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ABSTRACT. The growth of cells is controlled by stimulatory or inhib-
itory factors. More than twenty different families of polypeptide growth
factors have been structurally and functionally characterized. Basic fi-
broblast growth factor (bFGF) of the fibroblast growth factor family
was characterized in 1974 as having proliferative activity for fibroblastic
cells. The inhibitory effects of ethanol on cell proliferation result from
interference with mitogenic growth factors (e.g., bFGF, EGF and PDGF).
In order to better understand the mode of action of bFGF, particularly
regarding the influence of ethanol on the biological activity of bFGF,
three recombinant bFGF mutants were produced (M6B-bFGF, M1-bFGF
and M1Q-bFGF). In the present study, wild bFGF and these mutants
were examined by molecular dynamics simulations in systems consist-
ing of a solute molecule in ethanol solution at 298 K and physiological pH
over 4.0 ns. The hydrogen bonds, the root mean square deviations and
specific radial distribution functions were employed to identify changes
in the hydrogen bond structures, in the stability and in the approximation
of groups in the different peptides to get some insight into the biological
role of specific bFGF regions. The detailed description of the intramo-
lecular hydrogen bonds, hydration, and intermolecular hydrogen bonds
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taking place in bFGF and its mutants in the presence of ethanol estab-
lished that the residues belonging to the β5 and β9 strands, especially
SER-73(β5), TYR-112(β9), THR-114(β9), TYR-115(β9), and SER-
117(β9), are the regions most affected by the presence of ethanol mol-
ecules in solution.
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INTRODUCTION

A cell reproduces by performing an orderly sequence of events in which it duplicates its
contents and then divides in two. This cycle of duplication and division, known as the cell cycle,
is the essential mechanism by which all living things reproduce. The eukaryotic cell cycle can be
subdivided into two main phases: interphase, a long period during which cell contents are dupli-
cated, and mitosis (M-phase), a shorter period during which cell contents are segregated (Reis
et al., 2005). Interphase is further divided into S-phase and the gap phases G1 and G2 (Lehninger
et al., 1993; Stryer, 1995; Voet and Voet, 1995; Alberts et al., 2002; Cooper, 2004; Reis et al.,
2005). The G1-phase involves gene expression and protein synthesis. It allows the cell to grow
and produce all the proteins necessary for DNA synthesis. In the second phase, the S-phase,
the cell replicates its DNA, which results in two complete DNA strands and leads us to the third
phase of the cell cycle, the G2-phase. During this phase, the cell grows again and synthesizes
the proteins involved in cell division. Once this phase is completed, the cell enters the fourth
phase of the cycle, the M-phase, when the cell undergoes a process known as cytokinesis, by
which two new cells are generated, thus completing the cycle (Lehninger et al., 1993; Stryer,
1995; Voet and Voet, 1995; Alberts et al., 2002; Cooper, 2004).

However, cell proliferation has to be regulated, since the formation of new cells has to
outweigh cell loss by adult tissues. Cells that are not dividing (quiescent) are said to be in the G0-
phase. When cells receive external cues to initiate division, they move from the quiescent state
into the G1-phase. This regulation occurs via protein interactions, which constitutes the control
system that drives and coordinates the cell cycle. In multicellular organisms, this cycle is con-
trolled by highly specific proteins, namely growth factors. These growth factors regulate cell
proliferation via a complex network of biochemical cascades which in turn regulate gene trans-
cription and the assembly and dismantling of the control system. Over a hundred growth factors
belonging to families of homologue proteins that bind to common receptors are known (Sporn
and Roberts, 1991; Cross and Dexter, 1991). One of these families comprises the fibroblast
growth factors (FGF), a family consisting of twenty-one members (Schlessinger et al., 2000), of
which only nine of them were known up to mid-1997 (Galzie et al., 1997; Venkataraman et al.,
1999; Schlessinger et al., 2000). Members of the FGF family bear between 30 and 80% homo-
logy, and their factors are designated FGF-1 to FGF-21 (Schlessinger et al., 2000). One member
of this family, FGF-2, was named basic fibroblast growth factor (bFGF) because its isoelectric
point (pI = 9.6) lies in the basic pH range in aqueous medium (Gallego et al., 1986; Zhang et al.,
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1991). bFGF is a mitogenic peptide that stimulates the growth and differentiation of a broad
spectrum of mesodermal and neuroectodermal cell types, and it is also a powerful agent in
tissue repair (Ago et al., 1991; Zhang et al., 1991; Moy et al., 1996). bFGF is of great impor-
tance in the embryonic phase because, besides being a primary inducer of mesodermal cell
formation, it modulates the proliferation and differentiation of these cells (Galzie et al., 1997;
Luo and Miller, 1998). In the adult phase, bFGF also plays a major role in regulating the function
and neurological degeneration of adult cells (Galzie et al., 1997; Luo and Miller, 1998). Inappro-
priate expression of this growth factor may result in the development of tumors as well as other
pathologies (Galzie et al., 1997). bFGF is a peptide consisting of a primary sequence of 155
amino acid residues (Table 1) arranged in antiparallel β-strands strongly bound by β-folds (Galzie
et al., 1997) (Figure 1).

Table 1. Primary sequence of basic fibroblast growth factor.

1 M A E G E I T T L P A L
13 P E D G G S G A F P P G
25 H F K D P K R L Y C K N
37 G G F F L R I H P D G R
49 V D G V R E K S D P H I
61 K L Q L Q A E E R G V V
73 S I K G V S A N R Y L A
85 M K E D G R L L A S K S
97 V T D E C F F F E R L E

109 S N N Y N T Y R S R K Y
121 T S W Y V A L K R T G Q
133 Y K L G S K T G P G Q K
145 A I L F L P M S A K S

Studies on synthetic growth factors have revealed that the presence of ethanol may
interfere in the action of bFGF, inhibiting neuroectodermal cell proliferation in the embryonic
phase (Luo and Miller, 1998). This lack of control may have drastic consequences for the
formation of the new individual. Gestational alcohol exposure may result in numerous anomalies
regarding fetus formation, the most severe being the manifestation of a disease known as fetal
alcohol syndrome. Birth defects related to fetal alcohol syndrome range from craniofacial mal-
formations and growth retardation to intellectual impairment (Luo and Miller, 1998). The effect
of ethanol on mitogenic growth factors, especially bFGF, depends on the concentration of this
alcohol. For example, studies have revealed that exposure to ethanol at a concentration of 1.21
g/L results in 50% cell growth inhibition, while ethanol at a concentration of 8.00 g/L is sufficient
to cause total loss of the bFGF proliferative activity (Luo and Miller, 1998).

To date, little is known about the structural elements controlling the biological activities
of bFGF (Galzie et al., 1997). One of the methods employed in the identification of the factors
determining protein biological activity is site-directed mutagenesis. For instance, one bFGF mu-
tant that has attracted much attention is M6B-bFGF (Presta et al., 1992), which was developed
by replacing the four charged residues ARG-118, LYS-119, LYS-128, and ARG-129 with neu-
tral glutamine residues. When compared to wild-type bFGF, M6B-bFGF shows in cultured en-
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dothelial cells a similar receptor-binding capacity and mitogenic activity, but a reduced affinity
for heparin-like low-affinity binding sites, a reduced chemotactic activity, and a reduced capac-
ity to induce the production of urokinase-type plasminogen activator (Presta et al., 1992). Two
other examples of very interesting bFGF mutants are M1-bFGF (Isacchi et al., 1991) and M1Q-
bFGF (Presta et al., 1993). The former was developed by removing the residues of the se-
quence LYS-27 to LEU-32 in bFGF, whereas the latter was obtained by replacing the charged
amino acids LYS-27, LYS-30, and ARG-31 with neutral glutamine residues. Under the same
experimental conditions, these mutants are at least 100 times less efficient than bFGF in stimu-
lating plasminogen activator production in endothelial cells (Isacchi et al., 1991; Presta et al.,
1992). M1-bFGF and M1Q-bFGF bind to bFGF plasma membrane receptor on endothelial cells
in a manner undistinguishable from bFGF (Isacchi et al., 1991; Presta et al., 1992).

Two regions in the primary structure of 155-amino acid bFGF have been proposed to be
involved in the receptor-binding and mitogenic activity (Schubert et al., 1987). They correspond
to 33-77 and 115-124 amino acid residue regions (Schubert et al., 1987). Their identification was
based on the capacity of synthetic peptides related to these bFGF sequences to interact with
bFGF receptor and partially to agonize or antagonize bFGF-induced stimulation of DNA synthe-
sis in 3T3 fibroblasts (Schubert et al., 1987; Baird et al., 1988; Halaban et al., 1988; Walicke et
al., 1989; Kaner et al., 1990). Several data support the hypothesis that the 115-124 sequence of
bFGF represents the core sequence required for the binding of bFGF to its receptor (Schubert et
al., 1987; Baird et al., 1988; Halaban et al., 1988; Walicke et al., 1989; Kaner et al., 1990).
Recently, high- and low-affinity receptor binding sites on the bFGF surface have been identified
by employing structure based site-directed mutagenesis (Zhu et al., 1997, 1998). According to
these studies, the high-affinity site on bFGF includes four hydrophobic residues TYR-33, TYR-
112, LEU-149, and MET-151 and two polar residues GLU-105 and ASN-113 on bFGF. The
low-affinity site is composed of amino acids LYS-119, TYR-120 and TRP-123, which play an
important role in the stimulation of the mitogenic activity.

Computer simulations enable us to study the biomolecular system and to predict their
properties. Computer simulations and experimental measurements have become complemen-
tary tools in the study of biomolecules (van Gunsteren et al., 1994; Degrève and Silva, 2002;
Hansson et al., 2002; Fernandez et al., 2004; Namba and Degrève, 2004; Degrève et al., 2004;
Murakami et al., 2005). The first one provides a detailed atomic picture at a resolution in space,
energy or time that is generally inaccessible by experimental means, whereas the second pro-
vides the necessary restriction of the configurational space that has to be sufficiently sampled in
a simulation (Guimarães et al., 2004).

The aim of the present study was to carry out molecular simulation studies on the effect
of the interaction between ethanol molecules and the amino acid residues of bFGF and its
mutants, M6B-bFGF, M1-bFGF, and M1Q-bFGF, in order to better understand the structural
factors that determine the loss of bFGF activity in the presence of ethanol molecules.

COMPUTATIONAL METHODS

Molecular dynamics simulation

All the results were obtained from molecular simulation using the molecular dynamics
method (Alder and Wainwright, 1959; Allen and Tildesley, 1987; Cicotti et al., 1990). The mo-
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lecular dynamics simulations were carried out with the GROMACS 3.0 molecular dynamics
package (Lindahl et al., 2001). The simulated systems consisted of one solute molecule; exper-
imental NMR data (pdb code 1BLA) were used for bFGF and the starting structures for the
M6B-bFGF, M1-bFGF and M1Q-bFGF were obtained from the mutation of the NMR crystal
structure of the bFGF performed with the “Deep View Swiss-pdb Viewer (Guex and Peitsch,
1997). These initial structures were immersed in water molecules or in a mixed medium of
water-ethanol molecules (Table 2). The solvent concentrations were adjusted to match, in the
pure solvent regions of the simulation boxes, the experimental solvent density (Table 2). Ions
were introduced in the aqueous phases to neutralize the system electrically (Table 2). In this
study, we present results obtained at ethanol concentrations of 1.21 g/L (50% decrease in bio-
logical activity) and 8.00 g/L (total loss of biological activity). The periodic boundary conditions
and minimum image convention were applied (Alder and Wainwright, 1959; Allen and Tildesley,
1987; Cicotti et al., 1990). The Gromos96 force field was used to model all the molecules and
interactions (van Gunsteren et al., 1996). The SPC/E model was used for the water molecules.
The bond lengths were controlled using the SHAKE constraint algorithm (Allen and Tildesley,
1987) to maintain the rigidity of the solvent molecules. After an initial phase of a 1-ns duration,
the molecular dynamics simulations were conducted for 4.0 ns at 298 K and pressure (1 atm)
coupling, in a 95 x 95 x 95-nm3 simulation cell, implementing the PME method (Essman et al.,
1995) with a cut-off applied at 1.4 nm. The equations of motion were integrated using the Verlet
algorithm (Tironi et al., 1995) with a 2.0 fs time step.

Table 2. Configuration of the simulated systems using molecular dynamics simulation.

Protein Na+ Cl– Number of water molecules Number of ethanol molecules

bFGF 18 26 22296 77 (8.0 g/L)
bFGF 18 26 23249 11 (1.21 g/L)
M6B-bFGF 18 22 22301 77 (8.0 g/L)
M6B-bFGF 18 22 23253 11 (1.21 g/L)
M1-bFGF 13 23 22437 77 (8.0 g/L)
M1-bFGF 13 23 23400 11 (1.21 g/L)
M1Q-bFGF 18 23 22415 77 (8.0 g/L)
M1Q-bFGF 18 23 23546 11 (1.21 g/L)

bFGF = basic fibroblast growth factor; M6B-bFGF, M1-bFGF and M1Q-bFGF = recombinant bFGF mutants.

Intramolecular hydrogen bonds

The identification of intramolecular hydrogen bonds was performed monitoring the hy-
drogen-acceptor distances: a maximum hydrogen-acceptor distance of 0.235 nm, a minimum
donor-hydrogen-acceptor angle of 135° and an occurrence fraction (Fr) greater than 0.1 were
adopted as criteria to identify the intramolecular hydrogen bonds.

Intermolecular hydrogen bonds

The hydrogen bonds between protein atoms and the solvent molecules were character-
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ized using radial distribution functions (RDF) (Alder and Wainwright, 1959; Allen and Tildesley,
1987; Cicotti et al., 1990) and the pair energy distributions (P(E)). The RDF must show a clear
definition of a peak in an appropriate region depending on the receptor atom. The P(E) is the
pair energy distributions of the interactions between the solute atoms and the solvent molecules.
P(E) must show a peak, or a shoulder, in the attractive region (Stillinger and Rahman, 1974;
Degrève and Silva, 2002). The number of intermolecular hydrogen bonds, nHB, on the chosen
atoms was calculated from the usual integration of the RDF up to its first minimum and by the
number of solvent molecules that generate the P(E) peak exclusively if it is located in the
attractive energy region. In some cases, when only a shoulder in P(E) was observed in place of
a peak, nHB was calculated taking into account all the solvent molecules that showed interac-
tion energies with the selected solute atom, less than or equal to -5.0 kcal/mol. The values of
nHB obtained from both procedures were highly consistent.

The structural stability of the protein was monitored by means of the root mean square
deviation, RMSD, applied either to all residues all along the simulation time or to particular
residues as temporal averages. The RMSDs were obtained comparing the positions of selected
peptide atoms with the corresponding positions in the starting structures.

The IUPAC determination (IUPAC, 1970) for the atom symbols was used to identify
the atoms of the bFGF and of its mutants. For example, CO corresponds to the oxygen atoms of
the backbone carbonyl groups and NH represents the backbone amide hydrogen.

RESULTS AND DISCUSSION

The secondary and tertiary structures of bFGF and its mutants obtained by molecular
dynamics simulation in ethanol solution consist of twelve antiparallel β-strands held together by
small loops. These β-strands form a trigonal pyramid where each of the faces consists of two
antiparallel β-strands (face 1: β2-β3, face 2: β6-β7, face 3: β10-β11), whereas the base of this
pyramid is composed of the remaining six antiparallel strands (β1-β12, β4-β5, β8-β9) (Figure 1).

Figure 1. Tertiary structure of basic fibroblast growth factor.
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The RMSDs of bFGF, M6B-bFGF, M1-bFGF, and M1Q-bFGF in ethanol solution (Fig-
ure 2) show that:

• The structure of bFGF in aqueous medium undergoes few changes if compared with
the starting NMR structure; the mean RMSD value is 0.25 nm. In ethanol solution,
higher RMSDs are observed with a mean value of 0.38 nm (Figure 2).

• Similar behavior is displayed by the mutants M6B-bFGF, M1-bFGF, and M1Q-bFGF,
which have mean RMSD values of 0.27, 0.25, and 0.30 nm in aqueous medium, re-
spectively. In ethanol solution, the RMSD values are 0.50, 0.33, and 0.35 nm, respec-
tively (Figure 2).

Figure 2. RMSD of basic fibroblast growth factor (bFGF) and mutants (M6B-bFGF, M1-bFGF and M1Q-bFGF) in aqueous
medium and water/ethanol medium. RMSD = root mean square deviation.

The structural analysis of the main chains by the Ramachandran angles (Φ and ψ)
(Ramachandran and Sasisekharan, 1968) shows that their behavior in aqueous medium is in
excellent agreement with the experimental data (Morris et al., 1992). In ethanolic medium,
however, some regions in the β5, β8, and β9 strands of bFGF and M6B-bFGF and of the β1, β5,
and β9 strands of M1-bFGF and M1Q-bFGF display deviations from the values found in aque-
ous medium (Table 3).
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Table 3. Ramachandran angles of the main chain of basic fibroblast growth factor (bFGF) and its mutants (M6B-
bFGF, Ml-bFGF and MlQ-bFGF) in water/ethanol medium.

Residue Ref. (Morris bFGF M6B-bFGF Ml-bFGF M1Q-bFGF
et al., 1992)

PHI(Φ) PSI(ψ) PHI(Φ) PSI(ψ) PHI(Φ) PSI(ψ) PHI(Φ) PSI(ψ) PHI(Φ) PSI(ψ)

THR-7 49.189 -175.095 49.150 -175.115 49.240 -175.224 - - 49.330 -175.215
PRO-10 -55.765 132.392 -55.567 132.350 -55.489 135.415 - - -55.456 135.641
PRO-22 -63.372 168.365 -63.379 168.330 -63.385 168.380 - - -63.250 168.245
PRO-29 -65.345 165.315 -64.115 164.890 -64.100 164.775 - - -63.005 161.215
ARG-31 -48.243 115.215 -47.990 116.110 -47.950 114.990 - - -46.230 111.550
GLY-38 47.377 85.875 47.350 85.780 47.225 85.660 47.220 85.115 47.350 85.990
ARG-48 -48.366 115.360 -48.310 115.330 -48.250 115.410 -48.330 115.300 -48.430 115.400
GLY-70 142.240 -5.117 140.200 -4.215 139.890 -4.015 139.990 -4.550 140.115 -4.225
GLY-76 142.410 -5.330 139.100 -4.115 139.560 -4.115 139.780 -4.225 139.800 -4.350
GLY-89 142.332 -5.270 139.540 -4.600 139.445 -4.980 139.440 -5.015 139.448 -4.900
ARG-106 -48.415 115.305 -46.315 113.102 -45.570 112.870 -49.960 117.555 -49.975 118.005
ASN-111 60.244 -0.042 59.125 -0.060 60.575 -0.090 58.545 -0.090 58.975 -0.085
ASN-113 60.125 -0.054 58.980 -0.040 60.005 -0.099 62.530 -0.095 63.660 -0.090
THR-114 -61.250 0.775 -60.880 0.550 -59.860 0.980 -63.330 0.950 -62.980 0.990
ARG-116 -48.178 115.220 -47.550 113.840 -45.660 113.015 -50.210 113.220 -49.970 116.945
ARG-118 -48.432 115.189 -45.970 112.800 -47.230 117.800 -46.520 112.740 -46.130 113.115
THR-121 -61.358 0.844 -59.660 0.640 -59.420 0.540 -62.970 0.960 -63.005 0.250
GLY-131 90.733 0.006 88.700 0.008 90.005 0.003 86.580 0.002 87.005 0.009
GLY-136 -65.357 0.795 -64.300 0.560 -63.680 0.880 -63.970 0.430 -62.580 0.870

The structures of bFGF and of its mutants in ethanol solution undergo significant changes
if compared with their structures in aqueous medium. The increase in all the RMSD values in
ethanol solution (Figure 2), as well as the changes in the Ramachandran angles (Table 3),
reinforce the assumption that some of these regions exhibit higher flexibility because of the
presence of the ethanol molecules in solution. This fact is confirmed in the subsequent analyses.

Intramolecular hydrogen bonds

Structural characterization of the peptides by molecular dynamics simulations was car-
ried out via identification and monitoring of the intramolecular hydrogen bonds detected throughout
the simulations. Tables 4, 5, 6, and 7 show the hydrogen bonds for the main-chain atoms, their
respective fraction of occurrence (Fr), and the maximum distances between the proton donor
and acceptor of bFGF and its mutants. These results show that the antiparallel β-strands, as
well as the whole structure of bFGF, are stabilized by 39 intramolecular hydrogen bonds involv-
ing the main-chain atoms (HBintra MC-MC), 31 involving the main-chain atoms and the amino
acid side-chain atoms (HBintra MC-SC), and 19 involving bFGF amino acid side-chain atoms
only (HBintra SC-SC). As for the bFGF mutants: M6B-bFGF is stabilized by 36 HBintra MC-
MC, 27 HBintra MC-SC, and 18 HBintra SC-SC; M1-bFGF by 35 HBintra MC-MC, 25
HBintra MC-SC, and 15 HBintra SC-SC, and M1Q-bFGF by 32 HBintra MC-MC, 25 HBintra
MC-SC, and 14 HBintra SC-SC.
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Results from molecular dynamics simulations carried out for bFGF and its mutants
show that the two cysteine residues Cys-34 and Cys-101, present in all members of the FGF
family and their mutants, do not form a disulfide bridge. Doubt as to whether this disulfide bond
was present or not (Galzie et al., 1997) was resolved by deliberately building a disulfide bridge in

Table 4. Distance and occurrence fraction (Fr) of the intramolecular hydrogen bonds of main-chain atoms of basic
fibroblast growth factor.

Donor Receiver Distance Fr

NH LYS- 30 CO LEU- 62 1.95 0.93
NH ARG- 31 CO MET- 151 2.05 0.85
NH CYS- 34 CO PHE- 39 1.95 0.83
NH LYS- 35 CO LEU- 147 1.95 0.94
NH GLY- 38 CO CYS- 34 1.95 0.97
NH PHE- 39 CO CYS- 34 1.95 0.80
NH PHE- 40 CO VAL- 52 2.05 0.85
NH ARG- 42 CO ASP- 50 2.05 0.93
NH ASP- 50 CO ARG- 42 1.95 0.94
NH VAL- 52 CO PHE- 40 2.45 0.75
NH GLN- 63 CO LYS- 75 2.05 0.98
NH GLN- 65 CO SER- 73 2.05 0.86
NH GLU- 67 CO VAL- 71 1.95 0.85
NH VAL- 71 CO GLU- 68 2.05 0.88
NH VAL- 72 CO PHE- 103 2.05 0.90
NH LYS- 75 CO GLN- 63 2.05 0.97
NH VAL- 77 CO LYS- 61 2.45 0.67
NH LEU- 83 CO SER- 94 2.15 0.86
NH ALA- 84 CO LEU- 92 1.95 0.91
NH MET- 85 CO ARG- 90 1.95 0.96
NH LYS- 86 CO ARG- 90 2.25 0.81
NH GLY- 89 CO LYS- 86 2.05 0.92
NH ARG- 90 CO LYS- 86 2.05 0.85
NH PHE- 102 CO THR- 114 2.35 0.80
NH PHE- 103 CO VAL- 72 2.15 0.79
NH PHE- 104 CO ARG- 116 1.95 0.95
NH GLU- 105 CO GLY- 70 1.95 0.94
NH ARG- 106 CO THR- 114 1.95 0.94
NH GLU- 108 CO TYR- 112 1.90 0.91
NH ASN- 111 CO TYR- 124 1.95 0.83
NH THR- 114 CO ARG- 106 2.05 0.94
NH ARG- 116 CO PHE- 104 1.95 0.97
NH ARG- 116 CO PHE- 104 2.00 0.80
NH SER- 117 CO TRP- 123 2.05 0.85
NH LYS- 128 CO GLY- 131 2.05 0.93
NH GLY- 131 CO LYS- 128 1.95 0.94
NH TYR- 133 CO GLY- 51 2.45 0.75
NH MET- 151 CO ARG- 31 2.05 0.98
NH ALA- 153 CO PRO- 29 2.05 0.91
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a “test protein” and constantly monitoring the intramolecular distances between the atoms of
these two residues. The RMSD of such a structure shows large deviation from the starting
protein, indicating that the disulfide bond does not belong to this protein’s native structure. The
fact that there are no disulfide bridges between these two residues is in agreement with exper-
imental results (Galzie et al., 1997) and allows us to conclude that the tertiary structure of these
proteins must be stabilized by hydrogen bonding and other intra- and intermolecular electrostatic
interactions only.

Table 5. Distance and occurrence fraction (Fr) of the intramolecular hydrogen bonds of main-chain atoms of  M6B-
bFGF.

Donor Receiver Distance Fr

NH LYS- 30 CO LEU- 62 2.00 0.90
NH ARG- 31 CO MET- 151 1.95 0.80
NH TYR- 33 CO LEU- 149 1.85 0.93
NH CYS- 34 CO PHE- 39 2.00 0.91
NH LYS- 35 CO LEU- 147 1.90 0.90
NH GLY- 38 CO CYS- 34 1.95 0.94
NH PHE- 39 CO CYS- 34 2.00 0.85
NH PHE- 40 CO VAL- 52 2.00 0.90
NH ARG- 42 CO ASP- 50 1.95 0.90
NH ASP- 50 CO ARG- 42 1.85 0.98
NH VAL- 52 CO PHE- 40 2.05 0.80
NH GLN- 63 CO LYS- 75 2.35 0.70
NH GLN- 65 CO SER- 73 2.15 0.85
NH GLU- 67 CO VAL- 71 1.85 0.90
NH VAL- 71 CO GLU- 68 2.15 0.87
NH VAL- 72 CO PHE- 103 1.95 0.89
NH LYS- 75 CO GLN- 63 2.00 0.95
NH VAL- 77 CO LYS- 61 2.35 0.80
NH LEU- 83 CO SER- 94 1.95 0.94
NH ALA- 84 CO LEU- 92 2.35 0.86
NH MET- 85 CO ARG- 90 2.05 0.92
NH LYS- 86 CO ARG- 90 2.00 0.85
NH GLY- 89 CO LYS- 86 1.90 0.88
NH ARG- 90 CO LYS- 86 1.90 0.89
NH PHE- 102 CO THR- 114 2.15 0.82
NH PHE- 103 CO VAL- 72 2.23 0.92
NH PHE- 104 CO ARG- 116 2.20 0.90
NH GLU- 105 CO GLY- 70 2.10 0.98
NH ARG- 106 CO THR- 114 1.85 0.97
NH GLU- 108 CO TYR- 112 2.00 0.88
NH ASN- 111 CO TYR- 124 2.05 0.79
NH THR- 114 CO ARG- 106 2.15 0.89
NH GLY- 131 CO LYS- 128 2.15 0.90
NH TYR- 133 CO GLY- 51 2.00 0.73
NH MET- 151 CO ARG- 31 2.15 0.99
NH ALA- 153 CO PRO- 29 2.10 0.96
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A comparison between the intramolecular hydrogen bonds taking place in the β-strands
in the ethanol/water and water media allows one to observe that there are three groups of
strands with behaviors that are different in these two kinds of media:

• The first group, comprising the β3, β7, β11, and β12 strands of bFGF and M6B-bFGF,
and the β3, β4, β6, β7, and β11 strands of M1-bFGF and M1Q-bFGF, maintains a
similar number of intramolecular hydrogen bonds. The difference between these num-
bers is no higher than 0.5, so that these strands do not undergo any changes arising

Table 6. Distance and occurrence fraction (Fr) of the intramolecular hydrogen bonds of main-chain atoms of  M1-
bFGF.

Donor Receiver Distance Fr

NH CYS- 34 CO GLY- 38 2.05 0.36
NH CYS- 34 CO PHE- 39 2.05 0.55
NH LYS- 35 CO LEU- 147 2.25 0.94
NH GLY- 38 CO LYS- 35 2.15 0.87
NH PHE- 40 CO VAL- 52 1.95 0.88
NH ARG- 42 CO ASP- 50 1.95 0.95
NH HIS- 44 CO ARG- 48 2.25 0.94
NH GLY- 47 CO HIS- 44 2.15 0.87
NH ASP- 50 CO ARG- 42 1.95 0.88
NH GLN- 63 CO LYS- 75 1.95 0.95
NH GLN- 65 CO SER- 73 2.15 0.96
NH GLU- 67 CO VAL- 71 1.95 0.84
NH VAL- 71 CO GLU- 68 2.05 0.87
NH VAL- 72 CO PHE- 103 2.25 0.95
NH ASN- 80 CO LYS- 61 2.15 0.37
NH ASN- 80 CO LYS- 61 1.95 0.60
NH ALA- 84 CO LEU- 92 1.95 0.98
NH LYS- 86 CO ARG- 90 2.05 0.91
NH GLY- 89 CO LYS- 86 2.05 0.88
NH LEU- 92 CO ALA- 84 1.95 0.98
NH ALA- 93 CO GLY- 47 2.05 0.97
NH SER- 94 CO TYR- 82 2.05 0.94
NH PHE- 103 CO VAL- 72 2.05 0.98
NH PHE- 104 CO ARG- 116 2.25 0.91
NH ARG- 106 CO THR- 114 1.95 0.91
NH GLU- 108 CO TYR- 112 1.95 0.98
NH ASN- 110 CO PHE- 148 1.95 0.95
NH THR- 114 CO ARG- 106 2.25 0.73
NH ARG- 116 CO PHE- 104 2.05 0.80
NH ARG- 118 CO PHE- 102 2.05 0.93
NH VAL- 125 CO TYR- 115 1.95 0.96
NH LYS- 128 CO GLN- 132 2.15 0.94
NH LYS- 134 CO ALA- 126 2.35 0.82
NH PHE- 148 CO ASN- 110 2.05 0.91
NH LEU- 149 CO TYR- 33 2.05 0.81
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from the presence of ethanol molecules in the solution.
• The second group exhibits mild alterations, with differences in the number of intramo-

lecular hydrogen bonds ranging from 0.5 to 2.0. The strands belonging to this group
are β1 and β4 in the case of bFGF, β1, β4, and β10 in the case of M6B-bFGF, and β2
in the case of M1-bFGF and M1Q-bFGF.

• The third group comprises the β2, β5, β6, β8, β9, and β10 strands of bFGF, the β2, β5,
β6, β8, and β9 strands of M6B-bFGF, and the β1, β5, β8, β9, β10, and β12 strands of
M1-bFGF and M1Q-bFGF. This group exhibits the largest number of alterations in the
presence of ethanol molecules. In ethanol medium, these strands undergo a decrease
of 2 to 4 intramolecular hydrogen bonds when compared with the respective strands
in aqueous solution.

Table 7. Distance and occurrence fraction (Fr) of the intramolecular hydrogen bonds of main-chain atoms of  M1Q-
bFGF.

Donor Receiver Distance Fr

NH CYS- 34 CO GLY- 38 2.15 0.98
NH LYS- 35 CO LEU- 147 1.96 0.97
NH GLY- 38 CO LYS- 35 2.00 0.85
NH PHE- 40 CO VAL- 52 1.90 0.98
NH ARG- 42 CO ASP- 50 1.85 0.93
NH HIS- 44 CO ARG- 48 2.15 0.89
NH GLY- 47 CO HIS- 44 1.05 0.93
NH ASP- 50 CO ARG- 42 2.00 0.99
NH GLN- 63 CO LYS- 75 2.05 0.88
NH GLN- 65 CO SER- 73 2.15 0.87
NH GLU- 67 CO VAL- 71 2.25 0.90
NH VAL- 71 CO GLU- 68 2.35 0.95
NH VAL- 72 CO PHE- 103 2.05 0.93
NH ASN- 80 CO LYS- 61 1.95 0.91
NH ALA- 84 CO LEU- 92 1.89 0.88
NH LYS- 86 CO ARG- 90 2.00 0.89
NH GLY- 89 CO LYS- 86 2.15 0.80
NH LEU- 92 CO ALA- 84 2.25 0.77
NH ALA- 93 CO GLY- 47 2.00 0.93
NH SER- 94 CO TYR- 82 1.95 0.91
NH PHE- 103 CO VAL- 72 1.90 0.99
NH PHE- 104 CO ARG- 116 1.95 0.96
NH ARG- 106 CO THR- 114 2.05 0.96
NH GLU- 108 CO TYR- 112 2.15 0.91
NH ASN- 110 CO PHE- 148 2.03 0.89
NH THR- 114 CO ARG- 106 2.15 0.80
NH ARG- 116 CO PHE- 104 2.35 0.86
NH ARG- 118 CO PHE- 102 2.05 0.95
NH VAL- 125 CO TYR- 115 1.85 0.94
NH LYS- 128 CO GLN- 132 1.81 0.93
NH LYS- 134 CO ALA- 126 1.95 0.88
NH PHE- 148 CO ASN- 110 2.00 0.86
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The comparison of the RMSDs per residue (Figure 3) confirms that the regions most
destabilized by the presence of ethanol belong to the β5, β6, β8, and β9 strands of bFGF and
M6B-bFGF, and to the β1, β5, β8, and β9 strands of M1-bFGF and M1Q-bFGF. These regions
were more closely investigated for ethanol interference.

Figure 3. RMSDs per residue of basic fibroblast growth factor (bFGF) and mutants (M6B-bFGF, M1-bFGF and M1Q-bFGF)
in the water/ethanol medium. RMSD = root mean square deviation.

Intermolecular hydrogen bond

Hydration

Solvent-protein interactions provide helpful information about a protein’s dynamic and
thermodynamic properties in biological systems. In recent years, the molecular dynamics method
has allowed for considerable progress toward the elucidation of the nature of these interactions
(van Gunsteren et al., 1994; Degrève and Silva, 2002; Hansson et al., 2002; Namba and Degrève,
2004; Degrève et al., 2004). The amide and carbonyl groups that form hydrogen bonds with
water molecules were analyzed by means of their respective RDFs and energy distributions
P(E). The profiles of RDFs of the main-chain atoms of bFGF and its mutants are similar, but
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intensities can vary. The same remark is valid for the P(E) profiles. The RDFs that identify or
do not identify hydrogen bonds are characterized by peaks with maxima ranging from 0.175 to
0.200 nm (NH atoms), and from 0.180 to 0.210 nm (CO atoms). The corresponding maximum
intensities vary between 0.20 and 1.85, which reflects the different environments surrounding
these groups.

The main-chain hydrations indicate that bFGF and its mutants display residues that are
very much exposed to the solvent, as is the case for: ASP-46, ARG-53, and ARG-118 in bFGF;
ASP-46, ARG-53, ARG-118, LYS-119, LYS-128, and ARG-129 in M6B-bFGF, and TYR-33,
ASP-46, ARG-53, HIS-59, LYS-119, and SER-155 in M1-bFGF and M1Q-bFGF. These resi-
dues form intermolecular hydrogen bonds only (Figure 4).

Figure 4. The main-chain hydrations of CO and NH atoms of basic fibroblast growth factor (bFGF) in water/ethanol
medium.

Other residues such as ARG-31, ARG-42, GLU-67, and TYR-133 in bFGF and M6B-
bFGF, and ARG-42, GLU-67, ARG-116, and ARG-118 in M1-bFGF and M1Q-bFGF take part
in both intramolecular and intermolecular hydrogen bonds (Figure 4).
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Finally, there are also residues that participate only in intramolecular hydrogen bonds, as
well as others that do not form any hydrogen bonds at all (see Tables 4, 5, 6, and 7, and Figure 4).

By analyzing the hydration of CO and NH atoms in the main chain of bFGF and its
mutants (Figure 4), it can be seen that the water molecules tend to bind to CO atoms rather than
NH atoms. In other words, they act as better proton donors than proton acceptors. This ten-
dency is in agreement with results published in the literature (Thanki et al., 1991) and with the
fact that the CO atom has two lone electron pairs, whereas the NH atom only bears a small
positive charge (0.28e in the Gromos96 force field).

A comparison of the hydration changes that occur in bFGF and its mutants in both
aqueous and ethanolic media reveals that in all cases there is a decrease in hydration when the
protein is in ethanol solution (nHB decrease of 22% for bFGF, 23% for M6B-bFGF, 27% for
M1-bFGF, and 27% for M1Q-bFGF). The presence of ethanol mostly affects the hydration of
some residues with hydroxyl groups in their side-chains as in the case of the β5, β6, β8, and β9
strands of bFGF and M6B-bFGF, and those of the β5, β6 and β9 strands of M1-bFGF and
M1Q-bFGF, especially the side-chain atoms of the residues SER-73(β5), TYR-82(β6), SER-
109, THR-112(β9), SER-114(β9), TYR-115(β9), SER-117(β9), TYR-124(β10), and SER-152(β12)
(Figure 5).

Figure 5. A. Radial distribution function (RDF) of the TYR-33 of bFGF; B. Radial distribution function of the SER-73 of
bFGF; C. Radial distribution function of the TYR-112 of bFGF; D. Number of intermolecular hydrogen bonds of all
residues with hydroxyl groups in their side chains of the bFGF.
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The hydrophobic effect is the tendency of non-polar species to aggregate in aqueous
solution, leading to a decrease in the hydrocarbon-water interfacial area. The side-chains of the
amino acids alanine, leucine, valine, proline, isoleucine, phenylalanine, and methionine, present in
bFGF and in its mutants, control the formation of intramolecular hydrogen bonds, and the amino
acids with nonpolar side-chains are located inside the protein, away from the solvent. In con-
trast, the external surface of bFGF and its mutants is rich in hydrophilic and charged amino acid
residues, especially lysine, arginine, serine, and tyrosine residues which are strongly hydrated,
leading to a protein/solvent interface where the intermolecular hydrogen bonds fit the protein’s
superficial structure into the water hydrogen bond network. The combination of these two
factors produces good stabilization of the protein/solvent contact, and must be responsible for
the globular character of bFGF and of its mutants in solution.

Solvation by ethanol molecules

All RDFs involving ethanol molecules and the protein’s atoms were investigated. The
RDF profiles of bFGF and its mutants (ethanol-protein) that identify hydrogen bonds are similar
but the intensities vary. The RDFs are characterized by peaks with maxima ranging from 0.185
to 0.210 nm, and the corresponding maximum intensities vary between 1.00 to 2.15, which
reflects the different neighborhood of these ethanol molecules. Examples of RDFs are shown in
Figure 5; they involve the OH atom of TYR-33, OG atom of SER-73 and OH of TYR-112 and
ethanol molecules.

The RDFs and P(E) for the ethanol and protein atoms reveal that the ethanol molecules
tend to bind to the strands that contain a higher number of residues with hydroxyl groups in their
side-chains. bFGF and its mutants display several residues containing hydroxyl groups as is the
case of THR-7, THR-8, SER-18, TYR-33, SER-56, SER-73, TYR-82, SER-94, THR-98, SER-
109, TYR-112, THR-114, TYR-115, SER-117, TYR-120, THR-121, TYR-122, TYR-124, THR-
130, TYR-133, SER-137, THR-139, SER-152, and SER-155. However, ethanol molecules have
a preference for specific regions in these proteins (Table 8) since only fourteen of these resi-
dues show intermolecular hydrogen bonds with ethanol molecules. In order to check this obser-
vation, a molecular dynamics system with a high ethanol concentration (80.0 g/L) was created
to investigate and to confirm this preference of the ethanol molecules for these fourteen resi-
dues. At this high ethanol concentration, the results demonstrated that the same residues listed
in Table 8 are those uniquely responsible for the hydrogen bond formations with ethanol.

By observing the regions affected by ethanol, one can conclude that the ethanol mol-
ecules always affect the same residues in both bFGF and its mutants. In this way, it is possible
to understand the reason why ethanol molecules bind to a certain region and not to others. The
first step is to monitor the distances between ethanol molecules and protein, RDFs, nHB and the
residence time between the ethanol molecules and the residues involved in the intermolecular
hydrogen bonds. The second step is to investigate the water molecules that are close to the
regions where these bonds occur so that it is possible to classify the behavior of the amino acids
that are hydrogen-bonded to ethanol molecules in three different ways:

1. Competition between the ethanol and water molecules to form intermolecular hydro-
gen bonds as in the case of residues TYR-33(β1), SER-152(β12), and SER-155 (C-terminal
end). These cases can be illustrated with the RDF profiles (water molecules-protein) that show
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in ethanolic medium a moderate reduction in the intensity of the peak (for example, 1.8 to 1.4 for
TYR-33 of bFGF) while the RDF peak between ethanol molecules and protein atoms shows a
moderate intensity (1.0 for TYR-33 of bFGF) (Figure 5). The nHBs confirm the competition,
since these numbers show that the reduction observed in the profiles water-protein in ethanolic
medium is proportional to the increase in the ethanol-protein peak in this medium (Figure 5 and
Table 8). Another confirmation of this notion can be obtained from the residence time of ethanol
molecules which demonstrates that the ethanol molecules remain between 26 to 39% of the
simulation time bonded to these residues (Table 8). This occurs probably because these amino
acids lie close to the N- (TYR-33) and C-terminal ends (SER-152 and SER-155), which renders
these regions more mobile. Thus, the intense movement in this region makes the water and
ethanol molecules shift places, suggesting that these residues are not very important in under-
standing the decrease in activity due to the ethanol molecules.

2. An ethanol molecule replaces a water molecule which withdraws from the region,
while the ethanol molecule remains in direct contact with the protein. This is observed in the

Table 8. RDF maximum peaks (rmax) and corresponding maximum intensities RDF
MAX

 and residence time of basic
fibroblast growth factor in aqueous and water/ethanol medium (*amino acid residue hydrogen bonded to ethanol).

RDF = radial distribution function; nHB = number of intermolecular hydrogen bonds.

Residue/atom Aqueous medium Water/ethanol medium Water/ethanol medium
(for water-protein) (for ethanol-protein)

nHB nHB nHB Residence time

THR-7/OG1 0.98 0.96 - -
THR-8/OG1 0.85 0.86 - -
SER-18/OG 1.25 1.23 - -
TYR-33/OH* 1.80 1.55 0.21 1.05 (26.25%)
SER-56/OG 1.40 1.39 - -
SER-73/OG* 1.85 0.90 0.68 1.92 (48.00%)
TYR-82/OH* 1.15 0.72 0.55 2.03 (50.30%)
SER-94/OG 1.05 1.02 - -
THR-98/OG1 0.98 1.00 - -
SER-109/OG* 1.17 0.35 1.05 2.85 (71.25%)
TYR-112/OH* 1.84 0.21 1.15 3.05 (76.25%)
THR-114/OG1* 1.40 0.25 0.98 2.98 (74.50%)
TYR-115/OH* 1.30 0.30 0.87 2.94 (73.50%)
SER-117/OG* 0.65 0.63 0.82 3.03 (75.75%)
TYR-120/OH* 0.90 0.19 0.65 3.01 (75.25%)
THR-121/OG1* 1.20 0.20 0.90 2.97 (74.25%)
SER-122/OG* 1.15 0.26 0.95 2.89 (72.25%)
TYR-124/OH* 1.50 0.12 1.15 2.98 (74.50%)
THR-130/OG1 1.15 1.14 - -
TYR-133/OH 0.73 0.71 - -
SER-137/OG 0.98 0.99 - -
THR-130/OG1 1.15 1.14 - -
SER-152/OG* 1.35 1.15 0.30 1.58 (39.50%)
SER-155/OG* 1.45 1.22 0.35 1.15 (28.75%)
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regions lying close to the residues SER-73(β5) and TYR-82(β6). The behavior is confirmed
with the RDF profiles and nHB involving these residues and water or ethanol molecules in the
water/ethanol medium. These RDFs almost show a reduction of 50% in the intensity (for ex-
ample 1.95 to 1.15 in the case of SER-73) (Figure 5), while the RDFs between protein and
ethanol molecules display an intense and defined peak (2.15 in the case of SER-73) (Figure 5).
The residence time of the ethanol molecules in the neighborhood of these amino acids shows
that the ethanol molecule remains around 50% of the time bonded to these residues (Table 8).

3. The ethanol molecules remain all along the simulation close to some residues where
the hydrogen bonds form in the regions of the residues SER-109, TYR-112(β9), THR-114(β9),
TYR-115(β9), SER-117(β9), TYR-120, THR-121, SER-122, and TYR-124(β10). The ethanol
molecules remain in these regions throughout a great part of the simulation and do not allow the
approach of water molecules. The residence time of the ethanol molecules that are hydrogen
bonded to these residues confirms that during approximately 73% of the time the ethanol mol-
ecules are close to these residues (Table 8). The RDFs and nHB reaffirm this hypothesis.
Therefore, the RDF (water-protein) profiles in water/ethanol medium show a great reduction in
the intensity (for example 1.98 to 0.35 in the case of TYR-112) and the RDFs (ethanol-protein)
show a very intense and defined peak (2.05 for TYR-112) (Figure 5 and Table 8). This fact
occurs because all these residues containing hydroxyl groups are spatially very close to regions
of hydrophobic character (β8). The intense interference of the ethanol molecules with the SER-
109, TYR-112(β9), THR-114(β9), TYR-115(β9), SER-117(β9), TYR-120, THR-121, SER-122,
and TYR-124(β10) residues suggests that these residues are important in understanding the
decrease in the biological activity of bFGF.

Other pertinent information about the structure of bFGF and its mutants is given by
using the amphipathy scale. Results obtained with the amphipathy coefficients (AC) of the scale
by Mazzé et al. (2005) (Figure 6) show that the β4, β8, and β9 strands are the regions with the
highest amphipathy; thus, they are very susceptible to forming intermolecular hydrogen bonds
through their side-chains. On the other hand, the amphipathy of the β2, β5, β7, and β12 strands
is low, which is an indication that the main chains must be solvated. Therefore, according to the
amphipathy analysis along the chain, the ethanol molecules must bind to the side-chains of the
β4, β8, and β9 strands, and to the main chains of the β2, β5, β7, and β12 strands. In fact, the
amino acids of the β5 strands lose bonds of the NH-CO type, and the β8 and β9 also lose
intramolecular hydrogen bonds involving the amino acid side-chain atoms.

In all cases, the ethanol molecules approach the amino acid residues that contain a
hydroxyl group only if they are located in the neighborhood of other residues displaying a hydro-
phobic character. This fact is due to the energetically favorable situation that takes place when
the ethanol molecules are hydrogen bonded to hydroxyl groups while their methyl group is
accommodated in a hydrophobic environment, thus minimizing the contact between this methyl
group and water molecules. In the case of bFGF (Table 8 and Figure 5), the ethanol molecules
form intermolecular hydrogen bonds with:

• the residue TYR-33(β1), which is next to the amino acid LEU-32 and is spatially close
to the amino acid residues of the β12 strand (very low AC with values between 1.5 to
10.1), which in turn exhibits a high hydrophobic character (LEU-147, PHE-148, LEU-
149, PRO-150, MET-151, and ALA-153) (Table 8).
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• the residue SER-73(β5), which is located between VAL-71 (AC = 3.8), VAL-72 (AC
= 3.8) and ILE-74 (AC = 4.9), all of which have a nonpolar character (Table 8).

• the residue TYR-82(β6), which precedes the residues LEU-83 (AC = 5.1), ALA-84
(AC = 1.5), and MET-85 (AC = 5.9) and is close to the hydrophobic environment
conferred by the amino acids on the β7 strand (Table 8).

• the region around the residues SER-109, THR-112(β9), SER-114(β9), TYR-115(β9),
and SER-117(β9), located at the end of loop 9 and along all the length of the β9 strand,
forms a region of polar character, spatially close to another region, β8 (AC from 5.1 to
10.1) consisting of hydrophobic residues (PHE-102, PHE-103, PHE-104, and LEU-
107), where all these residues form hydrogen bonds with ethanol molecules (Table 8).

• the residue TYR-124(β10) surrounded by the nonpolar amino acids TRP-123 (AC =
15.1), VAL-125 (AC = 3.8), ALA-126 (AC = 1.5), and LEU-127 (AC = 5.1) (Table 8).

• the residues SER-152(β12) and SER-155 (C-terminal end), which come after an
extremely hydrophobic region formed by residues ALA-145, ILE-146, LEU-147, PHE-
148, LEU-149, PRO-150, MET-151, and ALA-153 (AC with values between 1.5 to
10.1) (Table 8).

In the case of M6B-bFGF (Table 8), the ethanol molecules behave in a very similar way
when compared with bFGF. This mutant exhibits all the intermolecular hydrogen bonds reported
for bFGF, except for the bonds between the ethanol molecules and the residues SER-117, TYR-
120, THR-121, and TYR-124 (Table 8). M6B-bFGF does not form these four intermolecular

Figure 6. Results obtained with the scale of Mazze et al. (2005) of bFGF.



Influence of ethanol on basic fibroblast growth factor structure 369

Genetics and Molecular Research 5 (2): 350-372 (2006) www.funpecrp.com.br

hydrogen bonds because these four residues lie close to the mutagenized area in this protein,
where the charged residues ARG-118, LYS-119, LYS-128, and ARG-129 were replaced with
neutral glutamine residues.

M1-bFGF and M1Q-bFGF also display all the intermolecular hydrogen bonds reported
for bFGF, except for the bonds between ethanol molecules and the residues TYR-33 and SER-
155 (Table 8). The former intermolecular hydrogen bond is not observed because the residue
TYR-33 is located very close to the mutagenized regions in both mutants (LYS-27 to LEU-32 in
the case of M1-bFGF; LYS-27, LYS-30, and ARG-31 in the case of M1Q-bFGF). The latter
intermolecular hydrogen bond does not occur because SER-155 belongs to the C-terminus (an
area of vigorous movement throughout the simulation, see RMSD per residue; Figure 3), and it
lies spatially close to the β1 strand (the mutagenized region). Therefore, as in the case of
proteins in aqueous medium, SER-155 is affected by the mutation in these proteins, leading to
the loss of this intermolecular hydrogen bond.

Overall, ethanol molecules affect the structure of bFGF and its mutants, as shown by
the analyses carried out herein. Our studies showed evidence that the RMSDs of all the struc-
tures increase in ethanol, and that alterations in the Ramachandran angles occur in all the pro-
teins, especially in the β1, β5, β8, and β9 strands. Analysis of the intramolecular hydrogen bonds
pointed out that the β2, β5, β6, β8, and β9 strands of bFGF and M6B-bFGF, as well as the β1,
β5, β8, β9, and β10 strands of M1-bFGF and M1Q-bFGF, lose the highest number of bonds. The
RMSDs per residues showed that the β5, β6, β8, and β9 strands of bFGF and M6B-bFGF, and
the β1, β5, β8, and β9 strands of M1-bFGF and M1Q-bFGF are the strands with the largest
deviations. We also demonstrated that hydration of these proteins occurs, with greatest loss of
intermolecular hydrogen bonds occurring in the residues belonging to the β5, β6 and β9. Analy-
sis by means of the amphipathy scale led to the conclusion that the addition of ethanol may be of
considerable consequence to the side chains of the amino acids belonging to the β4, β8, and β9
strands and to the main chain of the amino acids present in the β2, β5, β7, and β12 strands.
Solvation by ethanol molecules showed more active interference of ethanol with the residues
belonging to the β5, β6, β8, and β9 strands. On the basis of these results, it is possible to
conclude that all differences encountered in bFGF and its mutants due to the presence of etha-
nol molecules in solution share three common points:

1. β5, β6, and β9 strands are the regions that are most influenced by the presence of
ethanol molecules.

2. β5 and β9 strands are the only regions that are affected by ethanol in all analyses
carried out herein, particularly the residues SER-73(β5), TYR-112(β9), THR-114(β9), TYR-
115(β9), and SER-117(β9). In fact, experimental studies carried out in aqueous medium show
evidence that residues from the sequence 115-124 (Zhu et al., 1997), and especially TYR-
112(β9) and ASN-113(β9), are essential for bFGF binding to its receptor (Springer et al., 1994;
Zhu et al., 1997, 1998).

3. The solvation of the residues TYR-112(β9) and the intramolecular hydrogen bond of
ASN-113(β9) in bFGF and its mutants are strongly influenced by the presence of ethanol. In the
case of ASN-113(β9), there is loss of an intramolecular hydrogen bond. As for TYR-112(β9), it
forms a direct intermolecular hydrogen bond with ethanol in the case of bFGF and all its mu-
tants. This hydrogen bond was one of the most conserved during the simulation time (residence
time of 3.05 ns).
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This analysis suggests that the substitution of a water molecule by an ethanol molecule
in the solvation shell of SER-73(β5), TYR-112(β9), THR-114(β9), TYR-115(β9), and SER-
117(β9) is a key point in understanding the decrease in biological activity of these growth factors
leading to inhibition of neuroectodermal cell proliferation in the embryonic phase. The ethanol
interference in SER-73(β5), TYR-112(β9), THR-114(β9), TYR-115(β9), and SER-117(β9) ob-
served in bFGF and in all its mutants must also be correlated with the activity loss of the pep-
tides. However, the fact that experimental data indicate that TYR-112 and ASN-113(β9) are
essential for bFGF binding to its receptor (Springer et al., 1994; Zhu et al., 1997, 1998), con-
firmed by the molecular simulation results, does not discount the need for more extended studies
on the role of the SER-73(β5), THR-114(β9), TYR-115(β9), and SER-117(β9) residues in bFGF
activity.

CONCLUSION

On the basis of the detailed description of the intramolecular hydrogen bonds, hydration,
and intermolecular hydrogen bonds taking place in bFGF and its mutants in the presence of
ethanol, it was possible to establish that the residues belonging to the β5 and β9 strands, espe-
cially SER-73(β5), TYR-112(β9), THR-114(β9), TYR-115(β9), and SER-117(β9), are extremely
important for the proliferative activity of neuroectodermal cells in the embryonic phase. How-
ever, the lack of experimental data on the influence of the SER-73(β5), THR-114(β9), TYR-
115(β9), and SER-117(β9) residues indicates that further studies of bFGF activity are war-
ranted.
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