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ABSTRACT: Herein, we present the first experimental observation of isolated
progesterone, an endogenous steroid, placed in the gas phase by laser ablation and
characterized in a supersonic expansion by Fourier transform microwave techniques.
Guided by quantum-chemical calculations, we assigned the rotational spectrum of
the most stable structure. The internal rotation of the acetyl methyl group led to the
observation of A-E doublets in the spectrum, which were analyzed, resulting in a V3
barrier of 2.4425 ± 0.0025 kJ mol−1. By fitting over 250 transitions, we determined
accurate rotational constants that enabled us to compare the gas phase geometrical
parameters with those of crystalline forms and complexes with progesterone
receptors. Our results indicate that the A ring of progesterone that contains the
ketone group is surprisingly flexible, despite its rigid appearance. This finding is particularly significant, since this ring is an active
biological site that is involved in strong intermolecular interactions. Notably, progesterone C21H30O2 is the largest molecule
investigated using laser ablation rotational spectroscopy.

Sex hormones are steroids and encompass many structurally
similar compounds, known as progestogens (Ps). They

interact with progesterone receptors (PR) that regulate
ovulation and pregnancy in mammalian females.1,2 The PRs
comprise a superfamily of receptors with distinct biological
activities, making their biochemistry a complex subject to
study.3−5 Apart from binding to progesterone receptors,
progestogens exhibit affinity for androgen, glucocorticoid,
mineralocorticoid, and even gamma-aminobutyric acid recep-
tors and other non-genomic receptors,6−10 resulting in a wide
range of biological effects on the brain, bones, metabolism,
cardiovascular system, immune system, and others. These
substances are commonly used in hormone therapy to manage
bothersome menopausal symptoms and urogenital atrophy.
However, there is compelling evidence linking the use of
certain Ps and the irregular expression of PRs to the presence
of different diseases, such as breast cancer and some
autoimmune diseases.11−14

Progesterone (P) (Scheme 1) is one of the primary and
simplest molecules of the Ps family. It is an ovarian steroid
hormone essential for normal breast development during
puberty and in preparation for lactation and breastfeeding. The
actions of progesterone are primarily mediated by its high-
affinity receptors, which include the classical progesterone
receptor (PR)-A and -B isoforms, located in diverse tissues,
including the brain, where progesterone controls reproductive
behavior, and the breast and reproductive organs.2 Several
state-of-the-art research methods have been employed to
comprehend the biological role of PRs and Ps. The
experimental characterization of the crystal structure of P
complexed with a progesterone receptor was a significant

milestone in understanding these molecules’ biological
structure and activity. This information has been crucial for
comprehending biological pathways and guiding the develop-
ment of various pharmacological agents.15 Despite numerous
studies that have demonstrated the potential for new
treatments and therapies based on P and its derivatives,13

our understanding of the biological activity of P remains
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Scheme 1. Black Carbon Backbone Represents the General
Framework of Steroid Molecules, and the Blue Corresponds
to the Specific Parts of the Progesterone Molecule while
Magenta and Green Colors Represent the ∠ A-Ring and ∠
Acetyl Dihedral Angles
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limited.16 The inherent affinity of Ps for different receptors and
the multitude of parallel processes in which they are involved
make these studies genuinely challenging. Typically, bio-
molecules can adopt multiple conformations, but their
structural preferences are often influenced by their environ-
ment. Gas-phase investigations provide a distinct advantage by
allowing the study of a molecule’s intrinsic structure without
external interactions, serving as a fundamental starting point
for uncovering their underlying mechanisms. Experiments in
jet expansion conditions, for example, play a crucial role in
revealing the intrinsic structural behavior by providing
information on phenomena that are not easily observable in
the condensed environment, such as nondistorted intrinsic
structure,17 microsolvation,18−20 tunneling processes,21,22 and
tautomeric differentiation.23,24

Advanced rotational spectroscopic techniques in supersonic
expansions have implemented short and intense microwave
chirps in broadband excitation schemes, as in chirped-pulse
Fourier transform microwave (CP-FTMW) spectroscopy,
making it possible to record rotational spectra of complex
flexible molecules spanning several GHz in a single
acquisition.25 Rotational spectra enable the unambiguous
identification of molecular species, owing to their unique
moments of inertia. This technique has recently been used to
obtain highly accurate molecular structures of steroid
hormones like estrogens (β-estradiol and estrone)26,27 and
androgen (androsterone)28 using the conventional heating
vaporization methods. However, we observed that the thermal
vaporization processes used in these studies did not bring some
steroids to the gas phase. The structural characterization of an
essential androgen, testosterone,29 was only possible by
combining the (CP-FTMW) spectroscopy events with ultra-
short laser ablation (LA) pulses in the vaporization processes.

The gas phase structure of neither Ps nor progesterone, the
primary natural progestogen in vertebrates, was experimentally
determined using high-resolution spectroscopy techniques.
Therefore, to better understand the molecular affinity of these
compounds with their receptors in conformational terms, the
objective of this work is, for the first time, to assess
experimentally the conformational landscape of progesterone
in the gas phase using the above high-resolution spectroscopy.
Rotational spectroscopy offers significant advantages but also
faces challenges as a general spectroscopic technique. These
include the need to volatilize the sample to introduce it into
the pulsed molecular beam, the requirement of a nonzero
dipole moment, and decreasing sensitivity as molecular size
increases due to the rapid increase in the rotational partition
function. The cold molecular jet brings the molecules to
rotational temperatures below 2 K, which for a molecular
system of this size (C21H30O2, 314.46 g·mol−1, melting point
∼126 °C), the strongest rotational transitions are situated at
the S and C bands (between 2 and 8 GHz). We have overcome
these challenges, and here we report the first rotational study
of progesterone using a constructed Laser Ablation Fourier
transform microwave spectrometer described elsewhere.30

The configurational space of P should be carefully and
efficiently explored first to identify candidates for possible
conformers. Our study begins by exploring the theoretical
conformational landscape of progesterone using a two-step
method combining molecular mechanics and quantum
chemistry, which has been demonstrated to be efficient in
previous research.17 In the first step, all possible molecular
configurations were evaluated using the Monte Carlo method
based on atomic redistribution and energetic optimization
through molecular mechanics, implemented in the Maestro
software (Schrödinger 2017).31 We also employed our

Figure 1. a) The most stable conformers, I/G- 1 and II/G- 4, of the family I and II, respectively. b) Three stable dispositions are adopted by the
acetyl group in each family. Arrows and numbers represent the possible interconversion pathway and energy gap in kJ·mol−1. The interconversion
barrier is virtually the same for both families (all information in SI Figure S1).
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chemical intuition to draw conformers representing stable
structures. In the second step, all structures from the first step
were optimized using density functional theory (DFT)
calculations with the B3LYP-D3BJ32−34 method, employing
the def2-TZVP35 basis sets. The optimized structures were
then used to calculate single-point energy using the domain-
based local pair natural orbital coupled cluster method with
perturbative triple excitations (DLPNO-CCSD(T))36 with the
def2-TZVPP basis set. Further details and references of the
theoretical calculations can be found in the Supporting
Information (SI, Computational Methodology). Using this
methodology, we identify six candidates within an energy
window of 13 kJ mol−1, belonging to two families of
conformers exhibiting different configurations of the A ring.
These configurations arise from the two possible conforma-
tions that the dihedral angle C10−C1−C2−C3 (∠ A-Ring)
can adopt (Scheme 1). The first family (I) features a bent
configuration for the A-ring of progesterone (Figure 1), with ∠
A-Ring ≈ −55°, while the family (II) presents a twisted form
with ∠ A-Ring ≈ 55°. Notably, the rigidity of the rest of the
molecule arises from their chair configuration of six-membered
rings B and C and the bent disposition in the five-membered
ring D with C17 out of the plane, allowing the equatorial
arrangement of the acetyl side chain.

Each family presents three stable structures corresponding to
the acetyl side chain’s three stable dispositions (the structures’
atomic coordinates can be found in Table S1 of SI). The
conformers are labeled according to their family (I or II) and
acetyl side chain configuration with the C13−C17−C20−C21
dihedral angle (∠ Acetyl): G− ≈ −90, T ≈ 180, and G+ ≈ 105
degrees (Scheme 1 and Figure 1). Additionally, we introduce
another structural parameter considering that the carbon atoms
of B, C and D rings maintain the same relative position in all
stable structures. Thus, we defined a mean plane based on the
carbon atoms of B, C and D rings (λBCD). Furthermore, due to
the presence of a carbonyl group (C3�O) in resonance with
the C4�C5 double bond, C2, C3, C4, C5, C6, C10, and the
O23 atoms in the A ring lie in the same plane. We utilized
these atoms to define a second mean plane (λA). The angle
between the planes λBCD and λA represents the disposition of
the A ring concerning the B, C, and D rings, referred to as
ϕBCD‑A in this study. Notably, the conformers of family I
exhibit ϕBCD‑A ≈ 30°, and those of family II exhibit ϕBCD‑A ≈
50°. The subsequent results and discussion will use all of the
structural parameters reported here.

In the subsequent phase, we proceeded to the experimental
part of the research. We employed a custom-built 2−6 GHz
CP-FTMW spectrometer featuring a Nd:YAG picosecond laser
ablation system (LA-CP-FTMW) operating at 355 nm and 35
ps to capture the rotational spectra of pure progesterone.30

Following various experimental optimizations, we acquired and
averaged approximately 70,000 molecular free induction
decays. It is worth noting that the nonexpanded residual
sample resulting from the vaporization of progesterone with
laser ablation accumulates at the nozzle outlet, restricting
expansion within the chamber to a relatively short period
compared to conventional vaporization methods. Conse-
quently, extending the averaging time for the molecular
rotational resonant emission signal was not feasible.

The broadband microwave spectrum of P is depicted in
Figure 2, displayed as the upper trace in black. To identify the
spectral signatures of P, wide-frequency searches for spectral
patterns were carried out based on the rotational constants

predicted by theoretical calculations for the six lower-energy
conformers (Table 1). Initially, a very intense a-type R-branch
set of transitions, spanning from J = 6 to 24, was identified and
measured, yielding a preliminary set of rotational constants.
These constants subsequently enabled the identification of
weak b-type transitions. Transitions belonging to c-type spectra
were also searched for but not observed. A total of 121
measured transitions were analyzed using the rigid rotor
Hamiltonian as implemented in Pickett’s program,38 and the
final experimental set of rotational constants (A, B, C) and
other fit parameters are in Table 1. The best signal-to-noise
ratio in the detected lines is ∼120, rendering it impossible to
detect rare isotopologues (13C and 18O) of the observed
rotamer, and although considerable efforts were made to detect
other conformers of P, no new sets of transitions were
discovered in the broadband spectrum. However, there were
still remnant lines in the spectrum. Concretely, it is worth
noting the presence of splitting for certain transitions. The
segment in the bottom left panel of Figure 2 illustrates a
portion of the rotational spectrum focusing on the J' = 13 and
Ka = 3 a-type R-branch transitions splitting.

Since P is a closed-shell molecule, no other fine structure
effect is expected in the rotational spectra, except for that
arising from the coupling between the internal and overall
rotation. Consequently, we attributed the observed splitting to
the coupling of the internal rotation of one of the three methyl
groups at C18, C19, and C21 and the overall rotation, causing
the occurrence of the A−E doublets observed in Figure 2.37 To
identify the specific methyl rotor responsible for the splitting,
we computed the necessary theoretical parameters, such as the
V3 barrier, δ (the angle between the internal rotation axis and
the principal axis z), and ε (the angle between the principal
axis x and the projection of the internal rotation axis onto the
xy-plane) for all of the conformers. Our analysis led us to
pinpoint the C21 acetyl methyl top as the culprit, with a
methyl rotation barrier of 1.9 kJ mol−1, as the other two methyl
groups at C18 and C19 possessed significantly higher energy
barriers, 9.6 and 10.2 kJ mol−1, respectively (see SI for more
details).

Subsequently, the internal rotation of the identified
conformer was analyzed by identifying the transitions
belonging to the E-symmetry state. The measured A−E

Figure 2. Experimental spectra with A and E splitting caused by the
methyl rotor. a-type, b-type and forbidden c-type transitions are in
red, green, and blue, respectively.
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splittings (see Tables S2 in the Supporting Information) were
utilized to determine the internal rotation barrier V3 using the
internal axis method outlined by Woods,39 in a fitting using the
rigid rotor Hamiltonian, performed using the XIAM
program.40 The key parameters associated with the methyl
rotor are summarized in Table 2 and Table S2 of the SI.

The molecule P can exist in different forms determined by
the A ring configuration and the arrangements of the acetyl
group. To identify the detected rotamer, we compared the
experimental values of the rotational constants with those
predicted for the six conformers postulated theoretically. The
experimental values matched those predicted for the three
conformers of family I. However, the three conformers in
family I exhibited similar rotational constants, making it
challenging to identify the specific conformer based solely on
this data. Initially, we relied on the energy criteria to tentatively
assign the detected rotamer to the conformer as I/G- 1. The
fact that very weak b-type transitions and no c-type transitions
were detected for the A-symmetry state is consistent with their
very low predicted value of the dipole moment value
component, μb ≈ 0.6 D and μc ≈ 0.1 D, which supported
our assignment. Note that the rotational transition selection
rules derived from the rigid-body rotation considerations must
be slightly modified when the methyl internal rotation is

included. In the case of progesterone, despite the absence of an
electric dipole moment along the c-axis of the principal inertia
frame, a few c-type transitions in the E-symmetry state (E*)
were experimentally observed. This effect results from the
competition between the asymmetry-induced splitting and
torsional-rotation interaction. As progesterone is a prolate
molecule exhibiting b-type spectra, this interaction produces c-
type transitions with considerable intensity in the E-symmetry
state when the asymmetry splitting of the Ka doublets is
comparable in magnitude with the internal rotation split-
ting.41,42 Fortunately, the experimentally fitted internal rotor
parameters are highly valuable in the assignment. It is worth
noting that the main difference between the conformers I/G-
1, I/T 2 and I/G+ 3 lies in the position of the acetyl group,
which contains the methyl group responsible for the splitting
of the rotational transitions and consequently affects the
theoretical values of V3, ε and δ parameters (Table 2). After
carefully examining these, it becomes evident that the
experimental values align only with the theoretical values of
I/G- 1. Based on all of this information, the conformer
detected in the gas phase is unequivocally I/G- 1, predicted as
the global minimum.

The I/T 2 conformer, characterized by a high dipole
moment (μa = 4.5 D) and relatively low energy (4.1 kJ mol−1

Table 1. Predicted Spectroscopic Parameters for the Six Most Stable Conformers of P at the B3LYP-D3BJ/def2-TZVP Level of
Theory, along with the Experimental Fitted Values for the Observed Rotamer

theoretical experimental

conformer I/G- 1 I/T 2 I/G+ 3 II/G- 4 II/T 5 II/G+ 6 A-symmetry state

Aa 681 697 689 588 592 596 676.30846 (41)b

B 131 130 132 141 139 142 131.250945 (71)
C 121 119 121 133 132 132 120.446229 (49)
σ (kHz) 10.6
N (exp lines) 121
μa|μb|μc 2.4|0.6|0.1 4.5|2.4|0.8 4.0|2.7|2.7 1.9|0.3|1.1 4.0|2.7|1.2 3.8|3.4|2.9 ++ | - | Noc

ΔECCSD(T) 0.0 4.4 5.7 5.5 9.7 11.1
ΔE0 0.0 4.1 6.2 6.8 10.7 12.9
ΔG298K 0.0 4.4 7.2 7.4 11.6 14.4
∠ Acetyl −88.95 168.42 106.46 −88.93 168.44 106.56
ϕ BCD‑A 30.0 29.6 29.6 52.1 53.3 51.8
∠ A-Ring −54.70 −54.62 −54.63 55.88 55.90 55.93

aRotational constants in the principal axis of inertia in MHz: the theoretical values are from the equilibrium structure, and the experimental values
are obtained from the A-symmetry state of Pickett’s program fitting. The μi are the electric dipole moments, expressed as absolute values in Debye. σ
represents the root-mean-square deviation of the fit, and N denotes the number of experimentally observed lines. ΔECCSD(T) is the relative
electronic energy in kJ mol−1 at the DLPNO-CCSD(T)/def2-TZVPP level of theory; ΔE0 and ΔG298K are the relative zero-point corrected energy
and Gibbs energy of the conformers at 298 K in kJ mol−1 at the B3LYP-D3BJ/def2-TZVP level of theory. The angle (ϕBCD‑A) and dihedral angles
(∠ Acetyl and ∠ A-Ring) are in degrees. bThe standard error (1σ) is in parentheses in units of the last digit. cThe symbols + + (very intense) and −
(weak) denote the intensity of the experimentally observed transitions in the A-symmetry state. Forbidden c-type transitions were detected for the
E-symmetry state. See the main text for discussion.

Table 2. Predicted Spectroscopic Parameters of the Methyl Rotor for the Six Most Stable Conformers of P at the B3LYP-
D3BJ/def2-TZVP Level of Theory, along with the Experimental Fitted Values for the Observed Rotamer Using the XIAM
Program

theoretical experimental

conformer I/G- 1 I/T 2 I/G+ 3 II/G- 4 II/T 5 II/G+ 6

V3 /kJ mol−1a 1.9 3.2 7.4 1.9 3.2 7.4 2.4425 (25)b

ε (rad) 0.489 2.421 1.018 0.308 2.173 0.757 0.3904 (15)
δ (rad) 1.411 0.521 2.417 1.447 0.600 0.651 1.42241 (51)

aV3 is the potential energy barrier of the methyl rotor, and ε and δ are derived from the position of the methyl rotor with respect to the principal
inertial axes. The experimental values are from XIAM’s fitting of A- and E-symmetry states. The F0 value was fixed to the theoretical value (F0 =
158.97 GHz). bThe standard error (1σ) is in parentheses in units of the last digit.
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above the global minimum), poses an intriguing prospect for
experimental detection, despite its absence in the spectra. To
explore this, we performed a relaxed potential energy scan of
the C17−C20 bond using the B3LYP-D3BJ/def2-TZVP
theoretical method. The results (Figure 1 and SI Figure S1)
predicted the interconversion barriers between the conformers
I/T 2 → I/G- 1 as 4.4 kJ mol−1. This value aligns closely with
the maximum energy gap traversable using Ne as a carrier gas,
typically between 4 and 5 kJ mol−1.43 The I/T 2 conformer, or
a considerable portion thereof, will likely convert to the I/G- 1
conformer during jet expansion. Thus, our rotational spec-
troscopy findings suggest that the predominant form of P in
the gas phase comprises the I/G- 1 conformer.

In the next stage, we will use the data collected in the gas
phase to rationalize the P structure and its significance in a
biologically active environment. To accomplish this, we have
selected several complexes of progesterone with biomolecules
that we believe are biologically relevant and provide adequate
resolution for comparison to our findings. These complexes
include the progesterone receptor (PR),15 the fragment
antigen-binding (Fab) region of the anti-progesterone anti-
body (Fab-DB3),44 the cytochrome P450 17A1 hydrolase
enzyme (P450)45 and the mineralocorticoid receptor (MR).46

Additionally, we have included the monomeric structure of
pure P in the crystal form (PCr).47,48 We will examine the
structure of P in the gas phase, in its crystalline form, and with
complexes of the aforementioned biomolecules, aiming to gain

insights into the structural behavior of progesterone in a
biological environment.

To compare the P structure in the gas phase with other
structures, the first step involves pairing the carbon atoms of
the B, C, and D rings in each crystal structure with their
counterparts in the gas phase, followed by superimposing
(aligning) the structures (Figure 3). Once the molecules were
aligned, we measured the root−mean−square deviation
(RMSD) of the average distance between two sets of
superimposed carbon atoms of the B, C, and D rings. This
approach is essential for assessing P’s carbon skeleton in
different environments. The low RMSD values (≪1 Å)
obtained across the structures (Table 3) highlight the rigidity
of this region of the molecule. Notably, this analysis confirms
that only two flexible regions in the molecule require further
examination: the acetyl side chain and the A ring.

The acetyl chain does not pose significant challenges,
because the π-conjugation of the acetyl group ensures that the
C17, C20, C21, and O23 atoms are in the same plane. As a
result, the acetyl group acts as a rigid body, rotating over the
C17−C20 bond. The potential energy surface has been
previously presented (See Figure S1 in the Supporting
Information). It is important to note that the rotation of the
C17−C20 bond presents only one energetically unfavorable
disposition, where the C20−C21 and C13−C17 bonds are
eclipsed (≈ 0°). However, the acetyl group can adopt three
stable orientations corresponding to the three conformers
predicted by theoretical calculation. The detection of only the

Figure 3. Structures superimposing the carbon atoms of the B, C, and D rings of the crystal structure of P interacting with a biomolecule
(transparent) and the structure observed in the gas phase (solid balls for carbons and oxygen’s and solid sticks for hydrogens). The left figure
corresponds to a structure of P interaction with progesterone receptor PR, and the right one corresponds to the structure of P interaction with Fab-
DB3.

Table 3. Structural Parameters of Progesterone in Gas and Pure Crystal Phase and in the Crystal for Structures Combined
with Biological Molecules

structure P (I/G- 1) PCr PR Fab-DB3 P450 MR

most similar conf. n.a. I/G- 1 I/G- 1 I/G- 1 I/G+ 3b I/G- 1

ΔE (kJ mol−1) 0.0 2.6 1.6 3.6 8.3 7.3
∠ acetyl −89.0 −60.2 −69.2 −87.8 100.8 −74.2
ϕ BCD‑A 30.0 29.5 28.1 41.5 38.5 23.4
∠ A-Ring −54.7 −56.0 −53.8 −62.3 −32.3 −36.8
RMSD (Å)a 0 0.078 0.048 0.125 0.144b 0.156

aRMSD defines the difference between the position of carbon atoms of B, C and D rings. Most similar represents the most similar conformer in the
gas phase obtained from theoretical calculations. ΔE (kJ mol−1) is the energy difference of the crystal structure with respect to the most similar
conformer in the gas phase (all the information in the text). bThe RMSD value of P in P450 and the ΔE were obtained using the reference
structure I/G+3.
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I/G- 1 conformer in the gas phase, with the acetyl group
arrangement in a “gauche-” disposition, suggests that
interconversion between conformers with different acetyl
group configurations (G−, T, G+) surely occurs without a
significant energy barrier. This finding is consistent with the
crystal structures of P in biological environments. None of the
structures in Table 3 have an acetyl ≈0° arrangement, except
in P450, in which all the structures of P monomers have a
similar acetyl “gauche-” arrangement to that in the gas phase.

The A ring of the molecule presents a distinct challenge. We
have used the aforementioned parameter ϕBCD‑A) to describe
P’s A-ring configuration. When comparing this parameter of
structures of P in the gas phase and in the crystals, we observe
three different tendencies: (i) In PCr and PR, the structure of
P maintains almost the same configuration as that of I/G- 1.
(ii) In Fab-DB3 and P450, the A ring is positioned more
perpendicularly to the B, C and D rings than in I/G- 1. It is
numerically demonstrated by the increase in the value of the
ϕBCD‑A angle. (iii) The final scenario is observed in MR, where
P represents the structure with the A ring more parallel to B, C
and D rings than in the gas phase (ϕBCD‑A ↓).

Initially, the results from the gas phase suggested that P is a
relatively rigid molecule. However, upon examining the crystal
structures, it became apparent that the A ring of the molecule
may have some hidden flexibility. To investigate this behavior
further and gain a deeper understanding, we compared the
energy difference (ΔE) between the P structure in the crystals
and the gas phase. To accomplish this, we utilized the structure
of P in the crystals as a starting point, keeping the flexible
dihedral angles of the P molecule fixed (including acetyl,
ϕBCD‑A, and A ring) in the crystalline structure, and optimized
the position of the remaining atoms. Inherently, we found
small energy differences between the gas phase and the crystal
structures.

To understand this conformational behavior, we conducted
two independent potential energy surface (PES) analyses: one
focused on the ϕBCD‑A angle and another on the ∠ A-Ring
dihedral angles (Figure 4). Two important observations can be
made regarding these PES analyses. First, a high energy gap of
25 kJ mol−1 exists between the interconversion of conformers
belonging to the I and II families when the interconversion
occurs via rotation around the ∠ A-ring dihedral angle. Second,
the ϕ BCD‑A angle, which plays a major role in the flexibility of
P, demonstrates greater flexibility than initially anticipated,
with energy variations only exceeding 2 kJ mol−1 for angles

below 20° and above 40°. Notably, the structures observed in
the crystals indicate specific flexibility in binding of P with
proteins. Figure 4 summarizes the range of ϕBCD‑A movement
between 10−50°, revealing that it has minimal impact on the
overall energy of the molecule.

In summary, we conducted a groundbreaking study on
progesterone, a crucial hormone in the body. Taking advantage
of rotational spectroscopy coupled with a laser ablation
vaporization source in a supersonic expansion and quantum
chemistry calculations, we elucidated the most stable con-
former of P. The intrinsically preferred 3D shape of P in a free
environment, along with bibliographic data of P structures and
other progestogens complexed with ligand-binding domains,
provided valuable insight into the significance of the
conformation of these molecules in their biological activity.

The initial appearance of progesterone’s structure suggests
rigidity, but the A ring is surprisingly flexible and capable of
movement without significantly affecting the molecule’s
energy. This is particularly interesting in P and Ps derivatives
because their active biological sites have commonly conserved
strong intermolecular interactions involving the A-ring part of
these molecules.49,50 The flexibility of the progesterone
receptor’s ligand-binding pocket has been previously ana-
lyzed;51 however, not much was known about the intrinsic
molecular flexibility of the A-ring in progesterone and probably
in other similar Ps molecules. Our results demonstrate that, for
instance, the modification of the rigidity and dispositions of the
A-ring could lead to compounds with very different affinities
for PR and other proteins.
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Figure 4. Relaxed PES of ϕBCD‑A and the ∠ A-Ring dihedral angle of the I/G- 1 conformer of progesterone using the B3LYP-D3BJ/def2-TZVP
level of theory.
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Edificio Quifima, Área de Química-Física, Laboratorios de
Espectroscopia y Bioespectroscopia, Parque Científico UVa,
Unidad Asociada CSIC, Universidad de Valladolid, 47011
Valladolid, Spain; orcid.org/0000-0001-5816-4102;
Email: elenarita.alonso@uva.es

Authors
Aran Insausti − Departamento de Química-Física, Facultad de
Ciencia y Tecnología, Universidad del País Vasco (UPV/
EHU), 48940 Leioa, Spain; Instituto Biofisika (UPV/EHU,
CSIC), University of the Basque Country, 48940 Leioa,
Spain

Sofía Municio − Grupo de Espectrocopía Molecular (GEM),
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