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Introduction

Proteins are the most versatile and useful molscimethe cellular
arsenal. They are the best catalysts the naturesknieroteins cover the
biggest amount of the cellular functions with rarigem metabolism and
signaling through cell architecture to DNA repliocat Variations of their
structure and functions are amazing.

And yet, they are built from simple building blocksamino acids.
Each amino acid has many possibilities of inteomsti with its
neighborhood and the sequential context manifedtadugh these
possibilities is the main reason for the strucutagability.

The experimental investigation of the character ialative strength
of interactions between amino acid residues isadift On the other hand,
theoretical chemistry methods and techniques ofwaal suited for such
task. They can provide useful information aboutctire, stability and
nature of these interactions. The aim of the predbesis is the
investigation of interactions between side-chamghie proteins utilizing
advanced methods of current theoretical chemistry.

In the present thesis we tried to answer followiggestions
concerning side-chain side-chain interactions otgns.

1. How strong are interactions inside the hydropholgiocre of a
protein?
2. How strong are other stabilizing interactions inopgins, i.e. in salt
bridges?
3. What is the reason for the unusually strong intéoas of proline
with residues of aromatic character?
4. Which computational methods have reasonable «ffigieand
accuracy for interaction energy calculations?
What can we learn from the energy decompositiomégns of SAPT
method about interaction energies in proteins?
How diverse can be side-chain side-chain interandim proteins?
How well the generally used force fields descriteriaction?
How do interaction energies change upon the presena solvent?
How are interaction energies between amino acide-sidains
distributed in proteins and what is the meaninghef representative
pairs selected in Atlas of Protein Side-Chain |at#ions?
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Methods

The methodical part of this work consisted from tyarts: (a)
selection of an appropriate representative moddiad-chain side-chain
interactions and (b) selection of an applicable wotational method
providing interaction energies.

Selection of model

Studies of interactions inside the hydrophobic csewell as those
of salt bridges were based on crystal structuressnall protein rubredoxin.
Unusually strong interactions of proline with trgphane were studied on
structures of the Trp-cage protein, and EVH1 and~G¥ding domains.
The most extensive part of the work was based aymggies from
Atlas of Protein Side-Chain Interactions.

For each side chain pair, the atlas shows how aie chain is
distributed with respect to the other in the spdte preferred interaction
geometries are revealed by clusters in the didtabs of side-chains
around the central residue. Only a subset of reptative structures was
used in the first benchmark study. The set covatednportant types of
side-chain side-chain interactions and all 20 diffi¢ amino acid residues.
We have also used either all 20 x 20 representgiaies or even all
contacts for selected residues in the Atlasof dndbide-
Chain Interactions dataset..

Selection of computational method

We have utilized severahb initio or semiempirical as well as
empirical force field methods to test their accyrand speed for the
calculations of the side-chain side-chain intemagi As a benchmark
method was used the most accurate CCSD(T)|CBS nhetho

Theab initio calculations were calculated with several codéhk thie
common ruby interface called “cuby” created by DanRez&. Most of
the ab initio calculations were performed with Turbomole 5.8kage —
RI-MP2, RI-DFT-D. Energy decomposition with DFT-SARalculations
were performed with the use of two codes — Gaus¥®aand Molpro 2006
package. Molpro 2006 was also used for the calomadf the CCSD(T)
method.

Semiempirical calculations were also performed wiktle cuby
framework. The PM6 was calculated with MOPAC200d #re dispersion
and hydrogen bond corrections were added withirrdubg code from Jan
Rez&. SCC-DFTB-D energies were calculated with dftb+ogsam
package.



All molecular mechanical force field calculationkthe interaction
energies were performed using Gromacs 3.3 pacKBige.amino acid
topology and partial charges have been taken frmmnnSand Pande
Amberport topologies and they were modified to espnt only side-chain
analogs truncated atoQor (B) atoms. In such way, modified version of
parm03 and OPLS-AA/L force fields were prepared.

Results

All interaction energies for the side-chain cordaatithin the
hydrophobic core of rubredoxin were calculated ByTEBAPT method
decomposing the interaction energy into physicatglid terms. The
strongest contributions to the overall stabilizatmf the core come from
interactions of aromatic residues F30, F49 and WR®8llpwed by the
aliphatic residue L33. Most of the stabilizing emeroriginates in the
dispersion term. Even the profiles of the totalrggeand of the dispersion
energy are very similar. This emphasizes that iBpedsion is dominant
force in the tight arrangement of the hydropholoiec

Salt bridges are thought to provide higher theratmbty for
thermophilic proteins. For this reason, six diffaérealt bridges have been
selected from the mesophilic as well as thermoplnilbredoxins and their
interaction energies were evaluated. The major losion is that the
strength of the salt bridge interaction is subsadgtlowered upon the
presence of protein-like or water environments dhwhe change of the
pH.

The thermostability of a protein can be also attemecording to the
“proline rule”. It states that the thermostabildyproteins can be increased
by the addition of proline (P) amino acid residaespecific positions. One
of the reasons can be unusually strong interactomis/een proline and
aromatic residues. The large interaction energywéet proline and
tryptophane in the stacked arrangement can béwtd to the favourable
electrostatic interaction due to the nitrogen atomd to the facilitation of
the close contact due to the cyclic arrangement.

Because all previous studies were focused only par@al selection
of side-chain side-chain interactions in proteiti® set of 24 side-chain
pairs was selected representing typical interastiam proteins. The
interaction energies for all pairs were calculatedthe gas phase by
different methods and they were compared with COHOBS benchmark
values. For selected side-chain pairs, a high @egfeagreement was
detected between different methods, even thoughahge of interaction
energies was extremely large — over two orders afmiude. The RI-



DFT-D was found to be the most effective methodsoeable level of
accuracy. Much cheaper semiempirical methods PM6eDBCC-DFTB-
D performed noticeably worse, but they still penfied better than force
field methods parm03 and OPLS-AA/L.

The energy decomposition of the interaction ensrfpe the set with
DFT-SAPT method showed that polar residues interastly by the first-
order electrostatic interaction, while nonpolaridass interact mostly by
the second-order dispersion.

The knowledge of benchmark values for the represest set of
interactions allowed us to calculate stabilizatiemergies for all 20x20
possible pairs of side chain — side chain inteoastiwith selected RI-DFT-
D method. The results showed that most of intevactinergies calculated
at RI-DFT-D level are attractive in the gas phaBee variability of the
strength as well as population of the side-chade-shain contacts is
enormous.

Force fields methods are the most used methodthéosimulations
of proteins. Fortunately they provide the rough ctdgsion of overall
interaction energies within protein with reasonablguracy, but they
cannot be used with confidence for specific pairshsas functionally or
structurally important pairs.

The change of interaction energies for the sehercomplete matrix
of side-chain side-chain interactions upon intrdauncof an environment
was studied with the help of PCM or COSMO solvemtdels with two
different values of dielectric constants to imitgteotein-like ¢ =4) or
water environmentg(= 80). The environment highly promotes interaction
between residues of aromatic or aliphatic character

The leucine-tryptophane pair (LW) was selected asodel system
to put characteristic values of interaction eneygie larger structural
context. The complete distribution of the interacti energies has
completely different shape than the distributionchfster energies. The
majority of contacts are significantly weaker thaaoster contacts. This
leads to the conclusion that representative pagssaong enough to be
geometrically as well as energetically distinguidbafrom the mostly
random (and mostly attractive) interactions of thajority of side-chain
side-chain pairs. Therefore they should represemtctsirally or
functionally important interactions.



Conclusions

1.

The dispersion energy is the main interaction testhin the

hydrophobic core of rubredoxin. The interaction rgres between
the residues in the hydrophobic core are also géothan most of
interactions between the same residues found eégewh

. The strength of the salt bridge interaction is satiglly lowered or

even negligible upon the presence of environment.

. Interactions of proline with tryptophane can be stsong as

Interactions between two aromatic residues maimytwo reasons —
the presence of the heteroatom in proline stremgtigeelectrostatic
interactions and the cyclic arrangement of the ipeolresidue
increasing dispersive contacts.

. The evaluation of interaction energies for sideithpairs on

benchmark set showed that method with reasonalderaxy and
speed is RI-DFT-D. Much cheaper semiempirical maésh®M6-DH
or SCC-DFTB-D had worse accuracy, but they welklstiter than
force field methods parm03 and OPLS-AA/L. The benalk data
were published in the online databasgw.begdb.com

. The decomposition of interaction energies showatifgblar residues

are interacting mostly by the first-order electabist interaction,

while nonpolar residues are interacting mostly g second-order
dispersion.

The variability of the strength as well as the dapan of side-chain
interactions is enormous and it poses a great deénfan the

precision of the calculation methods.

. Force fields provide the rough description of ollemteraction

energies within protein with reasonable accuracy,they cannot be
used with confidence for specific pairs such asctionally or
structurally important pairs.

. The protein as well as water environment lowers dtabilization

energies mostly for the charged and polar sidershand thus
promotes the relative importance of aromatic ghadtic residues.

. The distribution of the side-chain side-chain iat#ion energies is

neither normal nor Boltzmann-like. Representatiaggpfrom Atlas
of Protein Side-Chain Interactions are strong ehoug be
geometrically as well as energetically distinguidbafrom the
mostly random (and mostly attractive) interactiohshe majority of
the side-chain side-chain pairs. Therefore theyulshaepresent
structurally or functionally important interactions
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