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On the Role of Water in the Protein Activity
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The role of the supporting medium of water molecules in some protein activities is examined under different
aspects as in the cases of a monomeric peptidebake fibroblast growth factorof a dimeric peptide, the
human neutrophil peptide, ®f a peptide that acts in non-aqueous environmentgtheicidin Adimer, of a

water molecule present in the binding of a co-factor iph@spholipas@eptide, and under the general point

of view of the hydrophilic/hydrophobic properties described by a hydropathy scale. These examples illustrate
the importance of water in the hydrogen bond formation that is, of main importance in keeping the peptide
structures that cannot be defined without the water contributions. The conclusions confirm that living systems
are like they are because water is an outstanding and abundant molecule present everywhere in living matter.

1 Introduction tides, saccharides, nucleic acids have the common fe
that they contain hydrogen-bonding functional groups
Almost all mechanisms occuring in the cells depend on The hydrogen bonds have some interesting features(iki
proteins [1]-[6] that constitute most of biological macro- low enthalpy formation, about 20% of the chemical bc
molecules providing large variety of functions[2]-[4]. Their enthalpy;(ii) total unspecificity{iii) the association, or dis
importance can be emphazised by noting that the ge-sociation, of molecules through HB are fast enough to
netic information is fundamentally expressed as protein Mit to check their formation and to correct misformatio
molecules[5]-[7]. Specific DNA segments contain the ge- The large number of HB, that are generally present betv
netic information on the peptide amino acids sequence.water and biological materials, result in the high specifi
Thousands of different proteins in the cells, precisely cod- of the HB networks which include intra and intermolecu
ified by the genes, realize specific functions. The individ- bonds.
uality of the proteins is directly related with their three- In the present paper, the role of the water molecule
dimensional structure that provides the ideal conditions for the intermolecular HB formations in biological media w
realizing correctly their functions[8]. However, in spite be described by means of some typical examples. In th
of the importance of the proteins in the celular life, the sulting analysis, the consequences of the water mole«
role of the supporting medium, in particular of the solvent participation on the peptide structures will be investige
moleculesi.e. the water molecules, is equally important be- as well. The direct role of the water molecules in the d
cause they constitute the most part of the cell, about 70%,nition of protein structures will be examined in a first exa
and because the contribution of the water molecules is essenple as the case of a monomeric peptide, tibsic fibroblast
tial in the peptide activities[9]. The water molecules[10, 11], growth factor in a second example as the case of a dim
beyond the small mass, present high multipolar momentspeptide, thehuman neutrophil peptide. 3'he third analysi
that contribute to the formation of hydrogen bonds, HB. will focuse a peptide that acts in non-agueous environ
Consequently, the water molecules perform an essentiathe gramicidin Adimer and, as a fourth example, the r
structural role in the organization and activity of the bio- 0f a water molecule present in the binding of the co-fa
logical medium. Many of the protein activities depend on Will be analyzed in thephospholipaséA2 case. The fina
the protein stability, on associations with other proteins or example will be the analysis of a hydropathy scale the
ligands while the catalytic activity depend on the structure, & scale helpfull in the determination of three-dimensic

on thermodynamic and dynamic properties, properties thatstructures of the peptides since it makes a relationshif
are deeply influenced by the solvent. tween the affinity of the individual amino acid residues ¢

All the most important biological molecules like pep- their location in a proteic structure.
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2 Material 2.2 Thedefensin HNP-3
. Antibacterial cationic peptides are important components o
2.1 Thebasic fibroblast growth factor the innate defenses of all species of life[17]. Most of them

. ) o __interact with the bacterial membranes by disrupting the or-
The function of the growth factors peptides is to induce their jo; o the phospholipid bilayer, causing loss of membrane
specific target cells to grow and/or to make a differentia- integrity [18]-[20]. Two main mechanisms have been sug-
tion. The first step in their gctivity is to bind to heparin or gested for peptide permeation of the bacterial membrae: (
to the heparan sulfate chains of proteoglycans located orye parrel-stave mechanism, where bundles of peptides fori

the cell-surface receptor(2]-[4]. Thmsic fibroblast growth — 5nsmembrane pores through the bacterial membrane[2:
factor (bFGF or FGF-2) is a mitogenic, neurotrophic, and 54 i) the carpet-like mechanism, where membrane de
angiogenic polypeptide that is a member of a protein fam- gy, otion/solubilization occurs via parallel binding of the

ily containing until the present nine known different species o iges to the bacterial membrane, covering the membrar
(constituting theFGFs family) that interact with three, re- - o carpet like manner[22].

Ia(t;ed bfut dl||st|nct, receptors[1.3, ;4]. Seyeral .members.of th? The human neutrophil peptide ANP-3 is a member of
FGFs family are oncogenes. t € angiogenic properties ofy, a-defensinfamily, one of the most common classes of
bFGF SL.Jgg.eSt an involvement in tumor growth and Cancer. -ationic antimicrobial peptides[21, 23]-[26]. The primary
The ba§|c fibroblast grqvvth factoal_so has V\_/ound healing structure oHNP-3is displayed in the Fig. 2. The common
properties that made it an attractive candidate as a thera’structural feature of the-defensinfamily is a hydrogen-

gilg"fﬁru% Even thmtjlgh The_(tjhrtet(aj-dlrln?ns:orlﬁll st_ruli:ture Ofbonded pair of antiparallgl—strands (strands 2 and 3) con-
b t'tast eetn recfen )t/_euul i.e rﬁ_a |\_:_ey e 1s F‘Om” nected by a short turn to form @—hairpin. The crystal
about its structure-function refationship. 1Wo regions inthe .\, e ofHNP-326] shows a dimeric structure formed

primary jt:uc:)ur(_e of lthed 155;ham|no a:quSFdhave b;enlt by two monomers connected by thegir hairpin regions
proposed to be Involved in the receptor-binding and mito- through HB. The resulting quaternary structure is a six-

genic activity of this factor. These regions correspond to stranded3—sheet (Fig. 3) stabilized by HB, six disulfide

residues 33-77 and 115-124[6, 12, 16]. . bridges and hydrophobic contacts. Moreover, the crystallo
~ The secundary structure bFGF comprises twelve an-  graphic analysis shows ordered internal water molecules st:
tiparallel 5 strands arranged in a pattern with approximate pjjizing the peptide structure[26]. The tertiary structures of

threefold internal symmetry[6, 12, 16]. The strands are the two monomers, monomer 1 and monomer 2, are slightl
numbered sequentially from the amino terminus. The (ifferent.

strands 1, 4, 5, 8, 9 and 12 form a six stranded antiparal-
lel 5 barrel that is closed at one end Bysheet interac-
tions involving strands 2, 3, 6, 7, 10 and 11. The three- B>

B2
dimensional structure of thieasic fibroblast growth factor bCy éRI PA?I AG El; RY GTZO Ly ng LWA F32:C
is displayed in Fig. 1. | ? N |
I

Figure 2. Primary structure of thdNP-3 The disulfide bridges
are represented by the solid lines.

monomer 1
monomer 2

Figure 1. The tertiary structure of thmsic fibroblast growth fac- Figure 3. TheHNP-3quaternary structure.
tor.
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2.3 Thegramicidin A by Lys49. The presence of the NHyroup of Lys49 make:
impossible the binding of the €& co-factor resulting ir
the lack of catalytic activity. However, despite the lack

s brevis. GA | . inst G itive bacterial catalytic activity, these Lys49-PLA2 homologues retai
us Lews. 27 Izssag |\;e agains rﬁw'%os't'vi acten_a dCa?Jr independent membrane damaging activity. In s
membranes{27, 28] by forming one of the best-characterize of the lack of catalytic activity be related in many worl

ion ch.gnnels. The GA channel increases the mgmbrane PeTSome papers refute this fact and report a residual cate
meability to water molecules and tp monovalent .IOHS[Z]-[4]. activity[39, 40]. Furthermore, as such as in the case of c
It has_ been used as a m(_)del for ion channels in numerou nake venoms, PLA2s isolated from snake venom, Ly:
experlmt_ental and theoretlcal stu¢es. _It has been ac_cepte LA2s, also processes combined myotoxic and cyto
that GA is a N-terminal to N-terminal right handgdhelix pharmacological activities.

dimer during the channel formation[4, 29, 30]. GA is con-

stituted by an amino acid residues sequence where D and L

configurations are alternated. The N-terminus is formylated O&ASPQQ

The dimergramicidin A (GA) is a 30 amino acid residues
peptide with antibiotic properties that is producedBacil-

and the C-terminus is bound to an ethanolamine group. The

secundary structure is depicted in the Fig. 4. The GA bio- ]

logical activity is intimately related to its structure so that it \

may be influenced by different factors such as the nature of \K/\ %\ /O—EN
the solvent[8, 31]-[34]. Consequently the importance of the O/\N P\O

water molecules in the maintenance of the structure of the & ‘

GA in the active form is a main object of study. His48 ARG Ca‘zj./ ’%
" K i ¥ spat

T

Gly 30

»

‘\ﬁ

Figure 5. Schematic diagram of a productive interaction betw
phospholipase Aand a phosphatidylethanolamine.

AL

-‘ Hel:x 1

o+

Calcium
binding leap

Figure 4. The secundary structuregsmicidin A

2.4 Phospholipass A2 %

Phospholipase A2 (PLA2 EC 3.1.1.4) catalyze the hydroly- ’
sis of the sn-2 acyl bonds of sn-3 phospholipids. Snake ven- C-teminal ™,
oms constitute a rich source of PLA2 with several structural
and functional diversity[35]. The classification of venom \
PLAZ2s into two classes is based on the basis of primary Helti
structure[36]. Classes I/Il snake venom PLA2s display sev- ) ) ) )
eral pharmacological properties[37]. The structural basis of Figure 6. Ribbon representation of the Lys49-PLA2, in which
the catalytic function involves the highly conserved active indicated the different secondary structures and the catalytic
site residues His48, Asp49, Tyr52 and Asp99, in which the (-

essential C&" co-factor is bound to Asp49 and to carbonyl

main chain oxygen atoms of the aptly named calcium bind-  The general structure of the Lys49-PLA2s monome
ing loop. A schematic diagram of the interaction between showed in the Fig. 6. The catalytic site, formed by the f
phospholipaseA2 and a phospholipid is observed in Fig. residues His48, Lys49, Tyr52 and Asp99, is sheltered by
5[38]. The mechanism of action g@hospholipaséA2 in- antiparallela-helices. The Lys49-PLA2s side chain N at
volves a His48 and Asp99 catalytic diad that activates one of the Lys49 residue is located exactly at the same pos
water molecule (into the dashed circle in Fig. 5) for nucle- occupied by the Ca ion in the active site of the Asp4¢
ophilic attack on the ester while &a stabilizes the oxyan-  PLA2s[35]. Studies of site-directed autogenesis real
ion transition state[38]. A sub-family of catalytically inac- with porcine pancreatic PLA2, in which Asp49 is substitu
tive PLA2s has been characterized with Asp49 substitutedby Lys49, have suggested that the Lys49 side chain N ¢

Helix 3
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sterically hinders the binding of the essential co-factot'Ca 3 Method
[35]. The C-terminal region and a single double-stranded

sheet are linked by disulphide bridges. Several studies have

identified amino acid clusters located in the active site and

lipid substrate binding regions[35] however the mechanisms Al the results were obtained from molecular simulation us-
of myOtOXiC and CytOlytiC activities of Lys49PLAZ2s are still ing the molecular dynamics method[53]-[55]. The simu-
unknown.Myotoxinll, (BaspMT-Il), isolated fronBothrops  |ated systems consist of the solute molecule(s) immersed i
Asper is a basic dimeric Lys49-PLA2s. Molecular simula- water molecules or in a mixed medium water-carbon tetra:
tion was employed to study the hydration structure and thechloride in the GA case. The solvent concentrations were
structural changes in monomer of the BaspMT-I. adjusted to match, in the pure solvent regions, the experi
mental solvent density. In the agueous phases, ions wel

introduced to neutralize electrically the system. The peri-

odic boundary conditions and minimum image convention

were applied[53]-[55]. The Gromos96 force field was used

. to model all the molecules and interactions[56] including the

2.5 Anamphipathy scale spc/e model for water molecules. The bond lengths were
controlled using the SHAKE constraint algorithm[55] as so

Considering the fund tal i . in the knowled as to maintain the rigidity of the solvent molecules. Exper-
onsidering the fundamental importance In the Knowledge;; o, X-ray or NMR data were used as initial guess for
of the structure of proteins to understand their functions,

. . ' the peptides coordinates excluding in the amphipathy calcu
(rjlo';abtlﬁ etfhforts ;ave bgen Ider(]]hcatecfi to predlchand to eIUCI'Iations that start with random configurations. The moleculal
ate the three-dimensional shape ol amino acids SEqUeNCeyy 5 mic simulations were conducted at 298 K during 2.0

tS(.m,]e hwgrkshwsrgt dlrepted to tt]he tz;naly3|ls ofththte Ero- to 4.0 ns after relaxing the systems. The equations of mo
eins hydrophovicity using amphipatiy scales that Show i, \yere integrated using the Verlet algorithm with a 2.0 fs

the relative _hydrophobicity of amino acids. In these re- time step. A cut-off was applied at 1.0 nm and a generalizex
searches, dlfferent_pathways were pursue(_j based_ on: t_h'la:’oisson-Boltzmann cavity field method was used to take
transfer free energies[41]-{43], the accessible amino acid; - count the long-range interactions corrections[57].
surfaces in proteins[44], statistical techniques using soluble

proteins[45], the interactions between amino acids[46], the ) . .
modification of existent experience based data scales[47], . The intermolecular HB were characterized by two crite-
statistical methods using membrane proteins[48], etc. nria. _The first one is based on the radial distribution function
some of the above cited cases, different procedures werd©files, rdf. The rdf g o(r) and gs, i (r) must present a
used: for example, the determination of the free energy of ¢/€ar definition of a peak in an appropriate region definec
transfer was determined using water and different solvents 2Y the nature of A, or B, if A and B are respectively a posi-
The transfer free energy was obtained from the equilibrium tVely and anegatively charged solute atom. The water oxy
between water solutions and: ethanol or dioxane[4t}, ~ 9€n and hydrogen atoms are labeled O (Ow) and H (Hw

methylacetamine[42] and n-octanol or palmitoyloleoylphos- respeptively. _Simultaneously, a s.econd_ cri_terign was apP'ie'
phocholine solutions[43]. to define the intermolecular HB: the distribution of the in-

teraction energies between the solute atoms and the solve

It can be noted from the analysis of the amphipathy molecules, the pair energy distributions, P(E), must preser
scales that the hydrophobicities of the amino acids are lack-a peak, or a shoulder, in the attractive region[58, 59]. The
ing of uniformity because the residue hydrophobicity is too number of HB, n; 5, on the chosen atoms was calculated
much correlated with the different kind of methods used in from the usual integration of the rdf up to its first minimum
its determination. In the light of the general observation and by the number of water molecules that generates th
that the interior of soluble proteins is predominantly com- P(E) peak exclusively if it is located in the attractive en-
posed by hydrophobic amino acids, while the hydrophilic ergy region. In some cases, when only a shoulder in P(E
side chains are preferentially located on the external surfacds observed in place of a peakyp was calculated taking
of the proteins where they are free to interact with the sol- into account all the solvent molecules that have presente
vent molecules, the present example shows how it is possidinteraction energies with the selected solute atom, lower, 0
ble to elaborate a new amphipathy scale that deternmiimes equal, to -5.0 kcal/mol. The values of;g obtained from
situ the hydrophobicity of amino acids in water by molec- both procedures are highly consistent. The mean energy
ular simulation without using any arbitrary equilibrium. It the intermolecular HB, kg, is also consistently obtained
is highly probable that molecular simulation is to be consid- from P(E). The intramolecular HB were detected by two
ered as the good method to weigh correctly the hydropho-criteria: maximum of the radial distribution function (rdf)
bicity of the amino acids because this technique is able “to at a maximum hydrogen-acceptor distance of 0.235nm an
reproduce” the environment protein-water as so as charac-an occurrence fraction, Fr, larger than 0.1. The structura
teristics that depend on the physical and chemical propertiesstability of the protein was monitored by means of the root
of water[49, 50, 51, 52]. mean square deviatiomsd).
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4 Results and discussion

4.1 Thebasic fibroblast growth factor 25

The initial structure used in the simulation is the structure 20

obtained by X-ray crystallographic difraction (pdb code: z,. ]
)

1BFF[60]). As a first analysis, the structural stability of
bFGF was investigated from themsd data that are ploted

in Fig. 7. Thermsd calculated using the X-ray structure as 054
the reference. These data show that the simulated structures | l
00

are very similar to the experimental one confirming that the “26 a5 45 56 65 75 86 95 105 116 126 136 148
simulation data are reliable for an investigation of & F residue
structure.

Figure 9. The HB of théasic fibroblast growth factoNH atoms.

25+ The degree of exposition to the solvent of HteGF side
chains is appropriately described focusing on the interac
of polar or charged groups with water molecules. As s

=

3 154 as it was found in the backbone hydration, each functic

z group exhibits a solvation pattern characterized by rdfs
"0 similar profiles and peak positions. However, these rdf

fer in intensity. The hydratation of the lateral chains v
analyzed considering only the polar lateral chains, cha
or not, since no intermolecular HB were found in the ap
side chains.

The gy z,0(r) for the lysine residues HZ atoms exhil
similar profiles featured by peaks with maxima at 1.95 - Z
A. The O ,0(r) and gy i,0(r) functions HE and HH argi

The backbone hydration was analysed by consideringnine atoms present distinct profiles indicating that the
the carbonyl CO and amide NH atoms that are hydrogendration structures around the NH and NH2 groups are
bonded to water molecules. Similar conclusions are givenferent. In the cases of the arginine residues, the HE
by the analysis of the rdfs and P(E) distributions in the case'dfs present similar first peaks located at 2403n the HH-
of intermolecular HB formation. The:g) (r) are character- ~ OW rdfs peaks were observed with maxima at 1/00’he
ized by a first peak with a maximum located at 1.80-1A90 pair energy distributions for the interactions between w
while the gy .o (r) feature first peaks with maxima at 1.75- Molecules and the HZ, and HE/HH atoms of the lysines
2.00A. The CO P(E) distributions present a peak in the in- arginines, respectively, reveal that these interaction ene

termolecular attractive region with maxima located around SPan from -6.5 to 8.75 kcal/mol. The OE1-Hw, OE2-F
-6 kcal/mol. However, in some cases, the CO-water pair ©D1-Hw, OD2-Hw rdfs for the aspartic and glutamic a

energies give rise to distributions with a shoulder in the in- arPoxylate ox_yglen art]oms present a first peak av 41
termolecular attractive region instead of a peak. The results2-0%: respectively. The corresponding interaction enert

for ng g, shown in Figs. 8 and 9, indicate that 52% of the i

give rise to distributions that span from -10 to -9 kcal/rr
CO and and 30% of the NH atoms of thEGF forms inter- characterized by peaks in the region of attractive inte
molecular HB.

T T T
0,00 0,33 0,67 1,00 133 167 2,00
Time (ns})

Figure 7. The root mean square deviations fortibsic fibroblast
growth factor

tions. The carboxyl groups of the aspartic and gluta
acids are similarly solvated as such as the solvations of
4 amino groups are similar.

The hydration structures of the hydroxyl groups of
serine, tyrosine, threonine residues exhibit similar patte
Analysis of the rdfs OH-Hw presents peaks at A75he
HH-Ow rdfs present a striking sharp first peak at 1.8
2.05A indicating a strong hydrogen bond. The pair ene
distributions for the OH atoms reveal that their hydrog
bonds with water molecules at energies in the range f
-9.5 kcal/mol. The pair energy distributions for the
atoms occur through energies in the range from -8.3 to -
26 35 48 56 66 76 85 96 106 116 126 136 148 kcal/mol.

residue

0,8

Q
= 054

044

02

00

The number i of the side chain atoms indicate tt
Figure 8. The HB of thdasic fibroblast growth factoiCO atoms. some side chains atoms are involved in both intramolec
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and intermolecular hydrogens bonds. In these cases, the hyeompletely crosses the dimer, does not contain conserve
dration numbers are smaller than the hydration numbers ofor structural water molecules. However, the presence o
the atoms that are only hydrogen bonded to water, Figs. 8the hydration water molecules at the beginning (Asp2 anc
and 9. Tyr4) and at the end (Tyrl7 and Tyr22) of the mini-channel
The reasons of the structural stabilizationbéiGF are preserves the dimer stability. The existence of a hydropho
clear from the detailed analysis of the set of intermolecu- bic mini-channel stabilized by hydration molecules at both
lar hydrogen binding. The structural stabilization promoted ends, in its turn, stabilizes the overall quaternary structure
by the HB intramolecular were complemented by the inter- of the defensin Such quaternary structure probably can be
actions with solvent. The nucleus bFGF is practically  easily destroyed when the exposed polar groups begin to ir
inaccessible to the solvent while the external region of this teract with membrane surfaces damaging the bilayers stru
globular protein is in immediate contact with the solvent tures.
since 76.7% of the residues bFGF are solvated. These
residues can be divided in a group of 36.6% that makes only
intermolecular HB while the other 40,1% are involved in
both intra and intermolecular HB. The external surface of
the protein is rich in hydrophilic and charged amino acids,
in particular lysine, arginine, glutamic acid and aspartic acid
residues. Consequently the intense hydration of the residues
promotes the existence of a peptide/solvent interface where
the intermolecular HB insert the surface structure of the
protein in the water HB network resulting in a good stabi-
lization of the protein/water contacts. The amide and car-
boxyl terminal group are ionized at physiological pH and
strongly solvated. Hydroxyl groups are present in many sol- Figure 10. ThedNP-3crystal structure. The polar amino acids are
vated side chains contributing by means of intermolecular displayed.
HB formed to the more attractive intermolecular energies.
These energies are so attractive that they surpass the ener-
gies of the hydrogen bonds between water molecules in pure

water phase[10, 11]. The hydration of the hydroxyl groups (’%N

is therefore a decisive factor in the stabilizatiorb&GF in
aqueous solution.

. hydrophobic
A channel

4.2 Thedefensin HNP-3 jf\

The structural organization due to the water near the mon{,;ée;z
peptide interface together with intramolecular HB were /-\
found to stabilize the crystal structure. The intramolec- -~

ular HB are: OD1(Asp2)-NH(Cys3), OE1(Glul4)-

HE(Arg6), OE2(Glu14)-HH2(Arg6), OE1(Glu14)- display of the polar amino acids. The polar side chains, involved ir
NH(lle11), OH(Tyr17)-HH2(Arg15), OH(Tyrl7)- intramolecular HB in the crystal structure, are directed to the polat
HE(ArglS), ~ CO(Gly18)-HE(Argl6),  OGL(Thrl9)-  solvent in the aqueous medium, where they form an equatorial ring
HH2(Arg16) and O(Cys31)-NH(Arg15) . around the dimer.

The polar amino acids side chains are directed to the po-
lar solvent in aqueous solution differently of the intramolec-
ular HB found in the crystal structure (Fig. 10, crystal struc- 25
ture, and Fig. 11, aqueous solution structure). In solution,
the donor and acceptor atoms are involved in intermolecular
HB with water molecules disrupting the HB found in solid
state. The g p values of the polar side chain groups in the
monomer 1, Figs. 12-15, indicate that each peptide atom ex-
hibits its own hydration shell. Similar results are observed
with the monomer 2. The HNP-3 aqueous solution structure
shows that the six Arg residues (Arg6, Argl5 and Argl6
of the both monomers) form an equatorial ring around the
dimer, while the apolar side chains of Tyrl7, Tyr22, Trp27, Residue
Phe29, Cys5 and Cys20 are interacting with each other,Figure 12. The HB of the aspartic (OD1 and OD2) and glu-
repeling water molecules, resulting in a hydrophobic core tamic (OE1 and OE2) acid carboxylate oxygen in tHBIP-3
(Fig. 11). The hydrophobic mini-channel (Fig. 16), that monomer 1.

monomer 1

Figure 11. The structure diNP-3in aqueous solution with the

3,0

Il OD1 or OE1
V77 OD2 or OE2

2,0

15

10

Hydration number

3 4 5 6 7 8 9 10 11 12 13 14
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3,0

N HE
251 Y HH1
I HH2

2,04

154

1,04

Hydration number

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Residue

Figure 13. The HB of the arginine side chain HE, HH1 and HH2

hydrogen atoms in thelNP-3 monomer 1.

3,0

H oF1
257 V7 HE2

2,04

1,54

1,04

Hydration number

0,54

0,0

15 16 17 18 19 20 21 22 23
Residue
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Figure 16. The hydrophobic mini-channel that completely cro:
the HNP-3dimer.

the consequently unfavorable entropy contribution to
free energy of solvation, is minimized. THeNP-3 am-
phiphilic character is probably the key of the affinity of tl
peptide, and other of the same class, to negatively che
bacterial membranes.

4.3 Thegramicidin A

The initial structure of the GA used in the simulations v
obtained by NMR in dimyristoilphosphatidilcoline bilay
(DMPC)[29], pdb code: 1MAG[60]. The simulated sy
tem was constituted by a GA dimer and a mixture of
lar (water) and apolar (carbon tetrachloride) solvents. -

Figure 14. The HB of the OE1 and HE2 glutamine residue atoms System intends to mimic internal apolar region of the I

in theHNP-3monomer 1.

Il OH or OG1
25 Y HH or HG1

2,0

15

Hydration number

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Residue

Figure 15. The HB of the OH, HH Tyr and OG1, HG1 Thr residues

atoms in theHNP-3 monomer 1.

The selected g o(r) and gz x(r) and corresponding

logical membranes and their polar neighborhoods. The
ulation box was divided in three slices containing the a
lar phase in the central slice and the polar phases in the
other slices. The central part of the simulation box embo
the GA channel structure excepting the ethanolamine f
groups (—NH — CH>;CH>OH ) that must remain in con
tact with the aqueous phase.

The Fig. 17 represents the last configuration of the -
tem obtained by simulation that presentsrasd from the
respective experimental starting structureddf6nm char-
acterizing the structural conservation of the peptide.
GA dimer forms a structure that passes through the aj
phase connecting the two aqueous phases. This struct
a channel since a row of water molecules occupies its
ter, Fig. 18. These water molecules are aligned in su
way that they are connected by HB. The water molecule
jectories indicate that their residence time inside the cl
nel is about 0.26ns signaling a constant exchange of
ter molecules between the internal part of the channel

P(E) profiles ( not shown ) indicate that the polar side chains the water phase. The HB formed by the water molect
of many amino acids present well defined hydration shells. that are inside the channel, with the oxigen atoms of
The spatial arrangement of the cationic residues on the pepCO and NH atoms presentgg, between -7.0 and -11.
tide surface enhances the action of the hydrophobic forces inkkcal/molThe Egp of the oxigen and hydrogen atoms
the dimer inner region. Hydrophobic interactions are usually the hydroxyl groups present in the ethanolamine group
thought as resulting from a partial reversal of the solvation found around -9.7 kcal/mol and -15.7 kcal/mol, respectiv
process that can be seen as due to the weak exposure or thEhese intermolecular HB are consequently an important
lack of exposure of apolar groups to the water phase with bilizing factor of the channel structure in its active form.
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'i'..- " o -| Figure 18. The water molecules that occupy the center of the char
nel in the last structure of thgramicidin Aobtained by simulation.

Figure 17. The last structure of tiggamicidin Aobtained by sim-
ulation.

4.4 Themyotoxin Il

The stability of the structure generated during the sim- The trajectory ofBaspMT-Il reveals that its structure re-
ulation can be evaluated by monitoring of the intramolec- Mains highly stable after 0.5 ns becauserthed oscillates
ular HB involving the oxigen and hydrogen atoms of the N€ar 3.0nm, Fig. 19, showing also that the secondary struc
polar groups in all residues. It can be concluded that thetures of the helix-I, Il and Il are well defined and stable.

GA channel structure is maintained in its active form by the This stabilization occurs by means of intra and intermolec-
stabilizing effects due to the intermolecular HB with water ular HBs. The intramolecular HBs that were found are 112

molecules and by direct interaction between the monomers.HBS between H and O backbone atoms, 111 HBs betwee
The datas relative to the intermonomer HB are presented inPackbone and side chains atoms and 45 HBs between ator
Table 1 where it can be seen that the intermonomer HB wereOf side chains. Intermolecular HBs with the backbone atom:

detected during more thaf0% of the time indicating that ~ Were observed with the larger frequency/mwing and C-
the dimer structure exhibits a high stability. These HB stabi- terminal regions. The helices are stabilized mainly by in-
lize both the internal region of the channel as so as its con-{ramolecular HB because the number of intramolecular HE
tacts with the aqueous phase at both ends. The maintenandg larger than the number of intermolecular HB, Fig. 20.
of the intramolecular HB network is enough to character-
ize the stability of the channel structure in the active form.
The structural stability is a consequence, among other fac- ]
tors, of the intermolecular interactions in which the water
molecules carry out the important function of stabilizing the A
peptide main chain. ng
5

Table 1. The HB between the two monomgramicidin A
in the GA channel.

Co NH Tmaa(A) Fr %5 05 0 v® 15 20 25
Val(1) | Ala(20) 1.95 0.96
Ala(5) | Val(16) 1.95 0.75 Figure 19. The'msd of theBaspMT-Il. The reference structure is
Ala(3) | Ala(18) 1.95 0.98 the initial structure of thaspMT-Il used in the simulations.
Ala(20) | Val(1) 1.95 0.86 o . .
Vai(16) | Ala(s) 1.95 0.95 The stabilization of the helices is better observed from
Ala(18) | Ala(3) 1.95 0.99 the improvement of the helix-l and Il secondary structures

according to the Ramachandran dihedral angles criteria[4]
Another point of improvement of the secondary structure is
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a new short helix formed by four residues (115-118) with the Lys49 PLA2s residue plays a role in the stability of
charged side chains located in the C-terminal region. Thelocal structural but cannot stabilize the oxyanion transi
B-wing and C-terminal loop are the most hydrated regions state in the same way as the co-facto?Caan do it. The
on account of the presence of charged side chains exposedccess of the Ca co-factor is completely hindered becat
to the solvent, Fig. 20. The Lys49 charged graNg;  the NH; group of the Lys122 residue, that is located on

drogen atoms hydrogen bonded with three water moleculesyony| atoms of the loop forming intramolecular HBs.

In the final structure of the simulation, one of these water The structure of thenyotoxinll is stabilized in great par
molecules is hydrogen bonded with the ND1 atom of the 1y jntramolecular HBs. Parts of the secondary structure
His48 resllduel. An EB netwolrk is observed e:jrobund these gapilized by intermolecular HBs excepting the helix-2 :
V\;attr(]er rr?%ecu es. tT esef rt(:];u}}i are suppcl)_rte49 yf(}j}gfn helix-3. The local structure of the hydrophobic channe
otthe nydrogen atoms o g group in Lysa= and o stabilized by a HB network. The maintenance of the

the ND1 atom of His48. The water molecule that is hydro- . . .

gen bonded with the ND1 atom of the His48 residue is an His48 plays an important role in the structure and func

hydration water molecule (W-His48). of both PLA2s, Lys49 PLA2 and Asp49 PLA2. Thea
co-factor is essential to realize the catalyze, but it is nof
sential to stabilize the structure of the Lys49 PLAZ2s.

4.5 An amphipathy scale

In order to determine a hydrophobicity scale, molecular s
ulations of small peptides in spc/e water were perforr
with small peptides likewa (laa), Gly — aa — Gly (3aa)
andGly — Gly — aa — Gly — Gly (5aa), whereaa cor-
responds to the amino acids commonly found in the |
tein primary structures. The amino acid glycine was u
as reference because its side chain is constituted by
one hydrogen atom that is unable to interact strongly \
other atoms. The mean configurational energies pep
water molecules were focused for all the peptides. T
o i S e o can be splitted in two parts: the backbone average co
Nuber o theprateinatars urational energy, E(iaa) with i =1, 3 or 5, and side chair

Figure 20. The intermolecular HB between oxygen (O) and hy- average configurational energy.kiaa). . .
drogen (H) atoms oBaspMT-Il of protein and water molecules. The values of i (laa), Ew(3aa) and By (5aa) listed

The plot shows HB in the each of the secondary structure of the in Table 2 indicate that the backbone configurational
BaspMT-llmonomer. The data of the backbone atoms are plotted ergy are somewhat constant since it does not depend c
in the first part of the figure and the side chain data in the secondnature of the centrada residue. The E(laa) average is
part. equal to (-113,2:6,8) kcal/mol, (-224,86,1) kcal/mol for

Ep(3aa) and (-231,214,3) kcal/mol in the i (5aa) case.

The HB network, located into hydrophobic channel, has Of course, deviations of jz(iaa) from the average are ol
an essential role in the stabilization of the local structure. served being the larger deviation observed with the prc
The water molecule, W-His48, detected in the catalytic site, amino acid because its side chain is a cycle and the
is the molecule shown into the circle in the Fig. 5. The lo- bridization of the N atom of its main chain ip? not sp® as
calization of W-His48 is in agreement with the experimental for the other amino acids since tiéterminal of proline is
results[38] and with the mechanism proposed to explain thean imino not an amino group so that proline would be m
catalytic activity[35, 38]. Other water molecules can also correctly classified as an imino acid. In this way, the I:
be identified in the channel forming a HB network with W- of one hydrogen atom bonded to the nitrogen atom in
His48. proline amino acid results in less atractivg & Pr o).

The simulation showed that the W-His48 is presentinthe ~ From these results, it is obvious that the chemical ¢
Lys49 PLAZ2s, as is Asp49 PLA2s. Consequently, the pres-acteristics of side chain of the residues have only a |
ence of W-His48 cannot guarantee the ability to catalyze. influence on the intramolecular interaction energies of
The lack of the catalytic activity in the Lys49 PLA2s is ex- backbone atoms. Until the present, nothing can be sai
plained by the existence of & H;™ group, in place of the  the side chains configurational energies that, neverthe
co-factor C&* in Asp49 PLA2s, coordinated with calcium must be fully responsible for the hydrophobicity of ami
binding loop carbonyl oxygen atoms. TRéH, group of acids.

Nurber o Hyragenbad
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Table 2. The backbone configurational energiesaaf, 3aa and5aa.

Amino acid | Ey(Laa)(kcal.mot?) | Ey(3aa)(kcal.molr ) | Ey,(5aa)(kcal.molT)
Ala -119.02 -227.58 -216.69
Arg -115.17 -226.07 -215.66
Asn -115.18 -230.49 -221.62
Asp -102.51 -216.38 -228.68
Cys -115.91 -222.30 -222.90
Gin -112.70 -230.20 -240.02
Glu -108.05 -217.43 -219.01
Gly -118.91 -229.32 -240.96
His -112.50 -226.82 -245.44

lle -113.54 -221.58 -254.78
Leu -115.69 -228.73 -249.10
Lys -122.71 -229.61 -245.68
Met -112.19 -231.04 -245.68
Phe -114.00 -222.51 -228.53
Pro -90.89 -207.99 -204.59
Ser -114.05 -229.03 -216.08
Thr -112.75 -217.42 -239.62
Trp -117.14 -228.67 -249.32
Tyr -118.54 -223.77 -222.51
Val -112.30 -229.51 -229.99

Table 3. The side chain configurational energieswf, 3aa and5aa.

Amino acid | E,.(1aa)(kcal.mot™") | E,.(3aa)(kcal.mor!) | E,.(5aa)(kcal.mol!)
Ala -1.81 -1.70 -1.59
Arg -56.50 -63.21 -57.37
Asn -16.26 -18.67 -18.40
Asp -90.59 -110.89 -108.19
Cys -4.48 -4.58 -4.34
Gin -19.14 -19.45 -18.60
Glu -112.42 -115.84 -115.94
Gly 0 0 0
His -20.33 -24.01 -23.55

lle -5.91 -5.54 -5.41
Leu -5.96 -5.84 -5.62
Lys -76.74 -79.50 -81.48
Met -6.90 -6.80 -6.67
Phe -11.74 -11.65 -11.31
Pro -2.99 -3.95 -3.92
Ser -9.06 -13.58 -13.68
Thr -90.68 -13.79 -14.32
Trp -17.22 -17.26 -17.42
Tyr -24.19 -24.51 -24.57
Val -4.62 -4.38 -4.32

111
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Table 4. The side chain average configurational energies.

Amino acid | < E,. >(kcal.mot!) | Amino acid | < E,. >(kcal.mol!)
Ala -1.7+0.1 Leu -5.8+0.2
Arg -59.1+3.6 Lys 79.3:2.4
Asn -17.8+1.3 Met -6.8+0.1
Asp -103.2+11.1 Phe -11.6£0.2
Cys -4.4+0.1 Pro -3.6£0.5
GIn -19.1+0.4 Ser -12.1+2.6
Glu -114.H2.1 Thr -12.6£2.5
Gly 0 Trp -17.3+0.1
His -22.6+£2.1 Tyr -24.4+0.2
lle -5.6+0.3 Val -4.440.2

The values of E.(laa), Es:.(3aa) and E.(5aa) are < FE,. >found in the range-12 to -25 kcal/mol. The
listed in Table 3. They are quite invariable in function of last group is the group of charged polar amino acid: t
the number of Gly residues in the peptides:, 3aa and < F4 > energies are in the -60 to -115 kcal/mol ran
5aa. The modellaa, 3aa and5aa peptides are small so that It is interesting to note that the Gromos96 force field[
they are unable to protect their hydrophobic side chains fromis consistent with the fact that the phenilalanine and try,
direct interactions with the solvent. Table 4 lists the aver- phan amino acids are weakly polar so that a charge less
age valuesg F. >, of Es.(1laa), Es.(3aa) and E.(5aa). 0.2¢is attributed to the aromatic hydrogen atoms. Moreo
Consistently with our modek: E,. >= 0 for the glycine the three-dimensional structure of the proteins depend:
amino acid where the side chain is a hydrogen atom not ex-solely on the hydrophobicity of the side chains but depe
plicitly identified in the Gromos96 force field[56]. From a also on the steric effects due to the different extension
single inspection of Table 4 is can be seen that the aminothe space hindered by the different secondary structur
acids can be grouped in 3 sets: one where the amino acidshe interior of proteins[61, 62].
with energies< FE . > between0 and -7 kcal/mol are put As a final classification, the results listed in table
together constituting the group of the apolar amino acids. can provide the yearned hydrophobicity sequence of th
The second group aggregates the polar amino acid withamino acids:

]

largest hydrophobicity-Gly—Ala—Pro—(Cys, Vaj—(lle, Ley—Met—Phe—(Ser, Thj
—Trp—Asn—GIn—His—Tyr—Arg—Lys—(Asp, Gly— largest hydrophilicity

The < E,. > of the amino acids put together are very solvent and the side chains of proteins in aqueous phase
close. The< E,. > side chain energies configurational comparing these results with presentE,. > scale. For
present some advantages when compared with other amthis analysis, the next proteins used webasic fibroblast
phipathy scales: growth factof63], defensif26], gramicidin64] and two

) ) ) conotoxings5, 66]. The mean side chain-solvent confi

1. they consider the amino acids when they are bonded,ational energies obtained with these proteins will be ca

with other residues forming peptide chains; < Eproteins >. The correlation betweer E,oreins >

2. they analyse the complete interation between the sol-and< Es. > s presented in Fig. 21 where the correlat

vent and the amino acids (backbone and side chain): coeficient is equal t6.97. The absolute values ef E,. >
are always larger than the absolute values dt,,otcins >

3. they are able to reproduce exactly the environmentbecause the access of the solvent to the side chains is a

amino acid-water; more hindered in the real structures than inthe, 3aa and

5aa model peptides. Consequently, the solvent molec

are always localized at distances such that the confic

tional intermolecular energies are always less atractiv

5. they do not depend on hypothesis frequently included the protein case. The intermolecular configurational e

in many amphipathy scale determination. gies for the side chain of each residue of tiasic fibroblast

growth factor(E;prr) are plotted in Fig. 22 as a functic

Nevertheless, the quality of the present results has to beof the position of the residue. It can be noted that some
confirmed by analyzing the interaction energies between the

4. they do not depend on unclear differences of standard
free energies;
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gions present less attractive energies, they are specifically
the regions 36-40, 61-65, 69-73, 108-114, 119-126 and 144-
152. It is interesting to observe that these regions are hy-

drophobic regions localized in the interior bésic fibrob-

last growth factor The regions shown in Fig. 23 are hy-

drophilic regions situated on the external part of Hasic

fibroblast growth factor It is, consequently, clear that parts

of secundary structures can be predicted from<hg,,. >
scale.

<E,. > (kcal.mol %)

T T T T T T T T
-8 -0 -0 -0 0

< Eproteins > (kcal.mol -1)

Figure 21. The plot ok Ep oteins > VS. < Esc >. The correla-
tion coefficient is equal to 0.97.

Ejger (kcal.mol?)

0

D0 0 o) 10 j74) W
Residue

Figure 22. The sequence of the E;. > in thefibroblast growth

factor primary structure. The gray regions are the hydrophobic re-

gions.

5 Conclusion

In this paper, important features of the role of water in the
protein activity were presented and discussed. The fun-
damental function of the intermolecular HB in the tertiary

113

Figure 23. The position of hydrophobic regions detected in Fig. 22
in thefibroblast growth factocrystal structure.

in the aspects that HB are of main importance considerin

that:

1.

N

the basic fibroblast growth factois unable to de-
fine its tertiary structure without the solvent contri-
bution since only3-strands, and no disulfide brigde,
are present in its structure;

. the importance of the water molecules is enhanced i

considering the dimedefensinwhere the hydropho-
bic channel is stabilized by water molecules at both
ends. The immediate consequence is that highly re
active polar and charged side chain groups are firmly
exposed to external interactions;

. the same stabilizing influence of the water molecules

are observed in the case of tgeamicidin channel
since both interior region and mouthes suffer the in-
fluence of the water that can pass through the chan
nel as it must occur as well whemamicidinforms a
channel in bacterial membranes resulting in the loss o
protoplasmic materials and in the dead of the bacteria

. the double function of a water molecule in the main-

tenance of the catalytic center structure and in the hy.
drolysis of the sn-2 acyl bonds of sn-3 phospholipids
is outstanding in thehospholipasstudy;

. finally a method based on objective simulation data

has permitted to predict secondary peptide structure
that are fundamental features in the protein activities.

All these examples on the role of the water molecules
and quaternary protein structures was described focusing thg@ermit to confirm that the living systems are like they are be-
maintenance of local structures as so as the insertion of thecause water is an outstanding and abundant molecule prese
peptides into the larger, and very stable, HB network formed everywhere in living matter. This is the reason why the watel
by the interactions between the solvent molecules. The ex-molecule can be baptized as the most important componel
amples proposed to enlight the water importance are clear in the living matter.
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