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The phosphorylation of ubiquitin significantly enhances
the complexity of the ubiquitin code. However, the molecular
consequences of ubiquitin phosphorylation at threonine residues remain

largely uncharacterized. In this study, we present an effective method for . = SN Up
the total chemical synthesis of threonine-phosphorylated ubiquitin, —g - . @ - E3ligating

. s . .. . . Oo-P-0 b %
producing tens of milligrams of all six in vivo-identified threonine- o _E _]S‘A o o
phosphorylated ubiquitin analogues: pUbT7, pUbT12, pUbT14, \|/ Wy 48 Ub (Ub
pUbT22, pUbTSS, and pUbT66. The biochemical activities of T ’h dDL:B.
phosphorylated ubiquitin analogues were examined in vitro. Our results phospho peptide Thr-phosphoup ~ "Yerov=ing
show that threonine phosphorylation has a differential impact on E2
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charging, with phosphorylation at residue Thr7 exhibiting significant
inhibition. In addition, threonine phosphorylation significantly affects the
E1-E2-E3-mediated assembly and deubiquitinase-mediated disassembly of polyubiquitin chains in a site-specific manner.
Collectively, this work provides new insights into the effect of phosphorylation on the ubiquitin code.
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ubiquitin code. In particular, several sites of phosphorylation
have been identified on ubiquitin, including three serine
(Ser20, Ser57, and Ser6S) residues, six threonine (Thr7,
Thr12, Thrl4, Thr22, ThrSS, and Thr66) residues, and a
single tyrosine (TyrS9) residue. Significant progress has been
made in understanding the effects of serine and tyrosine
phosphorylation on ubiquitin’s biochemical activities and
structural characteristics (Scheme 1a)."”~** For example, the
kinase PINKI can specifically phosphorylate ubiquitin at
Ser6S, resulting in the formation of pUbS6S. The pUbS6S
alters ubiquitin structure, activates the E3 ligase Parkin,"”
inhibits the polyubiquitination activity of E3 ligases TRAF6
and HOIP,'® and inhibits the hydrolysis activity of
deubiquitinases. Moreover, using a genetic code expansion
(GCE) approach, Chin et al. generated serine-phosphorylated
ubiquitin (pUbS20, pUbS57, and pUbS65)*' and found that
Ser20 phosphorylation controls the linkage specificity of
UBE3C-produced ubiquitin chains. Additionally, Wang et al.
developed a GCE approach to generate pUbYS9 and found
that phosphorylation at TyrS59 altered the conformation of the

Ubiquitination is a crucial post-translational modification that
regulates numerous cellular processes," including protein
quality control, the cell cycle, and signal transduction. The
ubiquitin modification is orchestrated by a cascade of
enzymes,” including ubiquitin-activating enzyme (E1), ubiq-
uitin-conjugating enzyme (E2), and ubiquitin ligase (E3). The
El, E2, and E3 act sequentially to attach ubiquitin to the lysine
side chain of a substrate. In addition, ubiquitin can be modified
on its own seven lysine residues and an N-terminal methionine,
resulting in eight distinct types of homogeneous polyubiquitin
chains and even more complex heterogeneous polyubiquitin
chains.>~® Recent studies have revealed that ubiquitin can also
be conjugated to serine and threonine residues in proteins,
resulting in ester-linked ubiquitin modifications or ubiquitin
chains.”® Different ubiquitin chains convey distinct signals. For
example, the lysine48 (K48)-linked ubiquitin chain acts as a
degradation signal, mediating proteasomal degradation of
substrate proteins, while lysine63 (K63)-linked ubiquitin
plays an important role in DNA damage repair. Conversely,
deubiquitinases (DUBs) hydrolyze the isopeptide bond
between ubiquitin and substrate proteins, removing ubiquitin January 17, 2025
and reversely regulating the ubiquitin modification.”"’ March 20, 2025
Recent studies have revealed that ubiquitin can undergo March 21, 2025
post-translational modifications,"'~'® including acetyla- April 22, 2025
tion'' ™" and phosphorylation,"*~" which, in turn, regulate
its structure and function and enhance the complexity of the
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Scheme 1. Investigation of the Effect of Phosphorylation on Ubiquitin. (a) Previous Work, Generation of Serine-
Phosphorylated Ubiquitin Using Biological Approaches. (b) This Work, Chemical Synthesis, and Functional Investigations of

Threonine-Phosphorylated Ubiquitin

a. Previous work

OH o—g—o Functional investigations
L @
R or f"'\ _a ;“J o ° Ubﬂ °
L~ 4 k. 4
&%. 2 o b ub) @
i Ub
Kinase G:ne;ﬁsggge PhosphoUb
xpansi (S20, S57, S65)
b. Thi:
is work B (Ijl B @ l l
0—P-0
5| 0] [P]
° ()r\ AA, \)r @ o ub) [r]
PAAY Chemical Protein Synthesis a8y ub )j\s Ub) @ e 0
'@@ Y _ A 8 T Ub. Ub (ub
) AAy—Resin B E2 chargin igati i
PhosphoUb ging M E3 ligating H DUB hydrolyzing

(T7, T12, T14, T22, T55, T66)

- v b
3 T14 :
| 180° R
! T55 wy p 722 MQIFVKT'LTGKT "2 T"“LEVEPSDT?’|ENVKAKIQDKEGIPPDQ
3 5 o ;é, ; QRLIF45,'IA4GGKQLEDGRT55LSDYNIQKESTGGLHLVLRLRGG
0 D e g
; 155 |
| T66 :
e o e o e e e ’
0-P-0~
c i -assi OPO;BzI O
microwave-assisted 382 fo) Fmoc-SPPS o
Fmoc-SPPS Cleavage T7 B
HNHN— )  — == FmocHN" Ub@E48)}" NHNH— ) @ —= Ub(145) I “NHNH,
A1-B1 A-B c

Ub™"P(1-45)-NHNH, (1)

A1. Fmoc-removal: 20% piperidine, 90°C; coupling: Fmoc-AA, DIC, Oxyma, 90°C B1. 4 equiv. Fmoc-AA C1. TFA: H,O: Phenol: thioanisole: EDT
A2. Fmoc-removal: 20% piperidine, 37°C; coupling : Fmoc-AA, HATU, DIEA, 37°C. B2. 8 equiv. Fmoc-AA C2. TFA: H,O: TIPS
A1-B1-C1 1 A2-B1-C1 1 A2-B2-C1 1 A2-B2-C2 1
10 15 20 25 10 15 20 25 10 15 20 25 10 15 20 25
Retention time (min) Retention time (min) Retention time (min) Retention time (min)

Figure 1. Synthesis of the threonine-phosphorylated ubiquitin segment. (a) Ternary structure of ubiquitin. The phosphorylated threonine sites
(T7, T12, T14, T22, TSS, T66) were colored in red. (b) The amino-acid sequence of ubiquitin. The phosphorylated threonine sites were colored
in red. (c) Optimization of linear solid-phase synthesis of the phosphorylated ubiquitin segment 1. (d) HPLC analysis of crude peptide obtained
after variation of conditions for Fmoc removal and coupling (Al and A2), the equivalent of Fmoc-AAs (B1 and B2), and TFA cleavage (C1, C2).

Ub"?(1—45)-NHNH, (1) and Ub(7—45)-NHNH, (1’).

YS59—ES1 loop in ubiquitin and inhibited ubiquitin charging by
E2 UBE2D3.”

The threonine phosphorylation of ubiquitin was recently
shown to play significant physiological roles.”* Phosphoryla-
tion at threonine 12 (pUbT12) functions as a novel histone
mark that regulates the DNA damage response by inhibiting
the removal of H2AK15Ub by the deubiquitinase USPSI.
Moreover, pUbT12 prevents the binding of S3BP1 to
H2AK15Ub, thereby inhibiting the 53BP1 function at the
DNA damage site. Nonetheless, unlike serine and tyrosine
residues, which have well-established methods for obtaining
17723 techniques for

site-specifically phosphorylated ubiquitin,
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accessing homogeneous threonine-phosphorylated ubiquitin
remain limited.”> Consequently, the molecular consequences
of ubiquitin threonine phosphorylation remain largely
uncharacterized.

Chemical protein synthesis offers a powerful approach to
obtain homogeneous proteins with precise post-translational
modifications in workable amounts, including phosphorylation,
glycosylation, and ubiquitination.”*™>’ This approach has been
widely applied to functional and structural investigations of
numerous proteins with significant biological importance.*’™"
Here, we present an eflicient method for the total chemical
synthesis of threonine-phosphorylated ubiquitin analogues
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Figure 2. Chemical synthesis and characterizations of threonine-phosphorylated ubiquitin analogues. (a) Synthetic route for Thr7-phosphorylated
ubiquitin (pUbT7). (b) Analytical HPLC (214 nm) traces of the native chemical ligation. (c)—(h) Analytical HPLC (214 nm) and ESI-MS of
purified phosphorylated ubiquitin analogues (pUbT7, pUbT12, pUbT14, pUbT22, pUbTSS, pUbT66). (i) Size exclusion chromatography analysis
of the folded pUbT7. (j)—(k) SDS-PAGE analysis and CD spectra of the folded phosphorylated ubiquitin analogues.

(Scheme 1b), including pUbT7, pUbT12, pUbT14, pUbT22,
pUbTSS, and pUbT66. The synthesized phosphorylated
ubiquitin analogues were refolded, and their biochemical
activities were examined in vitro. Our experiments show that
threonine phosphorylation affects E2 charging, E1-E2-E3-
catalyzed assembly, and deubiquitinase-catalyzed disassembly
of polyubiquitin chains in a site-specific fashion.

The ubiquitin contains 76 amino acid residues, and the
identified phosphorylated threonine sites are evenly distributed
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throughout the sequence of ubiquitin (Figure lab). To
improve synthetic efficiency, we designed a synthetic route
employing native chemical ligation®* > between peptide
segments Ub(1—45)-NHNH, and Ub(46—76) (Figure 1b),
followed by postligation desulfurization.”' Taking the synthesis
of phosphorylation at Thr7 (pUbT7) as an example, we
initially attempted the single-shot synthesis of the phosphory-
lated segment Ub"""(1—45)-NHNH, (1),"” using microwave-
assisted Fmoc-SPPS with 4 equiv of amino acid in coupling
reactions, including 4 equivalents of Oxyma and N,N’-
diisopropylcarbodiimide (DIC) as a coupling reagent at 90
°C (Figure lc and Scheme SI, A1-B1—C1). Unfortunately,
despite extensive optimization, high-performance liquid
chromatography coupled with mass spectrometry (HPLC-
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Figure 3. E2 charging is differentially affected by ubiquitin threonine phosphorylation. (a) Schematic representation of E1 activating, E2 charging,
and E3 ligating of (phosphorylated) ubiquitin. (b)—(g) Quantitative analysis of the effect of threonine phosphorylation on the efficiencies of Ub

charged by six different E2s at 1 and 15 min. Each reaction was performed in two independent biological replicates.

MS) analysis revealed only the byproduct Ub(7—45)-NHNH,
(1) (Figure 1d). To our satisfaction, we first synthesized
Fmoc-Ub™"?(7—45) segment using microwave-assisted Fmoc-
SPPS at 90 °C (AI—B1). The remaining sequence after the
phosphorylation site was then synthesized at 37 °C using 4
equiv of 2-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluro-
nium hexafluorophosphate (HATU) and N,N-diisopropyle-
thylamine (DIEA) as a base (A2—B1) (Figure lc). HPLC
analysis of the crude peptide showed a major peak
corresponding to the desired product Ub"”*(1—45)-NHNH,
(1), along with a minor peak corresponding to Ub(7—45)-
NHNH, (Figure 1d). Increasing the amount of Fmoc-
protected amino acids to 8 equiv for the remaining sequence
further improved the synthesis yield (Figure 1d, A2—B2).
Switching the cleavage cocktail TFA/Phenol/H,0/thioani-
sole/EDT (C1) to TFA/H,O/TIPS (C2) further increased the
yield (Figure 1d, A2—B2—C2). Consequently, we optimized a
synthetic procedure (A2—B2—C2) for synthesizing the
remaining sequence after the threonine phosphorylation site.
Starting from 0.2 mmol resin, we were able to synthesize
Ub™""(1—45)-NHNH, (1) within 1 day, isolating over 100 mg
of the purified product (Figures S1). Ubiquitin segments
phosphorylated at other threonine sites (segments 2—6) were
also obtained using the same protocol, yielding over 100 mg
each (Figures S2—S6).

With all of the peptide segments in hand, we proceeded to
perform native chemical ligation (Figure 2a). Using the
synthesis of pUbT7 as an example, Ub"""(1—45)-NHNH,
(1) was dissolved in ligation buffer (100 mM PBS, 6 M Gn-
HCl, pH 2.3). Acetylacetone (AcAc, S equiv) and 4-
mercaptophenylacetic acid (MPAA, 100 equiv) were then
added to the reaction to convert segment 1 to the Ub™""(1—
45)-MPAA thioester (1a)*” (Figure 2b). Subsequently, Cys-
Ub(47—76)-COOH (7, 1.1 equiv) was added to the reaction
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mixture, and the pH was adjusted to 6.5 to enable native
chemical ligation (Figure 2b). The ligation proceeded at room
temperature and was completed in 2 h, yielding product 1b
with approximately 60% isolated yield. Following ligation,
desulfurization was performed.”’ Briefly, 1b was dissolved in
desulfurization buffer (100 mM PBS, 6 M Gn-HCl, pH 7.4),
followed by the addition of VA-044 (30 mM), TCEP (200
mM), and GSH (30 mM). The desulfurization reaction was
carried out at 37 °C and completed within 2 h, yielding pUbT?7
in 70% isolated yield. In the same way, we obtained pUbT12,
pUbT14, pUbT22, pUbTSS, and pUbT66 in tens of milligrams
(Figures S7—S18), sufficient for biochemical and biophysical
investigations. The identity and homogeneity of the
phosphorylated ubiquitin analogues were verified by HPLC
and ESI-MS analysis (Figure 2c—h). Next, the synthetic
phosphorylated ubiquitin analogues were refolded in vitro by
gradient dialysis. The refolded proteins were then separated by
size-exclusion chromatography, and their purity was confirmed
by SDS-PAGE (Figure 2ij). Circular dichroism (CD) analysis
of the phosphorylated ubiquitin analogues revealed absorbance
curves similar to those of wild-type ubiquitin (Figure 2k),
indicating a correct secondary structure. The phosphorylation
sites were confirmed by tryptic-MS/MS analysis (Figures S19—
S24).

Having synthesized the phosphorylated ubiquitin analogues,
we next investigated the impact of threonine phosphorylation
on the biochemical activity of ubiquitin (Figure 3a). We first
examined the E2 charging step in the ubiquitination process.
For the E2 conjugating enzymes, we examined UBE2S and
UBE2L3, known for generating free Kll-linked ubiquitin
chains; UBE2K and UBE2R1, which produce K48-linked

https://doi.org/10.1021/jacsau.5c00067
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Figure 4. E1-E2-E3-catalyzed assembly of ubiquitin chains is differentially affected by phosphorylation at different threonine residues in ubiquitin.
(a—c) Coomassie staining of UBA1-UBE2R1-CRLI-, UBA1-UBE2L3-Nedd4-, and UBA1-UBE2L3-HOIP-catalyzed synthesis of polyubiquitin
chains. (d—f) Quantitative analysis of UBA1-UBE2R1-CRL1-, UBA1-UBE2L3-Nedd4-, and UBA1-UBE2L3-HOIP-catalyzed synthesis of
polyubiquitin chains. (g) Alignment of predicted structures of phosphorylated ubiquitin analogues with the CRL-UBE2R-catalyzed K48-diUb
forging complex (PDB: 8PQL). Top, the donor ubiquitin (Ubp)-UBE2R1-CRL interaction interface; bottom, the acceptor ubiquitin (Ub,)-
UBE2R1 interaction interface. Ubiquitin is shown as a cartoon, phosphorylated residues are depicted as balls, and the CRL and UBE2RI are
represented as surfaces. (h) Alignment of predicted structures of phosphorylated ubiquitin analogues to the structure of the Nedd4-Ub complex
(PDB: 4BBN). Top, the donor ubiquitin (Ubp)-Nedd4 interaction interface; bottom, the noncovalent ubiquitin (Uby)-Nedd4 interaction
interface. Ubiquitin is shown as a cartoon, phosphorylated residues are depicted as balls, and Nedd4 are represented as surfaces. (i) Two different
views of the alignment of predicted structures of phosphorylated ubiquitin analogues to the structure of HOIP-catalyzed M1-diUb forging complex
(PDB: SEDV). Ubiquitin is shown as a cartoon, phosphorylated residues are depicted as balls, and HOIP are represented as surfaces. Each
ubiquitination reaction was performed in two independent biological replicates.
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Figure S. Threonine phosphorylation differentially affects K48-diubiquitin hydrolysis by deubiquitinases. (a) Schematic representation
deubiquitinase (DUB) hydrolyzing of (phosphorylated) diubiquitin. (b) SDS-PAGE characterization of purified threonine-phosphorylated K48-
linked ubiquitin chains. (c)—(d) Coomassie staining and quantitation of USPS catalyzed hydrolysis of threonine-phosphorylated K48-linked
diubiquitin. Each reaction was performed in two independent biological replicates. (e)—(f) Coomassie staining and quantitation of OTUB1
catalyzed hydrolysis of threonine-phosphorylated K48-linked diubiquitin. Each reaction was performed in two independent biological replicates.

polyubiquitin chains; and UBE2N/UBE2V2, which generates
K63-linked polyubiquitin chains.”* We also examined UBE2D2
that can generate nonspecific ubiquitin chains.>* To this end,
each ubiquitin analogue (10 M) was incubated with E1 (0.5
uM) and E2 (5 gM) in reaction buffer (50 mM HEPES pH
7.5, 150 mM NaCl, S mM ATP, S mM MgCl,) at 37 °C. The
reactions were analyzed by SDS-PAGE, and we calculated the
E2 charging efficiency by (band intensity of E2 ~ Ub)/(band
intensity of E2 ~ Ub + band intensity of E2). According to
quantified results, compared to wild-type Ub, at a short
reaction time frame (1 min), except for UBE2K, the
phosphorylation at Thr7 significantly inhibited E2 charging
(>50% inhibition), while phosphorylation at other threonine
residues had minimal inhibitory effects (10—20% inhibition)
(Figures 3b—g and S31). At the 30-min reaction time, the
phosphorylation at Thr7 still inhibited ubiquitin charging by
UBE2K, UBE2D2, and UBE2R1 (>50% inhibition), while
phosphorylation at other threonine residues had minimal
inhibitory effect (<20% inhibition) (Figure 3b—g). Based on
these observations, we conclude that threonine phosphor-
ylation at different sites in Ub differentially affects its E2-
charging activity.

Subsequently, to investigate the impact of threonine
phosphorylation on E1-E2-E3-catalyzed polyubiquitin chain
assembly (Figure 3a), we examined three types of E3 ligases:
(1) the RING (really interesting new gene) family E3 Cullin1-
Rbxl (CRL1), which functions in conjunction with E2
UBE2RI to produce K48-linked ubiquitin chains;>® (2) the
HECT (homologous to EGAP C-terminus) family E3 NEDD4,
which produces K63-linked ubiquitin chains;** and (3) the
RBR (RING-between-RING) family E3 HOIP, which
generates M1-linked linear ubiquitin chains.”>° Each
phosphorylated ubiquitin (40 uM) was incubated with El
(0.5 uM), E2 (S5 uM), and E3 (2 gM) in reaction buffer (50
mM HEPES pH 7.5, 150 mM NaCl, $ mM ATP, S mM
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MgCl,) at 37 °C. We analyzed the reaction by SDS-PAGE
(Figure 4a—c) and assessed the efficiency of polyubiquitin
chain formation by calculating the (band intensity of free Ub
chains)/(band intensity of free Ub chains+ band intensity of
monoUb) (Figure 4d—f). We found that for the UBAI-
UBE2R1-CRL1-catalyzed K48-linked ubiquitin chain forma-
tion, phosphorylation at Thr7 and Thr66 significantly inhibited
polyubiquitin chain formation (>60% inhibition) across all
reaction time frames, phosphorylation at Thr12, Thrl4, and
Thr22 had a minimal inhibitory effect (20—40% inhibition),
while phosphorylation at ThrSS had a slight activation effect at
10 and 30 min (20—30% activation) (Figure 4d). We predicted
the structures of phosphorylated ubiquitin analogues using
AlphaFold3®” and aligned them to the reported structures of
the CRL-UBE2R-mediated K48-linked ubiquitin chain elonga-
tion complex’® (PDB: 8PQL) (Figure 4g). Thr7 and Thr66
are located at the interface between the donor ubiquitin, Rbx1,
and UBE2R1 (Figure 4g). In addition, Thr66 resides at the
interface between the acceptor ubiquitin and the acidic loop of
UBE2R1 (Figure 4g). Therefore, phosphorylation of Thr7 and
Thr66 may lead to electrostatic repulsion and steric clashes. In
contrast, Thr55 is solvent-exposed; therefore, phosphorylation
might have a minimal impact.

For UBA1-UBE2L3-Nedd4-catalyzed K63-linked ubiquitin
chain formation, phosphorylation at Thr7, Thr14, and Thr22
dramatically inhibited (>60% inhibition) polyubiquitin chain
assembly across all reaction time frames, while phosphorylation
at Thr12 and Thr66 had a minimal effect (10—20%
inhibition). Phosphorylation at ThrSS showed a slight
activation effect (<10% activation) at 30 and 60 min (Figure
4e). Aligning the predicted structures of phosphorylated
ubiquitin analogues to the structure of the Nedd4-Ub
complex™® (PDB: 4BBN) revealed that only Thr7 is located
in the Nedd4-Uby, interface, while the other threonine residues
are solvent-exposed (Figure 4h). For the noncovalent Ub-
Nedd4 interface, Thr7 and Thr12 are situated in the interface,
while the other four sites are solvent-exposed (Figure 4h).
Phosphorylation at Thr7 and Thrl2 could impair ubiquitin
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binding, whereas the effects of phosphorylation at the other
sites may not be significant. Consequently, the current
structure does not provide an explanation for the inhibitory
effect of Thr14 and Thr22 phosphorylation; it is possible that
phosphorylation may affect the recognition of the acceptor
ubiquitin by Nedd4.

For UBAI1-UBE2L3-HOIP-catalyzed linear ubiquitin chain
formation, phosphorylation at Thr7, Thr12, Thrl4, and Thr66
significantly attenuated (>60% inhibition) the generation of
linear polyubiquitin chains across all reaction time frames.
Phosphorylation at Thr22 had a minimal inhibitory effect
(10—20% inhibition), while phosphorylation at ThrSS showed
a negligible effect (<S% inhibition) (Figure 4f). Aligning the
predicted structures of phosphorylated ubiquitin analogues to
the structure of the HOIP-UBE2D2-Ub complex®® (PDB:
SEDV) showed that residues Thr7, Thr12, Thr14, and Thr66
are located in the HOIP-Ub interface, whereas Thr22 and
ThrSS are solvent-exposed (Figure 4i). This structural
arrangement could explain the observed effect of threonine
phosphorylation on HOIP-catalyzed ubiquitin chain assembly.

Taken together, these findings indicate that threonine
phosphorylation exerts a site-specific influence on the E1-E2-
E3-catalyzed polyubiquitin chain assembly. For the same
threonine site, phosphorylation can have diverse effects on
different EI1-E2-E3s, and for the same E1-E2-E3 pair,
phosphorylation at different threonine sites can elicit distinct
impacts.

On the other hand, deubiquitinases (DUBs) reverse
ubiquitination by cleaving ubiquitin or ubiquitin chains from
substrate proteins.”'® We next investigated the influence of
ubiquitin threonine phosphorylation on the hydrolytic activity
of DUBs toward ubiquitin chains (Figure Sa). The K48-linked
ubiquitin chain is one of the most abundant ubiquitin chains in
cells, known for acting as a proteasomal degradation signal.’’
To this end, using synthetic phosphorylated ubiquitin
monomers as starting material, we employed the K48-specific
E2 enzyme UBE2K to generate Thr7-, Thrl2-, and Thr66-
phosphorylated K48-linked diubiquitins, whose identities were
confirmed by SDS-PAGE and tryptic-MS/MS analysis (Figures
Sb and S25—S30). We first examined the ubiquitin specific
protease (USP) family deubiquitinases USPS and USP16,
which exhibit promiscuous preferences toward eight types of
ubiquitin chains.”> Phosphorylated diubiquitin (5 M) was
incubated with USPS/USP16 (0.25 uM), and the reaction was
analyzed by SDS-PAGE at the indicated time points. We
assessed the efficiency of deubiquitination by calculating the
ratio of (band intensity of monoUb)/(band intensity of
monoUb + band intensity of di-Ub). Compared to wild-type
K48-linked diubiquitin, which can be completely hydrolyzed
by USPS within 10 min, phosphorylation decreased its
hydrolysis by USPS (Figure Sc,d). Specifically, Thr7
phosphorylation caused slight inhibition (~10% inhibition at
1 min), Thr66 phosphorylation resulted in substantial
inhibition (~70% inhibition at 30 min), and Thrl2
phosphorylation almost completely abolished hydrolysis
(>95% inhibition at 30 min). For USP16, we also found that
Thr7 phosphorylation had a moderate inhibitory effect (~50%
inhibition at 30 min), while Thr12 and Thr66 phosphorylation
completely abolished (>95% inhibition at 30 min) diubiquitin
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hydrolysis (Figure S32). Finally, we examined the ovarian
tumor protease (OTU) family deubiquitinase OTUBI, which
exhibits strict specificity toward K48-linked ubiquitin chains. In
contrast, we found that Thr7 phosphorylation completely
abolished (>95% inhibition at 30 min) K48-diUb hydrolysis,
while Thr12 and Thr66 phosphorylation resulted in moderate
inhibition (~50% inhibition at 30 min) (Figure Se,f).
Collectively, the above results suggest that threonine
phosphorylation site-specifically affects DUB-catalyzed poly-
ubiquitin chain disassembly.

Deubiquitinases bind to sites in both distal (Ubp) and
proximal ubiquitin (Ub,) moieties to recognize the ubiquitin
chain. Aligning the predicted structures of phosphorylated
ubiquitin analogues to the reported structures of USPS-UbP
(PDB: 3THP) and USP16-Ub° (PDB: SWGS) complexes
(Figures S32 and 33),%* we found that Thr12 and Thr66 are
buried at the interfaces between USPS/USP16 and the distal
ubiquitin. Therefore, phosphorylation at Thr12 and Thr66
may be incompatible with binding to USPS and USP16. In
contrast, Thr7 is located near the USP5/USP16-Ub interface
and is partially solvent-exposed, which could explain the
minimal impact of phosphorylation. Additionally, analysis of
the structure of the OTUBI-Ub (PDB: 4DDG) complex®*
revealed that Thr7 is located in the interface between OTUB1
and distal ubiquitin, while the residues Thr12 and Thr66 are
solvent-exposed (Figure S33). Thus, the current structure of
OTUBI bound to ubiquitin does not provide an explanation
for the inhibitory effect of Thr12 and Thr66 phosphorylation
on OTUBI-catalyzed K48-linked diubiquitin cleavage. It is
possible that phosphorylation may affect the recognition of the
proximal ubiquitin by OTUBI.

In this study, we reported the expedient total chemical
synthesis of workable quantities of threonine-phosphorylated
ubiquitin analogues, which were difficult to access through
traditional biological approaches. Based on this, we first
examined the role of threonine phosphorylation (at Thr7,
Thr12, Thr14, Thr22, ThrSS, and Thr66) in the ubiquitin
conjugation and deconjugation processes. Our experimental
results revealed that ubiquitin threonine phosphorylation
affected the activities of E2s, E3s, and deubiquitinases in a
site-specific manner, providing substantial new insights into the
consequences of ubiquitin threonine phosphorylation on its
E2, E3, and DUB activity.

Compared to serine phosphorylation, which had a negligible
impact on E2 conjugation of ubiquitin, phosphorylation at
Thr7 significantly inhibited E2 conjugation of ubiquitin. In
contrast, both threonine and serine phosphorylation differ-
entially influenced E3-mediated polyubiquitin chain assembly
and DUB-mediated ubiquitin chain disassembly in a site-
specific manner (Figure S34). Notably, compared to previous
studies, our results suggested that phosphorylation at residues
in close proximity can exert distinct effects. For instance, a
previous study showed that phosphorylation at Ser65
enhanced cleavage of K48-diUb by OTUBI1, USPS, and
USP16,”" while our results revealed that phosphorylation at
Thr66 had an inhibitory effect on these DUBs. Taken together,
this study showcases the advantage of chemical protein
synthesis in obtaining custom-modified proteins and deepens
our understanding of the effect of phosphorylation on
ubiquitin function.
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The automatic Fmoc-SPPS was conducted on an automated
microwave peptide synthesizer (Liberty Blue 2.0, CEM Corp,
U.S.A.) as described previously.** Typically, peptide synthesis began
with resin swelling in DMF for S min. Each synthesis cycle included
Fmoc deprotection using 20% piperidine (containing 0.1 M Oxyma)
and amino acid coupling using protected amino acids (4 equiv), DIC
(8 equiv), and Oxyma (4 equiv). After the synthesis was completed,
the resin was washed with DCM three times and dried. Typically, 20
mL of cleavage cocktail (TFA: phenol: H,O: TIS = 82.5:5:5:2.5) was
added to the resin, and the reaction mixture was shaken for 2.5 h at 25
°C to cleave the peptides. The resin was filtered, and the combined
filtrate was reduced to about 5 mL by nitrogen bubbling.
Subsequently, 40 mL of cold ether was added to the filtrate to
precipitate the crude peptide. The crude peptide was then washed
with 2 X 40 mL of cold ether.

For manual Fmoc-SPPS, both coupling and deprotection were
performed at 37 °C. The coupling reactions were performed with 4.0
equiv of Fmoc-amino acids, 4 equiv of HATU, and 8.0 equiv of DIEA
in DMF for 30 min. The deprotection reactions were performed with
20% piperidine for 10 min.

Hydrazide-based native chemical ligation was conducted as described
previously.>% Briefly, peptide hydrazide (1.5 mM, 1 equiv) was
dissolved in 0.5 mL of ligation buffer (6 M Gn-HCl, 0.1 M NaH,PO,,
pH 2.3). Then, acetylacetone (7.5 mM, S equiv) and MPAA (7S mM,
50 equiv) were added to the reaction and was stirred at room
temperature for 4 h to convert the peptide hydrazide to the
corresponding thioester. Next, 1.1 equiv N-terminal Cys peptide Cys-
Ub(47-76)-COOH (dissolved in 0.4 mL of 6 M Gn-HCI, 0.1 M
Na,HPO,, pH 7.4) was added to the reaction mixture, and the pH
was adjusted to 6.5, stirred at room temperature for 2 h for the
ligation. Finally, the ligating product was separated by semipreparative
HPLC. For protein desulfurization, the phospho-Ub (0.5 mM) was
dissolved in 1.0 mL of desulfurization buffer (6 M Gn-HCI, 0.1 M
NaH,PO,, pH 7.4). Then, VA-044 (40 mM), TCEP (200 mM), and
GSH (30 mM) were added to the reaction, the pH was adjusted to
7.0—7.5, and the mixture was stirred at 37 °C for 2 h. The final
desulfurized product was separated by semipreparative HPLC (C4
column) using a gradient of 20—60% B over 30 min.

Typically, 20 mg of phospho-ubiquitin was dissolved in 10 mL of 8 M
urea solution in a dialysis bag and placed in 300 mL of refolding buffer
(8 M urea, SO mM HEPES, pH 8.0). The buffer was then exchanged
to HEPES buffer (S0 mM HEPES, 50 mM NaCl, pH 8.0) overnight
at 4 °C. The refolded phospho-ubiquitin analogues were further
purified on an AKTA pure chromatography system with a Superdex
75 10/300 GL column.

For the ubiquitin-conjugating assay, 0.5 uM HUBAIL, S uM E2, and
10 uM phospho-ubiquitin were mixed in a buffer containing 50 mM
HEPES, 150 mM NaCl, 10 mM ATP, and 10 mM MgCl,, pH 7.5, at
37 °C. The reaction was stopped by the addition of an equal volume
of LDS loading buffer at the indicated time and analyzed by SDS-
PAGE.

For the ubiquitin chain assembly assay catalyzed by E1-E2-E3, 0.5 uM
HUBAL, S uM E2, 2 uM E3, and 40 uM phospho-ubiquitin were
mixed in a buffer containing S0 mM HEPES, 150 mM NaCl, 10 mM
ATP, 10 mM MgCl,, pH 7.5 at 37 °C for 1 h. The reaction was
stopped by the addition of an equal volume of LDS loading buffer and
analyzed by SDS-PAGE.
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For the deubiquitination assay, 0.25 yuM DUBs and S uM diubiquitin
were mixed in a buffer containing S0 mM HEPES, 150 mM NaCl, pH
7.5, at 37 °C for the indicated times. The reaction was stopped by the
addition of an equal volume of LDS loading buffer and analyzed by
SDS-PAGE.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c00067.
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