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Drug leads for interactive protein
targets with unknown structure

Ariel Fernández1,2, ariel@afinnovation.com and L. Ridgway Scott3,4

The disruption of protein–protein interfaces (PPIs) remains a challenge in drug discovery. The problem

becomes daunting when the structure of the target protein is unknown and is even further complicated

when the interface is susceptible to disruptive phosphorylation. Based solely on protein sequence and

information about phosphorylation-susceptible sites within the PPI, a new technology has been

developed to identify drug leads to inhibit protein associations. Here we reveal this technology and

contrast it with current structure-based technologies for the generation of drug leads.

The novel technology is illustrated by a patented invention to treat heart failure. The success of this

technology shows that it is possible to generate drug leads in the absence of target structure.

Drug Discovery Today � Volume 21, Number 4 �April 2016 PERSPECTIVE
Introduction

Drug discovery endeavors have been focusing

for some time on protein-protein (PP) associa-

tions, which are basic molecular events in biol-

ogy [1]. The recruitment of protein complexes is

required to initiate and propagate signaling

cascades, regulate enzyme activity, articulate

and control mechanistic processes involving

molecular motors, and so on. When such asso-

ciations engage altered binding partners, com-

plex formation can lead to the deregulation of

biological functions and drug-based disruption

of the aberrant associations could represent new

therapeutic opportunities [2–4].

Major problems arise in the identification of

drug leads and optimization strategies for small

compounds involved in the disruption of PPIs [4].

The latter tend to have low surface curvature and

often extend over more than 1000 Å2 on the

protein surface, in contrast to the smaller cavities

where natural ligands typically bind [5]. The
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absence of obvious leads and the sheer size of

the binding surface make it difficult to identify

candidate compounds that would disrupt PPIs.

Despite these obstacles, it is possible in some

cases to identify suitable leads and even im-

plement optimization strategies. For example, in

the murine double minute 2 (MDM2)/p53

complex, MDM2 has been identified as the E3

ligase responsible for the ubiquitin-related

degradation of the master tumor suppressor p53

[6] and the disruption of the MDM2/p53 complex

promotes the onset of many cell-fate processes

that can halt cancer development and pro-

gression [6,7]. In tumors, MDM2 is overexpressed

and altered so that cell processes associated with

senescence, cell cycle arrest, and apoptosis

triggered by p53 activity are suppressed through

untiring modulation of p53 via an aberrantly

persistent MDM2/p53 complex. In this case,

crystallographic structure-based analysis

coupled with high-throughput screening has
generated useful leads, the so-called ‘Nutlins’ [7].

These leads ultimately steered the discovery of

low-molecular-weight compounds that hold

great promise as anticancer agents through the

disruption of the MDM2/p53 PPI [6,8].

To address many of the problems related to

the epitope size in PP associations, methodolo-

gies have been implemented for the identifica-

tion of ‘hot spots’ or sites that make a significant

contribution to binding [9]. Such approaches are

typically based on alanine scanning, assessing

the impact of single-residue alanine substitu-

tions (beta-carbon truncation, except for gly-

cines) on the binding free energy. Thus, an

effective epitope is determined that is signifi-

cantly smaller than the PPI and comprises the

residues with the most significant contribution

to binding [4,10]. Once the size of the epitope

has been significantly reduced, fragment-based

lead discovery can be utilized to generate

promising candidates for competitive binding
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[4,11,12]. Once in the optimization phase, the

discovery process is aided by biophysical

methods for structure analysis, including crys-

tallography, disulfide tethering, surface plasmon

resonance, and nuclear magnetic resonance [12].

The problem of therapeutic disruption of a PP

association becomes especially difficult when the

structure of the targeted binding partner is un-

known, because the biophysical methods men-

tioned above cannot provide useful information.

The discovery process becomes even further

complicated when the interface can be naturally

disrupted by phosphorylation at a specific loca-

tion on the epitope of one of the binding partners,

as is often the case in the regulation of activities

that recruit complexes. Even in such cases, we

uphold the opinion that it is possible to imple-

ment a drug discovery platform based solely on

sequence-based predictors of binding epitopes

endowed with chemical functionality.

The novel approach hinges on three concep-

tual tenets that are described in the subsequent

sections and contrasted vis-à-vis current meth-

odologies: (i) structural defects in proteins, known

as ‘dehydrons’, promote water exclusion at the

interface and, thus, residues paired by dehydrons

constitute hot spots promoting protein associa-

tions [13]; (ii) dehydrons are identified as order–

disorder twilight regions along the protein se-

quence [14] and, therefore, can be inferred uti-

lizing a sequence-based predictor of intrinsic

disorder [15]; and (iii) dehydrons functionalize PPI-

disruptive phosphorylation sites in their proximity

[16,17]. The efficacy of the technology is subse-

quently illustrated by a recently patented inven-

tion to treat heart failure through disruption of the

myosin–Myosin binding protein C (MyBP-C) in-

terface [18]. MyBP-C is a multidomain myosin-

binding protein with unreported structure that is

a central regulator of cardiac contractility [19,20].

MyBP-C molecules constitute molecular brakes

modulating the displacement of myosin motors,

with a brake-release mechanism hinging on site-

specific phosphorylation. By sequence-based in-

ference of dehydron-rich regions in MyBP-C, drug

leads were identified that could be used to cure

heart failure [18]. Here, we describe the techno-

logical advances utilized in this invention to en-

able therapeutic disruption of PP associations in a

generic context.

Hot spots and dehydron epitopes

The integrity of a soluble protein is contingent

on the ability of its structure to exclude water

from backbone amide-carbonyl hydrogen

bonds. Water-exposed intramolecular hydrogen

bonds (dehydrons) constitute structural

defects taking the particular form of wrapping
532 www.drugdiscoverytoday.com
deficiencies, as previously described [21].

‘Wrapping’ refers to the extent to which the

backbone hydrogen bond is shielded from hy-

dration as it is surrounded by side-chain car-

bonaceous groups. These defects favor removal

of surrounding water as a means to strengthen

and stabilize the underlying electrostatic inter-

action and, thus, are predictably implicated in

protein associations. By exogenously contribut-

ing to the wrapping of preformed hydrogen

bonds, PP associations in effect remove the

wrapping defects, thereby stabilizing the struc-

ture [21].

Intramolecular hydrogen bonds that are not

‘wrapped’ by a sufficient number of nonpolar

groups in the protein itself can become stabilized

and strengthened by the attachment of a ligand

(i.e., a potential drug) or a binding partner that

further contributes to their dehydration. Ample

bioinformatics evidence on the distribution of

dehydrons at the interface of protein complexes

supports this physical picture [22]. Thus, dehy-

drons have been identified as decisive factors

driving the formation of protein complexes.

Dehydrons can be identified from structural

coordinates using available software [23], and a

code for dehydron identification written as a

PyMol open source is presented in [24]. To

describe the extent of backbone shielding from

hydration, we introduce a quantifier of hydro-

gen-bond wrapping, ‘r’, indicating the number of

nonpolar groups contained within a ‘desolvation

domain’ around the bond. Insufficiently wrapped

bonds become deshielded and constitute

dehydrons. As discussed above, this approach

requires a structure and a way is needed to

identify dehydron locations from sequence

alone. One alternative is to predict structural

coordinates from sequence [25], but unfortu-

nately too many decoys with significant wrap-

ping variability are often generated.

Dehydron-rich regions in soluble proteins are

typical hot spots for protein associations because

of their propensity towards further dehydration. A

functional perspective reinforces this view, be-

cause dehydrons constitute vulnerabilities that

need to be ‘corrected’ to maintain the integrity of

the protein structure and its functional compe-

tence. Thus, specific residues of the binding

partner contribute to the stabilizing dehydration

of preformed dehydrons as they penetrate their

desolvation domain upon association.

A solvent-centric perspective is even more

informative about the role of dehydrons as hot

spots driving PP associations. The water mole-

cules partially occluded in the dehydron nano-

environment are frustrated in their hydrogen-

bond coordination and, hence, generate
interfacial tension. This tension is in turn released

upon PP association as the frustrated water

molecules are removed from the epitope sur-

roundings [13]. Thus, the residues pairing or

significantly wrapping preformed dehydrons in a

binding partner are in fact expected and verified

to be hot spots driving the PP association [13,21].

Sequence-based prediction of dehydron

epitopes

The structural integrity of a soluble protein is

contingent on its capacity to exclude water from

backbone amide-carbonyl hydrogen bonds. This

implies that proteins with dehydron-rich regions

must rely on binding partnerships to maintain

their structural integrity [26].

Dehydron-rich regions identified on the pro-

tein sequence may be characterized as be-

longing to a ‘twilight zone’ between order and

native disorder [14,22]. This characterization is

suggested by a strong correlation between

wrapping of intramolecular hydrogen bonds (r)

and propensity for structural disorder (fd). The

correlation reflects the fact that a local incapacity

to exclude water intramolecularly from pre-

formed hydrogen bonds is causative of a local

loss of structural integrity, whereby full back-

bone hydration becomes structurally disruptive.

The local disorder propensity can be accurately

quantified by a sequence-based score generated

by a predictor of native disorder propensity, such

as PONDR-VLXT [15] or other software [27] that

takes into account residue attributes, such as

hydrophilicity and aromaticity, and their distri-

bution within the window of the protein se-

quence interrogated [15]. The disorder score

(0 � fd � 1) is assigned to each residue within a

sliding window, representing the predicted pro-

pensity of the residue to be in a disordered region

(fd = 1, certainty of disorder; fd = 0, certainty of

order). Only 6% of 1100 nonhomologous Protein

Data Bank (PDB) proteins gave false positive

predictions of disorder in sequence windows of 40

amino acids [22]. The strong correlation (over

2806 nonredundant nonhomologous PDB

domains) between disorder score of a residue and

extent of wrapping of the hydrogen bond en-

gaging the residue (if any) implies that dehydrons

correspond to structurally vulnerable regions [22].

Hence, the characterization of dehydrons as be-

longing to the order–disorder twilight range

0.35 < fd < 0.8 and flanked by ordered and dis-

ordered regions is warranted.

A caveat applies to the use of disorder pre-

dictors to infer dehydrons [28]. Dehydrons re-

quire detailed information resolved at the

residue level, whereas disorder predictors, such

as PONDR, provide a smeared out signal as a
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FIGURE 1

Disorder propensity plot for a subunit of the HIV-1 protease functional homodimer generated by PONDR-

VLXT [15]. The residues in the order–disorder twilight region representing dehydrons are marked by

arrows and correspond to functionally relevant locations on the structure of the homodimeric complex, as
shown in Fig. 2.
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window of fixed length slides along the protein

sequence. In practice, learning technologies for

resolution enhancement (LREs), such as Twi-

lighter [28], are required to deconvolute the

PONDR signal. The LREs use a training set con-

structed from protein sequence windows com-

bined with reliable structure-based dehydron

identification within the windows and PONDR

plots for PDB-reported proteins.

Both order and native disorder are well-

characterized structural attributes. However, the

vulnerable regions in a soluble structure that

promote protein associations [13,14] belong to

the novel category of ‘tamed disorder’. Thus,

neither order nor disorder is an adequate cate-

gory to describe dehydron-rich regions.
F

Cata

FIGURE 2

Ribbon representation of the functionally competent

1A30). The individual protein chains are displayed in 

indicated. The catalytic residue Asp25 is displayed wi
To illustrate the efficacy of sequence-based

dehydron inference [15,22] (Fig. 1), we contrast it

with structure-based determination, considering

the HIV-1 protease in its catalytically competent

dimer (PDB 1A30). The free monomers have a

large structural twilight content (54%, Fig. 1), as

expected given that the protein is natively di-

meric. Two dehydron-rich regions are detectable

with the software described in [23]: a catalytic

region and a flap region (Fig. 2). Dehydrons

Asp25–Ala28 (r = 22) and Ala28–Arg87 (r = 15)

are spatially adjacent to the catalytically com-

petent Asp25, and water exclusion promoted by

these dehydrons serves the dual purpose of

fostering the association of the peptide sub-

strate and enabling the nucleophilic attack by
lap

lysis

25-ASP

99-PHE

1-PRO
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 homodimeric HIV-1 protease (Protein Data Bank

magenta and blue with catalytic and flap regions
th a full side chain.
Asp25 by lowering the local dielectric permit-

tivity and preventing the hydrolytic reversal of

the enzyme-substrate adduct back to reactants.

The flap dehydron Gly49-Gly52 (r = 11) is re-

quired to confer flexibility to the flap region, as

required for the mechanistic processivity of the

enzyme. In a sequence-based analysis, the

dehydrons that shape the catalytic and flap

regions can be directly inferred from the order-

disorder twilight regions in the PONDR plot for

the protease primary sequence (Fig. 1). The flap

and catalytic dehydrons lie precisely at the lower

and upper boundaries of the twilight region, a

common occurrence because PONDR only gives

a smeared out signal [28].

Although the sequence-based determination

of dehydron-rich regions is less precise than the

structure-based approach, it is precise enough to

identify lead candidates of interest. As discussed

above, a significant improvement of the dehy-

dron signal can be achieved using the Twilighter

LRE, as described in [28].

Dehydron epitopes as effectors of

phosphorylation-susceptible residues

Dehydrons in the proximity of residues suscep-

tible of becoming phosphorylated have been

found to chemically functionalize such residues,

enabling their nucleophilic attack on the ter-

minal phosphoester linkage of ATP [16,17]. This

chemical role is mediated by an interfacial water

molecule around a dehydron that becomes

frustrated because of impaired hydrogen bond

coordination, thus behaving as a chemical base.

Thus, the dehydron-associated interfacial water

molecule promotes proton acceptance [17],

thereby enhancing the nucleophilicity of a

phosphorylation-prone residue in the dehydron

proximity. These findings suggest that we can

target a PPI susceptible of disruptive phos-

phorylation by exogenously wrapping the pre-

formed dehydrons that are part of the binding

epitope and enable phosphorylation of one of

the binding partners.

Drug leads disrupting a PPI in the absence

of target structure

As discussed above, dehydrons are main deter-

minants of epitopes, can be inferred from se-

quence, and can activate residues susceptible of

phosphorylation. These properties make it in-

tuitively appealing to identify dehydron-rich

regions with peptide-based leads to disrupt PPIs

when the structure of the binding partner is

unknown and the PPI may be naturally disrupted

through site-specific phosphorylation. To illus-

trate the power of the discovery technology, we

focus on the lead identification for disruption of
www.drugdiscoverytoday.com 533
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FIGURE 3

Schematic view of the therapeutic disruption of the Myosin binding protein C (MyBP-C)/myosin interface

to treat heart failure. The drug lead (red) comprises a small peptide mimicking the dehydron-rich region in
MyBP-C that binds to myosin. To prevent detachment, the peptide is modified through Ser302Ala and

Ser307Ala substitutions to become nonsusceptible to phosphorylation. As the peptide competitively

binds to myosin, it displaces the myosin modulator MyBP-C, enabling the myosin motor to slide along the

actin filament, as needed for myocyte contractility. At the molecular level, the therapeutic effect of the
drug lead represents an induced ‘brake release’ for the compromised heart.
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a specific PPI, a patented invention en route to

cure heart failure [18].

MyBP-C is a central regulator of cardiac con-

traction [19,20]. In murine models, genetic ab-

lation or phosphorylation of MyBP-C by protein

kinase A (PKA) or Calcium/calmodulin-depen-

dent protein kinase II (CAMKII) accelerates con-

traction and increases its force in cardiac muscle.

Most recently, it has been shown that CAMKII

phosphorylation of MyBP-C at Ser282 and

Ser302 in mice and Ser284 and Ser304 in

humans underlies the increase in myocardial

contractile force as heart rate is increased,

according to the so-called ‘staircase phenome-

non’. Proof for this statement was obtained by

observing that: (i) phosphorylation at these two

residues is increased when stimulus frequency is

increased, but other potential phosphorylation

sites are not; and (ii) the staircase phenomenon

is absent in hearts in which these residues are

replaced by residues not susceptible to phos-

phorylation. MyBP-C normally reduces the speed

and strength of contraction by means of its

interaction with the contractile protein motor

myosin and thereby reduces the probability of

myosin sliding along actin filaments [19] (Fig. 3).

Ablation of MyBP-C or phosphorylation of MyBP-

C by PKA or CAMKII disrupts this interaction and

relieves MyBP-C repression of myosin [20]. Once

phosphorylated, MyBP-C no longer binds to

myosin, myosin slides along actin, the proba-

bility of myosin binding to actin increases, and

the contraction speed and strength increase.
534 www.drugdiscoverytoday.com
In heart failure, MyBP-C is phosphorylated

minimally or not at all because of downregula-

tion of b-adrenergic receptors. Given that

phosphorylation of MyBP-C improves contrac-

tion, US patent 9,051,387 [18] proposed to target

the CAMKII site on MyBP-C with a pharmaceu-

tical designed to disrupt its interaction with

myosin and thereby improve cardiac function.

This involves designing an optimal MyBP-C-de-

rived peptide. The peptide contains the motif

responsible for interaction with myosin and,

hence, disrupts the MyBP-C–myosin association

as required for therapeutic action (Fig. 3). The

myosin-binding peptide-based therapeutic

agent can be identified based on the premise

that disruption of the myosin–MyBP-C interface

would release a molecular brake on cardio-

myocyte contractility imposed by the repressive

activity of the unphosphorylated form of MyBP-C

on myosin.

The 3D structure of the enormous 11-domain

protein MyBP-C is unknown and, therefore, it was

decided to design the peptide based on the

output from PONDR1 or another predictor of

native disorder [15] (cf. Fig. 1). More specifically,

the peptide was developed based on a se-

quence-based prediction of the dehydron-rich

region that constitutes the putative myosin-

binding site. To predict the peptide sequence,

the inventors examined a region between the C1

and C2 domains of MyBP-C in the twilight zone

between order and disorder. In this way, it be-

came possible to identify the twilight region
containing phosphorylation sites Ser302, Ser307

in the motif region intercalated between

domains C1 and C2 of cMyBP-C, and to deter-

mine the sequence of the patented peptide

(293FSSLLKKRDSFRRDSKLF310) that could be used

as a lead to the therapeutic agent to treat heart

failure. The invention has been shown to sig-

nificantly increase cardiac contractile force and

frequency in the failing heart [18]. To turn the

peptide into a therapeutic agent still entails an

arduous optimization process to improve bio-

availability while avoiding peptidase digestion.

Optimization strategies would need to be

implemented to replace peptide bonds and

create unnatural side chains to mimic the key

binding components that might emerge from

structural characterization of the peptide–myo-

sin association.

Concluding remarks

The drug-based disruption of protein-protein

associations involving large multidomain bind-

ing partners with unknown structure poses a

formidable challenge. Yet, new developments in

the sequence-based prediction of protein

regions that functionalize interfacial water and

create water–protein interfacial tension en-

courage us to uphold the opinion that it is

possible to identify leads to disrupt PPIs even in

the absence of a 3D structure.
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