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Abstract: The broadband rotational spectrum of jet-cooled laser-ablated thioproline was recorded.
Two conformers of this system were observed and identified with the help of DFT and ab initio
computations by comparison of the observed and calculated rotational constants and #N quadrupole
coupling constants as well as the predicted energies compared to the observed relative populations.
These conformers showed a mixed bent/twisted arrangement of the five-membered ring similar
to that of the related compound thiazolidine with the N-H bond in axial configuration. The most
stable form had the COOH group in an equatorial position on the same side of the ring as N-H.
The arrangement of the C=O group close to the N-H bond led to a weak interaction between
them (classified as type I) characterized by a noncovalent interaction analysis. The second form
had a trans-COOH arrangement showing a type II O-H---N hydrogen bond. In thioproline, the
stability of conformers of type I and type II was reversed with respect to proline. We show how
the conformation of the ring depends on the function associated with the endocyclic N atom when
comparing the structures of isolated thioproline with its zwitterion observed in condensed phases
and with peptide forms.

Keywords: laser-ablation; rotational spectroscopy; amino acids; computational chemistry; intramolecular
interactions

1. Introduction

Protein activity is a consequence of the three-dimensional arrangement of their dif-
ferent functional groups. For example, the activity of folded proteins relies on factors as
the secondary structure formation, the hydrophobic effect, and additional noncovalent
interactions to organize functional groups to allow molecular recognition of specific sub-
strate partners and catalysis. Enhanced activity and expanding functions of proteins may
be incorporated through the introduction of amino acids beyond the natural ones, for
example, amino acids restrained conformationally, incorporating new functionalities, or
enhancing hydrophobic effect [1-3]. The field of protein design and engineering aims to
achieve the functions of proteins in novel structures and different developments.

Proline residues are unique among the canonical amino acids, due to the conforma-
tional restraint of backbone cyclization and the presence of a tertiary amide bond [4]. These
structural characteristics limit the available conformations for its residues, which enables
proline to be preferentially observed in specific structural contexts, such as secondary
structure termination, loops, turns, and helices [5]. Proline residues also present distinc-
tive biomolecular recognition properties due to their differences from other canonical
amino acids [6]. The importance of proline derivatives can be exemplified by the role of
4R-hydroxyproline, also studied in isolation [7], in the stabilization of collagen [8,9].
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Thioproline (thiazolidine-4-carboxylic acid, SPro, see Scheme 1) is a sulfur-containing
x-amino acid analog of proline for which the methylene group at position 4 of the pyrroli-
dine ring of proline is replaced by a sulfur atom to give a thiazolidine ring. It is well known
that SPro is produced when cysteine (Cys) condenses with reactive formaldehyde [10].
Thiazolidines exhibit a wide variety of pharmaceutical properties and SPro in particular
has attracted interest for its antioxidant properties in diverse areas of medicine [11-16]
and has demonstrated to be an effective endogenous nitric-oxide-trapping agent [17-19].
It has been shown that oxidative stress to a cell could induce protein post-translational
modification (PTM) in which proteic cysteine would react with formaldehyde generated by
oxidants added to the medium to form proteic SPro [20,21]. This reaction has been used to
quantify oxidizing agent-exposed Escherichia coli samples and to prove that SPro residues
could have been an antioxidative survival mechanism that further protect cells [22]. It has
also been found that SPro could also be introduced into proteins via misincorporation of
SPro in place of proline during protein synthesis [23]. SPro forms part of the structure of
kynostatin 272 (KNI-272) a pentapeptide mimic containing two sulfur atoms that acts as
a conformationally constrained inhibitor of HIV protease [24-28] and for which the role
of the SPro residue in the conformation has been discussed [26,27]. In the same context,
it forms part of the structure of possible prolyl-oligopeptidase inhibitors of use in the
prevention of Alzheimer’s disease and senile dementia [29].

H 0O

N I
(J/C\O/H
S

Scheme 1. The thioproline (SPro) molecule.

SPro as generally occur for amino acids crystalizes in its zwitterionic form and the
studies of its structure by X-ray diffraction yield to a single form with the carboxyl group
adopting an equatorial arrangement and the ring adopting an S, -endo bent form [30]. The
conformation adopted by SPro residues in KNI-272 for example was discussed based on
two possible endo or exo forms of the ring and the cis-trans amide bonds equilibrium [26,27],
as occur for Pro [4] residues. The same equilibria reinforced by hydrogen bonding between
the acid and imino group exists in isolated Pro leading to four conformers [31,32]. It
is thus interesting to characterize the structure of SPro in isolation in the gas phase to
better understand its behavior, to analyze its stable conformations, their energies, and the
intramolecular interactions contributing to stabilizing them.

The combination of Fourier transform microwave (FTMW) spectroscopies with supersonic-
jet expansion techniques has contributed to a new era for rotational spectroscopy which
can be considered as the most definitive gas-phase structural probe [33-36]. It makes pos-
sible the unambiguous discrimination between different isomers, including tautomers,
conformers, or isotopomers. The spatial mass distribution of such species has unique spec-
troscopic constants and distinct individual rotational spectra. In addition, the quadrupole
coupling hyperfine structure due to the presence of the 4N gives precise information of
the orientation of the amino group that helps to assign conformers with similar rotational
constants. Thus, these key features make this technique to be a powerful tool. Challenging
molecular systems including solid biomolecules are now accessible to this technique by
using laser ablation to vaporize the samples [37,38]. In this work, we present the study
of the broadband rotational spectrum of laser-ablated SPro to characterize its most stable
conformers and their properties.
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2. Results and Discussion
2.1. Conformational Panorama

As occur for other amino acids [31,32,37] SPro has a complex conformational panorama
due to the flexibility arising from the ring-puckering vibrations of the thiazolidine ring, the
N-H inversion, and the rotation of the carboxylic group around the C—C bond. Thiazolidine
ring adopts bent forms with some degree of twisting with the N-H group out of the ring
plane in axial or equatorial forms (see Figure S1) and two equivalent minima for each
conformer. For this molecule, the axial form is the global minimum and the only conformer
observed experimentally [39]. The search of the different stable conformers using CREST
(conformer-rotamer ensemble sampling tool) [40] followed by B3LYP-D3/6-311++G(2d,p)
optimizations lead to a total of 14 conformers given in Figure 1 (see also Figure S2 which
shows different orientations). We have labeled the conformers with three symbols X-Y-Z
referring to the classification of these conformers according to three structural features. X
refers to the possible hydrogen bond (HB) interactions between the different polar groups.
As in other amino acids [37], the interactions between the acid and amino groups are
classified as type I forms when there is an N-H---O=C bond, type Il when an O-H---N HB,
with trans-COOH configuration, is established and type III when the HB is N-H:--O-H. In
the present case, an additional HB of the type O-H.--Sis possible which we have called type
IIS. In conformers where there are no HBs, we have used the notations Ib when the C=0O
group is close to the N atom, and IIIb when the OH group, in a cis-COOH configuration, is
close to nitrogen. In the case where the trans-COOH group is aligned with the S atom, we
have used ISb if the C=0 group points to S and IIISb when the O-H group is closer to the
S atom. The second feature is thiazolidine fragment configuration which we have classified
as axial (Y = ax) or equatorial (Y = eq) (see Figure S1). The third feature is the orientation of
the acid group. It can be classified as axial or equatorial but to avoid confusion with the
orientation of the N-H group we have chosen to use also the possible arrangements as a
function of the cis or trans orientation of the COOH group relative to the side of the ring
of the N-H group. In this way, we can have trans-axial (Z = ta), trans-equatorial (Z = te),
cis-axial (Z = ca), or cis-equatorial (Z = ce) orientations of the COOH group (see Figure S1).

Ocm? 755 cm'! 937 cm!? 1614 cm’ 968 cm‘

Il-ax-ta Il-ax-ce Il-eq-te < lIS-ax-ta

222 em? 1017 ¢cm*? 1475 cm? 1789 cm*
~

Nl-ax- ce) ~ Ilib-ax-ta < lll-eg-ca lll-eqg-te ~ JiSb-ax-ta

407 cm 889 cm! 1289 cm! 1707 em! 1028 em!

Figure 1. The different conformers found for thioproline from exploration of the potential energy
surface. The labeling is described in the text. The quoted relative energies were calculated at the
B3LYP-D3/6-311++G(2d,p) level (see Figure S2 for other perspectives).
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The three lowest energy conformers present, respectively, type I, II, and III interactions.
The global minimum I-ax-ce has an arrangement of the amino and acid groups that may
give rise to an N-H---O=C HB. It has an axial N-H group and an equatorial COOH group
both in a cis arrangement. The next conformer in order of energy is II-ax-ta, having an
O-H:--N HB, both N-H and COOH groups in axial configurations but in a trans mutual
arrangement. The third conformer in order of energy, Ill-ax-ce, is similar to the most stable
form but with the COOH group rotated by ca. 180° so that it may give rise to a type III
N-H-:--O-H interaction. The calculated B3LYP-D3/6-311++G(2d,p) energies, the rotational
and quadrupole coupling parameters for the predicted conformers are given in Table S1.
The same data for the low energy conformers were also calculated at MP2/6-311++G(2d,p)
giving good predictions of the rotational and quadrupole coupling constants. The Gibbs
energies and the centrifugal distortion constants were also predicted at this level from
harmonic force field calculations. The results are collected in Tables 1 and S2.

Table 1. Experimental rotational parameters for the observed rotamers of thioproline and its com-
parison to the predicted MP2/6-311++G(2d,p) values (see Figure 1). The predicted electric dipole
moment components and relative Gibbs energies are also given.

Rotamer a II-ax-ta Rotamer b I-ax-ce III-ax-ce
Param. ? exp MP2 exp MP2 MP2
A/MHz 3215.82492(41) b 3076.88 3803.26722(85)  3806.75 3835.54
B/MHz 1317.61215(14) 1365.99 1091.61856(34)  1084.75 1071.96
C/MHz 1089.68026(14) 1136.06 957.57523(39) 960.86 980.62
K —0.78 —0.76 —-0.91 —0.91 —0.94
D;j/kHz 1.4116(24) 0.828 0.145(12) 0.085 0.080
Djx /kHz —9.9744(69) —5.017 0.151(20) 0.193 0.306
Dk /kHz 23.112(71) 10.195 [0.0] € 0.788 0.509
d1/kHz —0.02597(59) —0.021 —0.0225(18) —0.020 —0.008
d, /kHz —0.00317(22) —0.001 —0.00230(10) —0.008 —0.002
3/2(Xaa)/MHz —1.9796(31) —2.14 3.0136(53) 2.93 2.67
1/4(Xpb-Xcc)/ MHz —0.59941(88) —0.61 0.1996(18) 0.17 0.01
Xaa/MHz —1.3193(21) —1.43 2.0091(35) 1.95 1.78
Xbb/MHz —0.5391(28) —0.51 —0.6053(54) —0.63 —0.87
Xce/MHz 1.8585(28) 1.93 —1.4037(54) —-1.32 —-0.91
n 199 93
o/kHz 4.2 49
Ma,HpHe/D 2.3,2.6,29 1.0,0.7,0.6 0.3,09,1.3
AE/cm™1 118.4 0.0 3325
AG/cm™! 314.5 0.0 370.3

2 A, B and C are the rotational constants. « is the Ray asymmetry parameter « = (2B-A-C)/(A-C). Dy, Djk, D,
dq, and d, are the quartic centrifugal distortion constants. Xaa, Xbb, and Xcc are the 14N quadrupole coupling
constants. 7 is the number of quadrupole coupling components fitted. ¢ is the rms deviation of the fit. y,,1, and
Uc are the predicted electric dipole moment components. AE is the relative energy to the most stable conformer.

AG is the predicted relative Gibbs energy calculated at 298.15 K. P Standard errors in parenthesis in units of the
last digit. © Values in square brackets were kept fixed in the fit.

2.2. Rotational Spectra

The jet-cooled rotational spectrum of laser-ablated SPro is shown in Figure 2. The SPro
conformers are all prolate asymmetric rotors with values of the Ray asymmetry parameter
x between —0.75 and —0.95. First trials to assign the spectra of SPro rotamers were focussed
on those conformers having a non-zero value of the y,-electric dipole component. The
Ha-type R-branch rotational lines for near prolate rotors appear to form groups regularly
spaced at frequency intervals equal to (B+C). Two rotamers initially labeled a and b could
be identified based on these patterns. The lines corresponding to these rotamers show
the quadrupole coupling hyperfine structure due to the presence in the molecule of one
nitrogen atom (see Figure 2). In both cases, an iterative procedure of measurement and
prediction leads to the assignment of the complete spectrum. Rotamer a, which corresponds
to the most intense ji,-type spectrum, shows also intense yy,- and pc-type spectra. Rotamer



Molecules 2021, 26, 7585

50f 14

4 Rotamer a: 2y, <1, 0.2

b shows weak pp,- and pc-type spectra. Once cleaning the spectrum from the assigned
spectra, no other rotamer attributable to SPro was identified. The observed spectra do
not have a sufficient signal-to-noise ratio to observe 34S, 13C, or N isotopologues in
natural abundance.

Rotamer b: 2,, <14,

> , 2
024 non - | “ " e — w e
[TRETS :‘ | 'S 0.2 N(&
||'I &', "
u'm " -
0.4 e 0.3 . - u; T ]
T T T T 4092.0 4092.5 4093.0 4093.5 4094.0 4094.5
47945 4795.0 4795.5 4796.0 IMH
v IMHz rom
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0.4
0.2 1
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3
0.0
-0.2 1
Rotamer a
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K S — ; g ;
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1 T Ll 1
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Figure 2. The 4-8 GHz CP-FTMW spectrum of laser-ablated SPro is shown. Two rotamers a and b of thioproline have been

identified. The spectra calculated from the experimentally determined rotational parameters are shown below, in red for

rotamer a and in blue for rotamer b. The figure shows also in detail the hyperfine F'+F” components associated to the

20,2¢ 10,1 transition for both rotamers. Besides the rotational parameters the YN hyperfine structure, markedly different for

these rotamers, is a key for the identification of the different conformers.

HS = AP? + BP2 + CP? — D;P* — D P2P? — DyP* + dy P? (Pi + PE) +dy (Pi + Pé)

The analysis [41] of the measured spectra was performed using a Hamiltonian includ-
ing semirigid rotor (HgS) [42] and quadrupole coupling Hq [43] terms. The semirigid rotor
Hamiltonian was set up in the Watson’s S-reduction [42] and I" representation:

)

The spectroscopic parameters associated are the rotational constants A, B, and C, and
quartic centrifugal distortion constants, Dy, Djk, Dk, d1, and d,. The quadrupole coupling
interaction arises from the interaction of the nuclear electric quadrupole moment (eQ) of
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the 1N atom with the electric field gradient Gup = 02V /90dp, o, B = a,b,c) created by the
rest of molecular charges at the site of this nucleus. As a consequence of this interaction,
the nuclear spin of BN (@=1) couples to the overall rotation angular momentum (J) to
form a resultant F (F = I+]). The determinable spectroscopic parameters are the elements
of the nuclear quadrupole coupling tensor y, linearly related to the electric field gradient
tensor g by x = eQq. Usually, for 14N, only the diagonal elements of this tensor (Xaa,
Xbb, and Xcc) are determined. The experimental parameters obtained from the fit of the
observed frequencies to this Hamiltonian are shown in Table 1. The spectra simulated
with the fitted parameters are compared to the observed CP-FTMW spectrum in Figure 2.
The spectrum for rotamer a is drawn in red and that which corresponds to rotamer b in
blue. The frequencies of the observed transitions are gathered in Tables S4 and S5 of the
Supporting Information.

2.3. Conformer Assignment

The comparison of the observed parameters with those predicted from theoretical
calculations shown in Table S1 allows the identification of the observed rotamers. From
the predicted structures and the corresponding rotational parameters, we may distinguish
three families. Those conformers having the COOH group in an equatorial position have
the larger values of the A rotational constant (around 3800-3900 MHz). The conformers
having the COOH group in an axial position have lower values for the A rotational
constants (around 2800-3200 MHz). A third family with a trans-COOH group in axial
arrangement, aligned with the S atom has intermediate values of A (3500-3600 MHz).
From the values of the rotational constant A, the observed rotamers belong to the first two
families. Rotamer a has a value of A = 3215.82492(41) MHz (see Table 1) being identifiable
with a form with the COOH group in axial arrangement, while rotamer b with a value
of A = 3803.26722(85) MHz can be identified with a conformer with the COOH group in
an equatorial position. The observed rotamers are expected to be the most stable forms
of SPro. The predicted most stable forms are I-ax-ce, the global minimum, II-ax-ta, and
IMl-ax-ce at 118 cm~! and 330 cm~! from the global minimum, respectively, according to
MP2/6-311++G(2d,p) calculations. B3LYP-D3/6-311++G(2d,p) calculations agree with this
energy order and predict other forms at higher energies (see Table S1). The identification of
rotamer a with conformer II-ax-ta, the most stable type II form, is straightforward based on
the reasonable agreement between the predicted and observed rotational parameters (see
Tables 1 and S1). This identification is further confirmed by the observation of intense ,-,
Hp-, and pc-type spectra which is consistent with the prediction of reasonable high values
of the three electric dipole moment components (see Table 1).

If we consider the rotational constants, rotamer b could be identified with the global
minimum [-ax-ce or with the third form in order of energy, IlI-ax-ce (see Tables 1 and S52).
Although the rotational constants seem to be non-determinant to distinguish both conform-
ers, the quadrupole coupling constants, highly sensitive to small changes in the orientation
of the N atom environment relative to the inertial axis system, indicate that the observed
form is the global minimum, conformer I-ax-ce. This assignment is confirmed by the line
intensities. In Figure 2, it is possible to observe the 2, < 1j ; transitions for the rotamers
assigned. The S/N ratio is bigger for rotamer a assigned to conformer II-ax-ta, higher in
energy, but with a value of the y, dipole moment higher than that of rotamer b, assigned
to the global minimum conformer I-ax-ce. Taking into account that conformer Ill-ax-ce
has a lower value of y, dipole moment and is more energetic, the intensity of their y, type
lines is expected to be beyond the limit of detection. Both facts confirm the assignation
of rotamer b to the I-ax-ce predicted conformer of SPro. This identification is in good
agreement with the predicted order of energies for both forms and the observation of -,
Mp-, and pic-type spectra according to the electric dipole moment predictions. However,
why does rotamer b, which corresponds to the global minimum, have a weaker spectrum
than that of rotamer 4, identified with a conformer higher in energy? The answer to this
question is on the values of the electric dipole moment components which for the global
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minimum (y, =1.0D, pp = 0.7 D, pc = 0.6 D) are predicted to be smaller than for form
II-ax-ta (pa =2.3 D, pp =2.6 D, pic = 2.9 D). The observed CP-FITMW spectral intensities
depend on the square of the corresponding dipole moment component. Using the predicted
electric dipole moment components and the measurements on relative intensities over
a series of R-branch p,- and pyp-type lines, an estimation of the relative populations in
the jet N;/Nj = 0.18 (4) is obtained. It has been shown from the rotational spectrum of
laser-ablated alanine [44] that the jet conformer relative populations can be related to those
calculated at equilibrium at the temperature of the expanding gas. The relative equilibrium
populations calculated at room temperature (298 K) from the predicted Gibbs energies
(Tables 1 and S2) for the lowest energy conformers is Ni1ax-ta/Nl-ax-ce = 0.21 in reasonable
agreement with the observed relative intensities.

Two reasons may exist for the non-observation of form IlI-ax-ce. One is the possible
jet relaxation of this conformer to the global minimum I-ax-ce in the supersonic jet. This
relaxation occurs through collisions with the carrier gas in the first stages of the expansion
when there is an intramolecular vibration connecting both forms by a potential energy
barrier below 400 cm™~! [45] or even higher (1000 cm~ 1) when there are several degrees of
freedom [46,47]. Relaxation from type III to type I forms commonly occurs in x-amino acids
without polar side chains in which type III conformers relax to type I forms through the
rotation of the COOH group [37,44]. Type III forms have been only observed in molecules
as serine [48] or cysteine [49] bearing polar side chains. The MP2/6-311++G(2d,p) potential
energy function for the rotation of the COOH group connecting I-ax-ce and IlI-ax-ce in
SPro is shown in Figure S3. The calculated barriers are higher than 600 cm ™!, but in this
case, other large amplitude vibrations such as ring-puckering vibrations may contribute
to this relaxation. A second cause for the non-observation of conformer Ill-ax-ce is the
fact that it has a predicted low population and low values of the j, and yy, electric dipole
moment components. Unfortunately, the predicted y.-type spectrum is very weak in the
explored frequency region.

2.4. Intramolecular Interactions

Aiming to have a better understanding of the nature of the possible hydrogen bond
intramolecular interactions stabilizing the conformers of SPro, we have performed quan-
tum theory of atoms in molecules (QTAIM) [50,51] analysis for the different conformers
predicted. The molecular graphs corresponding to the observed forms are given in Figure 3.
Those for the rest of the conformers are gathered in Figure S4. As can be seen from these
Figures, the QTAIM analysis of all forms corresponding to type I or type III arrange-
ments do not show any bond critical point (BCP) revealing the formation of N-H---O=C or
N-H..-O-H hydrogen bonds, respectively. On the contrary, type II conformers show all
of them BCPs and bond paths (BP) evidence of the formation of O-H---N intramolecular
hydrogen bonds. BCPs and BPs reveal also an O-H---S hydrogen bond in the form IIS-ax-ta
and Cs—H---O=C weak hydrogen bond in Ib-ax-ta, ISb-ax-ta and IIISb-ax-ta forms.

Non-covalent interaction (NCI) analyses [51,52] were also carried out for all the
predicted conformers. The results for the observed conformers are illustrated in Figure 3
and those for the rest of the conformers in Figure S5. In the scatter graphs, the y and
x-axis represent respectively the reduced density gradient (RDG) and the sign[A;(r)]o(r)
function. Each point in this graph corresponds to a point in 3D space. A,(r) is the largest
second eigenvalue of the Hessian matrix of the electron density p(r). The strength of
weak interactions has a positive correlation with the electron density in the related region;
van der Waals interaction regions always have very small values of p, while the regions
corresponding to strong steric effects and hydrogen bonding always have relatively large
values of p. Positive signs indicate repulsive interactions with a depletion of the electron
density. A negative sign of A,(r) means attractive interactions where the electron density
is aggregated as in (3, —1) bond critical points. Thus, the product of the sign of A,(r) and
o(r) allows visualizing the non-covalent interactions. The spikes in the low part of the
scatter graphs represent the non-covalent interactions present. Those on the left part of the
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graph represent attractive interactions and those on the right part correspond to repulsive
interactions. The isosurfaces give the points with RDG > 0.5. The attractive or repulsive
character and the strength of the interactions are shown in the isosurface representation
using a color code. As can be seen in the NCI Figures 3, 54 and S5 for type I or type III
forms, which did not show any BCP corresponding to hydrogen bonding, the existence of a
weak attractive region between the N-H and C=0 or O-H moieties is shown. The existence
of attractive stronger interaction regions between the carboxyl O-H and the N atom lone
pair confirms the existence of O-H:--N hydrogen bonds in type II conformers.

0.050

RDG (a.u)

0.000

-0.05

-0.03
-0.01

sign(A,)p (a.u.)

l-ax-ce

-0.050

o
=]

0.03
0.05

0.050

0.000

-0.050

-0.05

-0.01

sign(h,)p (a.u.)

ll-ax-ta

0.01
003 ™
0.05

Figure 3. Results of the NCI and QTAIM analyses for the two observed conformers of SPro in the gas phase. Three different
perspectives are shown for each conformer. Each point in the scatter graphs on the left side of the figure, corresponds to
a grid point in 3D space and represents the reduced density gradient (RDG) vs. sign[A;(r)]o(r). The spikes on the blue
(negative) side correspond to attractive interactions. Those on the red (positive) side correspond to repulsive interactions.
The points corresponding to low RDG values (green) represent weak interactions. Those with RGD < 0.5 a.u. are represented
in the isosurfaces. Bond critical points (yellow) and bond paths (orange) are also shown.

2.5. Comparison with Related Systems

The predicted structure of the observed forms is given in the Supplementary Materials
(see Table S3). Given the good agreement between the observed and calculated constants
(see Table 1), the predicted structures can be taken as reasonable descriptions of the struc-
tures of I-ax-ce and II-ax-ta SPro conformers. Both forms have the same configuration of
the thiazolidine ring with an axial N-H disposition. In Figure 4, the MP2/6-311++G(2d,p)
structures are compared to that of the 1,3-thiazolidine ring calculated at the same level.
While the most stable I-ax-ce conformer has ring dihedral angles close to those of 1,3-
thiazolidine, the values of these angles for conformer II-ax-ta evidence the distortion of the
five-membered ring. In the most stable form, the COOH group adopts an equatorial struc-
ture that minimizes interactions. In II-ax-ta form, the O-H:--N hydrogen bond interaction
stabilization compensates the increase in energy caused by ring-puckering distortions. As
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shown in Figure 4, both SPro forms can be interconverted via a concerted motion involving
ring-puckering vibrations and N-H inversion, the same concerted motion that inverts the
structure of 1,3-thiazolidine, together with a rotation of the COOH group which else passes
from the cis-COOH configuration (OH:--O=C intramolecular group interaction) to the
trans-COOH configuration (HOC=0 without intramolecular group interaction) disposition.

1,3-thiazolidine thioproline

ZH-N-C,-Cy= 73.0°
£N-C,-Cy-5,=-15.3°

ZN-Cy-S,-Cy= 33.8°

l-ax-ce

ZH-N-C,-Cy= £69.0°
ZN-C,-Cy-5,=-16.1°
£N-Cy-5,-Cy= 34.7°

e K

ll-ax-ta

ZHN-C,-Cy=-77.1°
ZN-C,-Cy5,=-22.2°
ZN-CyS,-Cy=24.7°

Figure 4. The structures of the two observed forms I-ax-ce and II-ax-ta of SPro are compared to the
structure of 1,3-thiazolidine. As can be deduced from the figure these two forms can be interconverted
via a concerted movement involving ring puckering and N-H inversion also involved in the inversion
of the structure of 1,3-thiazolidine. The figure gives the values of some dihedral angles calculated at
MP2/6-311++G(2d,p) level reflecting ring configuration.

The two forms observed for isolated SPro are comparable to those observed for the
reference x-amino acid Pro for which four conformers were detected [31,32]. The Pro global
minimum and the next conformer in order of energy have the same type II arrangement of
the acid and amino groups as in form Il-ax-ta, that is, the acid group shows a trans-COOH
configuration and forms an O-H---N hydrogen bond to the nitrogen atom lone pair. The
only difference between these two Pro conformers lies in the pyrrolidine configuration
which adopts a Cy-endo bent configuration for the global minimum and a C,-exo bent
configuration for the second conformer in order of energy. According to our scheme, the
Pro global minimum would be labeled I-ax-ta-C-endo and the second form II-ax-ta-C -exo,
so they have the same spatial arrangement of the amino and acid groups in the second
most stable form of SPro. The second pair of observed conformers have higher energies
(745 and 780 cm ™! predicted at MP2/6-311++G(d,p) level) relative to the global minimum.
These forms have a type I arrangement of the amino and acid groups similar to that of the
I-ax-ce form of SPro and correspond to the two possible C,-endo and C,-exo configurations
of the pyrrolidine ring. These would be labeled as I-ax-te-C, -endo and I-ax-te-C., -exo and
differ from the most stable form of SPro, I-ax-ce, in the orientation of the COOH group. In
Pro, as occur in SPro, type III forms were not observed. The substitution of the C,, carbon of
Pro by an S atom that forms a thiazolidine ring in SPro has two important consequences in
the structure of the x-amino acid. First, it changes the conformational properties reducing
the number of configurations of the ring, and second, it reverts the relative energies of
type I/type II conformers. In Pro, the global minimum is a type II form while the more
stable type I conformers are at moderately high energies. In Spro, the global minimum has
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a type I arrangement but the next stable type II form is predicted to be not very far from it
in energy. Similar situations were found when comparing serine [48] and cysteine [49].
To study the possible conformations in solution, we examined the 'H-NMR and
13C-NMR spectra for 0.1 M solutions performed in D,O and DMSO-dy (see Figure S7). The
'H-NMR spectra of thioproline obtained at pH 7.0 show only one conformation in both
'H-NMR and 3C-NMR. Only a vicinal coupling constant is observed in the spin system,
the dihedral angles corresponding to the observed conformation have not been calculated.
In a previous paper [53], the authors show that at pH 6.1, the thiazolidine ring fluctuates
rapidly between two extreme and equally probable conformations. Only one conformer
of zwitterionic SPro was observed in the solid state by using X-ray diffraction [30]. The
solid-state structure retrieved from the Cambridge Structural Database (DSD) [54] can be
seen in Figure 5 where the zwitterionic structure is compared with that of the observed
neutral forms observed in the gas phase. The ring conformation of the zwitterionic form
corresponds approximately to an S, -endo bent configuration while in neutral forms the bent
atom is nitrogen. This change in the ring conformation is induced by the transformation
of cyclic secondary ammonium to a cyclic secondary amine. When SPro forms part of a
peptide, it further affects the conformation of the ring since the peptide bond formation
implies the transformation of an amine with a pyramidal structure to an amide which tends
to be planar as can be observed in Figure 5, where the structure of KNI-272 [28] (RSCB
Protein Data Bank [55]) observed when complexed to HIV protease is shown. Thus, the
conformation of the SPro thiazolidine ring depends on the functional group associated
with the endocyclic nitrogen atom, which can be an ammonium group in the zwitterionic
form, and amine in isolated SPro, or an amide when the amino acid forms part of a peptide.

|-ax-ce

W

Peptide
Complexed KNI-272

Condensed Phase

Gas Phase

Figure 5. The MP2/6-311++G(2d,p) structures of the two observed forms I-ax-ce and II-ax-ta of SPro
are compared to that of the single conformer observed from X-ray diffraction for the zwitterionic
form [30,54] (Condensed Phase) in the solid state and with the structure of the SPro fragment observed
for KNI complexed to the HIV protease (Peptide complexed KNI-272) [28,55].

3. Methods
3.1. Experimental

A commercial sample of SPro (m.p. 200 °C) was used without further purification.
The rotational spectrum was recorded in the 2-8 GHz using a chirped-pulse Fourier
transform microwave spectrometer (CP-FTMW) [56] which follows Pate’s design. A new
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laser ablation source has been incorporated into this instrument [38]. The laser ablation
nozzle consists of a standard solenoid valve with the nozzle adapted to a homemade
extension cap as described elsewhere [38]. A solid rod of the sample was prepared by
grinding the sample and mixing it with a small amount of Cu powder [57] which is pressed
to form cylindrical rods of about 1 cm in diameter. The sample rod is held in a channel
of appropriate dimensions perpendicular to a small cylinder tube coaxial with the nozzle
through which the carrier gas expands (Ar at backing pressures of 2 bar). A small orifice
intersecting the gas and sample channels allows the surface of the sample rod to be exposed
to the focused laser pulses while the gas expansion drags the laser-vaporized molecules
into the supersonic jet. The focused laser beam enters into the nozzle through a channel
mutually perpendicular to the gas and sample channels, so that the laser beam crosses the
gas channel and hits the sample. The sample rod is continuously rotated and translated
back and forth by a stepper motor to ensure that the focused laser pulses hit at a fresh
sample surface during all the acquisition time, minimizing the problem of shot-to-shot
fluctuation and allowing maximum exploitation of the rod sample. In this work, we used
the second (A = 532 nm) and third harmonic (A = 355 nm) of an Nd:YAG pulsed laser
(Quantel Q-smart 850, 5.2 ns pulse width) with pulse energies of about 20 mJ/pulse.

The CP-FTMW spectrometer was operated at a repetition rate of 5 Hz following
the operation sequence previously described [38] and using gas pulses of 700 ps. Delays
between the gas pulse trigger and the laser shot were optimized to have a maximum
signal. The vaporized sample is dragged by the gas flow which expands into the vacuum
chamber. A chirped pulse of 5 ps exploring a 2 GHz region between 2 and 8 GHz is created
by an arbitrary waveform generator and amplified to 20 W. This polarization radiation
is emitted by a horn antenna in a direction perpendicular to that of the expanding gas.
Once the excitation pulse finishes, the molecular transient emission signal is detected
through a second horn, recorded in an interval of 40 us with a digital oscilloscope, and
Fourier-transformed to the frequency domain. The molecular polarization and detection
processes are repeated up to eight times per molecular expansion, obtaining up to eight
averaged spectra in each molecular jet pulse. This sequence is repeated as soon as the
chamber recovers the vacuum conditions to form a new optimum supersonic expansion.
The accuracy of the frequency measurements is better than 10 kHz.

The 'H-NMR (400 MHz) and 3C-NMR (101 MHz) spectra were registered with an
Agilent Technologies spectrometer, taking as reference the residual signal of the solvent.

3.2. Theoretical

The possible conformers adopted by SPro in the gas phase have been investigated
by using CREST [40] and following chemical intuition based on the configuration of
thiazolidine [39] and the possible interactions between the carboxylic and amino groups.
Structure optimizations of the initial forms were then carried out using density functional
theory performed using B3LYP hybrid functional [58] with the 6-311++G(2d,p) [59] basis
set and including GD3 [60] empirical dispersion corrections. The geometries of most
stable conformers were also optimized at MP2/6-311++G(2d,p) level [61]. Vibrational
frequencies were also calculated for the low energy forms at this level from a harmonic
force field. These calculations, performed with the G16 package [62], provided the energies
and the parameters needed to predict the rotational spectra, that is, the rotational and
quadrupole coupling constants, the centrifugal distortion constants, and the components
of the electric dipole moment along the inertial axes. To obtain more insight into the nature
of the intramolecular interactions responsible for the stabilization of the different forms we
have studied the electron density employing the quantum theory of “atoms in molecules”
(QTAIM) [50] and noncovalent interaction (NCI) [52] analyses using Multiwfn program [51]
using the B3LYP-D3/6-311++G(2d,p) results.
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4. Conclusions

In this study, we have observed for the first time the rotational spectrum of laser-
ablated SPro. Two forms of the c-amino acid have been characterized and identified with
the help of DFT and ab initio calculations. Both conformers have a ring configuration close
to that of the related compound thiazolidine. The ring has a mixed bent/twisted form with
the N atom bent and the N-H bond having an axial configuration. The most abundant and
stable conformer has the COOH group in an axial configuration, being on the same side of
the ring as the N-H bond. The arrangement of the C=0O group with the N-H bond gives
rise to a weak interaction which has been characterized from an NCI analysis. Although
this interaction does not correspond to a hydrogen bond, the conformer has been identified
as having a type I interaction. The second conformer with a trans-COOH group in an axial
position is forming an O-H---N hydrogen bond which allows classifying this conformer
as a type Il form. For the related coded amino acid Pro, two type I and two type II forms
have been observed differing in the ring configuration. Interestingly, the stability of the
equilibrium type I/type II forms is inverted in SPro relative to Pro. Comparison with the
structures of the zwitterionic and peptidic forms show that the structure of the ring is
conditioned by the function associated with the N atom.

Supplementary Materials: Complete reference [62]; Figures S1 and S2 show the different conformers
of SPro found by exploring the potential energy surface with quantum chemistry methods. Figure S3
shows the potential energy function for the internal rotation of the COOH group interconverting two
low-energy forms. Figures 54 and S5 give the results of NCI and QTAIM analysis on all predicted
forms. Figure S6 gives the atom numbering scheme. Figure S7 shows the NMR spectrum of SPro.
Tables S1 and S2 list the spectroscopic parameters and energies predicted for the different conformers.
Table S3: r. structure. Tables S4 and S5: observed frequencies and residuals.
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