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ABSTRACT: Terminal unactivated alkynes are nowadays consid- Thi

K K K . iol-alkyne
ered the golden standard for cysteine-reactive warheads in activity- reaction
based probes (ABPs) targeting cysteine deubiquitinating enzymes *—@-u ) — ¥ O\ |
(DUBs). In this work, we study the versatility of the thiol—alkyne ®or@®#H
addition reaction in more depth. Contrary to previous findings with ABP Cys DUB Covalent adduct

UCHL3, we now show that covalent adduct formation can

progress with substituents on the terminal or internal alkyne position. Strikingly, acceptance of alkyne substituents is strictly DUB-
specific as this is not conserved among members of the same subfamily. Covalent adduct formation with the catalytic cysteine
residue was validated by gel analysis and mass spectrometry of intact ABP-treated USP16CD"" and catalytically inactive mutant
USP16CD“**A, Bottom-up mass spectrometric analysis of the covalent adduct with a deuterated propargyl ABP provides
mechanistic understanding of the in situ thiol—alkyne reaction, identifying the alkyne rather than an allenic intermediate as the
reactive species. Furthermore, kinetic analysis revealed that introduction of (bulky/electron-donating) methyl substituents on the
propargyl moiety decreases the rate of covalent adduct formation, thus providing a rational explanation for the commonly lower level
of observed covalent adduct compared to unmodified alkynes. Altogether, our work extends the scope of possible propargyl
derivatives in cysteine targeting ABPs from unmodified terminal alkynes to internal and substituted alkynes, which we anticipate will
have great value in the development of ABPs with improved selectivity profiles.

B INTRODUCTION Terminal unactivated alkynes were believed to be unreactive
toward (nontargeted) thiols under physiological conditions and
are therefore widely applied as bioorthogonal handles.**~*°
However, in 2013 two independent groups” > discovered that

Ubiquitination is a post-translational modification (PTM)
which regulates many cellular processes.' > Aberrant ubiquiti-
nation has been observed in numerous diseases, rendering the

enzymes involved as attractive targets for drug design.””® propargylamide on the C-terminus of ubiquitin (-like modifiers;
Ubiquitination involves ligation of Ubiquitin (Ub), a small 76- Ubl) can act as a latent electrophile, forming an irreversible
amino-acid protein, onto the target protein by the EI—E2—E3 covalent adduct with the catalytic cysteine thiol of cysteine
ligase machinery. Deubiquitinating enzymes (DUBs) reverse proteases that normally cleave the native Ub(1)—Lys isopeptide
this process by cleavage of the native isopeptide bond between bond (Figure S1). The propargyl (Prg) moiety has since been
the Ub C-terminus and the target protein Lys (lysine) residue or utilized in various covalent Ub(1)-based ABPs and is considered
between the distal and proximal Ub in poly-Ub chains.*’ the golden standard for DUB ABPs because of its high stability,
Cysteine DUBs are classified by their catalytic domain, which ease of synthesis, and lack of intrinsic reactivity with nontargeted
contains a catalytic cysteine residue essential for their proteolytic thiols.'”'®?° Formation of a Markovnikov-type thiovinyl bond
function. There are currently six known classes of human between active site cysteine thiol and internal (quaternary)

cysteine DUBs: USP, OTU, UCH, MJD, MINDY, and alkyne carbon has been confirmed with numerous crystal

ZUFSP."" Their proteolytic activity can be monitored with structures of Ub(I)—Prg ABPs bound to human and viral
activity-based probes (ABPs), which covalently trap active

enzymes by formation of a covalent bond between an
electrophilic warhead on the ABP and the nucleophilic cysteine
residue in the targeted enzyme.''~'® Cysteine DUB ABPs have
been utilized to monitor DUB activity during infection, in
disease and/or upon inhibitor treatment,'*"” to identify new
DUB (classes) and catalytic cysteine residues in newly
discovered DUBs,'*™*" and to visualize Ub binding in crystal
structures of covalent adducts.””**

cysteine proteases (summarized in Table S1). Recently, we
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showed that the thiol—alkyne reaction can be extended to small
molecule inhibitors; a small recognition element is sufficient to
initiate covalent thiovinyl bond formation between the
cathepsin K catalytic cysteine thiol and the inhibitor alkyne
moiety.33

The covalent thiol—alkyne addition forming a Markovnikov-
type thiovinyl adduct is a newly discovered reaction for which
several reaction mechanisms have been proposed (Scheme 1). A
radical-mediated thiol—yne mechanism was quickly excluded
because covalent adduct formation was not prevented by
absence of light and/or addition of radical scavengers and would
have resulted in the anti-Markovnikov-type thiovinyl bond
adduct with terminal C1 carbon (Scheme 1A).*>*" Ekkebus et
al.”” and Sommer et al.*® both propose a proximity-driven in situ
thiol(ate)—alkyne addition that involves direct nucleophilic
attack of the catalytic cysteine thiol(ate) to the alkyne internal
C2 carbon (Scheme 1B). However, it was not possible to

Scheme 1. Proposed Reaction Mechanisms for Nucleophilic
Thiol—Alkyne Addition Forming Covalent Thiovinyl Bond
between Cysteine Protease and Alkyne
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(A) Radical-mediated thiol—yne reaction. Excluded because this
would form anti-Markovnikov-type product with alkyne C1 carbon
atom.’®*" (B) Proximity-driven in situ thiol(ate)—alkyne addition.””*
Direct nucleophilic attack on internal C2 alkyne by cysteine thiol is
supported by mutagenesis experiments with SENPI; only catalytic
Cys603 was essential to form covalent adduct with SUMO2-Prg.*®
(C) Spontaneous or enzyme-initiated isomerization (tautomerization)
of the terminal alkyne moiety to a thiol-reactive allenic intermediate
prior to nucleophilic addition.”” Excluded in this work by mass
spectrometric analysis. (D) Enzyme-templated thiol—alkyne addition
via a secondary carbanion intermediate that is stabilized in the
protease oxyanion hole, proposed by Arkona et al.** Contradicted by
mutagenesis with SENP1; Q597A mutation of important glutamine
residue in oxyanion hole did not mitigate covalent adduct formation
with SUMOZ—Prg,zg but this does not exclude the role of stabilizing
H-bonds with backbone amides.
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exclude the possibility that nucleophilic addition actually occurs
with a more reactive allenic isomer, present at the enzyme active
site in equilibrium with the unreactive terminal alkyne (Scheme
1C).*** Alternatively, Arkona et al.** propose an enzyme-
templated stepwise reaction with stabilization of a secondary
carbanion intermediate in the oxyanion hole to overcome the
thermodynamically unfavored bond formation (Scheme 1D).
This stepwise reaction mechanism would be similar to cysteine/
serine protease-mediated proteolysis of native amide bonds that
involves stabilization of the anion intermediate in the oxyanion
hole via interactions with polar residues such as glutamine or by
H-bonds with backbone amides.***’

To date, the scope of the thiol—alkyne addition with
unactivated alkynes has been limited to unsubstituted terminal
propargylamide; Ekkebus et al. report that substituting the
hydrogens on either the terminal Cl carbon (CH) or
the internal C3 carbon (CH,) of the propargyl moiety in
Ub-Prg mitigates covalent bond formation with UCHL3
(Scheme 2).”” The lack of reactivity was contributed to
mechanistic components, like an important role for the terminal
alkyne proton, or formation of a reactive allene intermediate at
the active site. Alternatively, we now hypothesize that the lack of
reactivity with substituted propargyl derivatives is resultant from
specific steric interactions at the UCHL3 active site and as such
not representative for the prospective reactivity with other
cysteine DUBs. Variation in the warhead has been reported to
affect the adduct formation pattern in cell lysate while keeping
the ubiquitin recognition element unchanged,19 although we
would like to note that in those cases the nature of the warhead
was changed rather than introduction of (bulky) substituents to
the same electrophile.

In this work we show that restrictions on propargyl
substitution are DUB-dependent rather than a general property
of the in situ thiol—alkyne reaction. We selected a panel of
substituted alkynes that are incorporated in DUB ABPs and
explore their reactivity both in lysate and on an extensive set of
recombinant cysteine DUBs. Formation of a covalent adduct
with substituted alkynes is subsequently validated with USP16.
Furthermore, we investigate the consequences of substituents
on the rate of covalent adduct formation, since introduction of
electron-donating substituents on internal and terminal alkyne
carbons reduces alkyne electrophilicity. Together, these results
illustrate the possibilities and flexibility of the in situ thiol—
alkyne addition, thereby improving our understanding of its

Scheme 2. Covalent Adduct Formation between Catalytic
Cysteine Thiol of Recombinant Cysteine Protease UCHL3
and the Alkyne Quaternary C2 Carbon of Ub-Prg Is
Mitigated When Hydrogens Are Substituted on the Propargyl
Terminal (C1) or Internal (C3) Carbon”’
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underlying reaction mechanism and expanding the scope of this
reaction to substituted and internal alkynes.

B RESULTS AND DISCUSSION

Design and Synthesis of ABPs with Substituted
Alkyne Warheads. Cysteine DUB activity can be probed by
replacing the Ub C-terminal carboxylate (G76) with an
electrophile positioned in alignment with the native isopeptide
bond (Figure S1A), thus covalently trapping the catalytic
cysteine residue.”®”*" The binding affinity of the truncated C-
terminal Ub peptide at the active site is low; therefore, full-
length Ub is used as recognition element in cysteine DUB
targeting ABPs.*"** To elucidate the scope of alkyne
substituents in the thiol—alkyne reaction, we prepared a panel
of substituted alkynes that were coupled to the C-terminus of
fully synthetic Rho-Ub,_s, thus generating new ABPs targeting
cysteine DUBs (Figure 1 and Figure S1B). Substituents were
introduced on the terminal C1 carbon (2 + 3) or internal C3
carbon (monosubstitution; 4 + 7, or double substitution; 5 + 8)
as well as alterations on the Ub backbone (amide) (9 + 10).

A * >
reporter/tag recognition electrophile
element
b A A Ao A
Prg 2 3 4 7

Rhodamine Ubiquitin, alkyne
c! c? RN
Prg CH CH, H
2 CMe CH, H .
3 CPh CH, H Importance of terminal proton
4 CH CHMe H Restrictions P1 position
7 CH CHPh H
5 CH C(Me), H . -
8 CH C(Cy) H Exclude allenic equilibrium
190 g: C'észz I\|/I-16 Role of backbone amide

Figure 1. Panel of substituted alkynes incorporated in activity-based
probes (ABPs) targeting cysteine DUBs. (A) Synthetic ubiquitin
lacking the C-terminal glycine residue (Ub,_,; or UbAG) was modified
with fluorescent rhodamine (Rho) moiety on the N-terminus as
reporter tag and with propargylamide (Prg) or propargylamide
derivatives 2—10 as cysteine thiol-reactive electrophiles on the C-
terminus (synthetic scheme shown in Figure S1B). (B) Substituents
were introduced on the terminal C1 carbon, internal C3 carbon, and Ub
backbone (amide). Propylamide (Prp) is a noncovalent control.
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In detail, terminal methylated alkyne 2 and phenylated alkyne
3 were designed to investigate the importance of the terminal
proton on Cl. The monomethylated alkyne 4 and mono-
phenylated alkyne 7 (increased bulkiness) with a single
substituent on the C3 carbon were included to gain further
insight into restrictions at the Ub C-terminus (Pl site in
substrate nomenclature). The double-substituted quaternary C3
derivatives geminal-3,3-dimethylated alkyne $ and cyclohexy-
lated alkyne 8 were included to examine the option of a reactive
allene intermediate rather than a reactive alkyne (as presented in
Scheme 1C). Adduct formation with these quaternary C3
alkynes would exclude the formation of a reactive allene isomer
prior to nucleophilic thiol addition, as it is not possible to
deprotonate a quaternary C3 carbon. Furthermore, we included
butargyl 9 and N-methylated alkyne 10 to examine the role of
the Ub backbone (amide). The longer linker between the amide
and the reactive carbon in butargyl 9 excludes conjugating
effects by the Ub amide (but is also not optimally aligned with
the native isopeptide bond, Figure S1A), whereas the role of the
amide proton itself can be examined by replacing it with a methyl
group in the N-methylated propargyl derivative 10. Finally,
propylamide (Prp) was included as a control, as this compound
lacks a reactive warhead and should be incapable of forming
covalent adducts.

Rho-Ub-ABPs with Substituted Alkynes Form Cova-
lent Adduct with DUBs in Lysate and Recombinant
DUBs. To explore the reactivity of our panel of substituted
alkyne ABPs, we explored DUB adduct formation both in lysates
and against recombinant DUBs. Whole HEK293 lysate was
incubated with the panel of Rho-Ub-ABPs to identify DUBs that
form covalent adducts with substituted alkynes 2—10 (Figure
2A).* In-gel fluorescence shows the typical labeling pattern for
Rho-Ub-Prg and reveals that substituents on alkynes 2—10 do
not fully mitigate covalent adduct formation (Figure 2B) as
labeling, although to a lesser extent, can still be observed. A
similar pattern was observed upon incubation of EL4 lysate
(Figure S2).

Next, we validated the labeling observed in whole lysates by
incubation of purified recombinant cysteine DUBs with Rho-
Ub-ABPs (Figure 2C). Strikingly, substituted alkynes 2 and §,
which were previously reported unreactive toward UCHL3,”’
showed reactivity toward other cysteine DUBs. A closer look
into our data reveals that Rho-Ub-ABPs with terminally
modified alkyne 2 or 3 generally do not form covalent adduct
with our set of recombinant OTU, UCH, MJD, and ZUFSP
DUBs, but labeling is observed for several USP DUBs.
Moreover, labeling patterns in lysate and recombinant DUBs
show that monosubstituted alkynes 4 (Ala mimic) and 7 are
generally accepted, highlighting that variants at the Ub-ABP P1
position are acceptable. There are some controversies in the field
on this matter as DUBs are believed to be sensitive to
modifications at P1; available crystal structures show Gly76
occupies a restricted tunnel.** The most-described example here
is mutant Ub%’%A, which renders poly-Ub chains resistant to
DUB cleavage while still posing as a substrate for E1 ligases.***°
However, Wilkinson et al.*” report that poly-Ub chains with
UbS7% at the distal position, although processed slower than
Ub™? chains, are not resistant to USPS-mediated proteolysis.
This is in agreement with our findings that Ala mimic 4 forms a
covalent adduct with recombinant USPS (Figure 2C).
Furthermore, even double-substituted alkynes S and 8 are
accepted by some DUBs. Adduct formation of Rho-Ub-$ with
recombinant purified USP16 was evident (Figure 2C), but
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Figure 2. Incubation of whole lysate and purified recombinant DUBs with Rho-Ub-alkyne ABPs. (A) Incubation of whole lysate with Rho-Ub-ABPs to
identify covalent ABP-DUB adducts. (B) Fluorescence scan of HEK293 lysate incubated with Rho-Ub-ABP (10 M) reveals that acceptance of alkyne
substituents is DUB-specific. Assignment of labeled DUBs based on proteomic analysis by Altun et al."* Darker bands correlate with more covalent
ABP—enzyme adduct, but the maximum intensity depends on total protein expression. Fluorescence scans of HEK293 or EL4 lysate incubated with 1
or 10 uM Rho-Ub-ABP are shown in Figure S2. Full gel scans and loading controls are provided in Figure S6. (C) Fluorescence scan of recombinant
purified cysteine DUBs incubated with Rho-Ub-ABP (10 uM). Fluorescence intensity was normalized to Rho-Ub-Prg adduct. DUB conversion to
covalent adduct (visualized with Coomassie protein stain) is shown in Figure S3. Constructs and source of recombinant purified cysteine DUBs are
specified in Table S2. Full gel scans and loading controls are provided in Figures S9 and S10.

labeling of endogenous USP16 in HEK lysate was hard to
observe (Figure 2B). However, adduct formation of Rho-Ub-§
with USP16 in lysate could be detected when the fluorescence
exposure was increased (Figure S2C) as well as by incubation of
HeLa lysate overexpressing FLAG-HA-USP16 (Figure S2D). In
addition, lysate treatment reveals that UCHLS3 is one of the few
DUBs that has enough flexibility at its active site to
accommodate the longer linker of butargyl 9. Even close family
members, UCHL1 and UCHLS, do not accommodate the
longer linker length, confirming the deciding role of the cysteine
protease in adduct formation. Methylation of amide nitrogen in
alkyne 10 is accepted by the majority of DUBs included in our
panel. As expected, covalent adducts with Rho-Ub-Prp were not
observed, since this compound lacks an electrophilic warhead.
On the basis of these results, we can conclude that
substituents on the alkyne warhead do not generally block
covalent adduct formation. Mitigation of covalent adduct
formation with the cysteine thiol by introduction of substituents
is DUB-specific and could be the result of electronic or steric
effects or a combination thereof. Two alkyne ABPs were selected
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for validation of the covalent bond formation: terminal modified
alkyne 2 to gain insight into the role of the terminal proton (or
steric hindrance) and gem-dimethylated alkyne $ as isomer-
ization to a more reactive allene intermediate prior to
nucleophilic thiol addition (Scheme 1C) is not possible for
this substituted alkyne.

ABPs Form Covalent Adducts with Catalytic Cysteine
Residue in Recombinant USP16. USP16 (Ubp-M) was
selected for validation of covalent adduct formation as it forms a
covalent adduct with both Rho-Ub-2 and Rho-Ub-§ (Figure 2C
and Figure S2). We selected the catalytic USP domain rather
than full length USP16 for validation because of its higher
stability and compatibility with top-down mass spectrometry
(MS). First, covalent adduct formation with Rho-Ub-Prg, Rho-
Ub-2, and Rho-Ub-5 was validated by incubation of
recombinant USP16CD"" and resolved by SDS-PAGE under
denaturing conditions (Figure 3A, left). As expected, a higher
running band corresponding to the fluorescent covalent ABP—
enzyme adduct (+8.9 kDa) was revealed by in-gel fluorescence
scanning and protein staining. Preincubation of USP16CD""

https://doi.org/10.1021/jacs.0c10513
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Figure 3. Validation of covalent adduct between Rho-Ub-alkyne ABPs
and catalytic Cys20S in USP16CD. (A) In-gel fluorescence (top) and
Coomassie stain (bottom) of purified recombinant USP16CD"" or
mutant USP16CD“**** incubated with ABP (Rho-Ub-Prg, Rho-Ub-2,
or Rho-Ub-5). Adduct is formed with USP16CD"7, but preincubation
with the thiol-alkylating reagent N-ethylmaleimide (NEM) prior to
incubation with ABPs blocks adduct formation, indicating cysteine thiol
is required for adduct formation. Adduct is not observed with
USP16CD“*%*4, identifying catalytic Cys205 as the modified cysteine
residue. (B) Deconvoluted mass from intact protein MS confirms the
covalent adduct (+8.9 kDa) of USP16CD"" with Rho-Ub-Prg, Rho-
Ub-2, and Rho-Ub-5. (C) Covalent adduct is not observed in
deconvoluted mass from intact protein MS for catalytically inactive
mutant USP16CD®2%4 with Rho-Ub-Prg, Rho-Ub-2, or Rho-Ub-5.

with the thiol-alkylating reagent N-ethylmaleimide (NEM) prior
to incubation with ABPs abolishes adduct formation (Figure 34,
middle), indicative of adduct formation with a cysteine thiol.
Catalytically inactive mutant USP16CD“*** was generated to
validate modification of catalytic Cys20S rather than one of the
13 noncatalytic cysteine residues present in USP16CD,*** as
covalent adduct formation of ABP Ub-VS (vinyl sulfone) with
less nucleophilic noncatalytic cysteine residues has been
reported for UCHL1 and OTUB1."® Covalent adduct formation
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DA mutant

was not observed upon incubation of USP16C
(Figure 3A, right).

Mass spectrometry (MS) of intact protein (adducts
confirms covalent ABP—enzyme adduct formation with
USP16CDWT (Figure 3B), but covalent adducts are not
observed with inactive mutant USP16CD“*** (Figure 3C).
Together, these findings confirm that USP16 is covalently
modified by the Rho-Ub-alkyne ABPs on catalytic Cys205.

Bottom-Up Mass Spectrometric Analysis ldentifies
Alkyne and Not Allene as the Reactive Group. Covalent
adduct formation of gem-dimethylated alkyne S with USP16
does not only illustrate the important role of the cysteine DUB in
the in situ thiol—alkyne addition; the retained ability to form a
covalent adduct also has mechanistic implications. Adduct
formation with Rho-Ub-§ cannot occur through isomerization
to an allene intermediate prior to nucleophilic addition (Scheme
1C); deprotonation of the quaternary C3 carbon atom to form
the allene is not possible. To confirm our hypothesis, we
synthesized Rho-Ub-[D,]-Prg with deuterated propargylamine
[D,]-Prg as warhead (Figure 4A). The covalent adduct of a
recombinant DUB with Rho-Ub-[D,]-Prg will contain two
deuterium atoms if the alkyne is indeed the reactive species
(Scheme 1B,D) while isomerization to an allene intermediate
(Scheme 1C) would result in replacement of one deuterium
atom by a hydrogen atom. Covalent adducts of Rho-Ub-[D,]-
Prg and Rho-Ub-Prg with UCHL3 (unreactive toward 5) and
USP16 (reactive toward §) were submitted to alkylation and
trypsin digestion to generate peptides for bottom-up mass
spectrometric analysis. Peptides of different lengths containing
the QTISNACGTIGLIHAIANNK stretch were detected for
UCHL3 adducts modified with Prg or [D,]-Prg, with a mass
difference of 2 Da between deuterated and protonated adducts
(Figure 4B). Peptide GLSNLGNTCFFNAVM (ox)-
QNLSQTPVLR (with oxidized methionine) was detected for
both USP16 adducts, with a mass difference of 2 Da between
deuterated and protonated adducts (Figure 4B). Peptides
corresponding with isomerization were not detected for the
[D,]-Prg adducts. Furthermore, tandem mass spectrometric
analysis of both modified UCHL3 peptides confirms that the 2
Da mass difference can be attributed to a modification on the
catalytic cysteine residue (Figure 4C,D and Table S6).

Together, this clearly shows that the in situ thiol—alkyne
addition to unsubstituted alkynes does not involve isomerization
to an allene intermediate, thereby excluding mechanism C
(Scheme 1C). It is more challenging to conclude whether
nucleophilic addition to the alkyne moiety is exclusively
proximity-driven (Scheme 1B) or goes through enzyme-
templated stabilization of a carbanion intermediate in the
oxyanion hole (Scheme 1D). To our knowledge, all cysteine
residues targeted by unactivated alkynes are located at the active
site of cysteine proteases (or ligases), which could stabilize a
carbanion intermediate in an oxyanion hole (Scheme 3). We
cannot exclude nor confirm this mechanism based on our
current data, but we would like to note that the inductive effect
of the electron-donating methyl group in alkyne 2 contributes
negatively to the internal stabilization of the negative charge,
thus reducing the stability of the tertiary carbanion compared to
the already unfavored secondary carbanion intermediate that is
formed with terminal alkynes (Scheme 3B). It is possible that
enzyme oxyanion hole sufficiently stabilizes the tertiary
carbanion to progress with covalent bond formation, but the
proximity-driven reaction seems more likely for internal alkyne
2.
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Figure 4. Bottom-up mass spectrometric analysis of covalent adduct with Rho-Ub-[D,]-Prg excludes allene intermediate in mechanism of in situ thiol—
alkyne addition. Details on chemical synthesis of deuterated propargylamine [D,]-Prg are provided in Scheme S1. (A) Schematic overview of
methodology. Incubation of recombinant DUB with Rho-Ub-[D,]-Prg and Rho-Ub-Prg is followed by alkylation and trypsin digestion to generate
modified peptides for mass spectrometric analysis. [somerization to an allene intermediate (Scheme 1C) will result in replacement of one deuterium

atom in the covalent adduct, while both deuterium atoms remain for the

other mechanisms (Scheme 1B,D). (B) Modified peptides detected for

UCHL3"™ (QTISNACGTIGLIHAIANNK) and USP16CD"T (GLSNLGNTCFENAVM(ox) QNLSQTPVLR) adducts with Rho-Ub-[D,]-Prg and
Rho-Ub-Prg have a mass difference of 2 Da, corresponding with mechanisms B and D. (C) Tandem MS fragmentation of trypsin-digested UCHL3
peptide QTISNAC*GTIGLIHAIANNK (residues 89—108). (D) Full MS2 spectrum for UCHL3 peptide QTISNAC*GTIGLIHAIANNK modified
with Gly-HH-Prg (top) or Gly-DD-Prg (bottom). Relevant fragment ions are assigned in blue (contains cysteine residue) or green (does not contain
cysteine residue), confirming modification on the cysteine residue with 2 Da mass difference. The m/z values of expected and detected fragment ions

are provided in Table S6.

Kinetic Analysis of Covalent Adduct Formation with
USP16. Next, we examined whether introduction of bulky/
electron-donating substituents on the alkyne terminal CI or
internal C3 carbon atom reduces the rate of covalent adduct
formation. Incubation of USP16CD"T with 10 M Rho-Ub-
ABP does indeed show time-dependent increase of the higher
running covalent adduct and a decrease of the lower running
noncovalent/unbound USP16 for Rho-Ub-2 and Rho-Ub-§
(Figure SA). Adduct formation does not progress beyond the
first time point for Rho-Ub-Prg, indicating that reaction
completion was reached before the first sample was quenched
(within 15 min). This finding is in agreement with exceptionally
fast adduct formation reported for Ub(1)-Prg ABPs (reaction
completion within minutes).””**

Covalent adduct formation of USP16 with Rho-Ub-ABPs is
slower with substituted alkynes 2 and § than with Prg, requiring
alonger incubation time to reach maximum covalent occupancy.
We performed a kinetic evaluation of covalent adduct formation
to calculate the minimum incubation time to reach reaction
completion at a specific ABP concentration (Figure SB).
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Covalent adduct formation between ABP and cysteine protease
is a two-step process: the noncovalent ABP—enzyme complex is
formed rapidly, followed by covalent adduct formation as the
rate-determining step.”” > Time-dependent covalent occu-
pancy of irreversible covalent ligands can be directly detected (in
the absence of competing substrate/ligand) by separation of
covalent adduct from noncovalent complex and unbound
enzyme on LCMS or gel and subsequent quantification of
signals.”>~>” Here we incubated USP16CD"" with excess Rho-
Ub-ABPs and quantified incubation time-dependent covalent
occupancy by gel analysis (Figure SC). Estimates for the rate of
covalent adduct formation k,,, reaction halflife ¢;,, and
incubation time to reach reaction completion were obtained
by assuming maximum covalent occupancy is shared among all
ABPs. Adduct formation with all ABPs is concentration-
dependent; reaction completion is reached faster at the high
ABP concentration. However, covalent adduct formation with
Rho-Ub-Prg is unusually fast; maximum covalent occupancy is
reached within a few minutes at both concentrations, and the
reaction rates might be even faster than what we reported here.

https://doi.org/10.1021/jacs.0c10513
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Scheme 3. Stabilization of Anionic Intermediates for
(Enzymatic) Reactions with Cysteine DUBs
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(A) Cysteine DUB-mediated isopeptide bond proteolysis. Stabiliza-
tion of anionic tetrahedral intermediate in the oxyanion hole. Release
of ubiquitin, (ubiquitinated) substrate, and cysteine protease. (B)
Proposed enzyme-templated thiol—alkyne addition with stabilization
of unfavored carbanion intermediate in the oxyanion hole. Terminal
alkynes such as Prg would form a secondary carbanion, but internal
alkynes such as terminally methylated alkyne 2 would form a tertiary
carbanion intermediate that is internally destabilized if R is an
electron-donating group (EDG). (C) Nonenzymatic internal
stabilization of a carbanion intermediate by inductive effect of
electron-withdrawing group. Details on chemical synthesis of
trifluoromethylated alkyne 18 are provided in Scheme $2.%

The half-life and extrapolated incubation time to reach
maximum covalent adduct formation provide valuable insights
into the reduced reactivity of Rho-Ub-$ in incubation
experiments (Figure 2 and Figure S2); reaction completion is
reached after more than 4 h, which well exceeds the common
incubation time for ABPs with lysate or recombinant protein.
Incomplete adduct formation is observed as a band with
(significantly) lower intensity than the band with Rho-Ub-Prg
which does reach maximum intensity.

Overall, introduction of substituents on propargylamide
decreases the rate of covalent adduct formation with
USP16CDY" by >30-fold for methylation of the terminal C1
carbon (Rho-Ub-2) and >100-fold for gem-dimethylation of the
internal C3 carbon (Rho-Ub-5). This dramatic reduction in
reaction rate explains the low reactivity of substituted alkynes
upon incubation of lysate or recombinant protein as adduct
formation is not completed within the standard incubation time
of 30—60 min. Rho-Ub-ABPs with slower covalent adduct
formation than Rho-Ub-Prg could be desirable as they are more
suited to study (ir)reversible inhibitor potency in kinetic
competition assays.12’63’
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Next, a binding assay based on fluorescence polarization (FP)
of the Rho-Ub-ABPs with excess catalytic inactive USP16°2%%
mutant was performed to determine K, values independent of
electronic factors as covalent adduct formation with USP16°2%%
does not occur (Figure SC). Introduction of methyl substituents
clearly reduced the noncovalent affinity (reflected in higher Kp),
indicative of disfavored steric interactions. However, electronic
effects cannot be disregarded as the rate of adduct formation
(kops) with Rho-Ub-2 is more than 30-fold slower than with
Rho-Ub-Prg where the noncovalent affinity (Kp,) is less than 3-
fold lower. This shows that disfavored steric interactions as well
as electronic effects contribute to the reduced rate of covalent
adduct formation with methylated alkynes.

Contribution of Steric and Electronic Effects on DUB
Reactivity toward Substituted Alkynes. Substituents
introduced on the alkyne C1 or C3 positions (Figure 1) were
designed to have a minimal electronic effect, but kinetic
evaluation of covalent adduct formation (k) and noncovalent
affinity (reflected in the Kp,) with USP16 revealed that the role of
steric and electronic effects cannot be separated completely
(Figure SC). To further study the individual contribution of
steric and electronic components, we included electron-
deficient alkyne 18, with an electron-withdrawing —CF; group
on the terminal alkyne carbon (Scheme 3C and Figure S4A).
Introduction of an electron-withdrawing group (EWG) on the
terminal position of an alkyne significantly increases the thiol
reactivity as the inductive effect contributes positively to the
stabilization of a negative charge, thereby enabling non-
enzymatic internal stabilization of a carbanion intermediate
(Scheme 3C). The increased electrophilicity was indeed
reflected in the observation of significant adduct formation
with nontargeted thiol glutathione (GSH) (Figure S4B,C).
Incubation of HEK293T lysate (Figure S4D) showed that most
DUBs form a covalent adduct with Rho-Ub-18, indicating an
electronic rather than steric component driving the lack of
reactivity with alkyne 2. Faint covalent adduct formation with
Rho-Ub-18 was observed upon incubation of USP16CD“*%4
mutant, indicating a preference for the catalytic cysteine residue
over other (nontargeted) cysteine residues (Figure S4E,F).
Altogether, we can conclude that (disfavored) steric as well as
electronic properties of the substituent affect DUB reactivity
with substituted alkynes.

Implications on the Scope of the In Situ Thiol—Alkyne
Addition. Introduction of bulky and/or electron-donating
substituents can reduce the rate of covalent bond formation, but
it is DUB-dependent whether modifications are allowed. We
foresee this might be used for the development of ABPs with
improved selectivity for a specific DUB. Here, introduction of
electron-donating and electron-withdrawing substituents on the
C1 or C3 positions would tune alkyne reactivity (electronic
effect) while simultaneously modulating selectivity (steric
effect). Another possibility would be to introduce primed site
recognition peptide fragments on the terminal alkyne position to
improve selectivity and/or affinity.'**>

The reaction mechanism (Scheme 1B or 1D) has extensive
consequences for the scope of the in situ alkyne—thiol addition.
Enzyme-templated stabilization of a carbanion intermediate
(Scheme 1D) would restrict the applicability in drug design to
targeting catalytic cysteine residues with unactivated alkynes,
but it also mitigates the risk of covalent adduct formation with
nontargeted thiols. A covalent adduct is not formed with
noncatalytic cysteine residues because the carbanion inter-
mediate cannot be stabilized as there is no oxyanion hole present

https://doi.org/10.1021/jacs.0c10513
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Figure 5. Kinetic analysis of covalent adduct formation with Rho-Ub-alkyne ABPs. (A) Incubation time-dependent covalent adduct formation of Rho-
Ub-alkyne ABPs with USP16CD"” visualized by Coomassie stain after gel electrophoresis (denaturing conditions). Intensity of covalent USP16-ABP
adduct band increases upon longer incubation time for substituted alkyne ABPs Rho-Ub-2 and Rho-Ub-S$, but reaction completion is reached before
the first time point for Rho-Ub-Prg. (B) General method to obtain kinetic parameters for covalent ligands from incubation time-dependent covalent
occupancy. (C) Kinetic analysis of covalent adduct formation between USP16CD and Rho-Ub-ABP. USP16CD"" was incubated with excess ABP,
and samples were quenched after various incubation times. Covalent occupancy was quantified from gel analysis (triplicate measurement) to obtain the
rate of covalent adduct formation kg, reaction half-life ¢,/,, and reaction completion (details in the Supporting Information). The maximum
occupancy is less than 100%, which can be attributed to commonly observed inactive subpopulations in (recombinant) enzyme.®"> Adduct formation
with Rho-Ub-Prg was completed within 5 min; therefore, the measurement was repeated with shorter intervals. Reliable estimates for the kinetic
parameters could not be obtained because reaction completion was still reached too quickly. Ky, values for noncovalent binding were obtained in a
binding assay based on fluorescence polarization (FP) of Rho-Ub-ABPs with excess USP16CD“***S mutant.

in their vicinity, resulting in a mechanism-based selectivity for terminal alkynes with (double) substituents on the internal C3
the targeted thiol. To date, only electron-deficient (activated) carbon. Covalent adduct formation of terminally methylated
alkynes such as propiolamides, propiolonitriles, and alkynylated alkyne 2 and gem-dimethylated alkyne 5 with catalytic Cys20S of
heteroarenes have been reported to form covalent adducts with USP16 was validated by gel analysis and mass spectrometry of

. . . L ,35,59,67—6 . . »
noncatalytic cysteine residues (in kinase targets).”>>>%7~% intact covalent adducts. Adduct formation was mitigated by

The inductive effect of (conjugated) electron-withdrawing preincubation with thiol-alkylating reagent NEM or by C20SA

groups sufficiently stabilizes the carbanion intermediate to mutation, thus confirming catalytic Cys20S as the targeted
progress with covalent bond formation, with targeted as well as amino acid residue. Mechanistically, acceptance of gem-
(undesired) nontargeted thiols (Scheme 3C). Unfortunately, dimethylated alkyne S together with mass spectrometric analysis
electron-deficient alkyne 18 is not suited to study whether the in of covalent adducts with deuterated ABP Rho-Ub-[D,]-Prg
situ thiol addition to unactivated alkynes involves enzymatic validates the alkyne moiety rather than an allenic isomer as the
stabilization of a carbanion in the oxyanion hole (Schemes 1D reactive species in the in situ thiol—alkyne addition. Kinetic
and 3B) because thiol addition can progress through an analysis revealed reaction completion was reached within in a
alternative, nonenzymatic mechanism (Scheme 3C). We believe few minutes for Rho-Ub-Prg, while electron-donating/bulky
further research to elucidate the mechanism of thiol addition to methyl substituents on alkynes 2 and § significantly reduced the

unactivated (internal) alkynes should be directed toward
computational studies with enzymes for which structural data
are available or by successfully targeting noncatalytic cysteines
with unactivated alkynes.

rate of covalent adduct formation resultant from a combination
of (disfavored) steric interactions and electronic effects,
reaching maximum covalent occupancy after (several) hours.
Whether nucleophilic addition of the catalytic cysteine thiol to
the alkyne moiety is solely proximity driven or involves
enzymatic stabilization of a carbanion intermediate could not

B CONCLUSION

To conclude, this work shows that the in situ thiol—alkyne be concluded definitively.

reaction is more flexible and versatile than previously assumed. A Altogether, we extended the scope of the in situ thiol—alkyne

panel of substituted propargylamide derivatives was incorpo- reaction from unmodified terminal alkynes to substituted

rated into Rho-Ub-ABPs as the electrophilic warhead, and (internal) alkynes, provided mechanistic insight, and

treatment of lysate or recombinant cysteine DUBs showed that discovered that acceptance of alkyne substituents is DUB-

covalent adducts can also be formed with internal alkynes and dependent. We anticipate substituted unactivated alkynes not to
6430 https://doi.org/10.1021/jacs.0c10513
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be restricted to bioorthogonal handles but also to be of great
value as electrophiles in future development of cysteine-
targeting covalent inhibitors and activity-based probes with
improved selectivity profiles.
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