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Abstract Chemically modified tetracyclines (CMTs)
have shown promising activity as matrix metalloproteinase
(MMP) inhibitors acting as zinc-binding groups. The first
step in the design of new and effective drugs is the
molecular description of the mechanism of action in
chemical and biological environments. In the present study,
the structure and stability of [Zn(LH,)(H,0),]*™ (n = 0,
1, 2 and x = -2, —1, 0) and [Zn(L)(His)s], where L rep-
resents five distinct, structurally related CMTs, are dis-
cussed. In addition to the effect of the ligand on Zn(II)
coordination, the role of the solvent and pH was also
determined. The results suggested that O1-Oam (labeled as
site I in the present paper) of CMT-1, CMT-4 and CMT-7
was the most stable site in the gas phase and aqueous
solution. However, for CMT-3 and CMT-8, coordination at
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the O11-0O12 moiety (site VI) was preferred. This coor-
dination site is an essential binding mode of CMTs with
active zinc in the MMP catalytic site; therefore, our results
support the singular behavior of CMT-3 and CMT-8 as
promising MMP inhibitors.

Keywords Tetracycline - DFT calculations - Matrix
metalloproteinase - Chemically modified tetracycline

1 Introduction

Matrix metalloproteinases (MMPs) are a family of Ca(Il)-
and Zn(I)-dependent proteinases that proteolytically
degrade extracellular matrix components [1] and are
involved in essential physiological and pathological pro-
cesses in the human body. Many studies have shown that
MMPs play a significant role in tumor invasion, metastasis
and angiogenesis [2]. Thus, inhibition of MMP activity is
an interesting therapeutic strategy for the treatment of
diseases such as cancer. In recent years, a number of MMP
inhibitors (MMPIs) have been developed [3]; however,
clinical trial results have been predominantly unfavorable
[4, 5]. As a result, a significant effort has been extended
toward identifying specific inhibitors with distinct zinc-
binding groups (ZBGs) [6]. The most studied synthetic
MMP inhibitors containing ZBGs belong to the hydroxa-
mate family, which covalently bind to the zinc atom at the
MMP active site [7]. An alternative class of potential MMP
inhibitors is tetracycline (TC) derivatives, which have been
evaluated in preclinical cancer models and have shown
promising results [8, 9].

TC derivatives that show MMP inhibition activity
include tetracycline-based antibiotics such as tetracycline
(TC), minocycline and doxycycline (DOX, the only
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Fig. 1 Structures of
tetracycline (7'C), doxycycline
(DOX) and their chemically
modified analogs (CMT-n). The
numbering scheme and the
coordination sites are shown; 1
(03-Oam), II (O1-Oam), III
(03-Nam), IV (O1-Nam), V
(012-01) and VI (0O11-012).
The site VI is available only at
high pH, where the fully
deprotonated form is favored

CMT-7

FDA-approved MMPI [1, 5]), and chemically modified
tetracycline (CMTs) [10, 11] (Fig. 1). CMTs are a new
family of at least ten molecules (CMT-1 to 10) that lack a
dimethylamino (DMA) group at the C4 position of the A
ring in TC. Due to the absence of this functional group,
CMTs do not present antimicrobial activity [12]. However,
some CMTs are more potent MMP inhibitors than con-
ventional antimicrobial TCs [13]. CMTs have several
advantages over the parent TCs, such as lower systemic
toxicity and higher plasma accumulation, allow for reduced
doses. In addition, CMTSs do not result in resistant micro-
organisms, which is a common effect of antibiotic therapy
[9, 14, 15]. The mechanism of MMP inhibition by tetra-
cyclines is not completely understood at the molecular
level. However, tetracyclines are known to bind to Zn(II) or
Ca(II) ions associated with MMP and can block the active
site and induce conformational changes that render the pro-
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enzyme susceptible to fragmentation during the activation
process. According to Acharya et al. [8], CMTs reduce
active MMP or pro-MMP through the aforementioned
mechanism. 6-demethyl-6-deoxy-4-dedimethylamino tet-
racycline, also known as CMT-3 (Col-3) (Fig. 1), is one of
the most active CMTs [6, 16]. Several studies in the liter-
ature have discussed the efficacy of CMT-3, and evidence
suggests that CMT-3 has antitumor and anti-metastasis
activity [9, 14]. CMT-3 inhibits the expression and activity
of MMP-2 and MMP-9, and gelatinases A and B, respec-
tively [2], which are responsible for degrading basement
membrane type IV collagen and are essential for cellular
invasion. Thus, these enzymes play a primary role in tumor
progression. Other CMTs also have an effect on gelatinase
A and B activity, including CMT-1, CMT-4, CMT-7 and
CMT-8 (Fig. 1), where the latter is a direct derivative of
DOX tetracycline. The distinct efficacy of CMTs as MMP
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inhibitors may result from their structural differences,
which can alter the solubility and reactivity of these
compounds.

The application of theoretical methods to investigate
structural aspects and thermodynamic properties of metal
complexation processes is relevant for the elucidation of the
action mode of CMTs as MMPIs. Moreover, theoretical
studies can provide valuable results on the reactivity of
different CMTs [17]. TC derivatives such as CMTs possess
several metal binding sites and are able to complex metal
ions such as Mg(II), Ca(I), Zn(II), AI(IIT) and Pt(II) [18-24],
which may directly interfere with the mechanism of action of
these compounds at the molecular level. Our group and
many others [25-29] have contributed to the understanding
of tetracycline chemistry by applying theoretical methods to
investigate conformational and tautomeric equilibria, metal
ion complexation and spectroscopic properties [30-35].
These studies have assisted experimentalists in elucidating
the coordination modes of metal ions such as Al(IIT), Mg(IT)
and Pt(II), which is a difficult task due to the existence of
several possible coordination sites.

The present study aims to apply first principles quantum
chemistry calculations based on density functional theory
(DFT) to describe interactions between different CMTs
(Fig. 1) and the Zn(Il) ion in MMP enzymes. First, we
considered the interaction of CMTs with Zn(II)-hexahy-
drated species ([Zn(H20)6]2+) at distinct coordination
modes, including sites I-VI shown in Fig. 1. Next, we
included the first coordination shell from the active site of
MMP-9 in the molecular model, and accounted for His401,
His405, and His411, which were identified from a high-
resolution X-ray crystallographic structure (PDB code
1L6J) [36]. Finally, the structure and stability of CMT-
Zn(Il) complexes are discussed. The present report is the
first theoretical attempt to investigate the mechanism of
action of tetracycline MMP inhibitors.

2 Theoretical treatments

The CMTs considered in the present study included CMT-1,
CMT-3,CMT-4, CMT-7 and CMT-8 (see Fig. 1). Compared
to other CMTs and the parent tetracyclines, the CMTs
evaluated in the current investigation are relatively lipophilic
[15] and are better absorbed by the organism and human cells
after oral administration. Unlike native TC, which possesses
a third pKa, the CMTs contain only two ionizable groups
[37]. As a result, the molecules can exist in the non-ionized
(LH,) and ionized form (LH™ at O3, pKal = 5.6 4+ 0.2 and
L?>~atO3 and O12, pKa2 = 8.35 + 0.07), depending on the
pH of the solution.

The present study was organized into two parts. First,
the coordination modes represented in Fig. 1 were tested

for CMT-1 and CMT-3. The former presents the closest
geometry to the parent TC, and the latter is the simplest
CMT. In addition to the distinct coordination modes, we
considered the geometries of the free ligands in their ion-
ized forms (LH,, LH™ and L*7) and the hydrated Zn(II)
coordination shell, as shown in Eq. 1.

[Zn(H;0),]*" +LH} — [Zn(LH,)(H;0),]* " +4H,0
on=0,1,2 and x=-2,—-1,0 (1)

In the second part of the study, the most stable coordination
modes of CMT-1-Zn(II) and CMT-3-Zn(Il) complexes
were considered, and a model of the amino acids in the
active site of MMP-9 was constructed. The X-ray crystal-
lographic structure [36] was applied, and only the first
coordination sphere of active zinc in the metalloproteinase
(His401, His405 and His411) was considered. Neutral
amino acid structures with COOH and NH, groups were
employed, and all of the CMTs (CMT-1, CMT-3, CMT-4,
CMT-7 and CMT-8) were used as ligands in the L>~ ion-
ized form. Thus, the final stoichiometry of the complexes
was [Zn(L)(His)s].

Using DFT and hybrid B3LYP functional [38, 39], the
geometries were fully optimized and characterized as true
minima on the gas phase potential energy surface (PES).
The standard split valence basis set 6-31G(d) was used for
all of the atoms, including zinc [40, 41]. Recently, Ramos
et al. [42, 43] demonstrated that B3LYP functional was
more accurate than Hartree—Fock and second-order Moller—
Plesset perturbation theory for Zn(II) complexes. Although
a systematic comparison of methods was not the objective
of the present study, additional calculations were carried out
to assess the effect of the basis set and DFT functional on
the relative energies. Using the 6-31G(d), single-point
energies were calculated using the hybrid meta exchange—
correlation functional MO06 [44], i.e., MO06/6-31G(d)//
B3LYP/6-31G(d) (abbreviated as M06/6-31G(d)// in the
present paper). The effect of the basis set on the energies
was also evaluated through single-point energy calcula-
tions at the B3LYP/6-3114+G(2d,p)/B3LYP/6-31G(d)
(B3LYP/6-311+G(2d,p)//) and MO06/6-3114+G(2d,p)//
B3LYP/6-31G(d) (MO06/6-311+G(2d,p)//) levels. The
B3LYP/6-31G(d) geometries were used in all of the cal-
culations, and thermal corrections for energy and solvation
energy were applied. The latter quantities were added to
the electronic plus nuclear-repulsion energy calculated at
the other levels of theory to obtain the Gibbs free energy
change in gas phase and in aqueous solution, respectively.

The thermodynamic properties were calculated at 25 °C
and 1 atm in the gas phase and in aqueous solution at the
B3LYP/6-31G(d) level of theory. The effect of solvent on
the energies was included by applying the IEFPCM contin-
uum model [45, 46], and the macroscopic dielectric constant
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was set to 78.39 (corresponding to that of water). The solute
cavity was constructed according to the United Atoms
scheme (UAHF) [47]. In the thermodynamic analysis, only
the electrostatic contribution of the solvation energies was
applied, as suggested in our previous studies [30, 32]. The
calculations were performed with Gaussian 09 [48].

3 Results and discussion

TC and CMT act as MMP inhibitors via a non-antimicro-
bial mechanism. Specifically, TC and CMT act as a ZBG,
inhibiting active MMP or MMP present in a proteinase
stage. Therefore, the analysis of all possible zinc-binding
modes is relevant to the design of TC derivatives with
potential therapeutic applications. In the subsequent sec-
tions of the present manuscript, we discuss the structures
and energies of CMT-Zn(I) complexes. First, the struc-
tures and energies of [Zn(LH,)(H,0),]* ™ (see Eq. 1) are
presented for CMT-1 and CMT-3, and the improved
molecular model, [Zn(L)(His)z], which includes the first
Zn(II) coordination shell of the active site of MMP-9, is
discussed for five structurally related CMTs (Fig. 1).

3.1 Structure and stability of [Zn(LH,,)(H,0),]* ™™

To define the most stable coordination modes of CMT—
Zn(I) complexes, process (1) was investigated in the gas

Fig. 2 B3LYP/6-31G(d)
optimized structures for the
most favorable complexes
found for CMT-1 and CMT-3
complexes. Only the geometries
for CMT-3 derivative are shown
(see Supplementary materials).
Sites VI (O11-012) (a) and IV
(O1-0Oam) (b) for
[Zn(L)(H,0),] complexes; site
V (01-012) for
[Zn(LHy)(H0),1** (0);

site I (O1-Oam) for
[Zn(LH)(H,0),]" (d)
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phase and in aqueous solution. The CMTs present different
metal coordination sites, and the preferred binding sites
depend on the solvent and pH of the medium. Thus, the
three ionized forms of CMT-1 and CMT-3 (LH,, LH™ and
L?7) were considered in the complexation processes, and 18
distinct sites were proposed for each CMT. For LH, and
LH™, five coordination sites were analyzed, and two distinct
tautomers were proposed for sites III (O3-Nam) and IV
(O1-Nam) in the LH, form (IITA and IVA, respectively).
Thus, a total of seven structures for [Zn(LHz)(Hzo)z]2+ and
five structures for [Zn(LH)(H,0),]* were calculated. For
the L*~ ligand, six distinct structures with a stoichiometry
of [Zn(L)(H,0),] were proposed, and the additional coor-
dination site involving the most frequent O11-O12 moiety,
labeled site VI in Fig. 1, was only available after the second
ionization at O12.

In all of the complexes, CMT-1 and CMT-3 act as
bidentate ligands, except at site VI (O11-012), which was
proposed for fully deprotonated CMTs. In this case, the
initial structure containing coordinated Zn(II) at O11-012
undergoes significant distortion. In the final geometry, the
Zn(II) ion is coordinated to the O11-O1 site, and a weak
electrostatic interaction with the O12 moiety is observed
(see Fig. 2a). The Zn—-O11 and Zn—O1 bond lengths were
calculated at the B3LYP/6-31G(d) level, and values of
1.94-1.97 and 1.93-1.96 A were obtained, respectively.
Alternatively, the Zn—O12 bond was between 2.16 and
2.33 A. The Wiberg bond index (Wbi) [49], which was
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predicted according to Natural Bond Orbital (NBO) analy-
sis, was equal to 0.30 for Zn—-O1 and Zn-O11, and 0.14 for
Zn—-012 (values for L = CMT-3 in the [Zn(L)(H,0),]
complex). Despite the relatively weak Zn—O12 interaction,
the length of the bond was within the range of standard Zn-O
bonds in zinc complexes with native tetracycline and zinc-
metalloproteins [33, 50, 51]. Therefore, this result suggests
that the CMTs act as tridentate ligands in the L?~ ionized
state and coordinate at site VI to a pentacoordinate metal
center (see Fig. 2a). The tridentate mode was previously
described for a Zn(II) complex with the 5a,6-anhydrotetra-
cycline (AHTC) analog, which was characterized by com-
paring experimental [51] and calculated [33] UV-Vis
spectra. The predicted thermodynamic data suggested that
the aforementioned structure was the preferred form in
aqueous solution. In addition, a strong distortion in the
skeleton of the CMT was observed upon coordination to the
011-012-01 site, which favored a change in the confor-
mation of the amide group of CMT-1 and CMT-3 analogs to
the cis form, as shown in Fig. 2a. In complex [Zn(L)(H,0),]
coordinated at sites II (O1-Oam) and IV (Ol1-Nam), one
proton from water was transferred to O11 during geometry
optimization in the gas phase (see optimized structure IV in
the Fig. 2b), leading to additional stabilization.

For complexes containing LH, and LH™, CMT-1 and
CMT-3 act as bidentate ligands, and the metal center pre-
sents a tetrahedral geometry (see Fig. 2c, d). The Zn-O
bond lengths were 1.87—-1.97 10\, and the Zn—N bond lengths
were approximately 2.00-2.04 A. The O-Zn-0O angle ran-
ged from 90.6 to 106.6°, and the O-Zn-N angle ranged
from 85.4 to 96.4°. These results suggest that Zn(Il) has a
greater affinity for O atoms. Most of the sites described in
Fig. 1 involves metal chelation at O atoms; however, in
sites III (O3-Nam) and IV (O1-Nam), the N atom partici-
pates in the coordination shell. In the complex containing
CMT-3 coordinated at site III (O3—-Nam), the Wbi values
were 0.42 and 0.29 for Zn—0O3 and Zn-Nam, respectively,
which supports the previous statement. Although the
majority of ZBGs discussed in the literature contain oxygen
atoms, some inhibitors act as nitrogen-based ZBGs [5].

As shown in Fig. 3, the relative stability of the com-
plexes [Zn(LHn)(Hzo)z]z_" in the gas phase was compared
at all of the studied levels of theory, and the most stable
structure obtained at the B3LYP/6-31G(d) level was used
as a reference. At low pH, LH, species predominated, and
zinc binding occurred preferentially at site V (O12-O1).
Moreover, binding was also favorable at sites I (O3—Oam)
and II (O1-Oam), which are similar in energy. Site I, II and
V were also quite stable when the ligand was in the LH™,
with site II (and I for CMT-3) found as global minimum. At
high pH, site VI (O11-012) was the most favorable site,
followed by site II. Therefore, when the electronic plus
nuclear-repulsion energy was considered, sites I, II, V and

VI were more suitable for coordination to Zn(II) in the gas
phase. All of the aforementioned binding sites contain only
oxygen atoms; however, sites III and IV, which also con-
tain nitrogen atom, are at least 20 kcal mol ™' higher in
energy. As shown in Fig. 3, the order of stability did not
change as the level of theory improved; therefore, only the
Gibbs free energies obtained at the B3LYP/6-31G(d) level
will be discussed.

The relative Gibbs free energies (0AGg) of process (1),
which were calculated using B3LYP/6-31G(d) in the gas
phase and in aqueous solution, are presented in Table 1. In
general, the observed trends in the stability of the com-
plexes in the gas phase and in aqueous solution were
identical. For [Zn(LH,)(H,0),]*" complexes, the order of
stability was V > II ~ I. For [Zn(LH)(H,0),]", sites I and
II were quite favorable, and a free energy difference around
1 kcal mol™" was observed in aqueous solution. For
[Zn(L)(H,O),] complexes, site VI (012-0O11) was the
most stable, and the following order was observed,
regardless of the structure of the CMT: VI > 1 ~ II. The
stability of mode VI for complexes containing the L>~
ionized form was attributed to tridentate coordination mode
involving O12-011-0O1 atoms (Fig. 2a). Additionally,
complexes containing Zn(II) coordinated to N atoms such
as III and IV were unfavorable (see values in Table 1).
Nevertheless, the order of stability shown in Table 1 was
identical to that shown in Fig. 3, and the contribution of
thermal energy and solvation remained nearly constant.
Therefore, from the results of the previous analysis, we
concluded that the Zn(II) coordination site was slightly pH-
dependent. Specifically, the O1-O12-O11 moiety (ring
BC) was preferred at low and high pH (LH, and L*~
forms), and the O3—-Oam-O1 (ring A) was favorable in
neutral medium (LH™ form). Similar results were obtained
in a previous study conducted on AHTC—Pt(II) complexes
[31], which suggested that a rapid equilibrium was present
between sites I (O3—Oam) and II (O1-Oam). In all cases,
coordination sites containing only O atoms were preferred
over sites containing N atom.

The previous study allowed us to identify Zn(Il) pref-
erential binding sites (II, V and VI) for CMT molecules
based on the stability of complexes with CMT-1 and CMT-
3 ligands. The next step was to improve the molecular
model and include features from the active site of MMP-9.
The function of the inhibitor is to block the active site of
the enzyme; thus, the mechanism of CMT complexation
with zinc must be understood.

3.2 Complexes of CMTs with catalytic zinc
in the MMP-9 model

Interactions between CMTs and active zinc in MMP-9
were investigated by considering only the first metal

@ Springer
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coordination shell and accounting for His401, His405 and
His411. The model was obtained from the X-ray crystal-
lographic structure of the proform of human matrix
metalloproteinase MMP-9, which was solved to a resolu-
tion of 2.5 A by Romanic and collaborators [36]. The
domains were deleted, including the prodomain inserted
into the active site, where the side chain of Cys99 binds to
zinc in the catalytic domain. This bond is disrupted when
enzyme activation occurs, allowing active zinc to interact

@ Springer

with the substrate or inhibitors. Several studies addressing
the efficacy of the application of such a simple model of
the enzyme’s active site have been conducted [17, 50]. The
electronic structure of the metal atom and its environment
play an important role in the catalytic process. Therefore,
the representation of the metal and the first coordination
sphere is a good approximation for studying reactions that
occur at the enzyme’s active site. These small models have
been treated with quantum mechanics and were used to
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Table 1 Relative reaction Gibbs free energy (JAGyg values in kcal mol™") in the gas phase and in aqueous solution (in brackets) calculated at
B3LYP/6-31G(d) level for the distinct coordination sites of CMT-1 and CMT-3

CMT-1 CMT-3
LH, LH™ L LH, LH™ L

I (03-Oam) 6.77 [8.63] 6.90 [1.02] 41.7 [3.00] 6.84 [8.63] 0.00 [0.00] 45.9 [3.52]
II (O1-Oam) 8.69 [5.15] 0.00 [0.00] 8.72 [10.7] 14.4 [12.0] 0.41 [1.74] 5.54 [4.79]
I (O3-Nam) 37.4 [19.1] 39.7 [22.6] 55.8 [26.8] 37.9 [19.1] 32.8 [21.7] 79.7 [26.5]
IIIA (O3-Nam) 70.6 [32.8] - - 70.0 [33.5] - -

IV (O1-Nam) 26.3 [17.2] 33.1 [20.9] 37.4 [31.1] 31.8 [22.6] 29.6 [23.2] 35.8 [29.3]
IVA (O1-Nam) 32.0 [26.9] - - 33.6 [28.6] - -

V (01-012) 0.00 [0.00] 25.5 [19.2] 21.7 [8.18] 0.00 [0.00] 8.03 [15.3] 21.2 [7.86]
VI (011-012) - - 0.00 [0.00] - - 0.00 [0.00]

The most stable structure was used as reference for each ionized state

The lowest energy values, set to zero, are emphasized in bold

study the structure and mechanism of several enzymes
[6, 17, 52]. Thus, to define the preference of the CMT site
for complexation with zinc, the simplified model of the
enzyme is sufficient.

CMT-1, CMT-3, CMT-4, CMT-7 and CMT-8 in the L*~
ionized form were evaluated, and all of the coordination
sites were considered to be accessible. Based on the results
obtained for the [Zn(LH,,)(H,0),]> ™ complexes, only the
most stable coordination sites were considered, including
sites I (O1-Oam), V (012-01) and VI (O11-012). The
geometries of the free ligands (CMTs) and the Zn(II)
complexes (a total of 21 distinct structures) were fully
optimized using B3LYP/6-31G(d). In addition, the energies
of the complexes were calculated at the B3LYP/6-
311+G(2d,p)// level and using modern meta exchange—
correlation functional M06 with 6-31G(d) and 6-3114+G
(2d,p) basis sets. The thermodynamic parameters of

Fig. 4 Representation of the
extended (a) — folded

(¢) conformational
interconversion predicted for
the CMT-3-Zn(II) complex. The
intermediate structure shown in
b was taken after 72
optimization steps

HIS411

reaction (2) are discussed, as well as the energies and
structures of the distinct complexes.

[Zn(His);]*" 4+ L>~ — [Zn(L)(His)s] (2)

The metal-ligand bond lengths and angles were compared
to actual models obtained from the X-ray structure [36].
Before discussing the energy of the complexation
modes, some structural characteristics of the complexes
must be considered. In all of the structures, the coordina-
tion moieties involve O atoms, and the CMTs act as
bidentate ligands. Additionally, the conformational flexi-
bility of tetracyclines allows them to adopt different forms,
according to the solvent type and pH of the medium [52].
Particularly, the extended (EXT) to folded (FLD) inter-
conversion process (Fig. 4 inside) was considered, which
involves a pseudo-rotation of the C4a—Cl2a bond and
can be tracked through the value of the dihedral angle

/]

Rotation around Cla -C12a
B —— @
Ly 2 @

Extended Folded

(b)
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0O12a—Cl12a—C4a-H4a (w;) (see Fig. 1 for the numbering
scheme). In the EXT form, w; is between 50 and 60°, and
the value of the FLD conformer is around —60° [53].
Theoretical studies indicate that these geometries differ in
energy by only a few kcal mol ™! [25, 27, 54]; therefore, it
is practically impossible to identify conditions under which
one species is present exclusively. The TCs can also
change their conformation upon metal complexation. Dis-
tinct complexation sites are available for different spatial
forms of the TC ligand [27].

In [Zn(L)(His)s;] complexes, a conformational change
from EXT to FLD was predicted for L = CMT-3. Figure 4
shows snapshots obtained from the optimization of the
geometry of [Zn(CMT-3)(His);] in mode VI, and the
EXT — FLD process was clearly followed. In the initial
structure (Fig. 4a), w; = 47.2° and the structure was
assigned as EXT, according to ref. [53]. In the intermediate
geometry obtained after 72 optimization steps (Fig. 4b), we
found w, = 5.5°. Alternatively, for the final optimized
structure, (Fig. 4c) w; = —60.8°, and the conformation
was assigned as FLD. Interconversion was favored by
strong hydrogen bond between the O3 atom and the amino
group of His411 (O3---HNH(His411) = 1.95 A). A sec-
ondary interaction responsible for the stabilization of FLD
involves the Nam amide moiety and the HN of His405
(H,N---HN(His405) = 2.0 10\). However, these interactions
are more difficult to attain in the protein active site, where
the flexibility of amino acids is lower.

Table 2 presents structural parameters of the com-
pounds, which were calculated at the B3LYP/6-31G(d)
level. The Zn-ligand bond lengths were approximately
2.1 A, regardless of the ligand type, suggesting that the
coordination number of Zn(Il) was five. An interesting
structural aspect is the degree of trigonality (t) of the zinc
metal center in the complexes. This quantity is computed
as T = (f—a)/60°, where f is the angle formed by the axial
ligands and « is the largest angle along the basal (equato-
rial) plane. For t = 1, the structure can be viewed as a
perfect Dj;, trigonal bipyramid. Alternatively, for 7 = 0,
the structure was assigned as Cg4, square pyramidal [55].

The analysis of the parameter 7 (see Table 2) reveals
interesting trends in the coordination of the zinc ion in the
A ring of the CMTs to site II (O1-Oam). The degree of
trigonality is close to zero for most of the complexes,
especially CMT-1 and CMT-3 (r = 0.1) (Fig. 5a), which
suggests that the geometry around the metal center was
almost perfectly square pyramidal. Conversely, CMT
complexes involving site V (012-01) and VI (O11-012)
show a degree of trigonality close to 1.0. In particular, in
the CMT-3 complex, the degree of trigonality reached 0.8
(see Fig. 5b). These complexes involve coordination at the
A, B or C rings of the CMT ligands. In these cases, the
geometry around the metal center was nearly perfectly
trigonal bipyramidal. These results suggested that the
geometry of zinc depends on the ligand-binding site, not
the CMT. As previously discussed [56], the zinc ion may

Table 2 Structural parameters calculated at B3LYP/6-31G(d) for the [Zn(L)(His);] complexes with L corresponding to distinct CMTs

Molecules Zn-O* Zn-N(His401) Zn-N(His405) Zn-N(His411) £N(His401)-Zn-N(His405) /N(His411)-Zn-0* <

X-ray MMP-9* - 2.05 221
I (O1-Oam) CMT-1 207 204 2.07
CMT-3 200 204 2.06
CMT-4 208 205 2.06
CMT-7 202 205 2.10
CMT-8 203 205 2.06
V (012-01) CMT-1 203 205 2.11
CMT-3 203 208 2.09
CMT-4 207 205 2.10
CMT-7 201 206 2.12
CMT-8 202 207 2.08
VI (011-012) CMT-1  2.04 203 2.06
CMT-3 205 206 2.07
CMT-4 204 206 2.06
CMT-7 203 205 2.07
CMT-8 200 204 2.08

2.26 107.3 - -

2.10 116.6 151.8 0.13
2.27 107.5 157.7 0.11
2.15 120.8 159.6 0.37
2.12 136.3 174.6 0.64
2.19 118.1 164.8 0.52
2.16 134.9 173.8 0.65
221 105.9 171.4 0.68
2.10 127.6 170.6 0.72
2.15 133.8 172.3 0.64
2.17 128.2 180.0 0.86
2.16 115.7 171.0 0.89
2.14 124.7 170.2 0.76
2.14 112.2 168.8 0.74
2.16 114.2 170.5 0.66
2.19 115.3 166.2 0.72

Only the sites I (O1-Oam), V (O1-012) and VI (O11-012) are considered. The bond lengths are in A and the bond angles in degrees
* Average bond length is reported

® Values from the X-ray crystallographic structure (PDB code 1L6J) [36]
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Fig. 5 B3LYP/6-31G(d)
optimized structure of the
complexes [Zn(L)(His);] with L
being CMT-1 (a) and CMT-3
(b). The values inside are the
bond angles used to calculate
the degree of trigonality

assume different geometries, depending on the coordina-
tion site. The X-ray crystallography [7] of hydroxamate
MMP inhibitors has been studied, and the results revealed
that the catalytic zinc ion in MMP-9 coordinates to His401,
His405, His411 and both hydroxamate oxygen atoms. The
geometry around the metal was assigned as distorted pen-
tacoordinate and was close to perfectly square pyramidal
(t =0.1). The X-ray crystallography [57] structure of
MMP-9 coordinated to a carboxylate inhibitor similar to
CMT was also evaluated, and the results showed that the
metal had a coordination number of five and a nearly
perfect square pyramidal geometry (t = 0.1). Thus, based
only on the overall geometry of the first coordination
sphere around the metal center, we hypothesized that
coordination site II of the CMTs was more suitable for
binding to the MMP-9 catalytic site than the other sites. For
instance, when coordinated at site II, CMT-1 and CMT-3
interact with the imidazole ring of histidine (His401) res-
idues, which decreases the angle of His401-Zn—-O and
His411-Zn—O (see Table 2) and reduces the degree of
trigonality.

Table 3 shows the Gibbs free energy of the process
illustrated in Eq. 2 in the gas phase (AGg ) and in aqueous
solution (AGg ,q) for all of the [Zn(L)(His);] complexes. In
general, all of the processes were favorable, except when
the B3LYP/6-311+G(2d,p)// level was applied, and several
positive values for AGg,q were obtained. The order of
stability depends on the coordination site and the ligand
structure. According to all of the methods, the most spon-
taneous zinc-binding moiety in the gas phase was site II
(O1-Oam) for CMT-1, -4, -7 and -8, and site VI (O11-012)
for CMT-3. This trend was also observed in solution, except
when the triple-zeta quality basis set was applied to CMT-8.
In this case, site VI was the main coordination site in

solution. In addition, sites II (CMT-1, -4 and -7) and VI
(CMT-3 and -8) are preferable for Zn(Il) ion binding in
aqueous solution. The Gibbs free energy of the reaction in

solution accounts for three contributions; namely,
AGg oq = AEgy + 6Gr + 0Gso1y, Where the first term on
the right is the reaction energy in the gas phase, including
the electronic plus nuclear-repulsion contributions, and the
last two terms are thermal corrections applied to the Gibbs
free energy (including zero point energy, enthalpic and
entropic contributions) and solvation contributions of the
reaction, respectively. In the present study, only AEg , was
calculated at every level of theory, and Gt and 0G,,}, were
calculated according to B3LYP/6-31G(d). As shown in
Table 3, the solvent plays a significant role in the sponta-
neity of the process because the reactants are charged and
the products are neutral species (Eq. 2). Therefore, in the
PCM approach, the solvation energies of the former are
more pronounced, which raises the final free energy of the
reaction. Despite the drawbacks in the continuum solvation
method regarding the description of ionic species, the
results obtained in solution appear to be reasonable com-
pared to similar processes with tetracycline-like molecules
[51]. Before describing the structure-reactivity relation-
ships, the effect of the level of theory on the reaction energy
must be highlighted. The reaction energies calculated with
MO6 functional were 4—7% lower (more negative values)
than the corresponding B3LYP data. Alternatively, as the
basis set increased, the reaction energies increased by
89%; therefore, the values calculated at MO6/6-
3114G(2d,p)// provided optimal results, accounting for
both types of effects. Thus, only these values will be dis-
cussed hereafter (last two columns in Table 3).

As previously described, the reaction between Zn(II) and
CMT-1 occurs preferentially at site II. Alternatively, for

@ Springer



386

Theor Chem Acc (2011) 128:377-388

Table 3 Reaction Gibbs free energy (in kcal molfl) for the complexes [Zn(L)(His);] with L = CMT-1, -3, -4, -7 and -8

AC’R,g [AGR,aq]a’b

B3LYP/6-31G(d)

MO06/6-31G(d)//

B3LYP/6-3114+-G(2d,p)//

MO06/6-311+G(2d,p)//

log ¢
MO06/6-3114+-G(2d,p)//

CMT-1

II (O1-Oam) —286.5 [—28.3] —300.8 [—42.7] —263.7 [—5.55] —283.1 [-24.9] 18.3
V (01-012) —257.4 [-14.1] —272.5 [-29.3] —238.2 [5.06] —257.1 [-13.9] 10.2
VI (011-012) —261.5 [—17.8] —271.9 [-28.2] —241.9 [1.77] —255.9 [-12.3] 9.0
CMT-3

II (O1-Oam) —284.2 [-20.7] —299.4 [-37.0] —262.4 [0.00] —282.8 [-20.5] 15.0
V (01-012) —257.4 [-8.36] —269.6 [-21.7] —237.8 [10.0] —253.8 [-5.92] 4.3
VI (011-012) —293.6 [—24.5] —308.3 [—40.4] —269.0 [—1.00] —289.7 [-21.7] 15.9
CMT-4

II (O1-Oam) —293.7 [-27.9] —312.4 [—48.8] —269.5 [-5.91] —294.9 [-31.3] 23.0
V (01-012) —270.7 [—17.4] —287.7 [-36.7] —249.3 [1.71] —271.8 [-20.8] 15.3
VI (011-012) —272.7 [-16.2] —288.2 [—34.0] —251.7 [2.55] —272.9 [-18.6] 13.6
CMT-7

II (O1-Oam) —274.1 [-13.9] —293.7 [-35.0] —250.7 [8.08] —276.8 [—18.1] 13.3
V (01-012) —262.6 [—18.0] —276.2 [-33.1] —243.2 [—0.03] —260.5 [—17.3] 12.7
VI (011-012) —257.5 [—16.1] —268.9 [—29.0] —238.8 [1.07] —253.7 [-13.8] 10.1
CMT-8

II (O1-Oam) —285.9 [—23.3] —304.1 [—43.5] —261.1 [—0.50] —286.3 [—25.7] 18.8
V (01-012) —266.3 [—22.6] —279.8 [-38.1] —245.5 [-3.83] —252.0 [-10.3] 7.6
VI (011-012) —258.2 [-22.5] —267.6 [-33.9] —239.5 [—5.82] —262.7 [—29.0] 21.3

The log f§ calculated in aqueous solution are also included, where f is the formation constant calculated according to the process represented in

Eq. 2

The reaction energies for the most stable sites are emphasized in bold

* Reaction Gibbs free energies are calculated as AGgaq = AEr, + 0Gt + 0Ggory, Where 0Gt and Gy, are the thermal correction and
solvation energy for the reaction calculated at B3LYP/6-31G(d) level. The AGg is the sum of the two first terms on the right

" The double slashes used in the notation for the level of theory indicate single-point energy calculation using the B3LYP/6-31G(d) optimized

geometry

¢ Calculated using the M06/6-3114+-G(2d,p)// values. The log f = —AGg ,q/1.364 (T = 298 K)
9 The experimental value is log ff = 15.59 + 0.01 for the AHTC-Zn(II) complex [51]

CMT-3, structure VI was slightly favored over site II
(1.2 kecal mol ™). The values obtained in solution for CMT-1
and CMT-3 (Tables 1, 3) were compared. For CMT-3,
similar trends were observed, namely, site VI was more
stable, regardless of the model. However, for CMT-1, site
IT was 12.6 kcal mol™' lower in energy than site VI when
the biological model was considered. The order of stability
of CMT-4 complexes was identical to those predicted for
CMT-1 (II >V ~ VI, see Table 3). The structures of
these molecules are similar and differ only at the C7. For
CMT-7, structure II was also more stable; however, site V
was significantly stabilized and was only 0.8 kcal mol™"
less stable than site II in aqueous solution. Unlike CMT-1,
CMT-7 does not contain an OH at Cl2a, which may
interfere with coordination at site V (see Fig. 1).

The structure—reactivity relationship for CMT-8 com-
plexes was similar to that of CMT-3, and the following
order in the stability was observed: VI>1II > V. A

@ Springer

common feature among these structures is a lack of
hydroxyl groups at C6. CMT-8 bears an OH group at C5
and resembles the parent DOX tetracycline (see Fig. 1).
The interaction between AHTC analogs and the Zn(II) ion
in aqueous solution was studied by Beraldo et al. [51] via
absorption and circular dichroism (CD) spectroscopy. The
results of the aforementioned study suggested that site VI
(O11-012) was the primary coordination site, and the
formation constant of the AHTC-Zn(II) complex was (in
logarithmic scale) equal to log f = 15.59 &+ 0.01. Table 3
shows the formation constants calculated at the MO06/6-
3114G(2d,p)// level for the interaction between CMTs and
active zinc in aqueous solution. Although differences
between the experimental and theoretical results were
observed, the formation constants of the most stable
complexes were comparable. Furthermore, the experi-
mental results suggested that site VI (O11-O12) was
involved in the coordination of TC analogs with active
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zinc, which is quite favorable for CMT-3 (log = 15.9)
and CMT-8 (log S = 21.3). The main difference between
the CMT ligands is the absence of an OH group at C6 in
CMT-3 and CMT-8, which stabilizes site VI. Similarly, the
tetracycline-based antibiotic doxycycline (DOX) [8, 10,
11], which is an effective MMP inhibitor, does not contain
an OH group at the C6 position of the C ring, which sug-
gests that the presence of OH hinders coordination at site
0O11-012.

At present, the molecular mechanism of MMP inhibition
by CMTs has not been completely described. However,
structure—activity relationships in the CMTs have been
observed. For instance, structural differences among CMTs
affect the ability of the compound to interact with protease
sites [8, 15]. In the present study, we demonstrated that the
structure of the CMTs interferes with coordination to
Zn(Il) at the active site. Based on the relative energies
shown in Table 3, CMT-3 and CMT-8 analogs, which are
derivatives that bind preferentially to Zn(I) at site VI
(O11-012), displayed singular behavior. For the other
CMTs, chelation was more favorable at site I or V (see
Table 3). Therefore, considering the simplest model for
active zinc reacting with a set of chemically modified tet-
racyclines, the structural and energetic properties deter-
mined in the present study suggest that CMT-3 and CMT-8
present different Zn(II)-coordination properties, which may
be related to the distinct activity of these analogs as MMP
inhibitors.

4 Concluding remarks

In the present study, DFT calculations were applied to
describe coordination processes involving Zn(Il) and
chemically modified tetracyclines (CMTs). Two molecular
models were considered in the first metal coordination shell,
including water (chemical model) and amino acids (bio-
logical model), which mimic the MMP-9 catalytic site. The
results of the chemical model indicated that the binding
mode depends on the protonation state of the ligand. The
01-012-011 moiety (ring BC) was preferred at low and
high pH (LH, and L*" forms), and O3—Oam-O1 (ring A)
was favorable in neutral medium (LH™ form). In the bio-
logical model, the complexes included [Zn(L)(His)s] in the
fully deprotonated form, where L = CMT-1, CMT-3,
CMT-4, CMT-7 and CMT-8. Among these CMTs, the most
important was CMT-3, which demonstrated significant
activity as an MMP inhibitor, and CMT-8, which is a direct
derivative of DOX, the only FDA-approved MMPI. For
these analogs, coordination site VI (O11-012) was the most
favorable in solution (log # > 15). This result suggests that
CMT-3 and CMT-8 should coordinates to MMP-9 stronger
than the other CMTs. In addition, a pentacoordinated Zn(II)

complex was also predicted, and a distorted bipyramid tri-
gonal geometry with t ~ 0.8 was assumed. For the other
derivatives, log f§ was approximately 9—13 when site VI was
included. Thus, the OH group at C6 reduces the stability of
complex VI, favoring sites II and V. For CMT-1 and
CMT-4, which differ only at C7, site II was favorable, and
log f was equal to 18.3 and 23.0, respectively. These fea-
tures may play a role in the abilities of the ligands to bind to
the enzyme’s active site. The systematic evaluation of the
relationship between the molecular properties of CMTs and
their interaction with the catalytic Zn(II) ion in matrix
metalloproteinase could aid in the understanding of their
mechanism of action as MMP inhibitors and the design of
new analogs with enhanced biological potency.
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