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Abstract

The use of peptidomimetic scaffolds to target protein–protein interfaces is a promising strategy for 

inhibitor design. The strategy relies on mimicry of protein motifs that exhibit a concentration of 

native hot spot residues. To address this constraint, we present a pocket-centric computational 

design strategy guided by AlphaSpace to identify high-quality pockets near the peptidomimetic 

motif that are both targetable and unoccupied. Alpha-clusters serve as a spatial representation of 

pocket space and are used to guide the selection of natural and non-natural amino acid mutations 

to design inhibitors that optimize pocket occupation across the interface. We tested the strategy 

against a challenging protein–protein interaction target, KIX/MLL, by optimizing a single helical 

motif within MLL to compete against the full-length wild-type MLL sequence. Molecular 

dynamics simulation and experimental fluorescence polarization assays are used to verify the 

efficacy of the optimized peptide sequence.

Mimicry of interfacial protein domains offers a promising strategy to rationally design 

inhibitors of protein–protein interactions (PPIs).1–3 This strategy focuses on interfaces where 

a subset of the interacting residues from an endogenous PPI reside on a folded region.4–7 

The central goal of peptidomimetic design is to capture adequate binding energy on a small 

to medium sized cell permeable synthetic scaffold;8–10 smaller sized mimics are easier to 

access if the binding epitopes can be localized to organized secondary or tertiary structure 

motifs rather than complex folds.11 The classical approach for identifying residues that 

contribute significantly to binding, or “hot spot” residues, utilizes alanine scanning 

mutagenesis.12,13 Though the overall approach of mimicking hot spots has yielded potent 

inhibitors for many protein complexes,1 the general protein mimicry strategy is limited 
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because many PPI interfaces do not naturally exhibit a concentration of critical “hot spot” 

residues within a single, conveniently mimicked motif. Furthermore, the existing native hot 

spot residues may not optimally engage the target surface. To address these significant 

limitations to rational design of PPI inhibitors, we present a computational strategy to 

characterize the local interface structure at high resolution and enhance the interactions 

derived from a wild-type motif.

Our computational approach, termed AlphaSpace,14 provides fragment-centric topographical 

mapping of protein surface structure to reveal new targetable pockets as well as 

underutilized subpocket space.15–18 To rigorously establish the potential of AlphaSpace for 

interface analysis, we applied the algorithm to design sequences against a challenging PPI 

target that lacks the critical concentration of hot spot residues at a single helical interface. 

The KIX/MLL PPI interface represents a compelling test case for prospective, pocket-

guided optimization of a helical peptide mimic because the hot spot residues of MLL are 

distributed between a strand region and a helical region (Figure 1). Furthermore, it has 

proven challenging to develop high affinity ligands for KIX using structure-based and 

screening approaches.19–23

The KIX domain of transcriptional coactivators CBP and p300 functions through two PPI 

docking sites where KIX can bind transactivation domains (TADs) from a variety of 

transcription factors.24,25 KIX is a relatively flexible helical domain with a hydrophobic core 

that serves as an allosteric network of residues to transduce signal between the two PPI faces 

on opposing sides of the protein.26 Aberrant interactions between KIX and oncogenic 

transcription factors have been associated with a variety of leukemias.27 Inhibition of 

KIX/MLL has been hypothesized as a potential therapeutic strategy to down regulate the 

associated aberrant gene transcription. Because MLL employs a helical motif at the PPI 

interface, a helical mimetic may serve as starting point for inhibitor design. However, when 

the native peptide is truncated to contain just the helical segment, we experimentally observe 

that its interaction with KIX is abolished, demonstrating that hot spot residues that fall 

outside of MLL’s helical motif contribute critically to binding. We hypothesized that rational 

optimization of the helical motif to recover the binding affinity to within the range of the 

wild-type MLL will serve as a proof-of-concept study for AlphaSpace-guided design, as 

well as for future development of helix mimics as inhibitors of KIX and MLL complex 

formation.

We began by analyzing 40 PPI interfaces from NMR structures of both the KIX/MLL dimer 

(PDB: 2LXS) and the c-Myb/KIX/MLL trimer (PDB: 2AGH)24,26 complexes using 

AlphaSpace.14 Our analysis revealed two distinct pocket states, as noted previously,24 and as 

illustrated in Figure 2, with high scoring pockets colored in green. Details are included in the 

Supporting Information. MLL840–858 (DCGNILPS-DIMDFVLKNTP) adopts a β-strand 

conformation from the N-terminus to P846 and adopts a helical structure from S847-T857. 

Pocket State 1 (observed in PDB: 2LXS, Figure 2A,C) represents the KIX/MLL dimer state; 

the primary high-scoring pocket-contact residue is within the N-terminal strand (L845) and 

three moderate-scoring pocket-contact residues are identified within the helix (M850, F852, 

L854). Pocket State 2 (observed in PDB: 2AGH, Figure 2B,D) represents the c-

Myb/KIX/MLL trimer state; the contribution to binding is calculated to be more evenly 
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distributed across 5 residues spanning both the strand (I844, L845) and the helix regions 

(F852, V853, T857). Importantly, two critical optimization opportunities were observed 

exclusively for the trimer Pocket State 2. First, the side chain of M850 (helix) makes no 

direct contact with the KIX surface, but, if extended with a longer side chain, is positioned to 

extend into pocket 3 of Pocket State 2, which otherwise would be unoccupied by the 

truncation of L845. Second, we observe the formation of an underutilized high-scoring 

pocket 2 near the C-terminus of the helical motif, proximal to residue T857.

With the selection of Pocket State 2, which is more amenable to optimization due to the 

identification of high-scoring underutilized pocket space adjacent to the helical motif, we 

then employed alpha-cluster, a novel feature introduced in AlphaSpace, as a physical 

representation of targetable pocket space to guide the selection of mutations able to enhance 

pocket-ligand complementarity across the interface, as illustrated in Figure 3. We considered 

natural and non-natural amino acids, using rotamer states taken from the SwissSidehain 

database,28 to identify residues with the capacity to extend directly into underutilized pocket 

space (i.e., to achieve shape complementarity with the alpha-cluster representation of each 

pocket respectively) while avoiding steric overlap with the pocket lining atoms in KIX. In 

total, we selected 4 mutations (2 natural and 2 non-natural) to enhance pocket occupation 

across the selected conformation from Pocket State 2 (Figure 3B,D,F,H): M850 > Bcs 

(benzyl-cysteine), F852 > 2mf (2-methyl-phenylalanine), V853 > Ile, and T857 > Tyr. 

Additionally, we incorporated a potential electrostatic interaction near Pocket 2 by 

substituting a carboxylate for the amide at the C-terminus of the peptide, similar to previous 

studies that interrogated the highly positively charged C-terminus of KIX.25,29

We experimentally evaluated the computational predictions in a series of six 12-residue 

peptides, starting with the truncated wild-type (WT) helix S847-P858 (MLL1) and 

cumulatively introducing mutations in the following order: Bcs850 (MLL2), Y857 (MLL3), 

I853 (MLL4), COO− (MLL5), 2mf852 (MLL6). We obtained direct and competitive binding 

constants for these sequences against KIX (Table 1). Results reflect our prediction that 

Bcs850 and Y857 are key modifications that introduce novel high-scoring interactions. These 

two mutations alone recover much of the binding affinity lost in the truncation of the 

peptide. The remaining mutations each enhance affinity incrementally, leading to the 

optimized sequence, MLL6, which exhibits binding affinity similar to that of the WT 

sequence. Circular dichroism spectroscopy suggests that the conformations of the modified 

peptides do not deviate from that of MLL1 (Figure S7).

Our next task was to employ extensive explicit-solvent molecular dynamics simulations to 

characterize and compare the binding mechanism between KIX and three peptides: full-

length wild-type peptide MLL-WT, truncated MLL1, and our designed MLL6. For each 

KIX–peptide complex, we performed five 300 ns production MD simulations using 

Amber14, and analyzed using AlphaSpace (see SI for details). Starting structures for the 

simulations were initialized from PDB: 2AGH.1 (with c-Myb removed) in order to evaluate 

and compare the predicted interactions against Pocket State 2. The simulations reinforce that 

the full-length wild-type MLL relies heavily on the N-terminus strand residues I844 and L845 

to achieve a high degree of pocket occupation (Figure S2). The truncated wild-type peptide 

(MLL1) recovers some of the lost pocket occupation through M850 (Figure S3), but the 
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overall pocket occupation is greatly reduced, and the instability of the complex can be 

visualized in the large spatial variation in the average position of each residue-occupied 

pocket space between the five independent simulations (Figure S4). Simulations of the 

optimized helical motif (MLL6), on the other hand, reveal a consistent stable binding mode 

in four out of the five independent simulations, which exhibit very low spatial fluctuation in 

the average positions of the residue-occupied pockets (Figure S4). All four of the optimized 

residues exhibit enhancements to average pocket occupation compared to their respective 

values from the full-length wild-type MLL simulation (Figure S2). Significantly, modeling 

MLL6 recapitulated the high scoring pockets from Pocket State 2 (Figure S5).

Finally, to examine our computational characterization of KIX/MLL6 binding interface, we 

performed experimental alanine scanning for the four optimized residues within MLL6, data 

listed in Table 2. Competitive binding to KIX is abolished or nearly abolished with each of 

the alanine mutations, indicating that all four designed residues (Bcs850, 2mf852, I853, Y857) 

have become hot spot residues that are responsible for achieving the observed KIX/MLL6 

affinity. These experimental mutational results are consistent with our computational 

findings and further corroborate our proposed pocket-centric design strategy. We also tested 

the significance of the carboxylate at the C-terminus by amide substitution, but binding was 

not significantly affected.

In summary, a detailed pocket-centric characterization of the target KIX/MLL interface 

facilitated the identification of a well-defined bimodal binding mechanism and allowed us to 

select the more conducive pocket state for optimization of ligand. AlphaSpace was used to 

detect and evaluate underutilized targetable pocket space and to directly guide the selection 

of mutations predicted to enhance overall pocket occupation at the interface. The proposed 

optimized peptide successfully recovers the majority of the binding affinity lost in the 

truncation of the full length MLL (1.0 ± 0.3 μM) to the isolated helical motif (>100 μM), 

bringing direct binding back into the low micromolar range (3.3 ± 0.5 μM) with our 

optimized inhibitor MLL6. We postulate this general pocket-centric approach to peptide 

optimization can be applied to support the extensibility of the peptidomimetic strategy for 

PPI inhibition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Pocket-centric rational design to target a recalcitrant protein–protein interface. Overview of 

study: (A) MLL, the natural binding partner of coactivator KIX, utilizes residues on a 

contiguous helix-strand motif to bind KIX. (B) Individually, the helical segment does not 

encompass sufficient binding energy to bind KIX with high affinity. (C and D) Detection of 

underutilized pocket space on KIX using AlphaSpace allows design of a modified MLL 

peptide containing natural and non-natural amino acids for optimal interactions.

Rooklin et al. Page 6

J Am Chem Soc. Author manuscript; available in PMC 2018 November 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Two pocket states at the KIX/MLL interfaces revealed by AlphaSpace analysis are 

illustrated in panels A and B: green, blue, pink spheres refer to high, medium and low 

scoring pockets, respectively. Pockets are ranked and numbered by their average nonpolar 

pocket volume with #1 having the highest pocket score. Asterisks denote pockets with 

atomic composition conserved between the two pocket states. KIX is represented as a dark 

gray ribbon and MLL is represented as light gray ribbon (A, C) or tan ribbon (B, D). 

Analyzed average pocket occupation by MLL residue is shown in panels C and D with 

representative structures from Pocket State 1 and Pocket State 2. The representative sets of 

pocket atoms and alpha-clusters are colored by average score as in panels A and B. Residues 

outside the helical motif are highlighted in red. C-Myb from Pocket State 2 is not shown for 

clarity.
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Figure 3. 
Localized optimization of pocket-residue complementarity is illustrated with the wild-type 

sequence on the left and the designed sequence on the right for a selected conformation from 

Pocket State 2: PDB: 2AGH.1. Panels A and B show an overview of the 3 pockets being 

optimized. Panels (C,D), (E,F), and (G,H) illustrate the optimizations for pocket 3, pocket 2, 

and pocket 1 respectively. Unoccupied alpha-atoms are highlighted in white; occupied 

alpha-atoms are colored dark gray. Percentage pocket occupation is listed for each panel, 

indicating the enhancements achieved in the optimization.
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Table 1

Direct and Competitive Binding Data for the Wild-Type and Optimized MLL Sequences Targeting KIX*

MLL Sequencea Kd,b(μM) Ki
c(μM)

WT X-DCGNILPSDIMDFVLKNTP 1.0±0.3 3.0±0.8

1 X-SDIMDFVLKNTP-NH2 >100 >1000

2

X-SDI DFVLKNTP-NH2

>15 >500

3

X-SDI DFVLKN P-NH2

8.3±1.3 58±35

4

X-SDI DF LKN P-NH2

7.3±1.5 32±19

5

X-SDI DF LKN P- 

6.0±0.8 24±15

6

X-SDI D LKN P- 

3.3±0.5 22 ±8

*
X = Flu-βAlanine- for direct binding experiments or Ac- for competition experiments.

a
The wild-type (WT) sequence is amidated at the C-terminus. Underlined residues denote hot spot residues; highlighted residues are positions that 

were modified during the design process. C* = benzyl-cysteine, F* = 2-methyl-phenylalanine.

b
Direct binding of the fluorescein-conjugated peptides, assessed using a fluorescence polarization assay.

c
Competitive inhibition against fluorescently labeled wild-type peptide, analyzed using a polarization assay.
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Table 2

Mutagenesis of the Optimized Sequence Reveals Important Contacts

MLL Sequence Ki
a

6

Ac-SDI D LKN P- 

22 ± 8

C*➔A

Ac-SDI D LKN P- 

NB

F*➔A

Ac-SDI D LKN P- 

>500

I➔A

Ac-SDI D LKN P- 

>500

Y➔A

Ac-SDI D LKN P- 

NB

OH➔NH2

Ac-SDI D LKN P- 

20±26

a
Competitive inhibition against fluorescently labeled wild-type peptide, analyzed using a fluorescence polarization assay. Highlighted residues are 

positions that were modified.
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