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ABSTRACT: Thalidomide (TLD) was used worldwide as a
sedative, but it was revealed to cause teratogenicity when taken
during early pregnancy. It has been stated that the (R) enantiomer
of TLD has therapeutic effects, while the (S) form is teratogenic.
Clinical studies, however, demonstrated the therapeutic efficacy of
thalidomide in several intractable diseases, so TLD and its
derivatives have played an important role in the development
and therapy of anticancer drugs. Therefore, it is important to know
the molecular mechanism of action of the TLD, although this is
still not clear. In what molecular interactions are concerned, it is L
known that drug molecules can interact with DNA in different THALIDOMIDE
ways, for example, by intercalation between base pairs. ¢
Furthermore, the ability of the TLD to interact with DNA has

been confirmed experimentally. In this work, we report a theoretical investigation of the interaction of the R and S enantiomers of
TLD, in its monomeric, dimeric, trimeric, and tetrameric forms, with guanine (GUA) DNA nucleotide basis in solution using density
functional theory (DFT). Our initial objective was to evaluate the interaction of TLD-R/S with GUA through thermodynamic and
spectroscopic study in dimethyl sulfoxide (DMSO) solvent and an aqueous solution. Comparison of the experimental 'H nuclear
magnetic resonance (NMR) spectrum in DMSO-dg solution with calculated DFT-PCM-DMSO chemical shifts revealed that TLD
can undergo molecular association in solution, and interaction of its dimeric form with a DNA base ((TLD),-GUA and (TLD),-
2GUA, for example) through H-bond formation is likely to take place. Our results strongly indicated that we must consider the
plausibility of the existence of TLD associations in solution when modeling the complexation of the TLD with biological targets.
This is new information that may provide further insight into our understanding of drug binding to biological targets at the
molecular level.
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H INTRODUCTION can be teratogenic, and due to fast racemization under biological
conditions, experimental investigations using pure enantiomers

Stereochemistry has been shown to play an important role in the i e
may not be quite conclusive.”

metabolism of drugs and pharmacokinetics* because proteins
& P P ! TLD (see Scheme 1) was used worldwide as a sedative, but it

which are chiral by nature, are fundamental species in these led - ) fen duri i
biological processes. There are various reports in the literature was revea e7_1‘f)o cause teratogenicity when taken during early
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enantiomeric forms that strongly influence biological activity. di i dits derivati lavi )
Cisplatin is very effective as an anticancer agent; however, the iseases, with TLD and its derivatives playing an important

. R . ; role in anticancer drug development and therapy.'"'> Although
trans-isomer, transplatin, is clinically ineffective. Although both 8 e ) ; &
isomers target nuclear DNA, there is a large difference in the the molecular mechanism of action is still unclear, the discovery
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magnitude of their biological effects.®> Two different enan-

Clinical studies, however, demonstrated the

tiomers of the same compound may differ in their distribution, Received: August 11, 2023
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(R) and (S) enantiomers. While the (R) enantiomer has
sedative effects, the (S) isomer is teratogenic.” However, it had
been argued in other studies that both (R) and (S) enantiomers
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Scheme 1. Structural Formulae of R-Thalidomide and S-Thalidomide (a) and Guanine (b) and Numbering Scheme*

Guanine (H,Gu)

(b)

“The inter-ring torsion angle (¢,) is also indicated.

S-Thalidomide

of cereblon (CRBN) as a direct target of TLD some years ago13
has made a great contribution to our understanding of its
mechanism of action. CRBN is thought to act basically as a
subunit of a ligand-dependent E3 ubiquitin ligase complex
whose substrate recognition can be controlled by thalidomide or
its related compounds.'* The domain structure of human CRBN
consists of a total of 441 amino acids; amino acids 79—316 are
Lon substrate-binding domains, and amino acids 320—421 are
IMiD drug-binding domains.”> A review of the molecular
mechanisms of the teratogenic effects of TLD was recently
published.'®

TLD can form asymmetric homochiral dimers in (S)-
thalidomide, and (R)-thalidomide can form homochiral dimers
and symmetric heterochiral dimers in the (RS)-thalidomide
crystalline state and solution.”'” These results from ref 5
indicate that differences in physicochemical properties between
enantiomeric and racemic forms of thalidomide originate from
the difference in the structural stability between homochiral and
heterochiral dimers. This raises the hypothesis that a TLD dimer
may interact with DNA, which might explain the teratogenic
effect. According to ref S, these enantiomers form an equilibrium
between themselves and between both homochiral and
heterochiral dimers. It is believed that the more energetically
favorable and stable heterochiral dimer of thalidomide is an
active agent that possesses the structural features of paired
nucleotides of double-stranded DNA. The existence of the R/S
heterodimer was also used in ref 18, aiming at an understanding
of the thalidomide chirality in biological processes. So far, no
biological or theoretical study that could confirm the dimer
stability in physiological conditions has been carried out.

Drug molecules can interact with DNA in different ways, for
example, by intercalation between base pairs, covalent attach-
ments to the double helix, etc. The intercalation of TLD with
DNA has been addressed some time ago,'”” with the
plausibility of the interaction between TLD and DNA being
confirmed using electrochemical and atomic force microscopy
methods.”!

A theoretical investigation of the interaction of the (S)-TLD
enantiomer with DNA nucleobases was reported recently,”
where extensive density functional theory (DFT)>? calculations
(in the vacuum) considering adenine, guanine, cytosine, and
thymine were carried out, with the analysis of infrared spectra
also being performed. Calculated binding and interaction
energies indicated that the (S)-TLD-Guanine complex exhibits
a strong interaction in the gas phase. There are other previous
theoretical reports on TLD referring to the molecular structure
and spectroscopic analysis”*>* but without focus on the
thermodynamic and NMR (nuclear magnetic resonance)
analysis in solution, which is the objective of this theoretical
study.

Therefore, considering these available results about TLD, we
realized that a more complete theoretical investigation of the
interaction of TLD R/S enantiomers in its monomeric and
molecular association forms (dimer, trimer, and tetramer) with
DNA bases in solution is certainly of relevance. Solvent effects
must be considered to more closely model the experimental
environment of the TLD interacting with biological targets. In
this work, we used the DFT methodology” to perform a
thermodynamic and NMR analysis of the interaction of guanine
with (S) and (R)-TLD and corresponding molecular associa-
tions (RS, SS, RR, R-RS, RS-S, R-SS, S-S, RR-RS, RR-SS, RS-
SS, SS-SS), encompassing homochiral (RR and SS) and
heterochiral (RS) dimers. The bold letters indicate the type of
dimer structures used to build the TLD trimer and tetramer.
Solvent effects (DMSO and water) were taken into account by
employing the PCM (polarizable continuum model)*” and also
including explicit solvent molecules (representing the first
solvation shell) in the DFT-PCM geometry optimization
procedure. By accurately simulating the TLD-Guanine inter-
action in solution, we can assess if there is a preference for the R
or S forms of TLD for interacting with the DNA base, which may
be somehow related to the biological activity.

https://doi.org/10.1021/acsomega.3c05922
ACS Omega 2023, 8,37521-37539


https://pubs.acs.org/doi/10.1021/acsomega.3c05922?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05922?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05922?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

B COMPUTATIONAL DETAILS

The two enantiomeric R and S structures of TLD were first
optimized in vacuum at the DFT* level with the @wB97x-D
functional,”® which carries a dispersion correction and has been
found very satisfactory for the description of thermochemistry
and noncovalent interactions, using the 6-31G(d,p) basis set,®’
followed by harmonic frequency calculations to characterize the
optimized structures as true minima (no imaginary frequency)
on the potential energy surface (PES). Then, the geometries
were reoptimized taking solvent effects (DMSO and water) into
account using the polarizable continuum model (PCM).* In
the next step, dimer, trimer, and tetramer formation was
considered using all R/S TLD monomer combinations, followed
by DFT geometry optimization of TLD molecular association
structures.

To improve the solvent description, “n” explicit DMSO
solvent molecules were included in the DFT geometry
optimization procedure: n = 0 (PCM-Only), n=1,n=2,n=
3,n=4,n=6,n=8andn =20 (our best model encompassing
short- and long-range solute—solvent interactions). We have
shown that such a procedure worked very fine for the prediction
of NMR chemical shifts of N—H protons in nitrogenated
compounds®® and O—H protons in isoflavones® and chlor-
oquine/hydroxychloroquine,” in chloroform solutions. The
PCM-nDMSO optimized geometries were used in DFT-PCM
NMR calculations of shielding constants () with chemical
shifts (§) determined on a & scale relative to tetramethylsilane
(TMS) internal reference using the gauge-independent atomic
orbital (GIAO) method*" and the hybrid B3LYP functional.****

Initial (S) TLD-Guanine complex structures, having strong
interactions in the gas phase among the four DNA bases, were
taken from ref 22. That was the reason for choosing guanine
instead of other nuclear bases, which we believe is representative
of the interactions with nuclear bases (and makes the work
computationally viable). Three low-energy (S) TLD-Guanine
complexes, named here as I, II, and III, were considered
representative on an energetic basis. Then, we inverted the chiral
center and generated the corresponding (R) TLD-Guanine
complexes. We used these (R/S) complex structures as inputs
for ¥B97x-D/6-31G(d,p)-PCM geometry optimization. Finally,
the lowest energy TLD-Guanine complexation mode (Complex
IT) was used as the model spatial orientation in the geometry
optimization for the guanine complexes with TLD dimer, trimer,
and tetramer structures.

All quantum chemical calculations were performed with the
Gaussian 09 package.™

B RESULTS AND DISCUSSION

Free Thalidomide in Solution. Inter-ring torsion angle ¢,
(deg) [C2’, C1’, N2, C3] and relative energies (AE, in kcal
mol™") for free TLD R/S DFT-optimized structures in the
vacuum, using the PCM solvent model (PCM-Only) and
including “n” explicit solvent molecules (PCM-nDMSO) are
given in Table 1 with selected wB97x-D/6-31G(d,p)-PCM
optimized structures shown in Figure 1. Relative energy values
(relative Gibbs free energies (AG,,) are given in parentheses)
range approximately from —2 to +2 kcal mol™’, indicating that
there is no remarkable preference for the R or S structure.
Torsion angle ¢b; has a small change (1.2—2.7°) comparing
PCM and vacuum values, with larger changes (up to 5.2°)
observed for PCM-nDMSO results.

Table 1. ®B97x-D/6-31G(d,p)-PCM-nDMSO Relative
Energies and Torsion Angle for TLD Free

¢1 (deg) [CZ,/ Cl/)

AE, " (keal mol™) N2, C3]
Free TLD (monomer) R S R S
PCM-vacuum 0.0 -1.9 (-1.7)° —44.8 60.7
PCM-only 0.0 -20 (=22)° —46.0 58.0
PCM-1DMSO 0.0 -1.9 (-3.0)° —43.8 60.9
PCM-2DMSO 0.0 1.9 (1.1)° —-37.8 58.7
PCM-3DMSO 0.0 0.1 (=1.2.)° —47.9 59.9
PCM-4DMSO 00 05 (=2.1)° —443 6Ll
PCM-6DMSO 0.0 0.7 —50.0 54.6
PCM-8DMSO 0.0 1.8 —48.1 53.8
PCM-20DMSO 0.0 1.6 —44.1 56.1

“Relative energy is evaluated concerning the R (monomer) structure.
®The sign of AE, can be positive or negative depending on the initial
guess solvated structure used in the DFT geometry optimization
procedure. “AG, values are given in parentheses.

Figure 1 shows three PCM-nDMSO (n=1,n=8,and n =20)
explicitly solvated optimized structures, with solute—solvent
distances indicated by traced lines. There is a short H-bond
(1.7-1.8 A) formed between the O=S group of DMSO solvent
and the N—H group of TLD present in all solvated structures.
The O---S=0 solute—solvent distances are in the range of 2.9—
3.8 A. From the results reported in Table 1 and Figure 1, it can be
seen that the conformation of the TLD is practically undisturbed
due to the interaction with DMSO solvent molecules.

Experimental "H NMR chemical shift data (in DMSO-dj)
reported for TLD in refs 45,46 are shown in Figure 2 along with
the corresponding theoretical spectra (B3LYP/6-31G(d,p)-
PCM-DMSO) for the selected TLD optimized structures. It can
be promptly seen that the use of the PCM model without
including explicit DMSO solvent molecules is not adequate to
reproduce the remarkable N—H NMR signal experimentally
observed at 11.0 ppm. This shows that a strong solute—solvent
N—H:--O=S H-bond is required to obtain a good match with
experimental NMR data. For all R and S enantiomer-solvated
structures, a similarly good agreement with the experimental
NMR profile is achieved. The NMR spectrum cannot be used to
differentiate between the two enantiomers in the DMSO
solution; in fact, the two spectra are very similar, although the
chemical environment around the CH, and N—H protons may
look distinct for enantiomers R and S (see Figure 2). A
comparison between PCM-Only (without explicit solvent
molecules) and PCM-nDMSO 'H NMR spectra with the
experimental NMR pattern reveals that only the N—H group
must be near a DMSO molecule to reach a good agreement with
the experimental NMR profile. Therefore, the CH, protons
must not be very close to DMSO solvent molecules (the
distance should be larger than approximately 3 A); otherwise, a
large deviation between calculated and experimental chemical
shifts is observed for CH, protons. All structures shown in
Figure 2 yielded good agreement with the experimental
spectrum regarding the 'H NMR profile for CH,, protons. It is
opportune to mention that the PES for the solvated molecular
structure (TLD-PCM-nDMSO) has many local minima, and the
final optimized geometry structure may not necessarily well
reproduce the experimental CH, chemical shifts due to the
proximity with DMSO solvent molecules during the course of
the geometry optimization procedure. Nevertheless, we can pick
up a local minimum that leads to a good match with the whole

https://doi.org/10.1021/acsomega.3c05922
ACS Omega 2023, 8,37521-37539


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05922?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(e)

Figure 1. ¥B97x-D/6-31G(d,p)-PCM-DMSO optimized TLD monomer structures. (a) R-1DMSO, (b) S-1DMSO, (c) R-8DMSO, (d) S-8DMSO,

(e) R-20DMSO, and (f) S-20DMSO.

"H NMR spectrum (CH,, and N—H protons). Statistical index
values (MAE) are also quoted in Figure 2, which support the 'H
NMR data.

The formation of dimeric structures of TLD has been
considered in previous experimental works™'”*’, which
motivates us to investigate the plausibility of the occurrence of
molecular associations involving TLD (dimer, trimer, and

tetramer). Following experimental findings in the solid state, in
this work, we explored various possibilities for the formation of
R/S dimers, which led to eight relevant DFT-PCM optimized
structures shown in Figure 3 with relative energies given in
Figure 4. We took the mode of interaction of the lowest energy
structure 3 (Figure 3c) as the most probable to exist and use it as
a model input for optimizing the geometries of all combinations

https://doi.org/10.1021/acsomega.3c05922
ACS Omega 2023, 8,37521-37539
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Figure 2. (a—h) B3LYP/6-31G(d,p)-PCM-DMSO and (i) experimental (DMSO-ds) "H NMR spectra for TLD structures.

of the two R/S enantiomers: RS, SS, and RR dimers. Calculated
relative energies (AE,;) and energies of dimer, trimer, and
tetramer formation (AEg.0n) 2re given in Table 2. Enthalpy
of formation is given in parentheses, being almost the same as
AE¢, mation Dut the Gibbs free energies of formation, also quoted
in parentheses, are slightly positive. Although the RR dimer is
plausible to exist based on the energy of formation values, it has
not been considered in previous experimental reports. In the
next step, the Rand S combinations were considered for creating
trimer (R-RS, RS-S, R-SS, §S-S) and tetramer (RR-RS, RR-SS,
RS-SS, SS-SS) structures, and it was verified that the RS-S and
RS-SS structures have the best energy of formation value for the
trimer and tetramer, respectively, which is larger than the dimer
value. The structures were reoptimized including 6, 9, and 12
explicit DMSO solvent molecules, respectively, for the dimer,
trimer, and tetramer. All structures have favorable energy of
formation values.

Basis set superposition error (BSSE) was evaluated for dimer
structures using the counterpoise method.**>° BSSE corrected
energies evaluated using the 6-31G(d,p)”’ and 6-311+G-
(2d,p)”” basis sets are given in Table 3. As expected, the BSSE
correction for the small basis set is larger (around 3 kcal mol™
(19%)) than that for the triple-{ quality basis set (around 1 kcal
mol™" (5%)). The good dimer BSSE corrected stabilization
(>11 keal mol17") gives support to the existence of molecular
associations in solution.

37525

Table 4 reports DFT-PCM-PCM optimized torsion angle ¢,
(deg) values for the TLD dimer, trimer, and tetramer. The effect
of including explicit DMSO solvent molecules in the geometry
optimization can be promptly seen, with variations in the range
2—8° being observed. There is no noticeable conformation
change due to the interaction of TLD with explicit solvent
molecules (and the use of the PCM solvent model).

Experimental (in DMSO-dy) and B3LYP/6-31G(d,p)-PCM-
DMSO 'H NMR spectra for TLD dimer, trimer, and tetramer
structures, calculated using the PCM model (PCM-Only) and
including explicit DMSO solvent molecules (PCM-nDMSO)
are shown in Figure S. It can be seen that both PCM-Only and
PCM-nDMSO spectra show reasonable agreement with the
experimental profile, which is also reflected in the MAE values
also quoted in Figure 5. The remarkable value of the
experimental N—H chemical shift (11.0 ppm) is correctly
reproduced by all TLD associations, where it is possible to
observe that the analysis of NMR data provides support for the
formation of TLD dimers, trimers, and tetramers in DMSO
solution. DFT-optimized solvated structures (wB97x-D/6-
31G(d,p)-PCM level) of TLD dimers are shown in Figure 6.
Trimer and tetramer structures are visualized in Figure 7.
Intradimer H-bonds are indicated in blue traced lines and
solute—solvent H-bonds in black traced lines. There is a strong
N—H--O=C H-bond (short distance) involving two TLD
monomers, which correlates well with experimental N—H 'H

https://doi.org/10.1021/acsomega.3c05922
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(a)Str.1

(c) Str. 3

(e) Str. 5

(g) Str. 7

(b)Str.2

(d) Str. 4

(h) Str. 8

Figure 3. Structures (2) 1, (b) 2, (c) 3, (d) 4, (e) S, (f) 6, (g) 7, and (h) 8: relevant TLD RS dimers ®B97x-D/6-31G(d,p)-PCM-DMSO optimized

structures.

NMR data in DMSO-d,. These model-solvated structures are a
good representation of the main solute—solvent interaction.
Experimental evidence of the formation of the TLD dimer in
solution would be available from the analysis of '"H NMR data in
CDCl,. The solute—solvent interaction is much weaker when
CHCl; is used as a solvent than DMSO, in DFT-PCM optimized
structures including explicit solvent molecules, not contributing
to enhance the N—H NMR signal. Since the N—H group can

strongly interact with polar solvents, the effect on the respective
"H NMR chemical shift value is pronounced for the DMSO
solvent. Figure 8 shows a comparison of DFT-calculated 'H
NMR spectra for PCM-Only and PCM-6CHCI; optimized TLD
R and S monomer structures where it can be seen that the
presence of explicit CHCl; solvent molecules does not cause a
significant increase in the N—H chemical shift value because of a
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6.0 - \+ TLD-R-S Dimer: Relative Energies (kcallmol)\
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Figure 4. ®B97x-D/6-31G(d,p)-PCM-DMSO relative energies (kcal
mol™") for TLD dimers (R/S configuration).
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weaker interaction with the chloroform solvent molecules
compared to DMSO.

According to our theoretical results, the strong interaction
between the N—H group and DMSO solvent, which
substantially enlarge the respective '"H NMR chemical shift,
masks the observation of the TLD dimer, which also cause a
remarkable increase in the N—H chemical shift. As it becomes
impossible to avoid the influence of the proton density on the
signal strength, it is estimated that some signals are masked by
differences in proton densities. We expected that the 'H NMR
data for TLD in CDCIl; would be like DMSO solution, as
happened with acetic acid (see Figure 9) where a similar O—H
chemical shift is observed for acetic acid in both CDCI,*"** and
DMSO-d,.>>® This is a well-known example where it could be
established that the large O—H chemical shift value observed in
CDCI, solution is unquestionably due to the acetic acid dimer
formation, where two strong O—H:-O=C H-bonds are
formed.”* Unfortunately, there is no NMR data for TLD in
CDCl; due to the very poor solubility in chloroform to

Table 3. ®¥B97x-D/6-31G(d,p) BSSE Corrected Energy of
TLD Dimer Formation (in Units of kcal mol™)

AE¢ymation BSSE corrected

TLD dimer RS SS RR
vacuum-OPT-geometry -11.6 —15.1 —-11.4
6-31G(d,p) @7 (3.5 7)*
6-311+G(2d,p) —11.1 —144 -109

(0.6)° (0.7)* (0.6)°

“BSSE correction is given in parentheses.

Table 4. @B97x-D/6-31G(d,p)-PCM-DMSO Torsion Angle
¢, (deg) for TLD Dimer, Trimer, and Tetramer

¢1 (deg) [CZ,r Cl/l NZ, C\ﬂ

Mon-1 Mon-2 Mon-3 Mon-4

dimer R-S-vacuum-OPT-Geom. —45.3 60.6

dimer R-S-PCM-only —45.1 60.5

dimer R-S-PCM-6DMSO —48.9 58.4

dimer S-S-vacuum-OPT-Geom. 59.9 61.1

dimer S-S-PCM-Only 59.1 61.8

dimer S-S-PCM-6DMSO 67.1 61.8

dimer R-R-vacuum-OPT-Geom. —44.1 —43.9

dimer R-R-PCM-only —43.0 —438

dimer R-R-PCM-6DMSO -39.5 —36.3

trimer RS-S-vacuum-OPT-Geom. —44.2 61.6 58.2

trimer RS-S-PCM-only —45.1 60.5 58.0

trimer RS-S-PCM-9DMSO -50.2 65.3 55.8

tetramer RS-SS-vacuum-OPT-Geom.  —44.4 60.4 58.8 58.6
tetramer RS-SS-PCM-only —44.9 624 57.3 57.6
tetramer RS-SS-PCM-12DMSO -50.5 61.1 57.0 558.3

definitively confirm the TLD dimer formation as happened with
acetic acid dimer.

It is opportune to mention that the role played by explicit
solvent effects on the molecular conformation and chemical
reaction viability and selectivity was discussed in detail in ref 55.
A known chemical reaction whose selectivity depends on
solvents with a low dielectric constant and small dipole moment,
where the implicit solvation models do not account for the

Table 2. ®¥B97x-D/6-31G(d,p)-PCM-DMSO Relative Energies (AE,,) and Energies of Formation (AE,,..on) for the TLD

Dimer, Trimer, and Tetramer (in Units of kcal mol™)¢

AE *
TLD dimer RS SS RR
PCM-DMSO-OPT-geometry 0.0 -2.3 1.9
PCM-4DMSO-OPT-geometry 0.0 7.3 7.7
PCM-6DMSO-OPT-geometry 0.0 1.9 7.5
TLD trimer R-RS RS-S R-SS SS-S
PCM-DMSO-OPT-geometry 0.0 -3.5 —-14 -3.6
PCM-6DMSO-OPT-geometry
PCM-9DMSO-OPT-geometry
TLD tetramer RR-RS RR-SS RS-SS SS-SS
PCM-DMSO-OPT-geometry 0.0 —4.3 —8.8 —8.14

PCM-8DMSO-OPT-geometry
PCM-12DMSO-OPT-geometry

b

AEfonnation
RS Ss RR
—11.8 (=10.1)° 2.1)7 =117 (=10.1)° (22)% =115 (=9.7) (3.0)¢
-5.5 38 025
—7.99 —4.14 —2.47
R-RS RS-S R-SS $S-S
—14.5 ~16.0 -138 —14.1
9.6 -15.3¢
112 —11.5°
RR-RS RR-SS RS-SS $S-SS
—146 —-169 -19.5 -16.9
—25.6 —122/
374 -17.5"

“Relative energy is evaluated concerning RS (dimer), R-RS (trimer), and RR-RS (tetramer) structures. bEnergy of formation is defined as the
difference between total energies of dimer, trimer, and tetramer and the sum of monomer energies. “AHmaton Value. AGgomation iS given in
parentheses.. “Energy of solvated dimer formation: AEg yi0n = Eor (Dimer-6DMSO) — (E(TLD-R)) + (E(TLD-S)) + 6E(DMSO). “Energy of
solvated trimer formation: AEg, .ion = Ewor (Trimer-9DMSO) — (E(TLD-R)) + 2(E(TLD-S)) + 9E(DMSO). fEnergy of solvated tetramer
formation: AEg ion = Ewor (Tetramer-12DMSO) — (E(TLD-R)) + 3(E(TLD-S)) + 12E(DMSO).
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Figure 5. (a) Experimental (DMSO-d;) and (b—m) B3LYP/6-31G(d,p)-PCM-DMSO//w97x-D/6-31G(d,p)-PCM-DMSO 'H NMR spectra for

TLD structures.

Table 5. ®B97x-D/6-31G(d,p)-DMSO Relative Energies for
TLD-Guanine Complexes (AE,,, AH, ., AG,, in kcal mol™")

rel) rely

PCM-DMSO-OPT-geometry relative energies (kcal mol™)

TLD monomer R S R S R S
TLD-Guanine complex Cpx-I Cpx-II Cpx-IIT
AE, 25 10 19 00 62 28
AH, 2.6 1.0 2.1 0.0 6.6 2.9
AG, 2.7 0.5 2.0 0.0 6.3 2.0

rel

difference in the product ratios, was used as an example. The
subject of how many solvent molecules should be added and
where they should be placed to understand the role of the
explicit solvent in reaction selectivity was properly addressed.

37528

Guanine-Thalidomide Complexes in Solution. Three
representative modes of interaction between guanine and TLD
(R and S forms) were considered, enumerated Complexes I, II,
and III (R and S enantiomers). The wB97x-D/6-31G(d,p)-
PCM-DMSO optimized structures are shown in Figure 10. The
lowest energy Complex II (see Table 5) was used as input to
build dimer (Figure 11), trimer, and tetramer (Figure 12)
Guanine-TLD complex structures. Relative energy values
(wB97x-D/6- 31G(d,p) PCM-DMSO) for TLD-Guanine com-
plexes (AE and AG,
in Table 5. Essentially, the same AE, energy trend is predicted

in units of kcal mol™) are given

rel) rel) rels

by calculations including thermal correction (p = 1 atm, T =
298.15 K), evaluated using standard statistical thermodynamic
formulas.*®
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(b)

Figure 6. ®B97x-D/6-31G(d,p)-PCM optimized TLD dimer structures. (a) RS-Dimer-PCM-6DMSO and (b) SS-Dimer-PCM-6DMSO.

Table 6. @B97x-D/6-31G(d,p) Energy of Formation (in Units of kcal mol™") for TLD-Guanine Complexes”

vacuum-OPT-geometry

TLD monomer R S
TLD-Guanine complex Cpx-I

6-31G(d,p) -193 -19.5
(-16.4)° (-16.6)°

6-311+G(2d,p) —-16.5 —-16.7
(~15.9)4 (-16.1)7

Aug-cc-pVDZ

Aug-cc-pVTZ

TLD dimer RS SS

TLD-dimer-Gua complex Cpx-IV

6-31G(d,p) —6.3 =77

6-311+G(2d,p)

TLD trimer RS-S RS-S
TLD-trimer-Gua complex Cpx-VII Cpx-VIIL
6-31G(d,p) -6.8 —11.2
(=9.0)°
6-311+G(2d,p) -9.6
(-9.0)¢
TLD tetramer RS-SS RS-SS
TLD-tetramer-Gua complex Cpx-IX Cpx-X
6-31G(d,p) -9.9 —14.5
(-12.3)°
6-311+G(2d,p) -9.6
(-8.9)¢

b

AEformalion
R S R S
Cpx-II Cpx-1IT

-19.8 -19.6 -17.8 —-18.9
(-16.8)° (~16.6)° (—14.4)° (~15.8)°
-17.0 -16.8 —-15.3 —-16.4
(-16.5) (~163)7 (~14.5)7 (-15.8)7
-17.5 -17.3
(-16.5)7 (~16.3)4
-16.9 -167
(-16.5) (-163)7
RS SS RS ss
Cpx-V Cpx-VI
113 -8.1 6.1 —5.4
(-8.7)° (—6.4)°
—9.4 638
(-8.8)° (—6.4)°

“BSSE corrected energy values are given in parentheses. Single-point energy values with larger basis sets are also reported. bEnergy of formation is
defined as the difference between the total energy of GUA-TLD complex and the sum of total energies of guanine and TLD monomer, dimer,
trimer, and tetramer. “@B97x-D/6-31G(d,p) BSSE corrected energies of formation value. “BSSE corrected energies of formation value (single-

point calculation).

The basis set superposition error (BSSE) was evaluated using
the counterpoise method."* > Energies of complex formation
(in units of kcal mol™") for structures optimized in the vacuum

are given in Table 6 since BSSE correction calculations using an

implicit solvent (PCM) cannot be performed within the
Gaussian package. BSSE corrected energies evaluated using
four basis sets, 6-31G(d,p),”” 6-311+G(2d,p),”” aug-cc-
pVDZ,”" and aug-cc-pVTZ,>’ are reported in Table 6 in
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(b)

Figure 7. ®B97x-D/6-31G(d,p)-PCM-DMSO optimized TLD trimer and tetramer structures. (a) Trimer RS-S PCM-9DMSO and (b) Tetramer RS-
SS PCM-12DMSO.

parentheses. It can be seen that the BSSE correction is relatively essentially the same energy profile being predicted in all
moderate using the smallest 6-31G(d,p) basis set, with calculations. The largest BSSE correction for the 6-31G(d,p)
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Figure 8. (a—h) B3LYP/6-31G(d,p)-PCM-Chloroform '"H NMR spectra for TLD R and S monomer structures and (i) experimental spectrum in
DMSO-d.
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Figure 9. (a) Experimental 'H NMR spectra (CDCl;, DMSO-dy) for acetic acid and (b) theoretical PCM-6CHCI, spectra.

basis set corresponds to approximately 15% of the energy of a BSSE correction of 1.0 kcal mol™ slightly higher than the 6-
formation, which can be an estimate of the overestimation of 311+G(2d,p) basis set. As expected, the Aug-cc-pVTZ largest
complex energy due to the use of a small basis set (around basis set has the smallest BSSE correction of 0.4 kcal mol™
approximately 3 kcal mol™). This would not invalidate our (2%). What we can conclude from Table 6 is that the energy of
conclusion, since the energy of formation is much larger than complex formation calculated with the small 6-31G(d,p) basis
this BSSE correction. The Pople’s split-valence quality 6- set, not corrected for BSSE, can provide a satisfactory
311+G(2d,p) has a percentage BSSE correction of approx- description of the stability of the TLD-Guanine complex.

imately 3% corresponding to a BSSE correction to the energy of The energy of complex formation calculated including solvent

formation of only 0.5 kcal mol™. The double-{ Dunning basis effect with the PCM model (DMSO and water) drops to
set Aug-cc-pVDZ has a BSSE correction of 6% corresponding to approximately —14 to —15 kcal mol™" (wB97x-D/6-31G(d,p)-
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(d)

Figure 10. ®B97x-D/6-31G(d,p)-PCM-DMSO TLD-Monomer-Guanine complex optimized structures. (a) Gua-TLD-R-Monomer Complex-I-R,
(b) Gua-TLD-S-Monomer Complex-I-S, (c) Gua-TLD-R-Monomer Complex-II-R, (d) Gua-TLD-S-Monomer Complex-II-S, (e) Gua-TLD-R-

Monomer Complex-III-R, and (f) Gua-TLD-S-Monomer Complex-III-S.

PCM value), but it is still a sizable value conferring substantial
stability to the complex formation in solution (see Table 7). The
complexation process involving TLD molecular associations
(dimer, trimer, and tetramer) was also considered. The energy of
complex formation between guanine and the TLD multimer is in
the range of approximately —11.0 to —13.0 kcal mol ™" very close
to the free TLD complexes (involving the TLD monomer). This
result leaves the possibility of the interaction of guanine with
TLD associations very attractive, once the formation of TLD
dimers was found to be very plausive according to the analysis of
"H NMR data of TLD monomer. The strong H-bonds observed
in the TLD-Guanine complexes are maintained when guanine
interacts with TLD dimer, trimer, and tetramer, providing good
stability for monomer and TLD associations complex with
guanine. There are various possible dimeric, trimeric, and
tetrameric TLD structures and we used the lowest energy ones
to build the complex with guanine. Enthalpy and Gibbs free
energies of formation are given in Table 7 in parentheses. While
enthalpy and AEg . .iion resemble each other, AGg 1 .0n Values
are very small but still negative. Due to the high computational
cost associated with DFT calculations on entire DNA structures,
only the interaction with guanine was modeled. The presence of
pentoses and phosphates can generate interesting effects, but,
due to the enormous computational work, we focused on the
interaction with guanine.

It should be mentioned that while enthalpy and energy of
formation reported in Table 2 (TLD dimer) and Table 7 (TLD-
Guanine complex) are very similar and substantially negative,
predicting a favorable process based on energetic terms, the
calculated AGgmaion Values are considerably smaller, even
slightly positive. This is a result of the entropic effect, which is
negative when two reactant molecules produce a single product,
a well-known fact, which is the case of the dimer and complex
formation from two TLD monomers and TLD and guanine

molecules, respectively. This situation was reported previously
for the B-CD--Sertraline inclusion complex,”®>” where the
experimental TAS data for complex formation, obtained from
calorimetry titration, is positive while the corresponding
theoretical value (assuming the common reaction of complex
formation: #-CD + Sertraline — f-CD---Sertraline) is negative.
An agreement with experimental data was obtained by
modifying the reaction of complex formation including hydrated
B-CD. Our thermodynamic data given in Table S1 are in line
with the results from refs 58,59.

It can be seen from Figures 10—12 that TLD associations
offered plenty of opportunities for the interaction with guanine,
probably making the binding more effective and opening the
possibility of having a 1:2 TLD-GUA complex involving two
guanine molecules, for example. Guanine has three distinct N—
H groups that can make strong H-bonds with TLD associations
at different positions. The '"H NMR spectrum of the TLD-
Guanine complex will certainly exhibit a large N—H signal for
the guanine proton, which should be readily observed
experimentally and can be used to characterize the complex
formation. It can be seen from Table 7 that the Cpx-II-R and
Cpx-II-S structures are the preferred modes of interaction.
Among the modes of interaction between guanine and TLD
dimer, trimer, and tetramer, Cpx-V, Cpx-VIII, and Cpx-X
structures are respectively the lowest energy ones. There are
other possible modes of interaction involving (TLD); and
(TLD), but we believe that Complexes VII, VIII, IX, and X can
be considered representative structures. Therefore, complexes
Cpx-II (TLD-GUA), Cpx-V ((TLD),-GUA), Cpx-VIII
((TLD);-GUA), and Cpx-X ((TLD),-GUA) should be
considered as reasonable modes of interaction between TLD
and guanine in solution.

The formation of the 1:2 TLD-Dimer-GUA complex was
investigated, which was predicted to be stable relative to the
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(e)

Figure 11. wB97x-D/6-31G(d,p)-PCM-DMSO TLD-Dimer-Guanine complex optimized structures. (a) Gua-TLD-RS-Dimer Complex IV, (b) Gua-
TLD-SS-Dimer Complex IV, (c) Gua-TLD-RS-Dimer Complex V, (d) Gua-TLD-SS-Dimer Complex V, (e) Gua-TLD-RS-Dimer Complex VI, and

(f) Gua-TLD-SS-Dimer Complex VL.

TLD dimer and guanine. The same happened with 1:3 TLD-
trimer-GUA and 1:4 TLD-tetramer-GUA complexes, indicating
the plausibility of having intermolecular interactions involving
various guanine molecules. DFT-PCM optimized 1:2, 1:3, and
1:4 complex structures are shown in Figures 13 and 14 along
with TLD-Guanine N—H--O=C H-bond distances (A).
Relatively strong H-bonds are formed when more than one
guanine unit interacts with TLD associations.

Calculated energies of complex formation and H-bond
distances are listed in Table 8. The 1:4 TLD-tetramer-GUA
complex is the strongest bound structure among all modes of
TLD-Guanine interaction investigated. The results reported in
Table 8 provide a strong indication of the existence of (TLD),-
Guanine (n = 2, 3, 4) complexes having 1:2, 1:3, and 1:4
stoichiometry in solution, in addition to the TLD-Guanine
complex. A crucial point to note is that the number of
possibilities of interaction between TLD and guanine is high due

to the presence of four N—H (guanine) and C=0O (TLD)
groups, enabling the formation of several distinct H-bonds. For
stoichiometries different from 1:1 involving (TLD),, the
number of possible H-bonds increases considerably, conferring
more stability to the complexes. If the experimental '"H NMR
spectrum for the TLD-Guanine complex in DMSO-ds or CDCl,
solution could be made available, then it would be possible to
confirm the complex stoichiometry through a comparison of
theoretical and experimental NMR spectra.

B CONCLUSIONS

In addition to being previously known to cause teratogenicity,
TLD and its derivatives have been found to be useful in
anticancer drug research. The interaction with DNA bases has
been experimentally verified, and a detailed investigation of the
TLD-DNA complexation process is warranted. In this work, the
molecular structure of TLD and its associations (dimer, trimer,
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(c)

(b)

d 2

Figure 12. @B97x-D/6-31G(d,p)-PCM-DMSO TLD-Guanine trimer and tetramer complex optimized structures. (a) Gua-TLD-RS-S Trimer
Complex VII, (b) Gua-TLD-RS-S Trimer Complex VIII, (c) Gua-TLD-RS-SS Tetramer Complex IX, and (d) Gua-TLD-RS-SS Tetramer Complex

X.

and tetramer) were investigated in DMSO and water solution
using DFT methodology (wB97X-D/6-31G(d,p)-PCM). Ex-
perimental 'H NMR spectrum (in DMSO-dg) was used as a
reference for the determination of the preferred molecular
structure present in DMSO solution. The formation of
complexes between TLD and DNA basis guanine (GUA) in
solution was investigated with various complex stoichiometries
being considered, namely, TLD-GUA, (TLD),-GUA, (TLD);-
GUA, (TLD),-GUA, (TLD),2GUA, (TLD);-3GUA, and
(TLD),-4GUA.

The initial purpose of this work was to assess if R/S
enantiomers of TLD could be differentiated through thermody-
namic or spectroscopic analysis in solution since one of the R/S
forms is believed to be responsible for the teratogenic action of
the TLD racemic mixture. DFT-PCM-DMSO calculations of
relative energies and 'H NMR chemical shifts were performed
for R/S TLD structures using an implicit solvation model
(PCM) and including a number (1) of explicit DMSO solvent
molecules (n=1,2, 3,4, 6,8,20). Our results show that both R/
S forms of TLD are equally probable to be found in solution with

maximum energy differences around +2 kcal mol™' being
observed and very similar "H NMR spectrum. The experimental
spectrum exhibited a remarkably large value of the N—H
chemical shifts around 11 ppm, which could not be reproduced
by the use of the PCM model. Only when explicit DMSO
solvent molecules are included in the geometry optimization
procedure, a full agreement with the experimental spectrum is
obtained.

Next, the formation of TLD associations (dimer, trimer, and
tetramer) was initially examined using all monomer combina-
tions for a dimer (RS, SS, and RR). As the RS dimer was
observed in the solid state, we extensively investigated the
possibility of dimer structures surviving in solution (using the
lowest energy RS dimer spatial orientation in further geometry
optimization procedures for SS and RR dimers). All dimers have
substantial negative values of the energy of formation.
Subsequently, trimer and tetramer TLD structures were
optimized using the DFT-PCM-DMSO methodology by
combining TLD monomer (R and S) and dimer (RR, RS, and
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Table 7. @B97x-D/6-31G(d,p)-PCM Energy of Formation (in Units of kcal mol™") for TLD-Guanine Complexes

AEformationa

TLD monomer R S R S R S
TLD-Guanine complex Cpx-I Cpx-II Cpx-1IT
PCM-DMSO-OPT-geometry -13.9 -13.5 —14.5 (=11.7)" (-0.8) —14.4 (-11.8)” (-0.6)° —-10.2 —-11.7
PCM-water-OPT-geometry —14.3 —13.9 —14.9 —14.8 —10.6 —12.1
TLD dimer RS SS RS SS RS SS
TLD-dimer-Gua complex Cpx-IV Cpx-V Cpx-VI
PCM-DMSO-OPT-geometry —6.3 =7.7 -11.3 -8.1 —6.1 -S54
PCM-water-OPT-geometry =7.0 -8.6 -119 -132 =73 —6.5
TLD trimer RS-S RS-S
TLD-trimer-Gua complex Cpx-VII Cpx-VIIL
PCM-DMSO-OPT-geometry —6.8 -11.2
PCM-water-OPT-geometry —6.5 —11.1
TLD tetramer RS-SS RS-SS
TLD-tetramer-Gua complex Cpx-IX Cpx-X
PCM-DMSO-OPT-geometry -9.9 —14.5
PCM-water-OPT-geometry -S5.8 —11.8

“Energy of formation is defined as the difference between the total energy of the GUA-TLD complex and the sum of total energies of guanine and
TLD monomer, dimer, trimer, and tetramer. *AH,, ;. are given in parentheses. “AGg,maon are given in parentheses.

Figure 13. ®B97x-D/6-31G(d,p)-PCM-DMSO optimized complex structures formed between the TLD dimer and two guanine molecules: (a) TLD-
RS-Dimer-2Guanine (Complex XI) and (b) TLD-SS-Dimer-2Guanine (Complex XII).

SS) structures. The resulting energy of formation values were
found to be even more negative than those for dimers.

One interesting point is that the calculated '"H NMR spectrum
of dimers, trimers, and tetramers using the PCM model only
(without explicit DMSO solvent molecules) is in fine agreement
with the experiment profile with the N—H signal being correctly
reproduced. These results provide strong support for the
existence of TLD associations in the DMSO solution. When we
changed to chloroform solvent, we found that the use of explicit
CHCI; solvent molecules does not yield an agreement with
experimental N—H "H NMR chemical shift values, as happened
with the DMSO solvent. However, the TLD-RS-Dimer and
TLD-SS-Dimer structures, with six explicit CHCIl; solvent
molecules included, show nice agreement with the experimental
spectrum, strongly suggesting that the TLD dimer formation is
responsible for the large N—H experimental chemical shift value.

To provide support to our proposal, we investigated the acetic
acid monomer and dimer forms and compare the calculated and
experimental '"H NMR spectra in DMSO-dg and CDCl;. The

large OH 'H NMR chemical shift value of 11.42 ppm in CDCl,
(and 11.8 ppm in DMSO-dy) can be reproduced only by the
dimer structures in the case of chloroform solvent. The use of
explicit CHCl; solvent molecules does not bring agreement with
the experimental pattern. Our confirmation of the existence of
the acetic acid dimer agrees with previous experimental studies.
We then concluded that indeed the TLD is very likely to exist in
solution as a molecular association (dimer, trimer, and
tetramer).

Lastly, we investigated the formation of the 1:1 TLD-Guanine
complex in solution, where three representative modes of
interaction between TLD R/S and guanine were considered.
Single-point energy calculations with improved basis sets (6-
311+G(2d,p), aug-cc-pVDZ, and aug-cc-pVTZ) were carried
out, and BSSE was calculated, validating our predicted energy of
complex formation results. The energy of formation of the
interaction of guanine with TLD associations is substantial, with
strong N—H--O=C H-Bond formed. Other TLD-GUA
complex stoichiometries were considered, 1:2, 1:3, and 1:4,
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(b)

1.89

Figure 14. ©B97x-D/6-31G(d,p)-PCM-DMSO optimized complex structures formed between the TLD trimer and tetramer with three and four
guanine molecules, respectively: (a) TLD-RS-S Trimer-3Guanine (Complex XIII) and (b) TLD-RS-SS-Tetramer-4Guanine (Complex IV).

involving TLD dimer, trimer, and tetramer. We found that these
structures have a better energy of formation than the 1:1
complex and should be relatively stable in solution. TLD and
guanine both have various N—H and C=0 groups, respectively,
that can act as H-bond donors and acceptors, making possible
the existence of molecular associations in solution, instead of

only one single TLD-GUA pair interacting. Our results provide
new insight into the interaction of TLD with the molecular
species in solution. According to our results, we must consider
the plausibility of the existence of TLD associations (dimer,
trimer, and tetramer) in solution when modeling the complex-
ation of TLD with biological targets.
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Table 8. @B97x-D/6-31G(d,p)-PCM Energy of Formation (in Units of kcal mol ") for TLD-Dimer-Guanine 1:2, TLD-Trimer-

Guanine 1:3, and TLD-Tetramer-Guanine 1:4 Complexes

AEfmation (keal mol™)*
TLD-dimer-2Gua RS-2GUA: Cpx-XI
PCM-DMSO-OPT-Geom.
PCM-Water-OPT-Geom.
TLD-trimer-3Gua

—18.6 (-11.3)°
—19.9 (-11.9)°
RS-S-3GUA: Cpx-XIII

—202 (=8.1)°

PCM-DMSO-OPT-Geom.
PCM-Water-OPT-Geom.
TLD-tetramer-4Gua

—-28.0 (-11.2)7
—-30.3 (-11.1)¢
RS-SS-4GUA: Cpx-XIV

PCM-DMSO-OPT-Geom.
PCM-Water-OPT-Geom.

—44.5 (-14.5)°
—42.7 (-11.8)¢

$S-2GUA: Cpx-XII

—22.0 (—13.2)°

average N—H--O=C H-bond distance (A) b
RS-2GUA: Cpx-XI $S-2GUA: Cpx-XII
dimer Dim-2GUA dimer
1.82 (1.83)° 1.92 (1.95)° 1.81 (1.83)°

Dim-2GUA
1.94 (1.88)°

RS-S-3GUA: Cpx-XIII
trimer Tri-3GUA
1.89 (1.82)7 1.94 (1.92)¢

RS-SS-4GUA: Cpx-XIV
Tet-4GUA
1.93 (1.90)°

tetramer
1.88 (1.86)"'

“Energy of formation is defined as the dlfference between the total energy of GUA-TLD complex and the sum of total energies of guanine and TLD
monomer, dimer, trimer, and tetramer. Average value of all N—H---O=C H-bonds between TLD associations (dimer, trimer, tetramer) and TLD-
Guanine subunits (Dimer-2Guanine, Trimer-3-Guanine, and Dimer-4-Guanine). “Data for the TLD-dimer-Guanine complex. “Data for the TLD-

Trimer-Guanine complex. “Data for the TLD-Tetramer-Guanine complex.
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