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Abstract: Protein acetylation on Lys residues is recognized as
a significant post-translational modification in cells, but it is often
difficult to discern the direct structural and functional effects of
individual acetylation events. Here we describe a new tool,
methylthiocarbonyl-aziridine, to install acetyl-Lys mimics site-
specifically into peptides and proteins by alkylation of Cys
residues. We demonstrate that the resultant thiocarbamate
modification can be recognized by the Brdt bromodomain and
site-specific antiacetyl-Lys antibodies, is resistant to histone
deacetylase cleavage, and can confer activation of the histone
acetyltransferase Rtt109 by simulating autoacetylation. We also
use this approach to obtain functional evidence that acetylation
of CK2 protein kinase on Lys102 can stimulate its catalytic activity.

Reversible acetylation of histones catalyzed by histone acetyl-
transferases (HATs) and histone deacetylases (HDACs) is recog-
nized as a central mechanism of chromatin regulation. Beyond
histones, Lys acetylation has been observed in more than 2500
mammalian proteins on more than 4000 sites and has been shown
to govern many biological processes.1 Several approaches are
available to explore the structural and functional consequences of
protein acetylation. Traditional site-directed mutagenesis is used
to replace Lys with Arg or Gln to provide indirect insights into
Lys acetylation. Expressed protein ligation and unnatural amino
acid mutagenesis via nonsense suppression can install acetyl-Lys
(AcK) at desired protein sites but have various technical limitations.2

As an analogue of methyl-Lys, methyl-thiaLys can be introduced
at targeted protein locations via a relatively simple strategy
involving Cys alkylation with N-methyl-aminoethylbromide deriva-
tives.3 To create an acetyl-thiaLys analogue (Figure 1a), we
attempted to use the corresponding acetamide reagent with Cys-
containing peptide; however, no significant conversion was ob-
served. We hypothesized that the reduced ability of the amide
compounds to form three-membered ring intermediates and/or
intramolecular imidate formation led to diminished activity of
N-acetyl-aminoethylbromide. We then explored the reaction of
N-acetyl-aziridine and a Cys-containing peptide (Figure 1b). The
predominant product observed by mass spectrometry was M +42
suggesting that acetyl-aziridine treatment led to an undesired acetyl

transfer by nucleophilic attack at the carbonyl rather than the
aziridine methylene (Figure S1).

To reduce reactivity at the carbonyl, we explored methylthio-
carbonyl-aziridine (MTCA) (Figure 1b).4 Cys alkylation with this
reagent was proposed to provide methylthiocarbonyl-thiaLys
(MTCTK), a thiocarbamate analogue of AcK (Figure 1b). We hoped
that this thiocarbamate could preserve key functional features of
AcK but perhaps be resistant to hydrolysis by deacetylases since
this could be beneficial in cell extracts. In the presence of aqueous
buffer (pH 8.0) with 100 mM MTCA, mass spectrometric analysis
revealed essentially complete conversion of six different Cys-
containing peptides with a wide variety of residues to the desired
products (Figures S2-S4). In a Cys-free peptide control, no
modification was detected, indicating high selectivy of MTCA for
the Cys thiol (Figure S2).

Some AcK residues mediate bromodomain interaction. To
explore the potential of MTCTK to mimic this aspect of AcK
function, we used a pulldown assay to assess the binding efficiency
of the Brdt bromodomain with H4 acetylated tails containing
MTCTK groups in place of AcK at the K5 and K8 positions.5 It
was predicted and confirmed here that unacetylated or monoacetyl-
ated H4 tail peptides do not compete with the Brdt binding to a
tetracetylated H4 peptide, whereas an excess of untagged diacetyl-
ated AcK5/AcK8 H4 tail peptide can efficiently block the Brdt pull-
down (Figures 1c, S5). Here we show that peptides containing
substitution of either AcK5 or AcK8 with the MTCTK modification
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Figure 1. (a) Acetyl-Lys (AcK) and analogue. (b) Strategies attempted to
install acetyl-Lys analogues. (c) Competition assay of MTCA-modified H4
derived peptides by tetracetylated N-terminal H4 tail. Extracts from GFP-
Brdt expressing cells were preincubated with peptides and then used in
a pull-down assay with immobilized tetracetylated H4 tail or the same
nonmodified peptide (- lane). The GFP-Brdt retained on the beads was
then revealed using an anti-GFP antibody. C* corresponds to MTCTK.
(d) Western blots with site-specific anti-AcK9 Ab on MTCA-treated
mutant H3.
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can also compete with the pulldown of Brdt, although approximately
2-4-fold less efficiently than the natural AcK-containing peptides
(Figures 1c, S5). These data show that Brdt’s first AcK bromo-
domain binding pocket can accommodate MTCTK interaction at
two sites.

To explore the susceptibility of the methylthiocarbonyl linkage
to deacetylase activity, we compared the reactivity of MTCTK with
that of an AcK containing substrate in the context of a p53 peptide
with the class I histone deacetylase HDAC8 and the class III NAD-
dependent deacetylase Sir2 using an HPLC readout (Figures S6,
S7).6 In contrast to the AcK p53 peptide, no thiocarbamate removal
was detected under similar reaction conditions. These data suggest
that this AcK mimic could be useful in the presence of deacetylase-
rich cell extracts where the consequences of a “constitutive”
acetylation state could be explored.

We further examined the reactivity of recombinant histone H3
mutants with MTCA. Natural Xenopus histone H3 has a single Cys
(C110), and so three histone mutant proteins were prepared that
replaced this site with Ala and introduced a Cys at the known AcK
sites K9, K18, and K27. Alkylation reactions were monitored with
site-specific anti-AcK antibodies (Abs) by Western blot. MTCA
treatment of C110A/K9C histone H3 led to efficient recognition
by anti-AcK9 Ab whereas wt H3 displayed background detection
under similar reaction conditions (Figure 1d). This experiment
suggests that modification of Cys9 in C110A/K9C H3 was efficient,
as confirmed by MS (Figure S8a), and further demonstrates that
MTCTK is a reasonable surrogate for AcK in mediating Ab
interaction. In a similar fashion, it was shown that MTCA treatment
of C110A/K18C and C110A/K27C histone H3 gave rise to efficient
recognition by anti-AcK18 Ab and anti-AcK27 Ab, respectively
(Figure S8).

Several HATs have been suggested to undergo autoacetylation
as a potential mode of regulation.1a,7 In particular, the yeast HAT
Rtt109 has been shown recently to be self-acetylated on active site
Lys290.1a,7 Mutation of this residue to Arg has been demonstrated
to reduce catalytic activity,7 and we confirmed that here (Figure
S9). We sought to examine whether introduction of the AcK mimic
at this site would stimulate catalysis, and therefore we introduced
a Cys at position 290. The Rtt109 K290C mutant showed essentially
identical HAT activity to the K290R mutant (Figures 2a and S9).
Since the sequences of Rtt109 and its heterodimeric partner Vps75
have several natural Cys residues, multiple alkylations of these
proteins are likely, which could complicate interpretation. To
account for this, we compared directly the HAT activities of Rtt109
K290R and K290C mutants treated with MTCA under identical
conditions. We observed a reproducible 4-fold relative increase in
HAT activity after MTCA treatment of the Rtt109 K290C enzyme
compared with the treated Rtt109 K290R enzyme (Figure 2a). It
should be noted that the 4-fold activation by alkylation of Rtt109
K290C does not fully recapitulate the 20-fold rate differential
between wt and K290R Rtt109 (Figure S9), and this could be related
to multiple Cys alkylation in the proteins or imperfect mimicry of
AcK by the MTCTK group. Nevertheless, we interpret this partial
recovery of activity by introduction of the AcK analogue as novel
evidence that autoacetylation of Rtt109 on K290 stimulates its HAT
activity.

We next employed MCTA alkylation to explore the effect of
the recently discovered acetylation of protein kinase CK2R on
Lys102.1b,8 CK2R has two natural Cys residues (147, 220) which
we mutated to Ala, and we further replaced Lys102 with Cys.
Kinase assays showed that each of these mutants had essentially
identical kinase activity to wild-type CK2R (Figure S10). MTCA
alkylation and kinase assays revealed that MTCA-treated Cys102

showed about 2-fold higher catalytic activity compared to MTCA-
treated Lys102 (Figure 2b), providing functional evidence for the
acetylation-dependent activation of this important protein kinase.8

In summary, this study describes a simple approach to install
AcK mimics into recombinant proteins. While the MTCTK is not
identical to the AcK structure, it appears to maintain aspects of the
molecular recognition by binding proteins and in enzymatic
regulation. The thiocarbamate moiety appears resistant to HDAC
cleavage which may provide utility in the complex environments
found in transcriptional and chromatin assays.9 We submit that,
along with other approaches,1,2 this Cys modification strategy offers
promise in dissecting the diverse and important functions of
acetylation in the proteome.
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Figure 2. (a) HAT activity of Rtt109 K290C and RTT109 K290R before
and after MTCA treatment (autoradiograph below). (b) Kinase activity of
CK2R (carrying C147A and C220A mutations) containing either Cys102
or Lys102 after MTCA treatment.
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