A Possible Solution of Drug Design for Disordered Protein
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Abstract

Protein structural disorders make drug design difficult. The gel-like state of intrinsically disordered protein (IDP) or intrinsically disordered region (IDR) remains a big puzzle for drug designers. Here, we propose a novel concept for drug design by understanding protein disintegration and protein-protein interaction (PPI) by performed molecular dynamics (MD) simulation and point out a possible approach to overcome current obstacles in IDP drug design. 
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Introduction

Intrinsically disordered proteins (IDPs) or regions (IDRs) exist in a very high percentage and maintain normal physiological functions 
 ADDIN EN.CITE 

[1]
. Therapeutic compounds accomplish their mission by binding to small cavities within the natural substrate cavity of target proteins and regulating target function. The unfolded nature of these IDPs/IDRs make drug design difficult due to inherent limitations in methodology 
 ADDIN EN.CITE 

[2]
. For instance, high throughput virtual screening cannot be applied in this situation. One major reason for these difficulties is that crystallization of a disordered protein is hard to perform. Without the protein native structures, computer-aided drug design (CADD) protocols is untouchable. Moreover, how to design drug for flexible protein or disordered protein still remains a big issue even if structural problems can be solved. To address these issues, we propose a new concept involving folding-based drug design and will discuss its potential application on disordered proteins.

Intrinsically disordered proteins (IDPs) and regions (IDRs)

Many terms have been used to describe protein which fails to fold into a 3D structure, including natively denatured, natively unfolded, natively unstructured, intrinsically unstructured misfolding protein, etc. Of these terms, “intrinsically disordered protein (IDP)” has been widely used to represent the whole class of incompletely folded protein 
 ADDIN EN.CITE 

[3]
. Intrinsically disordered region (IDR) is usually used to represent specific motifs, like MoRFs (i.e., molecular recognition features, short motifs which are believed to undergo a disorder-to-order transition 4[]
), and proteins which have IDR are classified as IDP. IDP is a new challenge to computational biologist, because it cannot be analysed using the normal method. The first record of studying disordered protein can be traced back to 1940, when Nobel laureates Dr. Pauling proposed that the mechanism of action is induced by conformation selection 5[]
. Recent study provided evidence for the later developed theory called “fly-casting mechanism” 6[]
. Fly-casting mechanism states that IDPs can undergo a structural transformation when they are binding to a specific partner, from disorder to order. The major difference between IDP and structured proteins is not only structure, but physical properties 7[]
. IDPs have higher net charge and lower hydropathy than do structured proteins, and these properties provide a large interface for protein-protein interaction 
 ADDIN EN.CITE 

[2]
. On the other hand, either extracellular or intracellular, IDPs present at a low level and for short period of time, only expressing at a high level after stimulation 
 ADDIN EN.CITE 

[8]
. IDPs can also provide a suitable interface for binding signal protein due to their high specificity and low affinity 
 ADDIN EN.CITE 

[9]
. Thus they mostly participate in cellular signal transduce 4[]
 and play a hub-like role associated with large numbers of partners 
 ADDIN EN.CITE 

[10,11]
, which has fostered the belief that IDPs are associated with many diseases. 

The structured proteins also can become disordered, through their modification by pathologies such as point mutation(s). Actually, IDPs have been reported as associated with many diseases when they are over-expressed or under-expressed, or have increased degradation, impaired trafficking or loss of binding partners 
 ADDIN EN.CITE 

[3]
. For example, the over-expressed or mutated tau protein can bring about neurodegeneration 12[]
. Another example, P53, which is associated with the formation of cancer 13[]
 and can transit from disorder to order while interacting with a protein called MDM2 
 ADDIN EN.CITE 

[14]
, an interaction which has been discussed in review 
 ADDIN EN.CITE 

[15,16]
. Two concepts were raised after IDPs were found to be important in disease. The first theory, developed by Dr. Uresky in 2008 15[]
, is called “D2 concept” and states that when IDPs are mutated or in a changed environment, they not only respond by misfolding but cause misrecognition, in consequence of the reduction in recognizing pattern or partner, eventually leading to disease formation. The other concept applied molecular titration to IDP, demonstrating the consequence of altering IDP availability 17[]
. Both the D2 concept and the molecular titration concept are explained through a common principle: the mechanism of Protein-Protein Interaction (PPI) is important for drug design.

Methods such as X-ray crystallography, NMR spectroscopy, circular dichroism (CD) spectroscopy and protease digestion have been widely used in studying IDP 
 ADDIN EN.CITE 

[18,19]
. Technologies like IDP predictor are still in development and have accuracy of only about 70-85% 
 ADDIN EN.CITE 

[3]
. There is no methodology for designing drugs for IDP. The above methods mainly focus on finding unclassified IDPs, their structure characterization or properties characterization. Although there are several successful analyses, we need to truly understand the flexibility of the dynamic structure in order to design a molecule for IDP and IDR. Indeed, many researchers have failed in attempting to design a new therapy for IDP and IDR, with little success in finding small-molecule drugs which act by blocking PPI 
 ADDIN EN.CITE 

[20,21]
. These failures prompt several questions: (1) Is the small-molecule drug design really suitable for IDP? (2) What can we do to break through the barrier?

Molecular dynamics approach

A series of simulations of biomacromolecules have started since 1970s22[,23]
, suggested that the profound dynamics mechanisms of action process in biological systems can be revealed by simulating low-frequency collective motions for protein and DNA 
 ADDIN EN.CITE 

[24-27]
. Later investigations proposed that drug design should consider not only the fixed structures but also the dynamical information obtained by simulation through dynamic process 
 ADDIN EN.CITE 

[28-30]
. These simulation phenomena have been later validated by NMR after a decade 
 ADDIN EN.CITE 

[31]
. IDP can undergo a transformation when they are binding to a specific partner 6[]
, in view of this, simulation is a suitable tool to reveal the transformation process and can be used in drug design. 

To find drug design targets on unfolded proteins, one must first rely on studying protein folding mechanisms in silico 32[]
. To completely fold one protein requires molecular dynamics (MD) simulations of microseconds to millisecond timescales. Although computer packages now allow microseconds 
 ADDIN EN.CITE 

[33,34]
 and milliseconds 
 ADDIN EN.CITE 

[35]
 timescale simulations, directly simulating such long timescales are not sufficient to build better models due to the stochastic nature of protein dynamics. Markov State Models (MSMs) are discrete-time master equation models which provide a comprehensive way to exploit details of folding mechanism and a new paradigm for building better models 
 ADDIN EN.CITE 

[36,37]
. MSMs can transform rich regime experimental data or even poor regime data (by adaption sampling) into microstates (lag time (τ): ~10ns) based on their structural similarity and complexity O(kN) 
 ADDIN EN.CITE 

[38]
. Poor regime data can also be accelerated through adaptive sampling and assigned a starting point of parallel simulation to optimize MD data and improve prediction accuracy. A well-sampled microstate transition matrix is then simplified into macrostate (also called metastable state) with lag times ten times that of the microstate state. The structurally clustered fine grained models are used to define kinetic relevance in this coarse grained model, i.e. conformations separated by substantial energy barriers can be clustered into separate states. Transition path theory (TPT) analyzes these states and maps the reaction pathway and mechanism. TPT suggests that many proteins fold via parallel and multiple pathways 
 ADDIN EN.CITE 

[39-42]
.  These methods clarify the complexity of protein folding, making it more possible to design blocking ligands or to speed up folding.

Ab-initio modeling protein is another method for native structure prediction. Distinct from ab-initio folding, ab-initio modeling focuses more on identifying the lowest free-energy (ΔG) state and demonstrates the native structure without template, i.e. the lowest ΔG state, often represents the native structure 43[]
 with few exceptions 44[]
. Recent studies have made a surge improvement in ab-initio modeling by using a combination of knowledge-based modeling, low- and high-resolution conformational sampling, and all-atom refinement 
 ADDIN EN.CITE 

[45-50]
. In addition, a multi-player online game to predict protein structure 
 ADDIN EN.CITE 

[51-53]
 was designed and generated a huge ΔG funnel. With the aforementioned improvements, these algorithms provide a comprehensive way to directly construct native-like states of IDPs without long timescale simulations. Based on the natural properties of structurally disordered proteins (i.e., the natural gel-like structure or mutated structure), the modeled structure might be able to disintegrate into its unfolded state after MD simulation of the predicted native-like protein, as IDPs can adopt multiple low-energy conformation due to their nearly flat energy funnel 54[]
. Current data suggest that some IDRs are strongly preferred over others 
 ADDIN EN.CITE 

[55,56]
, thus IDPs might exhibit distinct preferences for particular interaction (Figure 2). Therefore, as we have mentioned, Ab-initio modeling can be employed to sample enormous ensembles of preference before simulation. Because transit from disorder to order is one of the features of IDPs, this process allows IDR preference to be folded into relatively globule-like states (i.e., a fixed 3D structure) while interacting with protein-specific partner(s). Coupled folding might involve in vary residues length and structure. This process can be done in a nanosecond or longer, simply depending on the structure complexity of IDRs. A molecule can be designed to prevent this by interrupting protein-protein interaction before partner recognition, or to halt this process by blocking self-motif interaction. Moreover, such a molecule can be used to prevent preferences from aggregating when the IDPs are undergoing a D2 condition. In a nutshell, we propose the following protocol (Figure 3) to build microscopic transition matrix and coarse grained model by MSMs: (a) Cluster each state and identify initial position(s) of disintegration (for example, break down helix or beta-strand). (b) The clustered metastable states are then used to perform TPT analysis and map out the disintegration pathway. The predicted lowest energy (ΔG) structure of structurally disordered proteins might be relatively easier than native state proteins to overcome the energy barrier and turn into the unfolded basin, hence, have higher transition probabilities (Pij(τ)) and rates.

Macromolecule design

Small molecules are typically used to bind small cavities to block protein function or alter protein function by binding allosteric sites 57[]
. Although small molecule compounds can be easily identified by high throughput screening, they are not suitable in protein-protein interaction (PPI) tasks due to their small molecular size and low structural complement to protein58[]
. Despite successful cases of therapeutic peptides receiving approval, peptides are generally not considered as “good drugs” and have limited application due to their poor physicochemical properties. However, increasing research shows that macromolecules such as peptides and proteins are more suitable for designing PPI blockers or linkers. Noncanonical amino acids have improved physiological properties and can be used in a variety of macromolecular designs 
 ADDIN EN.CITE 

[59]
.

Stringent analysis of protein properties can improve design success

Structural-based and fragment-based drug design requires protein crystallization data for library screening. Whole proteomes of mammals contains abundant IDPs or IDRs. Approximately 75% of signalling proteins and 50% of total proteins are predicted to contain unstructured regions of more than 30 residues, and ca. 25% of proteins are fully disordered 
 ADDIN EN.CITE 

[1]
. Disregarding the structure, physical properties and dynamics conformation of proteins will often result in disorientation and the design of useless molecules. Typically, drug designers and inexperienced medicinal chemists 60[]
 tend to perform virtual screening with rigid structures downloaded directly from Protein Data Bank (PDB). Since the disordered region or flexibility of the whole protein is ignored, it is not surprising that many such researchers do not recognize their chosen targets as IDR due to the lack of details. For example, a blocker will fail in an in vitro study if the designer used an IDR for docking. It is hard to predict the amount of resources that have been wasted in designing useless molecules. A current study has shown that MD simulation has the capability to calculate equilibrium fluctuations of proteins and reveal cryptic allosteric sites unobservable under normal state 61[]
. By understanding protein equilibrium fluctuations and disintegration, the elusive IDPs and IDRs can become drug designable and might increase the efficiency and the way of disease treatment.

In the view of physical chemistry and systems biology, drug design might be possible or even increase in efficiency, by targeting kinetic hub-like states, and either affecting the balance of energy barriers between states (design kinetic factor(s)) or chemical conformation spacing (design geometric factor(s)). With the understanding of protein folding and disintegration followed by increased calculation power, we are more able to design flexible chemicals to accelerate the folding rate or disrupt protein folding. Furthermore, by applying the method discussed previously, protein disintegration simulation combined with macromolecule design can become a new paradigm for designing new chemicals against protein misfolding, aggregation, or for IDPs and IDRs.
Future application, not only in drug design
IDPs have been already reported associated in many important diseases as their plasticity allow them to perform a many-to-one or one-to-many binding mode by which they can act like hub. Approximately, there are 285, 487, 689 and 1786 proteins are predicted to be associated in diabetes, cardiovascular disease, neurodegenerative disease and cancer, but the related strategies and therapies are not enough to duel with 
 ADDIN EN.CITE 

[62]
. Most intensively studied examples of IDP are p53 in cancer, tau protein in Alzheimer’s disease, α-synuclein and prion in neurodegenerative disease. On the other hand, viruses and bacterial may also encode host like unfolded peptide motifs, thereby effecting host metabolism 
 ADDIN EN.CITE 

[63]
. Many pioneer researches of IDP focused on identification of their unique properties, functions, mechanism of action in order to indicate more insight in drug design 64[]
. Only few short peptides and small molecule have been designed for IDP. For instant, a small molecule inhibitor of tau deglycosylation is identified to counter Alzheimer’s disease condition 
 ADDIN EN.CITE 

[65]
. Short peptides have been identified to target the PDZ domain of Dishevelled 66[]
. As the expressions of IDPs in different organ are different, small molecules in some case are better in passing thought the blood brain barrier. 

Even if the statistics shows the study of IDP is increasing, we must attach more importance to other application. The plasticity of unfolded proteins should become a useful tool in protein engineering. Fusion protein is a type of artificial protein which is designed by linking two or more irrelevant proteins into a signal polypeptide. This technology is widely used in tagging and labelling, design vaccine and novel multifunction protein, etc. In many cases fusions need a linker to separate two irrelevant protein domain otherwise two proteins might be aggregated during the folding process. Importantly, the main factor of design novel must depend on the complexities of two sequences by which determine the folding difficulty. Although computational biology has been revolutionized by changes in computing power and has enabled computational modeling methods predict protein structure, but still unable to predict the success ratio of folding a mixed protein. As the matter stands, scientists are unable to design a novel fusion rationally. The development of methodology in fusion design is stagnating. One way to escape from stagnates is to increase the success ratio by using IDP. The energy costs of folding IDP/IDR are much lower than ordered protein, as IDP can perform their function without folding into a fixed order. Another advantage is that the high specify and low affinity allow them dissociate with irrelevant partner quickly which mean they might be able to reduce the coupled wrong folding and increase the chance of refold the whole domain. These mechanisms for highly reversible formation of complexes should be applied in other field such as protein engineering. In addition, due to most IDPs are contributed in cellular signal, IDP-fusion protein might become a useful tool of design novel cellular circuit and protein switch. However, the principle of using IDP to design novel protein is remains to be addressed. We believe that in future, computational biology will provide scientist a better way to find out the role of IDPs or the strategy when duelling with diseases caused by IDPs.
Additional information:

Equation: The Count matrix (Cij(τ)) calculates information regarding transition probabilities (Pij(τ)). O(kN): where k is the number of clusters to be generated and N is the number of data points to be clustered. 
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Figure

Figure 1. (a) The transition pathway theory suggests that protein folding has multiple pathways and can be analyzed by Markov State Models. Orange region represents a targetable state for drug design. (b) The ideal demonstration of protein disintegration from lowest ΔG predicted native structure to unfolded state. I: intermediate transitional state or metastable state; M: predicted native-like model of intrinsically disordered protein; N: native state; U: unfolded state.  Arrow thickness correlates to reaction probability.

Figure 2. The folding state of structured protein and IDP. (a) The folding energy funnel of structured protein. Proteins that adopt relatively fixed structure can transit from unfolded state to folded state after polypeptides have been synthesised. The reverse process requires much energy to overcome the energy barriers, thereby preventing structured protein from reversing back to a flexible structure. (b) Studies suggest that IDPs have their own taxonomy which allows them to exist in specific preferences. The unfolded state of IDPs can transform into another metastable state, but after IDPs have folded in preferences, it is much harder to overcome the energy barriers and reverse back to metastable state. Protein-protein interaction permits IDPs to undergo disorder-to-order transition, thereby folding into a specific structure whose dependence on the sequence of IDP or the complexity of the partner remains unknown.

Figure 3. Process of drug design for intrinsically disordered protein (unpublished data). This method can be divided into 6 steps: (a) obtain protein sequence, (b) predict tertiary structure and (c) conduct molecular dynamics simulation. (d) The naturally disordered protein will disintegrate to the preference or unfolded structure. (e) Analysis of protein dynamic pathways using parallel simulation results, the disintegration process and pathway (from 5 β-sheets structure to 2/3/4 β-sheets structure) of predicted structure can be observed, and (f) design molecular catcher by using the disintegration insights. A macromolecule can be designed to prevent this by facilitating self PPI before disintegration, therefore can be used to prevent preferences from aggregating.
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