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substrate binding site. Despite such a peripherical loca-
tion, the conversion of ARG to HIS or CYS is known to
influence the protein functional properties, reducing its
ability to bind the substrate and decreasing its catalytic
efficiency [6]. Circular dichroism spectroscopy showed
that the two polymorphic variants retain the overall wt
secondary structure, but are characterized by a lower
thermal stability suggesting that the mutation might
change the motility of the helix G to which R264 be-
longs [6]. Structural studies and molecular dynamics
simulations of bacterial P450 have revealed that such
alpha helix is involved, through the adjacent helix F, in
the opening of the channel which provides the access of
substrate to the active site [26, 39, 40].

The contact network analysis reported in the present
study has identified two main clusters (Fig.7), which are
“communicating” through residues mainly dislocated
along the channel that allows the entrance of the sub-
strate in the active site. Such topological analysis thus
suggests that large conformational changes characterize
the substrate binding process of aromatase, involving
long-range interactions between the two modules. Heli-
ces F and G are no exception: their central sections con-
tain a relevant number of crucial nodes connecting the
two clusters (Fig.8a and b) and undergo the largest
(negative) change in their participation coefficient, P, as
the protein binds the substrate molecule (Fig.8c). The
kinetics of H/D exchange in Aro wt (Fig.2a and Table
1) indicates that these conformational changes produce

Fig. 7 in the left side of the figure the two clusters (red and green) identified on the basis of the contact network analysis applied to the 4kq8
pdb file are reported (the heme group is also shown in blue). The G-helix has been highlighted by a red dot cloud. On the right side, the same
structure is reported together with residue R264 (blue, VDW) and those aminoacids (purple, VDW) which form the access channel for the
substrate androstenedione (according to Sgrignani and Magistrato, 2012) and the heme group (in red). The black line in both pictures marks the
frontier of the two clusters

Fig. 8 in panela the participation coefficient, P, of each amino acid of wt-Aro is shown, according to the colors code whose numerical value is
reported in the left scale. In panelb the distribution of theP values is presented as a function of the sequence position (X-axis) and of the
belonging to one of the two clusters (red or green) identified in Fig.7. <P > is the protein average participation coefficient. The area of the
dashed rectangle corresponds to the G-helix residues. In panelc the difference� P = Psb– P between the P values of the holo and apo forms is
reported. The green color has been attributed to those residues whose P value does not change (� P = 0) upon ligand binding
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a large decrease in the fractionof the more exposed pro-
tons in the presence of both androstenedione and ana-
strozole. Trivial explanations (such as a screening effect
exerted by the ligands) seem to be excluded by fluores-
cence anisotropy measurements, that demonstrate how
in the ligand-bound form the protein assumes a more
compact tertiary structure through a conformational
change that confers the molecule a faster rotational dy-
namics (Fig.5). The results obtained for the two poly-
morphic variants demonstrate that these samples
undergo much smaller changes in the H/D kinetics
(Table 1) and in the long rotational correlation time
(Fig. 5). More importantly, in the presence of both li-
gands, they retain a higher ANS binding capability, with
respect to that of Aro wt (Figure and Table2), confirm-
ing that they lack that compactness which characterize
ligand-bound Aro wt. As a consequence, the correct en-
trance of the substrate (or inhibitor) molecule to the
protein active site is compromised, as demonstrated by
dynamic fluorescence measurements. Indeed, in a previ-
ous study [8], we have demonstrated that the lifetime
component at 4.5–5.0 ns can be attributed to W224,
since it is not present in mutants such as W224F [8].
Since this tryptophan resides in the proximity of aroma-
tase binding site and it is dramatically quenched by the
entrance of androstenedione or anastrozole (Fig.3a), it
can be used to monitor ligand-induced structural
changes in the specific region of the active site. The ab-
sence of any significant difference of this specific fluores-
cence lifetime component in the two polymorphic
variants (Fig.3b,c) demonstrates that the local perturb-
ation introduced at the extremity of helix G upon the
substitution of R264 impairs the correct placement of
the ligand in the active site, thus providing a structural
rationale for the decreased activity of the mutants [6].

The normal mode analysis of aromatase [25] has dem-
onstrated that the protein displays a very rigid core (cor-
responding approximately to the heme group), which is
surrounded by concentric shells of progressively more
flexible regions. The helices F and G and their inter-
connecting loop are one of such external mobile struc-
tural areas [38]. Indeed, long-range effects connected to
the flexibility of helix G has been already reported in the
case of bacterial cytochromes P450 [41]. In particular, it
was demonstrated that the breaking of the salt bridge
which involves ASP 251 has crucial consequences on li-
gands recognition and binding.

According to the contact network analysis reported in
this study, the protein could be figured as a sort of sand-
wich, the central slice corresponding to the substrate
channel (Figs.7 and 8). In this picture, the packing of
the sandwich would be controlled by the clamping
effected exerted by helices F and G, whose hinge mech-
anism resides in their highly inter-connected central

elements (Fig.8). The substitution of R264 with residues
characterized by a different geometry (HIS and CYS),
length and charge (CYS) must severely affect the salt
bridge interaction with ASP 251, altering the“pivot”
mechanism by which the flexible F-G group controls the
interconnection between the two clusters.

Conclusion
In conclusion, the data reported in this study demon-
strate by two independent spectroscopic techniques that
human aromatase assumes a more compact tridimen-
sional conformation upon ligand binding. On the con-
trary, mutants R264C and R264H (that impair the
correct binding of both substrate and inhibitor mole-
cules) undergo a less efficient packing process, suggest-
ing a minor flexibility of their mobile segments. A
rationale to such behavior could be envisaged thanks to
a contact network analysis of the protein structure,
which has revealed the connecting role of helices F and
G between the two clusters that form the substrate
channel to the active site. Thus, based on in vitro mea-
surements, such an explanation shed new light on mo-
lecular impact that the two polymorphisms have in
living beings.

Methods
Materials
Recombinant human aromatase was expressed inE. coli
and purified as previously described [7, 8]. Both wild-
type and mutants were purified with the same type of
buffer, i.e. 100 mM phosphate buffer pH 7.4 containing
20% glycerol, 1 mM� -mercaptoethanol, 0.1% Tween-20.

All chemicals used for protein purification were pur-
chased from Sigma–Aldrich (St. Louis, MO USA) and
were analytical grade.

Proteins (wt and mutants) concentration for all fluor-
escence experiments was about 6.5� M, while if present,
androstenedione and anastrozole concentrations were
20� M and 10� M, respectively.

H/D exchange kinetics experiments by ATR-FTIR
Kinetics of H/D exchange was followed by FTIR as re-
ported by Di Nardo et al. [8]. Experiments were per-
formed at room temperature using an infrared
spectrophotometer Bruker Model Tensor 27 (Bruker In-
struments, USA) coupled with an attenuated total re-
flectance (ATR) sampling tool (Harrick Scientific
Products, USA). The working parameters were set as fol-
lows: scan velocity 10 kHz; resolution 4 cm� 1; spectra ac-
quisition frequency limits 4000 and 800 cm� 1. Protein
sample was analysed by depositing a thin protein film
(30� L, 50� M) directly on ATR germanium crystal. In
particular, Aro was analysed in ligand free form and in
ligand bound form, obtained by incubating the enzyme
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