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A B S T R A C T   

Tuberculosis drug resistance continues to threaten global health but the underline molecular mechanisms are not 
clear. Ethambutol (EMB), one of the well-known first - line drugs in tuberculosis treatment is, unfortunately, not 
free from drug resistance problems. Genomic studies have shown that some genetic mutations in Mycobacterium 
tuberculosis (Mtb) EmbR, and EmbC/A/B genes cause EMB resistance. EmbR-PknH pair controls embC/A/B 
operon, which encodes EmbC/A/B genes, and EMB interacts with EmbA/B proteins. However, the EmbR binding 
site on PknH was unknown. We conducted molecular simulation on the EmbR– peptides binding structures and 
discovered phosphorylated PknH 273–280 (N′-HEALSPDPD-C′) makes β strand with the EmbR FHA domain, as 
β-MoRF (MoRF; molecular recognition feature) does at its binding site. Hydrogen bond number analysis also 
supported the peptides’ β-MoRF forming activity at the EmbR FHA domain. Also, we discovered that previously 
known phosphorylation residues might have their chronological order according to the phosphorylation status. 
The discovery validated that Mtb PknH 273–280 (N′-HEALSDPD-C′) has reliable EmbR binding affinity. This 
approach is revolutionary in the computer-aided drug discovery field, because it is the first trial to discover the 
protein-protein interaction site, and find binding partner in nature from this site.   

1. Introduction 

Tuberculosis (TB) remains a world-threatening disease, frequently 
listed in the top 10 causes of human death. Certainly, WHO and CDC 
announce 9–10 million new tuberculosis cases each yeah, and 1–2 
million cases of tuberculosis-related death [1]. More seriously, the 
current COVID-19 pandemic could cause severe reductions in timely 
diagnosis and treatment of new TB cases, further increasing TB burden 
[2,3]. There are currently four types of first-line drugs (Rifampicin, 
Isoniazid, Pyrazinamide, and Ethambutol) to treat viral tuberculosis. 

These drugs act through metabolism inhibition to interrupt the activity 
of the pathogen Mycobacterium tuberculosis (Mtb). In combatting TB 
today, the lack of newer and more efficacious drugs is a serious problem. 
Much effort has been directed towards discovering new anti-TB drugs 
employing target or cell-based approaches [4–7]. However, about 4% of 
total active TB cases continuously show drug-resistance to one or more 
of these first-line drugs due to genetic variation, which has become an 
urgent problem to solve [1]. Ethambutol was discovered in 1961 and 
functions through the blockage of Mtb membrane synthesis through the 
inhibition of arabinosyl transferases (EmbC/A/B), which are encoded in 
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the embCAB operon [8–11]. 
Genomic studies have shown that some genetic mutations in Myco

bacterium tuberculosis (Mtb) EmbR, and EmbC/A/B genes cause EMB 
resistance [12,13]. EmbR – PknH controls the embCAB operon [12,13], 
and PknH phosphorylates EmbR at its C-terminal forkhead-associated 
(FHA) domain [14]. EmbR structure was discovered in complex form 
with the antibiotic peptide Saccharomyces cerevisiae (Yeast) Rad9 
188–195 (Yeast Rad9 188–195, N′-SLEVTEAD-C′, Protein Data Bank ID 
2FF4), but it failed to show specific EmbR binding site on PknH [15]. 
PknH is one of the 11 serine/threonine protein kinases (STPKs) in Mtb 
[16,17]. As eukaryotic cells have phosphorylation cascade signal 
transduction pathways, 11 STPKs of Mtb phosphorylate substrate pro
teins and are involved in diverse cellular mechanisms. EmbR is one of 
the substrates of PknH [17]. EmbR FHA domain is the phosphorylation 
site, and PknH has auto-phosphorylation activity [14,18]. Nevertheless, 
EmbR binding site or auto-phosphorylation site on PknH is unknown. 
Proteomic study discovered 500 phosphorylation events in 310 proteins 
in Mtb [19]. However, there was no discovery of phophopeptides orig
inated from EmbR FHA domain or PknH auto-phosphorylation sites in 
the research. FHA domain is discovered from prokaryotes and eukary
otes, and this domain is well known for its specific interaction with 
phosphorylated threonine, such as, pTXXD, pTXXI/L motifs [16,18,20]. 
Recent review implies that not only the threonine, but also the sur
rounding residues are important to interact with FHA domain, because 
these surrounding residues provide additional interaction surfaces [20]. 
An EmbR homologous protein, EmbR2, was discovered from Mtb 
CDC1551 strain [21]. EmbR2 also has FHA domain, but, PknH does not 
phosphorylate EmbR2. Instead, EmbR2 blocks PknH 
auto-phosphorylation activity. Thus, it plays a role as EmbR – PknH pair 
control factor [21]. The Kd values of EmbR2 – threonine-containing 
phosphopeptides from PknH, and Rad9, and the values ranged from 
12 to 21 μM. 

Intrinsically disordered proteins (IDP) are increasingly understood to 
play diverse biological roles, ranging from molecular signaling to the 
formation of membraneless organelles. Many classes of IDPs have been 
identified and their biological roles were reported. More than 30% of 
eukaryotic proteins have disordered regions, and these IDPs are often 
involved in key biological processes such as molecular recognition, cell 
cycle regulation, and cellular signaling [22]. Because of their flexibility, 
IDPs can bind to many partner proteins and some of them are hubs of 
protein-protein interaction networks within the cell [22]. The last two 
decades have seen an increase in evidence for the involvement of IDPs 
and IDRs in a variety of essential biological processes and molecular 
functions. However, their high degree of disorder makes them more 
challenging to study using the structural biology techniques. Never
theless, molecular simulations and other computational researches are 
therefore a natural complement to study their properties. The diverse 
time and length scales relevant to the roles played by IDPs require 
flexibility in the techniques applied [23]. Intrinsically disordered re
gions (IDRs) of proteins are sometimes involved in molecular binding or 
recognition. IDRs usually compose at least 30 amino acids and some of 
the IDRs are involved in disorder-to-order transition upon binding, 
named as MoRF (molecular recognition feature) [24]. MoRFs allow 
diverse interactions of IDPs, and there are two possible forms; α-MoRF, 
and β-MoRF [24,25]. α-MoRF is defined by α-helix former IDR, and 
β-MoRF is defined by β-strand former IDR. MoRFs are utilizable to 
discover novel drugs by mimicking MoRFs to inhibit its partner target. 
The IDP interactions show promise as drug targets because the binding 
interface between an IDP and its partner, MoRF, is not large and flat, as 
the binding interface is between two ordered proteins [26–30]. Addi
tionally, that binding experiment showed relatively low binding affinity 
between protein and peptide compared to usual bioactive bindings. It 
could be explained in relation to the drug lead (RG7112) discovery, 
which mimicked the IDRs in the binding region of p53 toward MDM2 
[26–30]. p53 plays an important role as a cell cycle checkpoint protein 
in cell physiology, but, mutations cause more than fifty percent of 

tumors [23]. The p53 α-MoRF mimicking aimed to inhibit p53 – MDM2 
interaction, and expectedly greater tumor suppression with enhanced 
p53 activities, which is free from ubiquitin by MDM2. The lead was 
proven to show anti-leukemia activity through clinical trial phase I [31]. 

We tried to decipher EmbR binding site on PknH, focusing on its 
disorder-to-order transition. To achieve this goal, we analyzed 
biochemical similarities with already discovered Yeast Rad9 188–195 in 
the complex form with EmbR (PDB ID 2FF4) [15]. Applying homology 
modeling, molecular docking, and molecular simulation, we discovered 
a specific peptide for study. This strategy may be further developed as a 
virtual biomimicry approach to discover novel drugs, using protein 
structures to yield interaction predictions [32]. 

2. Materials & Methods 

2.1. Bioinformatics discovery of specific EmbR binding IDR site of PknH 

Saccharomyces cerevisiae (Yeast) Rad9 (UniProt ID P14737), and 
Mycobacterium tuberculosis (Mtb) H37Rv strain PknH cytoplasmic part 
(UniProt ID P9WI71 residue 1–403) protein intrinsic disorder scores 
were measured using PONDR® FIT, PONDR® VL3, and PONDR® VSL2 
[1–4] based on their sequences from UniProt 2017_11 [5]. The Protein 
Model Portal linked to UniProt 2017_11 showed PknH homology model 
based on PDB ID 2H34 [6], which composes Mtb PknE structure of 
sequence identity 70% with PknH residue 14–277. To prepare new ho
mology model of PknH cytoplasmic part (residue 1–403), PDB ID 2H34 
structure was used as template. Finally, we applied MODELLER 9.17 [7] 
to prepare the PknH cytoplasmic part structure. 

Structure of EmbR – Yeast Rad9 (PDB ID 2FF4) [8] composes EmbR 
C-terminal forkhead-associated (FHA) domain at its binding site, thus, 
already known FHA domain containing complex structure PDB ID 3OUN 
(Mtb 39.8 and Rv3910) [9] was used for structural alignment with each 
of EmbR (from PDB ID 2FF4) structure and PknH homology modeling 
result in corresponding order. Thus, we could prepare EmbR – PknH 
cytoplasmic part complex structure. Based on structural comparison 
with PDB ID 2FF4 Yeast Rad9 188–195 (N′-SLEVTEAD-C′), PknH 
273–280 (N′-HEALSDPD-C′) was taken as the potential specific EmbR 
binding site. 

Finally, we could find similar protein intrinsic disorder pattern at the 
predicted site on PknH 273–280, and Yeast Rad9 188–195 using visual 
comparison of their plots from R 3.3.3 [10]. 

2.2. Molecular simulation 

We obtained Mtb PknH 273–280 (N′-HEALSDPD-C′) structure 
aligned on PDB ID 3OUN (Mtb 39.8 and Rv3910) after cytosolic PknH 
(residues 1–403) homology modeling (Fig. 1A). Phospho-serine was 
modelled using PyMol 1.7. EmbR structure from PDB ID 2FF4 was taken 
after structural alignment on PDB ID 3OUN. Besides, because of threo
nine importance at the binding site [11], we designed a new peptide 
based on PknH 273–280, and named NEW (N′-HEALTDPD-C′) and 
NEWp (N′-HEALTPDPD-C′). Thus, we could prepare 6 molecular simu
lation systems; EmbR-PknHp (EmbR - PknH 273–280 with phosphory
lation at S277, N′-HEALSPDPD-C′), EmbR-PknH (EmbR - PknH 273–280 
without phosphorylation at S277, N′-HEALSDPD-C′), EmbR-NEWp 
(EmbR - N′-HEALTPDPD-C′), EmbR-NEW (N′-HEALTDPD-C′) from ho
mology modeling, EmbR-Rad9p (EmbR - Yeast Rad9 188–195 with 
phosphorylation at T192, N′-SLEVTPEAD-C′), and EmbR-Rad9 (EmbR - 
Yeast Rad9 188–195 without phosphorylation at T192, 
N′-SLEVTEAD-C′) from PDB ID 2FF4. We prepared these structures using 
PyMol 1.7. 

Gromacs 2016.4 single precision installed with FFTW 3.3.7 library, 
and AMBER99SB-ILDN force field was used for molecular simulation 
[12–14]. Truncated octahedron box with a periodic boundary condition 
was constructed with a buffering area thickness of 1.2 nm. For explicit 
water models in MD simulation systems, 55.6 M water molecules were 
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constructed. Then, ~100 mM of Na+ and Cl− ions were added to the 
systems. The number of ions was adjusted to neutralize the system. 
Energy minimization using the steepest descent method was performed 
until the maximum force was less than 1 kJ mol− 1 nm− 1. 

Canonical (NVT) ensemble MD simulations (Δt = 1fs each step, and 
100,000 steps for each temperature 100ps) were performed for heating 
from 100K to 310K, increasing 10K every 100ps. A position restraint 
constant of 1000 kJ mol− 1 nm− 2 was applied to all heavy atoms, and 
Nose-Hoover thermostat [15,16] was used to control temperature. The 
bond lengths with heavy atoms were constrained using the LINCS 
method [17]. For long-range electrostatics calculations, the Particle 
Mesh Ewald method (PME) [18] was used. The Verlet cut-off scheme 
[19] was used to update neighbor list every 10fs. The electrostatic 
cut-off, and van der Waals cutoff were set to be 1.2 nm. 

Isothermal-isobaric (NPT) ensemble MD simulations of 5 ns (Δt = 1fs 
each step, and 500,000 steps for each position restraint constant 500ps) 
were conducted for equilibration with exponentially decreasing serial 
position restraint constants at heavy atoms in the range between 1000 
kJ mol− 1 nm− 2, and 1.953 kJ mol− 1 nm− 2. Parrinello-Rahman barostat 
[20,21] was applied to maintain pressure of the system, 1 bar. Other 
conditions were kept from heating step. NPT ensemble MD simulations 
of 50 ns (Δt = 1fs each step) in three different temperatures (290K, 
300K, and 310K) were continued without position restraint for pro
duction, and every 10ps structure was composed for further analysis 
from each set. 

EmbR apo, EmbR – Rad9p, EmbR – Rad9, EmbR – NEWp, EmbR – 
NEW, EmbR – PknHp, EmbR – PknH 50ns trajectories in 290K, 300K, 
and 310K were analyzed. We measured number of hydrogen bond be
tween EmbR, and its partner (Hydrogen bond: distance between donor 
and acceptor 3.5 Å, acceptor – donor – hydrogen angle 30◦). We 
measured radius of gyration, and root-mean-squared deviation (RMSD) 
of heavy atoms, then plotted using the Python code obtained from 
Strodel lab (http://www.strodel.info/index_files/lecture/generateFES. 
py) to obtain ΔG value, which represents relative structural popula
tion disposition in two dimensions (radius of gyration, and RMSD) 
graph. 

2.3. Binding validation of peptides in vitro 

The binding affinities of peptides for the soluble EmbR protein were 
measured by biolayer interferometry on an Octet RED96 System, which 
monitors interference of light reflected from two sources (an internal 

reflection surface and the liquid/solid interface of a fiber optic sensor) to 
measure the rate of molecules binding to the biosensor surface. Peptides 
were synthesized and biotinylated at the NH2-terminus by Shanghai 
Shenggong, purified to >95% by HPLC. Biotinylated peptides were 
loaded onto Streptavidin (SA) biosensors at empirically determined 
concentrations. All affinity measurements were carried out in Kinetics 
Buffer (KB) (1X PBS, 0.002% Tween-20, and 0.01% BSA) at 25 ◦C. The 
biosensors were pre-equilibrated in KB for 120s, loaded with a bio
tinylated peptide at optimal concentrations and times, quenched with 
10 μg/ml biocytin in KB for 180s, brought to baseline in KB for 120s and 
transferred to wells containing purified EmbR (0–400 μM). Multiple 
negative controls were run for each peptide including association buffer 
only (no EmbR) or with BSA replacing EmbR. Binding kinetics were 
calculated using the FortéBio Data Analysis v7.1 software. 

3. Results 

3.1. Prediction of EmbR binding site on PknH 

According to the previous Mtb EmbR – PknH interaction studies [12, 
14] and intrinsically disordered protein region (IDR) involvement in 
EmbR –Yeast Rad9 188–195 (N′-SLEVTEAD-C′) binding data [15], we 
hypothesized that protein intrinsic disorder similarity between Mtb 
PknH and Yeast Rad9 would lead to a possible binding site on PknH. 
According to Mtb FHA domain-containing protein 39.8 - Rv3910 com
plex (PDB ID 3OUN) [33], EmbR (PDB ID 2FF4) was structurally aligned 
with 39.8, and the cytoplasmic part of PknH (residues 1–403) was 
aligned with Rv3910 after homology modeling. Structural alignment 
showed a potential EmbR binding site of PknH on its 240–280 residues 
with loop conformation as in Rv3910 (Fig. 1 A). 

Protein intrinsic disorder score comparison between Yeast Rad9 and 
Mtb PknH showed matching opposite patterns, which have strong pos
itive or negative slope. In detail, Yeast Rad9 188–195 (where the 
structure was shown in PDB ID 2FF4) was embedded in the strong 
negative slope between 186 and 214, and Mtb PknH 240–280 (Homol
ogy modeling prediction binding site) showed strong positive slope 
(Fig. 1B–C). Nevertheless, their sequences have similar chemical prop
erties of hydrophobicity and charge; Yeast Rad9 188–195 (N′-SLEV
TEAD-C′) has a hydroxyl group containing T192 at its fifth position 
surrounded by three hydrophobic residues (L189, V191, A194). This 
region also has three other negatively charged residues (E190, E193, 
D195). Importantly, T192 can be phosphorylated [15]. Mtb PknH 

Fig. 1. Prediction of specific 
M. tuberculosis EmbR binding site of PknH. 
A: Structural alignment result. Green: Cyto
plasmic PknH homology modeling result, 
Yellow: EmbR from PDB ID 2FF4, Blue: 
Rv3910 from PDB ID 3OUN, Red: 39.8 from 
PDB ID 3OUN. B – C: Protein intrinsic dis
order score (PONDR predictors), B: PknH 
1–403, C: Yeast Rad9 1–403, legend is same 
with B. D: Yeast Rad9 240–280 sequence. 
(For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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240–280 doesn’t contain threonine, but serine appears twice at positions 
264 and 277 (Fig. 1 D). Between two serine residues, only S277 is sur
rounded by three hydrophobic residues (A275, L276, P279) and three 
other negatively charged residues (E274, D278, D280). Thus, we 
selected Mtb PknH 273–280 (N′-HEALSDPD-C′) as the potential specific 
EmbR binding IDR site of PknH. 

3.2. EmbR FHA domain two fingers hold phosphopeptides 

After heating, equilibration, and production runs of molecular 
simulation for 6 systems as described in Materials & Methods (Rad9p, 
Rad9, PknHp, PknH, NEWp, NEW), we checked their continuous bind
ing to the EmbR FHA domain. Although EmbR – NEW didn’t show 
continuous binding at 300K, the other 5 systems showed continuous 
binding between EmbR and the peptides. 

Given the functional importance of phosphorylation, we targeted 
EmbR FHA domain as IDR binding partner [14]. At the beginning of 
production runs, we discovered structural differences between phos
phopeptide bound FHA domains and non-phosphopeptide bound FHA 

domains (Fig. 2A). According to surface visualizations of FHA – peptide 
complex forms, phosphopeptide bound FHA domains commonly showed 
finger-like structures. The fifth amino acid phosphoryl groups were 
commonly coordinated between two fingers in three systems (Fig. 2A–b, 
d, f). After structural investigation, it turned out that the two fingers 
consisted of three residues; S326, R327, and S347. Hydrogen bond 
formation capacity of phospho-threonine (T192 at EmbR - Yeast Rad9 
188–195, N′-SLEVTPEAD-C′) has been reported in PDB ID 2FF4 (Fig. 2B) 
[15]. Hence, we compared the positive control (PDB ID 2FF4) structures 
before equilibration (Fig. 2B–a) and after the equilibration (Fig. 2B–b). 
Positive controls in two conditions showed FHA domain fingers, and 
these formed 6 hydrogen bonds with the phosphoryl group at the fifth 
residue of the phosphopeptides. Between the two structures, the positive 
control after equilibration showed shorter hydrogen bond distances and 
tighter finger structures (Fig. 2B–a). The hydrogen bonds at the fifth 
residue contributed to the stable binding between FHA domain, and 
corresponding peptides during molecular simulation. However, EmbR 
FHA domains with non-phosphopeptides didn’t show finger structures 
(Fig. 2A–c, e). 

Fig. 2. EmbR FHA domain – peptide structures after equilibration. A: EmbR whole protein – Rad9p (positive control) bound form, and 5 continuous binding shown 
FHA domain – peptide complexes (b–f) b; Rad9p, c; Rad9, d; PknHp, e; PknH, f; NEWp, B: FHA domain – Rad9p a; (positive control) Hydrogen bonds after 
equilibration, b; Original position, PDB ID 2FF4 [15]. 
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The FHA domain (EmbR 308–357 according to UniProt 2019_03) is 
important for the phosphorylation with PknH [14]. Mutations at three 
residues (R312, S326, N348) hinder phosphorylation [14]. Among these 
three residues, S326 only functioned as a hydrogen bond donor after 
equilibration of the positive control, and at the original position (PDB ID 
2FF4) [15]. 

3.3. β-strand range of backbone torsional angles (φ, and ψ) of 
phosphopeptides in complexes 

We focused on the backbone structural changes of peptides in 5 
systems (Fig. 3). Due to the disorder-to-order transition characteristic of 
molecular recognition feature (MoRF) in contact region (α-MoRF, and 
β-MoRF) [24], we hypothesized that the backbone torsional angles (φ, 
and ψ) of the peptides would be distributed inside the α-helix or β-strand 
range in Ramachandran plot [34]. 

Before the torsional angle measurement, we confirmed the structural 
stability of the peptides in complex forms. When we compared their 
energy minimized structures, the heavy atom root-mean-squared devi
ation (RMSD) ranged between 0 and 5 Å, and the radius of gyration 
(RofG) ranged between 5 and 10 Å. PknHp, and PknH showed relatively 
more dispersed patterns than other peptides. However, these values are 
still incorporated in the RMSD range from 0 to 5 Å and the RofG 5–10 Å 
as shown in Fig. 3A. 

To further investigate the structural changes of peptides in molecular 
simulation trajectories, we measured φ and ψ angles of each amino acid 
of the peptides. Characteristically, it turned out that the backbone 
torsional angle values were distributed in the range of the β-strand 
characteristic backbone torsional angles (Fig. 3B) [34]. Among 5 pep
tides, all trajectories showed residue 4–7 φ and ψ angles in β-strand 
range. Residue 2–3 φ and ψ angles were inside β-strand range in native 
phosphopeptides (Fig. 3B–a, c). However, non-phosphopeptides and 
artificially designed NEWp did not have their distributions in β-strand 
range (Fig. 3B–b, d, e). Moreover, error bar ranges decreased from 
N-terminal residue (Residue 2) toward C-terminal residue (Residue 7). 
This pattern implies that the backbone stability increased along the 
amino acid order from N-terminal to C-terminal, and thus strengthens 
the β-MoRF formation. 

3.4. Phosphorylation residues with greater chance of hydrogen bond 
formation with peptides 

Our molecular simulation indicated that the torsional angles of 5 
peptides backbone are distributed in the β-strand range (Fig. 3). β-strand 
amino acids have hydrogen bonds with neighbors in β-strand secondary 
structures [35]. Besides, previous discoveries of β-strand formation in 
protein – protein contact regions [36] and IDR β-MoRF [24] confirmed 
this characteristic. Thus, we investigated hydrogen bond numbers in 
contact regions between EmbR FHA domain and 5 peptides (Fig. 4). 

Some amino acids have shown hydrogen bond formations in selected 
loops (Fig. 4A; Loop 1 G311 – H329 (red), Loop 2 D343 - A360 (green), 
Loop 3 R370 – Q375 (blue)) of EmbR FHA domain. Loop 1 residues 
R312, A323, N3234, S326, and R327 showed hydrogen bond forming 
patterns. As investigated after the equilibration of the positive control 
(Rad9p, N′-SLEVTPEAD-C′, Fig. 2B–a, b), S326, and R327 still contain 
the hydrogen bonds. We also found R312 to be a strong hydrogen bond 
former (donor/acceptor). Between two sorts of peptides (phosphopep
tides, and non-phosphopeptides), S326, and R327 formed hydrogen 
bonds more likely with phosphopeptides than non-phosphopeptides 
(Fig. 4B). Whereas, R312 formed a greater number of hydrogen bonds 
with non-phosphopeptides than phosphopeptides (Fig. 4B). 

In Loop 2 and 3, S347, N348, R356, and R370 showed greater 
number of hydrogen bonds. S347, N348, and R370 appeared as the 
major hydrogen bond formers in Loop 2 and 3. Among these residues, 
N348, and R370 formed more hydrogen bonds with non- 
phosphopeptides than phosphopeptides as shown in Loop 1 R312. 
However, S347 formed more hydrogen bonds with phosphopeptides 
than non-phosphopeptides as patterns shown in Loop 1 S326, and R327. 
R356 formed hydrogen bond only with PknHp (phosphorylated PknH 
273–280, N′-HEALSPDPD-C′). In Fig. 4B, the red arrows indicate phos
phorylation related residues R312, S326 and N348 according to previ
ous research [14]. Their substitution with alanine caused reduced 
phosphorylation by PknH. Thus, hydrogen bond formation with these 
residues, as well as with R356, is important in EmbR – PknH interaction. 

We also measured the number of hydrogen bonds formed on the 
peptide (Fig. 4C) amino acid residues. As expected and discovered from 
equilibration structures (Fig. 2A), phosphorylated residues (fifth posi
tion, Residue 5) in phosphopeptides (Fig. 4C 1, 3, 5) showed a greater 

Fig. 3. Peptide structural stability and backbone torsional angle measurement. A: Heavy atoms radius of gyration (RofG), and root-mean-squared deviation (RMSD) 
of peptides (a–e) a; Rad9p, b; Rad9, c; PknHp, d; PknH, e; NEWp. ΔG = 0 is corresponding to the greatest number of structures. B: Torsional angles (φ, and ψ) of the 
peptide backbones in ranges between − 180◦–90◦ for φ, and − 90◦–180◦ for ψ (a–e) a; Rad9p, b; Rad9, c; PknHp, d; PknH, e; NEWp. 
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number of hydrogen bonds. As shown in Fig. 4C, Residues 5–8 showed 
greater density than Residues 1–4. Thus, we could conclude that phos
phopeptides bind the EmbR FHA domain through the residues 5–8 with 
hydrogen bond formation capacity. 

Binding validation of peptides with EmbR protein by biolayer 
interferometry. 

The IDR-peptides and their phosphorylated ones were synthesized, 
biotinylated, and loaded onto Streptavidin biosensors for the measure
ment of their association and dissociation rate constants by biolayer 
interferometry (see Supporting Information, Materials & Methods). The 
association and the dissociation rate constants kon and koff were obtained 
by fitting the data to a 1:1 model, and the dissociation constant Kd 
values were calculated as the ratio koff/kon as shown in Table S1. For 

each peptide, multiple negative controls were run (with association 
buffer only and with BSA replacing EmbR). 

Notably, the binding profile generated by the biotinylated phos
phopeptide corresponding to the predicted binding site on PknH 
(phosphorylated PknH 273–280, N′-HEALSPDPD-C′ with Kd 0.950 μM) 
showed the strongest affinity with EmbR, which is distinguished from 
other peptides including IDR-peptide derived from the positive control 
(phosphorylated Rad9p 188–195, N′-SLEVTPEAD-C′ with Kd 1.52 μM) . 
This optimal binding affinity was found to be 0.950 μM, corresponding 
to a moderate biologically relevant and specific binding. Three clinical 
TB drugs (ethambutol, rifampicin, and isoniazid) were also tested as 
controls and showed no significant binding to EmbR under the same 
conditions. 

Fig. 4. Hydrogen bond patterns in EmbR FHA 
domain – 5 peptides. A: EmbR FHA domain loops. 
Loop 1 G311 – H329 (green), Loop 2 D343 - A360 
(red), Loop 3 R370 – Q375 (blue) B: FHA domain 
hydrogen bond formers. 1; Rad9p, 2; Rad9, 3; 
PknHp, 4; PknH, 5; NEWp. Red arrows indicate 
important residues for phosphorylation. C: 5 pep
tides hydrogen bond formers. 1; Rad9p, 2; Rad9, 3; 
PknHp, 4; PknH, 5; NEWp. (For interpretation of the 
references to colour in this figure legend, the reader 
is referred to the Web version of this article.)   
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4. Discussion 

From protein intrinsic disorder score measurement, we discovered 
Mtb EmbR binding region on Mtb PknH. The previous protein structure 
study (PDB ID 2FF4) of EmbR in complex with Yeast Rad9 188–195 (N′- 
SLEVTEAD-C′) [15] did not determine the exact binding site, but served 
to provide the background logic for our discovery. We found a region 
within Mtb PknH (273–280 N′-HEALSDPD-C′) containing similar pro
tein intrinsic disorder, charge, and hydrophobicity with the region from 
PDB ID 2FF4. From the discovery, we investigated its binding pattern, 
applying molecular simulation in the anticipation of binding with EmbR 
FHA domain based on the position of the positive control (PDB ID 2FF4, 
Yeast Rad9 188–195, N′-SLEVTEAD-C′) [15]. Through structural 
investigation of the molecular simulation trajectories of the 5 forms in 
stable complexes, we observed finger-like structures holding the phos
phorylated residues where a less tight binding was observed in the 
structure study (PDB ID 2FF4) [15]. Additionally, we observed the 
C-terminal backbone torsional angles (φ and ψ) of the peptides’ amino 
acids distributed in β-strand range on Ramachandran plot [34]. Ac
cording to previous research on β-strand formation in protein-protein 
contact regions [36] and molecular recognition features (MoRF) [24], 
this once again confirmed the peptides’ bindings toward EmbR. Further, 
hydrogen bond analysis of the simulations showed significant hydrogen 
bond forming potential of the residues in the FHA domain of EmbR. A 
previous mutagenesis study discovered some of these have important 
phosphorylation roles [14], and our simulation trajectories also showed 
their direct involvement in hydrogen bond formation with the FHA 
domain. 

Protein intrinsic disorder oriented interaction predictors are being 
developed, and progressive. There are diverse forms of MoRF prediction 
algorithms [37], and efforts begun from α-MoRF predictor development 
in 2007 [38]. Most of the predictor developers applied machine learning 
to find correlations between protein intrinsic disorder score and binding 
[37]. Our approach to find the specific binding region directly relied on 
protein intrinsic disorder score and the comparison of biochemical 
properties with the positive control (PDB ID 2FF4) [15]. We also 
confirmed binding availability through biochemical property compari
sons. Protein intrinsic disorder prediction algorithms already compose 
correlations between amino acid properties and their unfolding contri
butions as the first generation algorithms were developed [39]. Our 
discovery indicates that, if the binding site is short and has similar 
biochemical properties, protein intrinsic disorder score itself can be 
enough to predict the specific binding site. 

Through molecular simulation, we also discovered finger-like 
structures at FHA domain, composed of three amino acids; S326, 
R327, and S347. Two fingers hold the phosphorylated fifth residue of 
phosphopeptides (Fig. 2A). The importance of phosphothreonine was 
already highlighted among FHA domain binding partners [18]. Mtb 
signal transduction is heavily dependent on Ser/Thr protein kinases 
(STPKs) [16], and their partners have FHA domains for corresponding 
phosphorylation [20]. EmbR FHA – Yeast Rad9 188–195 
(N′-SLEVTPEAD-C′) is a representative FHA domain structure, although 
it didn’t show STPK partner binding [15,18]. Our fingers at this FHA 
domain with phosphorylated Mtb PknH 273–280 (N′-HEALSPDPD-C′) 
strengthened recent viewpoint [20], which is challenging previous 
viewpoint of importance on phosphothreonine [18]. The recent article 
reviewed that the phosphorylation does not only always rely on threo
nine, but it also needs surrounding residues [20]. We designed a new 
peptide through the replacement of the fifth serine with threonine 
(NEWp; N′-HEALTPDPD-C′, NEW; N′-HEALTDPD-C′) according to the 
previous knowledge [18]. But, NEW at 300K flew off from original 
binding position during production run, although other native peptides 
without phosphorylation were bound there during the production run. It 
implies that native non-phosphopeptides, as well as their phosphopep
tides can have interactions at the contact region. 

Nevertheless, hydrogen bond analysis distinguished FHA – peptide 

binding patterns. Phosphopeptides and non-phosphopeptides have 
shown different hydrogen bonding patterns (Fig. 4B and C). The finger 
residues, S326, R327, and S347 were major hydrogen bond formers in 
binding with phosphopeptides. However, R312, A326, N348, and R370 
appeared as major hydrogen bond formers with non-phosphopeptides. A 
previous study of mutagenesis at R312, S326, and N348 showed no 
phosphorylation [14]. Among these three residues, R326 was the only 
major hydrogen bond former with phosphopeptides. Thus, we infer the 
binding and phosphorylation orders. R312, and N348 may participate in 
the binding with non-phosphorylated substrate (in this case, PknH). 
After the binding, S326 may induce phosphorylation, in coordination 
with other finger residues (R327 and S3477). Then these finger residues 
may hold the phosphorylated residue tighter than a naïve binding 
partner. Certainly, the peptides with phosphorylated fifth residue 
showed more hydrogen bond formations toward the FHA domain 
(Fig. 4C). 

Peptides in molecular simulation trajectories showed β-strand former 
φ and ψ angles in their backbone according to our discovery (Fig. 3B). 
Although the backbone torsional angles of residues 2–3 didn’t show 
meaningful β-strand former ranges, residues 4–7 φ and ψ angles obvi
ously showed their β-strand former capacity according to Ramachan
dran plot [34]. Peptide residue 5–8 also confirmed their hydrogen bond 
formation with FHA domain (Fig. 4C). Protein – protein interaction in
cludes structural change. Especially, this case belongs to the β-strand 
formation [36]. As we discovered the EmbR specific binding site on 
PknH, it is a part of β-MoRF, a disorder-to-order transition region [24]. 
Importantly, the EmbR – peptide binding form all showed peptides 
stable binding. Heavy atoms root-mean-squared deviation range be
tween 0 and 5 Å, and radius of gyration range between 5 and 10 Å. These 
results all support our hypothesis of Mtb PknH 273–280 binding toward 
EmbR FHA domain. 

EmbR FHA domain is well known for its complex structure with 
Yeast Rad9 188–195 (N′-SLEVTEAD-C′) as a representative example of 
FHA domain [15,18]. FHA domain only contacts threonine, and this 
dogma didn’t change due to lack of counterpart discovery [16,18,19]. 
However, recent viewpoint describes that not only the threonine, but 
also other surrounding residues are important for molecular recognition 
[20]. We discovered, for the first time, that the serine embedded peptide 
part was the EmbR binding responsible site on PknH. As described in the 
previous review paper [11], EmbR is phosphorylated by PknH, and this 
reaction predictively causes structural change. PknH binding, and 
phosphorylation toward EmbR may cause structural change of EmbR 
itself, and it may allow better binding toward EmbC/A/B operon pro
moter region. 

We synthesized the peptides in their various forms and performed 
validation in vitro. The binding assay results confirmed the overall better 
binding from the phosphopeptides compared to others and our binding 
site prediction PknH 273–280 (N′-HEALSDPD-C′) outperformed the 
positive control Rad9 188–195 (N′-SLEVTEAD-C′), even after additional 
phosphorylation. 

Unfortunately, none of the peptides showed significant inhibitory 
ability in terms of stopping the virulent reference strain H37Rv (see 
Table S2). We also probed for synergistic efficacy with clinical drugs 
ethambutol, rifampicin, and isoniazid, but did not pick up meaningful 
interaction. 

From a translational research viewpoint, our discovery provides drug 
resistance overcoming background logic. The EmbR – PknH pair con
trols the embCAB operon [12,13], and genetic mutations on Emb
C/A/B/R cause Ethambutol resistance [40–42]. Because the EmbR – 
PknH pair formation is upstream of embCAB operon control, EmbR – 
PknH inhibition is a potential Ethambutol resistance overcoming strat
egy, although EmbR inhibition has yet to be considered as a drug dis
covery target. PknH control could be considered as another strategy, 
however, previous PknH knockout experiment showed increased viru
lence in vivo [43]. 

Our approach pioneered protein intrinsic disorder utilization for 
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target’s binding partner mimicking to inhibit the target. As described in 
the Introduction section, p53 α-MoRF utilization [24] confirmed its 
anti-leukemia efficacy through the example of RG-7112 [26,31]. 
Although that discovery is still a representative example of intrinsically 
disordered region (IDR) utilization, there was no approach to find a 
target’s binding partner from protein intrinsic disorder prediction for 
drug discovery. We suggest that this approach is revolutionary in the 
computer-aided drug discovery field and can be applied in cases beyond 
the development of tuberculosis treatments. 
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