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Abstract

Thermus thermophilius isopropylmalate dehydrogenase catalyzes oxidative decarboxyl-
ation and dehydrogenation of isopropylmalate. Substitution of leucine to alanine at position
172 enhances the thermal stability among the known point mutants. Exploring the dynamic
properties of non-covalent interactions such as saltbridges, hydrogen bonds and hydropho-
bic interactions to explain thermal stability of a protein is interesting in its own right. In this
study dynamic changes in the non-covalent interactions are studied to decipher the deter-
ministic features of thermal stability of a protein considering a case study of a point mutant
in Thermus thermophilus isopropylmalate dehydrogenase. A total of four molecular
dynamic simulations of 0.2 us were carried out on wild type and mutant’s functional dimers
at 300 K and 337 K. Higher thermal stability of the mutant as compared to wild type is
revealed by root mean square deviation, root mean square fluctuations and Ca-Ca distance
with an increase in temperature from 300 K to 337 K. Most of the regions of wild type fluctu-
ate higher than the corresponding regions of mutant with an increase in temperature. Ca-
Ca distance analysis suggests that long distance networks are significantly affected in wild
type as compared to the mutant. Short lived contacts are higher in wild type, while long lived
contacts are lost at 337 K. The mutant forms less hydrogen bonds with water as compared
to wild type at 337 K. In contrast to wild type, the mutant shows significant increase in
unique saltbridges, hydrogen bonds and hydrophobic contacts at 337 K. The current study
indicates that there is a strong inter-dependence of thermal stability on the way in which
non-covalent interactions reorganize, and it is rewarding to explore this connection in single
mutant studies.
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Introduction

Thermus thermophilus isopropylmalate dehydrogenase (IPMDH, EC 1.1.1.85) is involved in
the leucine biosynthetic pathway, catalyzes oxidative decarboxylation and dehydrogenation of
isopropylmalate (IPM). Thermostability is an extremely important phenomenon with potential
industrial applications as several reactions have to be carried out at elevated temperature [1, 2].
Supramolecular assembly, protein structure and stability are the net result of how various non-
covalent interactions (NCI) occur and manifest themselves. Some of NCI which contribute to
thermal stability are an increase in hydrogen bonds (HBs) [3], networks of salt bridges [4],
tighter packing [5], higher secondary structure content [6] and a highly hydrophobic core [7].
Combination of one or more of NCI contribute to protein’s thermal stability [8]. Apart from
structural aspects, dynamic features of the NCI contributing to the stabilization of proteins are
unclear and need investigation [9].

IPMDH has been one of the most widely studied proteins for understanding the factors
affecting thermostability [10-16]. Numerous site-directed mutagenesis studies have been con-
ducted to improve the thermal stability of the protein, especially at 172 position of the protein
[10,15,17-19]. The thermophilic bacteria has optimum growth temperature of about 337 K
[15]. Crystallographic structures of the enzyme from T. thermophilus have been determined for
wile type (wt, PDB code: 1IPD) [20] and the mutant (mut, A172L, PDB code:10S]) [19] (S1
Fig). It is a 690 residue protein, a homodimer with two domains in each subunit. Residues
from 1-99, 252-345 constitute domain 1 with both N and C termini of the subunit, remaining
100-251 residues form domain 2. Similarly, in second subunit, residues from 346-444, 597-
690 and 445-596 form domain 1 and domain 2, respectively [20]. The hinge region connecting
the two domains plays an important role in the thermal stability [21]. Alanine 172 is located at
the hinge region, at C terminus of alpha helix. Introduction of leucine at position 172 improves
the thermal stability of the enzyme [10,19].

Circular dichroism experiments suggest that the mut has maximum thermal stability
among the known substitutions at the site and a melting temperature of 3'C higher than that of
wt [10]. Crystallographic studies by Qu et al. [19] proposed that enhancing the local packing of
the side chains and shifting of backbone of opposite domain contribute to the thermal stability
of the protein. IPMDH undergoes rearrangement of domains in the mut due to interaction of
side chains of residues 172 and 300 [19]. The wt and mut structures are highly similar as their
structural alignment shows a root mean square deviation (RMSD) of less than 1 A for Ca
atoms of all chains by the use of Superpose [22]. Crystallographic structures, although valuable
are static in nature, a limited conformation among possible ones, dynamics of NCI underlying
the adaptation remains poorly understood. Moreover, conformations of the protein can be
affected by different crystallization conditions and temperatures at which data is collected.
Hence, detailed analysis of the adaptation mechanism regarding dynamic NCI to the thermal
stability of a protein needs to be investigated.

Extending our ongoing efforts in understanding NCI such as 7-7, hydrophobic interactions
and HBs [23-26], this is the first classical method applied on IPMDH to gain an insight in ana-
lyzing the overall change in NCI with respect to a single mutation before the onset of denatur-
ation. Considering the dynamic nature of biomolecules, the approach provides an advantage as
the systems were treated at identical conditions, only modifying the temperature at 300 K/337
K in this case. Thus, only the effect of temperature on the system led to an overall change in
main NCI in mut can be monitored and compared with that in wt at atomic level before dena-
turation. In the present work, an effort has been made to extract the dynamic changes in overall
main NCI, viz., saltbridges, HBs and hydrophobic interactions to be quantitatively addressed
as a deterministic feature at 300 K and 337 K. The study makes an attempt to bridge the gap
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between crystallographic static conformation and biochemical findings by observing the
dynamic changes in the NCI at atomic level. The detailed analysis provides a new direction to
improve the biocatalytic applications in industry.

Materials and Methods
Description of systems

The atomic coordinates of the wt (A172; PDB code: 1IPD) and mut (A172L; PDB code: 10S]J)
were downloaded from protein data bank (PDB). Dimer of wt was generated using symmetry
equivalent molecules. Functional dimers of both systems were used for all simulations at the
different temperatures.

All atom molecular dynamics simulation

All atom molecular dynamics simulations were performed using Gromacs program, version
4.5.3 [27], with the optimized potential for liquid simulations (OPLS) force field [28]. The
topologies of protein were generated by Gromacs package directly. The simulation system was
solvated in a periodic cubic box with a distance of 1.0 nm between wall of box and the protein,
filled with TIP4P water molecules. Appropriate sodium ions were added to neutralize the
charge of mut and wt system. Temperature of the protein and solvent (water and counterion)
were separately coupled to an external bath held at 300 K/337 K, using the (V-rescale) modified
Berendsen thermostat with 0.1 ps relaxation time [29]. The pressure of the system was isotropi-
cally coupled to a barostat at 1 bar using the Parrinello-Rahman method [30]. Simulations
were carried out using the isothermal-isobaric (NPT) ensemble with an isotropic pressure of 1
bar. The electrostatic interactions were treated using the Particle Mesh Ewald (PME) method
[31] with a coulomb cutoff of 1.0 nm. The van der Waals interactions were treated using switch
potential with a cutoff of 1.0 nm with the switch function applied from 0.9 nm. The bond
lengths were constrained using the LINCS [32]. Following energy minimization, temperature
and pressure equilibration was performed by applying the position restraints on the system. To
remove possible unfavorable interactions between solute and solvent, 100 ps equilibration with
position restraints were performed. All production simulations were run for 50 ns with a time
step of 2 fs with the atomic coordinates and velocities were saved after 2 ps. The simulations
were conducted till equilibrium structures were obtained for wt and mut at both temperatures.
Simulations were analyzed in region, 10 ns to 40 ns, unless otherwise mentioned.

RMSD was calculated as a measure of the deviation between the respective Co. atom of the
proteins with respect to initial structure’s Co. atom, average was taken over the Co atoms. In
case of root mean square fluctuations (RMSF), the average was taken over the time. Total sol-
vent accessible surface area (SASA) of hydrophilic and hydrophobic residues was calculated at
a time gap of 2 ps, and was averaged over the trajectory. Further, the solvent accessibility of
each residue and each atom of the residue was calculated.

HBs were calculated using a maximum cutoff distance between the donor and acceptor as
0.35 nm and the donor-hydrogen-acceptor angle to be > 120°. Average number of HBs as a
function of time were calculated as the sum of the total number of HBs in each frame and then
dividing it by the total number of frames. All unique interactions and their occurrence were
calculated for the trajectory with a gap of 2 ps. The hydrogen bond formed between the same
donor and acceptor but with different hydrogen atom was considered unique. Charged (arg,
lys, asp, glu), polar (gln, asn, ser, thr, tyr, cys) and hydrophobic (ala, ile, leu, phe, val, pro, gly,
met, trp) residues were considered for calculating HBs within them.

The salt-bridges (SBs) were calculated between the atoms of negatively charged residues asp
(081, 082), glu (Oel, Oe2), and positively charged residues arg (Ne, Nn1, Nn2), lys (NC),
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within distance of 0.4 nm [33]. Time averaged saltbridges were calculated by dividing the total
saltbridges at a frame to the total number of frames, where each frame was noted after every 2
ps of the trajectory. Terminal carboxylic or amide groups and histidine were ignored for salt-
bridge calculation as are deeply affected by local environment.

Stojanovic and Zaric reported that all C atoms within 0.39 nm interacts through hydropho-
bic contacts [34]. Unique hydrophobic contacts were calculated between all the hydrophobic
atoms (C, Ca, CB, C8, Cd1, C82, Cg, Cel, Ce2, Ce3, Cy, Cy1, Cy2, CL, CL2, C(3, Cn2) within a
distance of 0.4 nm, without redundancy. The results of MD simulations were finally visualized
by Visual Molecular Dynamics 1.9.1 (VMD) [35] and PYMOL [36]. Figures were prepared
using open source gnuplot and Microsoft office Excel 2007. Perl, awk and sed scripts were used
for some calculations.

Results and Discussion

Despite the high structural similarity between wt and mut, our objective is to decipher the
changes in NCI that control them for thermal stability. To fulfill the aim, at first, structural
properties of the systems, that is, RMSD, RMSF, SASA and long distance network analysis are
compared among the systems at both temperatures to confirm that the systems are in correla-
tion with the experimental observations. Then the time-averaged NCI are assessed for both sys-
tems at different temperatures. Unique NCI and the percentage of time their interaction
existed are monitored for wt and mut at both temperatures. Changes in unique interactions are
analyzed within mut, with an increase in temperature and are compared with that in wt at both
temperatures. The details are mentioned in the materials and methods section.

Stability of the structures

To gain an insight into the deviation in tertiary structure of the proteins at both temperatures,
RMSD with respect to initial structure, suggests that the mut stabilizes much earlier than the
wt, nearly at 2 ns (Fig 1). Average RMSD of Ca atoms of the mut at 337 K and 300 K is

2.3 +0.19 and 2.1 + 0.25 A, respectively and for the corresponding in wt is 3.5 + 0.30 and

2.4 +0.57 A (Fig 1 and Table 1). The RMSD of the mut, equilibrated and simulated at different
temperatures nearly overlaps till 40 ns (Fig 1A) and had negligible variation between 300 K
and 337 K (Fig 1). This suggests that the deviation in the three dimensional structure of the
mut is less as compared to the wt with respect to initial structure with the shift in temperature.

Analysis of fluctuations

Thermostable proteins have lower fluctuated regions and are more compact [5]. Hence, in this
section, fluctuations in the deviation of residues are monitored by RMSF of the Co. atoms of
the wt and the mut (Fig 2). Regions fluctuated higher than 1 A are highlighted in Figs 2C and 3.
More fluctuations are observed in case of wt as compared to mut with an increase in tempera-
ture from 300 K to 337 K. Six regions (residues range: 74-82, 274-278, 324-329, 388-390,
620-627 and 666-675) fluctuated more as compared to three regions (residues range: 274-284,
436-441 and 620-628) in mut at 337 K. Two common regions (residues range: 274-278 and
620-628) fluctuate in mut as well as wt, corresponding to same loop regions in both subunits.
Most of the fluctuations are observed in domain 1. However, the fluctuation in domain 2 is less
as compared to domain 1 of both subunits. Still, fluctuations in domain 2 are higher in wt as
compared to the mut. Loop deletion [37] or anchoring of loops [8] has been considered to
increase thermal stability of the proteins, hence reducing the fluctuating regions has increased
thermal stability of the enzyme. The mutation has enhanced thermal stability by reducing the
fluctuations of the regions as compared to wt (Fig 3B).
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Fig 1. Stabilization of the structures. RMSD plot of Ca atoms of A) mut (PDB: 10SJ, A172L) and B) wt
(PDB: 1ipd, A172) at 300 K (red) and 337 K (green).

doi:10.1371/journal.pone.0144294.g001

Distance network analysis

Ca-Ca distance (cut off 0.25 nm) is analyzed to observe the effect of the mutation on long dis-
tance network. The matrix defines the distance between each residue (Co. atom) to all 690 Co
atoms (Fig 4). The matrix is symmetrical about the diagonal representing the distance between
a residue to itself. The distance between a residue to another is represented by the increase in
amplitude of colors from blue to red. The matrix (690 X 690) is divided into four quadrants;
the average distance within residues of subunit 1 is represented in square, lower left section,
345 X 345 corresponding to 345 rows to 345 columns, while for distance within subunit 2 is
represented by the upper right quadrant. The upper left and lower right quadrant represents
the Co-Co distance between the subunits (Fig 4). The regions showing extreme deviation in
Co-Co distance are more in wt as compared to the mut.

In contrast to mut, wt shows delay in attaining the structural stability, highly fluctuated
regions and higher perturbation in long distance network. These properties validate the models
showing higher thermal stability for the mut as compared to the wt and are in agreement with

Table 1. Average and standard deviation (SD) values of RMSD and SASA of mut and wt at 337 K and 300 K.

Systems RMSD?

Mut, 300 K 2.1+0.25
Mut, 337 K 2.3+0.19
Wt, 300 K 24 +0.57
Wt, 337 K 3.5+£0.30

aAverage RMSD # SD, units in A.

SASA® 1o SASA i SASA%
158.36 + 1.81 156.69 + 1.56 315.05 + 3.37
155.76 + 1.64 159.33 + 1.45 315.09 + 3.09
157.60 + 1.44 157.14 +1.27 314.75 + 2.71
158.42 + 1.40 159.69 + 2.05 +3.45

Average SASA + SD by "hydrophobic residues, °hydrophilic residues and “total residues, units in nm?.

doi:10.1371/journal.pone.0144294.t1001
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Fig 2. RMSF of all Ca atoms in A) mut and B) wt at 300 K (green) and 337 K (red) with reference to
initial structure. Deviations more than 1 A are highlighted with black dashed brackets. C) Deviated Ca
atoms of mut and wt are shown with deviation (A).

doi:10.1371/journal.pone.0144294.9002

the experimental observation that the wt has lower thermal stability than the mut [10]. Follow-
ing it the dynamics of most influential NCI, viz., saltbridges, HBs and hydrophobic interactions
are studied as a governing feature of monitoring thermal stability of a protein. The influence of
NCI in a supramolecular assembly manifest in a cooperative or anticooperative fashion

[38,39]. Thus, discussions on the individual NCI are given below.

Saltbridges

Ionization properties of the participating groups, influenced by its environments can signifi-
cantly affect saltbridge formation. Thermal fluctuations, their lifespan in solution and dynamic
behavior has profound effect on saltbridge’s contribution to thermal stability of a protein [40].
In present section, number of time averaged and unique saltbridges with their percentage of

Fig 3. Three dimensional structure of IPMDH. A) Location of A172 is highlighted by blue dashed oval in
domain 2 [19]. Domain 2 is highlighted as yellow and green in subunit 1 and 2 respectively. B) The regions
fluctuated higher than 1 A are emphasized in superposed mut (cyan) and wt (pink)’s structure as blue and
red, respectively.

doi:10.1371/journal.pone.0144294.g003
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Fig 4. Long distance networks in A) wt and B) mut. A and B represents the Ca-Ca distance in wt and the
mut, respectively. i, ii, iii represents the corresponding distances at 337 K (Ca-Cass7x), 300 K (Ca-Cazook),
difference in distances at 337 K and 300 K (Ca-Cass7k-300k), respectively. The regions showing extreme
deviation (-1 nm) are marked with blue ovals and are represented in iii, as difference of i and ii. The
temperature at which simulation is conducted is written in subscript. All residues, 1-690, are represented by
their respective Ca atoms in x and y axis.

doi:10.1371/journal.pone.0144294.g004

existence over the trajectory are assessed at cutoff of 4 A. The difference in time averaged salt-
bridges at 337 K and 300 K is nearly the same in the mut and wt as the number of saltbridges
increases from 300 K to 337 K to the same extent. However, in contrast to wt, average salt-
bridges are more in the mut at both the temperatures. With an increase in temperature, the
unique saltbridges also increase in mut to attain thermal stability at higher temperature in com-
parison to wt (Table 2). The similar trend is observed even after ignoring contacts having per-
centage of existence < 5% (Table 2) and short lived contacts (percentage of existence < 10%)
(S9 Table). This indicates that the saltbridge distribution seems to play an important role for
the muft’s thermal stability. A significant increase in the short lived saltbridges in wt as com-
pared to mut suggests that most of the contacts are transient in nature at high temperature. In

Table 2. Difference in total unique NCI of mut/wt at 337 K and 300 K.

Interaction type mutsazk 300k Wiz37k-300K Mutsz7k.300K" Wi337k-300K
Saltbridges® 76 52 38 29
HBsp° 742 693 146 84
HBSmainch-sidech” 392 344 46 12
HBSgidech-sidech” 235 209 68 46
HBSmainch-mainch® 146 159 35 29
I'IBspoI-poIf 53 30 4 4
HBSchar-char® 206 175 65 36
Hydrophobic contacts" 2948 2850 84 69

"Excluding interactions existed for less than or equal to 5% of the time.

@Difference in total unique saltbridges of the mut or wt between 337 K and 300 K, cut off 0.4 nm.

Difference in total unique Pintra-protein, °mainchain-sidechain, %sidechain atoms, ®mainchain atoms, ‘atoms of polar residues, Scharged residues HBs of
the mut or wt between 337 K and 300 K with the criterion mentioned in materials and methods.

"Difference in total unique hydrophobic contacts of the mut or wt between 337 K and 300 K.

doi:10.1371/journal.pone.0144294.t1002
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contrast to the mut, wt has higher short lived contacts. In addition, the decrease in long lived
contacts (90 < X < 100%) at 337 K indicates that the structure attains higher flexibility at
higher temperature that lead to momentary contacts. Unique saltbridges with their percentage
of existence in the systems at 300 K and 337 K are listed in S1 Table. The difference in substan-
tially lived saltbridge contacts (10 < X < 90%) of mut at 337 K and 300 K is nearly three times
higher than that of wt (Fig 5A). This suggests that contribution from the substantially lived
contacts can be significant for the higher stability of the mut.

HBs

HBs are one of the important NCI governing the stability of a protein. Change in the intra-pro-
tein (IP) HBs depicts an increase in mut in contrast to wt at 337 K. The difference in time aver-
aged IP HBs are positive in mut whereas is negative in wt (Fig 6). In contrast to wt, the
difference in total unique IP HBs between 337 K and 300 K is higher in mut (Table 2). Even
after ignoring short lived HBs, similar trend is observed (S9 Table). Considering the percentage
of existence of these IP HBs in both cases, short lived contacts increase at 337 K suggesting that
significant numbers of bonds break at high temperature. Long lived contact decreases at high
temperature in both cases, possibly the contacts are unable to maintain for long time due to
thermal vibrations. However, the decrease in long lived contacts is significantly higher in wt in
comparison to the mut. This suggests that three dimensional structure of wt is not able to with-
stand high temperature as relatively higher stable and sustainable bonds are not able to main-
tain at 337 K (Fig 5B). The increase in substantially lived contacts in mut at 337 K is similar to
that in saltbridges (Fig 5B). S2 Table lists the unique IP HBs in wt and mut at 300 K and 337 K.

Dissecting the contribution of IP HBs into components, HBs between mainchain to main-
chain atoms (MM), mainchain to sidechain atoms (MS), sidechain to sidechain atoms (SS),
polar to polar residue atoms (PP), hydrophobic to hydrophobic residue atoms (HH) are a few
among several components.

HBs between MM are involved in maintaining the secondary structure of protein and are
local in nature [41,42]. HBs within o-helix and B-sheets, responsible for stability of the second-
ary structures are between MM. Hence, analyzing their dynamic behavior can provide an indi-
cation that the secondary structure of the protein is changing with temperature. It has been
observed that the number of time averaged HBs between MM decreases in both the cases at
337 K. However the decrease in wt is significantly higher (~ seven times) in comparison with
the mut (Fig 6) suggests that even though mut is also affected with an increase in temperature
but the change is much higher in wt. Similar to all the above cases, the substantially lived HBs
formed between MM are more in mut (S2 Fig). In contrast to wt, difference in unique HBs
formed between MM at 337 K and 300 K, even after ignoring interactions existed < 5% of the
duration or short lived interactions are higher in mut. This indicates that new yet moderately
lived interactions increase to maintain the conformation at high temperature (Table 2, S3 and
S9 Tables). This is supported by the fact that the short lived interactions between MM are less
in mut as compared to the wt. The HBs formed between MM stays for relatively long time thus
an increase in substantially lived contacts can be observed (S2 Fig, S3 Table).

Similar to MM, HBs between MS are also local in nature [42,43] and stabilizes mainly the
start sites of o-helices [42,43]. On an average, HBs between MS of wt are highly fragile and
nearly 10 bonds are broken at higher temperature while there is an increase of 3 bonds in mut
(Fig 6). In contrast, time averaged HBs between MS decrease more than five times in case of wt
with an increase in the temperature (Fig 6). Similar to MM, unique MS HBs are more in mut
though short lived contacts are nearly two times less than that in wt (Table 2, S4 Table). More
number of short lived (S2 Fig) and less unique interactions in wt in comparison to mut at 337
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Fig 5. Difference in A) saltbridges, B) IP HBs and C) hydrophobic contacts (y-axis) based on
percentage of the interaction existed (x-axis) at 337 K and 300 K in mut (blue) and wt (red) is
represented by bar graphs. Insets in panel A, B and C represents short lived (0 < X < 10%), substantially
lived (10 < X < 90%) and long lived (90 < X < 100%) interactions. The criterion for saltbridge, IP HBs and
hydrophobic contacts are mentioned in materials and methods. 5% of the series value is displayed as error
bars.

doi:10.1371/journal.pone.0144294.g005

K (S2 Table) suggests that the share of short lived contacts in the overall unique interactions
are higher in wt, fragile in nature, and fail to stabilize the contacts for long time. This advocates
the instability of wt in comparison to mut at high temperature (S2 Fig).

The average HBs between SS increase in both cases to same degree with an increase in tem-
perature at 337 K (Fig 6). In contrast to wt, there is a significant increase in unique interactions
between SS in mut at 337 and 300 K (Table 2). Difference in short lived contacts formed
between SS at 337 K and 300 K are higher in wt in comparison with mut whereas the long lived
contacts decrease at 337 K (S2 Fig, S5 Table). In contrast to wt, substantially lived HBs formed
between SS are higher in mut (S2 Fig).

Network of HBs formed by PP is responsible for stabilization of protein’s structure in solu-
tion [43,44]. Difference in unique HBs between PP at 337 K and 300 K is more in mut than wt
(Table 2). The same trend is followed by HBs between charged residues (CC) (Table 2). The
degree of increase in short and long lived contacts between CC is nearly the same, while the
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Fig 6. Difference in average HBs of mut (grey) and wt (black) at 337 K and 300 K. The change in average
number of HBs formed between MS, SS, MM, and IP in case of mut and wt at 337 K and 300 K are
highlighted. Error bars are displayed for the selected series with 5% of the value.

doi:10.1371/journal.pone.0144294.g006

substantially lived contacts are more in the mut (52 Fig). Difference in short lived HBs formed
between HH shows that it is nearly 1.5 times more in wt as compared to mut and long lived
contacts decreases at 337 K (S2 Fig).

Considering the effect of water on thermal stability of protein at higher temperature, surface
water promotes both folding rate and stability of a protein [45]. Extensive network of HBs
among waters in proteins hydration shell exists in thermophilic proteins [46]. There is a
decrease in protein-water HBs at higher temperature in both mut and the wt, however, the
decrease is significantly more in the mut as compared to wt. Similarly, HBs between mainchain
atoms to water, sidechain residue atoms to water, polar residue atoms to water, charged residue
atoms to water and hydrophobic residue atoms to water in mut shows considerably less inter-
action at higher temperature in comparison to wt. The least interaction between mut’s hydro-
phobic residue atoms with water is at 337 K, more than three-fold difference in comparison
with wt where there is an increase of water-hydrophobic residue atoms interaction (Table 3).
The substitution of alanine to leucine at position 172 may lead to the folding of protein such
that the percentage of hydrophobic residues bury inside at higher temperature and minimal
interaction with water contributing its stability.

Table 3. Difference in time averaged HBs of mut/wt with solvent (water) between 337 K and 300 K.

Interaction type mutsszk-300k Wis37K-300Kk
Protein-water® -27.85 -17.3
Mainchain-water® -23.87 -19.45
Sidechain-water® -53.00 -35.69
Polar-water® 719 -1.02
Charge-water® -47.91 -44.74
Hydrophobic-water' -21.66 9.63

Difference in average HBs formed between ®protein-water, ®mainchain-water, °sidechain-water, “polar
residues-water, ®charged residues-water, ‘hydrophobic residues-water between 337 K and 300 K.

doi:10.1371/journal.pone.0144294.t003
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Hydrophobic contacts

Hydrophobic interactions at the protein surface contributes to protein stabilization [47]. Aver-
age and unique hydrophobic contacts at both temperatures are calculated as mentioned in
materials and methods section. Percentage of time a unique contact exists is calculated based
on the number of times the interaction existed out of the total number of frames considered. In
contrast to wt, unique hydrophobic contacts exceeds in mut at both temperature. The differ-
ence in time averaged hydrophobic contacts remains unchanged in the mut however more
than six hydrophobic bonds are broken in wt with shift in temperature. Further, the mut is sta-
bilized with more unique hydrophobic contacts than wt at both temperatures (Table 2, S8
Table). Short lived unique hydrophobic contacts increase at 337 K in both mut and wt with an
overlap of error bars with 5% of the value. In correlation with hydrogen and saltbridge con-
tacts, the momentary hydrophobic contacts are more in wt at 337 K in comparison with wt.
Similar to hydrogen and saltbridge contacts, difference in substantially lived hydrophobic con-
tacts at 337 K and 300 K is higher in the mut in comparison to wt (Fig 5C). Unique hydropho-
bic contacts and their percentage of existence in wt and mut at 300 K and 337 K are listed in S8
Table.

SASA of whole protein, hydrophilic and hydrophobic residues provides an indication of
folding state of a protein [9,48] (Table 1). Total SASA of mut remains the same but increases in
wt at 337 K. Buried hydrophobic residues are more exposed to water in wt as indicated by
increase in SASA of hydrophobic residues in wt while it decreases to the same extent in the
mut at 337 K (Table 1). The result is further complemented by the fact that HBs between
hydrophobic residue atoms and water in mut significantly lost at 337 K as it further gets buried
in protein core (Table 3). Monera et al. [48] reported that buried hydrophobic residues of a
protein get exposed to water during its unfolding. Hence, the increase in SASA of whole protein
and of hydrophobic residues in wt at 337 K suggests that buried hydrophobic residues gets
exposed to environment resulting in its instability and on the other hand, highly persistent
hydrophobic interactions in mut thus provides additional capacity to withstand high
temperature.

Conclusions

The present molecular dynamics study examines and identifies key changes in NCI responsible
for controlling thermal stability of mut and wt of IPMDH. The mutation effectively modifies
the protein’s structural and flexibility properties. RMSD in quaternary structure (Co atoms) is
significantly higher in wt with respect to its initial structure and the protein fails to stabilize fast
at both temperatures.

The SASA remains indifferent in mut while it increases in wt at 337 K. In contrast to mut,
hydrophobic residues in wt are noticeably exposed to water at higher temperature. In contrast
to mut, hydrophobic residues in wt are noticeably exposed to water at higher temperature. Fur-
ther, the fluctuating regions (Co. atoms) are more in wt in comparison to mut at 337 K. Long
distance networks (Co-Co) are significantly affected in wt as compared to mut at higher tem-
perature. RMSD, RMSF, SASA, long range networks suggests the instability of wt in compari-
son with the mut at 337 K.

The dynamic features that demarcate the two systems permit us to conclude that thermal
stability of the mut at 337 K is maintained to a greater extent as long and substantially lived
saltbridge contacts increases. The increase in electrostatic and hydrophobic short lived contacts
is less in mut than that of wt at 337 K. Less exposures of hydrophobic residues to solvent and
more unique saltbridges, HBs and hydrophobic interaction in mut support its stability at high
temperature.
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The dynamics of the factors are analyzed as a feature to explain the thermal stability of mut
to wt. The mutation produces complex distal effects that underlie the intimate interplay
between the dynamic character of electrostatic and hydrophobic interactions, led to thermal
stabilization of it. Accessing the causative factor for thermal stability is of prime industrial
importance. Establishing a relationship between a mutation and structural transitions triggered
by NCI can aid in optimal protein engineering.

Supporting Information

S1 Fig. Tertiary structures of A) wt (PDB id: 1IPD) [20] and B) mut (PDB id: 10S]J) [19].
Subunit 1 and 2 are represented in green and blue, respectively.
(TIFF)

S2 Fig. Difference in HBs between A) MM, B) MS, C) SS D) CC, E) HH (y-axis) based on
percentage of time the interaction existed (x-axis) at 337 K and 300 K in mut (blue) and wt
(red).

(TIFF)

S1 Table. Unique salt bridges and their percentage of existence in wt and mut at 300 K and
337 K. Drnona and Arnona represents donor and acceptor residue number followed by its
abbreviation (3 Letter), respectively. D and A indicates interacting donor and acceptor atom,
respectively. The color formatting indicates the percentage of time the interaction (precen)
existed within 10% of the range, 0 < X < 10%: grey background, 10 < X < 20%: blue back-
ground, 20 < X < 30%: yellow background, 30 < X < 40%: green text, 40 < X < 50%: red bor-
der, 50 < X < 60%: red text, 60 < X < 70%: pink background and black text, 70 < X < 80%:
green text and background, 80 < X < 90%: orange background, 90 < X < 100%: pink back-
ground and text.

(PDF)

$2 Table. Unique IP HBs between donor and acceptor atom of wt and mut at 300 K and
337 K. The color formatting indicates the percentage of time interaction existed as in S1 Table.
(PDF)

S3 Table. Percentage of time HBs existed between MM of the wt and mut at 300 K and 337
K. The color formatting pattern is as followed in S1 Table.
(PDF)

$4 Table. Unique HBs between MS of wt and mut at 300 K and 337 K. The color formatting
indicates the percentage of time interaction existed is as in S1 Table.
(PDF)

S5 Table. Unique HBs between SS of wt and mut at 300 K and 337 K. The color formatting
indicates the percentage of time interaction existed is as in S1 Table.
(PDF)

S6 Table. Percentage existence of HBs between PP of wt and mut at 300 K and 337 K. The
color formatting indicates the percentage of time interaction existed is as in S1 Table.
(PDF)

S7 Table. Percentage of existence of unique HBs between CC of wt and mut at 300 K and
337 K. The color formatting indicates the percentage of time interaction existed is as in S1
Table.

(PDF)
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S8 Table. Unique intra hydrophobic contacts and the percentage of their existence in wt
and mut at 300 K and 337 K. The color formatting indicates the percentage of time interaction
existed is as in S1 Table.

(PDF)

S9 Table. Difference of unique NCI in mut and wt at 337 K and 300 K after removing the
interactions having percentage of existence less than or equal to 10%.
(PDF)

Acknowledgments

The authors thank Genomics and Informatics Solutions for Integrating Biology (GENESIS
BSC0121) and Department of Science and Technology (DST) for financial support.

Author Contributions

Conceived and designed the experiments: RS GNS. Performed the experiments: RS. Analyzed
the data: RS. Contributed reagents/materials/analysis tools: RS GNS. Wrote the paper: RS GNS.

References

1. vanden Burg B. Extremophiles as a source for novel enzymes. Current Opinion in Microbiology. 2003;
6(3):213-8. PMID: 12831896

2. \Vieille C, Burdette DS, Zeikus JG. Thermozymes. Biotechnology Annual Review. 1996; 2:1-83. PMID:
9704095

3. Vogt G, Woell S, Argos P. Protein thermal stability, hydrogen bonds, and ion pairs. Journal of Molecular
Biology. 1997; 269(4):631-43. PMID: 9217266

4. Perutz MF, Raidt H. Stereochemical basis of heat stability in bacterial ferredoxins and in haemoglobin
A2. Nature. 1975; 255(5505):256—9. PMID: 1143325

5. Russell RJ, Hough DW, Danson MJ, Taylor GL. The crystal structure of citrate synthase from the ther-
mophilic archaeon, Thermoplasma acidophilum. Structure (London, England: 1993). 1994; 2
(12):1157-67.

6. Szilagyi A, Zavodszky P. Structural differences between mesophilic, moderately thermophilic and
extremely thermophilic protein subunits: results of a comprehensive survey. Structure (London,
England: 1993). 2000; 8(5):493-504.

7. Haney PJ, Badger JH, Buldak GL, Reich Cl, Woese CR, Olsen GJ. Thermal adaptation analyzed by
comparison of protein sequences from mesophilic and extremely thermophilic Methanococcus species.
Proceedings of the National Academy of Sciences of the United States of America. 1999; 96(7):3578—
83. PMID: 10097079

8. Vieille C, Zeikus GJ. Hyperthermophilic enzymes: sources, uses, and molecular mechanisms for ther-
mostability. Microbiology and molecular biology reviews: MMBR. 2001; 65(1):1-43. PMID: 11238984

9. Manjunath K, Sekar K. Molecular Dynamics Perspective on the Protein Thermal Stability: A Case
Study Using SAICAR Synthetase. Journal of Chemical Information and Modeling. 2013; 53(9):2448—
61. doi: 10.1021/ci400306m PMID: 23962324

10. QuC, Akanuma S, Tanaka N, Moriyama H, Oshima T. Design, X-ray crystallography, molecular model-
ling and thermal stability studies of mutant enzymes at site 172 of 3-isopropylmalate dehydrogenase
from Thermus thermophilus. Acta Crystallographica Section D, Biological Crystallography. 2001; 57 (Pt
2):225-32. PMID: 11173468

11.  Wallon G, Kryger G, Lovett ST, Oshima T, Ringe D, Petsko GA. Crystal structures of Escherichia coli
and Salmonella typhimurium 3-isopropylmalate dehydrogenase and comparison with their thermophilic
counterpart from Thermus thermophilus. JMolBiol. 1999; 266:1016-31.

12. Nurachman Z, Akanuma S, Sato T, Oshima T, Tanaka N. Crystal structures of 3-isopropylmalate dehy-
drogenases with mutations at the C-terminus: crystallographic analyses of structure-stability relation-
ships. Protein Eng. 2000; 13:253-8. PMID: 10810156

13. Sakurai M, Ohzeki M, Miyazaki K, Moriyama H, Sato M, Tanaka N, et al. Structure of a loop-deleted var-
iant of 3-isopropylmalate dehydrogenase from Thermus thermophilus: an internal reprieve tolerance
mechanism. Acta Crystallogr,SectD. 1995; 52:124—8.

PLOS ONE | DOI:10.1371/journal.pone.0144294 December 11,2015 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144294.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0144294.s011
http://www.ncbi.nlm.nih.gov/pubmed/12831896
http://www.ncbi.nlm.nih.gov/pubmed/9704095
http://www.ncbi.nlm.nih.gov/pubmed/9217266
http://www.ncbi.nlm.nih.gov/pubmed/1143325
http://www.ncbi.nlm.nih.gov/pubmed/10097079
http://www.ncbi.nlm.nih.gov/pubmed/11238984
http://dx.doi.org/10.1021/ci400306m
http://www.ncbi.nlm.nih.gov/pubmed/23962324
http://www.ncbi.nlm.nih.gov/pubmed/11173468
http://www.ncbi.nlm.nih.gov/pubmed/10810156

@’PLOS ‘ ONE

Non-Covalent Interactions for Deciphering Thermal Stability

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Nagata C, Moriyama H, Tanaka N, Nakasako M, Yamamoto M, Ueki T, et al. Cryocrystallography of 3-
Isopropylmalate dehydrogenase from Thermus thermophilus and its chimeric enzyme. Acta Crystal-
logr,SectD. 1995; 52:623-30.

Akanuma S, Qu C, Yamagishi A, Tanaka N, Oshima T. Effect of polar side chains at position 172 on
thermal stability of 3-isopropylmalate dehydrogenase from Thermus thermophilus. FEBS Letters. 1997;
410(2-3):141-4. PMID: 9237617

Moriyama H, Onodera K, Sakurai M, Tanaka N, Kirino-Kagawa H, Oshima T, et al. The crystal struc-
tures of mutated 3-isopropylmalate dehydrogenase from Thermus thermophilus HB8 and their relation-
ship to the thermostability of the enzyme. Journal of Biochemistry. 1995; 117(2):408—13. PMID:
7608131

Kotsuka T, Akanuma S, Tomuro M, Yamagishi A, Oshima T. Further stabilization of 3-isopropylmalate
dehydrogenase of an extreme thermophile, Thermus thermophilus, by a suppressor mutation method.
Journal of Bacteriology. 1996; 178(3):723-7. PMID: 8550506

Nurachman Z, Akanuma S, Sato T, Oshima T, Tanaka N. Crystal structures of 3-isopropylmalate dehy-
drogenases with mutations at the C-terminus: crystallographic analyses of structure—stability relation-
ships. Protein Engineering. 2000; 13(4):253-8. PMID: 10810156

Qu C, Akanuma S, Moriyama H, Tanaka N, Oshima T. A mutation at the interface between domains
causes rearrangement of domains in 3-isopropylmalate dehydrogenase. Protein Eng. 1996; 10:45-52.

Imada K, Sato M, Tanaka N, Katsube Y, Matsuura Y, Oshima T. Three-dimensional structure of a highly
thermostable enzyme, 3-isopropylmalate dehydrogenase of Thermus thermophilus at 2.2 A resolution.
JMolBiol. 1992; 222:725-38.

Suzuki T, Yasugi M, Arisaka F, Oshima T, Yamagishi A. Cold-adaptation mechanism of mutant
enzymes of 3-isopropylmalate dehydrogenase from Thermus thermophilus. Protein Engineering. 2002;
15(6):471-6. PMID: 12082165

Maiti R, Van Domselaar GH, Zhang H, Wishart DS. SuperPose: a simple server for sophisticated struc-
tural superposition. Nucleic Acids Research. 2004; 32(Web Server issue):W590-4. PMID: 15215457

Srivani P, Usharani D, Jemmis ED, Sastry GN. Subtype selectivity in phosphodiesterase 4 (PDE4): a
bottleneck in rational drug design. Current Pharmaceutical Design. 2008; 14(36):3854—72. PMID:
19128237

Chourasia M, Sastry GM, Sastry GN. Aromatic—Aromatic Interactions Database, A2ID: An analysis of
aromatic Tr-networks in proteins. International Journal of Biological Macromolecules. 2011; 48(4):540—
52. doi: 10.1016/j.ijbiomac.2011.01.008 PMID: 21255607

Srivastava HK, Chourasia M, Kumar D, Sastry GN. Comparison of Computational Methods to Model
DNA Minor Groove Binders. Journal of Chemical Information and Modeling. 2011; 51(3):558-71. doi:
10.1021/ci100474n PMID: 21375336

Mahadevi AS, Sastry GN. Cation-1r interaction: its role and relevance in chemistry, biology, and mate-
rial science. Chemical Reviews. 2013; 113(3):2100-38. doi: 10.1021/cr300222d PMID: 23145968

Hess B, Kutzner C, van der Spoel D, Lindahl E. GROMACS 4: Algorithms for Highly Efficient, Load-Bal-
anced, and Scalable Molecular Simulation. J Chem Theory Comput. 2008; 4(3):435—47.

Jorgensen WL, Maxwell DS, Tirado-Rives J. Development and Testing of the OPLS All-Atom Force
Field on Conformational Energetics and Properties of Organic Liquids. Journal of the American Chemi-
cal Society. 1996; 118(45):11225-36.

Ikeda K. On the Theory of Isothermal-Isobaric Ensemble. | Mathematical Treatment of the Partition
Function. Progress of Theoretical Physics. 1967; 38(3):584-610.

Parrinello M, Rahman A. Polymorphic transitions in single crystals: A new molecular dynamics method.
Journal of Applied Physics. 1981; 52(12):7182—90.

Darden T, York D, Pedersen L. Particle mesh Ewald: An N-log(N) method for Ewald sums in large sys-
tems. The Journal of Chemical Physics. 1993; 98(12):10089-92.

Hess B, Bekker H, Berendsen HJC, Fraaije JGEM. LINCS: A linear constraint solver for molecular sim-
ulations. Journal of Computational Chemistry. 1997; 18(12):1463-72.

Kumar S, Nussinov R. Close-range electrostatic interactions in proteins. Chembiochem: A European
Journal of Chemical Biology. 2002; 3(7):604—17. PMID: 12324994

Sran Stojanovi SDZ. Hydrogen Bonds and Hydrophobic Interactions of Porphyrins in Porphyrin-Con-
taining Proteins. The Open Structural Biology Journal. 2009; 309(34):34—41.

Humphrey W, Dalke A, Schulten K. VMD: visual molecular dynamics. Journal of Molecular Graphics.
1996; 14(1):33-8, 27-8. PMID: 8744570

Schrodinger, LLC. The PyMOL Molecular Graphics System, Version 1.3r1.2010.

PLOS ONE | DOI:10.1371/journal.pone.0144294 December 11,2015 14/15


http://www.ncbi.nlm.nih.gov/pubmed/9237617
http://www.ncbi.nlm.nih.gov/pubmed/7608131
http://www.ncbi.nlm.nih.gov/pubmed/8550506
http://www.ncbi.nlm.nih.gov/pubmed/10810156
http://www.ncbi.nlm.nih.gov/pubmed/12082165
http://www.ncbi.nlm.nih.gov/pubmed/15215457
http://www.ncbi.nlm.nih.gov/pubmed/19128237
http://dx.doi.org/10.1016/j.ijbiomac.2011.01.008
http://www.ncbi.nlm.nih.gov/pubmed/21255607
http://dx.doi.org/10.1021/ci100474n
http://www.ncbi.nlm.nih.gov/pubmed/21375336
http://dx.doi.org/10.1021/cr300222d
http://www.ncbi.nlm.nih.gov/pubmed/23145968
http://www.ncbi.nlm.nih.gov/pubmed/12324994
http://www.ncbi.nlm.nih.gov/pubmed/8744570

@’PLOS ‘ ONE

Non-Covalent Interactions for Deciphering Thermal Stability

37.

38.

39.

40.

41.

42,

43.

44.
45.

46.

47.

48.

Thompson MJ, Eisenberg D. Transproteomic evidence of a loop-deletion mechanism for enhancing
protein thermostability. Journal of Molecular Biology. 1999; 290(2):595-604. PMID: 10390356

Vijay D, Sastry GN. The cooperativity of cation—1r and m—1r interactions. Chemical Physics Letters.
2010; 485(1-3):235-42.

Saha S, Sastry GN. Cooperative or Anticooperative: How Noncovalent Interactions Influence Each
Other. The Journal of Physical Chemistry B. 2015; 119(34):11121-35. doi: 10.1021/acs.jpcb.5b03005
PMID: 25938813

Jelesarov |, Karshikoff A. Defining the role of salt bridges in protein stability. Methods in Molecular Biol-
ogy (Clifton, NJ). 2009; 490:227-60.

Ippolito J, Alexander R, Christianson D. Hydrogen-Bond Stereochemistry in Protein-Structure and
Function. Journal of Molecular Biology. 1990; 215(3):457—-71. PMID: 2231715

Stickle D, Presta L, Dill K, Rose G. Hydrogen-Bonding in Globular-Proteins. Journal of Molecular Biol-
ogy. 1992; 226(4):1143-59. PMID: 1518048

Baker E, Hubbard R. Hydrogen-Bonding in Globular-Proteins. Progress in Biophysics & Molecular Biol-
ogy. 1984; 44(2):97-179.

Dill KA. Dominant forces in protein folding. Biochemistry. 1990; 29(31):7133-55. PMID: 2207096
Guang-Hong Z, Jun H, Hai-Ping F. Protein Folding under Mediation of Ordering Water: an Off-Lattice
Go-Like Model Study. Chinese Physics Letters. 2007; 24(8).

Sterpone F, Bertonati C, Briganti G, Melchionna S. Key role of proximal water in regulating thermosta-
ble proteins. The Journal of Physical Chemistry B. 2009; 113(1):131-7. doi: 10.1021/jp805199¢ PMID:
19072709

Van den Burg B, Dijkstra BW, Vriend G, Van der Vinne B, Venema G, Eijsink VG. Protein stabilization
by hydrophobic interactions at the surface. European journal of biochemistry / FEBS. 1994; 220
(3):981-5. PMID: 8143751

Monera OD, Sereda TJ, Zhou NE, Kay CM, Hodges RS. Relationship of sidechain hydrophobicity and

alpha-helical propensity on the stability of the single-stranded amphipathic alpha-helix. Journal of Pep-
tide Science: An Official Publication of the European Peptide Society. 1995; 1(5):319-29.

PLOS ONE | DOI:10.1371/journal.pone.0144294 December 11,2015 15/15


http://www.ncbi.nlm.nih.gov/pubmed/10390356
http://dx.doi.org/10.1021/acs.jpcb.5b03005
http://www.ncbi.nlm.nih.gov/pubmed/25938813
http://www.ncbi.nlm.nih.gov/pubmed/2231715
http://www.ncbi.nlm.nih.gov/pubmed/1518048
http://www.ncbi.nlm.nih.gov/pubmed/2207096
http://dx.doi.org/10.1021/jp805199c
http://www.ncbi.nlm.nih.gov/pubmed/19072709
http://www.ncbi.nlm.nih.gov/pubmed/8143751

