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Abstract

Constrained peptides have proven to be a rich source of ligands for protein surfaces, but 

are often limited in their binding potency. Deployment of nonnatural side chains that access 

unoccupied crevices on the receptor surface offers a potential avenue to enhance binding affinity. 

We recently described a computational approach to create topographic maps of protein surfaces 

to guide the design of nonnatural side chains [J. Am. Chem. Soc. 2017, 139, 15560]. The 

computational method, AlphaSpace, was used to predict peptide ligands for the KIX domain of 

the p300/CBP coactivator. KIX has been the subject of numerous ligand discovery strategies, but 

potent inhibitors of its interaction with transcription factors remain difficult to access. Although 

the computational approach provided a significant enhancement in the binding affinity of the 

peptide, fine-tuning of nonnatural side chains required an experimental screening method. Here 

we implement a peptide-tethering strategy to screen fragments as nonnatural side chains on 

conformationally defined peptides. The combined computational–experimental approach offers a 

general framework for optimizing peptidomimetics as inhibitors of protein–protein interactions.
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INTRODUCTION

Rationally designed mimics of protein secondary and tertiary structures can serve as 

modulators of biomolecular interactions. The hypothesis governing the design of protein 

mimics is that elements of protein surfaces can be miniaturized to obtain cell permeable, 

proteolytically resistant ligands that retain the binding interactions of the native protein.1 

However, these mimics often suffer from an inherent limitation: by definition, minimal 

mimics of proteins do not encompass all contact points available to native proteins, and 

the loss of contacts correlates with a reduction in binding affinity and specificity for 

their cognate receptors.2,3 Potential solutions to this challenge include enhancement of the 

synthetic mimics with electrophilic warheads to elicit covalent contacts with the receptor4 or 

inclusion of nonnatural side chains, which can compensate for the loss in binding affinity by 

noncovalent engagement of pockets not accessible to native residues.5

We developed a combined computational and experimental approach to engineer 

peptidomimetics with judiciously designed nonnatural side chains. In our preliminary 

efforts, we focused on developing ligands for the coactivator KIX.6 The KIX domain 

of transcriptional coactivators CBP and p300 serves as a docking site for transcription 

factors.7 Figure 1A shows an NMR model of transactivation domains from cMyb and 

MLL binding on two allosterically linked faces of KIX.8 Binding of one transcription 

factor on KIX enhances binding of the other transcription factor, highlighting KIX’s 

plasticity.9 Interactions of KIX with aberrant transcription factors lead to abnormal gene 

expression and disease.10 Several approaches, including structure-guided design,6,11 NMR-

based screening,12 high-throughput screening,13 phage display,14 and disulfide protein 

tethering,15,16 have been employed to develop ligands for one or both binding surfaces of 

KIX to block the transcription factor–coactivator interactions. The conformational plasticity 

of KIX and a lack of contiguous binding pockets on its surface have made the discovery of 

potent ligands difficult—many small molecules and peptides designed or isolated from the 

above strategies have shown weak affinity in the high micromolar to millimolar range for 

KIX. A potent peptide ligand that links cMyb and MLL sequences was recently described; 

this study further illustrates the challenge in targeting an individual KIX cavity with low to 

medium molecular weight compounds.17

In our previous studies, we used the computational algorithm AlphaSpace18 to 

topographically map protein surfaces and design natural and nonnatural side chains on 
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peptide mimics. AlphaSpace analysis suggested that several MLL residues do not optimally 

occupy the closest lying pockets on KIX (Figure 1B) and that nonnatural residues may 

be designed to capture cryptic pockets. Application of AlphaSpace led to a significantly 

improved minimal MLL motif; the optimized sequence featured several nonnatural residues 

and bound KIX with low micromolar affinity as compared to the millimolar binding affinity 

observed for the short native sequence. Specifically, computational design predicted that 

S-benzylcysteine (in place of M850), 2-methyl-phenylalanine (in place of F852), isoleucine 

(in place of V853), and tyrosine (in place of T857) could successfully occupy pockets 

on KIX (Figure 1B). Here, we merge this computational fragment design approach with 

an experimental side-chain screening method, which allows fragments to be individually 

screened at the pocket level within the context of a constrained helix (Figure 1C).

Our experimental strategy builds on a combination of protein tethering19,20 and fragment 

linking approaches.21 In protein tethering, or site-directed ligand discovery, an engineered 

or native cysteine residue is employed to form covalent linkages with fragments from a 

library and guide individual fragments into a neighboring protein pocket (Figure 2A).20,22 

Tethering increases the local concentration of the fragment, allowing for screening of 

fragments at lower concentrations than if they were not tethered. Protein tethering has 

been successfully utilized to develop inhibitors and stabilizers of protein–protein interactions 

(PPIs),23,24 and to probe for ligandability.25 Fragment linking has become a useful approach 

to generate potent multivalent ligands from weak-binding fragments.26,27 We envisioned 

peptide tethering to involve judicious placement of a reactive group on a rationally designed 

peptidomimetic as opposed to the protein itself (Figure 2B). The fragments are covalently 

linked to a peptide containing a fluorophore before incubation of the fragment-modified 

peptide with the protein. The relative impact of fragments on binding can then be quantified 

by using a fluorescence polarization assay (Figure 2C). For this strategy to succeed, residues 

to be screened must be directed into nearby pockets; we rationalized that if the peptide 

retains several native critical binding residues, its native orientation would be retained to 

allow screening at individual sites. For example, in Figure 2B,C, the green hexagon is 

expected to anchor the peptide into the correct position on the receptor and allow side-chain 

fragment screening at the chosen site.

We envisioned different strategies for modifying the peptide with fragments, including 

disulfide bridges, thiol alkylation, and potentially various metal-mediated reactions. Our 

computational analysis suggested that aromatic or aliphatic fragments would lead to 

enhanced binding because the pockets being investigated are largely hydrophobic, with 

the exception of a KIX pocket near the MLL C-terminus (Supporting Information, Figure 

S1). Based on this hypothesis, the cysteine group on the peptide was modified with a 

library of fragments largely consisting of aliphatic and aromatic groups. We chose three 

different positions on the MLL peptide for optimization. Successive implementation of 

peptide tethering at the individual sites led to a submicromolar ligand for KIX, which 

corresponds to a >2000-fold improvement for the combined computational–experimental 

side-chain fragment identification strategy.
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RESULTS AND DISCUSSION

The KIX/MLL complex serves as a model system to explore the potential of the combined 

computational–experimental side-chain fragment screening method to predict optimal 

nonnatural side-chain groups.6 The AlphaSpace topographical mapping of the protein 

complex reveals that the MLL helical domain does not optimally engage the pockets on 

the KIX surface (Figure 1A). On the basis of this analysis, we first pursued a rational 

design approach to endow the MLL peptide with noncanonical side-chain groups. These 

efforts produced Peptide I (Ac-SDI-Bcs-D-FMe-ILKNYP-NH2, Ki = 22 ± 8 μM, Bcs = 

benzylcysteine), which inhibited the interaction between KIX and fluorescently labeled 

MLL peptide with >50-fold higher potency than the wild-type sequence MLL847–858 (Ac-

SDIMDFVLKNTP-NH2, Ki > 1000 μM; Table S1).

We pursued the peptide tethering strategy on the MLL sequence to further improve upon 

the computational campaign. We began the experimental screening studies by converting the 

lead linear peptide into covalently constrained helix mimics. We utilized the hydrogen bond 

surrogate (HBS) strategy to stabilize the helix conformation (Figure 3A). HBS α-helices 

have previously been extensively evaluated in biophysical, biochemical, cell culture, and 

in vivo assays.28-31 AlphaSpace analysis suggests native residues M850, F852, V853, T857, 

and P858 may be optimized. Substitution of F852 with methylphenylalanine and V853 with 

isoleucine leads to near full occupation of the cognate pockets, but an experimental fragment 

screen is required to identify optimal residues for positions 850, 857, and 858. We focused 

the side-chain fragment screening efforts on the computationally optimized sequence and 

sought analogues for benzylcysteine850, Y857, and P858 (Figure 3B). We synthesized three 

parent HBS helices with cysteine residues at positions 850, 857, and 858 for peptide 

tethering screens (Figure S2). As part of these studies, we also extended the peptide with 

a tryptophan residue at the C-terminus to potentially engage a cationic patch on the KIX 

through cation–π interactions. Addition of the tryptophan residue enhanced the binding 

affinity by roughly 2-fold (Table S1).

We created a focused library of fragments consisting of aromatic and aliphatic fragments for 

this initial analysis of the potential of peptide tethering to afford optimized ligands (Figure 

4A). The library components were chosen from commercially available aryl bromides, 

aliphatic thiols, and iodoacetates and acetamides. We chose aryl bromides and iodoacetates 

for their potential to efficiently react with cysteine residues (Supporting Information). 

Conversely, alkyl bromides or iodides did not provide high yields of the alkylated cysteine 

products, and therefore alkyl fragments 14–22 were incorporated via disulfide linkages. 

The alkyl thiol groups were preactivated as 5-nitropyridyl mixed disulfides in a one-pot 

synthesis (Figure 4B and Supporting Information). In brief, fragments were incubated with 

the fluorescently tagged peptide, confirmed by mass spectrometry, diluted, and individually 

incubated with protein before analyzing the fluorescence polarization (Figure 2C and 

Supporting Information). The fluorescence polarization assay provides a direct readout of 

the potential of the alkylated fragment to engage KIX.

Results of the fragment screen at sites 850, 857, and 858 are depicted in Figures 4C-E 

and the Supporting Information. The bar graphs show fluorescence polarization intensity 
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for 15 nM peptide library and 40 μM KIX; these conditions were chosen based on our 

prior analysis of binding of MLL derivatives and found to offer the requisite dynamic range 

for differentiating the impact of different fragments. Screening results for site 850 validate 

the computational results—notably, we find that hydrophobic residues at this position are 

favorable, in keeping with the prior AlphaSpace prediction of a benzylcysteine fragment at 

position 850. (The results between an HBS-constrained helix and unconstrained peptide vary 

slightly for the N-terminus Cys-850 residue because the constraint places a hydrophobic 

bridge next to this residue in addition to rigidifying the backbone.) The screen detected 

that polar residues (fragments 12, 13, 18, and 19) are not optimal for the hydrophobic 

pocket and selected nonpolar aliphatic and aromatic fragments that complement this pocket. 

In addition, the experimental screen suggested that cyclohexyl disulfide fragment 20 is a 

better candidate at this position than the aromatic ring (Figure 4C). This result highlights 

the key advantage of the experimental screen to build on the computational platform as 

the computational analysis is unable to discriminate between the aromatic and aliphatic 

six-membered rings because of their nearly identical physicochemical attributes and binding 

profiles. Encouraged by the screening results at site 850, we next evaluated optimal 

fragments for sites 857 and 858. Results suggest that a cyclopentyl fragment 21 is the 

top candidate in our screening library for site 857 (Figure 4D) while the iodoacetic acid 

fragment 13 emerged as the top hit for site 858 (Figure 4E). The emergence of a carboxylate 

fragment at this position can be rationalized and highlights the potential of the screening 

strategy: position 858 is surrounded by a cationic patch on KIX C-terminus (residues 667–

671)7 (Figure S1).

We resynthesized an HBS helix that incorporates the lead hit fragments from each of the 

three screens to assess the success of the peptide tethering approach to yield high affinity 

binders. We reasoned that the limited stability of surface-exposed disulfide bonds may 

restrict the potential of peptidomimetics in advanced biological assays and replaced the 

disulfide bridges employed for fragment screens with hydrocarbon linkages to obtain HBS 
II (Figure 5A). The conformational stability of the constrained helix was investigated by 

circular dichroism spectroscopy—we observed a CD signature expected of helical peptides 

(Figure S7). We next evaluated the potential of HBS II to inhibit the KIX–MLL interaction 

in a competition fluorescence polarization assay. HBS II showed a submicromolar inhibitory 

constant (Ki = 480 ± 130 nM), which equates to an ~2000-fold binding affinity enhancement 

over the wild type MLL sequence (MLL847–858) and a roughly 50-fold binding affinity 

increase over computationally designed Peptide I (Figure 5B and Table S1). We utilized a 

direct binding fluorescence polarization assay during the screen but measured the affinity 

of the lead sequences with the hydrocarbon linked fragments using a competition assay. 

The binding affinities obtained from the direct binding and competition binding assays 

are slightly different, potentially reflecting the impact of the fluorophore; however, the 

fold-improvement observed is similar with and without the fluorophore in these assays.

We assessed the impact of the individual fragments on binding of HBS II by individually 

substituting the top fragment hits with native residues (Figure S3). The goal of this analysis 

was to determine if the screened fragments are providing a synergistic increase to the 

binding affinity of HBS II or if one fragment is dominating the binding profile. We 
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incorporated a single experimentally screened fragment in HBS II at sites 850, 857 and 858 

and tested direct binding (Figure 5C and Table S2). The results suggest that each fragment 

offers a marginal (~2–4-fold) improvement consistent with multivalent systems where each 

contact point provides a small gain in binding energy. The binding profile supports the 

hypothesis that the additive effect of multiple fragments can provide a high affinity ligand.

Peptides that engage the MLL face of KIX, including the current optimized peptide, 

include a ϕ–x–x–ϕ–ϕ motif, where ϕ is a hydrophobic residue.10 Such helical motifs and 

hydrophobic residues, in general, are commonly found at protein–protein interfaces.32-34 

To test if the designed helix with several hydrophobic modifications binds nonspecifically 

to other receptors that are known to accommodate the ϕ–x–x–ϕ–ϕ helical partners, we 

incubated the fluorescently labeled HBS II (termed HBS II*) with MDM2, which is a 

well-known binding partner of the p53 activation domain. We did not observe significant 

binding of the fragment-optimized HBS II* with MDM2 suggesting that this compound 

retains specificity for KIX (Figure S4).

Lastly, we utilized titration HSQC 15N NMR spectroscopy to evaluate the binding site 

profile of HBS II on KIX. Addition of 0.5 and 1 mol equivalent of HBS II to 15N labeled 

produced changes in chemical shifts of KIX backbone amide protons located on the MLL 

and cMyb faces of KIX (Figure 6A, Figure S5 and Table S3). Figure 6B depicts the changes 

chemical shifts of backbone amide mapped onto the MLL/KIX/cMyb protein complex (PDB 

2AGH). Chemical shift changes were observed on both MLL and cMyb faces of KIX, which 

is not surprising because the two faces are allosterically connected.9,35 The largest shift was 

observed for K659, which is located near the strand portion of MLL and predicted to contact 

position 850 of HBS II. K659 has been shown to participate in the allosteric communication 

between different transcription factor binding sites on KIX.36 It is likely that the lead peptide 

is binding both faces of KIX, as is observed for native MLL.37 The exact mechanism of 

HBS II binding will require further explorations.

CONCLUSION

Miniature mimics of proteins can serve as rationally designed inhibitors of biomolecular 

complexes, but the process of miniaturization also leads to loss of important binding 

contacts and affinity. One potential strategy for creating high affinity protein mimics is 

to engage protein binding pockets which may not be accessible to natural side chains. We 

have developed a combined computational and experimental approach to develop protein 

mimics with noncanonical side chains. The computational method AlphaSpace provides 

a topographical map of the protein surface and identifies underutilized targetable pockets 

which may be better occupied by nonnatural side-chain groups.5,6,38 The experimental 

approach builds on the computational method and allows screening of side-chain fragments 

at specific pockets. Here we described the results of this combined approach to 

develop peptidomimetics for KIX—a coactivator which has been difficult to target using 

conventional design and screening strategies.

Fragment screening is a well-established method for identifying hits, but a perpetual 

challenge for any fragment screening method is to coax the library to interrogate a specific 
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pocket. Protein tethering offers an avenue for pocket specific screening of fragments.19,20 

Building on this strategy, we tested a peptide tethering approach in which the peptide is 

expected to localize to a specific site on the cognate receptor as guided by native binding 

contacts—a chosen pocket can then be screened to optimize binding. While this study 

focused on cysteine-reactive chemistry, we expect that peptide tethering will be expanded 

beyond the scope of cysteine residues to accommodate different residues and chemistries.

A combination of the computational topographic mapping and peptide tethering afforded 

a peptidomimetic that binds the KIX domain of coactivators p300/CBP with >2000-fold 

improved affinity as compared to the wild-type sequence, resulting in a submicromolar 

inhibitor of KIX/MLL complex formation. Importantly, each fragment provides an additive 

boost in affinity. We and others have targeted several domains on this coactivator including 

the TAZ1 domain,31,39 histone acetyltransferase domain,40 and bromodomain,41 and we 

anticipate that the identified peptide will add to the list of ligands available to modulate 

p300/CBP linked gene expression.42
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Figure 1. 
(A) KIX domain of coactivators p300/CBP interacts with a multitude of transcription 

factors. An NMR-derived model of KIX in complex with MLL and cMyb is shown (PDB 

code 2AGH). (B) Helical domain of MLL847–858 provides a template for the development 

of synthetic ligands for KIX. The topographical map of KIX suggests that several pockets 

on its surface are not optimally occupied by native MLL residues, and nonnatural residues 

may be designed to provide enhanced affinity. The figure shows AlphaSpace analysis of 

the KIX/MLL complex. The yellow spheres depict the centroid of potential pockets near 

the MLL helix. (C) In published studies, we showed that a computationally designed 

peptide with noncanonical amino acids replacing M850, F852, V854, and T857 makes 

superior contacts with KIX. Here we build on the computational method and describe an 

experimental fragment screening approach to identify synthetic side chains to engage KIX.
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Figure 2. 
(A) Protein tethering versus (B) peptide tethering. In protein tethering, native or nonnative 

reactive moieties such as cysteine residues direct fragments into nearby pockets. Fragment 

screening is often performed to target multiple pockets on the protein; multiple fragments 

are then linked together. In peptide tethering, the fragments are tethered to cysteine or 

another reactive group on the peptidomimetic. (C) Experimental setup: the peptide has a 

fluorophore, and fragments are covalently linked before individually incubating with the 

protein and determining fluorescence polarization (FP). The process can be repeated at 

multiple sites on the peptide.
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Figure 3. 
Peptide tethering to screen side-chain fragments for MLL helix. (A) The computationally 

optimized sequence was stabilized into the helical conformation with the hydrogen bond 

surrogate strategy. (B) The constrained helix was iteratively screened at three positions to 

identify improved side-chain groups at these sites.
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Figure 4. 
(A) Fragments utilized in this study. (B) Side-chain fragments were incorporated into HBS 

peptides by cysteine alkylation or as disulfide linkages. Screening of fragment results at sites 

(C) 850, (D) 857, and (E) 858.
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Figure 5. 
Analysis of the impact of nonnatural side chains on the binding affinities of MLL peptides. 

(A) The fragment screen yielded optimized peptide HBS II from HBS I as a starting 

point. (B) HBS II binds KIX with submicromolar affinity, which corresponds to a 2000-

fold improvement over MLL847–858 and a 50-fold improvement over the computationally 

optimized Peptide I. (C) HBS helices III*–VI* with single and double side-chain fragment 

hits were evaluated. Each nonnatural appendage offers cumulative enhancement to peptide 

affinity. *Denotes fluorescently labeled peptide. The binding constants for the peptides are 

listed in Table S2.
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Figure 6. 
(A) Bar graph shows mean chemical shift changes observed for the 15N-labeled KIX upon 

addition of HBS II. (B) Chemical shift changes are mapped on to a model from PDB 2AGH. 

Shifts are observed at both Myb and MLL faces, indicating that the compound is potentially 

modulating these allosterically connected faces of KIX.
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