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An increase in CO, emission has led to global warming which puts the whole of humanity at risk. Carbon
capture and storage (CCS) has become one of the most conventional methods for reversing global
warming. Addition of carbonic anhydrase (CA) to these systems have been investigated due to their high
catalytic activity of CO, hydration. However these enzymes need to be able to withstand high
temperatures in order to be applicable and therefore new thermostable mutants are searched for. Ancestral
sequence reconstruction (ASR) was used for this purpose. In search of a pre screening method to identify
more thermostable mutants before laboratory characterization, molecular dynamics (MD) has been

investigated.

A phylogenetic tree by ARS was created from genome sequences of CA from thermophilic
microorganisms. In total 11 mutants and one wild type CA were simulated for 100 ns at 363 K and 393 K.
Root mean square deviation (RMSD), root mean square fluctuation (RMSF), number of hydrogen bonds
within the enzymatic monomer and in the interphase of the monomers in the dimers were investigated. No
conclusive results regarding the most thermostable mutants could be drawn. Suggestions of the least

thermostable mutants were given (S_N3, S N4, N2 and PmCA).

60P P DQ DMLY

Ett okat utslapp av CO, har resulterat i den globala uppvarmningen, vilket utsétter hela méanskligheten for
fara. Avskiljning och lagring av koldioxid (CCS) &r en av de mest konventionella metoderna for
koldioxidavskiljning. M6jligheten att tillsitta karbanhydras (CA) till dessa system har undersokts da de
har en hog katalytisk aktivitet for koldioxidhydrering. Dock s& maste dessa enzym klara av de hoga
temperaturer for att kunna tillimpas. Darmed eftersoktes mutanter med hog termostabilitet.
Rekonstruktion av forfaderssekvenser (ASR) har anvénts for detta &ndamal. I syfte att hitta en
forunders6kningsmetod for att identifiera mer termostabila mutanter fore karakterisering av dem pé

laboratoriet, s& har molekyldynamiska simuleringar (MD) undersokts.



Ett fylogenetiskt trdd med hjélp av ARS skapades fran gensekvenser av CA fran termofila
mikroorganismer. Totalt simulerades 11 mutanter och en vildtyp-CA under 100 ns vid 363 K och 393 K.
Root mean square deviation (RMSD), root mean square fluctuation (RMSF), antal vétebindningar inom
monomererna av enzymerna samt emellan monomererna av dimerena undersoktes. Inga faststéllda
resultat kunde bestdmmas angaende vilka mutanter som var mest termostabila. Forslag pa de minst

termostabila angavs (S N3, S N4, N2 och PmCA).

. H ZRLV

Global warming, Carbon capture and storage, Carbonic anhydrase, Ancestral sequence reconstruction,

Molecular dynamics
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Global uppvéirmning, Avskiljning och lagring av koldioxid, Karbanhydras, Rekonstruktion av

forfaderssekvenser, molekyldynamiska simuleringar
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Through industrial processes worldwide a lot of CO, has been released into the atmosphere resulting in
global warming. Because of this, Carbon capture and storage (CCS) is becoming more relevant. Different
technologies within the fields of physical, chemical and biological capture are being developed for this
purpose [1]. The biological carbon capture technique utilizes enzymes as catalysts in the reactions
converting CO, into other substances. Different enzymes can be used but carbonic anhydrase (CA)
outcompetes other enzymes by efficiency as it has Npyalues of 10 to 10° s [2]. Other enzymes that
have been investigated for this purpose are dehydrogenases, having reported Npyalues of 11 - 47 s™!
[3][4][5], decarboxylases have values of 0.8 s [6] and ribulose-1,5-biphosphate carboxylase/oxygenase
(RuBisCO) of 1 -10 s [7]. The CA can be added as catalysts to conventional chemical based CCS
processes such as amine based solvent systems. This could significantly improve the absorption of CO, of
the slow system. In addition, the amine based system requires high temperatures for a good performance
and the utilization of enzymes could lower this energy consumption [8][9]. However the temperatures in
the industrial processes can reach over 140 B] which can denature the enzymes fast [10]. In addition other
harsh conditions such as high pressure, high alkalinity and high salinity are required which can inactivate
the enzyme. Among the different potential enzymes CA has shown greater adaptability to chemical CCS
conditions and therefore it has been of greatest interest. Attempts to engineer new mutants of CA in order
for it to be able to resist the harsh conditions have been made. Finding mutants with higher thermal
stability has been of particular interest [9]. For this purpose ancestral sequence reconstruction (ASR) can
be used. Genetic sequences of highly thermostable wild type CA can be used in ASR to create
hypothetical ancestors to the wild type thermostable CA. Since the world used to have a higher
temperature compared to today's temperatures, it has been hypothesized that the ancestral enzymes
needed to be able to work at higher temperatures and were thus more thermostable [2]. It has often been
the case that inferred ancestral enzymes generated through ASR have higher thermostability [11]. It is
therefore of interest to investigate if the proposed enzymes by ASR are functional proteins and if they are
thermostable, through investigations of their melting temperature and half life at a given temperature. Due
to the laboratory procedures of producing all different proposed ancestral CA’s by ASR and
characterization of them is very laborious and expensive, utilization of molecular dynamics (MD)
simulations can be of interest. This would help reduce the number of CA that would be suitable for

experimental characterization [2].



There is an ongoing project within carbon dioxide fixation at KTH in collaboration with SU, Enginzyme
and Stockholm Exergi. Attempts to immobilize CA on different materials in order to enhance the
enzyme’s thermostability have been done. In addition four mutated CA variants from ASR have
previously been produced (N2, N5, N7 and N12). Their thermostability and the thermostability of the
wild type 3HIEKRHD P DUPmCA) has been tried to be established in the laboratory but no

conclusive results have been drawn yet.

0 RAYDARD

The whole world is affected by global warming. Some societies more than others at the moment, but
within time it is probable that all societies will be affected. This could result in destruction of societies
and ecosystems [12]. Not only is it a problem of today's society, but also of the future societies. Therefore
research within carbon fixation is important as it could be part of reversing global warming. However
carbon fixation processes are not perfect and have room for improvement. It is important to optimize the
process with regards to how much carbon dioxide they can capture in comparison to how much the
processes emit, in order for this to be a solution. The addition of thermostable CA to these processes

could significantly improve their efficiency.

3UREGP \NDAP HOWV

The largest holdback to why CA is not added to the CCS process at a larger extent today is because the
enzymes have a hard time to survive for longer periods of time in the harsh conditions. In addition, the
enzymes are rather expensive to produce. Therefore new mutants have to be found which can survive at

higher temperatures for long periods of time [13].

5 HHOUHK RENMRYH

The objective of this degree project is to attempt to simulate the thermostability of the enzyme CA with
MD simulations. The previously produced mutants (N2, N5, N7, N12) and PmCA (these will be referred
to as previous mutants) will be simulated and the results will be compared to the results from the
laboratory characterization. In addition, ASR will be done in order to design new mutated CA (these will
be referred to as new mutants) with hopefully an increased thermostability. MD simulations will be used
in order to help with the selection of promising new mutated enzymes to further investigate in the

laboratory.
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CA (EC 4.2.1.1)[2] is an enzyme present in almost all living organisms (animals, plants and

microorganisms)[ 14] and is among the most efficient enzymes on the planet [15]. It catalyzes the reaction

1 =_m®6 1=‘Z iy — 6_I v [9]. It is a broad enzyme group of zinc metalloproteins with

Yyo— "y T
several very different and genetically unrelated forms such as a, B, v, 9, {, 1, 0 and 1 [8][9]. The most
studied isoforms are a, B and y. a-CA is usually found in mammals, -CA is dominant in plants and algae
while y-CA is mostly found in single cell microorganisms such as archaea [13]. However they have all
been found in bacteria [16]. They have different structures and different amino acids coordinating the zinc
ion in the active site. The a-CA has been the most studied regarding application in CCS as it has a
relatively shorter amino acid sequence, their genes are easier to identify in the genomes of thermophilic
bacteria and they are efficient CO, hydration catalysts [17]. In a-CA the Zn*"is coordinated by three
histidine residues (His) and a water molecule [14]. See structure and active site in Figure 1. A H"is
removed from the Zn*" coordinated H,O which creates an OH™ which will do a nucleophilic attack on the
partially positive carbon of CO,. This will create a HCO; which will be replaced at the Zn?" with a new
H,0. The reaction mechanism for a-CA can be seen in Figure 2 [13]. The CO, hydration activity can be
measured with the Wilbur-Anderson assay, where the time in minutes is measured for the pH to decrease
B, B,

BS

from 8.3 to 6.3 in a solution saturated with CO, at 0 °C, due to the reaction. One unit is defined as

where T, is the time without enzyme and Ty is the time with enzyme.[18][19]. The zinc is coordinated in a
cone shaped active site in the enzyme [13]. One side of the wall of the cavity near the zinc is hydrophobic
with the theory of facilitating the binding of CO, while the other side of the wall is hydrophilic which is
supposed to facilitate the shuffle of H" between the active site and surrounding buffer. The zinc ion in
a-CA can also hydrolyze esters [20][17][13]. The bacterial retrieved a-CA has been found to form dimers
and in one instance even a tetrameric assembly [21]. Oligomerization of enzymes have been suggested to
contribute to stabilization of enzymes and therefore result in increased thermostability [17]. When
engineering thermostable CA, wild type CA from thermophilic microorganisms have been a starting

point, as these have documented tolerance for temperatures between 80 - 90 B] (pH tolerances over 7)

[91(13].



Figure 1: Crystal structure of a dimeric form of a-CA with PDB id: 6im3 (left picture). The three histidines

coordinating Zn*" (right picture).
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Figure 2: Reaction mechanism of CO, hydration by a-CA.
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CO, is a thermodynamically stable molecule which makes it difficult to react with it and separate it from
other gas molecules. In addition, the flue gas that is of interest to treat in CCS plants only has 4 - 14 vol%
of CO, which makes the process more difficult. In general, during carbon capture, flue gas is passed from

the bottom of a column which contains absorption liquid, which moves counter currently. Here the



temperature reaches 30 - 50 B]. When the gas and the liquid are in contact, CO, will be absorbed by a
chemical reaction and form an intermediate compound. The CO, rich solution will be passed to a new
column for regeneration of CO,. The solution will be heated to 120 - 140 B] which will result in the
intermediate compound to regenerate the absorption liquid which will be recirculated to the absorption
column for reuse, and a concentrated CO, gas stream which will be collected. The CO, gas is then

compressed for transportation and storage [13][10]. See Figure 3.

Treated gas Carbon dioxide

Absorber Stripper
| 30-50°c |Rich solvent | | 120-140°C |
Lean solvent /

Flue gas
4 - 14 vol% CO2

Figure 3: Schematic representation of a commonly used carbon capture process.

Multiple absorption liquids have been under consideration such as primary, secondary, tertiary amines,
chilled ammonia and potassium carbonate etc. However amine based systems, especially primary amines
have been investigated the most. Primary and secondary amines react with CO, and form a stable

carbamate ion according to Scheme 1.

Scheme 1: Secondary amine reacts with CO, and a base (B). B can be H,0, OH or another amine. R, are the side

groups of the amine.

RR;—NH + CO, + B =—= R,R;—NCOO + BH'



Tertiary amines will on the other hand form less stable bicarbonate, see Scheme 2.
Scheme 2: CO, reacts with water and tertiary amine reacts with hydrogen. The overall reaction can be seen.

CO, + H,0 H* + HCO,

I

RR:R—N + H R,R,R;—NH"

QOverall reaction

co, + RRR—N + H0 RR.R—NH" + HCO;

Primary and secondary amines have a lower capture capacity as they require two amines for absorption of
one CO, in contrast to tertiary amines that only require one amine for one CO,. In addition the
regeneration energy required for primary and secondary amines is much higher (can reach up to 80% of
total process cost) than for tertiary amines. However primary and secondary amines have a higher
reaction rate than the tertiary amines which results in the possibility of smaller columns. The addition of
CA could help facilitate the CO, absorption in systems with low reaction rates but also lower regeneration
energies [22][23][24][13][8][10]. The pH of the system has been suggested to determine if the forward or

backward reaction will occur [25].

$ CFRADOHT XH FHUHRQWWKPARQ

ASR is a strategy to create an inferred phylogenetic tree from a number of input sequences. Different
approaches can be used in order to determine the evolutionary relationship between the different
sequences, such as maximum likelihood (ML), Bayesian inference (BI), maximum parsimony (MP) etc.
Statistical algorithms are applied in the construction processes. After the tree has been created the
sequences of the inferred ancestors can be calculated. Once again different methods can be applied for
this, such as ML, BI and MP. They all give different results for the new sequences as they consider
different parameters such as mutation rate, selection rate, previous knowledge and so on. ML incorporates

substitution models in the calculations as well. In general, MP is the most simple and may suggest



evolutionary results with the most errors. ML takes more into account while BI is even more

comprehensive. However BI requires large computational power [26].

ASR can be used for evolutionary studies, design of more robust enzymes, more promiscuous enzymes
etc. which are of importance for industrial and medical application of enzymes. Some ancestral enzymes

have shown higher activity as well [11][2].

0 RBFX@UG QP LFV

MD simulations is a tool that predicts molecular movements and interactions on an atomic level by using
models explaining physics behind interatomic interactions [27][28]. This can be used to try to determine
and help understand folding of proteins, binding of ligands to proteins, the thermostability of proteins etc.
This has a very high relevance for studies with the aim of improving the properties of proteins for

industrial applications [28][29].

These simulations rely on force fields. Force fields consist of a set of equations and parameters used to
calculate the potential energy and forces on a system from particle coordinates. These are to some extent
derived from empirical approximations. Force fields usually cover forces on bond interactions such as
stretching of bonds, bending of angles, torsion potentials etc. They also cover forces on nonbonded
interactions such as Coulomb electrostatics. Quantum effects such as bond formations and breakage can
however not be calculated from these [30]. A force field that suits one's system has to be chosen [31]. In
addition, cut-off distances for interactions have to be set. Some interactions such as Van der Waals can be
explained with sudden cut-off’s, but applying this method on Coulomb interactions could result in large
errors. A solution could be to use particle mesh Ewald summation (PME) which describes electrostatic
interactions with short and long distances, and the cut-off value will only indicate when to switch between
the two [30]. In order to imitate real physiological conditions, the molecule of interest is solvated, by the
addition of solvent molecules [32][33]. However the larger the system is, the more computational power it
requires to calculate all interactions etc. [30]. To circumvent this, the system is contained in a small box.
However, having a small system results in a large percentage of the atoms in the system to interact with
the surface, causing surface artifacts. To prevent this, periodic boundary conditions are used, meaning that
an atom that leaves the box on one side will reappear on the other side of the box [34]. However it is
important to make the box large enough so an atom in a biomolecule does not interact with the
biomolecule from the other side, once it appears on the other side of the box. As a next step, energy

minimizations on the forces and interactions in the system have to be done, as some molecules can have



been placed too close to each other by mistake. If not taken care of this could result in large forces which
would cause the system to blow up [32]. As a solution the atoms are being slightly moved in such a way
that the lowest potential energy is reached [30]. Before a simulation is started the system also has to be
equilibrated to the right temperature and pressure. Therefore a thermostat has to be used which will
control the temperature. It will not keep the temperature constant as the system's temperature is equal to
the system's total kinetic energy. A constant temperature would mean a constant kinetic energy. Therefore
the idea is to keep the temperature fluctuating around the desired temperature [35][30]. Similarly a
barostat has to be used to keep the correct pressure. This is done by continuous slight adjustments of the

box size [30].

In order to determine the thermostability of a protein it can be of interest to simulate the half time of
proteins (t;,) at a given temperature. However these simulations require a lot of computational power
which makes it not possible to simulate at extended times. Instead, the proteins can be simulated at higher
temperatures for short periods of time and the molecular movements can be analyzed [36][27]. Proteins
have evolved different strategies to maintain stability and not one strategy has been proven to be universal
for all. Examples are hydrogen bonds in between the amino acids, disulfide bridges, salt bridges,
hydrophobic folding and so on. In addition it has not been determined if properties such as rigidity in
proteins is a factor to thermostability. A lot of studies have stated that thermostable proteins are more
rigid [37]. The rigidity of proteins can be measured with root mean square deviation (RMSD) of the MD
trajectories and the starting structure of the biomolecule. This will give an indication which proteins move
the most due to the application of heat. RMSD values of alpha carbons (C,) in the peptide under 0.5 have
previously been reported as proteins in their native state. Between 0.5 and 1 the proteins have been
suggested as partially unfolded, and values over 1 are considered unfolded [36]. RMSD values up to 2
have also been reported as folded states [38]. However multiple studies have reported different results
when it comes to the relationship between thermostability and rigidity [39]. Another major theoretical
explanation to the thermostability of proteins is the gain in Gibbs free energy of the protein being in the
folded state. The unfolding of a protein in one step can be explained with Gibbs free energy (G) in

Equation 1, where u stands for unfolding, D for denatured state and N for native state.

™ f 5 7 5 Equation 1

Gibbs free energy can be explained with Equation 2, where H is the enthalpy and S is the entropy.



T'5] B f T’6] B ° Bv T'ﬁi B Equation 2
The combination of Equation 1 and 2 can be seen in Equation 3.
”5] B f 6, B ) BvA B " 6_B _ BVvA B Equation 3

Because of this the entropy of the denatured state contributes the most to the unfolding of the protein as
the term increases the most with increasing temperature. In order to minimize the gain in Gibbs free
energy from the entropy of unfolding, a higher entropy in the native state could be a solution. This would
implement that more thermostable proteins have higher molecular movements in their native state [39].
Another possibility to investigate a protein's thermostability is by analyzing the root mean square
fluctuation (RMSF) which calculates how much for example the different amino acids move during the

simulations. This can help identify unstable regions in the proteins as well [36].

0 HKRGV
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The four inferred ancestral sequences of the previously created phylogenetic tree (N2, N5, N7 and N12)
were submitted to SWISS-MODEL web server [40] in order to predict their 3D structures with
homologous modelling. The crystal structure of CA from PmCA was obtained from RCSB Protein Data
Bank [41] with PDB id: 6im3. From the crystal structure of CA multiple monomers were present. The
monomers not having formed a dimer were manually removed. All PDB files generated by
SWISS-MODEL were dimers. The presence of the three histidines in the reactive site were controlled
with ChimeraX [42]. Ligands, metal ions and all non protein molecules defined as HETATM in the PDB
files were removed. The same for all non standard bonds, such as those connecting to the metal ions ect,
defined as CONECT, were removed. The zinc ions in the active site of CA were manually added back to

the PDB files, as they were of interest to keep in the simulations.

0 RBFEX@QUG (P IFVMP XOWRQVR SUHYIRXVP XN DV

For the MD simulations GROMACS was used (version 2024.2-cpeGNU-23.12-gpu and 2024.1) [43]. The

command tool SGE JP[was used first in order to add hydrogen atoms to the amino acids in the protein.



The PDB files were the input files. The addition of hydrogens is done automatically but for some amino
acids (lysine (Lys), aspartic acid (Asp), glutamic acid (Glu), histidine (His)) where different protonation
states are possible, one can manually decide which protonation states are wanted. For His the protonation
state in GROMACS will automatically be assigned based on optimal hydrogen bonding conformation if
no manual selection is done. This is based on hydrogen-donor-acceptor angle and donor-acceptor
distance. For these five PDB files no manual selection was done. - ignh was specified in order to ignore
the hydrogens from the original PDB files. During the same command the coordinates from the PDB files
were rewritten to an output file (.gro), which is a GROMACS file format with coordinates. The wanted
force field had to be specified and AMBERO3 [44] was chosen as it works well for simulations with
proteins and has been used in scientific studies of protein MD simulations [2][45]. The information of
bonded and non-bonded interactions specified in the force field were copied over to a topology file that
was generated as well. In addition, angles, constraint and other parameters defining the molecular
interaction in the system were included in the topology file. Water model TIP3P was chosen at this step
due to its low computational cost while working well in MD simulation of biomolecules [46]. This model
contains information on how the water molecules should behave. See the whole simulation code in

Appendix 1.

The process was continued with the command tool HIWWRQ which creates the box of a system around the
protein. It takes the previously created coordinate file as an input and generates an updated one. The
wanted shape of the box has to be specified. For this a triclinic shape was chosen as the dimeric form of
CA created an oblong shape. A cubic, dodecahedron or octahedron system would create a lot of wasted
simulation volume. The protein was centered in the box. The box size had to be specified and 20 A was
added to each x-, y-, and z-directions from the protein in order to prevent boundary condition artifacts (as

short-range electrostatic cutoff will be set to 10 A).

The command tool VRODWvas used in order to solvate the protein in the box. The file spc216.gro was
used as a template for how the water molecules should be organized in the box. Solvent molecules that
were too close to the protein were automatically removed (based on the sum of the scaled van der Waals

radii of both atoms). The topology file was updated according to the new changes as well.

* URP SSwas used to assemble a binary run file (.tpr), which is needed to run simulations, but also in order
to add ions to the system. lons have to be added in order to neutralize the net charge in the system, caused
due to different numbers of charged amino acids in the protein. This command will combine the

information from the last created coordinate file, the updated topology file and a given molecular



dynamics parameters file (.mdp). The .mdp file contains MD parameters defining how the simulation

should be run. For full parameter collections, see Appendix 1.

This was followed by JH}RQwhich adds ions to the system. Once asked by the program what the ions
should replace, “SOL” was chosen, as this meant water molecules will be exchanged. A concentration of
0.15 mol/L was set. For positive ions Na”was chosen and for negative Cl" was chosen. The program
automatically added extra of the positive or negative ion in order to make the system neutral. The

topology file was updated.

* URP SSwas used once again to prepare the binary run file for the upcoming energy minimization of the
system. It was created from the new coordinate file, updated topology file and a new molecular dynamics
parameters file for energy minimization. In this file it was specified that the steepest energy minimization
algorithm should be used (integrator = steep), and that the energy minimization should converge once the
largest force is smaller than 1000 kJ/mol/nm (emtol = 1000) or more than 5000 steps are needed (nsteps =
50000). An atom is also not allowed to move more than 0.01 nm per minimization step (emstep = 0.01).
When deciding between which neighboring atoms to calculate the different interactions,
verlet-buffer-tolerance was used (cutoff-scheme = Verlet). PME was used for long range interactions
(coulombtype = PME) and the short range cut-off for both electrostatic interactions and van der waals
were set to 1.4 nm (rcoulomb = 1.4)(rvdw = 1.4). Then the command tool P3XQwvas used to perform
the actual energy minimization from the previously created binary run file. To ensure the energy
minimization was successful, the potential energy was computed with HHJ\ and the graph was checked

for a converging shape to a minimum.

Then NVT (constant number, constant volume, constant temperature) was performed in order to
equilibrate the system to the wanted temperature. * URP SSwas used to create a binary run file for the
upcoming temperature control. The coordinate file from the energy minimization, updated topology file
and a new molecular dynamics parameters file for temperature control were selected for input. The
molecular dynamics parameters file specified in how many steps the temperature control should proceed
(nsteps = 50000) and how often the calculations should be performed (dt = 0.002)(ps). It was performed
for 100 ps. PME was used and electrostatic and Van der Waals cut-off’s were set to 1 nm as recommended
by GROMACS. For the temperature control, a modified Berendsen thermostat was used (tcoupl =
V-rescale). The simulation temperature was set to 363 K (ref t =363). During NVT the protein was
restrained (define = -DPOSRES) while the solvent was allowed to flow. The binary run file was used for

PG3XQTo see if the temperature fluctuates in a stable manner and the average temperature is correct,



HHJ\ was used to extract the system’s temperature. In the same way the potential of the system was

controlled, to see if it was stable.

Then NPT (constant number, constant pressure, constant temperature) was conducted in order to set a
constant pressure to the system. It was conducted in the same manner as NVT. However the coordinate
file from NVT was used instead and the molecular dynamics parameters file was slightly different and
had some additions. For pressure control Parrinello-Rahman pressure coupling was used (pcoupl =
Parrinello-Rahman). A uniform scaling of the box vectors was chosen (pcoupltype = isotropic). The
pressure was set to 1 bar (ref p = 1.0). The protein was resatiend here as well. It was performed for 100

ps. The stability of the system’s volume and density was checked with HHJ\

The final binary run file for the simulation was created from the coordinate file from the NPT run, the
latest topology file and a new molecular dynamics parameters file for the production run. Here the total
simulation steps were increased (nsteps = 50000000) while keeping the same dt. This resulted in the total
simulation time of 100 ns. Most of the parameters were kept the same as for NPT. The protein was no

longer restrained here. The simulation was run with PGXQ

All simulations were performed in triplicates, including NVT and NPT.

0 RPREX@UG @P IFVMP XOWRQVR SURYVIRXVP XN DV

The same four mutantas and PmCA were simulated at 393 K for 100 ns. Almost the same procedure as in
0' VPXDWNRQR SUMRXVPXAMQNVDN . was used. Except the temperature in molecular dynamics
parameters file for NVT, NPT and the final MD run were changed to 393 K. In addition the barometer

was changed to C-rescale.

3RWSLRAHMQI R P RBEX@UG (DP LEVMP XMWRYY

After the simulations all files were processed. First was the command VWARQYused in order to center
(-center) the molecules once again in the system box as it could have changed position during the
simulation. In addition, the artificial jumps that can occur due to the periodic boundary conditions were
removed with -pbc nojump. It makes the molecules whole but may result in it appearing as if the molecule
moves out of the box. Once asked by the program, the choice “center protein” and “whole system as

output” was selected.



The RMSD was calculated for C, with UPMvhere each trajectory frame was compared against the starting
structure as a reference. RMSF was calculated with UPM where the average movement of each C, (amino
acid) throughout the trajectory was calculated. The number of hydrogen bonds within the protein
throughout the simulation were calculated with KER(QGIn order to investigate the monomers instead of
dimers, PDNHBQQ was used. Once asked by the program, “splitch 3” was chosen in order to split the two
amino acid chains (output only containing C, ) for RMSD calculations for the monomers. For calculations
of hydrogen bonds within the monomers and in between the two dimers, “splitch 1” was used to get an

output with all atoms of the protein.

& UHDARQR QHZ. DORHWDOHT XHIPH UHARQWAKPARQ WHHDQG QHZ
P XN

a-CA from thermophilic organisms mentioned in scientific studies were utilized in the creation of the new
phylogenetic tree. The following organisms were proceeded with; 6XOXUK GRIHIEXP \ HIBZ WRCHY/
(SspCA), 6XOXUK GRIHQAEXP O RHM{SazCA), 7KHPRIEURDPPRUIEDQ(TaCA), 3P&$

7KHP RXOXUP RDVAWP XM TACA), 7KIRPIRRELDRXERIHD TecruCA), YOAMYVKDBRGADY/
(BhCA), $ODIKDBEDA@YVFDXML(formerly YORMXVFDXM). (BcCA), / DAREDA@XYVAHBEXHNL
(LdCA), &DPIQERAKMIP HAD@QNXCmCA) and 1 HWHID IJRRIKRHNgCA). If the crystal
structure of the CA in question was available, the protein sequence was retrieved from the PDB file from
RCSB Protein Data Bank. However, some did not have a crystal structure, and in that case the sequence
was retrieved from the UniProt Database [47]. The sequences retrieved from UniProt were submitted to
SignalP - 6.0 [48] in order to remove any signal peptide that might still be present. For SazCA PDB id:
4g7a was used, for SazCA PDB id: 4x5s, TaCA PDB id: 4uov, PmCA PDB id: 6im3, TdCA UniProt id:
A0A179D828, TcruCA PDB id: 4XZ5, BhCA UniProt id: AOAON9WRG3, BcCA UniProt id: QSWD44,
LdCA UniProt id: AOAAU9RS5H2, CmCA UniProt id: AOAAI9AHZ6 and NgCA UniProt id: Q50940.

The sequences can be seen in Appendix 2.

Multiple sequence alignment was done on the sequences with T-Coffee [49]. For the construction of the
phylogenetic tree and the reconstruction of the inferred ancestral sequences IQTREE2 [50] was used. The
phylogenetic tree was created with ML. ModelFinder [51] was used in order to find the best substitution
model for the protein sequences. It was determined to LG + I + G4 based on minimal Bayesian
information criterion (BIC). Ultrafast Bootstrap and the SH-aLRT branch test were not performed as the

purpose was to find new mutants and not to study evolutionary changes. All sequences of the inferred



ancestors at the nodes of the phylogenetic tree were created with empirical Bayesian method. The

sequences of the mutants can be seen in Appendix 2.

The mutated sequences were submitted to SWISS-MODEL. Sequences S N7 and S N8 were predicted as
monomers, and were therefore excluded from further processing and analysis. In addition they both had a
part of the peptide sequences which were not folded and had high uncertainty. HETATM and CONECT

were removed. The zinc ions were not added back manually.

0 RBEX@UG P IBVMP XOWRQR QHZ. P X\VEQNDW

The new mutants were simulated in the same way as the previous mutants described under 0’
MPXOWRQR SUMERXVP XABQNDN .. However the barometer was changed to C-rescale. The post
processing was performed the same way as under SRIMNEIRAHMQI R 0" P XDWRY/

5 HXOVDQG QAVPXWRD

0 RBRX@UG P IFVDQGOERDMAY LIHXAVR SUMRXVP XVQN

By plotting the RMSD of the dimers of the enzymes N2, N5, N7, N12 and PmCA at 363 and 393 K, see
Figure 4, it can be seen that in general the RMSD increases with increasing temperature. In addition as the
RMSD increases, so does the SD. However this is not the case for PmCA which throughout simulations
on both temperatures maintain a low SD. N2 shows a deviating behaviour as its dimers show more
movement at lower temperatures (363 K) than once it is increased (393 K). Why this happened at lower
temperature and not at higher temperatures is a hard question to answer. However it is important to keep

in mind the large SD for the N2 dimer at 363 K.
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Figure 4: RMSD plots of the dimers of the previous mutants at 363 K and 393 K with SD (shaded area).

If these results are compared to the RMSD of the monomers for the five enzymes, see Figure 5, it can be

seen that they are in good agreement of the RMSD values increasing with increasing temperature. As the

RMSD of the dimers are higher than the RMSD values for the corresponding monomers (especially at

393 K) it can be understood that the movement happens in the interface of the dimers. N2 at 363 K getas a

sharp increase in RMSD at 20 000 ps which is not reflected in the movement of the monomer. This could

indicate some increased instability in the interface and potentially the start of separation of the dimer. As

mentioned before, dimerization is believed to contribute to the stability of enzymes [52][10]. However it

is interesting that the RMSD of the monomer of N2 at 363 K is even lower than at 393 K suggesting how

little it was affected by the instability in the interface. Though it is important to keep in mind that the

dimers did not separate during the simulation, which could explain why no drastic result in movements in

the monomers could be seen. Another explanation could be that more time would be needed in order to

see larger changes.
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Figure 5: RMSD plots of the monomers of the previous mutants at 363 K and 393 K with SD (shaded area).

By looking at the amount of hydrogen bonds per amino acids within the monomers of N2, see Figure 6, it

is clear that they are neither affected by the start of separation of the dimer, as well as the increased

temperature. It is likely that higher temperatures are needed in order to see a difference. However, by

looking at the amount of hydrogen bonds in between the dimers, see Figure 7, it can be seen that for N2 at

363 K when the dimers show a lot of movement in the interface, the amount of hydrogen bonds are lower

compared to N2 at 393 K, when there is less movement in the interface. An explanation could be that as

the monomers in the dimers move further apart, the hydrogen bonds start to break. As the dimers of N2 at

both 363 K and 393 K start with about the same amount of hydrogen bonds in between the monomers, it

is unlikely that the hydrogen bonds are the reason for the separation of N2 at 363 K. Instead it is probable

that it is a result of the separation. A reason for the separation could instead be that some other type of

bond broke or failed to form such as salt bridges or hydrophobic interactions, which are sometimes found

in the interface of the dimers [21]. Interestingly, the other mutants which show more movement in the

interface at 393 K, also show larger amounts of hydrogen bonds. This could be a result of higher

fluctuations of the amino acids in the interface at higher temperatures, forming a higher number of

temporary bonds. An improvement could be to differentiate temporary bonds from more permanent ones.



However, even if the other mutants did not show a decreased amount of hydrogen bonds in the interface, a

lot of movement in the interface could indicate instability which in turn could lead to the start of

separation of the dimers. In general it is important to remember that for these simulations the automatic

protonation of Lys, Asp, Glu and His was used, which generates the most hydrogen bonds. These do not

necessarily generate the correct hydrogen bonds.

In general, the enzymes seem to have higher RMSD for the dimers than the monomers, suggesting that

the interface between the monomers are the most affected by the heat. However, since the dimerization

potentially gives stability to the monomers, these simulations do not give a full explanation on the

monomers instability. Therefore it might be better to only simulate the monomers in order to see a more

pronounced effect of the heat on them.
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Figure 6: Plots of hydrogen bonds per amino acids of the monomers of the previous mutants at 363 K and 393 K

with SD (shaded area).
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Figure 7: Plots of hydrogen bonds in between the monomers of the dimers of the previous mutants at 363 K and 393

K with SD (shaded area).

Another interesting aspect to consider is how fast the RMSD is increasing for the monomers, see Figure 8.

A steeper increase in RMSD could suggest the structure will lose its shape rather soon, but not within the

simulation time. PmCA seems to have a rather fast increase, both at 363 K and 393 K. At 363 K, N5 and

N7 seem to have the smallest increase. At 393 K, N2, N7 and N12 seem to have a smaller and similar

increase.
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By investigating the RMSF of the different enzymes, see Figure 9, it can be noted that the amino acids of
N2 at 363 K fluctuate the most. In addition they fluctuate more than N2 at 393 K, which is interesting as
the monomers of N2 at 363 K had lower RMSD values than the monomer of N2 had at 393 K. A possible
explanation is that the amino acids in the interface of the two monomers start to fluctuate more once they
start to separate, which results in higher RMSF even though the rest of the monomer does not start to
move more. This would mean that the high peaks of the RMSF graph of N2 at 363 K represent amino
acids in the interface. However this would have to be investigated further in order to be verified. In
general, higher RMSF values can be seen at the beginning, in the middle and at the end of the amino acid
chain. These regions are the end terminals of the amino acid chains (the middle regions are the end of first
monomer and beginning of second monomer), which usually tend to fluctuate more [53]. Moreover, the
same pattern can be noticed between the different temperatures within the same enzyme, indicating the

same amino acids fluctuate even when the temperature is increased.
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Figure 9: RMSF plots of the dimers of the previous mutants at 363 K and 393 K with SD (shaded area).

In general it is hard to suggest which of these five enzymes are more thermostable or the least. They have
around the same RMSD and with the SD they overlap each other to a large extent. Since there is some
disagreement regarding if low RMSD values or high ones (without the event of unfolding), indicate
thermostability, it would be of interest to identify an enzyme with deviating values. They all stay under 1
nm of RMSD which has been suggested as the threshold for unfolding. However, the monomers of N5
and PmCA reach RMSD values over 0.5 nm at 393 K, which could either indicate the start of unfolding or
beneficial movement (lower energy gain from the entropy of the unfolding). The monomers of N2, N7
and N12 did not reach values over 0.5 nm, neither at 363 K nor 393 K. However these results have very

small margins and therefore the results are very weak.

During these simulations, the Zn** was not restrained to its position in the active site. This resulted in the
ion to move around the protein. This will have resulted in wrongful interactions between different amino
acids and the ion. This could potentially have contributed to the large SD in most plots. However in order

to verify this, it should be investigated more.



The results from the previous thermostability characterizations of N2, N5, N7, N12 and PmCA from the
laboratory were measured as residual activity for CO, hydration and ester hydrolysis after the enzymes
were incubated for 15 minutes at different temperatures, see Figure 10. These are preliminary results
conducted by Swati Verma at KTH. The residual activity does not fluctuate much for N7 and N12 at both
esterase and CO, hydration activity (possibly N2 at esterase activity as well if data point at 55B] is an
outlier). This could indicate that the enzymes are rather robust in their structures and are not affected
much by the heat and thereby have a rather constant residual activity. However it is important to note that
they do not have the highest residual activity at the end temperature, only a less affected trend by the

increasing temperatures. In addition it is important to consider that these data points lack SD.
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Figure 10: The residual esterase activity at 50 B] (A) and CO, hydration activity at 0 B] (B) of previous mutants. Pm
stands for PmCA.

In general it is important to keep in mind that the structure of PmCA was retrieved from a crystal
structure, while the mutants were predicted with a software. This can result in PmCA having a more

favorable confirmation, giving it an advantage in the simulations. In addition there is no guarantee



SWISS-MODEL provided correct folding conformations of the mutants. Moreover, it is not clear if the

host bacteria will be able to express the mutated proteins or fold them correctly.

$ GRHMDOHT XHIPH UHFRQUIAKPARD DQG P RBFEXQUG (TP LFV
LHWXOVR QZ P XVEQN

The inferred phylogenetic tree resulted in nine mutants (S N1, S N2, S N3, S N4, S N5,S N6,S N7,
S N8 and S N9), see Figure 11. S N7 and S N8 were not prepared for simulations since they were
predicted as monomers by SWISS-MODEL. However they have been portrayed as the closest ancestors
of BhCA, LdCA and BcCA. The two former have both been reported as dimers in the literature [54][55].
Information regarding the polymerization of BcCA could not be found. Either BcCA is monomer or

SWISS-MODEL made a wrongful prediction.

Persephonella marina
Neisseria gonorrhoeae

SN Caminibacter mediatlanticus
Thermovibrio ammonificans
L fsng ——mmm Thermosulfurimonas dismutans
Sulfurinydrogenibium yellowstonens
Sulfurihydrogenibium azorense
Thiomicrospira crunogena

SNe Lactobacillus delbrueckii
Bacillus clausii

Bacillus halodurans

Figure 11: Phylogenetic tree by ASR. The new mutants are displayed to the left.

The RMSD values of the dimers of the new mutants are rather similar, see Figure 12. S N3 and S N4
reach the highest values at the end, but these also have the highest SD at these parts. However, these
movements in the dimers are not reflected in the RMSD values of the monomers, see Figure 13. Therefore
this could indicate instability in the interface which could lead to the start of separation of the dimers, but
once again it does not seem to affect the monomers. The RMSD of the monomers of the new mutants do
not seem to differ much either. None of them reach values over 0.5 nm. S N6 seems to have the least
movements while S N1, S N2 and S N4 seem to move the most, though with small margins. It could be
of value to investigate further which organism these nodes are most closely related to, if new trees were to
be created. Trees with more homologous sequences of those organisms could be created in order to get a

larger variance. However this tree does not have any bootstrap values and therefore the phylogenetic



relationship can not really be trusted and no conclusion can be drawn regarding which organism these

mutants are the most related to.
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Figure 12: RMSD of all dimers of new mutants at 363 K. SD are shaded.
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Figure 13: RMSD of all monomers of new mutants at 363 K. SD are shaded.

The S_N6 also seems to have the most hydrogen bonds per amino acid, see Figure 14, which could
explain its lower amount of movement. S N1 which is among the ones that move the most, also appears

to have the least hydrogen bonds. However these differences are very small.
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Figure 14: Hydrogen bond per amino acids of all monomers of new mutants at 363 K. SD are shaded.

The potential start of separation of S N3 and S N4 which could be seen in Figure 12, correlates with a
lower amount of hydrogen bonds in between the monomers of the dimer of S N3 and S N4, see Figure
15. However there does not appear to be a decrease in hydrogen bond in between the monomers at the

same time as the start of the separation (80 000 ps and 50 000 ps respectively). This could indicate that

the lower amount of hydrogen bonds in the interface contributed to the separation.
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Figure 15: Hydrogen bond in between monomers of the dimers of the new mutants at 363 K. SD are shaded.

The amino acids of the new mutants seem to move rather similarly, see Figure 16. S N4 seem to reach

slightly higher values which correlates with it having the highest RMSD values.
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Figure 16: RMSF of all dimers of new mutants at 363 K. SD are shaded.
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By comparing the RMSD values of both the previous mutants and the new mutants, see Figure 17, it can
be seen that except for S N3, S N4 and N2, the dimers seem to have rather similar amounts of

movement.
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Figure 17: RMSD plots of the dimers at 363 K. New mutants (left), previous mutants (right). Shaded area is the SD.

The RMSD values of the monomers of both the new and previous mutants, see Figure 18, appear to have

similar movements as well. They all reach values over 0.3 nm and they all stay below 0.5 nm.
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Figure 18: RMSD plots of the monomers at 363 K. New mutants (left), previous mutants (right). Shaded area is the

SD.

All the mutants (except N2) seem to have rather similar RMSF values as well, see Figure 19.
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Figure 19: RMSF plots of the dimers at 363 K. New mutants (left), previous mutants (right). Shaded area is the SD.

The average amount of hydrogen bonds per amino acids also appear to be rather similar amongst all

enzymes, see Figure 20.
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Figure 20: Plots of hydrogen bonds per amino acids of the monomers at 363 K. New mutants (left), previous

mutants (right). Shaded area is the SD.

The amount of hydrogen bonds in the interface appear rather similar amongst the new and previous

mutants, see figure 21.
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Figure 21: Plots of hydrogen bonds in between the monomers of the dimers at 363 K. New mutants (left), previous

mutants (right). Shaded area is the SD.

By comparing the new and previous mutant at 363 K it is hard to find an enzyme with deviating values.

S N3, S N4 and N2 reach high RMSD values for the dimers which could indicate instability in the
interface. S N6, N5, N7 and PmCA have lower RMSD values for the monomers while S N1, S N4 and
N2 reach higher values. PmCA still has a steeper increase in RMSD values. Though all values have small

margins and large SD

& RFOMRQ

Higher movement in the interface of dimers could be registered for all mutants compared to the
movements of the monomers. S N3, S N4 and N2 indicated a particular sharp increase in movement in
the interface at 363 K. This could indicate instability of the dimers which potentially could result in the
separation of the dimers, affecting the thermostability of the monomers. However the increased
movement in interface of the dimers were not reflected in the movements of the respective monomers. In
general, no monomer seems to have deviating values for their monomer RMSD, which would have been
of interest as it potentially could have indicated higher or lower thermostability. From the laboratory
results it can be suggested that N7 and N12 (possibly N2) are the most rigid enzymes, but a more
extensive characterization would have to be performed. From the MD simulations N2, N7 and N12 could
be proposed as the most rigid enzymes as they had the lowest RMSD values for the monomers at 393 K.
PmCA showed a steep increase in RMSD, especially at 393 K, which could indicate a fast unfolding

event. No conclusive results can be drawn regarding which mutants are more thermostable. However, in



this study, MD could potentially give indications on which are less likely to be thermostable (S_N3,
S N4, N2 and PmCA) by the reasoning above. The credibility of the results in general is lowered due to
the large decrease in RMSD for N2 at 393 K compared to 363 K which seems unlikely. In addition the

results have small differences and large SD.

) X\WUHSHOSHARYH

In this master thesis, the Zn*" was not restrained in the active site. This resulted in it moving around
within the protein during the simulation. If it is of interest to secure the Zn** in the active site during the
simulation, it has to be made sure that the three His in the active site have the right protonation state
(HND1, HND1, HNE2 [56]). The topology files would have to be modified with Zn** being added under
“[bonds]”, and values of distance b, (nm) and force k; (kJ/mol/nm?) would have to be calculated for each

specific case, in between the Zn*" and the His [57]. Calculating the forces can be laborious.

The simulations are being used as a tool to try to predict the thermostability of proteins. However another
very important characteristic of proteins is their activity. In this master thesis the activity was not taken
into consideration. This could be investigated with simulations of the binding affinity of CO, and the
protein using umbrella sampling in GROMACS. In addition it could be investigated if the hydrophobic
and hydrophilic pockets in the active site of the mutated CA are still present, with a protein visualisation
program. Moreover the presence of the shuffle His should be investigated. This would however still not

give a full characterization of activity, and the most reliable results would be from laboratory testing.

Moreover it could be of interest to study the Free Energy Landscape (FEL) of the proteins which can be
generated from the MD results from GROMACS. These have in a previous study suggested a stronger

correlation between thermostability of proteins compared to the methods used in this work [39].

In addition to analyzing hydrogen bond formation it could be good to analyze saltbriges and hydrophobic

interactions as these have an important role for the stability of the enzyme [53].

In the future it would be interesting to perform ASR on  and y - CA as well, as they have been present in
thermophilic microorganisms as well. Especially since these usually form oligomerization states higher

than dimers, which possibly could contribute to even higher thermostability [58]. In addition, which



enzyme is the easiest to express in a host organism and which has the highest activity could then be taken

into account when choosing an isoform.

An improvement to consider when making a new phylogenetic tree could be to include homologous
sequences. However it would also require more computational power. In addition bootstrap could be
included in order to get a higher credibility to the mutants. Once enzymes with higher thermostability

would be identified, these could be traced back to their closest ancestors for further mutations.

In order to simulate the conditions during CCS in a better way, a higher salt concentration could have

been used during the simulations or a higher pressure could have been applied.
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Appendix 1
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gmx pdb2gmx -f § {name} protein.pdb -o ${name} processed.gro -water tip3p -ignh -ff amber(03
gmx editconf -f ${name} processed.gro -o ${name} newbox.gro -bt triclinic -d 2.0 -c

gmx solvate -cp ${name} newbox.gro -cs spc216.gro -o ${name} solv.gro -p topol.top

gmx grompp -f ions.mdp -c¢ ${name} solv.gro -p topol.top -o ions.tpr

gmx genion -s ions.tpr -o ${name} solv_ions.gro -conc 0.15 -p topol.top -pname NA -nname CL -neutral
gmx grompp -f minim.mdp -c ${name} solv_ions.gro -p topol.top -o em.tpr

gmx mdrun -v -deffnm em -nb gpu

gmx grompp -f NVTrun.mdp -c em.gro -r em.gro -p topol.top -o nvt.tpr

gmx mdrun -v -ntomp 4 -deffnm nvt -nb gpu

gmx grompp -f NPTrun.mdp -c nvt.gro -r nvt.gro -t nvt.cpt -p topol.top -o npt.tpr

gmx mdrun -v -ntomp 4 -deffom npt -nb gpu

gmx grompp -f MDrun.mdp -c¢ npt.gro -t npt.cpt -p topol.top -o md.tpr

gmx mdrun -v -ntomp 4 -deffnm md -nb gpu
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; Parameters describing what to do, when to stop and what to save

integrator = steep ; Algorithm (steep = steepest descent minimization)
emtol =1000.0 ; Stop minimization when the maximum force < 10.0 kJ/mol
emstep =0.01 ; Energy step size

nsteps = 50000 ; Maximum number of (minimization) steps to perform

; Parameters describing how to find the neighbors of each atom and how to calculate the interactions

nstlist =1 ; Frequency to update the neighbor list and long range forces
cutoff-scheme = Verlet

ns_type = grid ; Method to determine neighbor list (simple, grid)

rlist =1.0 ; Cut-off for making neighbor list (short range forces)
coulombtype = cutoff ; Treatment of long range electrostatic interactions

rcoulomb =1.0 ; long range electrostatic cut-off

rvdw =1.0 ; long range Van der Waals cut-off

pbc =Xyz ; Periodic Boundary Conditions

(QHWPLQLPL]DWLRQ

; Parameters describing what to do, when to stop and what to save

integrator = steep ; Algorithm (steep = steepest descent minimization)

emtol  =1000.0 ; Stop minimization when the maximum force < 1000.0 kJ/mol/nm
emstep =0.01 ; Energy step size

nsteps  =50000 ; Maximum number of (minimization) steps to perform

; Parameters describing how to find the neighbors of each atom and how to calculate the interactions

nstlist =1 ; Frequency to update the neighbor list and long range forces
cutoff-scheme = Verlet ; Buffered neighbor searching
ns_type =grid ; Method to determine neighbor list (simple, grid)
rlist =14 ; Cut-off for making neighbor list (short range forces)
coulombtype =PME ; Treatment of long range electrostatic interactions
rcoulomb =14 ; Short-range electrostatic cut-off
rvdw =1.4  ; Short-range Van der Waals cut-off
pbc =xyz ; Periodic Boundary Conditions
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define =-DPOSRES ; position restrain the protein
; Run parameters
integrator =md ; leap-frog integrator
nsteps =50000 ;2 *50000=100 ps
dt =0.002 ;2fs

; Output control



nstxout =500 ; save coordinates every 1.0 ps

nstvout =500 ; save velocities every 1.0 ps

nstenergy =500 ; save energies every 1.0 ps

nstlog =500 ; update log file every 1.0 ps

; Bond parameters

continuation =no ; first dynamics run

constraint_algorithm =lincs ; holonomic constraints

constraints =h-bonds ; bonds involving H are constrained

lincs_iter =1 ; accuracy of LINCS

lincs_order =4 ; also related to accuracy

; Nonbonded settings

cutoff-scheme = Verlet ; Buffered neighbor searching

ns_type =grid ; search neighboring grid cells

nstlist =10 ; 20 fs, largely irrelevant with Verlet

rcoulomb =1.0 ; short-range electrostatic cutoff (in nm)

rvdw =1.0 ; short-range van der Waals cutoff (in nm)

DispCorr = EnerPres ; account for cut-off vdW scheme

; Electrostatics

coulombtype =PME ; Particle Mesh Ewald for long-range electrostatics
pme_order =4 ; cubic interpolation

fourierspacing =0.16 ; grid spacing for FFT

; Temperature coupling is on

tcoupl = V-rescale ; modified Berendsen thermostat

tc-grps = Protein Non-Protein ; two coupling groups - more accurate
tau_t =0.1 0.1 ; time constant, in ps

ref t =363 363 ; reference temperature, one for each group, in K
; Pressure coupling is off

pcoupl =10 ; no pressure coupling in NVT

; Periodic boundary conditions
pbc =Xyz ; 3-D PBC
; Velocity generation

gen_vel =yes ; assign velocities from Maxwell distribution
gen_temp =363 ; temperature for Maxwell distribution
gen_seed =-1 ; generate a random seed
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define = -DPOSRES ; position restrain the protein
; Run parameters
integrator =md ; leap-frog integrator
nsteps =50000 ;2 *50000=100ps
dt =0.002 ;2fs

; Output control
nstxout =500 ; save coordinates every 1.0 ps



nstvout =500 ; save velocities every 1.0 ps

nstenergy =500 ; save energies every 1.0 ps

nstlog =500 ; update log file every 1.0 ps

; Bond parameters

continuation =yes ;Restarting after NVT

constraint_algorithm =lincs ;holonomic constraints

constraints = h-bonds ; bonds involving H are constrained

lincs_iter =1 ; accuracy of LINCS

lincs_order =4 ; also related to accuracy

; Nonbonded settings

cutoff-scheme = Verlet ; Buffered neighbor searching

ns_type =grid ;search neighboring grid cells

nstlist =10 ; 20 fs, largely irrelevant with Verlet scheme
rcoulomb =1.0 ; short-range electrostatic cutoff (in nm)

rvdw =1.0 ;short-range van der Waals cutoff (in nm)

DispCorr = EnerPres ; account for cut-off vdW scheme

; Electrostatics

coulombtype =PME ; Particle Mesh Ewald for long-range electrostatics
pme_order =4 ; cubic interpolation

fourierspacing =0.16 ; grid spacing for FFT

; Temperature coupling is on

tcoupl = V-rescale ; modified Berendsen thermostat

tc-grps = Protein Non-Protein ; two coupling groups - more accurate
tau_t =0.1 0.1 ; time constant, in ps

ref t =363 363 ; reference temperature, one for each group, in K
; Pressure coupling is on

pcoupl = C-rescale ; Pressure coupling on in NPT

pcoupltype = isotropic ; uniform scaling of box vectors

tau_p =2.0 ; time constant, in ps

ref p =1.0 ; reference pressure, in bar

compressibility =4.5¢e-5 ; isothermal compressibility of water, bar”-1
refcoord scaling =com

; Periodic boundary conditions

pbc =xyz ;3-DPBC

; Velocity generation

gen_vel =no ; Velocity generation is off
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; Run parameters

integrator =md ; leap-frog integrator

nsteps = 50000000 ;2 * 500000 = 1000 ps (40 ns)
dt =0.002 ;2fs



; Output control

nstxout =0 ; suppress bulky .trr file by specifying

nstvout =0 ; 0 for output frequency of nstxout,

nstfout =0 ; nstvout, and nstfout

nstenergy =50000 ; save energies every 100.0 ps

nstlog =50000 ;update log file every 100.0 ps

nstxout-compressed ~ =200000 ; save compressed coordinates every 100.0 ps
compressed-x-grps = System ; save the whole system

; Bond parameters
continuation =yes ;Restarting after NPT

constraint_algorithm =lincs ; holonomic constraints

constraints =h-bonds ; bonds involving H are constrained

lincs_iter =1 ; accuracy of LINCS

lincs order =4 ; also related to accuracy

; Neighborsearching

cutoff-scheme = Verlet ; Buffered neighbor searching

ns_type =grid ; search neighboring grid cells

nstlist =10 ; 20 fs, largely irrelevant with Verlet scheme

rcoulomb =1.0 ; short-range electrostatic cutoff (in nm)

rvdw =1.0 ; short-range van der Waals cutoff (in nm)

; Electrostatics

coulombtype =PME ; Particle Mesh Ewald for long-range electrostatics
pme_order =4 ; cubic interpolation

fourierspacing =0.16 ; grid spacing for FFT

; Temperature coupling is on

tcoupl = V-rescale ; modified Berendsen thermostat

tc-grps = Protein Non-Protein ; two coupling groups - more accurate
tau_t =0.1 0.1 ; time constant, in ps

ref t =363 363 ; reference temperature, one for each group, in K

; Pressure coupling is on

pcoupl = C-rescale ; Pressure coupling on in NPT
pcoupltype = isotropic ; uniform scaling of box vectors
tau p =2.0 ; time constant, in ps

ref p =1.0 ; reference pressure, in bar



compressibility =4.5¢e-5 ; isothermal compressibility of water, bar”-1
; Periodic boundary conditions

pbc =xyz ;3-DPBC

; Dispersion correction

DispCorr = EnerPres ; account for cut-off vdW scheme

; Velocity generation

gen_vel =no ; Velocity generation is off

Appendix 2

6HNXHHAVR \WHP RSKIIF RJIBQWP V

>Persephonella marina 6im3.pdb
GWSYHGEHGPEHWGDLKDEYIMCKIGKNQSPVDINRIVDAKLKPIKIEYRAGATKVLNNGHTIK
VSYEPGSYIVVDGIKFELKQFHFHAPSEHKLKGQHYPFEAHFVHADKHGNLAVIGVFFKEGRENP
ILEKIWKVMPENAGEEVKLAHKINAEDLLPKDRDYYRYSGSLTTPPCSEGVRWIVMEEEMEMSK
EQIEKFRKIMGGDTNRPVQPLNARMIMEK

>Sulfurihydrogenibium azorense 4x5s_saz.pdb
HWSYEGENGPENWAKLNPEYFWCNLKNQSPVDISDNYKVHAKLEKLHINYNKAVNPEIVNNGH
TIQVNVLEDFKLNIKGKEYHLKQFHFHAPSEHTVNGKYYPLEMHLVHKDKDGNIAVIGVFFKEG
KANPELDKVFKNALKEEGSKVFDGSININALLPPVKNYYTYSGSLTTPPCTEGVLWIVLKQPITAS
KQQIELFKSIMKHNNNRPTQPINSRYILESN

>Thermovibrio ammonificans 4uov_ta.pdb
GAHWGYSGSIGPEHWGDLSPEYLMCKIGKNQSPIDINSADAVKACLAPVSVYYVSDAKYVVNN
GHTIKVVMGGRGYVVVDGKRFYLKQFHFHAPSEHTVNGKHYPFEAHFVHLDKNGNITVLGVFF
KVGKENPELEKVWRVMPEEPGQKRHLTARIDPEKLLPENRDYYRYSGSLTTPPCSEGVRWIVFKE
PVEMSREQLEKFRKVMGFDNNRPVQPLNARKVMK

>Sulfurihydrogenibium yellowstonens 4g7a.pdb
EWSYEGEKGPEHWAQLKPEFFWCKLKNQSPINIDKKYKVKANLPKLNLYYKTAKESEVVNNGH
TIQINIKEDNTLNYLGEKYQLKQFHFHTPSEHTIEKKSYPLEIHFVHKTEDGKILVVGVMAKLGKT
NKELDKILNVAPAEEGEKILDKNLNLNNLIPKDKRYMTYSGSLTTPPCTEGVRWIVLKKPISISKQQ
LEKLKSVMVNPNNRPVQEINSRWIIEGF

>Thermosulfurimonas dismutans Uniprot AOA179D828 - AOA179D828 9BACT signal peptide removed
GGGHVVKWGYVGKIGPAHWGDLAHEYFMCKVGKNQSPVDINSSVTIEAQLEPINFHYRDQISGE
IVNNGHTIMVVPKEDNYIVVDGKKFHLKQFHFHSPSEHTVEGKYYLLELHFVHQADDGQLAVIG
VVFDRGAEHPEIAKLWKEAPEHEGKKELKSLVNMQALLPENLDYYRYSGSLTTPPCSEGVIWLFL
KNPLQISEAQAEKFKKIMGFENNRPVQPVNARKILK

>Thiomicrospira crunogena 4XZ5.pdb
PPHWGYFGEEGPQYWGELAPEFSTCKTGKNQSPINLKPQTAVGTTSLPGFDVYYRETALKLINNG
HTLQVNIPLGSYIKINGHRYELLQYHFHTPSEHQRDGFNYPMEMHLVHKDGDGNLAVIAILFQEG



EENETLAKLMSFLPQTLKKQEIHESVKIHPAKFFPADKKFYKYSGSLTTPPCSEGVYWMVFKQPIQ
ASVTQLEKMHEYLGSNARPVQRQNARTLLKSWPD

>Bacillus halodurans! (Halalkalibacterium halodurans) Uniprot AOAON9WRG3 -

AOAONOWRG3 ALKHA signal peptide removed
SSAPSTEPVDEPSETHEETSGGAHEVHWSYTGDTGPEHWAELDSEYGACAQGEEQSPINLDKTEA
IDTDTEIHVHYEPSSFTIKNNGHTIQAETTSDKNTIEIDGKEYTLVQFHFHIPSEHEMEGKNLDMEL
HFVHKNENDELAVLGVLMKAGEENEELAQLWSKLPAEETEENISLDESIDLNVLLPESKEGFHYN
GSLTTPPCSEGVKWTVLSEPITVSQEQIDAFAEIFPDNHRPVQPWNDRDVYDVITE

>Bacillus clausii! Shouchella clausii (strain KSM-K16) (Alkalihalobacillus clausii) Uniprot QSWD44 -
Q5WD44 SHOCI signal peptide removed.
ASFLSPLQALKASWSYEGETGPEFWGDLDEAFAACSNGKEQSPINLFYDREQTSKWNWAFSYSE
AAFSVENNGHTIQANVENEDAGGLEINGEAYQLIQFHFHTPSEHTIEETSFPMELHLVHANHAGD
LAVLGVLMEMGNDHEGIEAVWEVMPEEEGTAAY SISLDPNLFLPESVTAYQYDGSLTTPPCSEGV
KWTVLNDTISISETQLDAFRDIYPQNYRPVQELGDREIGFHYH

>Lactobacillus delbrueckii subsp. delbrueckii Uniprot AOAAU9RSH2 - AOAAUIRSH2 9L ACO Missing
signal peptide
MEYINYQTQDQWQGPASQQSPIDIVLEQTTPRPLADQPLTVSFVGDQALTRDPRSSGDQFIGAGTL
TLGNHHYHFLRLHFHDHSEHLFDGQRQDAEVHFVYQDDQGQTLVLAMLGIRAADGEAGFDFAP
VINGQAGAAYLNQFFANNQGYFNYTGSLTTPPLSPDVTWVVLDAVHPFSSGSLALIHDLFADNYR
APQPITVPVYHYYESGK

>Caminibacter mediatlanticus TB-2 Uniprot AOAAI9AHZ6 - AOAAI9AHZ6 9BACT signal peptide
removed.
YNYHATWSYSGKTGPEYWGDLKKEYQMCKIGKNQSPIDIKTNSTQTFNTNLKPFKIKYLGKGYE
VINNGHTIKVKTEGKNCVRIDGIKFKLAQLHFHTPSENTINGKHFPMEAHY VHLDKNGNITVLAV
MYKIGKENKSLNKMLAVLPTKVGEENKVMGNLNPMELLPKNKAYYRFNGSLTTPPCSEGVRWI
VFKTPVEISQAQYEKMHAVMGTNNRPVQPINARVILK

>Neisseria gonorrhoeae Uniprot Q50940 - CAH_NEIGO siganl peptide removed.
HGNHTHWGYTGHDSPESWGNLSEEFRLCSTGKNQSPVNITETVSGKLPAIKVNYKPSMVDVENN
GHTIQVNYPEGGNTLTVNGRTYTLKQFHFHVPSENQIKGRTFPMEAHFVHLDENKQPLVLAVLYE
AGKTNGRLSSIWNVMPMTAGKVKLNQPFDASTLLPKRLKYYRFAGSLTTPPCTEGVSWLVLKTY
DHIDQAQAEKFTRAVGSENNRPVQPLNARVVIE

6HNXHIH/R QZ P X\IDN
>Node

State

>Node5
SSAPSLEPVDEPSETHEETSGGAHVVKWSYEGENGPEHWAQLNPEYFWCKLGKNQSPIDIKYDK
NYKVKANLEKLNIHYVGKKAANSEIVNNGHTIQVNYEVKEDNKLNIKGKKYHLKQFHFHAPSE
HTVEGKYYPLEMHFVHKDKDGNTLVIAVIGVFFKEGKANPELDKIFKVAPEEEGEKVELDGSINQ



PIDLNALLPENKNYYTYSGSLTTPPCTEGVRWIVLKQPITVSKQQLEKFKSIMKHDNNRPVQPINS
RYIGFHLESNPE

>Node8
SSAPSLEPVDEPSETHEETSGGAHEVHWSYTGETGPEHWGELDPEYGACAQGKEQSPINLFYDKT
ETVDTNTEPIHVHY VGEESAFGTIKNNGHTIQANTETEDKNTIEIDGKEYQLVQFHFHTPSEHTIEG
KNFPMELHFVHKNENGDTLVLAVLGVLMKAGEENEELEQLWSVMPEEEGEEVELNISINESIDPN
VFLPESKEAYHYNGSLTTPPCSEGVKWTVLNEPITVSQEQLDAFREIFPFDNHRPVQPLNDRDIGF
HYDVITE

>Node7
SSAPSLEPVDEPSETHEETSGGAHEVHWSYTGETGPEHWGDLDPEYGACKQGKEQSPINLKYDK
TETVDTNLEPINVHY VGREAAFGEIKNNGHTIQANTETEDGNYIEIDGKKYHLIQFHFHTPSEHTIE
GKNYPMELHFVHKDEDGNTLVLAVLGVLMKAGEENEELEKLWKVMPEEEGEKVELNASINQSI
DPNVFLPENKDYYRYSGSLTTPPCSEGVKWIVLNEPITVSQEQLEAFREIFPFDNHRPVQPLNAREI
GFHYEALTE

>Node6

SSAPSLEPVDEPSETHEETSGGAHEVHWGY TGETGPEHWGDLSPEYFMCKIGKNQSPINIKYDKT
ETVEANLEPINVHYVGREAAFGEIVNNGHTIQVNTEVKEDNYIEIDGKKYHLLQFHFHTPSEHTV
EGKHYPMEMHFVHKDEDGNTLVLAVIGVLFKEGEENEELEKIWKVMPEEEGEKVELNASINQPI
DPNAFLPENKDYYRYSGSLTTPPCSEGVRWIVLKEPIQISKEQLEKFREIMGFDNNRPVQPLNARKI
GFHLESKPE

>Node4
SSAPSLEPVDEPSETHEETSGGAHVVKWGYSGETGPEHWGDLSPEYFMCKIGKNQSPIDIKYNST
ETVEANLEPINIHY VGREAATGEIVNNGHTIQVNYEVKEDNYINIDGKKYHLKQFHFHAPSEHTV
EGKHYPLEMHFVHKDKDGNTLVLAVIGVFFKEGKENPELEKIWKVMPEEEGEKVELNASINQPID
PNALLPENKDYYRYSGSLTTPPCSEGVRWIVLKEPIQISKEQLEKFRKIMGFDNNRPVQPLNARKI
GFHLESKPE

>Node3
SSAPSLEPVDEPSETHEETSGGAHVVKWGYSGETGPEHWGDLSPEYFMCKIGKNQSPIDIKTNST
ETVEANLEPINIHY VGRSAATGEVVNNGHTIQVNYEVKEDNYIVVDGKKFHLKQFHFHAPSEHT
VEGKHYPLEMHFVHKDKDGNTLVLAVIGVFFKEGKENPELEKIWKVMPEEEGEKVELNASINQPI
DPEALLPENRDYYRYSGSLTTPPCSEGVRWIVLKEPIEISKEQLEKFRKIMGFDNNRPVQPLNARKI
GFHLESKPE

>Node2



SSAPSLEPVDEPSETHEETSGGAHVVKWGYSGETGPEHWGDLSPEYLMCKIGKNQSPIDIKTNST
DTVDANLEPINIHYVGRSSATGEVVNNGHTIKVNYEMEGGNYIVVDGKKFHLKQFHFHAPSEHT
VNGKHYPFEAHFVHLDKNGNTLVLAVIGVFFKVGKENPELEKIWKVMPEEAGEKRKLTAKINQP
LDPEKLLPENRDYYRYSGSLTTPPCSEGVRWIVLKEPVEMSKEQLEKFRKIMGFDNNRPVQPLNA
RKIGFHMESKPE

>Node9
SSAPSLEPVDEPSETHEETSHGAHVAHWGYSGETGPEHWGDLKEEYQMCKIGKNQSPIDIKTNST
ETVNAKLKPIKIKYVGRASATGEVVNNGHTIKVNYETEGGNCIVVDGIKFKLKQFHFHAPSENTI
NGKHFPMEAHFVHLDKNGNTLVITVLAVFYKVGKENPELEKIWKVMPTKAGEENKVTGKLNQP
MDAETLLPKNRDYYRFSGSLTTPPCSEGVRWIVFKTPVEISQAQLEKFRKVMGSDNNRPVQPLNA
RVIGFHLESKPE

>Nodel
SSAPSLEPVDEPSETHEETSGGAHVVHWGYSGETGPEHWGDLKPEYLMCKIGKNQSPIDIKTNST
ETVDAKLKPIKIHYVGRAGATGEVVNNGHTIKVNYEMEGGNYIVVDGKKFHLKQFHFHAPSEHT
INGKHYPFEAHFVHLDKNGNTLVLAVIGVFFKEGKENPELEKIWKVMPEEAGEEVKLTGKINQPL
DAEDLLPKNRDYYRYSGSLTTPPCSEGVRWIVLKEPVEMSKEQLEKFRKIMGSDNNRPVQPLNA
RMIGFHMESKPE
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