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ABSTRACT

Short heptapeptides were identified to function as ubiquitin (UB) mimics that are activated by E1 and form thioester conjugates with E1, E2, and
HECT type E3 enzymes. The activities (kcat/K1/2) of E1 with the UB-mimicking peptides are 130�1,400-fold higher than the equally long peptide with
the native C-terminal sequence of UB. By forming covalent conjugates with E1, E2, and E3 enzymes, the UB-mimicking peptides can block the
transfer of native UB through the cascade.

UB is covalently attached to cellular proteins through
the tandem action of E1, E2, and E3 enzymes to regulate

many key biological processes.1 E1 catalyzes the conden-

sation reaction between the C-terminal carboxylate of UB

and ATP to form a UB-AMP intermediate that subse-

quently reacts with a catalytic Cys residue of E1 to afford

a UB∼E1 conjugate (“∼”designates the thioester linkage)

(Supporting Information (SI), Figure S1).2 UB bound to

E1 is then transferred to the catalytic Cys residue of the E2

enzymes to formUB∼E2 conjugates.3 In the last step, E3s

bridge the transfer of UB from E2 to the modification

targets.4 Similarly, UB-like proteins (UBLs) such as

Nedd8 and SUMO are transferred by their own sets of

E1�E2�E3 cascades to cellular targets.5 TogetherUBand

UBLs carry a broad band of signals for the regulation of

cell biology.6

The enzymatic cascades for protein modification byUB
or UBLs have been the intense focus of drug discovery
efforts.7 The identification of the compoundMLN4924 as
a potent inhibitor of the Nedd8 E1 demonstrates the drugg-
ability of the E1 enzymes.8 MLN4924 is currently in clinical
trials for the treatment of myeloma and lymphoma.9 Several
inhibitors of the E1 enzyme specific for UB have been
developed that inactivate the catalytic Cys residue of E1 or
disrupt UB binding to E1.10 These inhibitors can attenuate
the growth of cancer cells. E2 and E3 enzymes downstream
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of theUB transfer cascades are also valid targets for inhibitor
design. Recent screening efforts have identified compounds
that bind to E2 or E3 and block UB transfer.11 Here we
report the identification of short peptides thatmimicUBand
form covalent conjugates with the E1�E2�E3 cascade
(Table 1). Once these peptides are charged to the cascade
enzymes, they can effectively block UB transfer through the
cascade. The development of these UB-mimicking peptides
provides a new way to inhibit protein modification by UB.
We identified the UB-mimicking peptides in a study

profiling the specificityof theE1enzymeswith theC-terminal

sequence of UB by phage display.12 We constructed a

UB library with randomized UB C-terminal residues

covering 71LRLRGG76. Phage selection of the library

with Ube1, the human E1, identified UB variants with

quite different C-terminal sequences from the wild type

(wt) UB (SI, Figure S2). Interestingly these UB variants

share similar reactivities as the wt UB with Ube1.12 As

shown by the sequence alignments of the phage selected

UB clones, except for Arg72 and Gly75 that have a strong

preference for wt residues, positions 71 and 73 in the UB

variants are predominantly occupied with bulky aromatic

side chains such as Phe, Tyr, and Trp, instead of Leu

(Figure S2). Position 74 of the UB variants may also have

aromatic or positively chargedHis side chains to replace the

wt Arg residue. It has previously been reported that short

peptides corresponding to the C-terminal sequences of the

wt UB can be activated by the E1 enzymes and transferred

through theE1�E2�E3 cascade for proteinmodification.13

We were thus interested in assaying if the C-terminal

peptides of the UB variants from phage selection are more

reactive with the E1 enzyme than the C-terminal peptide

of wt UB.
We synthesized peptides corresponding to the C-terminal

sequences of wtUB (P1, VLRLRGG), and UB var-
iants e27 (P2, VWRFHGG), e40 (P3, VQRYWGG) and
e25 (P4, VYRFYGG), and measured the ATP-PPi ex-
changekinetics of thepeptides catalyzedbyUbe1 (FigureS2
and Table 1).2a The P1 peptide UB could not saturate
Ube1 at a concentration as high as 500 μM in the ATP-PPi
exchange reaction, so only kcat/K1/2 could be measured.
In contrast, the P2�P4 peptides displayed a much higher
affinity for Ube1 with K1/2 values of 141�426 μM. These
peptides were 130�1,400-fold more active than P1 in the
ATP/PPi exchange reactions based on the kcat/K1/2 values
(Table 1).Despite the higher activities of the phage selected
peptides with Ube1, P2�P4 were still 545�6,000 fold less
active than full length UB, largely due to the much lower
K1/2 of UBwithUbe1 (1.4 μM) (Table 1). The high affinity
of UBwith Ube1 can be attributed to the multiple binding
interfaces between UB and E1 besides the UB C-terminus
(SI, Figure S3A).14 7-mer peptides with the C-terminal
sequences of the UB variants e6, e19, e26, e46, and e47
from phage selection (Figure S2) were not reactive with
Ube1 based on ATP-PPi exchange. These peptides have the
second to last Gly (Gly75 of wt UB) replaced with larger
residues thatmay disrupt peptide binding to the E1 enzyme.
Since the peptides P2�P4 can be activated by Ube1 as
in the case of wt UB, we refer to them as “UB-mimicking
peptides”.
We modeled structures of the UB-mimicking peptides

bound toUba1basedon theUB-Uba1 complex14 andused
the Protein Interfaces, Surfaces, and Assemblies (PISA)
server to analyze peptide binding with Uba1 (Figure S3).15

PISA calculations suggested that the wt P1 peptide and the
P2, P3, and P4 peptides have similar interface areas with E1,
but the binding energy of P1 is 1.5�2 kcal/mol less than that

Table 1. Kinetic Parameters ofATP-PPi ExchangeCatalyzed by
Ube1 with the UB-Mimicking Peptides

K1/2

(μM)

kcat
(min�1)

kcat/K1/2

(μM�1 min�1)

wtUB (full length) 1.4 ( 0.5 88 ( 17 60

C-terminal peptides of wtUB and variants

P1 (70VLRLRGG76) �a �a 7.7 � 10�5

P2 (70VWRFHGG76) 342 ( 17 3.5 ( 0.6 1.0 � 10�2

P3 (70VQRYWGG76) 426 ( 11 9.7 ( 1.4 2.3 � 10�2

P4 (70VYRFYGG76) 141 ( 5 15 ( 2.7 1.1 � 10�1

a K1/2 and kcat could not be determined for P1 due to its low activity.
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of the P2�P4 peptides with E1 (SI, Table S1). The differ-
ences in the binding energies of the peptides with E1
calculated by PISA match the differences in ΔG calculated
based on the K1/2 values of the peptides in the ATP-PPi
exchange reactions surprisingly well (Table S1).
We next tested if the peptides P2�P4 can form thioester

conjugates with E1 and found that biotin-labeled P2, P3
and P4 peptides are all transferred to E1 to form biotin-
peptide∼E1 thioesters (Figure 1A). By contrast biotin
labeled peptide P1 with the sequence of wtUB cannot
be transferred to E1 at any detectable level. This result
matches the ATP-PPi assay and suggests that P2�P4
are more reactive with E1 than the P1 peptide. We also
found that P2�P4 can be transferred to E2 enzymes such
as Ubc1, UbcH5a, and UbcH7 to form peptide∼E2
conjugates (Figure 1B).
Since peptides P3 and P4 showed strong activities with

the E2 enzymes, we assayed the transfer of these peptides
fromE2 toE3. E3s are divided into twomain classes based
on the mechanisms of UB transfer reactions they catalyze
(Figure S1).1b The HECT type E3s have catalytic Cys re-
sidues toattack the thioester bondof theUB∼E2conjugates
to form UB∼HECT conjugates before passing the UB to
the modified proteins. In contrast, the RING or U-box E3s
bind both the UB∼E2 conjugate and target proteins to
facilitate the direct transfer of UB to the modified proteins.
In the absence of substrate proteins, the RING and U-box
E3s can be autoubiquitinated at Lys residues.Western blots
of thepeptide transfer reactions showed that biotinylatedP3

and P4 peptides can be transferred from UbcH7 to the
HECTdomainofE6AP to formpeptide∼HECTconjugates
(Figure 2A).16 However, P3 and P4 cannot be transferred
fromE2 toCHIP, aU-boxE3,17 for self-modification by the
peptides (Figure 2B). It was previously found that the Cys
thiol ismore reactivewithUB∼E2conjugates than theamino
group of Lys since the thiol is a better nucleophile.18We thus
rationalized that the HECT E3 is more reactive than the
U-boxE3 in thepeptide transfer reactionbecause the catalytic
Cys residueofHECT ismore reactive than theLys residues of
the U-box E3 to attack the peptide∼E2 conjugates.
So far we have shown that peptides P2�P4 can be

activated by E1 to form thioester conjugates with the E1,
E2, and HECT E3s. We next analyzed whether peptide
loading onto the various components of the E1�E2�E3
cascade would inhibit UB transfer through the cascade. In
thisway, theUB-mimickingpeptidesmayserveasmechanism-
based inhibitors to block protein ubiquitination. To test
this idea, we incubated the E1 enzymeUbe1 with peptides
P1�P4 at concentrations of 10, 20, and 50 μM in the
presence of ATP to allow peptide activation by E1 and the
formation of peptide∼E1 thioester conjugates. After a pre-
incubation, UB with an N-terminal HA tag (HA-UB) was

Figure 1. Reactivities of UB-mimicking peptides with E1 andE2
enzymes. (A) Transfer of biotin-labeled peptides to the E1
enzyme Ube1. Biotin-labeled UB was used as a control in the
reactions. (B) Transfer of biotin-labeled peptides P2, P3, and P4
from E1 to the E2 enzymes Ubc1, UbcH5a, and UbcH7.

Figure 2. Transfer of UB-mimicking peptides P3 and P4 to the
E3 enzymes. (A) Biotin-labeled P3 and P4 can be transferred to
theHECT domain of E6AP. (B) Biotin-labeled P3 and P4 cannot
be transferred to CHIP, a U-box E3 for self-modification.
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added to test if UB can still be loaded on the E1 enzyme.
While P1 with the wtUB sequence cannot prevent the forma-
tion of UB∼E1 thioester conjugates, peptides P2, P3, and P4
can completely block the formation of the UB∼Ube1 con-
jugate at a concentration as low as 10 μM (Figure 3A).
These results suggest that the formation of a peptide∼E1
conjugate can inhibit UB loading onto the E1 enzyme.
We also assayed the competitive inhibition of UB by the

peptides duringUB transfer toUbe1. In this assay increas-
ing concentrations of peptides were incubated with 1 μM
UB for reaction with Ube1. The amount of UB∼E1
conjugate formed in the reactions was measured by Wes-
tern blot. As shown in Figure S4 in the SI, P2�P4 peptides
can inhibit the formation of the UB∼E1 conjugate with
IC50 values of 266, 172, and 220 μM, respectively, while the
P1peptide cannot significantly inhibitUB loading onE1at
a concentration as high as 1mM.Although the IC50 values
of the P2�P4 peptides are still high for direct competition
with UB in the reaction with E1, the UB-mimicking
peptides can effectively block UB loading on E1 once they
occupy the catalytic Cys residue of E1.
We further tested the activity of UB-mimicking peptides

to inhibit UB transfer to E2 and E3. We incubated Ube1,
UbcH5a, and CHIP with P3 and P4 at concentrations of
5�100 μM to allow peptide transfer to the E1 and E2

enzymes followed by the addition of UB. Western blot
analysis of the reaction showed that P3 and P4 peptides
significantly inhibited the transfer of UB to CHIP E3 at a
concentration of 50 μM since the formation of polyubi-
quitinated CHIP was significantly decreased after prein-
cubation of the peptides (Figure 3B). We next tested if P3
and P4 can inhibit UB transfer to the HECT domain of
E6AP. After incubation of P3 and P4 with Ube1, UbcH7,
and the E6AP HECT, we added HA-UB to initiate UB
transfer to the HECT domain. Western blot analysis of the
transfer reactions showed that UB transfer to the HECT
domain was blocked at a concentration as low as 5 μM of
the P3 or P4 peptide (Figure 3C). The reason that the
peptides showed higher activities to inhibit UB transfer to
HECT E3 could be that the peptides could charge onto the
catalytic Cys residue of the HECT domain and directly
block UB loading on HECT (Figure 2A). However, the
peptides could not be transferred to the Lys residues of the
CHIP E3 to block UB conjugation (Figure 2B). Overall,
our results suggest that the UB-mimicking peptides can
block UB transfer through the E1�E2�E3 cascade and
inhibit protein ubiquitination.
In this study we developed the UB-mimicking peptides

P2�P4 that are two to three orders of magnitude more
reactive toward theE1 enzyme than the P1 peptidewith the
C-terminal sequence of wtUB. The E1 enzyme activates
the UB-mimicking peptides to form thioester conjugates
with E1, E2, and HECT type E3s. The loading of the UB-
mimicking peptides on enzymes of the ubiquitination
cascade blocks the formation of UB thioester intermedi-
ates with these enzymes and inhibits UB transfer through
the cascade. The mechanism of the UB-mimicking pep-
tides in inhibiting UB transfer is quite unique in that they
do not target a specific enzyme in the cascade, but instead
blockUB transfer at every step of the E1�E2�E3 cascade.
In future studies,we plan tomeasure the inhibitoryproper-
ties of the UB-mimicking peptides in cell-based assays.We
expect these peptides to attenuate global protein ubiquiti-
nation in the cell rather than inhibit UB transfer through
specific E2 or E3 enzymes. Furthermore since UBL pro-
teins have their own cascade enzymes for the modification
of cellular proteins, we can potentially use the same
strategy to identify UBL-mimicking peptides that block
UBL transfer through the cascades.
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Figure 3. Inhibition of UB transfer through the E1�E2�E3
cascade by the UB-mimicking peptides. (A) Inhibition of the
formation of UB∼Ube1 conjugate by peptides P2, P3, and P4.
(B) Inhibition of CHIP polyubiquitination by increasing con-
centrations of the P3 and P4 peptides. (C) Inhibition of UB
transfer to the HECT domain of E6AP by increasing concentra-
tions of P3 and P4 peptides. 5 μM HA-UB was added in each
reaction after preincubation with the peptides.
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