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Abstract

Adenylate Kinase (ADK) catalyzes the reversible interconversion between cytoplasmic
nucleotides that is essential for energy homeostasis. We performed several Molecular Dynamics
simulations on ADK, containing metal ions Mg and Zn"2. The dynamics of the enzyme were
computed on the ion-free structure, and the structures containing individual ions. RMSD and Rg
data demonstrate that the coordination of Zn" does not significantly affect the overall stability of
the enzyme. Decreasing the overall dynamics of the enzyme in the presence of both metal ions
was explained by the cooperativity between the stabilizing interactions of metal ions. The high
RMSF value of a specific segment in the presence of both ions, demonstrates that a fine balance
between the conformational stability and local structural dynamics may be involved in the
regulation of the enzyme catalysis. It was also concluded that the orientation of the structural

domains is affected by the simultaneous presence of both ions.
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Introduction:

Adenylate kinase (ADK), also known as myokinase (EC: 2.7.4.3), is a ubiquitous phosphoryl-
transfer enzyme found from bacteria to eukaryotes. ADK catalyzes the reversible phosphoryl
transferal reaction (ATP +AMP < ADP+ADP). The reversible nature of the reaction, indicates
that the enzyme is central to the energy balance of all organisms by stablishing the equilibrium

between cytoplasmic nucleotides .

Structurally, ADK is composed of three distinct domains, including ATP binding that is known
as LID (residues 118-160), AMP binding region known as NMP domain (residues 30-67), and
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the core structure including residues 1-29, 68-117, and 161-214%. It was shown that during
substrate hydrolysis, it undergoes a large-scale structural switch from open to closed
conformation *. A magnesium cofactor is coordinated in the active site pocket by electrostatic
interactions, and is required for the enzyme's activity. It was shown that Mg”" operates as the
activating ion leading to the formation of the MgATP and MgADP complexes that function as

substrates for the phosphoryl-transfer reaction .

From a quantum mechanical point of view, the enzyme-catalyzed reactions are performed under
a delicate balance between the stability and dynamics of the enzyme structure. For ADK, the
coupling between stability and flexibility, especially at the active site of the enzyme is critical for
structural changes from open to closed and to facilitate substrate hydrolysis *’. The dynamics of
different variants of ADKs were intensively investigated by experimental and computational

4,81
tools +%°1°,

Computer simulations of experimentally NMR spectra for porcine ADK demonstrated that Mg "™
ion has a critical role in the differentiation of the two nucleotide-binding sites on adenylate
kinase ®. To explain the way of substrate binding on the catalytic center of ADK during each
reaction cycle, the induced-fit motion model was proposed °. By comparing the crystal structure
of substrate-free adenylate kinase from Escherichia coli and the same enzyme complexed with an
inhibitor mimicking, ATP and AMP; Muller et al. showed that the chain mobility of the enzyme
in a region far from the active site center increases upon substrate binding. They concluded that
the energy of substrate binding is required for specificity *. Domain closure of ADK was
investigated using the time-resolved dynamic excitation energy transfer (ET), and it was shown
that the enzyme undergoes a two-step domain closure and that the multiple conformations of E.

coli ADK are present in solution at equilibrium conditions ''. In a comparative study by Nuclear



Magnetic Resonance (NMR) spectroscopy on hyperthermophile and mesophilic homologs of
ADK, Wolf-Wats et al. showed that catalysis involves domain rearrangements. They also
reported that the coupling of stability and functional dynamics of the substrate-enzyme complex
allows the enzymes to perform the same catalysis reaction in organisms with different
environmental conditions °. High-resolution single-molecule FRET studies on ADK
demonstrated that it dynamically samples two distinct states, where the equilibrium favors the
closed state even in the absence of substrates. They explained that the interaction with substrates
leads to increasing the closing rate of the lid and restriction of the conformational dynamics '*.
Molecular dynamics simulations and experimental evidences indicate that partially and fully
closed conformations are sampled in nanoseconds and microsecond-to-millisecond timescales;
respectively. It was also shown that larger-scale motions in substrate-free ADK directionally and

non-randomly follow the pathways toward the formation of functional conformation .

The dynamics of the ATP/AMP lid and the core domain of ADK were described as hierarchical
clustering of fluctuations using MD simulation studies, and it was shown that dynamics of the
protein could be described as a set of hierarchically rigid-domain pairs along with associated
inter-domain fluctuations '*. Recent bioinformatics and MD simulation studies demonstrated that
the evolution of psychrophilic, mesophilic and thermophile variants of closely related ADKs are
in good agreement with the changes that occurred in the environmental conditions of the globe
during evolutionary time-scale. It was also proposed that different dynamic behavior of the
ADKSs is due to the presence of two flexible regions, so that a fine balance between the flexibility

of these fragments help protein variants to act at their operating temperatures '°.



In current work, an MD simulation study was performed on the mesophilic variant of ADK
(PDB ID: 1P3J) in the presence and absence of Mg™ and Zn*. The experimental structure of

ADK for this study is in closed state.
2. Materials and methods

The starting structure for the MD simulation was X-ray resolved crystal structure of adenylate
kinase (ADK) from bacillus subtilis obtained from Protein Data Bank (PDB ID: 1p3j, resolution
of 1.9 A) 7. The structure contains 217 residues, metal ions magnesium (Mg+2) and zinc (Zn"?)
as well as APS5 as ligands. Four structural models that were subjected to MD simulation include
jon-free structure (Mg°Zn®) and structures containing Mg (Mg*Zn°), Zn"* (Mg°Zn*) and both
ions (Mg*Zn*). All simulations was performed at 300 K, using standard MD under AMBER

force field, '*implemented in the Gromacs software packages, version 5.1.2 19:20

Simulation box with a rhombic dodecahedron shape containing 2.0 nm distances between
periodic images was used for simulation. The protein structures with/without ions were solvated

in periodic boundary conditions and the SPC/E water model.

PROPKA software (under the PDB2PQR 7package) *' was used to set the protonation state of
ionizable side-chains as well as the N- and C- termini according to pKa values of isolated side-
chain groups at pH=7, and then appropriate numbers of CI" and Na ions were added to each
system to neutralize the total charge of the systems similar to the physiologic ionic condition
(100 mM). To remove any steric clashes or inappropriate geometry, the systems were
energetically minimized for maximum of 5000 steps, and the solvent and ions around the protein
were equilibrated via an NVT (canonical) followed by an NPT simulation (P=1 atm), each

consist of 100 ps simulation time.



Berendsen algorithm ** was used to maintain constant-temperature and pressure, and the particle
mesh Ewald (PME) algorithm was used for setting the long-range interactions 3, Short-range
electrostatic and Van der Waals interactions were calculated with a distance cut-off of 1.0 nm.
After equilibration, any system was subjected to molecular dynamics simulations for 100 ns with

2.0 fs time step using the above mentioned simulation parameters.

The aim of this study is the investigation of the dynamic of ADK at different states of ionic
conditions regarding the presence and/or absence of Mg™ and Zn™ ions. To that end, the
dynamic parameters including, the time-dependent radius of gyration (Rg), the root mean square
deviations (RMSD), and root mean square fluctuations (RMSF) of backbone atom positions from
starting structures were calculated and compared. Finally, the time-dependent distance of Zn"

and Mg ions from all residues of the structures were calculated and compared.
3. Results and discussion
3.1 Description of the structure of ADK

Conformational dynamics of the enzymes, originated from their internal motions, plays an
essential role in their catalysis. Molecular Dynamics (MD) simulation on the enzymes can
provide the atomistic detail concerning time-dependent behavior motions at the individual
residues. On the other hand, the activity of the ADK is regulated by a delicate balance between
the stability and structural dynamics of the enzyme. To understand the atomistic details of the
effect of metal ions on the internal motions of the enzyme, MD simulations were performed on
the enzyme in its original crystal structure (Mg*Zn*) as well as the ion-free structure (Mg°Zn®),
and the structures containing individual ions (Mg*Zn(’ and MgOZn*). The closed conformation of

the ADK (PDB ID: 1p3j) is shown in Fig. 1A & B. The structure contains metal ions Mg and



Zn"?, and distinct regions of the enzyme, including the LID domain, NMP domain, and the core
structure, are shown by the color scheme (Fig 1A). Examining the structure of ADK (Fig. 1B)
indicates that the ligand has more stabilizing interaction with the LID domain compared with the
NMP and the core domain of the enzyme. It can also be seen that four residues in the LID
domain are involved in the coordination of Zn** ion. Based on this observation, it is expected
that the LID region may has a critical role in the stability of the ADK complex in the closed

functional conformation.

Fig. 1.

3.2 RMSD and Rg

Analysis of MD simulations were initiated by RMSD calculation to evaluate the overall stability
of the enzyme at different conditions regarding the presence or absence of metal ions. To ensure
complete equilibration of the system, the analysis was done on the final 30 ns of the simulation

time (70-100 ns). The time-dependent RMSD for the structures are shown in Fig. 2A.

Fig. 2.

Comparing the results of the RMSD values shows that the behavior of the structures in ion-free
structure and in the structure containing Zn'> is approximately the same, indicating that the
coordination of Zn™ does not significantly affect the RMSD. However, Mg decreases the
overall fluctuation of the enzyme, and the most reduction in the RMSD is observed in the
structure containing both metal ions. This observation can be attributed to the position of metal
ions in the structure of the protein and their ability to create short and long electrostatic

interactions (Fig. 1). The enzyme contains 40 residues of negatively and 26 residues of positively



charged amino acids that are distributed in the structure of the protein. On the other hand, the
Zn"? is a surfaced-exposed element that is surrounded by flexible loops. The effective dielectric
constant in this region is higher than that in the interior and hydrophobic regions of the protein.
Accordingly, the strength of the electrostatic interaction between Zn' and nearby residues of the
loops is low compared with the corresponding force stablished by Mg ion. These observations
demonstrate that the simultaneous occurrence of both ions has a cooperativity effect that results
in more reduction of the RMSD value. The changes in the Rg values for the structures are
provided in Fig. 2B. From Fig. 2B, moderate Rg value is observed in the presence of both ions.
Also, it can be seen that the Rg of the ion-free enzyme is higher in comparison to other
structures, and the inclusion of Mg™ to the structure leads to decreasing the Rg of the
corresponding structure. It was also revealed that the Rg of the protein structure undergoes more
fluctuation in the presence of Zn'?. Since the Rg is a reflection of the compactness of the protein,
it can be said that the presence of two ions in the structure, cooperatively increases the stabilizing
interactions that lead to a reduction in Rg value. In the absence of Mg, and elimination of the
cooperativity, the interaction of Zn™* with the flexible loops is weekend, and more fluctuation is

observed in the Rg values.
3.3 RMSF

Considering distinct positions of the metal ions in the tertiary structure of the enzyme, it is
expected that they have various structural effects on different regions of the protein. To
investigate the positional effects of the metal ions on the flexibility of protein structure, RMSF
values were calculated, and the results of the final 30 ns are shown in Fig. 3. For clarity, data are
presented in a specific format, where the structures could be separately compared with the ion-

free enzyme as the reference structure.



Fig. 3.

The previous investigation has been shown that ADK has two main flexible regions that are
coincident with the LID and NMP domains '®. Hence, it is expected that these regions are
affected by metal ions under our simulation conditions. Comparison of the RMSF values of Fig.
3A & B shows that the effect of Zn' on the fluctuation of residues is lower than that from Mg ™.
Furthermore, it can be seen that the flexibility of two regions, including residues 30-50 from the
LID domain as well as residues 157-178 of the core domain, are affected by Zn*. While, the
effect of Mg™ is extended to the whole structure of the enzyme toward decreasing the flexibility.
Since the coordination of Zn™* occurs at the LID domain in the margin of the protein structure,
its positional effects are restrained to this region. On the other hand, the electrostatic interactions
of the Mg" in the core structure of the protein with a low dielectric constant can be extended to
the whole structure of the enzyme. According to Fig. 3C, the simultaneous occurrence of both
ions in the structure of the protein, has interesting consequences on the dynamics of the
representative flexible regions of the protein structure. Fig. 3C shows that the flexibility of
fragment 36-57 in the first flexible region increases; while, it has a dual effect of the second
flexible region of the structure in which the flexibility of the fragment 126-144 decreases, and
that for the fragment 145-149 increases. Increasing the flexibility of the fragment 36-57 in NMP
domain in the presence of both ions demonstrates that this condition is essential in the regulation

of the catalytic activity of the enzyme.
Time dependent residue-ion distance

Three-dimensional space around metal ions were subjected to more detailed examination by
calculation of the time-dependent minimum distance of individual ions from all residues in the

tertiary structure of the enzyme. Fig. 4A shows the minimum distance of Mg from the protein



residues with and without Zn"*. The corresponding distance parameter for Zn"* with and without

Mg is also provided in Fig. 4B.

Figure 4.

Mg"? is located in the active site of the enzyme (Fig. 1) and is involved in transferase reaction
via binding to ATP. As shown in Fig. 4A, upon coordination of Zn™ in the structure of the
protein, the distance of the fragment 136-144 from Mg increases, and that of the fragments
128-135 and 154-175 decreases. Previous studies have shown that the binding site for ATP is
created from the interaction of the central and LID domains. Since residues 136-144 and 128-135
are located in the context of the LID domain, it can be concluded that coordination of Zn"?
results in local rearrangement of the LID structure to provide conditions for ATP-binding at the
active site. Since the fragment 154-157 belongs to the core domain of the protein, changing its
distance from the Mg™, demonstrate that Zn™ could also influence the ATP binding site in a
long-range manner. The distances of the Mg™* with the critical residues in the presence and

absence of Zn"* are provided in Table 1.
Table. 1.

The Zn™ is coordinated by residues Cyc130, Cys133, Cycl50, and Aspl153 (Fig. 1). Fig. 4B
shows the distance of all residues with the Zn™* in the absence and presence of Mg™. As
expected, the minimum distance of Zn"? in both structures is observed for the fragments 130-133
and 150-153. On the other hand, the coordination of Mg™ does not affect the local tertiary
structure around Zn™2. However, the presence of Mg™ reduces the distance of Zn™ with the
fragment 10-25; and increases its distance with fragment 50-118. The latter segment covers parts
of the NMP and the core domains of the enzyme. Hence, it seems that the Zn™* provide structural

conditions for the interaction of these domains for AMP-binding.

10



Conclusion

The LID and NMP domains of ADK have intrinsically flexible regions that are affected by the

coordination of metal ions. The simultaneous presence of Mg and Zn™* unexpectedly leads to

increasing the dynamics of the second flexible region at the catalytic site. The presence of the

ions could also affect the structural rearrangement of the LID and core domains of the enzyme.

Hence, it seems that the local justification of the dynamics by metal ions may have a critical role

in the regulation of the enzyme catalysis.
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Table and figures legends:

Table. 1. The Distance (Mean + SD) of representative residues from Mg+2 after equilibration, in
comparison with those in crystal structure.

Fig. 1. Graphical representation of ADK. (A) The overall tertiary structure of the protein,
including three distinctive domains, are shown in the ribbon diagram in different colors. Metal
ions Zn+2 (red circle) and Mg+2 (magenta circle) are also shown in their positions. (B) Closed-
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up view of the various residues from different regions of the protein that are involved in the
interaction with the ligand and metal ion coordination are shown. The graphical manipulation of
the structure (PDB ID: 1p3J) was done with the Chimera program.

Fig. 2. The RMSD and Rg plots generated from molecular dynamics simulations (A) RMSD of
ADK at various conditions of metal ions during the final 30 ns of the simulation time (B) Rg
values at different states of metal ions during the last 30 ns of the simulation time.

Fig. 3. RMSF plot generated from molecular dynamics simulations. (A) RMSF values of ADK
without metal ions and with Zn+2. (B) RMSF values of ADK without metal ions and with Mg .
(C) RMSF values of ADK without metal ions and with Zn** and Mg".

Figure 4. Residues distances from the metal ions. (A) Comparison of the residue distance from
Mg+2 in the absence and presence of Zn+2. (B) comparison of the residue distance from Zn+2 in

the absence and presence of Mg+2.

. Table. 1.
Distance (A)
) Crystal Simulated structures
Residue strn};cture Mg* Zn° Mg* Zn*
Glyl4 427 5.32+0.42 6.71£1.48
Glul8  10.28 8.37+0.65 9.21+1.09
His28 10.55 6.23+0.30 6.45+0.36
Ser30 6.82 3.97+0.14 3.86+0.11
Asp33  6.85 4.30+0.10 4.31+0.09
Met34  10.33 8.58+0.45 8.27+0.42
Arg36  10.71 8.68+0.64 9.38+0.59
Asp84  7.13 3.90+0.17 3.99+0.08
Arg88  12.57 13.7940.55 11.79+0.78
Phel41 1593 14.75+2.39 24.79+0.99
Argl60 10.78 21.17+£0.90 10.29+1.36
Aspl62 11.92 19.48+0.76 8.42+1.32
Argl71 12.53 16.33+0.72 11.20+1.32
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