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Abstract: Twenty-four cannabinoids active against MRSA SA1199B and XU212 were optimized
at WB97XD/6-31G(d,p), and several molecular descriptors were obtained. Using a multiple
linear regression method, several mathematical models with statistical significance were obtained.
The robustness of the models was validated, employing the leave-one-out cross-validation and
Y-scrambling methods. The entire data set was docked against penicillin-binding protein,
iso-tyrosyl tRNA synthetase, and DNA gyrase. The most active cannabinoids had high affinity to
penicillin-binding protein (PBP), whereas the least active compounds had low affinities for all of
the targets. Among the cannabinoid compounds, Cannabinoid 2 was highlighted due to its suitable
combination of both antimicrobial activity and higher scoring values against the selected target;
therefore, its docking performance was compared to that of oxacillin, a commercial PBP inhibitor.
The 2D figures reveal that both compounds hit the protein in the active site with a similar type
of molecular interaction, where the hydroxyl groups in the aromatic ring of cannabinoids play a
pivotal role in the biological activity. These results provide some evidence that the anti-Staphylococcus
aureus activity of these cannabinoids may be related to the inhibition of the PBP protein; besides,
the robustness of the models along with the docking and Quantitative Structure—Activity Relationship
(QSAR) results allow the proposal of three new compounds; the predicted activity combined with the
scoring values against PBP should encourage future synthesis and experimental testing.

Keywords: cannabinoids; anti-MRSA; QSAR; molecular docking; DFT

1. Introduction

Staphylococcus aureus is known as the principal cause of human bacterial infections around the
world. Even though the infections are not symptomatic in many cases, in immunosuppressed patients,
this bacterial infection can have lethal consequences such as pneumonia, meningitis, or septicemias.
Additionally, Staphylococcus aureus presents high morbidity in clinical infections, mainly in less
developed countries where access to medicines is complicated [1].

The problem becomes more serious considering the appearance of methicillin-resistant
Staphylococcus aureus (MRSA) strains every year around the planet with a high rate of resistance [2].
However, despite the urgent need for new antimicrobial agents, the discovery rates are low; only one
class of antibiotics has been introduced in the last 30 years [3,4]. Therefore, searching, designing,
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and synthesizing new antibiotics represents a challenge for the scientific community and has become
the millennium’s goal.

As a consequence of some strains’ notable resistance to antibiotics, the scientific community has
reconsidered biodiversity as a primary source of new metabolites against the bacterium, fundamentally
due to the low probability of finding cross-resistance to both synthetic antimicrobial and plant derivative
metabolites [5,6]. In this sense, several attempts to find new potential anti-Staphylococcus aureus agents
from natural sources were made, and compounds were analyzed using Quantitative Structure—Activity
Relationship (QSAR) methods [7-9], which represent a fundamental tool in the elucidation and design
of active compounds.

Recently, some countries have focused their research on the Cannabis sativa plant, due to its
multiple biological activity reports for some diseases, such as Alzheimer’s [10], analgesic disease [11],
multiple sclerosis [12], epilepsy [13], cancer [14], microbial infections [15,16], and others. Its low cost,
low toxicity, and feasible cultivation have boosted the medicinal cannabis industry worldwide [17,18].

In work concerning antimicrobial properties, Appendino et al. reported the biological activity
of cannabinoids against several methicillin-resistant Staphylococcus aureus strains [19]. Some of these
cannabinoids showed high activity in vitro; moreover, in some cases, these activities were higher
than those of norfloxacin, erythromycin, and oxacillin—broad-spectrum antibiotics used in resistant
pathogen lines.

The excellent activity against some MRSA strains, along with the structural similarity of the
cannabinoid compounds, makes their study interesting from the molecular point of view. Therefore,
this work aimed to determine the quantitative structure of the anti-MRSA (SA1199B and XU212) activity
relationships (QSAR) of 24 cannabinoids to help guide the synthesis of the new active compounds.
Additionally, to explore the targets involved in the activity of these compounds, a molecular docking
tool was used against four fundamental proteins of the bacterium: beta-lactamase, tyrosyl RNA
synthetase, penicillin-binding protein, and DNA gyrase. This study compared the docking results
with some commercial antimicrobial agents, analyzing them in terms of molecular interactions.

2. Results

2.1. Molecular Structure and Data Collection
Figure 1 shows the structures of 24 cannabinoids retrieved from Appendino et al. [19], and Table 1

reveals the biological activity, represented as pMIC = log (10%/MIC) in all cases.

Table 1. MIC, minimum inhibitor concentration, values for the cannabinoids in this study toward
drug-resistant SA-1199B and XU212 of Staphylococcus aureus.

MIC MIC MIC MIC

Compound SK-1199B >12U212 Compound 51}:-119913 >€U212
1 5.70 5.70 13 3.89 3.89
2 6.00 6.00 14 419 419
3 3.89 3.89 15 3.89 3.89
4 3.89 3.89 16 5.09 5.10
5 3.89 3.89 17 5.69 6.00
6 3.89 3.89 18 6.00 6.00
7 3.89 3.89 19 6.00 6.00
8 5.70 6.00 20 5.70 6.30
9 5.40 5.40 21 450 4.80
10 6.00 6.00 2 3.89 3.89
11 3.89 3.89 23 419 419
12 3.89 3.89 24 3.59 3.59
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Figure 1. 2D structures for 24 cannabinoids studied in this work.

As shown, there is a common moiety in all cases, i.e., the benzene ring with one or more hydroxyl
group(s) on it. Except for in Compounds 23 and 24, the benzene structure is fusing with the terpene-like
structure. Moreover, the compound with the benzene ring with a hydroxyl group in Positions 2 and 6
in the aromatic ring seems to be more active than the rest of the cannabinoids. No hydroxyl groups in
the benzene ring become the cannabinoids in the inactive one. Therefore, according to the pMIC of
Compound 6, that activity diminishes with alkyl chain presence on the meta-position.

Considering the hydroxyl ortho-para-directing properties [20,21], these results seem to be strong
evidence that the meta-unsubstituted benzene ring plays a pivotal role in the anti-MRSA activity.

2.2. Molecular Descriptor Calculation

The structures of the 24 compounds shown in Figure 1 were optimized using density functional
theory (DFT), employing the functional WB97XD/6-311G(d,p) as a theory level implemented into the
Gaussian 16 for Linux software [22].

Tables 2 and 3 show the most important topographic descriptors related to antimicrobial activity
against SA-1199B and XU212 Staphylococcus aureus strains, respectively. Even though we computed
electronic and thermodynamic descriptors, only topographic ones seem related to anti-MRSA activity.
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Table 2. Five of the most important molecular descriptors involved in the activity against Staphilococcus
aureus, SA-1199B strain.

TS[I]’.R AB_ SD_B_ S_B_AB_ VC_B_AB_ PZTB’AB’
AB_nCi_2_MS8_ . N . nCi_2_M1_
Compounds MP1 T AB_nCi_2_ nCi_2_M11_ nCi_2_M15_ SS0 A
L GL[E—?& M5_NS3_ NS4_T_KA_psa-r. NS7_P_KA_ L GL[i,Z]
-s. MID P_KA_v-h_MID MID v-m_MID -h. MID
1 0.0044 14.7938 2.7992 1.8229 0.0012
2 0.0069 13.8815 22173 2.0817 0.0024
3 0.0045 9.9907 4.9058 3.8930 0.0024
4 0.0033 10.9633 3.7194 3.3114 0.0001
5 0.0044 9.2263 5.3614 3.7377 0.0011
6 0.0052 10.5953 3.7704 3.7133 0.0029
7 0.0046 10.2373 3.7369 3.4611 0.0035
8 0.0058 9.7606 4.3982 2.5146 0.0015
9 0.0054 11.3406 5.8630 3.7567 0.0008
10 0.0068 11.1807 5.1249 2.8569 0.0020
11 0.0055 10.4532 3.7345 3.5327 0.0025
12 0.0029 11.6010 5.1244 3.3131 0.0002
13 0.0040 9.5737 4.0032 3.6647 0.0011
14 0.0036 11.1387 4.9855 2.6120 0.0030
15 0.0041 10.6774 4.1333 2.3554 0.0037
16 0.0072 10.1870 3.8763 3.6022 0.0015
17 0.0053 12.2729 5.5835 3.7104 0.0010
18 0.0077 11.9375 4.8680 3.5326 0.0026
19 0.0080 12.3688 3.6870 3.3128 0.0020
20 0.0073 10.7380 44719 3.1839 0.0021
21 0.0034 11.0070 5.1107 2.6703 0.0004
22 0.0027 11.1369 3.6025 3.3132 0.0004
23 0.0035 10.9987 4.4855 3.8152 0.0002
24 0.0026 8.8067 5.7488 3.9288 0.0001

Table 3. Five of the most important molecular descriptors involved in the activity against Staphilococcus
aureus, XU212 strain.

TS[1]._RA_B_AB_ 01 Tr AB_ AC [1]_‘VC_B_AB_ AC[1]_RA_ AC[1]VC F_
nCi_2 MS8_ . nCi_2_M1_ B_AB_ .
nCi_3_M26(M5)_ . AB_nCi_2_
Compounds MP1_T_ NS3 P KA MP3_T_ nCi_ 2 M1_ M3 NS2 A

LGLI[2,3]_ [ LGL[5,6]_ MP6_T_KA_ - g

c-s_MID a-e-v_MID p-h_MID h-s_MID KA_psa_MID
1 0.0044 —60.3582 2.4964 0.0622 1.4648
2 0.0069 —67.2432 0.0000 0.0850 0.6886
3 0.0045 —22.9006 1.0652 0.0313 0.9884
4 0.0033 —42.3669 1.3793 0.0309 1.4035
5 0.0044 —23.9372 1.2764 0.0234 1.2500
6 0.0052 —30.8211 1.6685 0.0214 1.2913
7 0.0046 —-31.5012 1.8934 0.0121 1.4092
8 0.0058 —26.9075 2.8690 0.0616 0.9605
9 0.0054 —56.5838 2.0773 0.0265 1.2378
10 0.0068 -36.1725 2.7731 0.0280 1.1236
11 0.0055 —28.9726 2.2279 0.0153 1.5304
12 0.0029 —39.7408 1.0434 0.1213 1.4034
13 0.0040 —31.2046 1.3216 0.0072 1.2847
14 0.0036 —30.0663 1.0286 0.1658 1.4694
15 0.0041 —31.0154 1.6328 0.0069 1.4986
16 0.0072 —29.2698 1.2807 0.0083 1.2959
17 0.0053 —64.2540 2.2565 0.0194 1.2696
18 0.0077 —52.5670 1.3425 0.0338 0.9095
19 0.0080 —74.3838 1.5881 0.0094 1.5915
20 0.0073 —47.7595 1.8794 0.2085 1.6470
21 0.0034 —42.2837 1.4434 0.1388 0.9999
22 0.0027 —43.1504 0.8824 0.0375 0.9359
23 0.0035 —29.8853 2.3293 0.0834 0.9010
24 0.0026 —23.1060 1.0684 0.0130 1.1991
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2.3. Quantitative Structure—Activity Relationships (QSAR):

Using the descriptors shown in Tables 2 and 3, and employing the stepwise statistical method,
combined with forward selection and backward eliminations, we obtained three equations describing
the antimicrobial activity in both SA-1199B and XU212 Staphylococcus aureus strains. The maximum
number of molecular descriptors in the models was five.

For the SA-1199B strain,

pMIC = 0.331 + 480.271TS[1]JRABABnCi2M8MP1TLGL[2-3]csMID +
0.217SDBABnCi2M5NS3PKAVhMID + 0.267SBABnCi2M11NS4TK ApsarMID —
0.541VCBABNnCi2M15NS7PKAvmMID — 193.925 P2BABnCi2M1SSOALGL
[1-2]chMID

R? = 0.975 0 = 0.260 F = 54.942 § < 0.001 Q2 = 0.880 1)

pMIC = —0.915 + 416.398[1]RABABnCi2M8MP1TLGL[2-3]csMID +
0.277SDBABnCi2M5NS3PKAVhMID + 0.315SBABnCi2M11NS4TKApsarMID —
0.425VCBABNCi2M15NS7PK AvmMID;

R% =0.903 0 = 0.320 F = 44.602 § < 0.001 Q2 = 0.861 Q%boot = 0.819; a(R?) = 0.110; a(Q?) = —0.444 2)

pMIC = -2.889 + 399.621TS[1]RABABnCi2M8MP1TLGL[2-3]csMID +
0.370SDBABnCi2M5NS3PKAVhMID + 0.238SBABnCi2M11NS4TKApsarMID

R% =0.860 0 = 0.38 F = 40.92 § < 0.001 Q* = 0.77 (3)
For the XU212 strain,

pMIC = 1.414 + 338.011TS[1]RABABnCi2M8MP1TLGL[2-3]c-sMID — 0.028
Q1TrABnCi3M26(M5)NS3PKAaevMID + 0.477AC[1]JVCBABnCi2M1MP3TLGL[5-
6]phMID + 4.640 AC[1]RABABnCi2M1MP6TKAhsMID - 0.7973
AC[1]_VC_F_AB_nCi_2 M3_NS2_A_KA_psa_MID

R2=0.915 0 = 0.330 F = 38.92 5 < 0.0001 Q? = 0.860 @)

pMIC = 0.560 + 341.693TS[1]RABABnCi2M8MP1TLGL[2-3]c-sMID - 0.028
QI1TrABnCi3M26(M5)NS3PKAaevMID + 0.403AC[1]JVCBABnCi2M1MP3TLGL[5-
6]phMID + 4.373AC[1]RABABnCi2M1MP6TKAhsMID

RZ =0.880 0 = 0.402 F = 33.895 5 < 0.0001 Q? = 0.812; Q2boot = 0.776; a(R?) = 0.113;

a(Q?) = —0.444 ®)

pMIC = 0.829 + 325.391[1]JRABABnCi2M8MP1TLGL[2-3]c-sMID — 0.0305
Q1TrABnCi3M26(M5)NS3PKAaevMID + 0.372AC[1]VCBABnCi2M1MP3TLGL[5-
6]phMID

R? = 0.821 0 = 0.470 F = 30.531 6 < 0.0001 Q* = 0.701 (6)

For further analysis, Equations (2) and (5) were selected due to their better statistics, mainly,
their high predictor coefficients (Q? and Q?boot) and the good Y scrambling values (a(R?) and a(Q?)).
Figure 2 shows the reproducibility of the experimental values by using the representative model in each
case. Additionally, the matrix correlations reveal that there are no molecular descriptors correlated in
each model (see supplementary material). Henceforth, we will only consider these models for their
chemical explanation.
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Figure 2. Experimental vs. predicted pMIC. (a), predicted by Equation (2); (b), predicted by Equation (5).

As Tables 2 and 3 show, the topographic descriptors describe with high accuracy the biological
activities evaluated in this work. We computed these descriptors by applying different mathematical
approaches to the graphs constructed by the molecules’ 3D structure. At the end of the attribute’s
name, we present the physicochemical property employed in each descriptor as lowercase letters.
The properties found are the atomic mass (m), electronegativity (e), polar surface area (PSA),
atomic charges (c), Van der Waals volume (v), refractive index (r), softness (s), hardness (h), AlogP (a),
and polarizability (p). We can extract relevant information from these properties, such as information
about the molecular size (v), the atom mass (m), and the presence of polar groups (PSA), which are
associated with the adequate coupling of the molecules in the active site of the protein receptor [23].
We also associated the molecules’ electron donor—acceptor properties with the molecules’ biological
activity, as can be described by the properties ¢, s, h, r, and p [24]. The AlogP property denoted as “a”
is associated with crossing the membrane, which plays a pivotal role in the biological activity [25].

2.4. Molecular Orbitals

Since the origin of the frontier orbital theory, both the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) have been in the spotlight for explaining several
patterns in chemical reactivity. The mean of HOMO-LUMO orbitals has explained specific reactions
such as hydrolysis [26-30], redox [31,32], and gas-phase elimination reactions [33,34]. More recently,
the influence of the frontier orbital on biological activity has been taken into account. Studies have
reported [16-18] the relationships between frontier orbitals and different biological activities such as
antimicrobial [35-38], anticancer [39-46], antifungal [47-49], and cytotoxic [50-53] effects. Currently,
this knowledge plays a pivotal role in the new-drug-design field [54].

Due to the importance of frontier molecular orbitals in chemical reactivity, this work calculated
both the shape and energy of HOMO and LUMO orbitals as shown in Figure 3.

To find any patterns that elucidate the activity and inactivity of cannabinoids against Staphylococcus
aureus, we analyzed the shape of the frontier orbitals. Figure 1 shows that the most active compounds
(2,10, and 19) have both HOMO and LUMO orbitals located in different molecular regions. By contrast,
for the smallest active compounds (23), the HOMO and LUMO are almost dispersed across the entire
molecular region. These results suggest the most active compounds have acceptor-donator behavior,
as reported before in several studies [55-63].
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HOMO 19

#Mf

HOMO 23 LUMO 23

Figure 3. Frontier orbitals (highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO)) for both active and inactive cannabinoids.

Moreover, it seems that the characteristic explained above is very common in antibacterial and
antimicrobial compounds. An in-depth review of the bibliography reveals that several antibacterial
and antibiotic (commercial and potential pharmaceutical) compounds have the HOMO-LUMO orbitals
located in different molecular regions [64-72]. Thus, Compounds 2, 10, and 19, might be serious
candidates for becoming pharmaceutical compounds.

2.5. Drug-Likeness Properties

Table 4 shows the values of several drug-likeness properties used as criteria for Lipinski’s rules,
the MDL drug data report (MDDR), and others [73]. According to these criteria, a molecule must have
a ClogP value of —0.4 < logp < 5, molar refractivity of 40 < MR < 130 mol/cm?®, MW < 500, PSA < 140,
and nRB > 6. In this sense, Compounds 2, 8, and 10 seem to have good drug-likeness characteristics.
These results, along with the experimental biological activities, represent a piece of extraordinary
evidence for the potentiality of some cannabinoids as future drugs.
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Table 4. Drug-likeness properties calculated for the most active cannabinoids.

Compounds MW #RB #HBA  #HBD MR (mol/cm?) TPSA Log P
1 312.49 6.0 1.0 1.0 102.79 20.23 5.92
2 314.46 6.0 2.0 2.0 96.93 40.46 4.31
8 330.50 7.0 2.0 1.0 104.83 29.46 4.61
10 316.48 9.0 2.0 2.0 101.96 40.46 4.70
18 310.43 4.0 2.0 1.0 97.09 29.46 5.21
19 328.49 6.0 2.0 2.0 104.40 40.46 5.54

MW: molar weight; RB: ratable bond number; HBA: hydrogen-bond acceptor atom number; HBD: hydrogen-bond
donator atom number; MR: molar refractivity; TPSA: total polar surface area; LogP: octanol/water partition coefficient.

2.6. Molecular Docking

Although the broad antibacterial spectrum of cannabinoids has been reported in vitro,
the antibacterial mechanism of action remains unknown yet. Therefore, it seems interesting to assess
these kinds of compounds’ possible interactions with some protein targets reported as fundamental in
the Staphylococcus aureus life cycle. Consequently, the cannabinoids most active against the two strains
studied were tested for three targets: penicillin-binding protein (PBP), isoleucyl-tRNA synthetases,
and DNA gyrase (DNA Gyr). We selected an inactive compound (23) to carry out the molecular docking
to gain more insight into the differences between active and inactive cannabinoids. Additionally,
we used norfloxacin (DNA Gyr), oxacillin (PBP), and mupirocin (TyRS) as control ligands for the targets.
The use of different proteins allows one to gain some hints about the mechanism of the cannabinoids’
probable action; however, any hypothesis must be proven experimentally.

Table 5 reveals some interesting patterns. It shows that all of the active compounds seem to have a
good affinity for PBP but have a low affinity for both thelso- TyrRS and DNA Gyr proteins. By contrast,
the most inactive compounds present low affinities for all the protein targets. Therefore, these results
suggest that Iso-TyrRS and DNA Gyr might be ruled out from the mechanism of action.

Table 5. Binding energy (kcal/mol) of selected cannabinoids for some fundamental protein targets of
Staphylococcus aureus.

Cannabinoids PBP Iso-TyrRS DNA Gyr

2 -85 -4.6 -39

3 -39 =25 -34

10 —-6.7 —4.7 -39

14 -5.7 -3.6 -29

19 -6.2 -2.8 -4.1

23 -4.9 -3.2 -4.0
Norfloxacin -5.1 -7.2 -8.6
Oxacillin -8.8 -6.2 -4.8
Mupirocin -49 -7.8 2.7

Table 5 shows that Compound 2 has the best performance in terms of both the microbial activity
and scoring factor (against PBP), whereas Compound 23 has the lowest values. Therefore, to find any
differences between active and inactive structures, these two compounds were selected to gain more
insight into their molecular interactions with PBP. We compare these cannabinoids’ interactions with
those of oxacillin, a commercial inhibitor of this target [74-80].

Figure 4 shows the most active poses and a 2D diagram of interactions with reactive
penicillin-binding protein pockets. Oxacillin and Compound 2 hit the targets in the same pocket;
oxacillin, a commercial PBP inhibitor, presents two types of interactions, i.e., Van der Waals and
hydrophobic. Carbonyl groups in oxacillin exhibit a short-range dipolar interaction with amino acid
residues such as Glu294, His293, Lys 319, and GIn 292, and long-range dipolar interactions with other
amino acids such as Gly321, ASP320, Lys 290, and Lys 322. Additionally, some strong hydrophobic
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interactions are seen: two pi—pi interactions (Lys273 and Lys289 with aromatic ring) and two strong
n—pi interactions between aromatic rings and the amino acid residue TyrB272.

Al
B371 B320

B250

Oxacilli
LYS
B289
ALA
B:276
GLU
B:294
GLN
B:292 .o
B:322
HIS
B:293 1¥s
B:289
NN
LYs
B:290
Cannabino
ASP GLY
B:320 B:321
PRO
B:258
GLY
B:257
MET TYR
B:372 B:373 ALA
., 4 B:163
.'4‘ #
N ¢
¢
N\
’,
ey THR
LA,

{: ) B:216
|“ o r'lj /

THR
", B:238

GLU
ARG B:239
B:241

Figure 4. Left: the molecular docking for oxacillin and Cannabinoids 2 and 23 in the PBP protein. Right:
the 2D diagrams of the molecular interactions in the active site.

Cannabinoid

Interestingly, Cannabinoid 2 has almost the same types of molecular interactions as oxacillin.
Several short-range VDW interactions (Gly271, Glu294, GIn 292, His 293, Lys 289, Lys 322, Gly 321,
and 320) and other pi—pi interactions (Tyr 272, Lys 273, Ala 276, and Lys319) have taken place.
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By contrast, Cannabinoid 23 targets the PBP in a site different from the active one. Thus, the fact that
Compound 23 did not hit the active site and is inactive, and Cannabinoid 2 did hit the active site,
seems to support the idea that the microbial activity is related to the capability to inhibit the PBP target.

The docking results enhance some characteristics, such as the aromatic ring, the hydroxyl group
on Position 2-6, the hydrogen in Position 5, and sp? bonds. These features guarantee the presence of
two molecular interactions with the amino acid residues in the active pocket, dipolar and hydrophobic
(pi—pi, preferably) ones. The behavior of Cannabinoid 2 against the targets and its biological activity
suggest the anti-Staphylococcus aureus activity may be related to the inhibition of the PBP target.
Moreover, the intrinsic characteristics such as the lipophilicity and low polarity seem to enhance the
probability of attacking this membrane protein.

2.7. Predicted Compounds

The QSAR results reveal that some electronic properties such as the electronegativity (e),
polar surface area (PSA), atomic charges (c), Van der Waals volume (v), refractive index (r), softness (s),
and hardness (h) have a noticeable influence on the biological anti-MRSA activity. Additionally,
the docking results reveal that some structural characteristics seem essential; the hydroxyl group on the
benzene ring takes part in the molecular interactions with the target. Considering these factors and the
possibility of targeting the PBP, three new structures may be proposed as potential MRSA compounds
in this work. The oxacillin beta-lactam ring coupled to Cannabinoid 2 in different positions based on
the docking results, in which the moieties that do not participate in the molecular interactions with the
target were withdrawn from the molecules and replaced for the oxacillin beta-lactam ring.

The three new molecules, named CLP1, CLP2, and CLP3, were drawn by employing ChemDraw
and optimized to a minimum geometry structure at the WB97XD/6-311G(d,p) theory level. Figure 5
shows both the structure and the 2D diagram of molecular interaction with the PBP target. In all of the
cases, the new compounds exhibited a pMICSA1199B higher than that of Cannabinoid 2, whereas the
pMICX212 values are slightly smaller than those presented for Cannabinoid 2.

After predicting the pMIC for the proposed compounds, we computed their drug-likeness
properties, along with the scoring values against the PBP target. As shown in Table 6, all of the
proposed compounds have a suitable scoring factor against PBP, with the compound CIP1 showing
the most activity. In all cases, the scoring values are higher or equal to the Cannabinoid 2 values.
Likewise, the tree-predicted compounds would be good candidates for drugs, meeting all of Lipinski’s
rules” parameters. Moreover, the LogP, a critical descriptor, was improved with the substitution,
achieving values smaller than 5. According to Lipinski’s rules, a logP of less than five indicates better
ligand bioavailability.

Figure 5 shows that the three compounds hit the PBP in the active site, similar to oxacillin and
Cannabinoid 2. Likewise, the molecular interactions are analogous for oxacillin and Cannabinoid 2.
However, we highlight CLP1 because of its strong hydrophobic interactions (LysB143, ASPB295,
and HISB293 with aromatic ring) and the three hydrogen bonds formed (AspB275, ARGB151,
and THRB165).

The QSAR, docking, and drug likeness properties not only for Cannabinoid 2 but also the three
proposed structures extend the possibility for the design, synthesis, and testing of new cannabinoid
derivatives against MRSA strains.
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Figure 5. Left: the molecular structures of the three new potentially anti-MRSA compounds and their
predicted activity. Right: the 2D diagrams of the molecular interactions in the active site of the PBP.
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Table 6. Drug-likeness properties calculated for the three new proposed compounds.

MR TPSA Scoring Values

Compound MW #RB #HBA #HBD (mol/em®) (A2) Log P PBP (keal/mol)
CIP1 486.22 7 5 4 133.70 110.1 4.89 -7.9
CIP2 486.58 6.0 5 4 128.34 127.2 4.20 -7.4
CIP3 474.71 7.0 5 4 128.46 110.1 3.08 -7.0

3. Materials and Methods

3.1. Data Set Collection and Minimum Energy Structure Computation

The structures of twenty-four cannabinoid compounds isolated from Cannabis sativa and tested
in vitro against several MRSA Staphylococcus aureus were retrieved from Appenddino et al. along with
their activity reported as minimum inhibitory concentrations, MICs (mol/L). The entire structures were
drawn using Gausview 5.0 and optimized at WB97XD/6-311G(d,p) theory level, using Gaussian 16
for Linux [22]. WB97XD represents the functional of exchange—correlation from Density Functional
Theory (DFT), whereas 6-31G(d,p) is the basis set describing the atoms involved in the molecular
structure of the cannabinoids. We selected this level of theory due to the excellent correlation with
experimental values for some reactions involving both polar and non-polar organic structures [81-89].

The minimum energy structures were verified utilizing frequency calculations over the
24 compounds. In this sense, all compounds must exhibit a complete set of real and positive
values. We used the minimum structures to find every molecular descriptor such as the HOMO
(highest occupied molecular orbital), LUMO (lowest unoccupied molecular orbital), polarizability,
entropy, enthalpy, free energy, hardness, softness, electrophilic index (w), lipophilia (ClogP),
polar surface area, and topological index, and all sets of topographic descriptors implemented
in Quibils-Midas [90]. The molecular descriptors derived from conceptual DFT (u, 1, s, and w) were
computed using Equations (7)—(10).

—(IP+ EA
p= = HED )
_ (IP-EA)
n=—5 (8)
S=1/(2n) )
2
W= *Z‘_n (10)

3.2. Statistical Analysis

In this work, we calculated and tabulated more than 700 molecular descriptors. We employed
linear regression to select the most important molecular descriptors (LR). The pMIC (=Log (106/MIC))
was used as a dependent variable, whereas each molecular descriptor was used as an independent
variable. We considered values of R? > 0.5 as “important”, which implies a high association with the
dependent variable.

We then tabulated the meaningful molecular descriptors (the most correlated with the activity)
and employed them to build mathematical models. Therefore, to achieve this goal, multiple linear
regressions, and the addition-forward selection and backward-elimination methods were employed.
In this method, the “important” descriptors are individually incorporated or withdrawn from the model
at each step of the regression depending on three criteria: the correlation coefficient (R), the Fisher ratio
values (F), and the standard deviation (o). We selected variables to enter or remove until we obtained
the best model. For this, we used the IBM-SPSS software.
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When two or more molecular descriptors were correlated to each other, one of them was
automatically removed from the model. After the development of the QSAR models, they must be
statistically validated; thus, we proved the robustness of the models using the so-called “leave-one-out
cross” methods (LOOCYV), already reported in some work where QSAR methods have been used [91-95].
This method consists of omitting a date, generating a new lineal equation, and predicting back new
omitted data values. Therefore, for a sample of “n” dates, there will be “n” new dates generated.
The sum of squares for the differences between the experimental and generated dates are used to

compute the standard error of prediction, SEP, defined as:

SEP = (11)

where y is the experimental value of log (106/MIC), ¥ is the estimated value from LOOCYV, and 7 is
the number of samples used in the mathematical model. Additionally, we quantified the models
predictive ability through Q? (prediction coefficient or Q?1.00cv), which is defined as:

7

" (yi— i)

Q=1- -
Yiy (vi- y)°

(12)

where 7 are the mean values of experimental ones. A Q? > 0.5 suggests a reasonable prediction power,
while a Q? < 0.5 indicates a poor one.

Additional statistical validation was carried out by the computation of both the bootstrapping
coefficient (Q2boot) and the Y-scrambling analysis (a(R2) and a(Q2)). The first one is determined
by taking a random sample from the total dataset where each sheet is repeatedly analyzed by the
replacement of the full dataset, and a high value of this coefficient demonstrates the robustness of the
model, whereas the Y-scrambling analysis introduces a random perturbation of the response variable;
low values of these parameters suggest good robustness of the model.

3.3. Drug-Likeness Property Prediction

The drug-likely concept relates to the similitude of any ligand with drugs already in the
pharmaceutical market. According to several studies, some physicochemical characteristics could
determine whether or not a particular molecule is able to become a drug [96-99]. Therefore, some critical
values for the hydrophobicity, electronic distribution, hydrogen bonding characteristics, molecular size,
and flexibility are determined in the administration, distribution, metabolism, and excretion behavior
of any molecule in the living organism.

In this sense, properties such as the lipophilic index (ClogP), molar refractivity (MR),
molecular weight (MW), polar surface area (PSA), and routable bond number (nRB), among others,
were calculated by employing software drug-likeness tools (drulito) [100].

3.4. Molecular Docking

All of the data of the compounds were optimized at WB97XD/6-311G(d,p) and saved in .pdb
format, while we obtained the targets from XRD (x-rays diffraction) reported at the protein data bank
(PDB) webpage [100]. Four targets were selected: isoleucyl-tRNA synthetase (Iso-TyRS, PDB ID: 1JZS,
inhibitor: mupirocin), penicillin-binding protein (PBP, PDB ID: IMWT, inhibitor: oxacillin) and DNA
gyrase (PDB ID: 2XCQ, inhibitor: norfloxacin). These proteins are already known as the targets for
some commercial antibiotics (in italics, following PDB); moreover, their cellular locations provide some
hints about the action mechanism involved with this kind of compound, i.e., if the activity occurs
on the membrane or, otherwise, if the cannabinoids need to cross the cellular membrane to achieve
the activity.
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After downloading the proteins’ structures, both the native ligand (if any) and water molecules were
removed. Additionally, polar hydrogen atoms and Kollman-type charges were added. The non-ligand
proteins were then saved in PDB format. The refined PDB files, without native ligands, were “redocked”,
ensuring that the native ligands that hit the target in the same pocket before were removed. Therefore,
this procedure allows verifying if the docking parameters specified in the input file for the docking
method are reasonable and able to recover a known complex’s structure and interactions. In all cases,
Autodock4 was used [101].

After the redocking protocols, all of the compounds were docked against the four proteins
mentioned above. Ligands and proteins, saved in PDBQT format, were employed to perform the
docking calculation using the Autodock4 software. The Autogrid software was used to compute the
interaction points with the grid box into the targets” active center. For this aim, 50 points, through the x,
y, and z directions, were considered, and a genetic algorithm was used to take into account 2.5 million
interactions. The box-grid dimensions were used, taking into account the active site in each case.
Then, the grids’ centers were constructed as follows: Iso-TyRS: x = —28.321, y = 39.031, z = —-31.012;
PBP: x = 20.05, y = —21.86, z = —=51.562; and DNA-Gyr: x = —25.572, y = 108.074, z = 33.224.

The best scoring values were reported, saved in .pdb format, and visualized with Discovery
Studio Visualizer [102]; the 2D interaction diagrams were used to identify the molecular interactions
and to analyze each one.

4. Conclusions

Twenty four cannabinoid derivatives reported as anti-Staphylococcus aureus agents have been
optimized at the wB97XD/6-31G(d,p) level of theory. From the minimum geometries, several electronic,
topological, and topographic descriptors were calculated and tabulated. Using the different multiple
regression methods, three mathematical models that describe the quantitative structure-antimicrobial
activity relationship were found for the two Staphylococcus aureus strains, SA-1199B and XU212. In both
cases, the mathematical equations with four topographic descriptors are highlighted due to their
suitable correlation coefficient (R2); their small prediction error, s; and the high Fisher coefficient (F).
The three-molecular descriptor models were validated, employing leave-one-out cross-validation and
Y-scrambling methods, with coefficients Q? > 0.86, suggesting suitable robustness for the obtained
models. According to the molecular descriptors found in the QSAR models, the antimicrobial
activity may be associated with the lipophilic factor, the frontier orbital, and the benzene ring’s
polarity. A detailed look into the frontier orbitals suggested that most active cannabinoids have
donor-acceptor characteristics. On the other hand, to gain more insight into the molecular interactions
with potential targets, all of the data were docked against three proteins, iso-tyrosyl RNA synthetase
(Iso-TyRS), penicillin-binding protein (PBP), and DNA gyrase (DNA Gyr). Interestingly, the most
active cannabinoids show favorable activity against PBP and a small affinity to iso-tyrosyl RNA
synthetase. The inactive compounds had few affinities toward the three targets. Cannabinoid 2 has the
best scoring values against PBP. The results of the docking against PBP revealed that this compound
coupled favorably into the active site, having molecular interactions similar to oxacillin, a commercial
PBP-inhibitor. Between these molecular interactions, both short- and large-range dipole—dipole and
strong pi—pi interactions are highlighted. These results confirm the role of the hydroxyl group and the
pi bonds in these cannabinoids’ biological activity. Therefore, the biological activity, QSAR results,
and molecular docking suggest that cannabinoids” antimicrobial activity may be related to the capability
to inhibit the PBP protein. The statistical robustness of mathematical models and the docking results
analysis allowed us to propose three new compounds that are potentially active against the MRSA
strains, encouraging future synthesis and experimental testing.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/8/692/s1.
Table S1: Correlation matrix for the QSAR models.
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