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ABSTRACT: Targeted covalent inhibitors (TCIs) have increased in popularity among drug candidates and chemical 
probes. Among current TCIs, the chemistry employed is largely limited to labeling cysteine and lysine side chains. Tyro-
sine is an attractive residue for TCIs due to its enrichment at protein-protein interfaces. Here, we investigate the utility of 
cyclic imine Mannich electrophiles as covalent warheads to 
specifically target a protein tyrosine adjacent to an inhibitor 
binding pocket. We characterized the intrinsic reaction rates of 
several cyclic imines to tyrosine and identified the iminolactone 
to be suitable for a covalent inhibitor (second order rate con-
stant of 0.0029 M-1 s-1). We appended the cyclic imine war-
heads to a CBX8 chromodomain inhibitor to label a non-con-
served tyrosine, which markedly improves both the potency and 
selectivity of the inhibitor for CBX8 in vitro and in cells. These 
results indicate that Mannich electrophiles are promising and 
robust chemical warheads for tyrosine bioconjugation and co-
valent inhibitors

INTRODUCTION 
The number and diversity of covalent inhibitors has in-
creased dramatically in recent years. The majority are tar-
geted covalent inhibitors (TCIs), which are rationally de-
signed to bind to a protein target and then form a covalent 
bond. A TCI brings a reactive moiety (typically an electro-
phile of low reactivity) directly adjacent to an amino acid 
side chain, inducing a high effective concentration. This 
leads to a selective covalent conjugation to a proximal 
amino acid side chain to yield an inhibitor with irreversible 
occupancy.1,2  

Covalent labeling has multiple advantages as a tool in 
probe and drug development.3 Compared with noncova-
lent inhibitors, TCIs can provide increased selectivity, in-
creased potency, and prolonged modulation of target 
function. Covalent conjugation has enabled inhibition of 
targets at PPIs that were previously thought to be undrug-
gable.4,5 PPI covalent inhibitors approved by FDA or in 
clinical trials have shown great promise in recent years.6–

14 Currently, suitable chemistry for covalent inhibitor con-
jugation is dominated by thiol-reactive electrophiles that 
react with cysteine side chains. Cysteines, however, are 
rare amino acids and are also poorly represented at 
PPIs.5,15–17  Development of additional chemical warheads 

for targeting additional residues will further expand the 
utility of TCIs.1,18  

Tyrosines are attractive targets due to their functions in 
non-covalent interactions including hydrogen bonding, 
cation-p or p-p interactions, and hydrophobic interac-
tions.19–21 While tyrosine is an amino acid of low abun-
dance (3% of protein amino acids),22 it is highly enriched 
at protein-protein interfaces (PPIs).4,5 Specifically, tyro-
sines are enriched in the histone binding pockets of epi-
genetic regulator proteins containing bromodomains 
(BrDs) and chromodomains (ChDs).23,24 Development of 
adequately selective and potent small-molecule inhibitors 
for chromodomains, in particular, has shown to be chal-
lenging.25,26  

The chemistry for targeting tyrosine has largely been 
limited to sulfonyl fluorides and fluorosulfonates, which re-
act with the phenolic oxygen as the nucleophile.27,28 29,30 
However, these warheads are not selective for tyrosine 
and react with lysine, serine, threonine, and histi-
dine.21,29,31 In addition, they have limited hydrolytic stabil-
ity, with sulfonyl fluorides displaying particular lability. Ad-
ditional chemistries have been employed for modifying ty-
rosine in bioconjugation but have not been employed in 
ligand-directed chemistry in cells due to high reactivity or 



 

poor stability. For example, thiazolinedione (TAD) rea-
gents show rapid reactivity and Tyr/Trp selectivity under 
mild conditions but have poor aqueous stability and de-
compose to the isocyanate, which labels additional resi-
dues (e.g. Lys/Cys).32,33 Similarly, aryl diazonium salts 
have seen utility in Tyr conjugation, but high reactivity and 
poor stability limits use in a TCI. 34–36  

In 2004, the Francis group reported a three-component 
Mannich reaction to selectively modify protein tyrosines 
and tryptophans via the Betti variant of the Mannich reac-
tion.37,44 The development of a two-component reaction by 
the Tanaka Lab using a pre-formed, cyclic imine (an imi-
nolactam) improved stability against hydrolysis and in-
creased reactivity to phenols over a broad pH range.38 In 
this work, we utilize two-component Mannich chemistry 
for modification of Tyr side chains and creation of TCIs 
with in vitro and cellular efficacy. We first explore the in-
trinsic reactivity of various cyclic imine derivatives on 
amino acid mimetics, and then append optimal Mannich 
electrophiles to inhibitors of CBX chromodomains to cre-
ate a highly selective CBX8 inhibitor through Tyr modifi-
cation. The improved cellular efficacy and proteome-wide 
selectivity indicate that cyclic imines have excellent prom-
ise as chemo-selective warheads to label tyrosine or tryp-
tophan.  

RESULTS AND DISCUSSION  
Reactions of cyclic imines with tyrosine. Several cy-

clic imines (5 mM) were incubated with a simple tyrosine 
analog N-acetyl-L-tyrosine methylamide (Ac-Tyr-NHMe) 
in PBS pH 7 at 37 °C (Table 1, Figure 1). The reactivity 
was quantitated by UV integration on HPLC with LC/MS 
confirmation of reaction product identity (Figure S1). Un-
der these pseudo-first order reaction conditions, reaction 
half-lives and second-order rate constants were deter-
mined.  

We observed similar reactivity of the cyclohexylimino-
lactam 1 to that previously reported by Tanaka et al using 
p-cresol.38 The reaction half-life (t1/2) of imine 1 was 8 ± 
0.3 hours under these conditions with a second-order rate 
constant of 2.4 × 10-4 M-1 s-1 at 37 °C (Figure 1) and 1.5 × 
10-4 M-1 s-1 at R.T. (Figure S2). The iminolactone 2 reacted 
faster with a t1/2 = 40 mins and second-order rate constant 
of 2.9 × 10-3 M-1 s-1 at 37 °C (Figure 1). This reaction rate 
compares favorably to the range of intrinsic rates of 
acrylamide electrophiles to cysteine (1 x 10-2 to 1 x 10-4 M-

1 s-1), which are the most commonly used reactive groups 
in covalent drugs.39 The ~10-fold increase in rate constant 
of 2 relative to 1 indicates the tunability of imine reactivity 
with adjacent electron withdrawing groups. Further in-
creasing electron withdrawing properties using aromatic 
ester imine 3 did increase the rate of Mannich addition, 
but hydrolysis of the phenol ester was a competing reac-
tion. While stable in water, we observed 70% hydrolysis 
of 3 in PBS pH 7 within an hour. Compound 4, with the 
less reactive amide, (drawn as the analogous tautomer of 
2-hydroxyquinoxaline in Table 1) was unreactive, which 
was anticipated due to aromaticity. We hypothesized N-
alkylation with a propargyl group would increase the tau-
tomeric preference towards the reactive imine; however, 
compound 5 was also unreactive. Since protonation of the 
imine can be rate-limiting in the Mannich reaction40, we 

reasoned that an iminium may lead to enhanced reactiv-
ity, similar to recent work with a proline-selective Petasis 
reaction.41 Iminium 6, however, was less reactive than 
other imines (t1/2~33 hours, Figure S2), presumably due 
to equilibrium favoring either the hydrate or the open, al-
dehyde forms42. Commercially available dihydro-beta-car-
bolines showed either very weak (compound 7) or no re-
activity (compound 8). Other imines showed limited (com-
pound 9) or no (compound 10) reactivity to tyrosine, as 
summarized in Table 1. 

Reactivity of cyclic imines to additional amino acid 
mimetics. To assess the selectivity to other amino acids, 
we tested compounds mimicking amino acid side chain 
functional groups, including b-mercaptoethanol (cyste-
ine), imidazole (histidine), isopropanol (serine/threonine), 
n-butylamine (lysine), propionic acid (aspartic acid/glu-
tamic acid), 3-methyl indole (tryptophan), and N-ethyl pyr-
role (pyrrole-lysine). We observed stable conjugates to 1 
for b-mercaptoethanol, 3-methyl indole, and N-ethyl pyr-
role by LC/MS analysis (Figure S3). Conjugation to thiols 
was expected based on previous reports.38,43 While par-
tially stable under LC/MS conditions, the N,S-thioaminal 
product was not stable under stronger acidic conditions 
(0.1 M HCl) and is readily reversible (see below).43  

The tryptophan mimic, 3-methyl indole, reacts with 1 to 
form multiple products, likely a mixture of N-substitution 
and C2/C3- Mannich- or Pictet Spangler-type additions.44–

 
Table 1. Reaction of cyclic imine Mannich electrophiles (5 
mM) with N-acetyl-l-tyrosine methyl amide (100 mM) in 
PBS pH 7 at 37 °C. The reaction was monitored using 
LC/MS. 
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46 (Figure S3). The poor aqueous solubility of 3-methyl in-
dole made it challenging to obtain a rate constant and may 
explain conflicting results from a prior report that did not 
observe reactivity with imine 1.47 Using indole-3-butyrate 
as an alternative tryptophan mimic with enhanced solubil-
ity, we determined the rate constant (k2 =1.1 ´ 10-4  M-1 s-

1 at 37 °C) (Figure 1, Figure S1, S2), which was only 2-
fold lower than the rate constant to tyrosine.  

We also tested 1 with N-ethyl pyrrole as a mimic of pyr-
rolated lysine, a lesser-known posttranslational modifica-
tion.48,49 Pyrroles are particularly electron-rich aromatic 
groups that react rapidly in Mannich-type reactions. Pre-
vious work with N-pyrrolyl alanine derivatives has shown 
fast and selective Pictet–Spengler reactions with alde-
hyde-containing biomolecules.50 Under conditions of 10 
mM cyclic imine 1 with 1 mM 1H-pyrrole-1-propionate (as 
a soluble pyrrole-Lys mimic), we determined a second or-
der rate constant of 5.9 × 10-2 M-1s-1 (Figure 1, Figure S2). 
This ~200-fold increase relative to Tyr suggests cyclic 
imines may be effective reactive groups for proteomic pro-
filing of lysine pyrrolation. 

Stability and reversibility of cyclic imines with tyro-
sine and cysteine. To validate the stability of cyclic 
imines as covalent warheads, imines 1-4 were evaluated 
by LC/MS after 96-hour incubation in PBS, 0.1M HCl, and 

0.1M NaOH (Table S1). Compounds 1 and 4 were stable 
under all conditions. Both ester containing compounds 2 
and 3 hydrolyzed under basic conditions. Aromatic ester 
imine 3 was unstable in PBS, with a mixture of hydrolysis 
and Mannich reaction with the hydrolysis product 2-amino 
phenol. We also evaluated the stability of the product of 
imine 1 with Ac-Tyr-NHMe in 0.13 M (1%) TFA, 0.53 M 
(1%) NaOH, or PBS buffer for 96 hours and observed only 
marginal decomposition of the Tyr Mannich product (Fig-
ure S4).  

Thiol addition to the imine is reversible,38,43 yet this re-
action may limit the desired reactivity of imines to tyro-
sines in cellular contexts where glutathione concentra-
tions can be 1-10 mM.51,52 To evaluate this reversibility, 
the pre-formed thioaminal product of 1 with N-acetyl-cys-
teine methyl amide was treated with either glutathione (1 
M) or Ac-Tyr-NHMe (100 mM). Both glutathione and Ac-
Tyr-NHMe outcompeted the cysteine product after 24 
hours (Figure S5). To evaluate potential effects of cellular 
thiols on tyrosine labeling rate, the cyclic imine-Tyr reac-
tion (at 5 mM and 100 mM, respectively) was evaluated 
over time in the presence of cysteine (5 mM) (Figure S6). 
The presence of cysteine slightly slowed the reaction rate 
of tyrosine-imine compared to the control.  

Covalent labeling of cyclic imine with tyrosine-con-
taining peptide (Angiotensin II) and protein (CBX8 
chromodomain). To confirm reactivity and selectivity 
within a peptide context, imine 1 (50 mM) was incubated 
with the tyrosine-containing 8-mer peptide angiotensin II 
(DRVYIHPF) (10 mM) (Figure S7). The combined yield of 
mono-labeled and di-labeled angiotensin II was ~ 45% as 
quantified by LC/MS. Imine 1 was also incubated with a 
small protein (recombinant CBX8 chromodomain (ChD)), 
which contains multiple tyrosines and tryptophans. With 
overnight incubation, two to three additions of the imine 
were observed by mass spectrometry (Figure S8).  

Design and synthesis of cyclic imine-containing 
CBX8 ChD inhibitors. SW2_110A is a selective CBX8 
ChD inhibitor with an 800 nM Kd (Figure 2C).53,54 Although 
SW2_110A demonstrates high selectivity for CBX8 over 
CBX4, CBX6, and CBX7, it is only 6-fold selective over 
CBX2. We used amino acid sequence alignment and an 
X-ray crystal structure of a similar ligand (UNC3866) 
bound to CBX8 (Figure 3B),55 to identify a tyrosine (Y39) 
residue adjacent the diethyllysine binding site that is a his-
tidine in CBX2. One of the ethyl groups of the alkylated 
lysine side chain of the ligand is solvent exposed and 
points in the direction of Y39 on CBX8, which is ~8-9 Å 
from the lysine nitrogen (Figure 2B). Thus, we synthe-
sized several potential covalent ligands by linking war-
heads off this ethyl group of SW2_110A. (Figure 2C).  

The analogs were synthesized using standard, solid 
phase peptide synthesis of SW2_110A with a nosyl-pro-
tected lysine (Schemes S7-S13), which was further elab-
orated on-resin by alkylation with an alkylhalide or Fuku-
yama-Mitsunobu chemistry.56 Due to concerns about 
imine stability throughout synthesis, we prepared the war-
head as a primary amine suitably placed adjacent to a 
serine amide or ester as a latent electrophile. After purifi-
cation, the compounds were treated in situ with sodium 
periodate to oxidize the 1,2-amino alcohol of the serine to 

 
Figure 1. Second-order rate constants for select cyclic 
imines with aromatic nucleophiles. Reactions were con-
ducted under pseudo first order conditions with an excess 
of one reactant, as indicated. The reduction in the concen-
tration of the limiting reactant A was measured at various 
time points by HPLC analysis.  Rates of imine 1 with N-
Ac-Tyr-NMe, indole-3-butyric acid, and 1H-pyrrole-1-pro-
pionic acid and of imine 2 with N-Ac-Tyr-NMe were meas-
ured. 
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produce an alpha-aldehyde amide/ester, which then 
spontaneously cyclized to give the desired imines.  

To rule out concerns that the phenoxyphenyl moiety of 
SW2_110A may self-react with the warhead, we per-
formed a 24-hour incubation of P1b in PBS followed by 
treatment with sodium cyanoborohydride (10 eq.). Mass 
spectrometry indicated full conversion of imine to amine 
(Figure S9). Similarly, we tested the longer-term stability 
of P1b in acidic (100 mM HCl), basic (100 mM NaOH), 
and neutral PBS buffers and observed no significant deg-
radation after 96 h at room temperature. 

Covalent labeling of cyclic imine containing ligands 
to CBX8 ChD. To evaluate the reaction with CBX8 ChD, 
all cyclic imine ligands were tested with purified CBX8 
ChD. To saturate the binding of inhibitor to protein, 10 µM 
of the covalent inhibitors were incubated with 10 µM 
CBX8 ChD (~10-fold over the Kd) in PBS buffer at 37 °C 
for 12 hours. The labeling of inhibitors to CBX8 ChD was 
quantified by LC/MS (Figure 2C, 4A & B, and Figure S10-
12). Among the cyclic amide imine series (P1’s), com-
pound P1a, with a 6-carbon linker, gave the best yield for 
labeling the CBX8 ChD (~90 %). This compound was also 
tested in the presence of 10 mM GSH, and no effect on 

yield was observed (Figure S13). Due to the enhanced 
reactivity of iminolactone (warhead 2), CBX8 ChD label-
ing using ester imine inhibitor P2 was considerably faster 
and around 70% protein labeling was achieved in 1.5 hour 
(Figure 2A,B, Figure S12). We additionally prepared two 
iminium warhead compounds, P3a and P3b. Despite the 
low intrinsic reactivity observed with model iminium 3 and 
Tyr (Table 1), inhibitor P3a gave a labeling yield (50%) 
that was comparable to the more reactive iminolactams. 
This may suggest assistance in the reaction from the local 
environment on the protein.  

Time-dependent fluorescence displacement assay. 
We used a fluorescence polarization (FP) displacement 
assay to evaluate the covalent binding of cyclic imine war-
head containing inhibitors. Without additional incubation 
time, the non-covalent inhibitor SW2_110A and optimal 
covalent inhibitors P1b (iminolactam) and P2 (iminolac-
tone) have comparable IC50 values (Figures S14-15), 
which suggests that the structural modification of the war-
head does not significantly change the affinity. With fur-
ther incubation, P1b and P2 displayed a time-dependent 
increase of potency (decrease of IC50), while non-covalent 
inhibitor SW2_110A did not (Figure 4C & Figures S14-15). 

 
Figure 2. Design of covalent inhibitors to the CBX8 chromodomain (ChD). (A) Sequence alignment of the five CBX ChDs in 
the Polycomb repressive complex I shows a histidine in CBX2 at position 39 that allows the reactivity of the tyrosine in CBX8 
to be exploited for improved inhibitor specificity. (B) Crystal structure of peptide ligand UNC3866 bound to CBX8 Chd (PDB 
code 5EQ0) with Tyr39 adjacent to the diethyllysine group. (C) Synthesized derivatives of SW2_110A containing cyclic imine 
or iminium warheads. Percent covalent conjugation was determined by UV integration on LC/MS after overnight incubation 
at 10 µM compound and protein at 37 °C. 
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To validate protein stability over the incubation time of the 
assay, the Kd of the FP probe (SW2_123) was measured 
at time 0 and 20 hours and determined to be unchanged, 
indicating good stability (Figure S16).  

Validation of CBX8 Labeling at Y39. To validate label-
ing of the targeted tyrosine residue (Y39), this amino acid 
was mutated to phenylalanine (Figure S17), which is 
structurally similar but lacks reactivity to the cyclic imine. 
The fluorescence displacement assay indicated inhibitors 
bind to wild type or mutant CBX8 (Y39F) with comparable 
IC50 values (9.3 µM versus 8.7 µM for P2, 7.4 µM versus 
7.3 µM for P1b, respectively) (Figure 3C, Figure S14); 
however, both the time-dependent FP assay (Figure 3C) 
and MS protein labeling experiments (Figure 3A, Figure 
S18) indicate that covalent inhibitors fail to label the mu-
tant CBX8 Y39F. Similarly, for CBX2 ChD, no change in 
apparent affinity was observed over time in the FP assay 
(Figure 3C & Figure S15), and no labeled protein was de-
tected by MS. Together these results support the ligand-
directed labeling of Y39 on CBX8.  

Proteomic Selectivity of Cyclic Imine Inhibitor. To 
demonstrate the covalent labeling of endogenous CBX8, 
in-gel fluorescence labeling was performed (Figure 4A,B). 
After incubation of the inhibitor P2 at 1 µM in HEK293T 
cell lysates for 1h at 37 °C, click chemistry was conducted 

to conjugate TAMRA-azide to the C-terminal alkyne of P2 
prior to SDS-PAGE. Gel analysis showed a prominent flu-
orescent band, which is approximately the molecular 
weight of CBX8. With co-incubation of excess non-cova-
lent inhibitor SW2_110A (~20 µM, 20 eq), protein labeling 
was reduced (Figure 4A). We additionally demonstrated 
the dose-dependency of labeling of CBX8 with the cova-
lent inhibitor from 10 nM to 1000 nM inhibitor concentra-
tion (Figure 4B).  

To corroborate that imine inhibitors can covalently cap-
ture the endogenous, full length CBX8, pulldown assays 
were also performed making use of propargyl amide mod-
ified inhibitors and click chemistry to biotin-azide (Figure 
4 C,D). Besides P2, we prepared a propargyl amide de-
rivative of 6-carbon linker iminolactam inhibitor, P1bP 
(Scheme S5). Covalent inhibitors P2, P1bP, and a non-
covalent inhibitor SW2_110A were incubated with 293T 
cell lysates at 1 µM for protein labeling. For competition, 
an excess (10-100 eq) of the non-covalent inhibitor was 
added. Labeled lysates were then clicked to a biotin-azide 
for affinity purification. Under non-denaturing washing 
buffer conditions, both covalent and non-covalent inhibi-
tors enriched CBX8 from lysates (Figure 4C). Using more 
stringent washing conditions, only covalent inhibitor P2 
enriched CBX8 from lysates (Figure 4C). To remove non-
specific background from highly expressed CBX7, and the 

 
Figure 3. Characterization of ligand directed protein labeling with iminolactone inhibitor P2. (A) The fraction of labeled protein 
as determined by UV integration on reverse phase HPLC. CBX8 ChD and P2 were incubated at 10 µM each for 16 hours at 37 
°C. UV absorption measured at 215 nm. (B) Mass spectra of CBX8 ChD treated overnight with inhibitor P2 (top, red) and control 
CBX8 ChD (bottom, green). Observed masses are shown (expected average mass for CBX8 ChD = 8792 Da). The observed 
mass difference (895 Da) corresponds to the expected mass change of 901 Da. (C) Time dependent fluorescence polarization 
displacement assays of indicated chromodomains with P2. Assays were conducted using SW2_123 as an FP probe (Figure 
S15) at 100 nM. All proteins were used at 2 µM in PBS (pH 7), 0.02% Tween 20. Error bars represent s.d. 
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abundant nuclear protein BRG1, we used fully denaturing 
washing conditions of 0.2-1% SDS in PBS (Figure 4C,D) 
or 6M urea (Figure S19).57,58 Under these conditions, 
CBX8 was still captured by the covalent inhibitor, while 
other CBXs, known CBX8 interacting protein RING1B, or 
non-specific protein BRG1 were not. To further demon-
strate ligand-dependent covalent labeling, an excess of 
the non-covalent inhibitor was doped in for competition. 
With 100 equivalents of competing ligand added, covalent 
labeling of CBX8 by either compound P2 or P1bP was re-
duced, as quantitated by western blot (Figure 4D).  

To evaluate and quantitate covalent ligand activity in 
whole cell proteomes, mass spectrometry analysis was 
performed after compound pulldown (chemoIP-MS) (Fig-
ure 4E). CBX8 was robustly enriched using the biotinyl-
ated, covalent inhibitor P2-B. Of the nine proteins signifi-
cantly enriched with P2-B (log2(P2-B/DMSO) > 3, P < 
0.001), only CBX8 enrichment was significantly reduced 
with competing non-reactive ligand SW2_110A, indicating 
ligand-dependent, covalent labeling of endogenous CBX8 
from lysates (Figure S20). Results were similar using imi-
nolactam inhibitor P1bP, (Figure S20).  

Cellular activity of covalent inhibitors in MLL-AF9 
transformed leukemia cell line. We next assessed if 
imine inhibitors have improved cellular activity using a dis-
ease-relevant cell model. We previously reported that the 
non-covalent inhibitor SW2_110A inhibits CBX8 binding 
to chromatin and reduces CBX8-mediated gene expres-
sion in MLL-AF9 transformed leukemia.53 Using this same 
model, we compared the covalent inhibitors with non-co-
valent inhibitor SW2_110A in THP1 cell lines. Initially, P1 
series inhibitors and P3a were tested at 10 µM for reduc-
ing the gene expression of HOXA9, a known target of 

CBX8. The covalent inhibitors (P1a-f) and P3a reduced 
expression to a greater extent than the non-covalent in-
hibitor (Figure S21).  Consistent with it having the greatest 
in vitro reactivity among those tested, inhibitor P1b was 
the most effective at reducing HOXA9 gene expression 
where 10 µM P1b treatment reduced gene expression to 
a similar extent as 100 µM SW2_110A (Figure 5A). We 
subsequently tested the two optimal inhibitors P1bP and 
P2 for dose-dependency in this cellular assay. Dose 
curves indicate that these covalent inhibitors have 30 to 
100-fold improvement of cellular activity compared to the 
non-covalent inhibitor (Figure 5B).  

 
Figure 4. Proteomic activity of covalent inhibitors for CBX8. (A) SDS-PAGE, in-gel fluorescence analysis of HEK293T lysates 
treated with P2 (1 µM) and Cu-catalyzed azide-alkyne cycloaddition (CuCAA) to azide-TAMRA (B) Additional SDS-PAGE, 
fluorescence analysis of HEK293T lysates as in (A) with P2 at 10, 100, and 1000 nM concentrations. (C) Chemoprecipitations 
from HEK293T cell lysates using biotin-labeled SW2_110A (SW2_110A-B) and biotin-labeled P2 (P2-B) were performed with 
various washing conditions and analyzed for protein enrichment by immunoblot. Standard wash:  50 mM Tris-HCl, 150 mM 
NaCl, 0.3% NP-40. Stringent wash: Modified RIPA buffer: 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% 
DOC. Denaturing wash: 0.2-1% SDS gradient in PBS. RING1B is a subunit of PRC1 with the CBX proteins. BRG1 is non-
associated nuclear protein included as control for non-specific binding (D) Immunoblot analysis of chemoprecipitations from 
HEK293T cell lysates with biotin-labeled P1b (P1b-B) and P2-B in the presence or absence of competing ligand SW2_110A. 
Stringent wash conditions were applied as in (C).  (E) Volcano plot of streptavidin enrichment for proteins identified in P2-B 
treated 293T lysates versus a DMSO control. N = 2, biological replicates; P is the Benjamini-Hochberg adjusted P value. 



 

 
CONCLUSION 
We report the development of a novel cyclic imine war-

heads and the first demonstration of ligand directed Man-
nich chemistry for tyrosine conjugation. We performed 
quantitative evaluation of the second order reaction rates 
of cyclic imines to tyrosine. We designed and tested a se-
ries of imine warheads and developed an ester cyclic 
imine (iminolactone 2) as the optimally reactive and effi-
cient warhead for tyrosine labeling with a second order 
rate constant of 2.9 ×10-3 M-1 s-1 at 37 °C. In addition, we 
showed the reactivity of imine 1 towards tryptophan and 
pyrrolated lysine (2-ethyl pyrrole), implicating potential 
broader bioconjugation and chemical probe applications. 
Importantly, these warheads showed excellent stability in 
aqueous solutions, which is a major limitation for current 
Tyr modification chemistries. 

We synthesized derivatives of a previously developed 
CBX8 chromodomain inhibitor SW2_110A containing 
warhead imines 1, 2, and 3. MS characterization con-

firmed covalent conjugation to the target protein. Bio-
chemical assays further confirmed reactivity specifically at 
Tyr39 of CBX8 and demonstrated selective targeting of 
CBX8 over CBX2. This selectivity was further validated 
with chemoprecipitations of endogenous proteins using 
biotinylated inhibitors. Furthermore, proteomic MS analy-
sis indicated excellent target engagement with the 

covalent inhibitors in a whole cell proteome with CBX8 be-
ing among the most highly enriched proteins. Lastly, these 
covalent inhibitors showed significant improvements in 
cellular activity.  

Further improvement of warhead properties, such as 
tuning imine reactivity with additional substitution, are an-
ticipated future directions. Proteomic studies for discovery 
of ligandable tyrosines or druggable target identification 
would also be potential applications for this Mannich-type 
electrophile. Given the limitations of current chemistry for 
tyrosine modification, this chemistry should find several 
uses in medicinal chemistry and bioconjugation.  
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