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Abstract

Plant homeodomain finger protein 1 (PHF1) is an accessory component of the gene silencing 

complex polycomb repressive complex 2 and recognizes the active chromatin mark, trimethylated 

lysine 36 of histone H3 (H3K36me3). In addition to its role in transcriptional regulation, PHF1 has 

been implicated as a driver of endometrial stromal sarcoma and fibromyxoid tumors. We report the 

discovery and characterization of UNC6641, a peptidomimetic antagonist of the PHF1 Tudor 

domain which was optimized through in silico modeling and incorporation of non-natural amino 

acids. UNC6641 binds the PHF1 Tudor domain with a Kd value of 0.96 ± 0.03 μM while also 

binding the related protein PHF19 with similar potency. A crystal structure of PHF1 in complex 

with UNC6641, along with NMR and site-directed mutagenesis data, provided insight into the 

binding mechanism and requirements for binding. Additionally, UNC6641 enabled the 

development of a high-throughput assay to identify small molecule binders of PHF1.

Graphical Abstract
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INTRODUCTION

Chromatin regulation is a dynamic process requiring oscillation between transcriptionally 

silent heterochromatin and transcriptionally active euchromatin which is tightly controlled 

by a network of epigenetic factors including DNA methylation, chromatin remodelers, 

histone variants, and histone post-translational modifications (PTMs). Regulation of this 

network is essential for proper gene transcription, while dysregulation of these factors has 

been linked to a variety of diseases from cancer to neurological disorders.1-4 Histone PTMs 

make up an extensive language known as the “histone code” which helps to dictate 

chromatin structure and function.5,6 Examples of histone PTMs include acetylation, 

methylation, phosphorylation, and ubiquitylation, which are most commonly found on the 

flexible tails of histones H2A, H2B, H3, and H4. These marks can act both individually and 

in combination, enabling a diverse and complex network of downstream signals. 

Molecularly, these modifications typically function in one of two ways to influence 

chromatin accessibility: (1) by directly influencing histone—DNA interactions or (2) by 

recruiting specific effector proteins.

Lysine mono-, di-, and trimethylation (Kme1/2/3) have been well characterized as essential 

and ubiquitous PTMs.7,8 Kme1/2/3 are selectively recognized by a class of proteins known 

as methyl-lysine “readers”, which engage the methylammonium group largely through 

cation—π interactions with an aromatic cage.9-11 The selectivity of this molecular 

recognition event for a specific methylation state is generally based on the size of the cage 

and number of aromatic residues in the cage, while selectivity for a certain lysine residue is 

often dictated by the surrounding histone sequence. Previous work has shown that the 

selectivity and potency of Kme readers for their cognate peptide substrates can be tuned by 

modifying the electronics of the aromatic cage residues.12-14

The systematic design of peptidomimetic ligands based on histone substrates can provide 

valuable insight into the molecular details of the binding event and an excellent starting 

point for ligand discovery.15-19 Our lab has demonstrated the utility of such peptidomimetic 

ligands in a variety of applications, ranging from cellular target inhibition15,17,18 and 

activation16 to assay development.20,21

In this paper, we focus on the Tudor domain of plant homeodomain finger protein 1 (PHF1), 

which functions as a reader for the active chromatin mark, trimethylated lysine 36 of histone 

H3 (H3K36me3).22-27 PHF1 and its closely related homologue, PHF19, are the only 

annotated readers of H3K36me3 with affinities in the micromolar range. This recognition 

event has been shown to facilitate gene repression via the recruitment of the epigenetic 

silencing complex, polycomb repressive complex 2 (PRC2), to a subset of target genes.
23,28-31 Specifically, PHF1 and PHF19 levels increase dramatically during differentiation of 

mouse embryonic stem cells (mESCs),32 and following differentiation, PHF1 and PHF19 

facilitate silencing of stem cell genes by recruiting PRC2 which deposits the repressive 

mark, trimethylated lysine 27 on histone H3 (H3K27me3), to active genes previously 

marked by H3K36me3.26,33,34 Additionally, the dysregulation of PHF1 has been implicated 

as a hallmark of disease. For example, aberrant fusions of PHF1 have been linked to 

endometrial stromal sarcoma and ossifying fibromyxoid tumors.35-38
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Despite the extensive validation of PHF1’s significance in normal and malignant biology, no 

high-quality ligands have been reported to date. Development of a potent and selective 

chemical probe for PHF1 will be essential to further validate the role of PHF1 in gene 

regulation and disease and assess its suitability for therapeutic intervention. As the 

downstream effects of altering protein expression via genetic methods can become 

convoluted,39 especially for proteins that regulate transcription, small molecule antagonism 

of the Tudor domain of PHF1 could produce a functional phenotype that would directly 

elucidate the role of the Tudor domain in normal and disease states.

Using the endogenous binding partner of PHF1, H3K36me3, as a starting point, we sought 

to design potent and selective peptidomimetic ligands for PHF1. Through rational mutations 

and incorporation of synthetic Kme3 mimetics, we discovered UNC6641, which contains an 

aromatic lysine mimetic and binds the PHF1 Tudor domain with a Kd value of 0.96 ± 0.03 

μM. X-ray crystallography revealed that the (isopropyl)phenethyl lysine mimetic of 

UNC6641 both strengthened existing interactions and created new contacts with the 

aromatic cage residues of PHF1. Most notably, the phenethyl group of UNC6641 

demonstrated face-to-face and edge-to-face π—π stacking interactions with all four 

aromatic cage residues, likely contributing to its increased affinity for the Tudor domain. 

This appears to be the first example of a peptidomimetic ligand for a Kme reader domain 

that utilizes an aromatic substituent on the lysine amino group to better engage the aromatic 

cage. Through careful characterization of the molecular recognition of UNC6641 by the 

PHF1 Tudor domain, we have paved the way for future assay development, small molecule 

discovery, and investigation of the biological role of PHF1.

RESULTS AND DISCUSSION

Structure-Based Ligand Design.

We began the development of PHF1 ligands by determining the minimal H3K36me3 

sequence required to maintain binding to the Tudor domain. H3K36me3 binds PHF1 in a 

surface-groove binding mode,22 making key interactions with a relatively exposed portion of 

the protein (Figure S1, Supporting Information). Previous literature has reported binding 

affinities for PHF1 of 4, 14, and 16 μM using H3K36me3 peptides spanning 15, 14, and 10 

residues, respectively.23,27,40 However, smaller peptides are more attractive starting points 

for ligand development, as they are more easily synthesized, enable concise and tractable 

structure—activity relationship (SAR) exploration, and demonstrate improved cell 

permeability. In order to decrease the peptide size while maintaining affinity, we synthesized 

a series of H3K36me3 variants based on the eight residues reported to make direct contacts 

with the PHF1 surface, H3(33—40), and known peptide SAR.22,23,31,41 We assessed binding 

affinities for these peptides using isothermal titration calorimetry (ITC), the results of which 

are outlined in Table 1 (Figure S2). Our 8-mer peptide spanning H3(33—40) gave a Kd 

value of 22.3 ± 1.9 μM, a slighter weaker affinity than the previously reported 10-mer 

peptide H3(31—40) (Kd of 16 ± 4 μM).27

In order to further assess the minimal binding sequence required, we next truncated the C-

terminal R40 residue. This residue is solvent-exposed in the reported X-ray crystal structure 

of H3K36me3 bound to the PHF1 Tudor domain (PDB ID: 4HCZ),22 leading us to believe 
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that it did not make stable contacts with the PHF1 surface. However, truncation of R40 

resulted in a modest 2-fold decrease in affinity, likely due to loss of transient hydrogen 

bonds formed with the PHF1 surface. In an attempt to recoup this loss in affinity, we 

incorporated a G33V mutation into the H3(33–39) peptide. This mutation was previously 

reported to increase the affinity of H3K36me3 for the PHF1 Tudor domain, as shown by 

Western blot.40 However, we observed the same 2-fold loss in affinity resulting from the 

R40 truncation and no significant effect from the G33V mutation. Gratifyingly, we regained 

affinity by mutation of H39 to a leucine residue (H39L), which we hypothesized would 

better interact with the hydrophobic patch of PHF1 made up of L38, L45, L46, and L48.22 

Incorporation of the H39L mutant into the initial 8-mer peptide spanning H3(33–40) 

afforded a small boost in potency for a final Kd value of 18.7 ± 4.1 μM.

Prior work has demonstrated the utility of non-natural Kme mimics in improving the binding 

affinity and selectivity of histone peptides and peptidomimetics for their target reader 

proteins.15,17,18,42-44 In addition, replacement of the quaternary amine in Kme3 with a 

secondary or tertiary amine is attractive in that it is likely to improve passive cell 

permeability by eliminating the permanent positive charge. While removal of the 

trimethylammonium can weaken the characteristic cation—π interactions with the aromatic 

cage residues, this can sometimes be overcome via incorporation of additional hydrophobic 

interactions. In the context of the GGVKme3KPLR peptide sequence, we substituted Kme3 

with synthetic analogues that take advantage of the hydrophobic nature of the aromatic cage, 

as well as the potential for hydrogen bonding and π—π interactions (Table 2, Figure S2). 

Encouragingly, we observed that replacing Kme3 with the corresponding (ethyl)isopropyl-

lysine residue (UNC7643, Kd = 10.1 ± 1.2 μM) was well tolerated and moderately 

beneficial. The addition of a hydrogen bond acceptor in the (ethyl)ethylfuran-lysine 

(UNC6640, Kd = 17.9 ± 4.6 μM) did not further improve potency from the trimethylated 

peptide. The most significant improvement came with the incorporation of the aromatic 

(isopropyl)phenethyl-lysine residue in UNC6641, which resulted in a 20-fold increase in 

affinity versus the parent peptide to give a Kd value of 0.96 ± 0.03 μM.

As ITC is low throughput, we capitalized on our discovery of a more potent PHF1 ligand to 

develop a time-resolved fluorescence resonance energy transfer (TR-FRET) assay using a 

biotinylated analogue of UNC6641 as a bait ligand. Biotin-UNC6641 binds to the PHF1 

Tudor domain about equipotently to UNC6641 (Kd ~ 3 μM, Figure S2). TR-FRET assays 

have been used previously to screen Kme reader domains in a robust fashion, but they 

typically require a bait ligand that binds in the low micromolar range.21 This had not 

previously been feasible due to the low affinity of the endogenous histone substrate for the 

PHF1 Tudor domain. Using this assay, we were able to screen a larger panel of 

peptidomimetic ligands based on UNC6641, some of which are shown in Table 2 (Figure 

S3). It should be noted that the IC50 of UNC6641 as determined by TR-FRET closely agrees 

with the dissociation constant measured by ITC (Kd = 0.96 ± 0.03 μM, IC50 = 1.6 ± 0.5 μM). 

We observed that increasing or decreasing the distance between the K36 amine and phenyl 

ring by a single methylene as in UNC7259 and UNC7253 resulted in a 5- and 12-fold loss in 

potency, respectively. This suggests that the phenyl substituent makes a fairly specific 

interaction(s) with the Tudor domain and the increase in potency is not solely the result of an 

increase in hydrophobicity and/or steric bulk. Additionally, removing the potential for π—π 
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interactions by swapping the phenyl group for a cyclohexyl ring in UNC7258 also decreased 

the potency 13-fold relative to UNC6641. Taken together, these data suggest that the potent 

binding of UNC6641 to PHF1 Tudor is unique and specific, depending both on the 

aromaticity and the position of the phenethyl substituent.

Confirmation of the UNC6641 Binding Mode by NMR and Crystallography.

Preliminary analysis of the binding mode of UNC6641 was performed by docking 

UNC6641 into the PHF1 Tudor domain (PDB ID: 4HCZ) using Schrödinger Glide docking 

(Figure S4). The docking model suggested that the (isopropyl)phenethyl-lysine of UNC6641 

filled the aromatic cage more efficiently than the Kme3 substituent of the natural histone 

peptide (Figure S4a). In addition, the model offered a possible explanation for the increased 

affinity of the peptide for the PHF1 Tudor domain. Introduction of the phenethyl substituent 

appeared to provide additional π interactions with the aromatic cage through π—π stacking 

of the phenyl group of UNC6641 and PHF1 Y47 and W41 (Figure S4b).

To further validate this model, we investigated the binding of UNC6641 to the PHF1 Tudor 

domain by NMR. Following expression and purification of the uniformly 15N-labeled PHF1 

Tudor domain (14—87), 1H,15N heteronuclear single quantum coherence (HSQC) spectra of 

the protein were collected while UNC6641 was added stepwise. Substantial chemical shift 

changes in the intermediate to slow exchange regime on the NMR time scale were observed 

upon addition of UNC6641, indicating direct and tight binding (Figure 1a). Specific 

differences in chemical shifts for backbone amides of the PHF1 Tudor domain in the apo 

state and the UNC6641 bound state (at a molar protein to UNC6641 ratio of 1:4) are shown 

in the histogram in Figure 1b. The Tudor domain residues most perturbed upon UNC6641 

binding, including W41, L46, Y47, G49, F65, and E66, were then mapped onto the surface 

of the PHF1 Tudor domain (Figure 1c). As expected, these residues included and clustered 

around the aromatic cage residues of W41, Y47, F65, and F71 (Figure 1d) and showed a 

similar CSP pattern to the titration of H3K36me3 reported previously22 (Figure S5), further 

supporting that UNC6641 binds in the H3K36me3 binding site.

To gain further insight into the molecular basis of the PHF1 Tudor—UNC6641 interaction, 

we co-crystallized the Tudor domain with UNC6641 and obtained a crystal structure of the 

complex at 1.85 Å resolution (Figure 2). The X-ray diffraction and structure refinement 

statistics are summarized in Supplementary Table 1. UNC6641 is bound in an elongated 

groove of the Tudor domain (Figure 2a). The electron-density map of the UNC6641 peptide 

chain from G1 to R8 and the phenethyl and isopropyl lysine substituents can be 

unambiguously traced (Figure 2b).

The structure belongs to the P1 space group with eight molecules of the PHF1 Tudor domain 

(each bound to UNC6641) present in one asymmetric unit. In the complex, the Tudor 

domain adopts a five-stranded β-barrel fold and contains the aromatic cage, which is 

comprised of W41, Y47, F65, and F71 (Figure 2c). The loops between β3 and β4 strands 

form an acidic groove, which is occupied by the N-terminal portion of UNC6641 (G1-K5), 

whereas L38, L45, L46, and L48 of the β3 strand form a hydrophobic patch where the C-

terminal part of UNC6641 (P6-R8) is bound. The protein—ligand complex is further 

stabilized by several hydrogen bonds (Figure 2d). Specifically, the N-terminal amino group 
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of UNC6641 is restrained by a hydrogen bond with the side chain carboxyl group of D68. 

The side chain amino group of K5 of UNC6641 is hydrogen bonded to the carboxyl group 

of E66, and the backbone amino group of L7 of UNC6641 forms a hydrogen bond with the 

backbone carbonyl of L46. These important hydrogen bonding interactions are in agreement 

with the large resonance perturbations observed for these residues in NMR titration 

experiments (Figure 1b).

Additionally, the pyrrolidine ring of P6 of UNC6641 lies parallel to the hydroxyphenyl 

moiety of PHF1 Y47, interacting with it through C—H…π contacts. The hydrophobic 

contacts involving the backbone of G2 and the side chains of K4, L7, and R8 of UNC6641 

and D67, Y47, L38, and L45 of the PHF1 Tudor domain further contribute to the interaction 

(Figure S6, Ligplot).

The K4 side chain of UNC6641 contains two substituents, a phenethyl group and an 

isopropyl group. In the complex, the phenethyl group of UNC6641 inserts deeply into the 

aromatic cage of the Tudor domain and participates in hydrophobic interactions with W41, 

Y47, F65, F71, and A39 of the protein. The aromatic ring of the phenethyl group is 

sandwiched between the aromatic side chains of F65 and W41 of the Tudor aromatic cage 

residues. Specifically, the benzene ring is engaged with the phenyl group of F65 through a π
—π interaction (the distance between these aromatic moieties is ~3.4 Å). Furthermore, the 

benzene ring is positioned almost perpendicular to the phenyl ring of F71 and to the 

hydroxyphenyl group of Y47, suggesting productive T-shaped edge-to-face interactions. The 

strength of these π-interactions seems to depend upon the precise placement of the benzene 

ring as dictated by the ethyl linker. As seen with UNC7259 and UNC7253, increasing or 

decreasing the linker length by a single methylene resulted in a modest decrease in potency. 

Finally, the two methyl groups of the isopropyl lysine substituent of UNC6641 interact via 

hydrophobic interactions with the side chains of W41, Y47, and F71 of the Tudor domain, 

likely stabilizing the binding of the phenethyl substituent (Figure 2c,d).

Structural overlay of the PHF1 Tudor domain in complex with the H3K36me3 peptide and 

UNC6641 shows that the majority of residues within the peptide chains superimpose well, 

indicating similar binding modes of these ligands (Figure 2e). However, several important 

differences are apparent. In the complex with the H3K36me3 peptide, G33 of the peptide 

does not interact with D68 of the Tudor domain, whereas G1 of UNC6641 forms a hydrogen 

bond with D68. Further, H39 in the H3K36me3 peptide is replaced with a leucine in 

UNC6641, which augments the association of UNC6641 with the hydrophobic patch. 

Importantly, the phenethyl substituent of UNC6641 is involved in π stacking and other 

productive interactions with the aromatic cage residues of the Tudor domain, which likely 

accounts for the tighter binding of UNC6641 than that of the H3K36me3 peptide (Figure 

2e).

Biochemical Analysis of the UNC6641 Binding Mode.

To tease apart the key π-stacking interactions between the Kme mimetic of UNC6641 and 

the PHF1 Tudor aromatic cage residues, we performed alanine scanning mutagenesis of 

residues W41, Y47, and F65. We used UNC7643 as a control compound, as it maintains the 

(ethyl)isopropyl lysine but lacks the characteristic phenyl group. UNC7643 binds the 
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wildtype PHF1 Tudor domain about 10-fold less potently than UNC6641. Previous literature 

has shown that single-residue mutations in the aromatic cage can significantly decrease the 

binding affinity of H3K36me3 for PHF1 due to disruption of the essential cation—π 
interactions.23,27 However, with the added affinity from π—π stacking, we hypothesized 

that UNC6641 but not UNC7643 may maintain binding to these aromatic cage residue 

mutants, although likely to a lesser degree than wildtype. UNC7643 failed to bind any PHF1 

aromatic cage mutants, while UNC6641 retained moderate binding to PHF1 Tudor W41A 

and F65A (Table 3, Figure S7). Interestingly, UNC6641 showed no measurable binding to 

the Y47A mutant, suggesting a preferential dependence on the interactions with this residue.

Selectivity of UNC6641.

Although we focused our initial studies on the antagonism of PHF1, we were curious to 

evaluate the binding of UNC6641 to other closely related Kme reader domains. PHF1 

belongs to the polycomb-like (PCL) family of proteins which also consists of plant 

homeodomain finger protein 19 (PHF19) and metal response element binding transcription 

factor 2 (MTF2). While PHF1 and PHF19 each contain an aromatic cage composed of four 

key aromatic residues, MTF2 contains a serine in place of F71/Y75 which is thought to be 

responsible for “closing” the aromatic cage (Figure 3a). In many cases, PHF1 and PHF19 

have been shown to play redundant roles in normal biology distinct from that of MTF2,32 

suggesting that a dual ligand for PHF1 and PHF19 may be a valuable tool to investigate PCL 

biology. We were pleased to see that UNC6641 binds the PHF19 Tudor domain with a Kd 

value of 2.1 ± 0.2 μM by ITC, only 2-fold weaker than PHF1 (Figure S2). In contrast, 

UNC6641 binds MTF2 with a Kd value of 18 ± 2 μM, ~10- and 20-fold weaker than PHF19 

and PHF1, respectively (Figure S8). We next conducted a sequence alignment within the 

Tudor family, and those domains most closely related to the PCL proteins are shown in 

Figure 3a, all of which share 3 of the 4 aromatic cage residues with the PCL proteins (for the 

full Tudor domain phylogenetic tree, see Figure S9). However, none of these Tudor domains 

including those of 53BP1, PHF20, and PHF20L1 demonstrated measurable binding to 

UNC6641 by ITC (Figure 3b, Figure S8). Furthermore, preliminary screening of 

representative members of other Kme reader families with UNC6641 by ITC and/or TR-

FRET showed >20-fold selectivity for PHF1/19 (Figure S10). Overall, this suggests that 

both the sequence and unique Kme mimetic of UNC6641 confer selectivity over related 

proteins.

CONCLUSION

PHF1 and its homologue, PHF19, are valuable accessory components of the ubiquitous 

repressive complex, PRC2, through their roles as readers of H3K36me3. A recent uptick in 

literature investigating these proteins revealed key roles for PHF1 and PHF19 in malignant 

biology and encouraged our pursuit of ligands that could be used in the development of a 

chemical probe.32,33,35,45-47 In this paper, we describe the discovery and characterization of 

UNC6641, which binds the Tudor domains of PHF1 and PHF19 with Kd’s of 0.96 ± 0.03 

and 2.1 ± 0.2 μM, respectively.
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UNC6641 is an 8-mer peptidomimetic ligand that contains a unique (isopropyl)phenethyl-

lysine residue in place of K36me3. To the best of our knowledge, this is the first example of 

an aromatic substituent on a lysine residue facilitating enhanced interactions with a Kme 

reader domain. Co-crystallization of UNC6641 with the PHF1 Tudor domain revealed key 

interactions that contribute to the potent binding of this ligand. Namely, the distinctive 

phenethyl group of UNC6641 is sandwiched between the PHF1 aromatic cage residues W41 

and F65, engaging in face-to-face π—π stacking interactions with these residues. 

Additionally, UNC6641 engages in T-shaped edge-to-face π stacking interactions with the 

remaining cage residues Y47 and F71. Combined with the additional hydrogen bonds and 

hydrophobic interactions created from our rational sequence mutations, we were able to 

determine structure—activity relationships that resulted in a clear gain in affinity relative to 

the endogenous histone peptide. Additionally, we used site-directed mutagenesis of the 

aromatic cage residues to gauge which ligand interactions are most critical for binding, 

which revealed that the phenethyl group of UNC6641 makes critical contacts with PHF1 

Y47. UNC6641 showed selectivity for PHF1/19 over the closely related protein MTF2, 

likely due to the dependence on π interactions with all four aromatic cage residues. 

Although MTF2 has high sequence similarity to PHF1/19, it lacks the final aromatic cage 

residue that is present in PHF1/19.

While UNC6641 demonstrates the ligandability of PHF1 and shows promising potency and 

selectivity, peptidomimetic ligands are often limited in their utility by low cell permeability. 

However, the discovery and characterization of UNC6641 allowed us to develop and 

optimize a robust TR-FRET displacement assay for the PHF1 Tudor domain, which had 

previously not been feasible due to the low affinity of the endogenous histone substrate. 

Importantly, this assay can facilitate the screening of larger compound libraries toward the 

discovery of novel PHF1 Tudor domain antagonists. Additional screening efforts will shed 

light on the likelihood of uncovering potent small molecule chemical probes that bind PHF1. 

Recent reports have also demonstrated that improved potency and selectivity can be 

achieved for Tudor domain containing proteins such as Spindlin1 through the development 

of bidentate ligands which target multiple consecutive reader domains.48,49 While 

simultaneously targeting the Tudor and adjacent PHD domain (PHD1) of PHF1 may be 

another strategy to achieve potent antagonism, data supporting the reader activity of PHF1 

PHD1 remains largely elusive.50

A potent and cell permeable small molecule chemical probe for PHF1 would be a valuable 

tool for researchers invested in studying the role of the PCL proteins as well as PRC2 

regulation. Additionally, a PHF1 chemical probe has the potential to catalyze new drug 

discovery efforts toward the treatment of endometrial stromal sarcomas and fibroxymoid 

tumors, as these diseases depend heavily on aberrant PHF1 fusion proteins.

EXPERIMENTAL SECTION

Synthesis of Peptides and Peptidomimetics.

General Procedures.—Reverse phase column chromatography was performed with a 

Teledyne ISCO CombiFlashRf 200 using C18 RediSepRf Gold columns with the UV 

detector set to 220 and 254 nm. The mobile phases used are indicated for each compound. 
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Preparative HPLC was performed using an Agilent Prep 1200 series with the UV detector 

set to 220 and 254 nm. Samples were injected onto a Phenomenex Luna 250 × 30 mm2, 5 

μm, C18 column at 25 °C. Mobile phases of A (H2O + 0.1% TFA) and B (CH3CN + 1% 

H2O) were used with a flow rate of 40 mL/min. A general gradient of 0—25 min increasing 

from 10 to 100% B, followed by a 100% B flush for another 5 min, was used. Small 

variations in this purification method were made as needed to achieve ideal separation for 

each compound. Analytical LC-MS data for all compounds were acquired using an Agilent 

1260 Infinity II Series system with the UV detector set to 220 and 254 nm. Samples were 

injected (5 μL) onto an Agilent Eclipse Plus 4.6 × 3 × 50 mm3, 1.8 mm, C18 column at 25 

°C. Mobile phases A (H2O + 0.1% acetic acid) and B (CH3CN + 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 min at a flow rate of 1.0 mL/min. Mass spectra (MS) data were acquired in 

positive ion mode using an Agilent 6110 single quadrupole mass spectrometer with an 

electrospray ionization (ESI) source or matrix-assisted laser desorption/ionization time-of-

flight mass spectrometry (MALDI TOF/TOF) using an AB Sciex 5800. Nuclear magnetic 

resonance (NMR) spectra were recorded on a Varian Mercury spectrometer at 400 MHz for 

proton (1H) and carbon (13C) NMR; chemical shifts are reported in ppm (δ) relative to 

residual protons in deuterated solvent peaks, and coupling constants are reported in Hz. All 

compounds reported had >95% purity, as determined by LC-MS.

Solid-Phase Peptide Synthesis (SPPS).—Peptide compounds listed in Table 1 were 

synthesized by SPPS on Fmoc Rink amide resin on polystyrene beads (0.81 mmol/g loading, 

1 equiv, Anaspec). The resin was first swelled in DCM for 5 min followed by equilibration 

in DMF for another 5 min. The resin was then Fmoc deprotected in a solution of 2.5% 1,8-

diazabicycloundec-7-ene (DBU) and 2.5% pyrrolidine in DMF for 10 min. Then, the resin 

was filtered and washed twice with DMF, methanol, DMF, and DCM (6 mL each) before 

adding the first amino acid for coupling. Fmoc-protected amino acids (3 equiv) except 

Fmoc-Arg(Pmc)-OH were preactivated with HBTU (3 equiv), HOAt (3 equiv), and DIPEA 

(10 equiv) for 5 min with periodic swirling in 5 mL of DMF and 3 mL of DCM. For Fmoc-

Arg(Pmc)-OH coupling, the longer preincubation was omitted to prevent formation of the 

intramolecular cyclization byproduct. The solution was then added to the resin and left on a 

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

DMF, methanol, and DMF again (6 mL each). The N-terminal Fmoc protecting group was 

then removed in a solution of 2.5% DBU and 2.5% pyrrolidine in DMF for 10 min. The 

resin was filtered and washed twice with DMF, methanol, DMF, and DCM (6 mL each) 

before adding the next amino acid for coupling. Following installation of the final residue, 

the resin was rinsed six 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 h, and the filtrate was collected. The resin was rinsed twice with DCM, and 

filtrates were pooled and concentrated under a vacuum. The crude product was then 

submitted to preparative HPLC for purification as described in the General Procedures 

section. The solvent was removed in vacuo, dissolved in water, and lyophilized to yield the 

desired products.
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(S)-6-(((S)-6-Amino-1-((S)-2-(((S)-1-(((S)-1-amino-5-((amino-
(iminio)methyl)amino)-1-oxopentan-2-yl)amino)-3-(1H-imidazol-4-yl)-1-
oxopropan-2-yl)carbamoyl)pyrrolidin-1-yl)-1-oxohexan-2-yl)amino)-5-
((S)-2-(2-(2-aminoacetamido)acetamido)-3-methylbutanamido)-N,N,N-
trimethyl-6-oxohexan-1-aminium (H3 Peptide: GGVKme3KPHR).—White powder; 

yield 18%. 1H NMR (MeOD-d4, 400 MHz): δ 8.81 (d, J = 1.4 Hz, 1H), 7.43 (d, J = 1.4 Hz, 

1H), 4.74–4.70 (m, 1H), 4.64 (dd, J = 8.6, 5.1 Hz, 1H), 4.44–4.38 (m, 2H), 4.36 (dd, J = 8.7, 

5.2 Hz, 1H), 4.16 (d, J = 7.3 Hz, 1H), 4.05–3.93 (m, 2H), 3.84–3.77 (m, 1H), 3.76 (s, 2H), 

3.68–3.62 (m, 1H), 3.21 (dt, J = 9.1, 6.6 Hz, 3H), 3.13 (s, 9H), 2.95 (t, J = 7.4 Hz, 2H), 

2.28–2.16 (m, 1H), 2.12–1.73 (m, 12H), 1.68 (dt, J = 13.3, 7.1 Hz, 6H), 1.55–1.33 (m, 5H), 

0.98 (dd, J = 6.8, 1.4 Hz, 6H); MS (ESI): m/z calcd for [C41H76N16O8]3+/2 460.80, found 

460.30.

(S)-6-(((S)-6-Amino-1-((S)-2-(((S)-1-amino-3-(1H-imidazol-4-yl)-1-oxopropan-2-
yl)carbamoyl)pyrrolidin-1-yl)-1-oxohexan-2-yl)-amino)-5-((S)-2-(2-(2-
aminoacetamido)acetamido)-3-methylbutanamido)-N,N,N-trimethyl-6-
oxohexan-1-aminium (H3 Peptide: GGVKme3KPH).—White powder; yield 10%. 1H 

NMR (MeOD-d4, 400 MHz): δ 8.82 (d, J = 1.4 Hz, 1H), 7.41 (d, J = 1.3 Hz, 1H), 4.65 (td, J 
= 9.1, 8.5, 5.3 Hz, 2H), 4.39 (ddd, J = 11.3, 8.8, 5.5 Hz, 2H), 4.15 (d, J = 7.2 Hz, 1H), 4.05–

3.91 (m, 2H), 3.86–3.78 (m, 1H), 3.76 (s, 2H), 3.73–3.63 (m, 1H), 3.13 (s, 9H), 2.95 (t, J = 

7.4 Hz, 2H), 2.22 (ddd, J = 15.1, 7.4, 4.2 Hz, 1H), 2.14–1.74 (m, 10H), 1.69 (ddt, J = 14.0, 

10.9, 4.8 Hz, 3H), 1.54–1.40 (m, 4H), 1.38–1.31 (m, 3H), 0.97 (d, J = 6.5 Hz, 6H); MS 

(ESI): m/z calcd for [C35H63N12O7]2+ 764.59, found 764.30.

(S)-6-(((S)-6-Amino-1-((S)-2-(((S)-1-amino-3-(1H-imidazol-4-yl)-1-oxopropan-2-
yl)carbamoyl)pyrrolidin-1-yl)-1-oxohexan-2-yl)-amino)-5-((S)-2-(2-((S)-2-
amino-3-methylbutanamido)acetamido)-3-methylbutanamido)-N,N,N-
trimethyl-6-oxohexan-1-aminium (H3 Peptide: VGVKme3KPH).—White powder; 

yield 12%. 1H NMR (MeOD-d4, 400 MHz): δ 8.83 (d, J = 1.4 Hz, 1H), 7.41 (d, J = 1.3 Hz, 

1H), 4.65 (ddd, J = 8.6, 5.4, 2.9 Hz, 2H), 4.39 (ddd, J = 11.7, 8.7, 5.6 Hz, 2H), 4.18 (d, J = 

7.0 Hz, 1H), 4.06–3.94 (m, 2H), 3.84 (dt, J = 10.0, 6.4 Hz, 1H), 3.72–3.64 (m, 2H), 3.17 (d, 

J = 7.7 Hz, 1H), 3.14 (s, 1H), 3.13 (s, 9H), 2.95 (t, J = 7.4 Hz, 2H), 2.30–1.60 (m, 16H), 1.47 

(dt, J = 21.3, 7.5 Hz, 4H), 1.07 (dd, J = 6.9, 1.4 Hz, 6H), 0.98 (dd, J = 6.8, 2.5 Hz, 6H); MS 

(ESI): m/z calcd for [C38H69N12O7]2+ 806.54, found 806.40.

(S)-6-(((S)-6-Amino-1-((S)-2-(((S)-1-amino-4-methyl-1-oxopen-tan-2-
yl)carbamoyl)pyrrolidin-1-yl)-1-oxohexan-2-yl)amino)-5-((S)-2-(2-((S)-2-
amino-3-methylbutanamido)acetamido)-3-methylbutanamido)-N,N,N-
trimethyl-6-oxohexan-1-aminium (H3 Peptide: VGVKme3KPL).—White powder; 

yield 50%. 1H NMR (MeOD-d4, 400 MHz): δ 4.64–4.60 (m, 1H), 4.46–4.31 (m, 3H), 4.17 

(dd, J = 7.2, 4.8 Hz, 1H), 4.07–3.92 (m, 2H), 3.80 (dd, J = 11.1, 5.2 Hz, 1H), 3.73–3.62 (m, 

2H), 3.13 (s, 9H), 2.95 (t, J = 7.3 Hz, 2H), 2.21 (dt, J = 13.3, 6.6 Hz, 2H), 2.13–1.96 (m, 

4H), 1.94–1.36 (m, 17H), 1.07 (d, J = 6.9 Hz, 6H), 0.99–0.92 (m, 12H); MS (ESI): m/z calcd 

for [C38H73N10O7]2+/2 391.29, found 391.30.
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(S)-6-(((S)-6-Amino-1-((S)-2-(((S)-1-(((S)-1-amino-5-((amino-
(iminio)methyl)amino)-1-oxopentan-2-yl)amino)-4-methyl-1-oxo-pentan-2-
yl)carbamoyl)pyrrolidin-1-yl)-1-oxohexan-2-yl)amino)-5-((S)-2-(2-(2-
aminoacetamido)acetamido)-3-methylbutanamido)-N,N,N-trimethyl-6-
oxohexan-1-aminium (H3 Peptide: GGVKme3KPLR).—White powder; yield 44%. 
1H NMR (MeOD-d4, 400 MHz): 4.62 (dd, J = 8.3, 5.4 Hz, 1H), 4.45 (dd, J = 8.4, 4.3 Hz, 

1H), 4.42–4.30 (m, 3H), 4.16 (d, J = 7.3 Hz, 1H), 4.05–3.91 (m, 2H), 3.84–3.79 (m, 1H), 

3.76 (s, 2H), 3.68–3.59 (m, 1H), 3.21 (q, J = 7.6 Hz, 2H), 3.13 (s, 9H), 2.94 (t, J = 7.4 Hz, 

2H), 2.27–2.18 (m, 1H), 2.04 (ddt, J = 25.1, 14.3, 7.4 Hz, 4H), 1.91–1.57 (m, 16H), 1.46 

(ddd, J = 24.7, 11.6, 7.4 Hz, 4H), 0.95 (dd, J = 17.1, 6.5 Hz, 12H); MS (ESI): m/z calcd for 

[C41H80N14O8]+ 895.63, found 895.50.

Mixed Synthesis of Peptidomimetic Compounds.—Peptidomimetic compounds 

were synthesized using an integrated approach of solid- and solution-phase synthesis. Kme3 

mimetics were synthesized in solution as Fmoc-protected amino acids using reductive 

aminations as described below and added to the corresponding peptide by SPPS.

Protocol A.—Fmoc-L-lysine (1 equiv) was dissolved in ethanol and stirred at rt. Aldehyde 

and/or ketone (8 equiv) was added to the cloudy solution, and the mixture was left to stir for 

10 min followed by addition of acetic acid (3 equiv). Sodium cyanoborohydride (5 equiv) 

was then added to the reaction. The mixture was stirred at rt for 2 h. The crude mixture was 

concentrated in vacuo and purified by reverse phase flash chromatography (H2O + 0.1% 

trifluoroacetic acid and CH3CN) to yield the final product as a TFA salt. The product was 

redissolved in water and lyophilized to a hygroscopic, white powder.

Protocol B.—Fmoc-L-lysine (1 equiv) was dissolved in ethanol and stirred at rt. Ketone (8 

equiv) was added to the cloudy solution, and the mixture was left to stir for 10 min followed 

by addition of acetic acid (3 equiv). Sodium cyanoborohydride (5 equiv) was then added to 

the reaction. The mixture was stirred at 60 °C for 16 h. Aldehyde (8 equiv) and an additional 

5 equiv of sodium cyanoborohydride were added to the reaction. The reaction mixture was 

again stirred at 60 °C for 16 h. The crude mixture was concentrated in vacuo and purified by 

reverse phase flash chromatography (H2O + 0.1% trifluoroacetic acid and CH3CN) to yield 

the final product as a TFA salt. The product was redissolved in water and lyophilized to a 

hygroscopic, white powder.

N2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N6-ethyl-N6-isopropyl-L-lysine (1). 
Protocol A.—White powder; yield 50%. 1H NMR (MeOD-d4, 400 MHz): δ 7.76 (d, J = 

7.5 Hz, 2H), 7.64 (t, J = 8.2 Hz, 2H), 7.36 (t, J = 7.4 Hz, 2H), 7.28 (td, J = 7.5, 1.2 Hz, 2H), 

4.39–4.26 (m, 2H), 4.21–4.12 (m, 2H), 3.62 (p, J = 6.7 Hz, 1H), 3.21–2.88 (m, 4H), 1.90 

(dtd, J = 13.5, 8.1, 7.7, 4.9 Hz, 1H), 1.73 (qd, J = 9.4, 5.8 Hz, 3H), 1.51–1.40 (m, 2H), 1.28 

(q, J = 6.6, 6.2 Hz, 9H); MS (ESI): m/z calcd for [C26H34N2O4]+ 439.25, found 439.20.

Amino(((S)-5-amino-4-((S)-2-((S)-1-((2S,5S,8S)-14-amino-2-(4-aminobutyl)-5-(4-
(ethyl(isopropyl)amino)butyl)-8-isopropyl-4,7,10,13-tetraoxo-3,6,9,12-
tetraazatetradecanoyl)pyrrolidine-2-carboxamido)-4-methylpentanamido)-5-
oxopentyl)amino)methaniminium (UNC7643).—White powder; yield 40%.1H NMR 
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(MeOD-d4, 400 MHz): δ 4.61 (dd, J = 8.3, 5.3 Hz, 1H), 4.45 (dd, J = 8.2, 4.1 Hz, 1H), 4.39–

4.29 (m, 3H), 4.17 (d, J = 7.2 Hz, 1H), 3.99 (s, 2H), 3.83–3.77 (m, 1H), 3.76 (s, 2H), 3.69 

(td, J = 15.3, 14.3, 6.5 Hz, 2H), 3.28–3.11 (m, 5H), 3.06 (dd, J = 16.0, 7.6 Hz, 1H), 2.94 (t, J 
= 7.4 Hz, 2H), 2.27–2.17 (m, 1H), 2.16–1.94 (m, 4H), 1.90–1.79 (m, 3H), 1.77–1.60 (m, 

12H), 1.50 (p, J = 8.2 Hz, 4H), 1.37–1.32 (m, 9H), 0.99–0.92 (m, 12H); MS (ESI): m/z calcd 

for [C43H83N14O8]2+ 924.65, found 924.50.

N2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N6-ethyl-N6-(1-(furan-2-yl)ethyl)-L-
lysine (2). Protocol B.—White powder; yield 40%. 1H NMR (MeOD-d4, 400 MHz): δ 
7.80 (d, J = 7.6 Hz, 2H), 7.66 (q, J = 12.8, 10.9 Hz, 3H), 7.40 (t, J = 7.5 Hz, 2H), 7.31 (t, J = 

7.3 Hz, 2H), 6.71 (s, 1H), 6.50 (d, J = 15.2 Hz, 1H), 4.44–4.31 (m, 2H), 4.20 (dt, J = 24.1, 

5.7 Hz, 2H), 3.02 (dd, J = 97.5, 53.8 Hz, 4H), 1.90 (dd, J = 13.9, 6.3 Hz, 1H), 1.70 (t, J = 7.5 

Hz, 7H), 1.43 (s, 2H), 1.31 (t, J = 6.7 Hz, 3H); MS (ESI): m/z calcd for [C29H34N2O5]+ 

491.25, found 491.25.

Amino(((4S)-5-amino-4-((2S)-2-((2S)-1-((2S,5S,8S)-14-amino-2-(4-
aminobutyl)-5-(4-(ethyl(1-(furan-2-yl)ethyl)amino)butyl)-8-isopropyl-4,7,10,13-
tetraoxo-3,6,9,12-tetraazatetradecanoyl)pyrrolidine-2-carboxamido)-4-
methylpentanamido)-5-oxopentyl)amino)methaniminium (UNC6640).—White 

powder; yield 25%. 1H NMR (MeOD-d4, 400 MHz): δ 7.68 (dt, J = 1.9, 0.9 Hz, 1H), 6.74 

(d, J = 3.4 Hz, 1H), 6.54 (dd, J = 3.4, 1.9 Hz, 1H), 4.61 (dd, J = 8.2, 5.4 Hz, 1H), 4.45 (dd, J 
= 8.3, 4.0 Hz, 1H), 4.39–4.30 (m, 3H), 4.18 (d, J = 7.1 Hz, 1H), 3.99 (s, 2H), 3.80 (dt, J = 

10.0, 6.5 Hz, 1H), 3.76 (s, 2H), 3.68–3.60 (m, 1H), 3.22 (tt, J = 14.3, 6.9 Hz, 4H), 3.14–3.05 

(m, 1H), 2.94 (t, J = 7.4 Hz, 2H), 2.22 (dt, J = 15.4, 9.1 Hz, 1H), 2.12–1.95 (m, 4H), 1.94–

1.57 (m, 19H), 1.55–1.38 (m, 4H), 1.33 (d, J = 8.2 Hz, 4H), 0.99–0.91 (m, 12H); MS (ESI): 

m/z calcd for [C46H83N14O9]2+ 976.64, found 976.50.

N2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N6-isopropyl-N6-phenethyl-L-lysine 
(3). Protocol B.—White, sticky solid; yield 42%. 1H NMR (MeOD-d4, 400 MHz): δ 7.68 

(dt, J = 1.9, 0.9 Hz, 1H), 6.74 (d, J = 3.4 Hz, 1H), 6.54 (dd, J = 3.4, 1.9 Hz, 1H), 4.61 (dd, J 
= 8.2, 5.4 Hz, 1H), 4.45 (dd, J = 8.3, 4.0 Hz, 1H), 4.39–4.30 (m, 3H), 4.18 (d, J = 7.1 Hz, 

1H), 3.99 (s, 2H), 3.80 (dt, J = 10.0, 6.5 Hz, 1H), 3.76 (s, 2H), 3.68–3.60 (m, 1H), 3.22 (tt, J 
= 14.3, 6.9 Hz, 4H), 3.14–3.05 (m, 1H), 2.94 (t, J = 7.4 Hz, 2H), 2.22 (dt, J = 15.4, 9.1 Hz, 

1H), 2.12–1.95 (m, 4H), 1.94–1.57 (m, 19H), 1.55–1.38 (m, 4H), 1.33 (d, J = 8.2 Hz, 4H), 

0.99–0.91 (m, 12H); MS (ESI): m/z calcd for [C32H38N2O4]+ 515.28, found 515.30.

Amino(((S)-5-amino-4-((S)-2-((S)-1-((2S,5S,8S)-14-amino-2-(4-aminobutyl)-8-
isopropyl-5-(4-(isopropyl(phenethyl)amino)butyl)-4,7,10,13-tetraoxo-3,6,9,12-
tetraazatetradecanoyl)pyrrolidine-2-carboxamido)-4-methylpentanamido)-5-
oxopentyl)amino)methaniminium (UNC6641).—White powder; yield 21%. 1H NMR 

(MeOD-d4, 400 MHz): δ 7.38–7.25 (m, 5H), 4.61 (dd, J = 8.4, 5.2 Hz, 1H), 4.45 (dd, J = 

8.3, 4.2 Hz, 1H), 4.39–4.29 (m, 3H), 4.17 (d, J = 7.2 Hz, 1H), 3.98 (d, J = 5.1 Hz, 2H), 3.83–

3.74 (m, 4H), 3.65 (dd, J = 10.8, 4.0 Hz, 1H), 3.38 (dt, J = 17.9, 8.3 Hz, 1H), 3.27–3.12 (m, 

4H), 3.06 (dq, J = 12.2, 6.5, 5.7 Hz, 2H), 2.94 (t, J = 7.4 Hz, 2H), 2.23 (ddd, J = 12.7, 8.2, 

3.8 Hz, 1H), 2.15–1.93 (m, 4H), 1.93–1.55 (m, 16H), 1.51 (q, J = 7.8 Hz, 4H), 1.37 (dd, J = 
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6.7, 2.0 Hz, 6H), 1.02–0.88 (m, 12H); MS (ESI): m/z calcd for [C49H87N14O8]2+/2 500.32, 

found 500.40.

N2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N6-isopropyl-N6-(3-phenylpropyl)-L-
lysine (4). Protocol B.—White, sticky solid; yield 58%. 1H NMR (MeOD-d4, 400 MHz): 

δ 7.77 (d, J = 7.5 Hz, 2H), 7.65 (dd, J = 10.4, 7.5 Hz, 2H), 7.37 (t, J = 7.4 Hz, 2H), 7.30 (dd, 

J = 7.5, 1.2 Hz, 2H), 7.28–7.25 (m, 2H), 7.24–7.19 (m, 3H), 4.38 (dd, J = 10.5, 6.9 Hz, 1H), 

4.30 (dd, J = 10.4, 7.1 Hz, 1H), 4.22–4.15 (m, 2H), 3.61 (p, J = 7.5, 7.0 Hz, 1H), 3.12–2.94 

(m, 4H), 2.70–2.65 (m, 2H), 1.99 (s, 2H), 1.79–1.57 (m, 4H), 1.45 (dt, J = 15.0, 6.3 Hz, 2H), 

1.26–1.23 (m, 6H); MS (ESI): m/z calcd for [C33H40N2O4]+ 529.30, found 529.30.

Amino(((S)-5-amino-4-((S)-2-((S)-1-((2S,5S,8S)-14-amino-2-(4-aminobutyl)-8-
isopropyl-5-(4-(isopropyl(3-phenylpropyl)amino)butyl)-4,7,10,13-
tetraoxo-3,6,9,12-tetraazatetradecanoyl)pyrrolidine-2-carboxamido)-4-
methylpentanamido)-5-oxopentyl)amino)methaniminium (UNC7259).—White 

powder; yield 21%. 1H NMR (MeOD-d4, 400 MHz): δ 7.35–7.17 (m, 5H), 4.62 (dd, J = 8.5, 

5.2 Hz, 1H), 4.48–4.42 (m, 1H), 4.35 (tt, J = 9.4, 5.2 Hz, 3H), 4.17 (d, J = 7.2 Hz, 1H), 4.00 

(d, J = 3.0 Hz, 1H), 3.81–3.76 (m, 3H), 3.21 (p, J = 6.9 Hz, 3H), 3.16–3.05 (m, 4H), 2.96 (t, 

J = 7.3 Hz, 2H), 2.74 (t, J = 7.6 Hz, 2H), 2.25 (d, J = 7.5 Hz, 1H), 2.16–1.94 (m, 5H), 1.92–

1.59 (m, 17H), 1.53–1.40 (m, 4H), 1.32 (dd, J = 6.6, 1.6 Hz, 6H), 1.29 (q, J = 2.3 Hz, 1H), 

0.99–0.92 (m, 12H); MS (ESI): m/z calcd for [C50H89N14O8]+ 1013.70, found 1013.50.

N2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N6-benzyl-N6-isopropyl-L-lysine (5). 
Protocol B.—White, sticky solid; yield 53%. 1H NMR (MeOD-d4, 400 MHz): δ 7.46 (s, 

6H), 7.29 (d, J = 3.9 Hz, 7H), 5.31–5.26 (m, 1H), 5.17 (dd, J = 12.1, 1.9 Hz, 1H), 4.36 (dd, J 
= 13.1, 1.9 Hz, 1H), 4.11 (dd, J = 13.3, 10.3 Hz, 1H), 3.89 (dd, J = 13.7, 3.9 Hz, 2H), 3.59 

(dd, J = 13.1, 6.6 Hz, 3H), 1.79–1.66 (m, 2H), 1.52 (d, J = 12.6 Hz, 1H), 1.40 (d, J = 6.6 Hz, 

3H), 1.38–1.29 (m, 5H), 1.25–1.16 (m, 1H); MS (ESI): m/z calcd for [C31H36N2O4]+ 

501.27, found 501.30.

Amino(((S)-5-amino-4-((S)-2-((S)-1-((2S,5S,8S)-14-amino-2-(4-aminobutyl)-5-(4-
(benzyl(isopropyl)amino)butyl)-8-isopropyl-4,7,10,13-tetraoxo-3,6,9,12-
tetraazatetradecanoyl)pyrrolidine-2-carboxamido)-4-methylpentanamido)-5-
oxopentyl)amino)methaniminium (UNC7253).—White powder; yield 12%. 1H NMR 

(MeOD-d4, 400 MHz): δ 7.57–7.45 (m, 5H), 4.60 (dd, J = 8.5, 5.2 Hz, 1H), 4.48–4.23 (m, 

6H), 4.16 (d, J = 6.9 Hz, 1H), 3.98 (s, 6H), 3.69 (dt, J = 13.8, 6.8 Hz, 1H), 3.27–3.12 (m, 

3H), 3.10–2.98 (m, 1H), 2.94 (t, J = 7.4 Hz, 2H), 2.22 (dt, J = 7.6, 3.3 Hz, 1H), 2.14–1.54 

(m, 19H), 1.50 (q, J = 7.8 Hz, 2H), 1.39 (td, J = 19.3, 6.3 Hz, 8H), 0.94 (dd, J = 16.8, 6.3 Hz, 

12H); MS (MALDI): m/z calcd for [C48H85N14O8]+ 985.67, found 985.62.

N2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N6-(2-cyclohexylethyl)-N6-isopropyl-
L-lysine (6). Protocol B.—White powder; yield 62%. 1H NMR (MeOD-d4, 400 MHz): δ 
7.76 (t, J = 6.6 Hz, 2H), 7.68–7.60 (m, 2H), 7.36 (t, J = 7.6 Hz, 2H), 7.28 (t, J = 7.5 Hz, 2H), 

4.31 (dtd, J = 17.6, 10.4, 9.0, 4.1 Hz, 2H), 4.19 (q, J = 7.5, 7.0 Hz, 2H), 3.59 (dt, J = 13.1, 

6.8 Hz, 1H), 3.01 (s, 4H), 2.13 (d, J = 6.7 Hz, 1H), 1.98–1.86 (m, 1H), 1.86–1.32 (m, 19H), 

1.23–1.08 (m, 4H); MS (ESI): m/z calcd for [C32H44N2O4]+ 521.33, found 521.35.
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Amino(((S)-5-amino-4-((S)-2-((S)-1-((2S,5S,8S)-14-amino-2-(4-
aminobutyl)-5-(4-((2-cyclohexylethyl)(isopropyl)amino)butyl)-8-
isopropyl-4,7,10,13-tetraoxo-3,6,9,12-tetraazatetradecanoyl)pyrrolidine-2-
carboxamido)-4-methylpentanamido)-5-oxopentyl)amino)methaniminium 
(UNC7258).—White powder; yield 10%. 1H NMR (MeOD-d4, 400 MHz): δ 4.48–4.44 (m, 

3H), 4.35 (ddd, J = 14.8, 9.0, 5.6 Hz, 4H), 4.18 (d, J = 7.2 Hz, 1H), 4.01 (d, J = 1.9 Hz, 1H), 

3.80 (d, J = 5.9 Hz, 3H), 3.50–3.46 (m, 1H), 3.22 (q, J = 6.8 Hz, 2H), 3.18–3.03 (m, 4H), 

2.97 (q, J = 7.3 Hz, 2H), 2.03–1.95 (m, 2H), 1.86 (s, 2H), 1.73 (d, J = 21.8 Hz, 14H), 1.69–

1.61 (m, 7H), 1.51 (s, 4H), 1.35 (d, J = 6.5 Hz, 6H), 1.33–1.21 (m, 6H), 1.05 (d, J = 11.7 Hz, 

2H), 1.00–0.92 (m, 12H); MS (MALDI): m/z calcd for [C49H93N14O8]+ 1005.73, found 

1005.65.

Synthesis of Biotin-UNC6641.—UNC6641 was first coupled on-bead to 

propargylamine to provide a clickable handle for attachment of azido-PEG5-biotin. The 

peptide was then capped with an additional glycine residue using SPPS as described. 

Following cleavage from the resin, the alkynyl peptide was coupled to PEG5-biotin using 

click chemistry.

Amino(((S)-5-amino-4-((S)-2-((S)-1-((2S,5S,8S)-2-(4-aminobutyl)-18-glycyl-8-
isopropyl-5-(4-(isopropyl(phenethyl)amino)butyl)-4,7,10,13,16-
pentaoxo-3,6,9,12,15,18-hexaazahenicos-20-ynoyl)-pyrrolidine-2-
carboxamido)-4-methylpentanamido)-5-oxopentyl)-amino)methaniminium 
(alkynyl-UNC6641).—To UNC6641 (0.215 g, 0.215 mmol, 1 equiv) on resin was added 1 

M bromoacetic acid in DMF (2.5 mL, 12 equiv) and 1 M diisopropylmethanediimine in 

DMF (2.5 mL, 12 equiv). The mixture was stirred on the shaker at rt for 30 min after which 

the solution was expelled and the resin was washed with DMF 7× (5 mL each). One M 

propargylamine (5 mL, 27 equiv) was then added to the resin and stirred on the shaker at rt 

for 2 h. Again, the solution was expelled and the beads were washed with DMF 7× (5 mL 

each). The terminal glycine was added and the final peptide cleaved and purified as 

described in the Solid-Phase Peptide Synthesis (SPPS) section to yield a white solid (20 mg, 

15%). MS (ESI): m/z calcd for [C56H95N16O10]+ 1152.74, found 1152.60.

Amino(((S)-5-amino-4-((S)-2-((S)-1-((2S,5S,8S)-20-amino-2-(4-aminobutyl)-8-
isopropyl-5-(4-(isopropyl(phenethyl)amino)butyl)-4,7,10,13,16,19-
hexaoxo-18-((1-(19-oxo-23-((3aR,4R,6aS)-2-oxo-hexahydro-1H-thieno[3,4-
d]imidazol-4-yl)-3,6,9,12,15-pentaoxa-18-azatricosyl)-1H-1,2,3-triazol-5-
yl)methyl)-3,6,9,12,15,18-hexaazaicosanoyl)pyrrolidine-2-carboxamido)-4-
methylpentanamido)-5-oxopentyl)amino)methaniminium (Biotin-UNC6641).—
Alkynyl-UNC6641 (0.014 g, 0.012 mmol, 1 equiv) was dissolved in DMF (0.2 mL). 

Aqueous solutions of 0.6 M copper(II) sulfate (0.2 mL, 10 equiv) and 0.12 M sodium 

ascorbate (1 mL, 10 equiv) were added followed by N-(17-azido-3,6,9,12,15-

pentaoxaheptadecyl)-5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-

pentanamide. The mixture was stirred at rt for 2 h. The solution was then filtered and 

concentrated in vacuo, followed by purification via preparative HPLC as described in the 

General Procedures section. The solvent was removed in vacuo, redissolved in water, and 
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lyophilized to yield the desired products as a white solid (0.018 g, 89%). 1H NMR (MeOD-

d4, 400 MHz): δ 7.38–7.25 (m, 5H), 4.71 (d, J = 5.0 Hz, 2H), 4.64–4.53 (m, 3H), 4.47 (ddd, 

J = 16.4, 8.1, 4.2 Hz, 2H), 4.39–4.29 (m, 4H), 4.21 (d, J = 21.9 Hz, 3H), 4.12 (dd, J = 7.4, 

2.5 Hz, 1H), 3.98 (s, 3H), 3.92–3.85 (m, 4H), 3.79 (p, J = 6.6 Hz, 2H), 3.66–3.58 (m, 18H), 

3.53 (t, J = 5.5 Hz, 2H), 3.35 (d, J = 1.8 Hz, 4H), 3.21 (q, J = 7.2 Hz, 4H), 3.07 (dt, J = 11.4, 

7.0 Hz, 2H), 2.93 (dt, J = 10.2, 6.1 Hz, 3H), 2.70 (d, J = 12.8 Hz, 1H), 2.22 (t, J = 7.3 Hz, 

3H), 2.16–1.91 (m, 4H), 1.91–1.61 (m, 18H), 1.60–1.42 (m, 8H), 1.38 (d, J = 6.7 Hz, 6H), 

0.99–0.91 (m, 12H); MS (ESI): m/z calcd for [C78H135N22O17S]2+ 1685.91, found 1685.60.

Protein Expression and Purification.

Unlabeled Protein Expression Constructs.—The Tudor domains of PHF1 (residues 

25–87 of NP_077084) and PHF19 (residues 49–115 of NP_001273769) were expressed with 

N-terminal His tags in pET28 expression vectors. PHF1 Tudor domain point mutants were 

generated using a QuickChange II Site-Directed Mutagenesis kit (Agilent, Santa Clara, CA) 

and the following primer sets:

W41A 5′-agcagcccatcagtcgctctggccagcacatc-3′

5′-gatgtgctggccagagcgactgatgggctgct-3′

Y47A 5′-ctttttgatggtacccaaggctagcagcccatcagtccat-3′

5′-atggactgatgggctgctagccttgggtaccatcaaaaag-3

F65A 5′-aactgcgaatcatcctcagcctggaccagacacacctc-3′

5′-gaggtgtgtctggtccaggctgaggatgattcgcagtt-3′

The Tudor domain of 53BP1 (residues 1484–1603 of NP_005648) was expressed with an N-

terminal His tag in a pET15 expression vector. The Tudor domains of MTF2 (residues 1–160 

of NP_031384), PHF20 (residues 58–148 of NP_057520), and PHF20L1 (residues 1–150 of 

NP_057102) were expressed with N-terminal GST tags in pGEX expression vectors.

Unlabeled Protein Expression and Purification.—All expression constructs were 

transformed into Rosetta2 BL21(DE3)pLysS competent cells (Novagen, EMD Chemicals, 

San Diego, CA). Protein expression was induced by growing cells at 37 °C with shaking 

until the OD600 reached ~0.6–0.8 at which time the temperature was lowered to 18 °C and 

expression was induced by adding 0.5 mM IPTG and continuing shaking overnight. Cells 

were harvested by centrifugation, and pellets were stored at −80 °C.

His-tagged proteins were purified by resuspending thawed cell pellets in 30 mL of lysis 

buffer (50 mM sodium phosphate pH 7.2, 50 mM NaCl, 30 mM imidazole, 1× EDTA free 

protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN)) per liter of culture. Cells 

were lysed on ice by sonication with a Branson Digital 450 Sonifier (Branson Ultrasonics, 

Danbury, CT) at 40% amplitude for 12 cycles with each cycle consisting of a 20 s pulse 

followed by a 40 s rest. The cell lysate was clarified by centrifugation and loaded onto a 

HisTrap FF column (GE Healthcare, Piscataway, NJ) that had been pre-equilibrated with 10 

column volumes of binding buffer (50 mM sodium phosphate pH 7.2, 500 mM NaCl, 30 

mM imidazole) using an AKTA FPLC (GE Healthcare, Piscataway, NJ). The column was 
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washed with 15 column volumes of binding buffer, and protein was eluted in a linear 

gradient to 100% elution buffer (50 mM sodium phosphate pH 7.2, 500 mM NaCl, 500 mM 

imidazole) over 20 column volumes. Peak fractions containing the desired protein were 

pooled and concentrated to 2 mL in Amicon Ultra-15 concentrators with a 3000 molecular 

weight cutoff (Merck Millipore, Carrigtwohill Co. Cork IRL). Concentrated protein was 

loaded onto a HiLoad 26/60 Superdex 75 prep grade column (GE Healthcare, Piscataway, 

NJ) that had been pre-equilibrated with 1.2 column volumes of sizing buffer (25 mM Tris 

pH 7.5, 250 mM NaCl, 2 mM DTT, 5% glycerol) using an ATKA Purifier (GE Healthcare, 

Piscataway, NJ). Protein was eluted isocratically in sizing buffer over 1.3 column volumes at 

a flow rate of 2 mL/min collecting 3 mL fractions. Peak fractions were analyzed for purity 

by SDS-PAGE, and those containing pure protein were pooled and concentrated using 

Amicon Ultra-15 concentrators with a 3000 molecular weight cutoff (Merck Millipore, 

Carrigtwohill Co. Cork IRL).

GST-tagged proteins were purified by resuspending thawed cell pellets in 30 mL of lysis 

buffer (1× PBS, 5 mM DTT, 1× EDTA free protease inhibitor cocktail (Roche Diagnostics, 

Indianapolis, IN)) per liter of culture. Cells were lysed on ice by sonication as described for 

His-tagged proteins. Clarified cell lysate was loaded onto a GSTrap FF column (GE 

Healthcare, Piscataway, NJ) that had been preequilibrated with 10 column volumes of 

binding buffer (1× PBS, 5 mM DTT) using a AKTA FPLC (GE Healthcare, Piscataway, NJ). 

The column was washed with 10 column volumes of binding buffer, and protein was eluted 

in 100% elution buffer (50 mM Tris pH 7.5,150 mM NaCl, 10 mM reduced glutathione) 

over 10 column volumes. Peak fractions containing the desired protein were pooled and 

concentrated to 2 mL in Amicon Ultra-15 concentrators with a 10,000 molecular weight 

cutoff (Merck Millipore, Carrigtwohill Co. Cork IRL). Concentrated protein was loaded 

onto a HiLoad 26/60 Superdex 200 prep grade column (GE Healthcare, Piscataway, NJ) that 

had been pre-equilibrated with 1.2 column volumes of sizing buffer (25 mM Tris pH 7.5, 

250 mM NaCl, 2 mM DTT, 5% glycerol) using an ATKA FPLC (GE Healthcare, 

Piscataway, NJ). Protein was eluted isocratically in sizing buffer over 1.3 column volumes at 

a flow rate of 2 mL/min collecting 3 mL fractions. Peak fractions were analyzed for purity 

by SDS-PAGE, and those containing pure protein were pooled and concentrated using 

Amicon Ultra-15 concentrators with a 10,000 molecular weight cutoff (Merck Millipore, 

Carrigtwohill Co. Cork IRL).

GST Tag Removal.—The N-terminal GST tag was removed from MTF2, PHF20, and 

PHF20L1 by thrombin cleavage according to the manufacturer’s recommendations 

(Novagen, EMD Chemicals, San Diego, CA). Briefly, purified protein was incubated with 

biotinylated thrombin at a final concentration of 1 unit of thrombin/mg of tagged protein for 

16 h at 4 °C. The cleavage reaction was then passed over a GSTrap FF column to remove 

protein that still retained the tag and free GST. Tag free proteins were further purified by 

collecting and concentrating the column flow through and running over a HiLoad 26/60 

Superdex 75 prep grade column as described above. Peak fractions containing the desired 

protein were pooled and concentrated using Amico Ultra-15 concentrators with a 3000 

molecular weight cutoff (Merck Millipore, Carrigtwohill Co. Cork IRL). All proteins were 
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dialyzed into a buffer containing 25 mM Tris–HCl pH 7.5, 150 mM NaCl, and 2 mM β-

mercaptoethanol prior to use for ITC.

15N-Labeled Protein Expression and Purification.—The PHF1 Tudor domain 

constructs comprising residues 14–87 and 28–87 were expressed and purified as described 

previously.10 Briefly, the proteins were expressed in Escherichia coli BL21 (DE3) RIL cells 

grown in LB media or M9 minimal media supplemented with 15NH4Cl. Expression was 

induced by 0.2 mM IPTG with shaking at 16 °C for 20 h. Cells were harvested and lysed by 

sonication. The GST-tagged PHF1 Tudor proteins were purified on glutathione Sepharose 

4B beads (GE Healthcare) in 20 mM Tris (pH 7.5) buffer supplemented with 200 mM NaCl, 

5 mM DTT, and 1 mM phenylmethanesulfonyl fluoride. The GST tag was removed 

overnight at 4 °C with PreScission protease. Proteins were further purified by size exclusion 

chromatography.

Isothermal Titration Calorimetry (ITC) Experiments.—All ITC measurements were 

recorded at 25 °C with an Auto-iTC200 isothermal titration calorimeter (MicroCal Inc., 

USA). All protein and compound stock samples were stored in ITC buffer (25 mM Tris–HCl 

pH 7.5, 150 mM NaCl, and 2 mM β-mercaptoethanol) and then diluted to achieve the 

desired concentrations. Typically, 100 μM protein and 1 mM compound were used; 

variations in these concentrations always maintained a 10:1 compound to protein ratio for all 

ITC experiments. The concentration of the protein stock solution was established using the 

Edelhoch method, whereas compound stock solutions were prepared based on mass. The 

experimental protocol included a single 0.2 mL compound injection into a 200 mL cell filled 

with protein, followed by 26 subsequent 1.5 mL injections of compound. Injections were 

performed with a spacing of 180 s and a reference power of 8 cal/s. The initial data point 

was routinely deleted. The titration data was analyzed using Origin 7 Software (MicroCal 

Inc., USA) by the nonlinear least-squares method, fitting the heats of binding as a function 

of the compound to protein ratio to a one-site binding model. At these concentrations, a 

reasonable curve could be fit up to Kd ~ 100 μM. Subsequently, curves too weak to be fit 

were reported as >100 μM.

General Time-Resolved Fluorescence Resonance Energy Transfer (TR-FRET) 
Assay Protocol.—The general TR-FRET protocol for Kme readers was followed as 

described previously.21 Assays were run using white, low-volume, flat-bottom, nonbinding, 

384-well microplates (Greiner, 784904) containing a total assay volume of 10 μL per well. 

The assay buffer was composed of 20 mM Tris (pH 7.5), 150 mM NaCl, 0.05% Tween 20, 

and 2 mM DTT. LANCE Europium (Eu)-W1024 Streptavidin conjugate (2 nM) and 

LANCE Ultra ULight-anti6x-His antibody (10 nM) were used as donor and acceptor 

fluorophores associated with the tracer ligand and protein, respectively. Final assay 

concentrations of 60 nM 6× histidine tagged PHF1 Tudor protein (residues 28–87, N-

terminal tag) and 90 nM biotin-UNC6641 tracer ligand were used for final compound 

testing. For PHF19, final assay concentrations of 5 nM 6× histidine tagged PHF19 Tudor 

protein (residues 49–115, N-terminal tag) and 50 nM of biotin-UNC6641 tracer ligand were 

used. Assay performance was evaluated using the Z′ factor calculation at varying DMSO 

concentrations up to 3%. Low signals were obtained using 100 μM UNC6641 to obtain 
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complete inhibition, and high signals were obtained without compound (DMSO only). The 

Z′ factors for PHF1 and PHF19 were consistent at each DMSO concentration, revealing a 

DMSO tolerance of up to 3% for both proteins (PHF1 Z′ at 1% = 0.81, at 3% = 0.75; 

PHF19 Z′ at 1% = 0.90, at 3% = 0.90).

Peptides were tested in a high-throughput manner using 384-well assay-ready plates in 

standard plate format: columns 1 and 2 were used for low-signal controls (100% inhibition 

with UNC6641), columns 23 and 24 were used for high-signal controls (DMSO only), and 

columns 3–22 were used for 16-point, 3-fold serial dilutions of each compound. First, 

controls were added to a mother plate where columns 1 and 2 were filled with 10 mM stock 

of UNC6641 in DMSO and columns 23 and 24 were filled with DMSO. Test compounds 

were dispensed across the mother plate at 100× concentration in columns 3–22 using a 

TECAN Freedom EVO liquid handling workstation. Using a TTP Labtech Mosquito HTS 

liquid handling instrument, assay-ready plates were prepared by stamping 100 nL of control 

compound into columns 1 and 2, 10 nL of compounds from the mother plate into columns 

3–22, and 25 nL of DMSO into columns 23 and 24. Protein, biotinylated tracer ligand, and 

the TR-FRET reagents were added together and gently mixed by pipetting and rocking. Ten 

μL was then added to each well of an assay-ready plate using a Multidrop Combi (Thermo 

Fisher, Waltham, MA). Percent inhibition was calculated on a scale of 0% (i.e., activity with 

DMSO vehicle only) to 100% (100 μM UNC6641) from the full column controls on each 

plate.

Molecular Docking.—Molecular docking was performed using Maestro version 12.6.149 

from Schrödinger Suite 2020-4 (Schrödinger Inc.). PHF1 Tudor (PDB ID: 4HCZ) was 

prepared for docking using Prime tools followed by OPLS3e force field minimization after 

deletion of water molecules. Ligands were uploaded as SDF structures and prepared for 

docking using LigPrep, which ionizes and standardizes molecules at pH 7.0 ± 2.0. For 

peptides, stereoisomer generation was limited to 5. The Glide docking grid was created 

using the H3K36me3 peptide from the original structure. Ligands were docked using 

standard precision peptide Glide docking with the backbone atoms constrained by the 

H3K36me3 peptide from the original structure. Ring-to-ring distances were measured from 

centroid to centroid, and ring-to-atom distances were measured from centroid to atom.

HSQC NMR Spectroscopy.—NMR experiments were carried out at 298 K on a Varian 

INOVA 600 spectrometer as described.51 The NMR sample contained 0.2 mM uniformly 
15N-labeled PHF1 Tudor domain (residue 14–87) in 20 mM Tris (pH 6.8) buffer 

supplemented with 150 mM NaCl, 5 mM DTT, and 10% D2O. Binding was characterized by 

monitoring chemical shift changes in the proteins induced by UNC6641. Spectra were 

processed using NMRPipe.52

Crystallization, Data Collection, and Structure Determination.—The PHF1 Tudor 

domain (residue 28–87) was concentrated to 10 mg/mL in a buffer containing 20 mM 

HEPES (pH 7.0), 200 mM NaCl, and 1 mM TCEP. Protein was incubated with UNC6641 at 

a 1:2 molar ratio for 1 h before crystallization. The preliminary plate-cluster crystals were 

obtained using the sitting drop vapor diffusion method by mixing 1 μL of the protein–

peptide solution with 1 μL of reservoir solution containing 0.01 M ZnCl2, 0.1 M MES pH 
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6.0, and 20% PEG 6000. The strike seeding method was applied in order to obtain single 

well diffracting crystals. The crystals were cryoprotected with addition of 20% glycerol 

before being flash-frozen in liquid nitrogen. X-ray diffraction data were collected at the 

Advanced Light Source beamline 4.2.2 administrated by the Molecular Biology Consortium. 

The data set was indexed, integrated, and scaled by the XDS package.53 The substituents 

(the phenethyl and isopropyl groups) on K4 of UNC6641 were generated using the Phenix 

eLBOW program.54 The complex structure was determined by the Phaser-MR program in 

Phenix using the PHF1 Tudor domain-H3K36me3 peptide complex structure (PDB ID: 

4HCZ)10 as the search model. The initial models were built with Coot and refined using 

Phenix.55,56 The data collection and structure refinement statistics are summarized in 

Supplementary Table 1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

PTM post-translational modification

Kme methyl-lysine

PHF1 plant homeodomain finger protein 1

PRC2 polycomb repressive complex 2

H3K36me3 histone H3 lysine 36 trimethyl

ITC isothermal titration calorimetry

TR-FRET time-resolved fluorescence resonance transfer

PCL polycomblike

PHF19 plant homeodomain finger protein 19

MTF2 metal response element binding transcription factor 2

CSP chemical shift perturbation
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Figure 1. 
Characterization of the interaction between the PHF1 Tudor domain and UNC6641 by 

NMR. (a) Overlay of 1H,15N HSQC spectra of the 15N-labeled PHF1 Tudor domain 

collected before and after the addition of UNC6641. Spectra are color coded according to 

the protein–peptide molar ratio. (b) Histogram showing chemical shift perturbations of 

backbone amides of the PHF1 Tudor domain at a 1:4 molar ratio of protein to UNC6641. 

The dashed line indicates an averaged chemical shift change plus one standard deviation. (c) 

The surface representation of the PHF1 Tudor domain (PDB ID: 4HCZ). Residues that 

exhibit substantial changes in part b are colored purple. (d) The PHF1 Tudor domain (PDB 

ID: 4HCZ) is depicted as a gray ribbon with the aromatic cage residues W41, Y47, F65, and 

F71 shown as pink sticks and labeled.
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Figure 2. 
Molecular mechanism for the association of the PHF1 Tudor domain with UNC6641 (PDB 

ID: 7LKY). (a) The electrostatic surface potential of the PHF1 Tudor domain. Bound 

UNC6641 is colored green, and the phenyl substituent of K4 is indicated as Lig. (b) The 

2Fo-Fc electron-density map of UNC6641 contoured at 1 σ shown as a gray mesh. (c) 

Structure of the PHF1 Tudor domain in complex with UNC6641. The PHF1 Tudor domain 

is shown as a gray ribbon, UNC6641 is shown as green sticks, and the protein residues 

interacting with UNC6641 are shown as gray sticks (except for W41, Y47, F65, and F71, 

which are colored yellow). The hydrogen bonds are indicated by yellow dashed lines. (d) 
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Zoomed-in view of the UNC6641 binding site. (e) Overlay of the structures of the of PHF1 

Tudor domain in complex with the H3K36me3 peptide (purple sticks) (PDB ID: 4HCZ) and 

UNC6641 (green sticks).
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Figure 3. 
Selectivity of UNC6641 across closely related Tudor domains. (a) Sequence alignment of 

Tudor domains most closely related to PHF1. Aromatic cage residues are in orange. * = 

Fully conserved. (b) Binding affinities of UNC6641 for closely related Tudor domains. Kd 

values were determined by two independent ITC experiments (mean ± SD).
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Table 1.

Binding of H3K36me3 Variants to PHF1 Tudor
a

Histone Residues Peptide Sequence ITC Kd (μM)
a

H3(33-40) GGVKme3KPHR 22.3 ± 1.9

H3(33-39) GGVKme3KPH 52.0 ± 6.1

H3(33-39)
b VGVKme3KPH 48.0 ± 0.2

H3(33-39)
b VGVKme3KPL 16.3 ± 3.0

H3(33-40)
b GGVKme3KPLR 18.7 ± 4.1

a
Kd values were determined by two independent ITC experiments (mean ± SD).

b
Peptide sequence differs from natural histone H3 sequence at residues denoted in blue.
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Table 3.

Mutation of Aromatic Cage Residues to Assess the Key Molecular Interactions between UNC6641 and the 

PHF1 Tudor Domain

UNC7643

Mutation ITC Kd(μM)

WT 10.1 ± 1.7

W41A >100

Y47A >100

F65A >100

UNC6641

Mutation ITC Kd (μM)

WT 0.96 ± 0.03

W41A 4.9 ± 0.6

Y47A >100

F65A 13.7 ± 1.3

a
Kd values were determined by two independent ITC experiments (mean ± SD).
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	Amino(((4S)-5-amino-4-((2S)-2-((2S)-1-((2S,5S,8S)-14-amino-2-(4-aminobutyl)-5-(4-(ethyl(1-(furan-2-yl)ethyl)amino)butyl)-8-isopropyl-4,7,10,13-tetraoxo-3,6,9,12-tetraazatetradecanoyl)pyrrolidine-2-carboxamido)-4-methylpentanamido)-5-oxopentyl)amino)methaniminium (UNC6640).
	N2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N6-isopropyl-N6-phenethyl-L-lysine (3). Protocol B.
	Amino(((S)-5-amino-4-((S)-2-((S)-1-((2S,5S,8S)-14-amino-2-(4-aminobutyl)-8-isopropyl-5-(4-(isopropyl(phenethyl)amino)butyl)-4,7,10,13-tetraoxo-3,6,9,12-tetraazatetradecanoyl)pyrrolidine-2-carboxamido)-4-methylpentanamido)-5-oxopentyl)amino)methaniminium (UNC6641).
	N2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N6-isopropyl-N6-(3-phenylpropyl)-L-lysine (4). Protocol B.
	Amino(((S)-5-amino-4-((S)-2-((S)-1-((2S,5S,8S)-14-amino-2-(4-aminobutyl)-8-isopropyl-5-(4-(isopropyl(3-phenylpropyl)amino)butyl)-4,7,10,13-tetraoxo-3,6,9,12-tetraazatetradecanoyl)pyrrolidine-2-carboxamido)-4-methylpentanamido)-5-oxopentyl)amino)methaniminium (UNC7259).
	N2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N6-benzyl-N6-isopropyl-L-lysine (5). Protocol B.
	Amino(((S)-5-amino-4-((S)-2-((S)-1-((2S,5S,8S)-14-amino-2-(4-aminobutyl)-5-(4-(benzyl(isopropyl)amino)butyl)-8-isopropyl-4,7,10,13-tetraoxo-3,6,9,12-tetraazatetradecanoyl)pyrrolidine-2-carboxamido)-4-methylpentanamido)-5-oxopentyl)amino)methaniminium (UNC7253).
	N2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N6-(2-cyclohexylethyl)-N6-isopropyl-L-lysine (6). Protocol B.
	Amino(((S)-5-amino-4-((S)-2-((S)-1-((2S,5S,8S)-14-amino-2-(4-aminobutyl)-5-(4-((2-cyclohexylethyl)(isopropyl)amino)butyl)-8-isopropyl-4,7,10,13-tetraoxo-3,6,9,12-tetraazatetradecanoyl)pyrrolidine-2-carboxamido)-4-methylpentanamido)-5-oxopentyl)amino)methaniminium (UNC7258).
	Synthesis of Biotin-UNC6641.
	Amino(((S)-5-amino-4-((S)-2-((S)-1-((2S,5S,8S)-2-(4-aminobutyl)-18-glycyl-8-isopropyl-5-(4-(isopropyl(phenethyl)amino)butyl)-4,7,10,13,16-pentaoxo-3,6,9,12,15,18-hexaazahenicos-20-ynoyl)-pyrrolidine-2-carboxamido)-4-methylpentanamido)-5-oxopentyl)-amino)methaniminium (alkynyl-UNC6641).
	Amino(((S)-5-amino-4-((S)-2-((S)-1-((2S,5S,8S)-20-amino-2-(4-aminobutyl)-8-isopropyl-5-(4-(isopropyl(phenethyl)amino)butyl)-4,7,10,13,16,19-hexaoxo-18-((1-(19-oxo-23-((3aR,4R,6aS)-2-oxo-hexahydro-1H-thieno[3,4-d]imidazol-4-yl)-3,6,9,12,15-pentaoxa-18-azatricosyl)-1H-1,2,3-triazol-5-yl)methyl)-3,6,9,12,15,18-hexaazaicosanoyl)pyrrolidine-2-carboxamido)-4-methylpentanamido)-5-oxopentyl)amino)methaniminium (Biotin-UNC6641).
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