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Abstract

Development of inhibitors for histone methyllysine reader proteins is an active area of research 

due to the importance of reader protein-methyllysine interactions in transcriptional regulation 

and disease. Optimized peptide-based chemical probes targeting methyllysine readers favor larger 

alkyllysine residues in place of methyllysine. However, the mechanism by which these larger 

substituents drive tighter binding is not well understood. This study describes the development 

of a two-pronged approach combining genetic code expansion (GCE) and structure-activity 

relationships (SAR) through systematic variation of both the aromatic binding pocket in the 

protein and the alkyllysine residues in the peptide to probe inhibitor recognition in the CBX5 

chromodomain. We demonstrate a novel change in driving force for larger alkyllysines, which 

weaken cation-π interactions but increases dispersion forces, resulting in tighter binding. This 

GCE-SAR approach establishes discrete energetic contributions to binding from both ligand and 

protein, providing a powerful tool to gain mechanistic understanding of SAR trends.
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INTRODUCTION

Histone lysine methylation is a well-established molecular signal for gene expression and 

a validated target for many disease states.1–4 To date, more than 200 human methyllysine 

(Kmen, n = 0–3) reader proteins have been identified.5 Many have been deemed to be 

druggable,6 and a number of chemical probes and antagonists targeting these proteins 

have been reported to date.7–15 Trimethyllysine (Kme3) reader proteins most commonly 

bind their ligand via an aromatic cage consisting of 2–4 aromatic amino acid side 

chains. This binding event is generally driven by cation-π interactions between the 

methyllysine ligand (representing the cation) and the aromatic amino acids (representing 

the π system).16–21 Peptide-based ligands that replace the native Kme3 substituent with 

an unnatural alkyllysine substituent, typically a dialkyllysine (Kr2, where r is an alkyl 

group), have yielded molecules with improved binding affinity and selectivity in addition 

to enhanced cell permeability.8–9, 22–25 For example, structure-activity relationship studies 

have shown that increasing the size of the alkyllysine substituent in a peptide-based inhibitor 

from dimethyllysine (Kme2) to diethyllysine (Ket2) or ethylisopropyllysine (Kei) increases 

potency for Kme3 reader proteins such as chromobox protein 7 (CBX7).23 However, the 

energetic contributions of the alkyl group to binding have not been investigated. To this 

end, we aimed to determine whether the Kr2 groups in these peptidic ligands bound by 

the same non-covalent mechanism as the native ligand, relying on cation-π interactions, or 

whether higher affinity is achieved through a different mechanism. To accomplish this, we 

have developed a new strategy that couples typical structure-activity relationships (SAR) 

with a systematic variation of the protein binding site via genetic code expansion (GCE). 

This double systematic variation of both ligand and protein results in not only reporting 

on which ligand binds with highest affinity, but how the structure of the ligand influences 

binding. Thus, the GCE-SAR approach provides a powerful new method to gain mechanistic 

insight coupled with ligand development.
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Cation-π interactions are driven by the interaction of a cation with the δ- charge on the 

face of an aromatic ring, commonly depicted by electrostatic potential maps (ESPs).18–19 

The interactions are both distance- and angle-dependent, with the most favorable geometry 

placing the cation (or δ+) over the center of the aromatic ring at about 3.5 – 4.5 Å. Due to 

the electrostatic nature of the cation-π interaction, they are sensitive to the charge density 

of the aromatic ring, such that electron-withdrawing groups weaken cation-π interactions. 

Previously, our group developed a method using genetic code expansion (GCE) to probe 

the significance of cation-π interactions at individual amino acids to cation-π-mediated 

Kme3 binding in the chromodomain of the Drosophila heterochromatin protein 1 (HP1) 

reader protein.21 In this methodology, we used GCE to systematically tune the electrostatics 

of individual side chains in the aromatic binding pocket by replacing them with different 

non-canonical para-substituted phenylalanine derivatives. In this previous study, we found 

that the binding energy was strongly dependent on the electrostatics of the aromatic rings in 

the cage, demonstrating the role of cation-π interactions at each position.

Here, we couple this GCE approach with SAR by varying the alkyl groups on lysine to 

determine how the alkyl substituents influence the binding affinity of the Kme3 reader 

protein, CBX5 (Figure 1). CBX5 is one of the eight mammalian CBX proteins that contain 

a chromodomain involved in gene repression.26 CBX5 is evolutionarily related to HP1, a 

model Kme3 reader protein, and is capable of recognizing Kme3 at lysine 9 on histone 

3 (H3K9me3).26–27 Dysregulation of CBX5 has been linked to breast,28–29 lung,30 and 

colon31 cancers, and as such has been identified as a relevant target for diagnostics and 

therapeutics.28

We have measured the binding of non-canonical aromatic cage variants of CBX5 to a 

peptide-based ligand in which the alkylation of lysine was systematically varied, allowing us 

to probe both the participation of individual residues in the aromatic cage (the π component 

of the cation-π interaction) and the alkylated lysine residue (the cation component of the 

cation-π interaction) simultaneously. Consistent with other Kme3 reader proteins, binding is 

driven by the cation-π interaction. However, while larger alkyl groups generally strengthen 

binding overall, this study demonstrates that binding is significantly less sensitive to the 

electrostatics of the aromatic ring as alkyl groups on the lysine ligand increase in size. This 

suggests that the contribution of cation-π interactions decreases with larger alkyl groups 

due to dispersion of the charge. The increase in binding strength for larger alkyl groups 

instead arises from an increase in the contribution of dispersion forces and hydrophobic 

interactions. These findings provide fundamental insight into the factors that influence the 

strength of cation-π interactions and inform the framework for designing potent chemical 

probes targeting methyllysine reader proteins.

RESULTS AND DISCUSSION

Design of CBX5 peptidomimetic ligands.

We previously described a target-class approach for the discovery of novel chromodomain 

ligands utilizing one-bead-one-compound (OBOC) libraries stemming from hit scaffolds 

within the target-class.32 This approach employs negative selection steps to increase 

selectivity toward the chromodomain of interest, which has the added benefit of enabling 
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novel ligand discovery efforts for other members in the target-class. As part of a 

chromodomain targeted OBOC library screening cascade, CBX5 was screened as a negative 

selection step to remove ligands with affinity for CBX5. With a growing interest in CBX5, 

we subsequently analyzed this pool of beads with affinity for CBX5 by MALDI mass 

spectrometry. This revealed a novel peptidomimetic ligand for CBX5 that incorporates 

3,4-dimethoxyphenylalanine, β-phenylserine, and a furan capping residue (Figure 1A). We 

first synthesized the dimethyllysine (Kme2)-containing ligand, UNC6212, for comparison 

to the H3K9me2 peptide (ARTKQTARKme2STGGKAY). UNC6212 (Kme2) was found 

to have a KD for CBX5 of 5.7 μM (Figure S1), which is about 5-fold more potent than 

both the histone tail peptide H3K9me3, containing Kme3, (KD = 30 μM),26 and H3K9me2, 

containing Kme2, which we determined to have a KD of 32 μM (Figure S2). The tighter 

binding of UNC6212 (Kme2) provides a better starting point for the GCE studies, and so 

this ligand was used for subsequent studies. Next, additional ligands based on this scaffold 

were designed which vary only in the alkylated lysine residue, to systematically investigate 

the role of the N-alkyl group on binding. We synthesized a diethyllysine (Ket2)-containing 

ligand, UNC6349, and an ethylisopropyllysine (Kei)-containing ligand, UNC6864, (Figure 

1A). Evaluation of binding to the wild-type protein indicates that the larger alkyl groups 

on the UNC6349 (Ket2) and UNC6864 (Kei) bind more tightly than UNC6212 (Kme2) 

(Figure 2, bolded values), following the same trend as has been observed previously in other 

methyllysine reader proteins.8, 22–25 Thus, this series of ligands was used to probe the effect 

of alkyl groups in a systematic way by studying the effect of variation of the electrostatics 

of the aromatic cage of CBX5 with respect to each ligand while keeping all other contacts 

constant.

Development of Aromatic Cage Variants using GCE.

CBX5 binds to Kme3 at lysine 9 on histone 3 using a cage comprised of three aromatic 

amino acid side chains: Y20, W41, and F44 (Figure 1B). To probe the mechanism of 

binding to this series of alkyllysine ligands, we used GCE to systematically tune the 

aromatic cage of CBX5 by replacing individual residues, Y20 and F44, with different para-

substituted phenylalanine derivatives, which vary the electrostatics of the aromatic residue.21 

Conveniently, these two positions are solvent-exposed and can accommodate substitution 

at the para-position.26 While W41 also plays a role in binding, it cannot be systematically 

varied using current methods21 and was left constant throughout these studies. We site-

specifically incorporated a series of six different para-substituted phenylalanine derivatives 

containing substituents with a range of electrostatic potentials (Figure 2; R = H, OH, CF3, 

Cl, CN, NO2) using a single permissive orthogonal tRNA/aminoacyl tRNA synthetase pair, 

referred to as pCNF-RS.33 pCNF-RS has been widely established to efficiently incorporate 

a range of para-substituted phenylalanine derivatives, but does not incorporate the canonical 

amino acids, tyrosine and phenylalanine. Expressions in the absence of non-canonical 

amino acid (ncAA) yielded no CBX5 (Figure S3). Successful ncAA incorporation in the 

presence of ncAA and protein purity were confirmed by LC-MS and canonical amino acid 

contamination was not detected (Figure S3, Table S1).
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Linear Free Energy Relationships with CBX5 variants indicate that binding is driven by 
cation-π interactions for all dialkyllysine ligands.

To determine the effect of systematic variation of both the ligand and the aromatic cage, the 

binding affinity between each CBX5 variant and each ligand was measured using isothermal 

titration calorimetry (ITC; Figure 2, Figures S1, S4, S5, Tables S2–S4). We found that 

Y20pNO2Phe expressed poorly and bound UNC6212 (Kme2) weakly (>150 μM; Figure 

2) and we were unable to obtain reliable binding data for this variant by ITC; therefore, 

it is excluded from further analysis. To account for the exclusion of Y20pNO2Phe with 

UNC6212 (Kme2), we included pCF3Phe at the Y20 position.

Analysis of the interactions between the CBX5 variants and ligands show measurable 

changes in binding affinity, with more electron-withdrawing groups weakening binding for 

all three ligands (Figure 2), as expected for cation-π interactions. Nonetheless, UNC6864 

(Kei) remains the tightest binder regardless of the CBX5 variant. In each case, plotting 

ΔGbinding with respect to computationally calculated side chain cation-π binding energies 

(CπBE, Figure 2) results in a linear free energy relationship (LFER, Figure 3). This LFER 

confirms that tunable cation-π interactions underly these binding events. A LFER is also 

observed when plotting ΔGbinding with respect to electrostatic potential (ESP, Figure S6), 

indicating that the binding energy is sensitive to the electrostatics of the aromatic ring, which 

is also representative of cation-π interactions.

To evaluate the contribution of other factors that might influence binding as a result of 

these mutations, ΔGbinding was also plotted against Log P (a measure of hydrophobicity) 

and molar refractivity (MR;34 a measure of polarizability and dispersion forces), as changes 

in the hydrophobic effect and/or dispersion forces could also in theory contribute to the 

variation in binding affinity.18–19 For all three ligands (containing Kme2, Ket2, and Kei) at 

both protein positions (Y20 and F44), Log P exhibits no correlation (Figure S7) and molar 

refractivity provides a weakly negative correlation (R2 < 0.76; Figure S8). This suggests that 

the observed tunability of these interactions is electrostatic in nature, which is the major 

contributor to cation-π interactions,18–20 consistent with observations made previously in 

the HP1 chromodomain.21 Having confirmed that the binding of all three ligands is driven 

by cation-π interactions, the sections below describe additional insights gained by the SAR-

GCE analysis in Figure 3, including contributions of Y20 vs F44, sensitivity to electrostatics 

as compared to cation-π interactions in another Kme3 reader protein, and how the size of 

the alkyl group influences the contribution of cation-π interactions and other non-covalent 

forces.

Y20 and F44 exhibit slight differences in sensitivity to the electrostatics of the ring.

Comparison of the relationship between ΔGbinding and calculated cation-π binding energy 

show mutations to the Y20 position appear to have a slightly larger effect on binding than at 

the F44 position (Figure 3, green vs blue lines in each plot). A slightly steeper slope for the 

LFER observed for the Y20 position relative to F44 for each compound suggests that Y20 

makes a slightly stronger cation-π interaction with the ligand than F44. A similar, but more 

pronounced, trend was observed at the homologous positions in a series of HP1 variants 

binding H3K9me3.21 As with HP1, analysis of the existing crystal structure of wild-type 
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CBX5 bound to H3K9me3 and calculated interaction energies correlate with these positional 

differences observed in our experimental LFER analysis. Y20 is more optimally positioned 

with two methyl groups and a methylene of Kme3 from H3K9me3 making van der Waals 

contacts (< 4.5 Å) with Y20 while only one methyl group of Kme3 from H3K9me3 makes 

van der Waals contact with F44 (Figure 4A). In agreement, calculated interaction energies 

(Eint) predict a more favorable interaction between Y20 and Kme3 (Eint = −10.9 kcal/mol, 

Figure 4B) than F44 with Kme3 (Eint = −8.2 kcal/mol; Figure 4C).

CBX5 cation-π interactions are more sensitive to electrostatics than are those in HP1.

We have compared the magnitude of the electrostatic tunability of the cation-π interactions 

in CBX5 to our previously reported cation-π interactions in the HP1 chromodomain21 by 

comparing the CπBE LFER slopes of CBX5 bound to the UNC6212 (Kme2) to the slopes 

of the homologous positions in HP1 bound to H3K9me3 histone tail peptide (Table S5). 

We find that CBX5 shows greater electrostatic tunability at both positions. The magnitude 

of tunability is about 2-fold greater for CBX5 Y20 relative to HP1 Y24 and 2.5-fold 

greater for CBX5 F44 relative to HP1 Y48 (Table S5). The structures overlay very well 

(Figure S9), suggesting that the difference in sensitivity to electrostatics may arise from 

differences in hydrogen bonding of Kme2 in CBX5 versus Kme3 in HP1. The disubstituted 

lysines (Kme2, Ket2, and Kei) all have the capacity to form a water-bridged hydrogen bond 

with the backbone carbonyl of His48, a conserved interaction observed in HP136 (with 

Glu52) and other CBXs (e.g. CBX7 with Tyr39), that is not possible in the presence of a 

trimethylated lysine ligand (Figure 5A). The hydrogen bond may perturb the electrostatics of 

the dimethylammonium in Kme2 that results in greater tunability of the cation-π interaction. 

It is also worth noting that the binding affinity of CBX5 to UNC6212 (Kme2; 5.7 μM) is 

about 2.5-fold tighter than that of HP1 with H3K9me3 (14.4 μM),21 and that the differences 

in electrostatic tunability may also reflect differences in cooperativity between the alkylated 

lysine and other contacts between each peptide ligand and protein.

Cation-π interactions contribute less with larger alkyl groups.

As in a previous in vitro study of other chromodomain reader proteins,23 we find that 

UNC6349 (Ket2) and UNC6864 (Kei) bind with nearly equal affinity to wild-type CBX5 

with binding affinities of 3.2 μM and 3.3 μM, respectively (Figure 2), which fall within error 

of each other, and with both binding slightly more tightly than the UNC6212 (Kme2; KD 

= 5.7 μM). With respect to the wild-type protein, adding a bulkier isopropyl group does 

not appear to improve potency compared to UNC6349 (Ket2). However, by varying the 

electrostatics of Y20 and F44 in the aromatic cage, we are able to determine differences in 

how Ket2 and Kei influence binding that are not obvious from analysis of binding to the 

wild-type protein alone.

Binding energies of the CBX5 variants to all three ligands show a LFER with calculated 

cation-π binding energies, indicating that cation-π interactions contribute to binding 

irrespective of the nature of the alkyl substituent (Figure 3). However, the degree of this 

tunability varies across compounds at both Y20 (green lines, Figure 3) and F44 (blue 

lines, Figure 3), as reflected by the slopes of these LFERs. A steeper slope, as observed 

with UNC6212 (Kme2), indicates a more consequential impact of cation-π interactions on 
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binding, while a shallower slope, as observed with UNC6864 (Kei), indicates that cation-π 
interactions have less impact on binding.

The decreased contribution of cation-π interactions to binding with increase in the size of 

the alkyl group on lysine can be rationalized by analysis of the partial charges on each 

Kr2 residue. Partial charges for Kme2, Ket2, and Kei were calculated at the M06–2X/6–

311+G(d,p) level of theory35 (Figure 6) and show more dispersed positive charge across 

larger alkyl groups. The reduction of the δ+ on the carbons adjacent the nitrogen in Ket2 

and Kei is consistent with a weaker dependence on electrostatics of the aromatic residues. 

This phenomenon parallels observations made in gas-phase alkali metal-π binding studies 

showing the magnitude of a cation-π interaction with benzene varies considerably with 

the nature of the ion, following a classical electrostatic trend in which the smaller ions 

participate in stronger cation-π interactions and are more tightly bound (i.e. Li+ > Na+ > 

K+ > NH4
+ > Rb+ > NMe4

+).18 A similar observation can be made here, where cation-π 
interactions are most significant with the smallest alkyllysine substituent (Kme2), where 

charge is most localized. Another factor that may reduce the contribution of cation-π 
interactions to the binding energy is a change in geometry of Ket2 as suggested by X-ray 

structures of other CBX proteins bound to UNC3866, a Ket2-containing ligand.9 The crystal 

structure of CBX7 bound to UNC3866 (containing Ket2) provides a reasonable model for 

understanding Ket2 binding in CBX5 due to the high structural conservation of the aromatic 

cage as well as the water-bridged hydrogen bond observed across these CBX proteins. An 

overlay of CBX5 bound to H3K9me3 (PDB: 3FDT)26 and CBX7 bound to its Ket2 ligand 

UNC3866 (PDB: 5EPJ)9 indicate that both carbons of an ethyl group of Ket2 interact with 

the aromatic residue, with the terminal methyl closest to the aromatic residue (W35 in 

CBX7, equivalent to F44 in CBX5) in the preferred geometry to participate in cation-π 
interactions (Figure 5B). Since the δ+ of the terminal methyl group (+0.11) is much less 

than that of a Kme3 methyl (+0.33), this is also expected to reduce the contribution of 

cation-π interactions to binding.

Despite the reduced dependence on cation-π interactions for UNC6349 (Ket2) and 

UNC6864 (Kei), CBX5 binds about 2-fold tighter to these two ligands than to UNC6212 

(Kme2) (Figure 2), indicating that as the alkyllysine substituent increases in size and cation-

π interactions become weaker, other non-covalent interactions that are not electrostatically 

tunable must contribute to this binding interaction in a more significant way. A comparison 

of X-ray structures of CBX5 bound to H3K9me3 relative to CBX7 bound to UNC3866 

(containing Ket2) suggests that Ket2 makes more extensive van der Waals contacts with the 

aromatic cage (Figure 5B). The interactions between Y20 in CBX5 and the homologous 

position (F11) in CBX7 are similar with either ligand, both with respect to number of 

contacts and distances. However, additional van der Waals contacts are observed between 

one ethyl group of Ket2 and the 5-membered ring of W35 in CBX7, corresponding to F44 in 

CBX5 (Figure 5B). It has also previously been hypothesized that the isopropyl of Kei makes 

additional contacts within and more completely fill the aromatic cage in CBX proteins.23

To evaluate the factors that contribute to tighter binding for larger alkyl groups, we plotted 

ΔGbinding for a single protein variant, pCNPhe or pClPhe, with respect to ESP, Log P, and 

polarizability of the alkyllysine substituent of the peptidomimetic ligand (Figure 7, S10). 
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These two protein variants were chosen because they had complete data sets and exhibited a 

greater variance in ΔGbinding than the more electron-rich phenylalanine derivatives. We find 

that an increase in size in Kr2 has a positive correlation with both hydrophobicity (Log P) 

and polarizability but a negative correlation with ESP. In all cases, a linear relationship is 

observed, unlike variation of the aromatic groups, which only exhibited a correlation with 

calculated cation-π binding energy and ESP. These trends are consistent with an increased 

contribution from both the hydrophobic effect and dispersion forces with increased size of 

the alkyl group, which counterbalance the weakening of the cation-π interaction.

CONCLUSIONS

Herein we report the development of a method to couple the evaluation of structure-activity 

relationships with systematic variation of the protein via GCE (GCE-SAR) to gain insight 

into the mechanism by which structural changes to the ligand influence binding. We 

systematically varied the electrostatics of two residues in the aromatic cage of CBX5 as 

well as the size of the alkyl group on lysine in the ligand to evaluate the contribution of the 

larger alkyl groups to molecular recognition. In agreement with previous work,21 this study 

shows that the individual interactions between alkyllysine ligands and the aromatic residues 

in the cage are electrostatically tunable cation-π interactions where geometry and distance 

influence the magnitude of these non-covalent interactions. We find that not all cation-π 
interactions contribute equally, even across homologous Kme3 reader proteins, with greater 

tunability observed in CBX5 than HP1. This may arise from different contributions of 

Kme2 versus Kme3 due to hydrogen bonding, orientation, and/or a different degree of 

cooperativity.

By systematically varying the alkyl groups on lysine, we observed that larger alkyl groups 

at the lysine position exhibit more favorable binding, as has been seen in other reader 

protein-ligand interactions. However, the larger alkyl groups result in a decrease in the 

contribution of cation-π interactions. Calculations suggest that this is due to more disperse 

charge distribution on the larger alkyl groups. Tighter binding is instead due to increased 

dispersion forces and hydrophobic interactions, indicating a shift in forces that contribute 

to binding. This systematic study provides novel insights into the molecular interactions 

driving binding, revealing that the molecular mechanism is not wholly conserved across 

different size alkyllysine ligands. These fundamental insights into alkyllysine binding can 

be exploited for the optimization of methyllysine reader chemical probes. For example, 

these findings suggest that strategies that increase the alkyl group size while maintaining the 

cation-π interaction may further improve binding.

More broadly, the GCE-SAR strategy reported here is a powerful tool to gain mechanistic 

understanding of SAR trends. A single tRNA synthetase can be used to incorporate the 

entire series of para-substituted phenylalanine derivatives, streamlining the approach. While 

showcased with a methyllysine reader protein, the method can be applied broadly to protein-

ligand SAR studies to gain insight that is not apparent from wild-type binding studies alone.
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EXPERIMENTAL SECTION

General Methods.

Oligonucleotides were obtained from Integrated DNA Technologies. Enzymes are reagents 

used for cloning were obtained from New England BioLabs Inc. Non-canonical amino acids 

were purchased from Chem-Impex. DNA sequencing was performed by Genewiz. Protein 

LC-MS analysis was performed on an Agilent 6520 Accurate Mass QToF LC-MS LC-MS 

ESI positive in high resolution mode. The LC-MS was equipped with a Restek Viva C4 

column. All other chemical reagents and solvents were obtained from chemical suppliers 

(Acros, Fisher Scientific, or Sigma-Aldrich) and used without further purification.

Cloning and Site-directed Mutagenesis.

pULTRA-pCNFRS was obtained from the lab of Dr. Peter Schultz and is also available 

from addgene (Plasmid #48215). The codon optimized human CBX5 chromodomain gene 

(residues 1–53) was purchased as a gBlocks Gene Fragment from IDT and cloned into a 

pET11a vector using NdeI and BamHI restriction sites. Mutations were generated using 

standard overlap PCR.

Protein Sequences.

CBX5 wild type (1–53) protein sequence: 

MHHHHHHSSGRENLYFQGEEYVVEKVLDRRVVKGQVEYLLKWKGFSEEHNTWEP

EKNLDCPELISEFMKKYKKMKE

CBX5 Y20F (1–53) protein sequence: 

MHHHHHHSSGRENLYFQGEEFVVEKVLDRRVVKGQVEYLLKWKGFSEEHNTWEP

EKNLDCPELISEFMKKYKKMKE

CBX5 Y20* (1–53) protein sequence (* denotes a ncAA): 

MHHHHHHSSGRENLYFQGEE*VVEKVLDRRVVKGQVEYLLKWKGFSEEHNTWEP

EKNLDCPELISEFMKKYKKMKE

CBX5 F44Y (1–53) protein sequence: 

MHHHHHHSSGRENLYFQGEEYVVEKVLDRRVVKGQVEYLLKWKGYSEEHNTWEP

EKNLDCPELISEFMKKYKKMKE

CBX5 F44* (1–53) protein sequence (* denotes a ncAA): 

MHHHHHHSSGRENLYFQGEEYVVEKVLDRRVVKGQVEYLLKWKG*SEEHNTWEP

EKNLDCPELISEFMKKYKKMKE

Protein expression and purification.

For the ncAA-CBX5 variants, pET11a-CBX5-Y20TAG or pET11a-CBX5-F44TAG and 

pULTRA-pCNFRS were co-transformed into BL21-Gold(DE3) competent cells (Agilent 

Technologies). For CBX5 wild type and canonical variants, pET11a-CBX5-WT, pET11a-

CBX5-Y20F, or pET11a-CBX5-F44Y were transformed into BL21-Gold(DE3) competent 

cells.
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All proteins were expressed in LB media supplemented with 5 mM MgSO4, 5 mM MgCl2, 

1% (w/v) glucose, and 1:5000 dilution of Antifoam 204 with ampicillin (100 mg/L; pET11a-

CBX5) and spectinomycin (50 mg/L; pUltra-pCNFRS). After inoculation, cultures were 

incubated at 37°C and shaking at 210 rpm until OD600 ~0.6. For ncAA-variants, 2 mM 

ncAA (except for NO2Phe, 2.5 mM) was dissolved in warm water (using NaOH to dissolve 

if necessary) and added to cultures along with 0.5 mM IPTG. Upon induction, temperature 

was lowered to 18°C and cultures were left to express overnight. Cells were harvested 

by centrifugation and pellets either stored at −80°C until ready for use or immediately 

re-suspended in lysis buffer and purified.

Cell pellets were resuspended in lysis buffer (50 mM Tris pH 8, 150 mM NaCl, 30 mM 

imidazole, 0.25 mg/mL lysozyme) and lysed by sonication on ice. Samples were then 

centrifuged at 1500 rpm for 1–2 hours and supernatant was filtered to 0.45 μm. Filtered 

lysate was purified using an AKTAPurifier with a 5 mL HisTrap HP column (Cytiva). Using 

buffer A (30 mM Tris, 150 mM NaCl, 30 mM imidazole, 2 mM DTT, pH 7.4) and buffer 

B (30 mM Tris, 150 mM NaCl, 300 mM imidazole, 2 mM DTT, pH 7.4), samples were 

6xHis-tag purified using a step gradient of 0–55% buffer B. Fractions containing desired 

protein were pooled and concentrated using a 3 kDa Amicon Ultra-15 centrifugal filter. 

Concentrated samples were further purified by size exclusion chromatography (SEC) using 

a Superdex 75 Increase size exclusion column (Cytiva) in SEC buffer (50 mM sodium 

phosphate pH 7.4, 25 mM NaCl, 2 mM DTT). Fractions containing desired protein were 

pooled, concentrated, and stored at 4°C for further use.

Protein characterization.

Protein purity and ncAA incorporation were confirmed by ESI-LCMS (Table S1; Figure S3). 

1 mL of a 10 μM solution of each protein was exchanged into HPLC-grade water using 

an Amicon Ultra-15 centrifugal filter and then filtered through glass wool. The samples 

were run on an Agilent 6520 Accurate-Mass Q-TOF ESI positive LCMS. All LCMS 

chromatograms show evidence of the appropriate ncAA-incorporation with no detectible 

canonical amino acid contamination. In the absence of ncAA (Y20TAG and F44TAG), no 

background incorporation of tyrosine or phenylalanaine can be detected. Additionally, there 

is no evidence of tyrosine or phenylalanine incorporation detected in the presence of ncAA. 

Chromatograms from each LCMS can be found in the Figure S3.

Isothermal Titration Calorimetry (ITC).

Both protein and peptide-based inhibitor samples were prepared in ITC buffer (50 mM 

sodium phosphate pH 7.4, 25 mM NaCl, 2 mM TCEP). CBX5 protein concentration was 

determined by Bradford assay using bovine serum albumin as standard. Peptide-based 

inhibitor concentration was determined by dry mass and re-suspended in ITC buffer. ITC 

experiments were performed by using Malvern PEAQ ITC Automated ITC (primarily) or 

MicroCal Auto-ITC200 titrating peptide-based inhibitor (0.8–3 mM) into CBX5 protein 

(65–200 μM) at 25°C with 20 total injections (first injection 0.2 μL, followed by 19 

injections of 2 μL), 4 s duration, 8 μcal/s reference power, 750 rpm stir speed, and 180 

s spacing. Data were analyzed using MicroCal PEAQ-ITC analysis software (Malvern 

Panalytical; version 1.1.0.1262) with one-site binding model and either fitted offset or 
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no offset (depending on saturation). Replicate ITC experiments were performed for each 

protein/peptide pair. Errors given for KD and ΔGbinding are the standard deviation for 

replicates or the highest individual error from an individual experiment among the replicates, 

whichever is greater.

For characterizing binding of CBX5 WT to the H3K9me2 peptide, protocols were followed 

as above, except H3K9me2 peptide concentration was determined by measuring absorbance 

at 280 nm using a Nanodrop 2000 (Thermo). ITC experiments were performed by titrating 

H3K9me2 peptide (3–4 mM) into CBX5 WT protein (200–230 μM). Error in slopes for 

further analysis of energy relationships was determined using the LINEST function in 

Microsoft Excel. Log P was calculated in Spartan at the ωB97X-D/6–31G(d) level of theory.

Compound Synthesis and Purification.

Fmoc-protected amino acids were purchased from Chem-Impex and Sigma-Aldrich with the 

exception of the Fmoc lysine derivatives which were synthesized as described previously.32 

All other chemicals and solvents were purchased from TCI America and Sigma Aldrich.

Synthesis was conducted via solid-phase peptide synthesis on Fmoc Rink amide resin 

(50 mg, Chem-Impex). The resin was initially swollen in DCM followed by DMF (10 

minutes each). Fmoc deprotection was conducted by incubation with a solution of 2.5% 1,8-

diazabicycloundec-7-ene and 2.5% pyrrolidine in DMF for 10 min. The resin was filtered 

and washed twice with DMF, methanol, DMF, and DCM before amino acid coupling. 

Standard Fmoc synthesis protocols were used to generate the 6-mer peptides, UNC6212, 

UNC6349 and UNC6864. Briefly, Fmoc-protected amino acids (4 eq) were mixed for 5 

minutes with HBTU (4 eq), HOAt (4 eq), and DIPEA (8 eq) in 1 mL of DMF and 1 mL 

of dichloromethane (DCM). The solution was then added to the resin and left on a shaker 

at room temperature for 1 hr. The resin was filtered and washed twice with DCM, DMF, 

methanol, and DMF again. Fmoc amino acid protecting groups were removed as described 

above, and then the resin was filtered and washed twice with DMF, methanol, DMF, and 

DCM before adding the next amino acid for coupling. Following installation of the 3-furoic 

acid capping residue, the resin was rinsed 6 times with DCM. Cleavage cocktail (95% 

trifluoroacetic acid, 2.5% triisopropylsilane, and 2.5% water) was added to the resin, the 

mixture was left on the shaker for 2 hours, and the filtrate was collected. The resin was 

rinsed twice with DCM and the filtrates were pooled and concentrated under vacuum.

The crude material was purified by preparative HPLC using an Agilent Prep 1200 series 

with the UV detector set to 220 nm and 254 nm. Samples were injected onto a Phenomenex 

Luna 75 × 30 mm, 5 μm, C18 column at 25 °C. Mobile phases of A (H2O + 0.1% TFA) 

and B (CH3CN) were used with a flow rate of 30 mL/min. Product fractions were pooled 

and concentrated to afford title compounds as TFA salts with yields as indicated in each 

compound characterization.

Analytical LCMS and 1H NMR were used to establish purity (>95%; Figures S11–S13). 

Analytical LCMS data was acquired using an Agilent 6125 Series system with the UV 

detector set to 220 nm and 254 nm. Samples were injected (3–5 μL) onto an Agilent Eclipse 

Plus 4.6 × 50 mm, 1.8 μm, C18 column at 25 °C. Mobile phases A (H2O + 0.1% acetic 
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acid) and B (CH3CN + 1% H2O + 0.1% acetic acid) were used with a linear gradient from 

10% to 100% B in 5.0 min, followed by a flush at 100% B for another 2.0 min at a flow 

rate of 1.0 mL/min. Mass spectra (MS) data were acquired in positive ion mode using an 

Agilent 6125 single quadrupole mass spectrometer with an electrospray ionization (ESI) 

source. Nuclear Magnetic Resonance (NMR) spectra were recorded on a Varian Mercury 

spectrometer at 400 MHz for proton (1H NMR); chemical shifts are reported in ppm (δ) 

relative to residual protons in deuterated solvent peaks. Due to intramolecular hydrogen-

bonding, hydrogen-deuterium exchange between the amide protons of the molecule and the 

deuterated solvent is slow and requires overnight equilibration for complete exchange.

N-((7S,10S,13S,17S)-7-(((S)-1-amino-3-hydroxy-1-oxopropan-2-yl)carbamoyl)-10-(3,4-

dimethoxybenzyl)-17-hydroxy-2,13-dimethyl-9,12,15-trioxo-17-phenyl-2,8,11,14-

tetraazaheptadecan-16-yl)furan-3-carboxamide (UNC6212): Yield: 8.3 mg 

(27%) as a white solid. 1H NMR (400 MHz, Methanol-d4) 

δ 8.21 – 8.05 (m, 1H), 7.60 (dt, J = 23.0, 1.7 Hz, 1H), 7.49 – 7.20 (m, 5H), 6.98 – 6.71 (m, 

4H), 5.29 (d, J = 3.9 Hz, 1H), 5.01 (d, J = 7.6 Hz, 1H), 4.78 (d, J = 4.0 Hz, 1H), 4.55 – 4.19 

(m, 4H), 3.90 – 3.73 (m, 8H), 3.26 – 2.92 (m, 4H), 2.90 – 2.79 (m, 6H), 1.98 – 1.20 (m, 8H), 

0.93 (d, J = 7.3 Hz, 1H). MS (ESI+): 796 [M+H]+, 399 [M+2H]2+. LCMS: tR = 2.80 min.

N-((8S,11S,14S,18S)-8-(((S)-1-amino-3-hydroxy-1-oxopropan-2-yl)carbamoyl)-11-(3,4-

dimethoxybenzyl)-3-ethyl-18-hydroxy-14-methyl-10,13,16-trioxo-18-phenyl-3,9,12,15-

tetraazaoctadecan-17-yl)furan-3-carboxamide (UNC6349): Yield: 10.5 mg (27.6%) 

as a white solid. 1H NMR (400 MHz, Methanol-d4) δ 8.21 – 8.05 

(m, 1H), 7.60 (dt, J = 22.0, 1.8 Hz, 1H), 7.45 – 7.20 (m, 5H), 

6.97 – 6.73 (m, 4H), 5.29 (d, J = 3.9 Hz, 1H), 5.01 (d, J = 7.6 Hz, 1H), 4.77 (d, J = 3.9 Hz, 

1H), 4.56 – 4.19 (m, 4H), 3.87 – 3.75 (m, 8H), 3.25 – 2.92 (m, 8H), 2.00 – 1.17 (m, 14H), 

0.93 (d, J = 7.3 Hz, 1H). MS (ESI+): 824 [M+H]+, 413 [M+2H]2+. LCMS: tR = 2.69 min.

N-((8S,11S,14S,18S)-8-(((S)-1-amino-3-hydroxy-1-oxopropan-2-yl)carbamoyl)-11-(3,4-

dimethoxybenzyl)-3-ethyl-18-hydroxy-2,14-dimethyl-10,13,16-trioxo-18-phenyl-3,9,12,15-

tetraazaoctadecan-17-yl)furan-3-carboxamide (UNC6864): Yield: 8.1 mg (21%) 

as a white solid. 1H NMR (400 MHz, Methanol-d4) δ 8.21 – 8.03 

(m, 1H), 7.59 (dt, J = 20.9, 1.8 Hz, 1H), 7.48 – 7.20 (m, 5H), 6.97 – 6.72 (m, 4H), 

5.28 (d, J = 3.9 Hz, 1H), 5.00 (d, J = 7.6 Hz, 1H), 4.76 (d, J = 3.9 Hz, 1H), 4.67 – 4.17 (m, 

4H), 3.90 – 3.73 (m, 8H), 3.72 – 3.57 (m, 1H), 3.28 – 2.84 (m, 6H), 2.05 – 1.14 (m, 17H), 

0.92 (d, J = 7.3 Hz, 1H). MS (ESI+): 838 [M+H]+, 420 [M+2H]2+. LCMS: tR = 2.73 min.

Peptide Synthesis and Purification.

H3K9me2 (ARTKQTARKme2STGGKAY) was synthesized on a CEM Liberty Blue peptide 

synthesizer using standard Fmoc-protected amino acids and Rink Amide AM Resin. The 

amino acid residues were activated with Oxyma (Ethyl cyanohydroxyiminoacetate) and 

DIC (N,N’- Diisopropycarbodiimide). 5 equivalents of the amino acid, Oxyma, and 10 

equivalents of DIC were used for each coupling step. Two coupling cycles of 4 minutes were 

performed at 90°C in DMF (dimethylformamide) for each residue. Deprotections of Fmoc 

were carried out in 20% piperidine in DMF, twice for 1 minute each. The resin was washed 

with DMF before every deprotection and coupling cycle.
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K9me2 was generated by reductive amination of orthogonally protected Lys(Ivdde) on resin 

after peptide synthesis was complete. Ivdde deprotection was carried out in 3% hydrazine in 

DMF, 3 times for 3 minutes each. The resin was suspended in 50:50 DMF and ACN, then 

10 equiv (1 mmol) of STAB and formaldehyde were added. The reaction was bubbled at 

room temperature for 24 hrs. An additional 10 equiv of STAB and formaldehyde were added 

and the reaction continued to bubble for another 24 hrs at room temperature. The N-terminal 

Fmoc deprotection was then carried out in 20% piperidine in DMF, twice for 15 minutes 

each.

The peptide was cleaved from the resin with 95:2.5:2.5 trifluoroacetic acid 

(TFA):water:triisopropylsilane for 3 hours. Crude peptide material were purified by reversed 

phase HPLC using a C18 S5 XBridge 5 μM column (Waters) and a gradient of 0 to 20% 

B in 60 minutes, where solvent A was 95:5 water:acetonitrile, 0.1% TFA and solvent B 

was 95:5 acetonitrile:water, 0.1% TFA. The purified peptides were lyophilized, and identity 

was confirmed by ESI-LCMS (Figure S14). Expected mass: 1750.98 Da; Observed mass: 

1751.00 Da

Computational methods.

The geometries of the CBX5-Kme3 complex were extracted from the previously reported 

crystal structure (PDB: 3FDT)26 and truncated to include only the amino acid side chains. 

Each N and C terminus of the amino acid residues was replaced with a hydrogen atom with 

a C-H bond distance of 1.09 Å. Electronic interaction energies, Eint, were calculated for the 

Y20 and F44 positions with the lysine ammonium ion using single-point energy calculations 

at the M06–2X/6–311+G(d,p) level of theory with an ultrafine grid.35 The interaction energy 

is defined as the energy difference between the complex and each individual component: Eint 

= Ecomplex – (Eamino acid + EKme3). All quantum chemical calculations were performed using 

the Gaussian 09 software package.38

The alkyllysine substituents (Kme2, Ket2, and Kei) were optimized in the gas phase at 

the M06–2X/6–311+G(d,p) level of theory, and an ultrafine grid was applied to ensure 

calculation accuracy. Frequency calculations were carried out at the same level of theory 

to ensure that stationary points were truly minima or saddle points on the potential energy 

surface. Single point energy and CM5 charge calculations were also performed at the same 

level of theory. Conformational searches of the side chains were performed using the Merck 

molecular force field (MMFF94)39 as implemented in Spartan 18.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A. Structures of UNC6212 (Kme2, orange), UNC6349 ( Ket2, pink), and UNC6864 

(Kei, purple) peptide-based ligands. All ligands share the same scaffold and vary only 

in the alkylation on lysine. B. Aromatic residues (Y20, W41, and F44) in the CBX5 

chromodomain aromatic cage bound to a H3K9me3 histone peptide (PDB: 3FDT).26 Y20 

(green) and F44 (blue) were targeted in this study.
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Figure 2. 
The effect of R-groups on electrostatic surface potential (ESP) maps and calculated cation-π 
binding energy (CπBE, kcal/mol) of amino acids tested within the aromatic cage. ESP 

maps were calculated in Spartan at the ωB97X-D/6–31G(d) level of theory. CπBE are 

calculated for substituted benzenes and Na+.20 Measured KD values (μM) for CBX5 variants 

at positions Y20 and F44 with peptide-based ligands, UNC6212 (Kme2), UNC6349 (Ket2), 

and UNC6864 (Kei). Affinities corresponding to wild-type protein are shown in bold. 

Binding affinity of the F44pCF3Phe variant was not determined. Errors given for KD are 

the standard deviation for 3 experimental replicates or the highest individual error from an 

individual experiment among the replicates, whichever is greater.
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Figure 3. 
Linear free energy relationship (LFER) plots analyzing the correlation between ΔGbinding 

with calculated cation-π binding energies (CπBE)20 for a range of Y20 (green) and F44 

(blue) variants binding peptidomimetic ligands UNC6212 (Kme2), UNC6349 (Ket2), and 

UNC6864 (Kei) from left to right. Error bars reflect the standard deviation for replicates or 

the highest individual error from an individual experiment among the replicates, whichever 

is greater. The error in the slopes is ±0.01 for both Y20 and F44 with UNC6212 (Kme2), 

±0.01 for Y20 and ±0.02 for F44 with UNC6349 (Ket2), and ±0.01 for Y20 and ±0.02 for 

F44 with UNC6864 (Kei).
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Figure 4. Structural analysis and computational modeling of CBX5.
A. Measured distances (Å) between the center of Y20 (green) and F44 (blue) with Kme3 

substituents from H3K9me3. B and C. Contact surface of Kme3 with Y20 (B) and F44 

(C) viewed normal to the plane of the ring. Interaction energies (Eint) for Kme3 and each 

aromatic residue are shown and were calculated at the M06–2X/6–311+G(d,p) level of 

theory.35 In all panels, the structure of CBX5 bound to H3K9me3 is used (PDB: 3FDT).
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Figure 5. 
Structural comparison of CBX5 bound to Kme3 with CBX7 bound to UNC3866 containing 

Ket2. A. The overlay of the aromatic cages of CBX5 (PDB: 3FDT; with Y20 in green and 

F44 in blue) bound to H3K9me3 (yellow) and CBX7 bound to UNC3866 (containing Ket2; 

PDB: 5EPJ, salmon) suggest how dialkylated substrates would bind in the aromatic cage of 

CBX5. A conserved water-bridged hydrogen bond between di-alkylated substrate and the 

carbonyl of Y39 in CBX7 (H48 in CBX5) is shown with distances (Å). B. Position of Ket2 

from UNC3866 bound to CBX7 as a model for binding in CBX5. Distances (Å) from ligand 
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substituents with respect to the center of the ring of Y20 and F44 (CBX5, grey dashed lines) 

and F11 and W35 (CBX7, salmon dashed lines) are shown. View rotated ~90° with respect 

to A. W41/W32 and H48/Y39 are removed for clarity.
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Figure 6. 
Partial charges calculated for Kme2, Ket2, and Kei lysine substituents using CM5 (charge 

model 5)37 charges calculated at the M06–2X/6–311+G(d,p) level of theory.
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Figure 7. 
Relationship between ΔGbinding and substituent characteristics for pCNPhe variant. Plots 

analyzing the correlation between ΔGbinding and electrostatic potential, Log P, and 

polarizability for the peptidomimetic ligands UNC6212 (Kme2), UNC6349 (Ket2), and 

UNC6864 (Kei) for Y20 (green) and F44 (blue) positions with respect to the ΔGbinding 

for the pCNPhe variant are shown. Electrostatic potential, Log P, and polarizability were 

calculated in Spartan at the ωB97X-D/6–31G(d) level of theory. ΔGbinding error bars reflect 

the standard deviation for replicates or the highest individual error from an individual 

experiment among the replicates, whichever is greater. The same trends are observed for the 

pClPhe variant (Figure S10).
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