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Abstrakt

Nekovalentni interakce jsou zodpovédné za folding proteini i za
molekularni rozpoznavani béhem interakce proteinti s dalsimi molekulami,
napiiklad s riznymi ligandy, dal§imi proteiny ¢i molekulami solventu.

Abychom témto procesiim, kterych se proteiny u€astni, mohli porozumét, je
tteba kvalitniho popisu nekovalentnich interakci. VétSina metod, které jsou
vypocetné dostupné pro biologicky zajimavé systémy, v§ak ma problém se
spravnym popisem disperzniho ¢lenu. V této praci je vyuzito korekéni schéma
DFT/CC pro vypocet interakénich energii malych molekul interagujicich s
grafitickym povrchem. Tyto vysledky slouzi jako benchmark pro interakci
funkénich skupin proteind s hydrofobnim prostiedim.

V nasledujici ¢asti prace je zkoumdna role nekovalentnich interakci pii
procesech protein-protein interakce a hydratace proteinu. Na souboru 69
proteinovych dimert byly lokalizovéany interak¢ni interface a bylo
charakterizovéno jejich slozeni. Bylo ukazano, ze interface dava prednost
rozvétvenym hydrofobnim aminokyselinam (Ile, Leu, Val) a aromatickym
aminokyselindm (Phe, Tyr), zatimco vylu€uje nabité aminokyseliny kromé Arg.
Relativni preference pro vybér interakéniho partnera je podobny pro
aminokyseliny na interface i uvniti proteinu, avSak interakce parti na interface
je obecné silngjsi. Tyto vysledky Ize pfimo vyuzit v navrzeném algoritmu pro
lokalizaci interface.

Hydrataéni struktura proteind byla studovéna na ptipadové studii lysozymu
T4 bakteriofaga. Diky mnohocetnym zdznamim v databance proteint bylo
mozné provést superpozicni a clusterovaci algoritmus. Bylo lokalizovano 224
vazebnych mist vody — vodnich clusterii — a byla zkoumana jejich interakce s
proteinem. Bylo ukdzano, Ze vodni clustery davaji piednost kyslikovym
atomdm pied atomy dusiku, zatimco s atomy backbone a atomy postrannich
fetézcll interaguji v podobné mife. Vodni clustery navic preferuji vazbu na ty
atomy proteinu, které nejsou nasycené intramolekuldrnimi vodikovymi
vazbami. A¢koli nebylo prokézéano jasné spojeni mezi okupanci vodniho
clusteru a jeho interak¢ni energii, zda se, Ze vysoka okupance clusteru je
spojena s vysokym celkovym poc¢tem jeho vodikovych vazeb.



Abstract

Non-covalent interactions are responsible for the protein folding and the
molecular recognition during the protein interaction with other molecules,
including various ligands, other proteins and solvent molecules.

In order to understand these processes, exhibited by protein molecules, a
proper description of non-covalent interactions is needful. Most methods that
are computationally available for the systems of biological interest have
difficulties handling with the dispersion term. In this thesis, a density functional
theory / coupled clusters (DFT/CC) correction scheme is utilized for a set of
small molecules, interacting with a graphitic surface. The results serve as a
benchmark for the interaction of the functional groups of proteins with
hydrophobic environment.

In the following part of this thesis, the role of non-covalent interactions in
proteins was studied for the processes of protein-protein interaction and protein
hydration. Interaction interfaces has been localized in a set of 69 protein dimers
and their composition has been characterized. Interfaces has been shown to
prefer branched-chain hydrophobic amino acids (Ile, Leu, Val), aromatic amino
acids (Phe, Tyr) and exclude the charged amino acids except of Arg. It was
demonstrated that the relative preferences for choosing interacting partner are
similar for amino acids at the interfaces and in the protein interior. However,
the interaction of interface pairs is systematically stronger. These results can be
directly utilized for the proposed interface localization algorithm.

Protein hydration structure has been studied on a T4 phage lysozyme as a
case study protein. Its multiple records in the protein databank were utilized in
the superposition and clustering algorithms. 224 distinct water binding sites —
water clusters — were localized and their interaction with the protein was
examined. Water clusters has been shown to prefer oxygen atoms to nitrogen
atoms, while interacting with backbone and side-chain atoms to a similar
extent. Moreover, water clusters prefer binding to protein atoms unsaturated
with their internal hydrogen bonds. Although there was no clear correlation
between the occupancy of a water cluster and its interaction energy, the high
occupancy of a water cluster seems to be connected to the high overall number
of cluster hydrogen bonds.



1 Uvod

Proteiny zastavaji v burice celou fadu riiznych funkci, které vyzaduji
vysokou uroven selektivity a molekularni rozpozndvani. Abychom témto
fenoméntim byli schopni porozumét, je tfeba mit k dispozici kvalitni popis
nekovalentnich interakci. Rizné metody modelovani se 1isi cenou i kvalitou
popisu. Z fyzikalniho hlediska maji vSechny mezimolekulové interakce stejnou
elektromagnetickou povahu. V zavislosti na druhu interagujicich molekul vSak
muzeme rozlisit tfi zakladni typy interakci — elektrostatickou, indukéni a
disperzni. Nejvétsi vyzvou je v tomto ohledu nalézt metodu, ktera disperzi
dovede postihnout dobfe, a pfitom je pouzitelna pro biologické systémy.

Teorie funkciondlu hustoty skyta slibnou cestu pro charakterizaci vétsich
systémil, bézné funkciondly jsou vSak lokalni a nedovedou si s disperzi poradit.
Zavedeni korekéniho schématu zaloZzeného na presnych teoretickych vypoctech
je jednou z cest, jak pti DFT vypoctech zohlednit disperzi. Metoda DFT/CC tak
muze slouZzit jako benchmark interak¢nich energii proteinovych skupin.

Databanka proteinti (PDB) poskytuje ¢im dal vétsi mnozstvi empirickych
dat, kterd mohou byt zkouména pomoci bioinformatickych a vypocetnich
nastrojii. Tyto nastroje mohou pomoci rozpoznat uréité vzorce pti procesech
jako je interakce proteinil nebo hydratace protein.

2 Cile prace
Tato prace zkouma roli mezimolekulovych interakci v proteinech z dvou
rtznych Ghl pohledu — kvantové chemického a bioinformatického.

1. Metoda DFT/CC je vyuzita pro modelovani interakce funkénich skupin
proteind (zastoupenych sadou malych molekul — C,H,, C,H,, C,Hs, CsHs, CHa,
H,, H.O, N,, NH;, CO, CO,, Ar) s grafitickym povrchem, ktery slouzi jako
model hydrofobniho povrchu. Tato data mohou slouzit jako benchmark pro
mezimolekulové interakce v proteinech.

2. Interakce proteini byly studovany na souboru x-ray struktur dimer
proteind. Cilem bylo lokalizovat a charakterizovat interakéni interface a
chovani jednotlivych aminokyselin na interfacech.

3. Hydrata¢ni struktura proteinu byla studovana na lysozymu faga T4,
vybraného jako ptipadova studie. Cilem je provést superpozici mnohocetnych
struktur a lokalizovat ur¢ita mista s vysokym zastoupenim vod a analyzovat
jejich souvztaznosti.



3 Metody

Korekéni schéma DFT/CC je zalozeno na piedpokladech, ze DFT chyba
muze byt vyjadiena jako parova a ze korekce 1ze prenést z modelového
systému na cilovy systém, je-li chemicka povaha obou systémt dostateéné
podobnd. Chyba DFT je definovana jako rozdil mezi CCSD(T) a DFT energii a
1ze ji vyjadfit jako soucet korek¢nich funkci pro kazdy par atom?i. Interakéni
energie byly na urovni DFT/CC spocteny pro komplexy malych molekul s
koronenem a grafitickym povrchem.

Protein-protein interakce byly studovany na souboru 69 komplext proteinil
z PDB databanky, které mély specifické rozliSeni x-ray, sekvencni délku a
sekvenéni identitu. Zastoupeni aminokyselin a jejich tendence tvofit pary byly
studovany v rtiznych strukturnich kontextech — povrch, vnitek a interface. K
optimalizaci pozic vodikil a k vypoctu interakénich energii byl pouzit potencial
amber ff03. Aminokyseliny byly reprezentovany v C, reprezentaci, tj. vSechny
backbone atomy kromé C,, byly vylou€eny. Data byla uloZzena do matice
interakénich energii (IEM) — coz je matice interakénich energii pro kazdy par
aminokyselin. Byly spocteny a statisticky analyzovany reziduélni interakéni
energie (RIE) — soucet vSech energetickych ptispévki jedné aminokyseliny.

Pro studium hydratacni struktury byl vybran lysozym bakteriofaga T4 jako
ptipadova studie, nebot’ je v PDB databance ptitomno velké mnozstvi jeho
struktur. Struktury byly vybirany podle rozliseni, sekven¢ni délky a symetrie,
ve vysledném souboru pak zbylo 391 struktur. Tyto struktury byly
superponovany a byl zkonstruovéan grid hustoty vody jako reprezentace
hydratacni struktury. Pomoci jednoduchého clusterovaciho algoritmu byly
nalezeny vodni clustery — mista s vysokou okupanci vody. Byla provedena
analyza umisténi a vztaht téchto clustert.

4 Vysledky a diskuse

4.1 DFT/CC jako benchmark energii

Interakéni energie byly spocteny pro dva modelové systémy: komplexy
koronen -+ A a komplexy grafen -+ A. V ptipadé komplexi koronen -+ A
ukazalo srovnani s metodou MP2, ze MP2 ve srovnédni s DFT/CC systematicky
pteceniuje interakeni energie a podceiiuje rovnovazné vzdalenosti. Diskuse vede
k zavéru, ze vysledky DFT/CC poskytuji pro tento systém spolehlivejsi popis.

Interakéni energie pro komplexy grafén -+ A jsou ukazéany v tabulce 1. U
komplex, kde jsou dostupnd spolehliva experimentéalni data, se ukazuje, ze



DFT/CC je s nimi v dobrém souladu. Srovnani s dal$imi teoretickymi ptistupy
taktéz potvrzuje spolehlivost této metody. Nejvétsi rozdil od experimentalnich
metod byl pozorovéan u polarnich molekul — vody a amoniaku. V pfipadé téchto

molekul je vSak obtizné ziskat experimentalni adsorpcni data odpovidajici
adsorpci izolovanych molekul.

Tabulka 1. Fyzisorpce malych molekul na povrchu grafénu — konfrontace
vysledki DFT/CC s experimentalnimi hodnotami. R, — rovnovazna vzdalenost,

D — hloubka potencialové jamy, A..H — adsorpéni entalpie (opravena na

vibraéni energii nulového bodu), Q; — adsorpéni teplo.

DFT/CC Experiment

System | R. (A) D AddH R.(A) D 0
(kJ/mol) | (kJ/mol) (kJ/mol) | (kJ/mol)

Ar 3.29 9.9 9.6 32401 |9.6+04
H, 3.06 5.4 -4.4 2.87 5.0 £0.05
N, 3.23 10.9 -10.6 3.34 10+0.3
CH, 3.31 13.5 -13.0 3.45 125+1.0
C:H; 3.44 20.8 -20.3 18
C.H, 3.24 20.2 -19.7 18.9
C:H, 3.26 17.1 -16.7 17.2
CeH; 3.30 43.1 -42.6 41
Cco 3.23 12.3 -11.8 10.6
CO, 3.10 19.1 -18.7 3.2 17.2
H,0 3.19 13.5 -13.0 19
NH; 3.31 13.5 -13.0 19

4.2 Protein-protein interakce

Bylo charakterizovano aminokyselinové slozeni povrchu, vnittku a interface
proteind. Interface obsahuje ve velkém mnozstvi hydrofobni aminokyseliny s
rozvétvenymi fetézci — Ile, Leu, Val — a aromatické aminokyseliny — Phe, Tyr.
Vyskyt Gly a nabitych aminokyselin Asp, Glu a Lys je oproti tomu na interface
ve srovnani s neinteragujicim povrchem niz$i. Arg je jedinou nabitou
aminokyselinou, ktera z interface nemizi. Obrazek 1 tyto charakteristické rysy
ilustruje.
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Obr. 1 — Chemické sloZeni povrchu a interface proteinu. Sloupce odpovidaji

amino acid
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populaci aminokyselin na povrchu (modr4) a na interface (¢ervend)

Analyza tendenci jednotlivych aminokyselin tvofit urcité pary odhalila, ze

uvniti proteinu i na interfacech plati podobna vybérova pravidla. Nicméné,
parovani aminokyselin na povrchu zdlraznilo tendenci vytvaret hydrofobni

patche, zatimco vz4jemné interakce nabitych aminokyselin jsou zde umenseny.
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Obr. 2 — Preference parovani aminokyselin. A — intramolekularni,
B — intermolekuldrni, C — povrchové

Byly spocteny a statisticky analyzovany residudlni interakéni energie (RIE).

Hlavnim vysledkem je pozorovani, Ze Arg ma na interface niZsi energii nez na

e .

neinteragujicim povrchu. Srovnani intramolekuldrnich a intermolekularnich
interakénich energii aminokyselinovych pari ukazalo, ze interakce part na
interface je systematicky siln€jsi nez interakce uvniti proteinu. Pary na



interface maji moznost zaujmout vyhodné&jsi vzdjemné orientace.

4.3 Hydrataéni struktura proteinia

Hydratac¢ni struktura proteinti byla provedena pomoci mnohocetnych
struktur lysozymu T4 bakteriofaga. Pouzitim superpozi¢niho a clusterovaciho
algoritmu bylo lokalizované 224 mist, zvanych vodni clustery. Clustery se
vazou ve stejné mife s backbone atomy a atomy postrannich fetézcl a obecné
davaji ptednost kyslikiim pted dusiky.

Vsechny atomy kysliku a dusiku byly rozdéleny do dvou skupin: atomy v
kontaktu do 3.1 A s clustery a atomy bez kontaktu. Atomy v kontaktu jsou
pristupnéjsi solventu. VéEtSina atomil v kontaktu s clustery nema Zadnou nebo
jedinou intramolekularni vodikovou vazbu, jak ukazuje obr. 3.
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Obr. 3 — Procenta elektronegativnich atomi s riiznymi po¢ty vnitinich
vodikovych vazeb — srovnani atomi v kontaktu s vodnimi clustery (modré,
waters) a bez kontaktu s vodnimi clustery (€ervené, without waters).

Byly spocéteny parové interakéni energie vodnich clusterd a aminokyselin a
také celkové interakéni energie vodnich clusterti. Celkové interakéni energie
vodnich clustert odpovidaji poctu a typu proteinovych partner. Nepodatilo se
vsak prokazat spojeni mezi okupanci clusteru a jeho celkovou interakéni
energii. Topologické analyza hydratacni slupky nicméné ukézala, Ze clustery s
vysokou okupanci jsou ty, které¢ maji maximalni pocet vodikovych vazbe s



jinymi clustery a proteinovymi atomy.

S Zavéry

Byly spocteny interak¢ni energie souboru malych molekul s grafitickym
povrchem. Spolehlivost dat byla diskutovana. Tato data poskytuji benchmark
pro interakci funkénich skupin proteinu s hydrofobnim prostfedim. Je to slibny
prvni krok na cesté k DFT/CC popisu proteind.

Analyza protein-protein interakci vedla k charakterizaci specifického
aminokyselinového slozeni interface proteint. Interface proteinu preferuje
hydrofobni aminokyseliny s rozvétvenym fetézcem Ile, Leu a Val a aromatické
aminokyseliny Phe a Tyr. Naproti tomu je zde niz$i vyskyt malych
aminokyselin Ala a Gly a v8ech nabitych aminokyselin, kromé Arg. Bylo téz
zkoumano parovani a energetické chovani na interface a srovnano s vnitikem
proteinu. Ackoli parovani na interface podléha podobnym principtim jako
uvnitf proteinu, interakce na interface jsou systematicky silngjsi nez
intramolekularni interakce. Tyto vysledky vedou k navrZeni algoritmu pro
predikci interface.

Ve studii hydrata¢ni struktury lysozymu T4 bakteriofadga bylo lokalizovano
a charakterizovano 224 vazebnych mist pro vodu, takzvanych vodnich clustert.
Vodni clustery se vazou k atomiim backbone a k atom{im postrannich fetézct v
podobné mife, davaji v§ak obecné prednost atomiim kysliku pfed atomy
dusiku. Navic se ukazalo, ze hydrata¢ni vody se vdZou zejména k t€m
proteinovym kyslikiim a dusikim, které nejsou nasyceny vnitifnimi vodikovymi
vazbami — 80 % vSech lokalizovanych vodnich clustert interagovalo s atomy,
které mély maximalné jednu vnitini vodikovou vazbu. Okupance kazdého
clusteru nema vztah k lokalni interak¢éni energii, je vSak mozné ji pripsat
vysokému celkovému poctu vodikovych vazeb daného vodniho clusteru. Tento
druh analyzy je proveditelny alespori pro sto dalSich proteinovych struktur.
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1 Introduction

In the cell, proteins are able to perform various functions demanding high
level of selectivity and molecular recognition. In order to understand these
phenomena, a proper description of non-covalent interactions in proteins is
needful. Various methods for modelling intermolecular interactions differ in
cost and quality of description. From the physical point of view, all the
intermolecular interactions share the same electromagnetic nature. However,
three distinct types of interactions can be distinguished — electrostatic,
induction and dispersion. The most challenging task is to find a method that
describes the dispersion interaction properly and at the same time is available
for the systems of biological interest.

Density functional theory provides a promising approach for larger
molecules, but most of the common density functionals are local and therefore
cannot handle with dispersion. Introduction of a correction scheme that rely on
accurate theoretical data is one of the paths towards incorporating dispersion in
the density functional calculations. DFT/CC method can therefore serve as a
benchmark for the interaction energies of protein functional groups.

Protein data bank provides the growing number of empirical data that can
be examined using the bioinformatic and computational tools. These tools can
help to recognize distinct patterns of the processes such as protein-protein
interaction or protein hydration.

2 Aims of the study

This thesis explores the role of intermolecular interactions in proteins from
two different points of view — quantum chemistry and bioinformatics.

1. The DFT/CC methodology is employed for the modelling of interactions
of protein functional groups, represented by the set of small molecules — C,Ho,
C2H4, C2H6, C6H6, CH4, Hz, HzO, Nz, NH3, CO, COz, Ar —with a graphitic
surface*?, which serves as a model for the hydrophobic surface. The data serve
as a benchmark for the intermolecular interactions in proteins.

2. Protein-protein interactions are studied on the set of x-ray structures of
protein dimers. The aim is to localize and characterize interaction interfaces
and the behaviour of particular amino acids at interfaces.

3. Hydration structure of a protein is studied on a T4 phage lysozyme as a
case study protein. The aim is to use superposition of multiple structures to
localize distinct spots with high water occupancy and analyze their

11



interrelations.

3 Methods

DFT/CC correction scheme utilizes the assumptions that DFT error can be
represented in a pairwise manner and that the corrections can be transferred
from the model system to the target system, if the chemical nature of the
systems is similar enough. The DFT error is defined as the difference between
the CCSD(T) and DFT energies and can be expressed as a sum of correction
functions for each atom pair.

The DFT/CC interaction energies were computed for the complexes of
small molecules with coronene, as well as for the small molecules adsorbed on
the graphitic surface.

Protein-protein interactions were studied on the set of 69 protein-protein
complexes from the PDB database with specified x-ray resolution, sequence
length and sequence identity. The amino acid composition and pairing
tendencies has been studied in different compartments — surface, interior and
interface. Hydrogen position optimizations and interaction energies were
computed using the amber ff03 potential. Amino acids were represented in a C,
representation, i.e. no backbone atom except the C,,. The corresponding data
were stored in an interaction energy matrix (IEM) — a matrix of interaction
energies for each pair of residues. The residue interaction energies (RIE) — the
sum of all the energy contributions of one amino acid — were computed and
analyzed statistically.

T4 phage lysozyme has been chosen as a case study protein for this study, as
it is represented in the PDB with multiple structures. After applying restrictions
of resolution, sequence length and symmetry, the final set consisted of 391
structures. These structures were superimposed and water density grid was
constructed to represent the hydration structure. A simple clustering algorithm
revealed the water clusters — sites with high occupancy of water. Positions and
interrelations of these water clusters has been analyzed.

4 Results and discussion

4.1 DFT/CC benchmark energies

The interaction energies were computed for two model systems: coronen -
A complexes and graphene ‘- A complexes. For the coronene -+ A complexes,
the comparison with the MP2 method revealed that MP2 systematically

12



overestimates the interaction energies and underestimates the equilibrium
distances, compared to the DFT/CC method. It is discussed that the results of
the DFT/CC provides a more reliable description of the system.

The interaction energies for the graphene -+ A complexes were are shown in
the table 1. Where the reliable experiments are available, the DFT/CC proves
itself to be in a good accord with them. Also the comparison with other
theoretical approaches validates the reliability of this method. The experimental
values differ most for the polar molecules — water and ammonia. However, in
case of these molecules, it is hard to obtain experimental adsorption data that
would correspond with an adsorption of an isolated molecule.

Table 2. Physisorption of the small molecules on a graphene surface —
confrontation of the DFT/CC results with experimental values. R. —
equilibrium distance, D — potential well depth, A..H — adsorption enthalpy
(corrected for the zero point vibrational energy), Q; — heat of adsorption.

DFT/CC Experiment

System | R. (A) D AuH R.(A) D 0
(kJ/mol) | (kJ/mol) (kJ/mol) | (kJ/mol)

Ar 3.29 9.9 -9.6 3.2+0.1 9.6 +0.4
H, 3.06 54 -4.4 2.87 5.0 +0.05
N, 3.23 10.9 -10.6 3.34 10+£0.3
CH, 3.31 13.5 -13.0 3.45 125+1.0
C;H, 3.44 20.8 -20.3 18
C,H, 3.24 20.2 -19.7 18.9
C:H, 3.26 17.1 -16.7 17.2
CqH, 3.30 43.1 -42.6 41
CO 3.23 12.3 -11.8 10.6
CO; 3.10 19.1 -18.7 3.2 17.2
H,O 3.19 13.5 -13.0 19
NH; 3.31 13.5 -13.0 19

4.2 Protein-protein interactions

Amino acid composition of protein surface, interior and interface was
characterized. Interfaces are rich in branched-chain hydrophobic amino acids —
Ile, Leu, Val — and aromatic amino acids — Phe, Tyr. On the other hand,
occurrence of Gly and charged amino acids Asp, Glu and Lys is lower at the
interfaces, compared to the non-interacting surface. Arg is the only charged

13



amino acid that do not vanish at the interfaces. Figure 1 illustrates these
characteristic features.
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Fig. 4 — The chemical composition of the protein surface and interface. The
columns are the measures of the populations of amino acids at the surface
(blue) and at the interface (red)

The analysis of the tendencies of particular amino acids to create distinct
pairs revealed that the preferences are similar at the interface as in the protein
interior (Figure 2, panels A and B). However, pairing at the surface stresses the
tendency to create hydrophobic patches, whereas the mutual interactions of
charged amino acids diminishes.
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Fig. 5 — The preferences of amino-acid pairing. A — intramolecular,
B — intermolecular, C — surface

Residue interaction energies (RIE) were computed for all the amino acids in
various structural contexts and analyzed statistically. The main result is that
interface Arg tend to have lower interaction energy than Arg at the
non-interacting surface. Comparison of intramolecular and intermolecular
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interaction energies of amino acid pairs revealed that the interaction of
interface pairs is systematically stronger than the interaction of intramolecular
pairs. Interface pairs have a possibility to occupy more favourable mutual
orientations.

4.3 Protein hydration structure

The case study of the protein hydration structure was performed utilizing
multiple structures of T4 phage lysozyme. After superposition and clustering
algorithms, 224 distinct water clusters have been revealed. Clusters bind to
backbone and side-chain atoms to a similar extent and generally prefer the
oxygen atoms over the nitrogen atoms.

All the protein oxygen and nitrogen atoms were divided into two groups:
those having a contact with the clusters within a 3.1 A range, and those having
no contact. Atoms having the contact with water clusters are more accessible to
solvent. The most of the atoms with cluster contact have no or only one
intramolecular hydrogen bond, as shown in the figure 3.
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Fig. 6 — The percentage of the electronegative atoms with various number of
interior hydrogen bonds — a comparison of the atoms having contact with
water clusters (blue, waters) and the atoms with no contact (red, without
waters).

The pairwise and total interaction energies of water clusters and amino acids
were computed. The total interaction energies of water clusters correspond to
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the number and type of protein partners. However, there is no clear connection
between the cluster occupancy and its total interaction energy. Nevertheless, the
topological analysis of the hydration shell showed that clusters with high
occupancy are those that have maximum number of hydrogen bonds with other
clusters and protein atoms.

S Conclusions

DFT/CC interaction energies were computed for a set of small molecules
with graphitic surface. The reliability of these results was discussed. These data
provide a benchmark for the interaction of protein functional groups with
hydrophobic environment. It is a promising first step towards a DFT/CC
description of proteins.

The analysis of the protein-protein interaction led to characterization of
protein interfaces in terms of their distinct amino acid composition. Interfaces
prefer branched hydrophobic amino acids Ile, Leu, Val and aromatic amino
acids Phe and Tyr, while excluding small amino acids Ala, Gly and all the
charged amino acids except of Arg. Pairing and energetic behaviour was
analysed and compared in intramolecular and intermolecular context. Although
the interface pairing obey the same principles as in the protein interior, the
interface interactions are systematically stronger than intramolecular
interactions. The results lead to a proposed algorithm for interface prediction.

Hydration structure of T4 phage lysozyme was studied. 224 water-binding
spots (water clusters) were localized and characterized. Water clusters bind
with backbone and side-chain atoms to a similar extent, preferring oxygen
atoms to nitrogen atoms. Moreover, it was shown that the hydration waters seek
the oxygen or nitrogen atoms of the protein that are not saturated with the
interior hydrogen bonds — more than 80 % of the localized water clusters
interacted with the electronegative atom with maximum one interior hydrogen
bond. The occupancy of each cluster has no connection with local interaction
energy, it can be rather ascribe to the high overall number of hydrogen bonds of
the water cluster. This kind of analysis can be performed with at least one
hundred other protein structures.
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