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A small molecule receptor that mimics the HP1 chromodomain’s

affinity for trimethyl lysine has been identified from a dynamic

combinatorial library. Discrimination for trimethyl lysine over

the lower methylation states parallels that of the native protein

receptor. These studies demonstrate the feasibility of small

molecule receptors as potential sensors for protein post-

translational modifications.

Understanding the role of post-translationally modified

histone proteins in gene expression is crucial to the study of both

development and disease, and cancer in particular.1 Many

post-translational modifications (PTMs) have been shown to

function by recruiting non-histone proteins to chromatin,

dictating the higher-order chromatin structure in which

DNA is packaged, and resulting in gene expression or gene

silencing depending on the type and location of the PTM.2

One such covalent modification is the site-specific methylation

of Lys, which can be mono-, di-, or tri-methylated. Depending

on the position of the Lys residue and the degree of methyl-

ation, different proteins are recruited, resulting in variable

transcriptional outcomes.3 A significant protein–protein inter-

action induced by Lys methylation is the binding of histone 3

(H3) K9Me3 to the HP1 chromodomain (Fig. 1a), which

results in gene silencing. This binding event is the result of

the recognition of the trimethylammonium in an aromatic

cage via cation–p interactions, as well as an extended surface

groove that forms additional sequence specific interactions

with the adjacent residues of the histone tail.4

Typically antibodies are used to identify PTMs, but these

have some inherent limitations; for example, antibodies

cannot be used to identify unknown PTMs due to their

sequence specificity.5 Recently, DNA aptamers have been used

to develop protein affinity reagents for acylated lysine PTMs,

emphasizing the need for new molecular tools for the recognition

of PTMs.6 The development of small molecules which mimic

chromodomains is a field which has remained largely

unexplored.7 Synthetic receptors have some significant

potential advantages, including better reproducibility, lower

cost, lower molecular weight, and the possibility of being used

within cells. We report here the use of dynamic combinatorial

chemistry (DCC) to identify synthetic receptors for trimethyl

lysine (KMe3) that bind with comparable affinities and

selectivities as the native HP1 chromodomain.4

DCC allows the formation of a library of hosts under

equilibrium conditions.8 In the presence of a molecular target

such as methylated lysine, favorable host–guest binding inter-

actions drive the synthesis and amplification of the best

receptor(s) at the expense of other oligomers. By screening

the same library against all Lys methylation states, this

method provides a rapid approach to screen for selectivity as

well. A range of building blocks (Fig. 2) were investigated.

These monomers combine aromatic groups to facilitate

cation–p interactions, carboxylates for water solubility, and

thiols which can undergo disulfide exchange to establish an

equilibrium. Disulfide exchange is compatible with most

protein functional groups in aqueous solution at close to

neutral pH.9 A and B have been shown previously to form

receptors that interact favorably with alkylated ammonium

groups.10z
Dynamic combinatorial libraries (DCLs) were prepared by

mixing equimolar amounts of 3–4 building blocks in water at

pH 8.5. Upon reaching equilibrium, the resulting DCLs

were analyzed by LC–MS. The introduction of the dipeptide

Ac-KMe3-G-NH2 as a template resulted in significant changes

Fig. 1 (a) Structure of the HP1 chromodomain bound to the H3

K9Me3 peptide (green) with the aromatic pocket shown in blue

(pdb: 1KNE). (b) Structure of rac-A2B and rac-A2C.

Fig. 2 Monomers used in DCLs.
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in the composition of several libraries. For example,

amplification of receptors rac-A2B and meso-A2B from one

library,y as well as A2C and AC3 from another, was observed

as identified by ESI-MS (Fig. 1b). Interestingly, amplification

of only a single isomer of the isomeric receptor A2C was

observed. When a library of A and B was screened in the

presence of an 8-residue histone tail sequence containing KMe3,

a similar degree of amplification of rac- and meso-A2B was

observed, indicating that other nearby sidechains do not

significantly influence binding.

Using biased libraries in which building blocks A and B as

well as A and C were each mixed in a 2 : 1 ratio (7.5 mM

total), the selectivity of the receptors for different methylation

states of lysine was investigated, using Ac-KMen-G-NH2

(n = 0–3) as the guests. The amplification of both A2B

diastereomers was dependent on the extent of methylation,

with approximately 10-fold amplification with KMe3 and less

than 2-fold amplification with Lys (Fig. 3), suggesting significant

selectivity. In contrast, no selectivity was observed for

receptors A2C and AC3, as similar amplification was observed

for all methylation states as well as unmethylated Lys

(see ESIw). This lack of selectivity may be the result of

additional electrostatic and/or hydrogen bonding interactions

with each guest due to the position of the carboxylic acid in

C as compared to B. Because of this lack of selectivity,

A2C and AC3 were not investigated further.

Both A2B isomers were isolated for further studies using

semi-preparative HPLC. Fluorescence anisotropy was used to

measure the dissociation constant of rac- and meso-A2B to a

peptide consisting of residues 5–11 of the histone 3 protein

(H3 K9Men), with each of the methylation states at Lys9,

appended with an N-terminal carboxyfluorescein (Fam) for

fluorescence detection.z The H3 K9Me3 peptide was found to

bind both rac- and meso-A2B with binding affinities of about

25–30 mM, which is equivalent to its binding affinity to the

HP1 chromodomain (Table 1).48 Moreover, H3 K9Me3 binds

to both isomers of A2B with greater than 2-fold selectivity over

its dimethylated counterpart, exhibiting slightly better selectivity

than the native protein.4 The mono- and unmethylated peptides

exhibited considerably weaker affinity for rac-A2B, with no

appreciable binding to the unmethylated histone tail. Thus, the

trend in both affinity and selectivity of A2B for the histone tail

peptide parallels that of the native protein.4

H3 K9Men: Fam-QTAR-KMen-STG-NH2, n = 0–3

A mutant H3 tail with Gly in place of Arg8 exhibited

comparable affinity to that of the native sequence (Table 1),

indicating that the adjacent basic Arg does not contribute

significantly to binding. Additionally, Lys9 was mutated to

Gly, which resulted in total loss of binding to rac-A2B. NMR

studies of the KMe3 dipeptide in the presence of rac-A2B

exhibit upfield shifting of the lysine methyl groups by 0.83 ppm

at 25 1C, indicating that the binding event is indeed occurring

at the site of modification.** These findings confirm that the

key binding interaction is between the trimethylammonium

group and the aromatic pocket, as in the histone–chromodomain

protein–protein interaction.

There are likely several factors that result in the observed

selectivity of A2B. First, the binding pocket may be too large

for Lys and KMe. In addition, Lys, KMe, and KMe2 can all

form hydrogen bonds with water, and binding to the pocket

may require some degree of desolvation, which would be

unfavorable. Lastly, model systems have shown that cation–p
interactions are enhanced with increasing methylation of

the ammonium group.11 Thus, KMe3 is expected to have

stronger cation–p interactions with A2B than with the lower

methylation states.

In conclusion, we report the identification of a synthetic

receptor for KMe3 that exhibits both comparable affinity and

selectivity to the native HP1 chromodomain. The mass of A2B

is less than 900 Da, as compared to approximately 6300 Da for

the HP1 chromodomain and about 150 kDa for a typical

antibody. The comparable binding affinity to the native

protein is impressive, particularly given that the synthetic

receptor appears to bind only to the KMe3 sidechain, whereas

the chromodomain binds to the surrounding sequence as well.

The observed selectivity for higher methylation states with

A2B can be attributed to differences in the magnitude of

the cation–p interactions, as well as differences in size and

desolvation penalty. The difference in selectivity observed

Fig. 3 Extent of amplification of rac-A2B and meso-A2B with

Ac-KMen-G-NH2 guests relative to the untemplated library.

Table 1 Dissociation constants for H3 histone tail peptides with varying methylation states at K9 as determined by fluorescence anisotropya

Peptide rac-A2B Kd
b/mM meso-A2B Kd

b /mM HP1 chromodomain Kd
c/mM

H3 K9Me3 25 � 3 28 � 4 10e (21 � 2 at 25 1C)f

H3 K9Me2 58 � 10 73 � 9 15e (39 � 7 at 25 1C)f

H3 K9Me 166 � 50 N.A.d 96e

H3 K9 >1200 N.A.d >1000e

H3 K9Me3 R8G 34 � 8 N.A.d —

a Conditions: 27 1C, 10 mM phosphate buffer, pH 8.5. b Errors are from the fit. c Values for rac- and meso-A2B binding to H3 K9Me3 with no

fluorophore are 20 mM and 13 mM, respectively, as measured by ITC (see ESIw). d Not available due to limited material (meso-A2B), although

binding is expected to be comparable to that of rac-A2B.
e Conditions: 15 1C in pH 7.5 phosphate buffer. Values are taken from ref. 4c.

f Conditions: 25 1C in 50 mM phosphate buffer, pH 8.0, 25 mM NaCl (Eisert and Waters, unpublished results).
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when B is replaced with C is surprising, and demonstrates that

subtle structural changes can have a significant effect on

binding. Such sequence-independent receptors have the

potential to be widely used in the investigation of unknown

protein Lys methylation sites,12 unlike antibodies which are

sequence selective. This work suggests that small molecule

receptors identified via DCC have a promising future as

affinity reagents for PTMs, as they can easily be synthetically

modified with a fluorophore, cell-penetrating peptide, or other

tag. We are now investigating the application of these

receptors to sensing of trimethyl lysine in proteins.
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Notes and references

z Monomers A and B are based on a host originally reported by
Dougherty. See ref. 4d.
y Rac- and meso-A2B have been identified as receptors for other
cationic guests. See ref. 10.
z Binding affinities for H3 K9Me3 lacking the fluorophore were
confirmed by ITC (see ESIw).
8 Interestingly, rac-A2B binds to H3 K9Me3 approximately 6-fold
more tightly than to other trimethylated ammonium ions or NMe4

+

reported previously. See ref. 10.
** No NMR studies were performed with meso-A2B because of
limited availability of this compound due to significant co-elution
with rac-A2B.
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