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Abstract

Human cystathionine B-synthase (hCBS) is a Heme containing unique pyridoxal 5’-phosphate
(PLP) dependent enzyme that catalyzes the bio-chemical condensation reactions in the
transsulfuration pathway. The role of Heme in the catalytic activities of enzyme has not yet
been understood completely, even though various experimental studies have indicated its
participation in the bi-directional electronic communication with the PLP center. Most
probably Heme acts as the electron density reservoir for the catalytic reaction center but not as
a redox electron source. Here, in this work, we investigated In Silico dynamical aspects of the
bi-directional communications by performing classical molecular dynamics (MD) simulations
upon developing the necessary force field parameters for the cysteine and histidine bound hexa-
coordinated Heme. The comparative aspects of electron density overlap across the
communicating pathways are also explored adopting the density functional theory (DFT) in
conjunction with the hybrid exchange-correlation functional for the CSBWT (wild-type) and
CBSR#%K (mutated) case. The atomistic MD simulations and subsequent explorations of the
electronic structures not only confirm the reported observations but provide an in-depth
mechanistic understating of how the non-covalent hydrogen bonding interactions with Cys52
control such long-distance communication. Our study also provides a convincing answer to the
reduced enzymatic activities in the R266K hCBS in comparison to the wild-type enzymes. We
further realized that the difference in hydrogen-bonding patterns, as well as salt-bridge

interactions, play a pivotal role in such long distant bi-directional communications.
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1. Introduction

Homocysteine is a sulfur-containing amino acid that plays an important role in cell
homeostasis. High concentration of homocysteine in the body causes severe myopia,
atherosclerosis (cardiovascular disease and stroke), intellectual disability etc.>3 This condition
develops due to the deficiency of the Cystathionine beta-synthase (CBS) enzymes, which
convert homocysteine to cystathionine in the transsulfuration pathway of the methionine cycle.
The CBS enzyme catalyses the bio-chemical condensation of homocysteine with serine
(canonical activity) to form cystathionine in the transsulfuration pathway* and produces HzS.>
8 In higher organisms, CBS is the only PLP-dependent enzyme that has a regulatory Heme
cofactor.®!% The general notion for human CBS (hCBS) enzyme is tetrameric in nature,
however so far only dimeric crystal structures with missing domain or residues have been
resolved. For example, the truncated hCBS lacks regulatory domain (PDB Id. 1JBQ) and
hCBSdelta516-526 lacking 10 residues from the C-terminal domain (PDB Id. 4L0D, 4PCU
etc).1%12 Each subunit of hCBS is divided into three parts; i.e. N-terminal heme-binding
domain, catalytic domain or PLP-binding site, and a C-terminal regulatory domain or S-
adenosyl methionine (SAM) binding domain. In N-terminal domain (NTD), Heme is solvent-
exposed and hexacoordinated with Cys52 S'(thiolate) and Ne2 atom of His65 at the axial
positions.1%12 The exact role of heme in hCBS enzyme is yet to be understood. In this context,
Taoka et al. and Majtan et al. independently proposed the possible role of heme in the redox
reaction as well as in protein folding.*>'* However, in absence of the NTD in the protein, the
overall enzymatic activities is ~20% of the complete wild-type hCBS.™ This indicates the
participation of Heme in the enzymatic reaction that occurs in the PLP centre in the catalytic
domain. PLP is covalently bound to protein via internal aldimine Lys119 and it is the catalytic
centre for the substrate reaction.'*2¢ The reduction of the enzymatic activities of hCBS were
reported when small molecules like NO, CO etc. binds to Heme in the ferrous state of iron.*3
CO displaces the Cys52 from its binding state with heme and affects Arg266-Heme
communication. On the other hand, NO makes Heme as penta-coordinated complex by
attacking at His65 site and also eliminates Cys52 from it bindings site in Heme. In both the
scenario it inhibits the bidirectional communications.®*1® The most striking fact is that the
heme and PLP are located distant apart from each other by ~20 A 1012

Based on the crystal structure of hCBS and several spectroscopic studies the bi-
directional communication between the Heme and PLP sites was proposed to occur through
the a-helix 8 that interacts at one end with the Cys52(S") Heme ligand via Arg266.10-1217.20-24



(see Figure 1). Mutations in the conserved residues which binds the PLP catalytic center i.e.
residue Thr-257 and Thr-260 disrupts the PLP—Heme communications and lowers the
enzymatic activity compared to the wild-type enzyme.?* Smith et al. employing resonance
Raman spectroscopy observed that the mutation in R266K invokes the geometric distortion
into the heme due to Arg266—Cys52 interaction, that affects the PLP dependent activity as
well.?? (Figure 1) All these evidences indicate a complex inherent scenarios of interactions that
control the CBS enzymatic activities. Therefore, it is inevitable to have an in-depth
understanding for the communication between the Heme that acts as electron-reservoir being
rich in quasi-degenerate n-electrons as well as d-electrons of the transition metal center, and
the PLP in which enzymatic reaction takes place.

Molecular dynamics simulations for various Heme containing proteins are occasionally
reported in the literature using different force field models.?>3° However to the best of our
knowledge, the forcefields for hexa-coordinated Heme with cystine and histidine bound at the
axials positions were never developed. In the hCBS, Doss and co-workers applying In Silico
tools and MD simulations investigated the structure-functional insight into the effect of SNP
on the stability and activity of mutant CBS.3! Later on Gupta et al. studied the G307S

substitution in the catalytic function and protein conformation in the hCBS enzyme.*?
> ’ |

Figure 1. The cofactors and the key residues in hCBS enzyme that constitute the communication pathway between

the Heme and PLP center. In the wild-type enzyme Arg266 forms strong non-covalent hydrogen-bond with the
Cysb2 as well as with the Asp316. Arg266 is covalently bound to a-helix 8 that further binds with the PLP that

acts as the catalytic center.



In this study, we have investigated the effect of R266K mutation in hCBS enzyme employing
the atomistic molecular dynamics (MD) simulation as well as density functional theory. More
specifically, here we intended to understand the structural dynamics and the effect of mutation
on the local change in the hydrogen bonding and salt-bridge interaction patterns and their
impact on the electron communication channel between the Heme and the catalytic PLP centre.
Further, we have explored the possible role of the Asp316 interactions in the Heme-PLP
communications.
2. Computational Methodology

To perform the classical molecular dynamics simulations for human Cystathionine -synthase
(hCBS), the initial coordinates were obtained from the reported x-ray protein crystal structure
(PDB ID 4L0D).! The R266K mutated structure was generated by mutating residue using
Chimera 1.13.1.3 The pKavalues of the individual amino acids were calculated on PDB2PQR
server.3* A python-based metal centre parameter builder (MCPB.py Builder) was utilized to
build the force fields for Heme, with Histidine and Cysteine residues as the axis ligands.®

The force fields for such Heme were developed upon a rigorous benchmarking process.
The details of force field generation and its benchmarking studies are provided in the
supporting information. In brief, the molecular geometry of the Heme along with the axial
ligands were optimized using three different hybrids functional (viz. B3LYP, M06 and PBEOQ)
within the framework of Density Functional Theory (DFT). The extraction of the force
constants and the population analysis were performed using the optimized geometries.
Antechamber in the AmberTools, were used to develop the PLP-Lys force field parameters (Sl
section 2).
To perform the MD simulation, the protein with cofactors has been explicitly solvated in a
10.0A margin TIP3P water®® box and 12 Na* ions are added to the system to make it charge
neutralized. The complete simulation system except the hexacoordinated heme has been
parameterized with the Amber ff14SB force field.>”*8 Particle mess Ewald method®® has been
used to account for the long rage interaction with a cut-off distance of 12 A. NAMD 2.13
package was used to perform the classical MD simulations.® Initially the system was
equilibrated for 250 ns and subsequently 250 ns long trajectories were obtained as the
production dynamics to perform the statistical analysis. Visualization and structural analysis
were performed using VMD and Bio3d.** The detailed descriptions for the computational

methods adopted to perform the MD simulation are provided in SI (Sections 1 to 3).



3. Results and discussion

To understand the role and impact of R266K mutation in biochemical activities of hCBS
enzymes, we have systematically compared the simulated MD trajectories with the wild type
(WT) hCBS and analysed them applying a number of statistical and computational tools. The
details are discussed in the following sections.

3.1 Comparison of structure and dynamics of the hCBS enzyme

To obtain an intriguing understanding on the protein dynamics, the RMSDs of the structural
fluctuations are compared between the CBSWT and CBSR?°K, A comparison of the backbone
atoms (Ca, C, N, and O) RMSD of the CBS protein is illustrated in Figure 2a and 2b. The
RMSD of the entire protein and its decomposition along the multiple domains are provided in
Figure 2. The average RMSDs for the complete protein CBSWT and CBSR?¢K are found to be
3.38 A and 3.39 A respectively. The large fluctuation in the complete protein RMSD is
primarily due to the intrinsically disordered regions of the N-terminal end that fluctuate larger
than the other part of the protein (see section in Sl 3.2 and Figure S9 ). For catalytic domain,
the average RMSD fluctuations for CBSWT is ~ 1.30 A which is slightly larger than the mutated
CBSR?¢K protein (1.26 A). No significant difference is observed for the linker domains.
However, it is observed that the C-terminal domain (CTD) has larger fluctuations in CBS" as
compared to the CBSR?®X. This indicates that mutation at the CTD domain provides
confirmational stability for CBSR2%¢K over the wild types.

The root-mean-square fluctuations (RMSF) of the catalytic domain and all the residues
Ca-atoms (CA) illustrated in Figure 2c and in SI Figure S10 reveals that in the catalytic domain
several residues associated with R266K mutation (represented by a vertical dotted line) show
significant differences in the RMS fluctuations. In this particular mutation, the protein structure
exhibits a systematic lower RMSF fluctuation compared to the wild-type enzyme. This can be
interpreted as a more compact protein structure for the mutated case. This might be a
consequence of the smaller spatial volume occupied by the linear Lys266 as compared to the
branched Arg266 residue. In addition to that, Lys266-Asp316 has strong salt-bridge interaction
compared to Arg266-Asp316. (See in Figure S11) Thus, Asp316 restricts the atomistic motions
of the Lys266 compared to Arg266. This is why CBSWT shows higher RMSF compare to
CBSR?%K  This fact indicates that a single mutation in the protein has a remarkable impact on
the overall structure and dynamics of the protein. The mutation even influences the atomistic

motions of the residues those are quite far from the mutation sites.
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Figure 2. Calculated RMSD of (a) CBSWT and (b) CBSR?%K with a different domain. Where red colour shows
the RMSD of complete protein (1-542 aa), green is for N-terminal Domain (NTD) (1 to 70 aa), blue is for Catalytic

Domain (CD) (71 to 381 aa), magenta is for linker (382 to 412 aa) and Brown is for C-Terminal Domain (CTD)
or regulatory domain (412 to 542 aa). (c) Catalytic domain comparisons of the RMSF for CBSWT and CBSR?6¢K,

3.2 Dynamic Cross-correlation Matrix (DCCM) & Allosteric Interactions

In the previous section, we realized that the impact of the structural fluctuations due to a single
mutation in the protein is not localized or restricted within the mutated site itself, rather its
impact has a long-range consequence on the residues even far apart from the mutated sites. For
a deeper understanding of how does such impact gets transmitted in the long distances within
the protein, we have performed the dynamical cross-correlation analysis by computing all the
pairwise Pearson cross-correlation coefficients for the Ca-atoms of all the residues. The cross-
correlation matrix (Figure 3) provides a coarse and prompt picture of the most relevant linearly

coupled motions occurring across the complete protein during the MD simulations.
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Figure 3. The Dynamic cross-correlation (DCCM) maps for the hCBS proteins obtained from the entire
production run trajectories. The region of the black dotted circle indicates the region of the mutated site that has
a strong positive correlation in the CBSVT. Colour Code: cyan colour bar belongs to the (positive) correlation,

magenta is for anti-correlation and white depicts no correlation at all.

The dynamical cross-correlations analysis reveals that the atomistic motions are strongly
correlated in CBSWT compared to the CBSR?°K  even though the RMSD and RMSF
fluctuations for the former one is quite larger as compared to mutated case. It is quite evident
from the DCCM map in Figure 3, that for CBSWT protein residues are far apart from each other
and having quite strong correlations (either positive or negative), but for CBSR?®K the
uncorrelated motions (as depicted by white space in Figure 3) predominate over the correlated
motions of the residues. We trace down this as the change in the non-bonded interactions (see
Sl section 3.4 and Figure S12). A strong hydrogen bonded network between Cys52, Arg266,
and Asp316 is present in CBSVT protein, however, mutation weakens these hydrogen-bonding
patterns in the mutated CBSR?%¢K protein. We also find strong salt bridge interactions between
the Asp316 and Lys266 compared with Arg266. All these non-covalent interactions contribute
to the strong correlations pattern for the wild-type enzyme compared to the mutated case.
Hence it is quite evident that the mutation R266K drastically reduces the correlations in
atomistic motions especially between long-distant residues. Such a huge change in the
atomistic motions occurs just for a single mutation. This clearly indicates that the mutations
breaks the long-distance communications and reduces the allosteric response in the protein
dynamics. Hence the reduced enzymatic activities in the mutated protein could be correlated
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as the lack of communications due to the uncorrelated atomistic motions compared to the Wild-

type enzyme.

3.3 Long-range Communications between Heme and Catalytic Domain

In the context of Long-range communications, Singh et al. established that the Heme, residing
~20 A apart from the PLP, allosterically controls the enzymatic activities in the catalytic center
17 Here to obtain atomistic and electronic details of such long-range communications the MD
simulation trajectories are investigated in detail. It reveals quite a remarkable difference in the
atomistic motions and electronic structures especially due to the R266K mutations. As
illustrated in Fig. 2a, Arg266 interacts with the Heme through a strong hydrogen bond with
Cys52. The probability distribution of the distance between the Cys52-Arg266 is shown in
Figures 4a and c. The maxima of the distributions appeared at 2.28A for the wild type
hCBS(Magenta curve in Figure 4c). The singular peak for the wild-type hCBS confirms stable
and strong hydrogen-bond formation with the rigid structural orientation of the Arg266 due to
hydrogen bonds with Cys52 as well as Asp316. However, the hydrogen-bond formation pattern
changes remarkably due to the R266K mutations (shown with green colour in Figure 4b and

C).
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Figure 4. Possible Hydrogen-bonding interactions between Cys52(S)-Arg266(H) in CBSYT and Cys52(S)-
Lys266 in CBSR?6¢K are depicted in the upper panel (a) and (b) respectively. The probability distributions of these
hydrogen bonds Cys52(S")-Arg266/Lys266(H) along with the distance between the Cys52(S")-Arg266/Lys266(N)
are shown in the bottom panel (c) and (d) respectively. The dual peaks for the mutated case (green curve) in (c)
indicate that the hydrogen atoms responsible for these interactions (shown in Figure 4b) with the Heme are in

continuous rotational motions.

The probability distribution of Cys52(S°)-Lys266(H) distance along the MD trajectory (Figure
4c) results in a broader distribution with the appearance of two peaks at 2.81 A and 3.38 A.
This indicates the hydrogen-bond formation in the mutated case is quite weak (or more
precisely “less probable”) compared to the wild-type hCBS. However, a decreasing trend of
RMSF (Figure 2c) in the case of R266K indicates the weakening of the Hydrogen bonding
interactions resulted in diminished movements of the Ca atoms. This fact is further supported
by the loss of strongly correlated motion of the selected residues (see Figure SI112) in R266K.
As a consequence of these alterations in the dynamic properties of the R266K mutations, the

transmission of allosteric communications between the Heme and the catalytic PLP center has

decreased.
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Figure 5. The electron density obtained as computed employing DFT (PBEO0/6-31G*) level calculations
(isosurface value 0.025e7/ A3) at the configurations with the selected distances as indicated in the probability

distribution curve of hydrogen-bonding between Cys52-Arg/Lys266. The selected H-bonding distances for



Arg266 with Cys52 are indicated as A@2.05 A, B@2.28A(most probable value), C@3.01A, while Cys52 and
Lys266 are indicated as A'@2.25 A, B'@2.81A(most probable value), C'@3.38A.

Figure 4d reveals an interesting fact about the distance between Cys52(S’) and
Arg266(NsP?)/Lys266(NP%). The Cys52(S)--Arg266(N*?) is larger than Cys52(S)--
Lys266(N®*%), but Arg266 forms strong hydrogen bonding due to sp? hybridization with
Cys52(S") amino acid residue in the hCBS enzyme.

To get a deeper understanding of the non-bonding interactions we have further
investigated the electron density distribution computed with PBE0/6-31G* (shown in Figure
5) and CAM-B3LYP/6-31G* (shown in Sl, Figure S13) within the long-range correction
hybrid density functional theory (DFT) framework. We have adopted a few distinct snapshots
from all over the distribution (Figure 5). It is quite evident that for the wild type hCBS, at the
most probable distance (~2.28 A), there is a strong overlap in the electron density between the
interacting residues; Cys52 and Arg266. However, no such overlap in the electron density is
observed at the most probable configuration for the R266K mutated case (Figure 5). Thus, it is
quite evident that the R266K mutations not only break the strong hydrogen-bonding pattern

but also modulate electronic communications.

3.4 Role of Asp316, a-helix 8 and PLP Binding sites in the bidirectional Communications
It is now quite evident that the Cys52(S’)-Arg266(H) hydrogen-bond interaction is the key
contributor to the long-distance bi-directional electronic communications between the Heme
and PLP catalytic center. Thus, disruption of this interaction affects the hCBS enzymatic
activities. Furthermore, the analysis of the MD trajectories revealed that Asp316 residue plays
a pivotal role in such long-distant interactions as well by providing a favorable environment
for the Arg266, which manifests a stable and strong non-covalent hydrogen-bonding with the
Cys52(S"). The de-protonated anionic oxygen in the side chain of Asp316 formed a strong
hydrogen bonding with the neighboring residue especially with the Arg266 in CBSWT (shown
in Figure 6a) and Lys266 in CBSR?¢¢K (shown in Figure 6d).

The probability distributions of the hydrogen bonding between Asp316 and Arg266 in CBSWT
as well as Asp316 and Lys266 in CBSR?®K revealed two peaks for the wild-type and three for
the mutated cases (Figure 6b). This indicates that two types of hydrogen bonding are possible
for the wild-type, while three for the mutated cases appear due to rotational switching of the

H-atoms present in Lys266 in the CBSR?®¥, Further investigation of salt-bridge analysis
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(Figure 6¢) clearly indicate a rigid and compact structure of Lys266 in CBSR?%®K as one can

also see from RMSF (Figure 2c).
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Figure 6. Non-covalent interaction between Asp316 and Arg266/Lys266 in the CBSWT and CBSR?6¢K system. (a)
Graphical representation of CBSWT with selective residue. b) Probability distribution of the hydrogen bonds
between Asp316(0O)A-rg266(H)(Blue colour) and Asp316(0)-Lys266(H)(Red colour). ¢) Salt-bridge interactions
between Asp316-Arg266(Blue) and Asp316-Lys266(Red). d) Graphical representation of Asp316 interaction with
the Lys266 in the CBSR?%6K gystem,

This could be inferred from the sharp peak of salt-bridge interactions in Figure 6¢c compared to
the Wild-type enzyme (see section 3.3 in Sl and figure S11). Despite the mutated CBSR?%6K
enzyme being compact and rigid, the intramolecular hydrogen-bonding interactions are quite
weak in the mutated case as compared to the wild-type for the Cys52-Lys266. Although, there
is no direct evidence of direct participation of the Asp316 in bidirectional communication, but
it is evident that Asp316 stabilizes Arg266 in CBSWT. Asp316 is a part of the catalytic loop
which enclosed the catalytic centre and indirectly influenced the catalytic cavity. Thus, Asp316
might play an important role in conformational flexibility necessary for the substrate
translocation to the catalytic centre. On the other hand, a-helix 8 is a common communicator
between Heme and the PLP site which contain Arg266/Lys266 of the protein. Thus, it is a part
of the communication pathway between heme and the PLP site. The comparison of the RMSD
between CBSWT and CBSR?%¢K (S| section 3.6 and Figure S14) reveals that o-helix 8 in CBSWT
protein is slightly more compact compared to the mutated case.

It has been reported that R266K exhibits different enzymatic activity for different substrates
2223 The question is still there if there is any significant local structural and dynamical impact
on the catalytic PLP-binding domain that might be impacting the enzymatic activities?
Comparing the PLP binding sites between the Wild type and mutated case it is quite evident

that there is no significant change is observed between the PLP and corresponding bindings



sites (residue Thr257 & Thr260) of the enzyme (see Sl section 3.7). It is, thus, evident that the
R266K mutation does not affect the PLP phosphate-binding site.

3.5 Conformational rigidity in the catalytic center

The catalytic center or PLP exposed sites are enclosed through the Loops L145-148, L171-174,
L191-202, and L295-316 aa residues in the hCBS enzyme. Upon careful investigation of the
trajectory snapshots (Figure 7), it is observed that CBS™T has larger exposure to the catalytic
center as compared to the CBSR?%®K: and thus substrate channeling to the catalytic center is
more feasible in the wild-type compared to the mutated one. This could also be attributed to
the increased rigidity and compactness of the structure due to Lys266. This lost flexibility of
the enzyme hinders the substrate channeling to the catalytic center, and thus loses the enzymatic
activity in the mutated enzyme.®

To have an insight into the CTD motion, we analyzed the deviation of the MD trajectory by
superimposing the final snapshots for CBSWT and CBSR?%¢K with the crystal structure, which
depicted the CTD orientation in both CBSWT and CBSR?%% system (See section Sl 3.8 and

figure S17).
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Figure 7. Electrostatic potential surface of the Catalytic centre in the catalytic domain at the hCBS enzyme.

Trajectory snapshots of the selected snapshots of the catalytic centre.



4 Conclusions

We have compared the structural dynamics of the hCBS enzyme employing the classical
molecular dynamics (MD) simulations for wild-type (hCBS"WT) and the mutated (hCBSR2%6K)
one. The hCBS contains a Heme cofactor, which is attached to the protein through axial
coordination bonding with one cysteine and one histidine. The hexacoordinated Heme is in the
low spin-state (singlet), for which the forcefield parameters are explicitly developed and
benchmarked with the various density functional theory-based static calculations. Our
simulations captured the long-range allosteric interactions between the Heme and the catalytic
PLP center and confirm the previous experimental observations. In this work, we have realized
that the Arg266 interacts strongly with the Heme co-factor through a strong hydrogen bond
with Cys52 residue. The singular peak in the probability distribution curve of the particular
hydrogen bonding (Cys52-Asrg266) confirms the stable and strong hydrogen-bond formation
with a rigid structural motif of the Arg266 due to hydrogen bonds with Cys52 as well as with
Asp316. The R266K mutation invokes disruptions to this stable structural motif and also
reduces the overlap of the electronic states. Hence, this is the primary reason behind the
decrease of allosteric communications between the Heme and the catalytic PLP center that has
also been captured in the DCCM patterns due to the R266K mutations that reduces the
enzymatic activities. The R266K mutations not only break the strong hydrogen-bonding pattern
but also modulate electronic communications. In the long-distance interactions between the
heme and catalytic center, the non-covalent hydrogen bonding between Cys52(S)-Arg266(H)

plays a key role, and breaking of this interaction causes the loss of enzymatic activities.
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