporal control of their destruc-
tion during G,-S phase. This notion is supported by our previous
studies, which show that mutation of residues proximal to Sicl
lysines 32 and 53 can regulate their ubiquitination efficiency to
control their rate of ubiquitination and degradation to control the
kinetics of G,-S phase cell cycle progression.” Therefore, muta-
tion of the -1 and +1 positions in Sicl K53 to mimic those sur-
rounding Sicl K84, reduced ubiquitination of this site by 80%
and reduced the rate of Sicl degradation and G-S phase cell
cycle progression in S. cerevisiae.” Whether sequence or initiation
motifs generally contribute to controlling substrate ubiquitination
efficiency by Cdc34/SCF for temporal control of their degrada-
tion during the cell cycle awaits further investigation.

In addition to assessing the importance of residues proxi-
mal to Sicl-K50, our studies analyzed the influence of residues
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in acceptor Ub, which are important for generating K48-linked
polyubiquitin chains. As reported previously, Cdc34 showed a
strong preference for Ub K48 during polyubiquitination;?” how-
ever, K11 and K63 were also utilized, albeit significantly less
efficiently, and diubiquitinated Sicl-K50 substrate was mainly
generated (Fig. 3). Although the determinants of Cdc34 and Ub,
which direct this enzyme to generate K48-linked polyubiquitin
chains, have not been fully elucidated, our work and previous
studies have provided insights into this area. It is clear that resi-
dues proximal to Ub K48 are important for their ubiquitination
efficiency. Therefore, glycine 47 is critical for Ub K48-mediated
polyubiquitination by Cdc34.* Although glycine 47 is critical,
this site and the other residues -2, +1 and +2 proximal to Ub
K48 are not sufficient or the dominant specificity determinants
for directing this lysine toward the Cdc34-Ub thioester bond.
This was exemplified by our studies mutating the -2, -1, +1 and
+2 sites surrounding K11 and K63 to mimic those surrounding
K48, which did not improve their ubiquitination efficiency by
Cdc34 (Fig. 4B), indicating that other important interactions are
important for K48 specificity. Although, the interaction interface
between acceptor Ub and the Cdc34-Ub complex orienting K48
toward the Cdc34~Ub thioester bond has not been elucidated,
previous studies demonstrate that the last seven amino acids in
the C-terminal tail, isoleucine 44 located in a hydrophobic patch
and threonine 12 of acceptor Ub are important for Ub K48-
mediated polyubiquitination by Cdc34/SCF“44.>” Our modeling
and mutagenesis studies highlighted the importance of Q62 and
K6 of acceptor Ub for K48 attack the Cdc34~Ub thioester com-
plex (Figs. 5 and 6), which interact with residues in the Cdc34
catalytic region (Fig. 5 and Table 1). Our model suggests that
Cdc34 Y87 interacts with Ub G47 (Fig. 5B). Previous studies
have shown that Y89 of yeast Cdc34, which is homologous to
Y87 of human Cdc34, is important for Ub K48 attack of the
Cdc34-Ub thioester during polyubiquitination.” Furthermore,
studies of the SUMO-conjugating enzyme Ubc9 in association
with its substrate RanGAP1 suggest that this Y87 is important
for aligning substrate lysine and suppressing the lysine pK to acti-
vate it as a nucleophile.?! In addition to Y89, Cdc34 S139 is criti-
cal for polyubiquitination via K48." Our current studies indicate
that mutation of this site to aspartate does not alter the Ub lysine
specificity of Cdc34. In addition to these key Cdc34 catalytic
residues, an acidic loop region of Cdc34 near the catalyrtic site is
critical for generating K48-linked polyubiquitin chains.?” This
unstructured acidic loop region was not included in our model
but indicates that the interface between acceptor Ub and Cdc34
includes further important interactions. In conclusion, our stud-
ies have provided important new insights into the interaction
between acceptor Ub and Cdc34. The structural elucidation of
the full repertoire of interactions between these proteins to gener-
ate K48-linked polyubiquitin chains awaits further studies.

Materials and Methods
Plasmid constructs. Yeast Cdc34 wild-type and a point

mutant carrying Serine-139-Aspartate (yCdc34 S139D) sub-
stitution,” were previously cloned into E. coli expression vector
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pET15b (Novagen). The open reading frame (ORF) of mutant
SICI carrying lysine 50 only (Sicl-K50) was subcloned into
the Ndel and Xhol sites of pET15b vector to produce recombi-
nant His -Sicl1-K50 protein. Site-directed mutagenesis was per-
formed according to the manufacturer’s instruction (Invitrogen)
to introduce point mutations to the amino acids proximal to
Sicl-K50 (Fig. 1A). Codon-optimized wild-type and mutants of
human Cdc34 (hCdc34), human and yeast Ub were synthesized
by GeneArt AG, and subcloned into the Ndel and Xhol sites
of pET15b, to generate recombinant His -tagged hCdc34, Ub
proteins.

Expression and purification of recombinant proteins.
Recombinant wild-type His_-yCdc34 and S139D mutant were
expressed and purified as described previously.”” Recombinant
His,-hCdc34 and His -Sic1-K50 wild-type and mutant pro-
teins were expressed in E. coli strain Rosetta BL21 (DE3) pLysS
(Novagen) and grown in LB medium containing 100 g/ml ampi-
cillin at 37°C to an OD,, ~ of ~0.8. Protein expression was
induced with either 0.75 mM (His -Sic1-K50) or 1 mM (His,-
hCdc34) IPTG at 37°C for 3 h. Cells were then collected, lysed,
and proteins were purified on Ni?*-NTA resin (Qiagen) according
to the manufacturer’s instruction. Purified His -hCdc34 proteins
were dialyzed against pH 6.0-dialysis buffer [50 mM HEPES
(pH 6.0), 150 mM NaCl, 5% (v/v) Glycerol, 1 mM DTT, 0.5
mM PMSF] to remove imidazole, while eluates containing His, -
Sicl-K50 protein was passed through a PD-10 desalting column
(GE Lifesciences) to remove imidazole. Similarly, His -Ub wild
type and mutants proteins were expressed in E. coli strain Rosetta
BL21 (DE3) pLysS (Novagen), but grown in Turbo Prime
Broth (AthenaES) containing 100 p/ml ampicillin at 37°C to
an OD_ of ~0.8. Protein expression was induced with 1 mM
IPTG at 15°C overnight. Following lysis, recombinant His -Ub
proteins were purified on a His-trap HP purification column/
Acta P900 HPLC (GE lifesciences) and fractions containing
the desired proteins were pooled and concentrated. All purified
His-Ub proteins were dialyzed against pH 8.0-dialysis buffer to
remove excess imidazole.

In vitro SCF®4/Cdc34-mediated Sicl-K50 ubiquitina-
tion. Sicl-K50 and proximal mutants were phosphorylated with
recombinant cyclin A/CDK2, in the presence of y*P-ATP, as
described previously.®** SCF®/Cdc34-dependent Sicl-K50
ubiquitination assays were performed as described previously.*4*
Briefly, 100 nM UBEI1 (E1, Boston Biochem), 1 uM wild-type
yCdc34,:25 nM SCF, 40 wM wild type Ub or lysine-less Ub
(Ub KO0) (Boston Biochem) and 0.15 wM *P-labeled Sic1-K50
were mixed with Ub-reaction buffer [50 mM HEPES (pH 8.0),
50 mM potassium acetate, 2.5 mM magnesium acetate, 1 mM
dithiothreitol (DTT), 2 mM ATP] in a 30 pl total reaction vol-
ume. In vitro ubiquitination assays were performed at 26°C for
1 h and quenched by addition of SDS-laemmli buffer. Samples
were boiled, and proteins were separated on SDS-PAGE gels.
32P-labeled Sicl-K50 was visualized by autoradiography and
quantified by densitometry analysis.

In vitro Cdc34-Ub thioester formation assays. Two wM of
Cdc34 was charged with 40 uM of wild type or mutant Ub, in
the presence of 200 nM E1 in Ub-reaction buffer at 26°C for 15
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min. The reaction was stopped by addition of non-reducing SDS-
laemmli buffer. As control, samples were also resuspended in
SDS-laemmli buffer containing 140 mM 2-B-mercaptoethanol.
Samples were separated on SDS-PAGE and analyzed by immu-
noblotting using anti-His, antibody (Qiagen).

In vitro Cdc34~Ub thioester discharge assays. Cdc34-Ub
thioester was generated in the presence of Ub-charging buf-
fer [50 mM HEPES (pH 8.0), 5 mM MgCl,, 2 mM ATP] as
reported previously.?” The reaction was stopped by addition of
10 nM N-ethylmaleimide [NEM]/50 mM EDTA solution and
left at room temperature for 15 min. Samples were then diluted
in Ub-chase buffer [50 mM HEPES (pH 8.0), 100 mM NaCl, 5
mM MgCl,, I mM DTT] containing 80 wM of wild type Ub or
Ub mutants and incubated at 26°C. Samples were removed at the
indicated times and resuspended in non-reducing SDS-laemmli
buffer. Following SDS-PAGE, immunoblotting was performed
using anti-His, antibody (Qiagen). The rate of discharge was
quantified by densitometry analysis.

Computational model of Cdc34-Ub complex bound
to Sicl,, ., substrate or acceptor Ub. A ternary complex of
Cdc34-Ub donor complex™ in association with the Sicl,, ., was
modeled by comparative modeling using as template the known
experimental structure of Ube2l and its substrate (pdb entry
2GRN)’" by Modeler v.9.11.* The Sicl,, ., was oriented within
the catalytic site of the Cdc34-Ub donor complex, in agreement
with the model of Sicl bound to Cdc34/SCF®¥*.% The models
generated were evaluated by Vadar,® with no residues in disal-
lowed region of the Ramachandran plot and low packing defects.
For a more refined model of the Cdc34-Ub thioester complex
in association with acceptor Ub, the crystal structures of human
Cdc34 (PDB code: 20B4)** and ubiquitin (PDB code: 1UBQ)*
were downloaded from the Protein Data Bank (http://pdb.org/).

A thioester bond between G76 of Ub and C93 of Cdc34 was
created in Sybylx1.2 (http://tripos.com/), and the two proteins
were manually orientated to allow for known Cdc34-Ub amino
acid contacts.?®* This complex (Cdc34-Ub donor) was mini-
mized under Merck Molecular Force Field (MMFFs) for 10,000
iterations. The Cdc34~Ub donor model was used to rigidly dock
the acceptor Ub using zdock (http://zdock.bu.edu), with the
restriction that its K48 residue was close to the thioester bond of
the Cdc34-Ub donor complex. The top 500 models were clus-
tered according to the acceptor Ub’s general orientation on the
Cdc34-Ub donor complex. A cluster of over 35 solutions cor-
related well with the biological data; namely, it allowed for the
Lys48 of the acceptor Ub to be adjacent to the thioester bond
of the Cdc34-Ub donor complex. From this cluster, the low-
est energy solution was selected as a predictive model of the
Cdc34-Ub donor Ub acceptor complex. This model was then
visually analyzed in Pymol (http://pymol.org/) which suggested
over 14 van der Waals interactions and three polar interactions

between CDC34 and the acceptor Ub.
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