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Abstract In this manuscript we report high level ab initio
calculations [RI-MP2(full)/aug-cc-pVDZ] and experimental
evidence that demonstrate that important synergistic effects
between two relevant non covalent interactions that are omni-
present in biological systems, i.e., 7—m and X—H/x interac-
tions (X = C,N,O), occur when the interactions coexist in
the same complex. In particular, we study how the 7— inter-
action influences the X—H/m interaction and vice versa by
computing the genuine non additivity energies of the ternary
X-H/m—m complexes.

Keywords Non covalent interactions - Synergistic effects -
Stacking - C—H/m interaction

1 Introduction

Non covalent interactions play a key role in many areas of
modern chemistry, especially in the field of supramolecu-
lar chemistry and molecular recognition [1]. In particular,
interactions involving aromatic rings are key processes in
both chemical and biological recognition and they have been
recently reviewed by Meyer et al. [2]. For instance, cation-7
interactions [3-8] are supposed to be an important factor
to the ion selectivity in potassium channels [9, 10], they are
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also important for the binding of acetylcholine to the active
site of the enzyme acetylcholine esterase [11], and, recently,
their importance has been demonstrated in neurotransmitter
receptors [12]. In addition, attractive interactions between
7 systems are very important forces that govern molecular
recognition and influence structures of proteins, DNA and
solid materials. The C—H/x interaction [13] can be defined
as the attraction between the C—H bond and the 7 system
[14] and has recently gained attention in the consideration of
a variety of molecular phenomena. Despite being the wea-
kest among the hydrogen bonds, it has been found in a variety
of substances to play important roles in their physical, che-
mical and biological properties [15—18]. While the enthalpy
for a “conventional hydrogen bond” is within the range of
3—7kcal/mol, the one for a one-pair C—H/x interaction is pre-
sumed to be less than 1 kcal/mol [19]. The total energy of the
interaction is increased by organizing CHs or w-groups into
favorable structures. This point is important in understanding
the role of weak interactions. Hunter’s group [20] has used an
amide macrocycle with a highly preorganized cavity contai-
ning both polar and non-polar recognition sites to form stable
complexes with cyclic peptides in water via hydrogen-bonds,
N-H/m and C-H/m interactions. Complexes of m-electron
systems with standard hydrogen-bond donors have been exa-
mined and identified as a particular type of hydrogen bond
interaction [21-24]. The stabilization energy in these com-
plexes stems from both electrostatic (50-70% of the interac-
tion energy depending on the donor) and dispersion forces
[25-27]. The CH group can be considered as a weak hydro-
gen bond donor in complexes between alkyl or aryl groups
with aromatic rings [28,29]. On the basis of theoretical cal-
culations, some of these interactions have been identified as
improper hydrogen bonds [30-32]. The interaction is weak
for benzene complexes [19] and slightly stronger for larger
aromatic rings [33]. Lastly, m— interactions [34] are weak
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non covalent forces that play an essential role in the folding
of proteins [35], in the structure of DNA as well as in its
interactions with small molecules [36,37]. They are widely
used in supramolecular chemistry and are very important bin-
ding forces that determine the packing of organic molecules
in crystals. They are also used in crystal engineering for the
design of functional materials [38]. Moreover, non covalent
nanostructures, such as polymeric networks [39], dendrimers
[40], “onions” [41], and “peapods” [42] have been success-
fully constructed using aromatic m—m stacking interactions
between the surface of fullerenes and different kinds of

-
o
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receptors. These concave—convex w—m stacking interactions
have been recently reviewed [43]. The physical nature of
the 7—r interaction has been extensively studied by Hobza’s
group [44-51].

In this manuscript, we study how the w—z and the X—H/r
interactions influence each other. To achieve that, we have
optimized the complexes present in Figs. 1 and 2 and com-
puted their interaction energies. We have computed the 1:1
complexes present in Fig. 1 and the ternary 1:1:1 X-H/m—n
complexes present in Fig. 2, in order to study the interplay
between the m—mw and X-H/m interactions. We have used

-
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the Bader’s theory of “atoms-in-molecules” (AIM) [52,53],
which has been widely used to characterize a great variety
of interactions [54-56], to analyze cooperative effects in the
complexes. We have found that the X-H/x interaction rein-
forces the w—m interaction and vice versa to a minor extend.

2 Computational methods

The geometries of all complexes studied in this work were
fully optimized using the resolution of the identity MP2
(RI-MP2) level and the aug-cc-pVDZ basis set. The RI-MP2
(full) calculations were done using the program TURBO-
MOLE version 5.7 [57]. The RI-MP2 method [58,59] applied
to the study of interactions involving aromatic rings is consi-
derably faster than the MP2 and the interaction energies and
equilibrium distances are almost identical for both methods
[60,61]. Ithas been recently published [62] that the MP2/aug-
cc-pVDZ level of theory gives comparable results to the
CCSD(T) method using the basis set limit approximation for
CHy4-benzene complexes. This is probably due to a fortui-
tous error cancellation [62]. In addition, although it is well-
known [63] that the MP2 method overestimates the w—m
interaction, the aug-cc-pVDZ basis set gives better results
for the description of the w—m interaction in the sandwich
benzene dimer than larger basis sets, in comparison with
the CCSD(T)/aug-cc-VQZ level of theory [64]. The bin-
ding energies were calculated with correction for the basis
set superposition error (BSSE) by using the counterpoise
technique [65]. The optimization of the complexes has been
performed imposing Cpy symmetry, where n is two in com-
plexes 1b, 3, 4b, 7b, 9 and 10b; and » is three in the rest
of complexes, except the optimization of complex 6, which
has been performed imposing Dg, symmetry. The topolo-
gical analysis of the electron charge density performed for
the complexes 1-11 was determined using Bader’s theory of
“atoms-in-molecules”. The electronic density analysis was
performed using the AIM2000 program [66] by means of the
MP2/aug-cc-pVDZ//RI-MP2(full)/aug-cc-pVDZ wavefunc-
tion. This methodology has been found useful for analyzing
and relating the AIM properties at the critical points with the
strength of the ion—7 interaction [67].

The physical nature of the interaction has been studied
using the Molecular Interaction Potential with polarization
(MIPp) [68] methodology. The MIPp is a convenient tool
for predicting binding properties. It has been successfully
used for rationalizing molecular interactions such us hydro-
gen bonding and ion— interactions and for predicting mole-
cular reactivity [69—71]. MIPp is an improved generalization
of the MEP where three terms contribute to the interaction
energy, (i) an electrostatic term identical to the MEP [72], (ii)
a classical dispersion—repulsion term, and (iii) a polarization

term derived from perturbational theory [73]. Calculation of
the MIPp of benzene and benzene dimer 6 was performed
using the HF wavefunction of the aromatic rings by means
of the MOPETE-98 program [74]. Calculation of MIPp using
the MP2 wavefunction are not available [74].

3 Results and discussion

In Table 1, we summarize the binding energies and equili-
brium distances obtained for 1:1 complexes 1-6. As expec-
ted, the X-H/m complexes of benzene (BEN) with neutral
species give very modest binding energies and the complexes
with charged species 4a—c and 5 give more favorable binding
energies. The most favorable orientation for the interaction
of CH4 with BEN is 1a, where only one hydrogen atom
of methane is pointing to the center of the ring. For this
complex the interaction energy is —1.5kcal/mol, in good
agreement with the value obtained at the CCSD(T)/limit
level of theory, i.e. —1.4kcal/mol [62]. Moreover, the bin-
ding energy and equilibrium distance obtained for 1a at the
RI-MP2 and MP2/aug-cc-pVDZ levels of theory are iden-
tical, giving reliability to the RI approximation. The other
two orientations 1b and 1c¢ have similar binding energies.
The interaction energy of the complex of NH3 with BEN (2)
is comparable to 1c indicating that the N-H/m interaction
is comparable to the C—H/m interaction, when the binding
mode is C3y using three hydrogen atoms. The O—H/x inter-
action is energetically more favorable than the N-H/m, as
deduced by the interaction energy computed for complex 3
(—2.6kcal/mol). This trend is in agreement with previous
theoretical [75] and experimental [76,77] results. The bin-
ding energies of charged complexes 4 and 5 are considera-
bly more favorable than neutral since for former complexes
there are important electrostatic effects (charge-quadrupole

Table 1 Interaction energies without (£, kcal/mol) and with (Ecp, kcal
mol) the BSSE correction and equilibrium distances (R, A) computed
at the RI-MP2(full)/aug-cc-pVDZ level of theory for 1-6

Compound E Ecp R.
la —-3.6 —1.5 3.69
1b -33 —-1.2 3.45
1c -3.1 —1.1 3.40
2 -3.2 —1.3 3.36
3 —4.9 2.6 3.17
4a —21.7 —17.7 2.94
4b —22.4 —18.6 2.86
4c —20.5 —17.1 2.88
—27.5 —23.5 2.72
6 —6.3 —-2.8 3.61
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Table2 Interaction (Ecp, kcal/mol) energies with the BSSE correction,
non-additivity energies (E — Ea, kcal/mol) and equilibrium distances
(R and Ry, A) computed at the RI-MP2(full)/aug-cc-pVDZ level of
theory for complexes 7-11

Compound E Ecp E — Ep R? Re

7a -10.6 -3.7 -0.3 3.50 3.52
7b —-10.2 -3.7 —-0.4 3.51 3.45
7c —10.0 -3.5 —-0.4 3.51 3.40
8 —-10.2 —4.0 —0.6 3.51 3.36
9 —12.1 -5.5 -0.5 3.51 3.17
10a —-32.1 —234 —1.5 348 2.94
10b —33.1 —24.3 2.2 3.44 2.84
10c -31.0 227 -2.1 3.44 2.86
11 —39.3 -30.0 —4.9 3.40 2.70

4 Ry stands for the stacking distance and R, for the heteroatom to ring
centroid distance

interactions). Parallel to the behavior of the neutral com-
plexes, the OT—H/7 interaction is more favorable than the
NT—H/x interaction. The most favorable orientation for the
NHA|r and BEN is 4b (C,y), which is in agreement with a
previously reported theoretical study [78].

In order to analyze the influence of X—H/mr interactions on
the —m interaction we have computed the ternary complexes
7-11 (see Figure 2). The geometric and energetic results
obtained for these complexes are summarized in Table 2.
Some interesting points can be extracted from the results.
First, the equilibrium distance of the w—m stacking inter-
action in the ternary complexes 7-11 shortens when com-
pared to 1:1 complex 6, indicating that the presence of the
X-H/r interaction strengthens the w—m interaction. In addi-
tion, in the ternary complexes where the interacting hydro-
gen atom belongs to a charged species (10a—c and 11), the
equilibrium distance (Rg) of the m—m interaction shortens
more than in neutral complexes, indicating that the w—m
interaction is more reinforced in charged than in neutral
complexes. Moreover, in the ternary complexes the equi-
librium distance (R.) of the X-H/m interaction is poorly
sensitive to the presence of the w—m interaction. In neutral
complexes, this distance is almost unaltered in comparison
with the binary complexes apart from complex 7a, where
the equilibrium distance R, shortens 0.15 A with respect to
the 1:1 complex 1a. In charged complexes, there is a very
modest shortening of the R distances (0.02 10\). This geo-
metrical analysis indicates that the coexistence of both inter-
actions in the same complex mainly strengthens the w—m
interaction and the X—H/x interaction is either unaltered or
slightly strengthened. Second, we have included in the table
what we entitle genuine non-additivity energy (E — Ej).
It is the difference between the binding energy of the ter-
nary 1:1:1 complex and the binding energy of the sum of

@ Springer

all pair interaction energies (denoted as E ). For instance,
in complex 7a [CHy - - - (Re) - - - BEN - - - (Ry) - - - BEN] we
have computed the non-additivity energy by subtracting the
sum of three pair interaction energies: (i) CHs - - - (Re) - - -
BEN, (ii) CHy4 - - - (Rec + Rs) - - - BEN and (iii) BEN - - - (Ry)
-+ BEN from the binding energy of 14. This value gives
valuable information regarding the interplay between both
non covalent interactions present in the ternary complexes.
It is worth mentioning that this term is negative in all com-
plexes, indicating that there is a favorable interplay between
both non covalent interactions. For neutral complexes this
term is very small (Iess than 1kcal/mol), but not negligible
taking into account that the interaction energies of the com-
plexes are small, ranging from —5.5 to —3.7 kcal/mol. These
results indicate an small cooperativity of both interactions
in terms of energetic parameters. In charged complexes, the
E — E values are higher in magnitude, indicating that the
interplay between both non covalent interactions is more
important in these systems. The energetic analysis of syner-
gistic effects in the complexes is in agreement with the geo-
metrical results.

The AIM analysis is summarized in Table 3 and it gives
some helpful information regarding the strength of the non-
covalent interactions involved in the complexes. It has been
demonstrated that the value of the electron charge density at
the cage critical point (CP) that it is generated upon com-
plexation in systems involving aromatic rings can be used as
a measure of the bond order [56,60,61]. In Fig. 3 we show
the distribution of CPs in complexes 7a, 8 and 10b, as repre-
sentative examples of X—H/mr—m complexes with C3, (one H
atom pointing to the ring centroid), C3, and Ca, symmetries,
respectively. In all ternary complexes and the binary complex
6, six bond CPs, six ring CPs and one cage CP describe the
-7 interaction. The X—H/m interaction description depends
upon the symmetry of the complex. In C3, complexes 1a and
4a the interaction is described by six bond CPs, six ring CPs
and one cage CP. The bond CPs connect the hydrogen atom
with the carbon atoms of the ring, the ring CPs connect the
hydrogen atom with the middle of the C—C bonds of the aro-
matic ring and the cage CP connects the hydrogen atom with
the center of the ring along the main symmetry axis. In C3y
complexes 1c, 2, 4¢, 5, 7¢, 8, 10c and 11, the X-H/x inter-
action is described by three bond CPs, three ring CPs and
one cage CP. The bond CPs connect three hydrogen atoms
with three alternated carbon atoms of the ring, the ring CPs
connect the heteroatom with the other three carbon atoms of
the aromatic ring and the cage CP connects the heteroatom
with the center of the ring along the main symmetry axis. In
C», complexes, the X—H/m interaction is described by two
bond CPs, two ring CPs and one cage CP. The bond CPs
connect two hydrogen atoms with two carbon atoms of the
ring, the ring CPs connect the heteroatom with the middle of
two opposite C—C bonds of the aromatic ring and the cage
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Table 3 Electron charge density
(p, a.u.) computed at the cage
critical points for complexes
1-11 and the variation upon 1a 0.4459
formation of the ternary

Compound 102xp (3, +3), X-H/—7 10*xAp (3, +3), X-H/—n AR,
102xp (3, +3), w—7 10*xAp (3,43), t-1 AR,

complexes 7-11 with respect to 1b 0.3359 - -
the related 1:1 complexes 1-6. 1c 0.2993 - -
Variation of the R, and Ry 2 0.3930 _ _
equilibrium distances of the 4644
ternary complexes 7-11 with 3 0.46 - -
respect to the related 1:1 4a 1.1307 - -
complexes 1-6 (AR, and ARy) 4b 0.7190 _ _
4c 0.6067 - -
5 0.8184 - -
6 0.1730 - -
7a 0.5753 13.04 —0.17
0.1906 1.76 —0.11
7b 0.3386 0.27 0.00
0.1879 1.48 —0.10
Tc 0.3000 0.07 0.00
0.1896 1.66 —0.10
8 0.3943 0.13 0.00
0.1867 1.37 —0.10
9 0.4708 0.64 0.00
0.1879 1.49 —0.10
10a 1.1405 0.98 0.00
0.1929 1.99 —0.13
10b 0.7526 3.56 0.02
The values in italics of p corres- 0.2060 3.30 —0.17
pond to the cage (3, +3) CP loca- 10c 0.6326 2.95 0.02
ted between the aromatic rings ’ ) '
along the main symmetry axis 0.2027 2.97 =017
and the variation of the stacking 11 0.8517 3.33 0.02
distance in ternary complexes 0.2162 4.32 _0.21

(ARy)

Fig. 3 Schematic

representation of the location of
bond (red), ring (yellow) and -/”\
cage (blue) CPs in complexes »

7a, 8 and 10b

e ¢ e .« o @ «® & o
s . & o o P o e $ o°¢°
7a, Ca, 8, Cs, 10b, Cs,

@ Springer



390

Theor Chem Account (2008) 120:385-393

Table 4 Contributions to the total interaction energy (kcal/mol) computed using MIPp of benzene (BEN) and its dimer 6 interacting with H"*

(n=0.1, 0.2, 0.4 and 0.6) at the minimum along the C¢ axis

Charge (e) E. E, Eyw E;

BEN 6 BEN BEN 6 BEN 6
0.1 —1.44 —1.77 —0.13 —0.14 —-0.39 —0.40 —1.96 —2.31
0.2 -3.02 -3.71 —0.56 —0.63 —0.31 —0.21 —3.89 —4.55
0.4 —6.33 —7.76 —2.48 —2.81 0.13 0.14 —8.68 —10.43
0.6 —10.29 —12.59 —6.22 —7.84 0.71 1.76 —15.80 —18.68

CP connects the heteroatom with the center of the ring along
the main symmetry axis (see Fig. 3). In Table 3 we summa-
rize the values of the electron charge density (o) computed
at the cage critical points for complexes 1-11. We also sum-
marize the variation of these values in the ternary complexes
7-11 with respect to the binary complexes 1-6. These values
give information about the strengthening of the non-covalent
interaction involved in the complexes. First, it is worth men-
tioning that the value of the charge density computed at the
cage CPs s greater in the ternary complexes than in the binary
complexes, in agreement with the computed non additivity
energies and geometric features of the complexes. Second,
these results confirm that the concurrent formation of w—m
and X—H/r interactions has a synergistic effect that is related
to the increase in the values of p at the cage CPs and, conse-
quently, with the reinforcement of the non covalent interac-
tions. In Table 3 we also include the variation of R, and Ry in
the ternary complexes with respect to the binary complexes
(AR. and ARy). It can be observed that the values are always
negative for the Ry distance (w—m stacking), in agreement
with the variation of the charge density at the cage CP that
describe the w—m interaction (values in italics in Table 3).
The variation of the charge density at the cage CP that des-
cribes the X—H/m interaction indicates that the reinforcement
of this interaction is, in general, modest, with the exception of
complex 7a, in agreement with the values of AR.. It should
be mentioned that the values of AR, and Ap computed for 7a
are considerable greater than the values computed for similar
complexes 7b, ¢, whilst the non-additivity energies are simi-
lar for all 7a—c complexes (see Table 2). The higher value of
AR, can be explained considering the geometric features of
complex 1a, where the distance from the carbon atom of the
interacting methane to the ring centroid is much longer than
in the other methane—benzene complexes 1b, c. This issue
allows a major shortening of the equilibrium distance in 7a.
Moreover, a likely explanation for the important Ap value
in 7a, which agrees with the AR, value, is that the charge
density at the cage critical point is more sensitive to the equi-
librium distance than to the binding energy of the complex.
It has been reported that the p value is linear dependent upon
the binding energy [79-82] and it is exponential dependent
upon the equilibrium distance [83—85].

@ Springer

We have used the MIPp partition scheme to analyze the
physical nature of the C—H/m interaction involved in the com-
plexes and to understand the bonding mechanism and the
synergistic effects. We have computed the MIPp of benzene
and the dimer of benzene 6 interacting with H in order to
study the C—H/rr interaction in the absence and presence of
m—m stacking (see Table 4). We have performed the calcula-
tions assigning to the H several charges in order to simulate a
variety of situations, i.e., the hydrogen atom bonded to a neu-
tral (CHy4, H,O, NH3) or charged atom (NHI and H30™).
When the interacting hydrogen has a low charge (0.1-0.2 ¢)
the interaction is basically dominated by electrostatic effects
(Ee), since the polarization (E}) and dispersion-repulsion
contributions (Eyy) are small. At higher charge values (0.4—
0.6 e) the E,, term increases but the E. dominates the interac-
tion (65-70%). The MIPp analysis indicates that the physical
nature of the synergistic effect is electrostatic. The benzene
dimer has higher interaction energies than benzene and it
is due to the electrostatic term for the all range of charges
assigned to the hydrogen. The MIPp results are in agreement
with the complexation and non additivity energies of Tables 1
and 2.

As stated in the introduction the C-H/m and w—r interac-
tions are of pivotal importance in biological systems, where
these interactions are omnipresent. In the theoretical study
discussed above, we have demonstrated that there is an inter-
esting interplay between both interactions and that their
coexistence has a positive synergistic effect. It is probable
that both interactions may coexist in relevant biological pro-
cesses and participate in the binding mechanism of a substrate
atthe binding site of an enzyme. We have explored the Protein
Data Bank (PDB) database in order to find examples where
an aromatic ligand interacts with the active center of a pro-
tein using both interactions simultaneously. To illustrate this
issue, we have selected three examples retrieved from the
PDB where the coexistence of both interactions is evident
and relevant. The first example is represented in Fig. 4 and
the PDB code is leve [86]. The substrate is an acetylcho-
linesterase (AChE) inhibitor that is being used for sympto-
matic treatment of Alzheimer’s disease. E2020, marketed as
Aricept®, is a member of a family of N-benzylpiperidine-
based AChE inhibitors. The experimental three-dimensional
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Fig. 4 Structure of the complex between the anti-Alzheimer drug
E2020 (represented by sticks) and acetylcholinesterase (represented by
a ribbon diagram of the polypeptide backbone). The interactions of
E2020 and acetylcholinesterase involving aromatic rings at the active
site of the enzyme are highlighted at the right side of the figure.
Distances in A

structure shown in Fig. 4 corresponds to Torpedo californica
AChE (TcAChE) complex with E2020. The high affinity and
selectivity of E2020 was justified by the original authors
arguing specific interactions via aromatic stacking with
several amino acids of the active site. These interactions are
highlighted in Fig. 4. In one of them, there is an O-H/x
interaction between a water molecule and the phenyl ring
of E2020. Concurrently, this phenyl ring is establishing a
m—m stacking interaction with the Trp84, giving rise to an
O-H/m—m interaction.

The second example retrieved from the PDB (code
1hwi [87]) is shown in Fig. 5. It is a complex between HMG-
CoA (3-hydroxy-3-methylglutaryl-coenzymeA) reductase
(HMGR) and its inhibitor fluvastin. HMGR catalyzes the
committed step in cholesterol biosynthesis. Fluvastin in the
nanomolar range effectively lower serum cholesterol levels
and are widely prescribed in the treatment of hypercholeste-
rolemia. In the illustration of Fig. 5 we represent the interac-
tion of the cofactor with the enzyme (Homo sapiens HMGR,
catalytic portion). The adenosine -system is forming a w—m
stacking interaction with the Tyr479 of one chain of the
enzyme and it is participating in a C—H/m interaction with
the Ala564 of another chain of the enzyme.

The last example that we have selected to exemplify the
coexistence of both interactions in biological systems is
represented in Fig. 6. The PDB code is 1js3 [88]. The enzyme
is L-3,4-dihydroxyphenylalanine (L-DOPA) decarboxylase
(DDC). This enzyme is responsible for the synthesis of
dopamine and serotonin via decarboxylation of DOPA. DDC
has been implicated in a number of clinic disorders such as

Fig. 5 Structure of the complex between the ADP cofactor (repre-
sented by sticks) and HMG-CoA reductase (represented by a ribbon
diagram of the polypeptide backbone). The interactions of ADP and
the enzyme involving aromatic rings are highlighted at the right side of
the figure. Distances in A

b

| Ala273

Fig. 6 Structure of the complex between the pyridoxal-5’'-phosphate
(PLP) cofactor (represented by sticks) and DOPA-decarboxylase (repre-
sented by a ribbon diagram of the polypeptide backbone). The interac-
tions of PLP and the enzyme involving aromatic rings are highlighted
at the left side of the figure. Distances in A

hypertension and Parkinson’s disease. Inhibitors of DDC are
currently used to treat them. DDC is a tightly associated
as-dimer (only one monomer is shown in Fig. 6) and it
belongs to the family of pyridoxal-5'-phosphate (PLP)-
dependent enzymes. In the figure, we show the complex of
DDC with the cofactor PLP, which is illustrated in sticks
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representation. In the left part of the figure the interactions
of PLP with the enzyme are exposed. It can be easily appre-
ciated that the aromatic ring of the PLP is participating in a
C-H/r interaction with the residue Ala273. In addition, the
aromatic ring is also participating in a w— stacking interac-
tion with the residue His192 of the enzyme. Itis interesting to
note that in this case the aromatic aminoacid that participates
in the -7 interaction is histidine by means of the imidazole
ring.

4 Conclusion

In summary, the results reported in this manuscript stress
the importance of non covalent interactions involving aro-
matic systems and the interplay among them, that can lead to
synergistic effects. They are modest in magnitude for neutral
molecules, nevertheless its contribution to the total interac-
tion energy is important. The synergistic effects have been
successfully studied examining energetic and geometrical
parameters of the complexes and by means of the analy-
sis of the electron charge density using the Bader’s theory
of “atoms-in-molecules” at the cage CPs that appear upon
complexation. Due to the presence of a great number of
C-H/m and 77 interactions in biological systems, coopera-
tivity effects between non covalent interactions can be impor-
tant and might help to understand some biological processes
where the interplay between both interactions exist. Finally,
we have explored the PDB and we have found several
examples that demonstrate that both interactions coexist in
the binding of substrates and cofactors to the active center of
several important enzymes.
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