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Abstract

The KDM5C gene (also known as JARID1C and SMCX) is located on the X chromosome and 

encodes a ubiquitously expressed 1,560-aa protein, which plays an important role in lysine 

methylation (specifically reverses tri- and di-methylation of Lys4 of histone H3). Currently, 

thirteen missense mutations in KDM5C have been linked to X-linked mental retardation. However, 

the molecular mechanism of disease is currently unknown due to the experimental difficulties in 

expressing such large protein and the lack of experimental 3D structure. In this work, we utilize 

homology modeling, docking, and experimental data to predict 3D structures of KDM5C domains 

and their mutual arrangement. The resulting quaternary structure includes KDM5C JmjN, ARID, 

PHD1, JmjC, ZF domains, substrate histone peptide, enzymatic cofactors and DNA. The predicted 

quaternary structure was investigated with molecular dynamic simulation for its stability, and 

further analysis was carried out to identify features measured experimentally. The predicted 

structure of KDM5C was used to investigate the effects of disease-causing mutations and it was 

shown that the mutations alter domain stability and inter-domain interactions. The structural model 

reported in this work could prompt experimental investigations of KDM5C domain-domain 

interaction and exploration of undiscovered functionalities.
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Introduction

The epigenetic processes control transcription of genes and result in the widely different 

gene expression patterns in different tissues and organs (1, 2). The most frequently occurring 

histone modifications involve acetylation, phosphorylation, methylation, ubiquitination and 

crotonylation (3, 4). Lysine methylation is one of the most important histone modifications 

among them, and has a crucial role in heterochromatin formation, X-chromosome 

inactivation and transcriptional regulation. Histone lysine methylation occurs in histones H3 
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and H4, and this methylation results in lysine residue’s three different methylation states 

(mono-, di-, and tri-), which are associated with different nuclear features and transcriptional 

states(5).

The KDM5C gene (also known as JARID1C and SMCX) is located on the X chromosome 

and encodes a ubiquitously expressed 1,560-aa protein, which plays an important role in 

transcriptional regulation and chromatin remodeling (6). The KDM5C protein belongs to the 

JARID subfamily of JmjC-containing proteins. The function of JmjC domain is to 

specifically demethylate di- and trimethylated lysine 4 on histone 3 (7). The KDM5C acts as 

a transcriptional repressor and many mutations in the KDM5C gene has been shown to cause 

X-linked mental retardation (XLMR) and the syndromic Claes-Jensen-type disease (7–9). 

Most of disease-causing mutations are located on JmjC domain, ZF domain (C5HC2 zinc 

finger domain) and inter-domain regions. These mutations are expected to affect the protein 

stability and enzymatic activity (7, 10).

Overall KDM5C is a multi-functional protein, consisting structurally of several well-defined 

domains, including ARID, JmjN, JmjC, ZF, and two PHD zinc finger domains. Little 

experimental data is available about the 3D structure of the entire protein, individual 

domains and the interactions with its partners. The first experimental structure of one of the 

KDM5C domains is the solution structure of ARID domain, released in 2007 (11). In the 

past, we used it to generate a 3D model of the ARID-DNA complex (9). Very recently, the 

3D structure of part of the human KDM5C protein (JmjN, JmjC and ZF domains) was 

released (12). The same work revealed that ARID and PHD1 domains contribute to the 

histone substrate recognition despite not being directly required for demethylase activity 

(12). However, there is still no experimental or theoretical 3D structure of KDM5C protein 

which includes JmjN, ARID, JmjC, C5HC2 zinc finger (ZF), and two PHD domains.

Several XLMR-associated mutations were shown to reduce KDM5C demethylase activity 

and binding to the H3K9me3 peptide (13). Specifically, ARID domain is a DNA-binding 

domain in which two missense mutations (A77T and D87G) were reported (8). The other 

domain, the JmjC domain, catalyzes demethylation of H3K4me3 to H3K4me1, and three 

missense mutations (D402Y, S451R and Y642L) are experimentally shown to reduce 

KDM5C demethylase activity (13). Several pathogenic mutations (A388P, R731W and 

Y751C) were reported in the PHD1 domain (a histone methyl-lysine binding motif) and ZF 

domain and were shown to reduce the demethylase activity as well (13). However, the 

molecular mechanism of the above-mentioned disease-causing mutations is mostly 

unknown. Perhaps this is due to the lack of experimental or theoretical 3D structure of 

KDM5C protein, which would allow for modeling the effects of mutations on domain 

stability and inter-domain interactions. The goal of this work is to fill this gap by developing 

a 3D structural model of KDM5C quaternary structure and using it to model the effects of 

disease-causing mutations on KDM5C stability, dynamics and inter-domain interactions. It 

is understood that such multi-functional and multi-domain proteins may adopt various 

domain arrangements in different functional states. Thus, the quaternary structure that is 

reported in this work represents one of several domain arrangements of KDM5C that the 

protein may adopt during its functional cycle.
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Materials and Methods

Sequence alignment and homology modeling

The homologues of the KDM5C protein and their domains were retrieved from the Protein 

Data Bank database using the protein basic local alignment search tool (14), applying 

Position-Specific Iterated BLAST. The homologues with the highest sequence similarity 

were used to generate the homology model of KDM5C domains using the Swiss-Model 

webserver (15).

Protein docking and inter domain linker building

The KDM5C domains interactions were predicted with ZDOCK 3.0.2 (16), which searches 

all possible binding modes in the translational and rotational space between two proteins/

domains and evaluates each pose using an energy-based scoring function. The linker regions 

were predicted with LOOPY (17), a computer algorithm to predict loop conformation 

provided the amino acid sequence.

Molecular Dynamics simulation

Molecular dynamics (MD) simulations were performed with the NAMD program, version 

2.11b (18). The force field used in the simulation, including the substrate peptide and 

enzymatic cofactors, was Amber force field in the Amber tools 15 (19). The inpcrd and 

prmtop files were generated with Amber tools 15 (18). Other simulations, with only standard 

protein residues, were performed with CHARMM22 force field (20). A 10,000 steps 

minimization was performed for all simulations to relax plausible overlaps. Generalized 

Born implicit solvent (GBIS) was applied in the simulations and the time step was set to 2 

fs. The temperature in the simulation was set to 298 K. The trajectory files were investigated 

using VMD 1.9.2 (21) with related plugins in order to analyze the RMSD, RMSF, and salt 

bridges.

Change of folding and binding free energies upon missense mutations

The binding free energy changes upon missense mutations (ΔΔΔG) were predicted with 

webservers including BeAtMuSiC (22), MutaBind (23) and SAAMBE (24, 25). The folding 

free energy changes upon missense mutations (ΔΔG) were evaluated with mCSM (26), SDM 

(27), DUET (28) and SAAFEC (29) servers.

Electrostatic Potential Calculation

The DelPhi program was used to perform the electrostatic potential calculations. The 

following parameters were applied in the calculation: scale = 2 grid/Å, percentage of protein 

filling of the cube = 70%, dielectric constant = 2 for the protein and 80 for the solvent, and 

water probe radius = 1.4 Å.

pKa shifts analysis

To investigate the possibility that some titratable residues may undergo protonation change 

upon formation of quaternary structure of KDM5C, we performed the pKa calculations with 

DelPhiPKa (30, 31), which is a surface-free Poisson-Boltzmann based approach to calculate 
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the pKa values of protein ionizable residues, nucleotides of RNA and DNA. We first 

calculated the pKa’s of titratable residues for unbound ARID, PHD1 domains and KDM5C 

catalytic core and then repeated the calculations using quaternary KDM5C structure. The 

pKa shifts are calculated by subtracting the pKa of quaternary KDM5C structure and the 

pKa of individual domains (details are provided in SI).

Results and Discussion

The results section has three major components, namely a report of building 3D models of 

the corresponding KDM5C domains and arranging them into quaternary structure of 

KDM5C, and then validating and using the 3D structure of KDM5C protein to predict the 

effect of XLMD-linked mutations. Below we describe the results in sequential order.

(1) Modeling quaternary structure of KDM5C protein

Homology model of KDM5C PHD1 domain—As mentioned above, KDM5C is multi-

domain protein consisting of well-defined domains as JmjN, ARID, PHD, JmjC and ZF 

domains. For most of them, JmjN, ARID, JmjC and ZF domains, there is experimental 3D 

structure available (Protein Data Bank (PDB) ID:2JRZ and 5FWJ)(11). However, the 3D 

structure of PHD1 domain is not available and must be modeled. For this purpose, we used 

homology modeling, since high homology templates do exist. Thus, the amino acid 

sequence of KDM5C was submitted to the PSI-Blast (14) and the search was performed 

against the sequences of proteins in PDB database (32). The best template for KDM5C 

PHD1 domain is the solution structure of another PHD domain within JARID family (PDB: 

2E6R), with 84% sequence identity (33). Then, we used SWISS-MODEL server (15) to 

generate the homology model for KDM5C PHD1 domain.

Quaternary structure of KDM5C catalytic core—We began the modeling of 

quaternary structure of KDM5C protein by taking advantage of recently released 

experimental structure (PDB ID: 5FWJ), which includes JmjN, JmjC and ZF domains. The 

experimental structure revealed a previously known fact that JmjN interacts with JmjC 

domain and that this interaction is crucial for the KDM5C protein stability and catalytic 

function (12, 34). Furthermore, it is known that the ZF domain is required for catalytic 

activity of JARID proteins (35).

While it is known that JmjC domain demethylates di- and trimethylated lysine 4 on histone 3 

(H3K4me2 and H3K4me3) along with the cofactors Ferrous ion (Fe2+) and alpha–

ketoglutarate (2-oxoglutaric acid), the binding mode of histone peptide to JmjC domain is 

still unknown for the JARID family. Developing such a model is one of the goals of this 

work and we intend to generate it by taking the advantage of the experimental structures of 

other JmjC domain containing proteins. For this purpose, we first collected all existing 

experimental structures of JmjC domain bound to histone peptide. The experimental 

structures include the structure of KDM2A bound to H3K36me1 (PDB ID: 4QXH) (36), the 

structure of JMJD2B complexed with H3K9me3 (PDB ID: 4LXL) (37), the structure of 

human JMJD2D/KDM4D in complex with an H3K9me3 peptide (PDB ID:4HON) (38), the 

structure of KDM6B bound with H3K27me3 peptide (PDB ID: 4EZH) (39), the structure of 

KDM7A from C.elegans complexed with H3K4me3 peptide, H3K9me2 peptide and NOG 
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(PDB ID: 3N9O) (40), and the complex structure of JMJD2A and trimethylated H3K36 

peptide (PDB ID:2P5B) (41). The structural alignment was applied using the Chimera (42) 

for all collected structures. Figure 1A shows the results of structural alignment and it can be 

observed that the structures are highly conserved among different JmjC containing proteins. 

The positions of the histone peptides are also similar among different proteins, especially for 

the regions close to the bound Lys4 residue. Therefore, we took the average coordinates of 

these histone peptide backbones, which were manually assigned to the histone 3 peptide 

residues from 1 to 10. The side chain of each residue was generated using the most probable 

rotamer from the Dunbrack backbond-dependent rotamer library (43) as implemented in 

Chimera (42). Further, Lys4 and Lys9 in the peptide were modified to H3K4me3 and 

H3K9me3 using Avogadro (44), since in vivo they are methylated as they bind to JmjC and 

PHD1 domains. Finally, auto-optimization was performed for the peptide with Avogadro 

(44) to correct for bad contacts and improper bonds.

Since the template experimental structure contains Mn2+ ion and inhibitor MMK instead of 

enzymatic cofactors Fe2+ ion and 2-oxoglutaric acid, the enzymatic cofactors must be 

placed in the model to replace the template cofactors. This was done by superimposing 

template structure (structure of rice JMJ703 in complex with alpha-KG, PDB ID: 4IGO) 

onto the structure of KDM5C catalytic core and then replacing the template cofactors with 

enzymatic cofactors. The final model of KDM5C catalytic core bound with histone peptide 

and enzymatic cofactors is shown in Figure 1B.

Modeling ARID domain’s interactions in quaternary structure of KDM5C—
ARID domain is the DNA binding domain of KDM5C protein and a NMR structure is 

currently available (PDB ID: 2JRZ). Also, in our previous work (9), a model of ARID-DNA 

complex has been generated. The presence of DNA provides constrains of how ARID 

interacts with the rest of KDM5C domains. It should be noted that the ARID domain is the 

second domain of the KDM5C sequence (after the JmjN domain) and a link consisting of 23 

amino acids connects these two domains. This provides further constrains of mutual 

orientation and positioning of ARID and JmjN domains. Since the quaternary structure of 

JmjN, JmjC and ZF domains is already available (see above), the next question is to predict 

ARID domain position and orientation with respect to the JmjN, JmjC and ZF domains.

Thus, we first applied the ZDOCK server (16) to search possible binding modes of the 

ARID domain to the quaternary structure of JmjN, JmjC and ZF domains (in parallel 

ClusPro (45) and GRAMM-X(46) were used as well, see SI for details). The ten best 

predictions were collected and analyzed. It should be reiterated that JmjN and ARID 

domains are connected via a linker of 23 amino acids. Thus, the first consideration that was 

made in the analysis of the ten best binding modes was to remove binding modes that result 

in ARID position and orientation that makes it impossible for ARID and JmjN to be 

connected by 23 amino acid linker. It should be pointed out that the linker region between 

JmjN and ARID domain is also included in the crystal structure (12) and it is simply 

wrapped around the JmjC domain. It is tempting to use the linker in the experimental 

structure of JmjN, JmjC and ZF domains (PDB ID 5FWJ) as a guide in positioning the 

ARID domain. However, it should be clarified that the linker adopts crystallographic 

conformation in absence of the ARID domain and thus its conformation in 5FWJ may be 
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misleading. Due to this, we decided to delete the linker region from the experimental 

structure and rebuild 3D structure of the linker connecting ARID and JmjC domains using 

the LOOPY program (47). The results showed that the 23 amino acid linker is not long 

enough to connect JmjN and ARID domain in six out of ten binding modes. Thus, these six 

models were deleted. To compare the rest of the four binding modes, we computed the 

RMSD among them (Table 1). The RMSDs among four models is relatively small, ranging 

from 1.80 to 3.46Å. This indicates that these four binding modes are quite similar and that 

the binding interface is almost identical (Figure 2A).

To further select the best model and test its stability, we run molecular dynamic (MD) 

simulations for each binding mode. Three 10ns parallel runs were performed for each model 

with CHARMM22 force field (20) in NAMD (18). Default charges of titratable residues 

were assigned, since the pKa analysis predicted no ionization changes in physiological pH 

(see SI for details). We first calculated RMSD of ARID and JmjC domains to observe the 

overall structural change along the simulation time (Figure 2B). The RMSD ranged from 5 

to 7.5 Å and the overall structure became stable after 5ns for all models. To further study the 

binding mode stability, we also calculated the RMSD of the interfacial residues of each 

binding mode. We identified the interfacial residues by calculating the solvent accessible 

surface area (SASA) change of each residue in the complex and unbound domains. A 

residue is defined as an interfacial residue if the SASA change is not equal to 0. Since the 

identified interfacial residues were slightly different in each model due to the structure 

difference, we only selected the interfacial residues common in all models for our analysis 

and the RMSD results are shown in Figure 2C. The RMSD of interfacial residues ranges 

from 3.5 to 7 Å and reaches stable value after 5ns simulation time.

To finalize the model of ARID bound to KDM5C catalytic core, we took the twelve MD 

generated trajectories (Note that for each of the four binding modes we generated three MD 

trajectories) and selected 50% with lowest RMSD among them. The last 5ns of the 

trajectories were taken to calculate the averaged structure using VMD tcl script (21). The 

averaged structure was subjected to 10,000 steps of energy minimization to relax the 

structure. The finalized model of ARID bound to KDM5C catalytic core is shown in Figure 

2D.

Modeling PHD1 domain’s interaction in the quaternary structure of KDM5C—
The KDM5C PHD1 domain is close in sequence to the JmjC domain (the linker is 13 amino 

acids long) and it is expected to bind to tri-methylated H3K9 residue (H3K9me3) (7, 48). 

Indeed, a recent study indicated that the PHD1 domain is not required for the demethylase 

activity but does contribute to the recognition of the substrate peptide (7, 12). Currently, 

there is no available experimental structure of the KDM5C PHD1 domain bound to 

H3K9me3 and KDM5C catalytic core.

Above we described the modeling of quaternary structure of KDM5C catalytic core bound 

to histone peptide and ARID domain. Since a homology model of KDM5C PHD1 domain 

was already generated (see above), we applied the ZDOCK server (16) to predict the binding 

modes of PHD1 domain and the model of KDM5C catalytic core bound to histone peptide 

(ClusPro(45) and GRAMM-X(46) were used in parallel as well, see SI for details). The Z-
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dock server predicted the ten most plausible binding modes. We evaluated them by applying 

constraint of the linker length between PHD1 and JmjC domain. Since PHD1 and JmjC 

domains are connected with a 13-residue-long liner (we built a 3D structure of the linker 

connecting the PHD1 and JmjC domains using the LOOPY program (47)), we only selected 

the binding mode in which a stretch of 13 amino acids is able to connect the two domains. 

This resulted in three possible binding modes (Figure 3A). The PHD1 domain in all binding 

models is close to the substrate peptide but adopts different orientations.

To further test the binding stability in the rest of the three binding modes, we performed MD 

simulations. Since the substrate peptide is very flexible and tends to move away from the 

JmjC catalytic core, the position of H3K4me3 residue was fixed to make the substrate 

peptide stay in the catalytic core during the simulation time. The enzymatic cofactors, Fe2+ 

ion and 2-oxoglutaric acid, were also fixed in the simulation to prevent them from moving 

away from the JmjC catalytic core. Five 10ns parallel runs were performed for each model 

using AMBER ff14SB force field (49) in NAMD (18). As mentioned above, default charges 

were used for titratable groups since no protonation changes were predicted by the pKa 

analysis (see SI for details). The averaged RMSDs calculated for the complex JmjC domain, 

substrate peptide and the PHD1 domain are shown in the Figure 3B. The RMSD calculated 

for model1 and model3 is around 7 Å and the PHD1 domain stays bound with the JmjC 

domain during the simulation time. At the same time, model2 shows much larger RMSD 

values. It was observed that the PHD1 domain moves away from the JmjC domain and 

substrate peptide. Therefore, model2 was removed from our protocol, while model1 and 

model3 were subjected to further considerations.

To further select the best binding mode among mode1 and model3, we took advantage of 

experimental data that indicates that PHD1 domain binds substrate peptide at H3K9me3. 

Therefore, we identified all residues in PHD1 domain, which have any atom within 6 Å 

distance from H3K9me3 in the last 2.5ns simulation time (Figure 3C). Comparing with 

model1, the analysis of the trajectories indicated that the PHD1 domain in model3 is farther 

away from the H3K9me3. Due to this, we selected model1 for further investigations. In 

particular, we paid attention to plausible stabilizing charge-charge interactions between 

PHD1 domain and peptides. Since the methylation of Lys does not neutralize the charge, we 

searched for acidic residue in PHD1 domain within a distance of 6 Å from H3K9me3. Thus, 

we identified two acidic residues: Glu360 and Glu375. Further N–O distance analysis did 

not indicate stable salt bridges between H3K9me3 and acidic residues in PHD1 domain. 

However, two other salt bridges within PHD1, Glu381–Histone ARG2 (H3R2) and PHD1 

Glu375–Histone Arg8 (H3R8), were identified (shown in Figure 3D). It should be 

mentioned that the structural segment (the linker) connecting ARID domain and PHD1 

domain was not included in the model due to lack of homology template and thus PHD1 

domain may appear to be more flexible in the simulations than it actually is and cause us to 

observe less salt-bridges. Noting the consistence with experimental data, we took model1 as 

the most plausible binding mode (the structure is shown in Figure 3F).

Quaternary structure of KDM5C JmjN, ARID, PHD1, JmjC and ZF domains 
bound with DNA, substrate histone peptide and enzymatic cofactors—In our 

previous work, we generated the 3D structure of ARID-DNA complex (9). Here, we took 
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advantage of our previous work and included the DNA in the KDM5C quaternary structure 

model discussed above. Combining all the models described above, we finally generated the 

quaternary model of KDM5C protein – including JmjN, ARID, PHD1, JmjC, ZF domains, 

substrate histone peptide, enzymatic cofactors and DNA (Figure 4).

(2) Validation of KDM5C quaternary structure model

In this paragraph we will investigate domain spatial arrangement within the quaternary 

structure of KDM5C model using biophysical considerations (charge complementarity, 

inter-domain salt bridges, binding motif preservation, MD simulations and experimental 

observations) and predictions of interfacial patches. With our work focusing on predicting 

spatial positions of ARID and PHD1 domains within KDM5C quaternary structure, we will 

continue to focus on validating ARID and PHD1 interactions with the rest of the KDM5C 

domains.

ARID domain—The binding interface is mostly made of ARID domain’s N-terminal and 

C-terminal regions, including Helix1 and Helix6 (Figure 5A). Our previous evolutionary 

conservation study showed that the N-terminal of the KDM5C ARID domain is the most 

highly conserved region, indicating its essential function for KDM5C protein (9) and thus 

implicating its involvement in some important interactions. There exists an interface of the 

ARID domain in which the domain binds the DNA. In the model, it is Loop1 and a helix-

turn-helix DNA binding motif formed by Helix4, Loop2, and Helix5, which is typical for 

DNA binding motifs. In the previous study (9), we demonstrated that DNA binding interface 

is positively charged, which is expected for interface binding to negatively charged DNA. 

Similarly, we calculated electrostatic potential of ARID domain and KDM5C JmjC and 

JmjN domain using Delphi (50). The binding interface of JmjC domain is highly negatively 

charged while the binding interface of ARID domain is slightly positively charged (Figure 

5B). This indicates electrostatic complementarity and further validates the model. 

Furthermore, we submitted the sequence to cons-PPISP webserver (51, 52), a consensus 

neural network method for predicting protein-protein interaction sites. The webserver 

predicts the residues which form binding sites for another protein. Here, we separately 

submitted ARID, PHD and JmjC domains to the server to predict the interaction sites on 

each domain. The results are shown in Figure 6D,E. The predicted interaction sites in ARID 

domain are mostly in the N terminal helix, which is highly consistent with our model 

(Figure 6D). We also perfomed MD simulations on the model of ARID bound with KDM5C 

catalytic core (see above). The RMSD analysis of the interfacial residues indicated that the 

binding is stable (Figure 2C). Lastly we investigated plausible salt bridges formed at the 

interface of ARID and PHD1 domains, because salt bridges are frequently observed at 

transient domain-domain interfaces (53, 54). Since we had previously performed 5 parallel 

runs, we only selected the salt-bridges observed in no less than two runs. The list of 

identified interfacial salt bridges is shown in Table 2. It can be seen that ARID interface is 

rich of interfacial salt bridges, indirectly indicating that the interface is correctly predicted.

PHD1 domain—The predicted binding interface between PHD1 and JmjC domains is 

shown in Figure 6A and marked with green. It includes a short helix and two loops. The 

KDM5C PHD1 domain binds to H3K9me3 and reduction of its binding decreases enzyme 
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activity (7, 48). This mechanism is still unknown. However, a recent study indicated that 

PHD1 domain contributes to the histone substrate recognition, despite being not directly 

required for demethylase activity (12). In our model, the PHD1 domain simultaneously 

binds to peptide and JmjC domain. Here we investigated whether PHD1 domain binds with 

the substrate histone peptide alone, or whether it also interacts with JmjC domain to help 

further stabilize its binding to substrate peptide. For this purpose, we carried out MD 

stimulations and monitored RMSDs (Figure 3). It is shown that the PHD1 domain is highly 

flexible - the salt bridge formed between the substrate peptide and the PHD1 domain were 

not very stable during the simulations as well (Figure 3D,E). To better understand this 

finding, we carried out the same type of MD simulations of closely related complexes with 

experimentally available 3D structures. Thus, we collected the experimental structure of the 

KDM5B PHD1 finger (having 61% sequence identity with KDM5C PHD1 domain) in 

complex with H3K4me0 (55) and ran 10ns simulation to study the RMSD of PHD1 domain 

and histone peptide. The results showed that the peptide moves away from PHD1 domain 

around 5ns (Figure 6B). The overall PHD1 domain is very flexible as well (Figure 6C). 

Thus, the simulations indicate that the binding between the substrate histone peptide and 

PHD domain alone is not stable. This is perhaps due to the high flexibility of both PHD 

domain and substrate peptide. This advocates that the binding of histone peptide is supported 

by PHD1 interactions with JmjC catalytic core. Indeed, very recent study of domain 

arrangement in KDM5B protein by small-angle X-ray scattering (SAXS) and rigid-body 

modeling (12) provided an evidence of the interaction between PHD1 domain and JmjC 

catalytic core. The model derived from SAXS indicates that the PHD1 domain is in close 

contact with the JmjC catalytic core and suggested cooperation between PHD1 and the 

catalytic core in KDM5 enzymes (12). Considering both these experimental results and our 

model (7, 12), we speculate that the PHD1 domain interacts with the JmjC domain to help 

stabilize the substrate peptide and itself, and further to position the H3K4 in the JmjC 

catalytic core. Furthermore, as we did for the ARID domain, we submitted the sequence to 

cons-PPISP webserver (51, 52). The cons-PPISP predicted interaction sites in PHD domain 

are located in the binding interface in our model (Figure 6E). Lastly, we identified interfacial 

salt bridges at the PHD1 interface (Table 2).

(3) Effects of disease-associated mutations on KDM5C domain’s stability and interactions

Currently there are eleven amino acid mutations in KDM5C protein known to be causing 

XLMD. They were investigated to predict their effects on the KDM5C domain’s stability 

and interactions. First we predict the effect on folding free energy (domain stability) using 

various webservers (Table 3). The results indicate that most of the disease-associated 

mutations substantially decrease domain stability, particularly mutations A77T, D87G, 

F642L, E698K and Y751C. Furthermore, mutations D87G and D402Y are located at the 

binding interface of the ARID and JmjC domains and their effect on domain-domain 

interactions was predicted using several webservers (Table 4). It can be seen that the 

mutation D87G significantly decreases the binding affinity while D402Y slightly increases 

it. Asp87 is in the binding interface (shown in Figure 5A) and participates in two salt bridges 

(Asp87-Lys459, Asp87-Arg460) across the binding interface. Replacing negatively charged 

D87 with small, uncharged residue will alter the salt bridges and reduce the ARID-JmjC 

binding. The other mutation, D402, involves negatively charged residue in which the wild 
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type KDM5C is predicted to form a salt bridge with R159 of JmjC domain. Preplacing it 

with neutral residue is expected to alter the salt bridge and to decrease binding affinity. 

However, the mutation is predicted to slightly increase binding affinity of ARID domain to 

JmjC domain. Perhaps this is due to the fact that R159 is involved in another salt bridge 

(Table 1) and the D402-R159 salt bridge does not contribute to inter-domain interactions. 

However, this bridge may be essential for forming the wild type binding pose. Overall, all 

investigated mutations are predicted to alter the wild type domain stability and inter-domain 

interactions.

Conclusion

The KDM5 protein is of significant interest for the biomedical community due to its 

relevance to X-linked mental retardation (56) and importance in oncological drug 

development (57). KDM5C protein is a multi-functional protein of 1560-aa length and 3D 

structure of the entire protein is currently unavailable. Only the 3D structure of ARID 

domain, and very recently of catalytic core, is available (12). Here we fill this gap by 

reporting a 3D model of KDM5C protein quaternary structure, including JmjN, ARID, 

PHD1, JmjC and ZF domains bound to DNA, substrate histone peptide and enzymatic 

cofactors. The model was used to infer the effect of disease-causing mutations of domain 

stability and domain-domain interactions. From the model, it was demonstrated that the 

mutations significantly alter wild type domain stability and inter-domain interactions. This 

suggests that domain stability and domain spatial arrangement with KDM5C protein are 

essential for its wild type function.
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Figure 1. 
(A) Structural alignment of all existing JmjC domains bound to histone peptide. The histone 

peptides are marked in red. The JmjC domains are marked with other colors. The C and N 

terminals of the histone peptide are labeled as C and N, respectively. (B) The model of 

KDM5C catalytic core bound to histone peptide and enzymatic cofactors. The histone 

peptide backbone is shown in green and H3K4me3 is shown in red. Enzymatic cofactors 

Fe2+ ion and 2-oxoglutaric acid are marked with purple and yellow, respectively. The C and 

N terminals of the histone peptide are also labeled.
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Figure 2. 
(A) Four possible binding modes of ARID domain onto 5FWJ structure after applying 

constraint of linker length. (B) RMSD of ARID domain and JmjC domain. (C) RMSD of the 

interfacial residues. (D) Finalized model of ARID bound to KDM5C catalytic core including 

JmjN, ARID, JmjC, ZF domains and the rest of inter domain regions marked with yellow, 

green, purple, orange and blue, respectively.
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Figure 3. 
(A) Three possible binding modes after applying the constraint of linker length. (B) RMSDs 

of the complex of PHD1and JmjC domains. (C) Number of residues in PHD1 domain, 

which have any atom within 6Å of H3K9me3 in the last 2.5ns simulation time. (D) The N–O 

distance of identified salt bridges (Glu375-H3R8 and Glu381-H3R2) between PHD1 and 

substrate peptide. (E) Averaged RMSF of PHD1 domain residues calculated from model1 

MD simulations. (F) Finalized model of PHD1 domain bound to KDM5C catalytic core 
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including JmjN, PHD1, JmjC, ZF domains, inter domain region and histone peptide marked 

with yellow, green, purple, orange, blue and red, respectively

Peng and Alexov Page 17

Proteins. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Finalized model of quaternary structure for the KDM5C including JmjN, ARID, PHD1, 

JmjC and ZF domains bound to DNA, substrate histone peptide and enzymatic cofactors. 

KDM5C JmjN, ARID, PHD1, JmjC, ZF domains, inter domain region, substrate histone 

peptide, enzymatic cofactors and DNA are marked with yellow, pink, green, purple, orange, 

blue, red, orange, red, and gray, respectively.

Peng and Alexov Page 18

Proteins. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
(A) Predicted interfacial region of ARID domain involved in domain interactions in the 

KDM5C quaternary structure. The interfacial region of ARID domain is marked with green 

while the rest of ARID domain is marked with pink. JmjN domain and DNA are marked 

with yellow and gray. Other regions, including JmjC and ZF domains, are marked with blue. 

The reside Asp87 side chain is shown with red. (B) The electrostatic potential map of ARID 

domain and KDM5C catalytic core. The electrostatic potential map of KDM5C catalytic 

core (including JmjN, JmjC and ZF domains) is shown on the left (the structure of ARID 

domain is marked with green). The electrostatic potential map of ARID domain is shown on 

the right (the structure of JmjN and JmjC domains are marked with purple).
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Figure 6. 
(A) The interfacial residues of PHD1 domain involved in the interaction in the KDM5C 

quaternary structure. The interfacial residues of PHD1 domain are marked with green while 

the rest of the PHD1 domain are marked with orange. The substrate histone peptide is 

marked with red while the rest of the region including JmjC and ZF domain are marked with 

blue. (B) The RMSD results for the KDM5B PHD1 domain bound to substrate peptide 

complex. (C) The RMSF results for the KDM5B PHD1 domain. (D) The predicted 

interfacial residues in ARID domain. The ARID domain, JmjC domain, DNA and inter-
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domain region are marked with pink, purple, gray, and blue, respectively. The predicted 

interfacial residues in ARID domain are colored with yellow. (E) The predicted interfacial 

residues in PHD and JmjC domains. The PHD domain, JmjC domain, histone substrate and 

inter-domain regions are marked with green, purple, red, and blue, respectively. Predicted 

interfacial residues in PHD and JmjC domains are colored with yellow.
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Table 1

The RMSD of various ARID binding modes (in Å). The last row shows the average RMSD calculated with 

respect with other three models.

Model1 Model2 Model3 Model4

Model 1 0 2.20 2.64 1.80

Model 2 2.20 0 3.46 3.06

Model 3 2.64 3.46 0 2.93

Model 4 1.80 3.06 2.93 0

average 2.21 2.91 3.01 2.60
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Table 2

Lists of identified salt bridges involved in interfacial ARID and PHD1 domains interactions.

Salt bridge involved in the domain interactions

ARID Arg80-Glu465, Arg80-Glu467, Arg80-Gu468, Asp87-Lys459, Asp87-Arg460 Lys91-Glu465, Lys91-Glu466, Glu94-Arg390, Glu94-
Lys459, Arg159-Glu399, Arg159-Asp402, Arg159-Glu419, Arg159-Glu422

PHD1 Asp334-Lys551, Glu334-Lys550, Glu335-Lys551, Glu335-Arg635, Asp336-Arg637, Asp337-Lys550, Asp347-Arg637, Asp347-
Lys711
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Table 4

Binding free energy change upon mutations (kcal/mol). Positive value indicates that the mutation decreases 

binding affinity. The most contradictory predictions are underlined and not used. The averaged prediction is 

shown in the last column.

BeAtMuSiC SAAMBE MutaBind Average

D87G 1.65 −0.54 0.42 1.04

D402Y −0.22 −0.66 0.18 −0.23
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