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Cerebrotendinous xanthomatosis (CTX) is an autosomal recessive lipid disorder caused by a 
deficiency in CYP27A1, the first enzyme in the bile acid biosynthesis pathway. CYP27A1 catalyzes the 
7α-hydroxylation of cholesterol, playing an important role in cholesterol homeostasis. CTX leads to 
progressive neurological dysfunction, including cognitive impairment, epilepsy, peripheral neuropathy, 
and movement disorders. Missense mutations in CYP27A1 disrupt its activity, particularly at the heme 
binding region and the adrenodoxin-binding site. This study examined the structural effects of seven-
point mutations in CYP27A1 using molecular dynamic (MD) simulations. Both mutant and wild-type 
(WT) proteins were modeled to observe their structural behavior. Additionally, by combining MD 
simulations, docking, and quantum calculations cholesterol binding was studied in WT and mutant 
proteins. Results indicated that mutations altered cholesterol binding mode, preventing it from 
adopting the correct position in the catalytic site. The substrate access channel in mutants became 
wider, shallower, or closed. The interaction between the isopropyl group of cholesterol and the heme 
was found to be crucial for the hydroxylation capacity of CYP27A1, as this interaction was only present 
in the cholesterol-WT complex.
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Cerebrotendinous xanthomatosis (CTX) is an autosomal recessive lipid storage disorder caused by point mutations 
in the CYP27A1 gene. These mutations cause a deficiency of mitochondrial sterol (25R)26-hydroxylase enzyme, 
also known as 27-sterol-α-hydroxylase (CYP27A1)1,2. CYP27A1 is the first enzyme that participates in the acid 
pathway of bile acid biosynthesis, catalyzing the oxidation of the terminal carbon of the side chain of cholesterol 
yielding (25R)26-hydroxycholesterol and subsequently to an cholestenoic acid (Fig. 1)2. In addition to cholesterol, 
CYP27A1 has another substates such as Vitamin D, cholestanol, and sterols3,4. Cholesterol oxidation generates 
several products with additional oxygen atoms, such as alcohols, ketones, epoxides, or carboxyl, also known as 
oxysterols. The presence of oxysterols in the human body is constant because of cholesterol biotransformation 
either by the reactivity against oxygen radicals or the catalytic activity of the CYP450 hydroxylases5. This alteration 
reduces the bile acids production (chenodeoxycholic acid and cholic acid). Consequently, some intermediate 
metabolites, such as bile alcohols, cholestanol, and other oxysterols accumulate and reach pathological levels 
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in tissues, mainly in the central nervous system, tendons, and cardiovascular system6. Progressive neurological 
dysfunction manifests as cognitive impairment, epilepsy, pyramidal and cerebellar signs, peripheral neuropathy, 
and/or movement disorders7. CTX is considered a rare disease; it has been observed more frequently among 
females than males (~ 55% vs. 45%). The prevalence of CTX in the US is estimated to be 3–5 per 100,000 people 
of European descent and the incidence among Americans is ~ 1:72,000 to 1:150,000. However, estimates of CTX 
incidence vary by region of the world8. CYP27A1 contains 531 amino acids, of which 33 correspond to the 
mitochondrial signal sequence and 498 to the mature protein. CYP27A1 is composed by the sterol-binding site 
(P384-P398), the adrenodoxin-binding (ADX) site (L351–V365), and as other CYPS it contains the conserved 
heme-binding site, oxygen binding domain, and the conserved ERR (glutamic acid-arginine-arginine) triad 
which is a region formed by two motifs, the K-helix motif (EXXR) and the electron transport channel (PERF), 
which are involved in the stabilization of the protein structure, ferredoxin binding and also in the transference 
of electrons to the heme iron9–11.

Exhaustive molecular genetic analysis of the CYP27A1 gene identified more than 100 different mutations 
worldwide in CTX patients of different ethnicity, including missense, deletion, insertion, splice site, and 
nonsense mutations12, and only 16 are missense mutations that could affect the expression of the CYP27A1 
protein. It is predicted that 10 missense mutations have a relevant role in disrupting heme binding or the ADX 
site. The following point missense mutations lead to dysfunctional enzymes: R395C, R395S, R405Q, R474Q, 
R474W, and R479C13. Therefore, bioinformatic analysis of CTX-related natural variants may provide structural 
information on the active site and/or tertiary structure of sterol 27-hydroxylase9,11.

Although, the clinical features, molecular, and biochemical basis of CTX are under study, there are limited 
descriptions of the structural and dynamic behavior of CYP27A13,14–16. In the early 2000s, Sawada N. et al. 
conducted an experimental study focused on the structure-function relationship of CYP27A1 and some mutants 
(R127K, G145A, R405K, R474K) from CTX patients. The analysis revealed that these mutations disrupted the 
enzyme’s structure and function, affecting the heme-binding and substrate-binding regions3. Further, Proser D. 
E., et al. modeled by homology modelling the structure of CYP27A1 and analyzed how specific mutations affect 
vitamin D hydroxylation through site-directed mutagenesis. They found that F248, T402, N403, S404, I514, V515, 
and L516 are crucial for substrate binding and the enzyme’s function14. Mast N. et al., using molecular docking, 
established the binding mode of cholesterol. Combining this with site-directed mutagenesis, they found that 
mutations in W100, H103, T110, M301, V367, I481, and V482 affected substrate binding and enzyme activity 
in a substrate-dependent manner. Molecular docking determined that each substrate studied (cholesterol and 
5β-cholestane-3α,7 α,12 α -triol) resides in different regions within the substrate-binding pocket and interacts 
with different residues. Particularly, it was found that V367 is important for positioning the cholesterol C26 
methyl group15. In the most recent study, diverse bioinformatic tools were employed to determine the impact 
of mutations on CYP27A1 structure stability. Using docking studies the impact on cholecalciferol recognition 
was investigated. It was found that mutations led to changes in protein stability and binding affinities, suggesting 
potential impacts on enzyme function16. The state-of-the-art reports more structure-functional studies supported 
by docking and molecular modelling, leaving aside the dynamic behavior of the protein.

In the current study, we investigated the influences of amino acid mutations on structural mobility and 
molecular recognition of CYP27A1 homology models of 7 natural variants identified in CTX disease compared 
with the wild-type protein using computational tools, such as molecular dynamics, molecular docking, and 
quantum calculations.

Results and discussion
CTX is a rare disease caused by mutations in the CYP27A1 gene, leading to 27-sterol-α-hydroxylase malfunction. 
This enzyme catalyzes the initial oxidation step of cholesterol and other sterol intermediates in bile acid synthesis 
at the C-27 position9,17. In the early 2000s, several structure-functional studies were conducted, revealing the 
importance of certain point mutations in the heme-binding and substrate-binding regions, which affect the 
substrate binding and enzyme function, thereby establishing the molecular basis of the enzyme’s function3,14,15. 
These studies combined experimental site-directed mutagenesis and enzyme activity determination with 
protein modelling and docking studies using substrates such as vitamin D, cholecalciferol, cholesterol and 5β-
cholestane-3α,7 α,12 α -triol3,14,15,18. However, no exploration of the structural-dynamic behavior had been 
done. Therefore, in this research, we explored the structural and dynamic behavior of CYP27A1 and how it is 
affected by some clinically important point mutants. Additionally, we used molecular docking and quantum 
calculations to investigate the molecular interactions between cholesterol and CYP27A1 substrate, which can 
explain the impact on CTX.

Fig. 1. The first two reactions catalyzed by CYP27A1 in the acidic bile acid pathway2.
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3D models
No crystal structures are available for CYP27A1, but some 3D models have been published14,15,18.

For this study, CYP27A1 was modeled by homology modelling using Swissmodel19. The 3D structure of rat 
mitochondrial CYP24A1 (PDB: 3K9Y) was used as a template20 (Fig. 2). It shares 34.6% of sequence identity 
according to Swissmodel alignment and according to Bioedit21alignment it is shares 49.5% of similarity, which 
is suitable for reliable model prediction22,23 (see full alignment at Supplementary material Fig. S1). Further, the 
template was structurally aligned with WT and mutants of CYP27A1, and no significant differences were found 
(RMSD between 0.26 and 0.651Å). Particularly, in CYPs it has been observed that the three-dimensional folding 
is well conserved between the members despite each one could only share 20% of the identity10,24.

The model mainly consists of α-helices, with the heme group housed between the heme thiolate loop (where 
C476 is found), B-/B’loop, B’-C loop, helices (C and I) and flanked by a small β-sheets regions (β−3a) in the heme 
binding site (P435–F464) (Fig. 3). It shares the common P450 fold14,25. The typical substrate-access channel is 
observed, the conserved residues M247, F248, W268, Y271 and W275, which leads to the substrate-binding 
site9,14,26 (Fig. 2A). The Fe atom of the heme group is coordinated with the well-conserved C476, and the heme 
propionic groups form hydrogen bonds with R158, W154, R474, R127, R405 and N403, which are in accordance 
with previous reports3,14 (Fig. 2B and C). The conserved ERR triad is in K-helix (E392, R395) and loop between 
β−3b-L helix (S432, R433, S439, E440, S443, Q445, R448 and E392) (Fig. 2D). On the other hand, the putative 
alcohol-acid pair residues D338 and T339 (Fig. 2E), are found in the I-helix which in other CYPs form part of the 
oxygen-binding groove20,27. As can be seen, the generated model reliable reproduce the most important regions 
of the CYP27A1 and can be used for further studies.

3D model of CYP27A1 mutants
To study the effects of point mutations on CYP27A1, we modeled several CYP27A1 mutants. The first mutant, 
M1: G145E, is in the B′-C loop, which orients the substrate contact residues and is predicted to be pathogenic3,14 
(Fig. 2F). Other clinically relevant missense mutants (M2: R395C, M3: R395S, M4: R405Q, M5: R474Q, M6: 
R474W, and M7: R479C) were also modeled13 (Fig. 2). As mentioned above, the models predicted by Swissmodel 
do not show significant structural differences based on structural alignment (RMSD = 0.260–0.651 Å). Important 
residues were compared with no major differences in the backbone or the side chains, except for the mutated 
residues highlighted in Fig. 2.

The R395C mutant (M2) drastically reduces the activity of the enzyme, likely due to its location in the 
conserved ERR triad region, which stabilizes the heme binding region (Fig.  2D). The ERR region acts as a 
folding motif and plays an important role in redox-partner binding14,28. The R395C mutation causes the loss of 
some interactions that may affect CYP27A1 folding and disrupt adrenodoxin binding29. Substitution by serine 
(M3) may also result in the loss of important interactions due Serine substitution can also result in the loss of 

Fig. 2. CYP27A1 model generated by homology modeling. The crystal of CYP24A1 (PDB: 3K9Y) was used as 
a template. Important structural regions common in CYP450s were zoomed in by superimposing the template 
CYP24A1 residues in parentheses with respect to the mutants and WT. (A) Substrate access channel I (pw2a), 
(B) Hydrogen bond network of propionate-linked residues of the heme group, (C) C476 coordinated to Fe 
atom, (D) residues belonging to the ERR triad region, (E) residues of the alcohol-acid pair, and (F) Residue 
G145. Hydrogen bonds are represented as green lines. Residues belonging to the heme region are marked with 
*. The names of mutated residues are placed below the WT and the mutant is indicated between parentheses.
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important interactions due to the non-conservative mutation that eliminates the cationic character of arginine to 
the small polar side chain of serine (Fig. 2D). R395S mutation decreases the CYP27A1 activity, leading to CXT30.

M4 (R405Q) is a mutation near the ADX binding site that could affect enzyme activity by disrupting a salt 
bridge between arginine and the heme propionate, stabilizing the heme group (Fig. 2B). A transient expression 
study showed that CYP27A1 lost its activity due to the R405Q mutation31.

Mutations in R474 (M5: R474Q and M6: R474W) were studied (Fig. 2B). Both were reported as missense 
mutations and predicted to be pathogenic32,33. These mutations commonly occur in Japanese patients33,34. The 
R479C mutation (M7) significantly reduces the enzyme activity28. Once the models were modeled and validated 
(see Ramachandran plot in Supplementary material Fig. S3-S10), it was further submitted to MD simulation to 
refine the structure and study the dynamic and structural behavior of the WT and mutants CYP27A1.

Molecular dynamic simulations
Geometric parameters
To explore the dynamic and structural behavior of CYP27A1 protein, the apo WT and M1-M7 were submitted 
to 25-ns MD simulations using Amber 16. Root mean square deviation (RMSD) results show that most of the 
systems converged at approximately 10 ns. Mutations affect the structural behavior of the protein with all the 
mutants exhibiting more structural mobility compared to the WT. M1 (3.67 ± 0.16 Å), M5 (3.63 ± 0.39 Å), M6 
(3.45 ± 0.19 Å), M4 (3.35 ± 0.23 Å), and M7 (3.24 ± 0.21 Å) showed more structural differences compared to 
the WT, while M2 (3.02 ± 0.32 Å) and M3 (2.90 ± 0.19 Å) showed similar dynamic behavior to the WT protein 
(2.88 ± 0.15 Å) (Fig. 4A). In terms of compactness, radius of gyration (Rg) suggests that M1-M2, and M4-M7 
generated a slight expansion in the protein backbones compared to the WT protein; contrastingly M3 increases 
the protein compactness (Fig. 4B). Previous reports indicated that mutations in G145 (M1) affect the proper 
folding of the tertiary structure of the pocket where the heme group is housed; resulting in loss of enzyme 
activity due to conformational modifications, consistent with our findings for M13. On the other hand, M4-

Fig. 3. The primary sequence of WT CYP27A1 aligned with the secondary structure of the WT model used in 
this study. The secondary structure notation was adapted from Prosser D., et al.14, and created with PDBsum82. 
Residues that belong to the ERR region are marked with a red asterisk and those that belong to the meander 
region are marked with a black square35,36.
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M7 also showed structural differences compared to the WT. These findings agree with experimental reports, 
where mutations in R405 and R474 were associated with loss of enzyme activity due to the disruption of heme 
propionate coordination, while R479 disrupts heme incorporation3,14.

The WT protein showed higher fluctuations (1.5–5.2 Å, Fig. 4C) in regions corresponding to loop portions 
located externally from the heme group, i.e., between the B-B’-helix (E121-L132), D-E helix (A194-Q207), 
G-H helix (L290-V307), J-K helix (P370-K380), and L-Helix-β−5a sheet (Y497-E507); the meander region 
(N452-R459), and loops between β−1a-β−1b sheets (S98-M104), and F-G helix (S251-V264), both forming the 
substrate access channel14 (Fig. 5a). In CYP27A1 mutants, there were modifications in the protein backbone 
fluctuations compared to the WT (Fig. 4C). Increase fluctuations were observed in regions around the substrate 
access channel, A helix (H82-Y92) in M1, M2, M5, and M7, in β1-a and β1-b sheets (Y99-M104) in M7; and in 
loop regions between E-F-Helix (R231-T239) in M2-M6, G-H Helix (Q298-Q306) in M1, M3-5, and M7; and in 
loop between β sheet-3b-L helix (R451-S466) in M1-M2, M4-5, and M7, and loop between L-Helix-β−5a sheet 
(L501-S510) in M2, M4 and M5 (Fig. 5). In contrast, decrease fluctuations were observed in loops spanning β1-a 
and β1-b sheets (S98-M104) in M1-M6 which belong to the substrate access channel, and in the loop between 
D-E Helix (Q191-Q207) in M3-M4, M6, and M7, and L-Helix and β−5a sheet (P503-E507) in M3, M6, and M7.

Structural insights from most populated cluster conformation (MPCC)
A representative conformation of the most populated cluster from the MD simulations of each system were 
analyzed to understand structural changes due to the point mutations. When comparing the native conformation 
of the WT with the conformation obtained from the most populated cluster of the MD simulation, structural 
differences were observed as suggested by difference in the backbone with an RMSD = 1.149 Å (Fig.  5A). 
Differences were noted in loop regions between β−1a-β−1b sheets (S98-M104), B-B’-helix (E121-K123, 
D129-L132) and the F-G helix (S251-V264) (Table 1), which are part of the substrate access tunnel and the 
outer part of the binding cavity14. Additional differences were found in loops far from the catalytic site, such as 
those between the D-E helix (A194-207), G-H helix (L290-V307), J-K helix (P370-G372), β sheet-3B-L helix 
(F438-S443 and N452-R459), and L helix-β5a sheet (V500-E507).

Fig. 4. Structural analysis of MD simulation of CYP27A1 wild type and mutants. (A) Root Mean Square 
Fluctuation (RMSF), (B) Root Mean Square Deviation (RMSD), and (C) radius of gyration (Rg).
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Fig. 5. Representative CYP27A1 conformations of the most populated cluster of WT and mutant proteins. (A) 
The native conformation (green) and the conformation retrieved from MPCC (cyan) are superimposed. The 
representative conformation of the WT of the most populated cluster (cyan) is superimposed with mutants (B) 
M1, (C) M2, (D) M3, (E) M4, (F) M5, (G) M6, and (H) M7, which are colored in cyan. Regions with major 
structural differences in the native conformation (A) or the conformation of the most populated cluster (B-H) 
are colored in red which is related to RMSF.
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Structural alignments between WT and mutant conformers showed no major structural differences for M1-
M4 and M7 (RMSD < 1.196 Å), except for M5 and M6 (RMSD = 1.306 and 1.271Å, respectively). In all models, 
there are common regions that show differences with respect to the native WT conformation. That is, loops 
between D-E helix (A194-Q207) and G-H helix (L290-V307) (Fig. 5). These regions exhibit high fluctuations 
even in the WT protein. Prosser et al., reported that the conserved D303 formed a hydrogen bond with residues 
of the G helix14. Only in the native conformation of the WT, a hydrogen bond between D303 and S317 was 
observed, in all the MPCC this interaction disappears and instead the interaction is observed between Q306 
and H312 (3.2 Å) in M3, and with R164 in M5 and M6 (3.1 Å), none of the residues are placed in G helix 
(Supplementary material Fig. S11A) .

In at least 60% of the analyzed CYP27A1 mutants, significant structural differences were observed in regions 
forming the active site entrance: A helix (H82-P94), loops between β−1a-β−1b sheets (S98-M104), B-B’ helix 
(E121-M131), F-G helix (N250-F267) (Table 1; Fig. 5). Other critical regions included loops between E-F helix 
(Q230-F240), and J-K helix (V368-L385), which stabilizes the β3 and heme binding region, essential for catalytic 
activity35, and the meander region (F438-R459), which stabilize the ERR triad region. The meander region 
spanning about 20 residues, is proposed as a redox partner interaction site in CYP450 enzymes36 and shows 
structural modifications due to mutations. In the native conformation and in the MPCC of the WT, a network 
of hydrogen bond is observed, E392, R395, R448, and W449 maintaining the union between the meander region 
and the K helix (Fig. S11A). In the MPCC of WT, R395 forms a hydrogen bond with E392 as in the native 
conformation but the interaction with R448 was not observed. The same behavior is also seen in M1 and M5-
M7. However, in M2-3 where mutations of R395C, and R395S are present, the interaction was disrupted and 
it was was partially offset by interaction with R448 and W449 (Fig. S11A), thus the structure was destabilized 
affecting the meander region and K helix movement. In M1 (G145E), the change of G by E disrupts a hydrogen 
bond network. In all MPCC, R137 forms a hydrogen bond with E331 which in turn interact with T148 by 
hydrogen bond. However, in M1, R137 interacts with E145 and the network with E331 is broken, and because of 
that the fluctuations of loop between B’-C helix are increase (Fig. S11B).

Structural modifications in the substrate channel access
Point mutations caused structural changes affecting the protein surface and access channels to the catalytic 
site. In the initial WT CYP27A1 model, two entrances to the catalytic site were identified (Fig. 6). Channel I, 
is shorter with a wider bottleneck (13.66 × 2.66 Å), Channel I, also known as pw2a, is surrounded by loops: 
F-G, K-β−3a, B-B’; and β-strands: β−1a, β1-1b, β−3b, β−5a, and β−5b. Channel II, is larger with a narrower 
bottleneck (17.09 × 2.090 Å) (Fig. 6A), is formed by E-, F-, I- helices, β−5a and β−5b sheets. Channel Iis common 
in the CYP family37, while channel IImay correspond to the solvent access channel14,37.

In contrast, in the MPCC of WT, the lengths of channels I and II increased, while the bottle neck radius 
decreased (Figs. 6B and 26.79 × 1.63 and 23.97 × 2.08 Å, respectively). Similar values was observed when the 
substrate was bound to CYP46A1 (≈ 25 Å), a human cholesterol-24-hydroxylase that shares 34% identity38.

Comparing mutant channels to the WT-MPCC, channel I increased in length in M1 around 1.8 Å (Fig. 6C), 
while M2-M4 reduced in size by 4–10 Å (Fig. 6D-F), and in M7 by 1.7 Å (Fig. 6I). M5-M6 remained nearly the 
same size (Fig. 6G-H). Channel II reduced in length in M1, M3, M4 and M5 between 1.0 and 4.6 Å (Fig. 6C, 
E-G), with no changes in M2, and M6 (Fig. 6D and H), and increased by 5 Å in M7 (Fig. 6F). Bottleneck radius 
changes in channel I were subtle with all mutants increasing by around 0.20–0.78 Å, especially M1, M2, and M5. 
In Channel II, the trend was different; only M1-3 and M6-7 increased in size around 0.14–0.82 Å, while M4 and 
M5 decreased by 0.3 Å (Fig. 6, supplementary material (not bol) Table S1).

Notably, M2 exhibited a third channel (channel III), with an intermediate length and smaller bottleneck 
radius compared to channels I and II (20.98 and of 1.76 Å, respectively) (Fig. 6D). Channel III is formed by B’-, 
F-, G-, β−5a, and β−5b helices, and is mainly composed of hydrophobic residues. This transient channel has not 
been previously reported, but its hydrophobic nature suggests it could house cholesterol or other hydrophobic 
substrate due to its nature and dimensions. Further studies are needed to explore its potential role. Therefore, the 
MD simulations studies carried out help determine the structural changes in the substrate channel access due to 
point mutations, which may explain the lack of or the decrease in the enzyme activity.

Model Residues

WT S98-M104 E121-K123
D129-L132 A194-Q207 S251-V264 L290-V307 P370-G372 F438-A443 N452-R459 V500-E507

M1 H82-Y92 R193-V202 N250-L257 Q298-Q306 R451-S466

M2 H82-Y92 Y99-M104 P124-M130 R193-S203 R231-F240 N250-F267 A371-A381 V431-F444

M3 S98-M104 A194-Q207 Q230-T237 F256-P263 Q298-G304

M4 S98-M104 A194-Q207 D292-S308 V368-L385 D434-Q461

M5 H82-Y88 E121-D129 E195-Q207 R231-T237 E290-S308 A371-G372 N452-Q461

M6 Y99-M104 N128-M131 A194-Q207 R231-F240 A254-W260 D303-G309 T505-A512

M7 H82-P94 Y99-M104 N128-M130 A194-A206 S232-T237 A253-P266 D303-S308 V369-F380 N451-F464 T505-L508 A512-I514

Table 1. Comparison of regions that showed significant structural differences between mutants and regions 
with higher fluctuations in WT CYP27A1.
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Molecular docking suggests modification of the substrate-binding mode
Point mutations produced structural modifications prompting the use of molecular docking to investigate 
cholesterol binding. In the WT protein, cholesterol reached the catalytic site through hydrophobic channel I 
(Fig. 7A-B). The C26 methyl of cholesterol was inserted into the catalytic site, 3.1 Å from the heme iron. The 
steroid moiety was accommodated along channel I, with the hydroxyl group forming hydrogen bonds with 
Y253 and T255 resulting in an energetically favorable binding with a free energy of binging of −9.17 kcal/mol 
(Table 2).

Mutants showed modifications in cholesterol binding compared to WT. In M1 and M2, cholesterol was 
deeply inserted into Channel II (4.2 Å and 3.08 Å away from Fe, respectively), but flipped, orienting the hydroxyl 
group to the heme iron and the aliphatic chain into the catalytic pocket, with W214 interacting by non-bonding 
interactions with the aliphatic chain (Fig. 7C-D). Despite favorable binding affinities Table 2), cholesterol would 
not be hydroxylated, but more specific studies need to be done using the compound I (CpdI), which is the active 
oxidizing specie that reacts with the substrate39.

In M3 and M4, cholesterol did not reach the catalytic site (Fig. 7E-F). Interestingly, in M3, it was positioned 
on the protein surface, 10.5 Å far from the Fe of the heme group. In M4, the aliphatic chain was inserted in a 
small portion of channel II, 13 Å from the heme, with the sterol moiety on the protein surface. In both cases, 
cholesterol exhibited favorable binding free energy values (Table 2).

Cholesterol in M5-7 also did not adopt a correct binding mode allowing hydroxylation, despite favorable 
energies (−9.19 to −10.14 kcal/mol, Table 2). The sterol group was closer to the heme group (4.6, 7.0 and 4.6 Å, 
respectively). In M5, channel I was deformed, increasing its length and bottle neck radius accommodating the 
sterol and protruding the aliphatic chain into the reduced channel II (Fig. 7G). In M6, the scaffoldgroup was 
housed along channel I and in a wide subpocket formed by hydrophobic residues (M130, F147, D338-T339, 
V399-S404, I514, and V515) (Fig. 7H). In M7, the sterol was accommodated similarly to M5, but the aliphatic 
chain was better accommodated in channel II because it increased its dimensions (Fig. 7I). The modifications in 
binding mode of cholesterol follow a similar trend in M5, M6 and M7 in whose case mutations were introduced 
at R474 which is a residue that forms a salt bridge with propionate of the Heme group, these modifications 

Fig. 6. Structural changes observed in substrate access channels in the WT and mutants identified by Caver 
3.0. (A) The initial model of WT CYP27A1 shows 2 channels, I and II. From this point on, the channels were 
also monitored in the MPCC of (B) WT, (C) M1, (D) M2, (E) M3, (F) M4, (G) M5, (H) M6, and (I) M7.
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CYP27A1 model Free energy of binding (Kcal/mol) Hydrogen bond Hydrophobic interactions

WT −9.17 Y253, T255 D129, M130, F147, L257, L132, W260, Y261, I514, A335, V400, A335, T339, HEME

M1 −8.99 W133 F147, M247, Y253, S251, E331, M334, A335, T339, V400, I514, HEME

M2 −11.59 H136, W133, R137, F147, F279, E331, A335, V400, W275, M334, I514, V515, HEME

M3 −8.10 L386, K3387, L390, A482, E483, L484, E485, M486, Q487, L488

M4 −9.25 F248, Y253, D338, S341, N342,
R513, V515, V517, P518, D521, V522

M5 −9.67 S404 W133, F147, R513, Y253, A335, D338, T339, T402, N403, I514, HEME

M6 −9.19 T402 M130, F147, N342, V400, N403, S404, D338, T339, V399, I514, V515

M7 −10.14 T402 R127, W133, M247, F248, W275, M334, A335, D338, T339, V400, N403, S404, V515, HEME

Table 2. Molecular Docking scores and interactions between cholesterol and WT CYP27A1 and the mutants 
studied.

 

Fig. 7. Binding mode of cholesterol in WT and mutant proteins determined by molecular docking in MPCC. 
A) Ribbon and B) surface representation of WT, C) M1, D) M2, E) M3, F) M4, G) M5, H) M6, and I) M7 in 
complex with cholesterol. Heme group is depicted as green sticks and Fe atom as orange ball. Cholesterol is 
depicted as cyan sticks. Surface representation is colored according to Eisenberg’s scale of hydrophobicity68, 
where the hydrophobic to non-hydrophobic gradient goes from red to white color. Blue, yellow, and purple 
arrows point out to channel I, II, and III, respectively.
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produce not only an stabilization of Heme group but also a deformation of the Channel I and II leading to 
modification in the binding pose of Cholesterol inside the channel. In the case of M7 (R479), this mutation also 
produces a deformation of the channels in similar way to R473, probably because it is located at the thiolate loop 
an important region connected with C476. It is reported that this region participates in a network of hydrogen 
bonds that stabilize the heme binding region14.

Molecular docking allowed us to elucidate the binding mode of the cholesterol in WT CYP27A1 and mutants. 
These predictions suggest that the complexes are energetically favorable. However, mutants could not properly 
accommodate cholesterol for 27-hydroxylation because the point mutations affect the structural stability of the 
protein deforming Channel I, II as well as the heme binding region. These results provide a possible molecular 
explanation of what has been observed experimentally, where mutations in G145 (M1), R395 (M2-3), R405 (M4), 
and R474 (M6-7) do not exhibit hydroxylase activity3,28,40. The quantum model of the binding site was used to 
calculate the corresponding van der Waals surface areas of WT, M1, M2, M5 and M7, which are 4078.4, 3774.0, 
4136.1, 3877.0 and 4185.8 Å2, respectively. Although, these values follow the same trend as the corresponding 
Docking-computed binding energies (vide infra), they alone cannot explain the variation in the activity of the 
WT and the mutants. Thus, a more detailed examination of the protein-ligand interactions is necessary for the 
comprehension of these differences.

Quantum chemical topology analysis
The protein-ligand (CYP27A1-Cholesterol) interaction energies (IEs) computed at the quantum level are shown 
in Table S2 (supplementary material). The most favorable one is obtained for the WT model (−39.4 kcal/mol). 
In contrast, the lowest one was calculated for the M2 model (−2.0kcal/mol), which could be a side effect of 
the reduction in the cluster size that applied because of the SCF convergence problems. Moreover, it has been 
observed that counterpoise corrections do not necessarily improve IEs41, and the basis set superposition error 
could need other types of emendation42. Also, relaxation effects of the free protein and ligand are not counted 
by this model, since it will require the optimization of the full protein. Therefore, although the estimated IEs 
point to the WT-cholesterol complex as the most stable one in energetic terms, this is not sufficient to explain 
the lack of hydroxylase activity of the other mutants, as was stated before. A deeper analysis of the change in 
the non-covalent interactions present in the protein-ligand complexes is a more convenient course of action 
for rationalizing these differences. With this in mind, a topological analysis of the electron density, ρ(r), of the 
complexes was carried out within the Quantum Theory of Atoms in Molecules (QTAIM) and the Non-Covalent 
Interaction index (NCI) frameworks, which have been shown to be useful for the examination of protein-ligand 
binding processes43–46.

In QTAIM, specific interactions are recognized by the presence of bond critical points (BCPs), which 
correspond to saddle points of the electron density ρ(r) and can be covalent or non-covalent in nature. These 
are further characterized by the value of the Laplacian of ρ(r) in the BCP, which is negative or positive for 
covalent or non-covalent bonding, respectively. The strength of each interaction is proportional to the value 
of ρ(r) at the BCP but can be more properly quantified by using the Espinosa-Mollins-Lecomte relationship47, 
which states that that interatomic interaction energies are proportional to 0.5·VBCP, where the latter corresponds 
to the potential energy density evaluated at the BCP. Finally, the interacting atoms are connected by bond 
paths (gradient lines of ρ(r)), BP, which facilitate identifying which pair the BCP corresponds to. The QTAIM 
analysis of the protein-ligand interactions will be focused on analyzing the interactions of the methyl group of 
C26, which is directly involved in the cholesterol hydroxylation, as well as the OH group because it has been 
observed that it is relevant for the complex formation with CYP27A115. Table S3 (Supplementary material) 
shows the values for the electron density, its Laplacian and the interaction energies computed with the Espinosa-
Mollins-Lecomte relationship. The latter will be indicated in parenthesis (in kcal/mol) whenever the specific 
interactions are discussed. A general observation is that all the examined interactions have positive Laplacian 
values, confirming the non-covalent nature of these.

Figure 8a and b shows the BCP and BP around the OH and C26 methyl groups of cholesterol in its complex 
with WT. C26 methyl group form two H···H hydrogen-hydrogen bonds48, with V400, another one with F147, as 
well as a H···C and a H···N interaction with the heme group. The corresponding interaction energies are within 
the interval of 1.2 to 2.0 kcal/mol. Interestingly, the neighbor C27 methyl group (also belonging to the isopropyl 
group) shows a strong C-H···Fe interaction with the HEME group (5.0 kcal/mol). The H···Fe distance obtained 
from the partial geometry optimization is 2.2 Å, which is significantly lower than that guessed from the Docking 
calculation (3.1 Å), which provides additional evidence of the strength of this interaction. This is notorious in the 
deformation density map (Fig. 8C), where some charge transfer from the iron atom to the interacting hydrogen 
atom occurs, which is observed as an extension of the negative (blue) region surrounding the Fe. The strong 
C27-H···Fe contact, as well as the H···H of the C26 methyl group are corroborated by mapping the electron 
density on the Hirshfeld surface to the cholesterol molecule embedded in the WT binding site (Fig. 8D). The red 
regions in this surface correspond to zones where electron density is increased because of strong intermolecular 
interactions. Given that the isopropyl group can rotate easily, it is plausible that that C26 methyl group can also 
form strong interactions with the Fe atom of heme. We propose that these interactions between isopropyl and 
heme, which are absent in the other mutant complexes, are responsible for the activation and further oxidation 
of cholesterol. On the other hand, the OH group of cholesterol act as donor in two strong O-H···O hydrogen 
bonds with Y253 (5.8 kcal/mol) and T255 (2.7 kcal/mol), and as receptor in two weak C-H···O hydrogen bonds 
with Y253 (3.2 kcal/mol) and W260 (0.4 kcal/mol). Thus, as mentioned above, these non-covalent forces of the 
OH group are expected to contribute significantly to the stability and the feasibility of cholesterol oxidation, 
those with Y253. Notice that interactions involving hydrogen atoms discussed here differ from those described 
in the previous section. The reason is that in the quantum model the position of H atoms were optimized, 
meanwhile in the docking simulation they were only inferred.
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In M1 Fig. S12 (supplementary material) C26 methyl group is only involved in one H···H interaction with 
F248 (3.0 kcal/mol) and another with the OH group of S251 (2.1 kcal/mol), while the OH group forms two very 
strong interactions with the HEME group; a strong O→Fe coordination bond (5.9 kcal/mol) whose length is 2.63 
Å, and a O···N (4.1 kcal/mol) which has a dispersive origin (vide infra). Moreover, it acts as an H donor in a very 
strong O-H···O hydrogen bond (7.0 kcal/mol) with A335, which is the strongest interaction found. Nevertheless, 
in agreement with our previous hypothesis, despite the formation of these favorable interactions of the hydroxyl 
group, the C26 methyl group is poorly activated (i.e., its hydrogen atoms form only weak interactions) and thus 
the hydroxylation reaction is not expected to proceed. A similar result is found for M2, M5 and M7 where, as 
discussed earlier, the C26 methyl group is far from HEME, and establishes weak interactions only. In M2, it 
forms several H···H interactions with F279, W275, M334 and E331 ranging from 0.5 to 2.8 kcal/mol, whereas 
the OH group forms a C-H···O hydrogen bond (4.6 kcal/mol) with V400. In M5, the C26 methyl group forms 
two H···H interactions with D338 (1.1 kcal/mol) and W133 (0.2 kcal/mol), and two C-H···O hydrogen bonds 
with Y253 (0.2 kcal/mol) and M334 (2.5 kcal/mol), and the OH group forms a C-H···O hydrogen bond with 
S404 (2.4 kcal/mol). Finally, in M7 the C26 methyl group forms three H···H interactions with D338 (1.0 kcal/
mol), M247 (0.5 kcal/mol) and F248 (0.5 kcal/mol), two C-H···O hydrogen bonds with M334 (2.2 kcal/mol) and 
D338 (2.2 kcal/mol), and a H···C interaction with M334 (1.1 kcal/mol), while the OH group forms an O-H···O 
hydrogen bond with T402 (1.0 kcal/mol), an O···N contact with N403 (1.1 kcal/mol), and two C-H···O hydrogen 
bonds with N403 (0.8 kcal/mol) and T402 (3.5 kcal/mol). In sum, in each mutant the chemical environment 
surrounding these two important groups is fundamentally different.

Fig. 8. Bond critical points and bond paths (green dots and lines, respectively) of (A) C26 methyl and (B) 
OH groups of cholesterol in its complex with the WT protein. c) Deformation density in the plane formed 
by the C-H···Fe atoms involved in the cholesterol-heme interaction in the WT complex. (C) Electron density 
mapped on the Hirshfeld surface of cholesterol in the WT complex. Carbon, hydrogen, oxygen, nitrogen and 
iron atoms are shown in gray, white, red, blue and orange colors, respectively. The aliphatic part of cholesterol 
is shown in yellow.
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While QTAIM is adequate for describing localized interactions, delocalized ones (such as van der Waals 
forces) are more properly described by the Non-Covalent Interaction Index (NCI). The NCI approach is based 
on studying reduced density gradient isosurfaces, which is a quantity that indicates the deviation ρ(r) from 
the uniform electron gas49. The shape of these isosurfaces indicate the presence of localized interactions (such 
as hydrogen bonds), which are manifested as thick disks, or delocalized interactions where more than two 
atoms are involved (dispersion forces), that are observed as flat extended surfaces. A code color based on the 
second eigenvalue of the electron density Hessian matrix (λ2), whose sign indicates charge density accumulation 
(negative) or depletion (positive), is employed to characterize the strength of the interactions. Blue, green and 
red are associated to strong, weak and repulsive interactions, correspondingly. Finally, integration of ρ(r) in 
the NCI interaction regions, at different sign(λ2)·ρ(r) intervals can be used to quantify the contribution of 
the distinct types of interactions to the stability of the protein-ligand complex50. Recommended sign(λ2)·ρ(r) 
intervals (given a.u.) are − 0.1 to −0.02for strong attractive interactions, from − 0.02 to 0.02 for weak interactions, 
and from 0.02 to 0.1 for repulsive interactions51.

The NCI isosurfaces of the WT and mutant complexes are shown in Fig. 9 and Fig. S13 (Supplementary 
material). In the WT complex, it is seen that the H···Fe interaction formed between the isopropyl and HEME 
groups corresponds to a strong localized interaction (blue region circled in red in Fig. 9a). The rest of the aliphatic 
part of cholesterol is attached to the protein mainly by dispersive forces, including the H···H interactions which 
are embedded in green surfaces corresponding to van der Waals regions. The same holds for the interactions 
of the C26 methyl group of M1, M2, M5 and M7 found in the QTAIM analysis. These are delocalized weak 
interactions, except for the O-H···H hydrogen-hydrogen bond with S251 in M1, the H···H contact with E331 
in M2, and the C-H···O hydrogen bond with M334 in M5, which appear as thick disks of green or blue color, 
indicating that these are localized interactions of medium or weak strength, respectively. The strong O-H···O 
hydrogen bond formed between the OH group of cholesterol and Y253 in the WT complex is also observed as an 
intense-blue thick disk (circled in red in Fig. 9b), while the rest of the interactions described above have a more 
dispersive nature. In M1 the O→Fe dative bond between cholesterol and the heme group appears as a localized 
blue region merged with a flat extended van der Waals surface, while the very strong O-H···O hydrogen bond 
is recognized as a small intense-blue disk. In contrast, in M2, M5 and M7 the interactions of the OH group of 
cholesterol are mostly of weak and delocalized nature. Finally, from the NCI integrals Table S3 (supplementary 
material) it is observed that in all complexes dispersive forces predominate since their contribution goes from 
63.4% in M1, to 80.0% in M7. In contrast, the repulsion component is the lowest in all complexes (between 5.5 
and 11.9%). The complex with the largest contribution from strong localized interactions is M1 (24.9%), which 
is attributed to the O→Fe coordination bond, although this effect is contrasted by steric repulsion (11.6%).

From the quantum chemical analysis, it is observed that although dispersion forces have a dominant role 
in the formation of the cholesterol-protein complexes, the binding mode of the cholesterol and the presence 
of some specific non-covalent interactions are crucial to explain the difference in the activities of WT and the 
mutants. In particular, it is concluded that the strong interaction between the isopropyl group of cholesterol 
and the HEME group of WT is essential for the hydroxylation capacity of CYP27A1. Since this interaction was 

Fig. 9. NCI isosurfaces (0.3) of the cholesterol-WT complex around (A) the isopropyl and (B) OH groups of 
the ligand. The strong localized interactions are circled in red. Carbon, hydrogen, oxygen, nitrogen and iron 
atoms are shown in gray, white, red, blue and orange colors, respectively. The aliphatic part of cholesterol is 
shown in yellow.
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only found in the cholesterol-WT complex, its absence in the other mutants could plausibly explain their lack 
of activity.

Conclusions
In this research, we explored the structural and dynamic behavior of wild-type (WT) CYP27A1 and seven 
clinically reported point mutations associated with Cerebrotendinous Xanthomatosis (CTX). Using molecular 
dynamics (MD) simulations, docking, and quantum calculations, our findings suggests that mutations in 
CYP27A1 lead to structural changes, which in turn produces affectations in the surfaces of the catalytic site and 
substrate access channel affecting the binding mode of the natural substrate, cholesterol in CYP27A1. These 
modifications offer a possible explanation to the reduction in the catalytic activity of the enzyme observed in the 
progression of CTX. Increased fluctuations were observed in regions around the substrate access channel and 
the catalytic site (e.g. A helix, loops between E-F, G-H Helix, β sheet-3b-L helix). The increase in the fluctuations 
in regions around the substrate access channel impact in the structural topology of the channel which become 
wider or narrower depending on the specific mutant affecting how the substrates enter to the catalytic site. 
Other critical regions such as loops between E-F helix, and J-K helix which stabilizes the β3 and heme binding 
region also impact in the catalytic site. According to our MD simulation and docking studies cholesterol was 
able to reach the catalytic site and adopt the correct binding mode only in WT CYP27A1. Quantum mechanics 
calculations suggest that the interaction between isopropyl group of the cholesterol and the heme group is 
essentiall for the hydroxylation capacity of CYP27A1.

Further studies are needed to explore the substrate-CYP27 binding with long simulation times and employing 
the CPDI, cation radical specie that properly reacts with the substrate.

Methods
Molecular modeling
The primary sequence of CYP27A1 was retrieved from the UNIPROT database (code: Q02318). Furthermore, the 
tridimensional (3D) model of wild-type CYP27A1 and mutants were separately obtained using the Swissmodel 
server (https://swissmodel.expasy.org/) by homology modeling19. The protein sequence of the mutants studied 
were aligned with the WT CYP27A1 sequence with Clustal X52 (Fig. S2 supplementary material).

The crystal structure of rat mitochondrial P450 CYP24A1 was used as a template (PDB: 3K9Y)20. The protein 
sequence of CYP27A1 and the CYP24A1 (UNIPROT code: Q09128) were aligned using the Praline web server 
to determine the conservation of the amino acids(See alignment Supplementary material Figure S1). The 
calculation of identity and similarity of CYP27A1 and CYP24A1 were done with Bioedit21,53with the BLOSUM 
62 matrix which is used for comparing protein sequences with identity lesser than 62%54. Further, an structural 
alignment for comparing both structures were done with Chimera 1.1655. The quality of the models was verified 
using the MOLPROBITY server (http://molprobity.biochem.duke.edu/)56 by validating its dihedral angles using 
the Ramachandran plot (Supplementary material Fig. S3-S10). Further, the generated models were submitted to 
molecular dynamics (MD) simulations.

Molecular dynamic simulations
The model of WT protein and the mutants (M1-M7) were submitted to MD simulations to refine the structure 
as well as to study the dynamic behavior of the apo systems. The MD simulations were performed using AMBER 
1657, using the ff14SB force field58. The heme parameters of CYP450 were taken from previous research59. The 
systems were prepared using the module Tleap, they were positioned at a rectangular box of 12.0 Å and solvated 
on explicit TIP3P water60. Further, the systems were neutralized by adding the corresponding counterions, 
specifically Na + around the proteins at physiological pH. The titrable amino acids were verified using Propka61, 
and it was not necessary to change the protonation of any residues. Each system was minimized using 2500 
steepest descent steps, and 2500 steps of conjugate gradient, restraints were applied to the protein at 100 kcal/
mol*Å−2 to allow the minimization of the water and ions molecules. Further, the system was submitted to an 
equilibration protocol as follows: 500 picoseconds (ps) of heating and 500 ps of density equilibration with weak 
restraints applied to the protein (100 kcal/mol*Å−2) and finally, 2 nanoseconds (ns) of equilibration at constant 
pressure and 310 K with no restraints. The production of the MD simulations was run for 25 ns without position 
restraints under periodic boundary conditions and with an NPT ensemble. The particle mesh Ewald method was 
used for describing the electrostatic term62; a 10.0 Å cut-off was used, a similar radio was chosen for van der Waals 
interactions. For controlling the temperature at 310 K, the Langevin Thermostat was used, and for maintaining 
the pressure at 1 atm, the Berendsen barostat weak-coupling algorithm was employed63with coupling constants 
τT and τp of 1.0 and 0.2 ps, respectively. For constraining the bond length at their equilibrium values the SHAKE 
algorithm was employed64, The timestep was set up to 2.0 fs.

Trajectories were analyzed using the cpptraj module of AmberTools 16. The root mean square fluctuation 
(RMSF), root mean square deviation (RMSD), and radius of gyration (Rg) were calculated. The Clustering 
analysis was performed using a 3.0 Å of cut-off and a hierarchical agglomerative (bottom-up) approach with 
AmberTools 16 to obtain the most populated cluster conformation (MPCC) of each mutant and WT protein. 
Further, the MPCC of each system was evaluated in ProteinTools server  (   h t t p s : / / p r o t e i n t o o l s . u n i - b a y r e u t h . d e 
/ b o n d s /     ) for determining a hydrogen bond network65and also in FindHBond module of Chimera UCSF55 for 
determining possible Hbond.

Structural analysis and visual inspection was performed using PyMOL v0.9966.
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Substrate access channel
To study the structural changes occurring in the substrate access channel of the MPCC of the WT and mutants 
after the MD simulations, Caver 3.0.3 was used67. Caver was used under the following parameters: minimum 
probe radius of 0.9 Å, a shell depth of 5.0 Å, a shell radius of 7.0 Å, and clustering threshold of 3.5, using the 
coordinates of Fe as the starting point.

To reveal the hydrophobicity of the substrate access channel, the protein surface was colored using the script 
color_H.py from the University of Osaka. The hydrophobicity scale is based on Eisenberg’s scale68, where the 
hydrophobic to non-hydrophobic gradient goes from red to white color.

Molecular docking
The most populated cluster conformation obtained from the MD simulations of each of the studied models was 
employed in the molecular docking studies using cholesterol as the substrate.

The receptors and ligands were prepared using AutoDock Tools 1.569. For ligands Gasteiger charges were 
assigned and only polar hydrogens were retained. While, for the proteins Kolman charges were calculated and 
only polar hydrogens were assigned. We used focused docking as part of our approach so that, grid box was on 
the heme group with a size of 70 Å x 70 Å x 70 Å with a grid space of 0.375 Å3. The scoring sampling used was 
the Lamarckian Genetic Algorithm with a randomized population of 100 individuals and a maximum number 
of energy evaluations of 1 × 107; in total 100 runs were performed for each system. Finally, molecular docking 
was run in Autodock4 69. Of each docking only a representative conformer of the most populated cluster with 
the lowest energy binding was retained for further quantum studies.

Quantum calculations
The Docking-obtained geometries were taken as input for generating the quantum models. All amino acids (as 
well as the complete HEME group) lying in a 6 Å radius around the cholesterol molecule were included in the 
model of all the analyzed systems. This radius was chosen because no appreciable difference was observed in 
the integration of the electron density in the NCI isosurfaces if larger radii were considered. The terminal NH 
and CO groups were completed with hydrogen atoms. A constrained geometry optimization, using the GFN2-
xTB semi empirical method was performed with the xtb program (https://github.com/grimme-lab/xtb/releases) 
(6.6.1 version)70. The full cholesterol molecule, as well as all the H and Fe atoms were free to move, while the 
rest of the system was constrained by applying a harmonic potential with a 0.1 a.u. force constant. The Non-
Covalent Interaction index (NCI)71was used to analyze the protein-ligand intermolecular forces within the pro 
molecular electron density approach. This analysis was carried out with the NCIPLOT program72 (version 4.2), 
taking the GFN2-xTB-optimized geometry as input coordinates. Also, to characterize the nature and strength 
of intermolecular contacts, the electron density, ρ(r), of the protein-ligand complex was studied by means of the 
Quantum Theory of Atoms in Molecules73 (QTAIM). The ρ(r) was determined by single point calculations on 
the GFN2-xTB-optimized geometries, at the PBE0/6-31G(d, p) level of theory with the Orca software74(version 
5.0.3). This level of theory was selected because it brings an optimal cost/benefit relation, in relation to the 
description of the electron density, for which this hybrid functional provides accurate results75. For the M2 and 
M7 mutants, the amino acids that were not directly interacting with the cholesterol molecule were dropped 
out of the DFT calculations because of problems related to the Self Consistent Field convergence. Additionally, 
the deformation density (defined as the difference between the actual ρ(r) and one constructed as a sum of 
spherical non-interaction atoms) was analyzed to provide further evidence of intermolecular interactions. This 
method can assess charge flow caused by the presence of all types of chemical interactions76. Besides, the ρ(r) 
mapped on the Hirshfeld surface of the cholesterol molecule embedded in the binding sites of the proteins was 
also studied. This function has become important for visualizing regions of close contacts in supramolecular 
chemistry77. The QTAIM analysis, deformation density and Hirshfeld surfaces were performed with Multiwfn 
software78(version 3.8). Finally, the interaction energies were computed as the difference between the protein-
ligand complex and the free protein and ligand energies at the same geometry as in the complex, with the same 
level of theory. Dispersion and basis set superposition error corrections were added to all energies using the 
DFT-D3 method79with the Becke-Johnson damping function80, and the geometrical Counterpoise scheme81, 
respectively.

Data availability
All relevant data supporting the conclusion of the article is included in the manuscript.
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