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An integrated experimental-computational strategy for the accurate characterization of the conformational landscape
of flexible biomolecule building blocks is proposed. This is based on the combination of rotational spectroscopy with
quantum-chemical computations guided by artificial intelligence tools. The first step of the strategy is the conformer
search and relative stability evaluation performed by means of an evolutionary algorithm. In this step, last generation
semiempirical methods are exploited together with hybrid and double-hybrid density functionals. Next, the barriers
ruling the interconversion between the low-lying conformers are evaluated in order to unravel possible fast relaxation
paths. The relative stabilities and spectroscopic parameters of the “surviving” conformers are then refined using state-
of-the-art composite schemes. The reliability of the computational procedure is further improved by the inclusion of
vibrational and thermal effects. The final step of the strategy is the comparison between experiment and theory without
any ad hoc adjustment, which allows an unbiased assignment of the spectroscopic features in terms of different con-
formers and their spectroscopic parameters. The proposed approach has been tested and validated for homocysteine,
a highly flexible non-proteinogenic a-amino acid. The synergism of the integrated strategy allowed the characteriza-
tion of five conformers stabilized by bifurcated N-H; - - - O=C hydrogen bonds, together with an additional conformer
involving a more conventional HN- - - H-O hydrogen bond. The stability order estimated from the experimental intensi-
ties as well as the number and type of conformers observed in the gas phase are in full agreement with the theoretical

predictions. Analogously, a good match has been found for the spectroscopic parameters.

I. INTRODUCTION

Gas-phase studies of biomolecule building blocks pro-
vide vital information about their intrinsic stereo-electronic
properties: the absence of any solvent or, more generally,
non-innocent environment allows extracting all the structural
and spectroscopic characteristics without any strong exter-
nal perturbation'3. This is the most natural framework
for accurate quantum-chemical (QC) computations and high-
resolution molecular spectroscopy, but a number of difficul-
ties have to be faced for medium-sized flexible molecules.
From the theoretical point of view, the effective exploration of
flat potential energy surfaces (PESs) and the characterization
of their stationary points become prohibitive using the local
optimization methods implemented in the current QC soft-
ware. Furthermore, the size of the systems and the number
of different structures to be investigated prevent the system-
atic use of very accurate, but very expensive state-of-the-art
QC methodologies*. In this connection, the ongoing develop-
ment of accurate yet effective composite schemes® and pow-
erful PES exploration methods based on artificial intelligence

¥ Contributed equally to this work

(AI)® are paving the route toward robust approaches, also ex-
ploitable by non specialists. From the experimental point of
view, owing to recent developments and refinements’™, the
supersonic-jet expansion (SE) technique'® possibly coupled
to laser ablation (LA)>'! has been extending the field of ap-
plication of high-resolution molecular spectroscopy'>!3. In-
deed, LA allows the gas-phase study of compounds with high
melting points, whereas the relevant cooling of the transla-
tional, rotational and vibrational degrees of freedom of the
species in the SE of gases increases the intensity of the spec-
tral signals. This also leads to a considerable simplification
of the spectrum because of the increased population of low-
lying states, thus allowing the investigation of the most sta-
ble conformers. Therefore, microwave (MW) spectroscopy
combined with LA and SE is one of the few techniques that
allow detailed structural, energetic and spectroscopic charac-
terizations of flexible, medium-sized biomolecules. However,
a potential drawback of SE related to its intrinsic cooling pro-
cess, is the number and nature of conformers that can be ac-
tually investigated. A very illustrative example of conformer
inter-conversion in SEs was offered by Miller et al.,'* who de-
scribed how the original conformer distribution could change
during the cooling process through either vertical collapse or
conformer inter-conversion. The latter process leads to a bi-
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ased picture of the system thermochemistry because of “miss-
ing” conformers'>~!7. Nevertheless, the degree to which inter-
conversion occurs during the cooling associated to SE can be
fully explained by the intra-molecular PES of the species un-
der investigation. This peculiar behavior must be considered
when studying flexible systems characterized by rugged con-
formational landscapes of high dimensionality'8-20.

Although several studies of biomolecule building blocks
have been performed (see e.g. refs. 16—-18,21-25), the compu-
tational characterization of PESs is usually restricted to more
or less systematic searches of energy minima employing ge-
ometries (when not also energies) of limited accuracy. These
approaches do not allow the a priori prediction of the spec-
troscopic outcome, but only its a posteriori interpretation in
terms of agreement between experimental and computed spec-
troscopic parameters for a reduced number of conformers,
which are not necessarily the most stable ones. In this lat-
ter case, the a posteriori analysis might lead to misleading
interpretation, with any unbiased disentanglement of the con-
formational landscape becoming impossible. Based on these
premises, we have decided to develop and validate a fully
integrated strategy combining artificial intelligence, state-of-
the-art quantum chemistry and microwave spectroscopy for
the quantitative description of the PES of flexible systems
in the gas phase in terms of both energy minima and inter-
conversion paths.

With the aim of illustrating the proposed strategy at work,
we will make specific reference to isolated amino acids,
whose conformational behavior is ruled by backbone (¢’ =
LP-N-C*-C’, vy = N-C*-C’-OH and o = C*-C-O-H,
with LP denoting the nitrogen lone-pair) and side-chain (o)
torsional angles (see Figure 1). We prefer to use ¢ labels
in place of the more customary ) ones in order to avoid any
ambiguity with the elements of the quadrupole coupling ten-
sor (vide infra). Furthermore, the presence of two hydrogen
atoms and the consequent non planarity of the NH, moiety
suggest the use of the ¢’ dihedral angle in place of its standard
¢ = H-N-C*-C’ + 180° counterpart (with ¢’ = ¢ + 120°).

The most stable structures of amino acid backbones involve
the formation of hydrogen bonds between the COOH and NH;
moieties. According to the intramolecular interactions estab-
lished and the values of the torsional angles introduced above,
conformers can be classified as I (bifurcated NH; - - - O=C hy-
drogen bond, ¢’ =~ 180°, ¥ ~ 180°, ® ~ 180°), II (N---H(O)
hydrogen bond, ¢’ ~ 0°, v =~ 0°, ® = 0°), or III (bifurcated
NH; - - - OH hydrogen bond, ¢’ ~ 180°, y =~ 0°, @ =~ 180°)>%.
Noted is that the type I hydrogen bridges can be formed for
both @ ~ 0° and @ ~ 180°, with the latter value being intrinsi-
cally preferred by the carboxylic moiety. The standard g, t and
g~ labels are employed to denote the staggered conformers for
each dihedral angle in flexible side chains (o; ~ 60°,180° or
—60°, respectively).

In view of the discussion above, we have selected as test
case homocysteine (see Figure 1), a non-proteinogenic «-
amino acid that plays a vital role as an intermediate in gen-
erating other amino acids and biomolecules.?” Its structure is
similar to that of methionine, but the presence of the SH moi-
ety in place of the SCHj3 group (see Figure 1) might give rise

to additional backbone / side-chain hydrogen bonds. At the
same time, the inclusion of an additional methylene group in
the side-chain of homocysteine with respect to cysteine (see
Figure 1) increases the challenge because, on the one hand, a
larger number of low-energy conformers is expected and, on
the other hand, additional relaxation pathways are possible.

Il. RESULTS AND DISCUSSION

The first step of our computational strategy is to find and
characterize all low-energy minima, with special reference
to their relative stability. The PESs of flexible systems are
typical examples of rugged high dimensional surfaces, where
convex optimization methods undergo premature convergence
and approaches based on systematic scans become extremely
expensive due to the combinatorial explosion (at a 30° res-
olution, a complete sampling of the conformational space
of homocysteine would involve 12 points). Therefore, we
have further refined a two-step algorithm rooted in the Island
Model evolutionary algorithm® and driven by the PROXIMA
library?8, which has proven to be extremely effective for sev-
eral flexible molecules (details are provided in the Supporting
Information, SI)29.

The initial exploration phase involved three replicas, each
consisting of about 4000 constrained geometry optimiza-
tions, employing a low-cost (GFN2-XTB3") semi-empirical
method. Then, a first reduction to about 1000 structures was
obtained by applying a threshold of 1250 cm™! (15 kJ mol~ ')
with respect to the absolute energy minimum. These candi-
dates were compared with each other in terms of the root-
mean-square deviations of heavy atom positions and rota-
tional constant. The 300 structures surviving after this se-
lection were further reduced to 22 by clustering procedures
(see SI for details). Subsequently, full geometry optimiza-
tions at the PW6B95/jul-cc-pV(D+d)Z level3' 33, also includ-
ing Grimme’s D3BJ dispersion correction’* (hereafter, this
level of the theory is referred to as PW6), led to the relax-
ation of 6 structures to adjacent energy minima, thus leav-
ing 16 conformers spanning an energy range of about 1000
cm~! (11 kJ mol™"). Their geometries were further refined at
the rev-DSD-PBEP86-D3/jun-cc-pV(T+d)Z level (hereafter
tDSD)32:33:35 The number of conformers was then increased
to 17 after additional exploration of staggered orientations
around the o3 dihedral angle (required to analyze possible re-
laxation paths, vide infra) at the rDSD level, which showed
that the Ig~ g™t structure is an energy minimum at this level
of theory. Other computational methods (PW6B95, B3LYP-
D33436 and Mgller-Plesset perturbation theory to the second
order, MP2%’, all in conjunction with the jun-cc-pV(T+d)Z
basis set’>33, hereafter denoted as PW6TZ, B3 and MP2,
respectively) were also considered for comparison purposes
(see details in the SI). This composite strategy allows for
strongly reducing the number of costly geometry optimiza-
tions by hybrid and, especially, double-hybrid functionals
without any loss of accuracy in the final results. In any case,
we were left with 17 conformers lying (at the rDSD level)
within 700 cm™ (about 8 kJ mol~!) above the absolute en-
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FIG. 1. Structure and main dihedral angles of a generic amino acid, with R denoting the side-chain (CH,SH, CH;,-CH,-SH and CH;-CH;-
SCH3 in the case of cysteine, homocysteine, and methionine, respectively). See main text for further details.

ergy minimum (see Tables S2 and S3 of the SI), thus pointing
out the significantly larger flexibility of homocysteine with
respect to cysteine®!'®2.  Interestingly, computational lev-
els often employed in this type of studies (i.e. B3 and/or
MP2) strongly alter the rDSD trends (see Figure 2 and Ta-
ble S2 of the SI). To give an example, at the rDSD level,
the most stable conformer is Ig~g~g~, whereas it is Iltgg™
at the MP2 level and IIlg~g~ g~ at the PW6, PW6TZ and
B3 levels. Even the number of stable minima lying below
a given energy threshold was found to strongly depend on
the level of theory. This situation prompted us to refine the
relative energies by performing very accurate single-point en-
ergy computations on top of the rDSD geometries. These im-
proved energy evaluations exploited the so-called CBS+CV-
F12 composite scheme, which involves calculations using ex-
plicitly correlated (F12) techniques®. In details, electronic
energies were computed using the CCSD(T)-F12b(3C/FIX)
method?**! (hereafter simply referred to as CCSD(T)-F12),
within the frozen-core (fc) approximation, in conjunction with
the cc-pV(n+d)Z-F12 (with n=D,T) orbital basis sets*? and the
corresponding auxiliary basis sets. Extrapolation to the com-
plete basis set (CBS) limit was then carried out by exploit-
ing the standard n~3 two-point formula*® and the core-valence
(CV) correlation contribution was incorporated as difference
between all-electron (ae) and fc CCSD(T)-F12 calculations,
both in the cc-pCV(D+d)Z-F12 basis set**. Further details
are given in the SI. The agreement between the energies ob-
tained at this level and the corresponding rDSD values (see

Figure 2 and Table S2 of the SI) is indeed remarkable with
mean and maximum errors being 12.4 and 38.1 cm~! (0.15
and 0.46 kJ mol~!), respectively. This finding gives further
support to the use of the rDSD model for the evaluation of
structures and spectroscopic properties. Noted is that the er-
rors are about one third of those shown by the MP2 and B3
counterparts, and only rDSD does not present any significant
stability inversion with respect to the CBS+CV-F12 order.

The next step of the proposed strategy is to proceed from
electronic energy differences to the corresponding enthalpies
at 0 K (AHp) and Gibbs free energies at room temperature
(AG®), with rDSD harmonic frequencies being employed to
compute zero point energies (ZPEs) and vibrational partition
functions (see Table S4 of the SI). This step leads to significant
changes in the trend issuing from relative electronic energies
(see Figure 2 and Tables S2, S4 of the SI) and, in particu-
lar, to the destabilization of all the conformers showing type
IT hydrogen bridges. Indeed, only one of them (IIg" g g™)
still lies within 600 cm~! above the most stable (i.e. lowest
free energy) conformer. Since the Ig~gg™ conformer is also
slightly destabilized, we are left with 12 conformers possibly
detectable in MW experiments (see Figure 3 and Table S2 of
the SI).

To allow the comparison with experiment, together with ge-
ometries (straightforwardly providing equilibrium rotational
constants) and harmonic frequencies, also dipole moments,
nuclear quadrupole couplings and quartic centrifugal distor-
tion constants were computed at the rDSD level (see Tables
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FIG. 2. Comparison between the relative stability of low-lying cysteine conformers obtained at different levels of theory. Conformers marked
with a dagger relax to more stable conformers. AG values are obtained from CBS+CV-F12 electronic energies (see text).
the rDSD geometrical parameters with the so-called linear re-

gression approach (LRA)*. Within the latter, systematic er-

rors affecting bond lengths and valence angles are corrected
based on linear regressions, whose parameters were derived

S4, S5 and S6 in the SI), whereas the anharmonic contribu-
from a large database of accurate semi-experimental equilib-

tions, required for going from equilibrium to effective rota-
4546 were computed at the PW6 level (see Ta-

tional constants
ble S5 in the SI). More accurate structures, and thus improved
equilibrium rotational constants, were obtained by correcting
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rium geometries*® (see Table S5 of the SI).

As mentioned above, conformational relaxation can take
place under the experimental conditions whenever the energy
barriers ruling the interconversion are sufficiently low, with
an upper limit of about 400 cm™' (4.8 kJ mol!) being usu-
ally employed for discriminating in rotational spectroscopy of
amino acids and related compounds'>~!7. With the aim of un-
derstanding which conformational relaxations can take place,
we performed relaxed torsional scans at the rDSD level in
order to obtain preliminary information on low-energy inter-
conversion paths. Next, after full geometry optimizations, the
second-derivatives of the energy with respect to Cartesian co-
ordinates (Hessian matrices) of the most significant transition
states were computed at the rDSD level. Some of the tor-
sional scans performed are graphically represented in Figure
4, whereas the rDSD dihedral angles and imaginary frequen-
cies of the most significant transition states together with their
relative energies (both rDSD and CBS+CV-F12) are given in
Tables S3 and S7 of the SL.

The results show that rotation of the SH group (o3 dihedral
angle) from the less stable trans arrangement to the preferred
gauche ones is always ruled by a negligible energy barrier,
so that the Ig~tt conformer can easily relax to either Ig~tg or
Ig~tg™. In the same way, the Ig~ g™t conformer can easily
relax to Ig~g~g~, whereas a barrier of more than 650 cm™!
separates the Ig~tg™ conformer from Ig™tg, thus allowing the
detection of both forms in the gas-phase mixture. The same
applies to the conversion of Ig~ g~ g into I[g~ g~ g™, which re-
quires to overcome a barrier of about 600 cm’!, largely suf-
ficient to trap both structures during the expansion, thus al-
lowing their detection. Conversion of type III into type I con-
formers can occur via rotation around the y dihedral angle.
Contrary to the case of cysteine'®, in homocysteine this pro-
cess is ruled by low energy barriers (below 100 cm™!) due to
the lack of any constraint from the side chain, because the SH
moiety is not involved (unlike cysteine) in any significant hy-
drogen bond with other polar groups. As a consequence, the
Illg~g~ g~ and IlIg~ g~ g conformers relax to I[g~g~ g~ and
Ig~ g™ g, respectively. Conversion of type II structures into
other conformers involves concerted rotation around at least
two dihedral angles, with the corresponding minimum energy
paths being ruled by energy barriers sufficiently high to trap
the IIg~tg™ conformer, thus allowing its detection. The ZPE-
corrected energies of some minima lie above or very close to
those of the corresponding transitions states (365.9 vs. 314.6
em~! for Ig~g™t; 636.6 vs. 550.0 cm~! for Ilg—g~g~, and
638.4 vs. 618.7 cm~! for Illg~g~g). As a consequence, these
isomers cannot be trapped even at very low temperatures,
whereas gas-phase vibrational studies*’ (but not MW exper-
iments) could possibly characterize the Ig~ g™t conformer,
whose ZPE-corrected energy lies marginally below that of the
pertinent TS (505.4 vs. 593.5 cm™!). The final picture of the
observable low-lying conformers of homocysteine is summa-
rized in Figure 3.

Since the barrier height provides crucial information on
whether a conformer can be observed or not, it is important
to point out that, in the present case, the QC approaches usu-
ally employed in conformational studies (e.g., B3 and other

hybrid functionals or MP2) tend to fail in locating challeng-
ing low-energy minima and/or reproducing the correct stabil-
ity order of the others (also including the most stable one).
On the contrary, the double-hybrid rDSD model performs re-
markably well in this connection and in correctly evaluating
the energy barriers ruling interconversion paths (see Figure 2
and Tables S2 and S7 of the SI). As a matter of fact, the rDSD
level provides for transition states mean and maximum abso-
lute errors, with respect to the CBS+CV-F12 reference (15.1
and 37.7 cm~ !, i.e., 0.18 and 0.45 kJ mol ™), that are compa-
rable to those noted for minima (12.4 and 38.1 cm ! ie,0.15
and 0.46 kJ mol~!) and to those obtained at the CCSD(T)-
F12/cc-pV(D+d)Z-F124042 level, hereafter referred to as DZ-
F12 (15.1 and 28.5 cm ! ie., 0.18 and 0.34 kJ mol ™).

According to both rDSD and CBS+CV-F12 results, the
most populated conformer of homocysteine is Ig7 g7 g™,
which is stabilized by a bifurcated hydrogen bond between
the two aminic hydrogen atoms and the carboxylic group, with
the latter in a cis conformation (@ = 180°). The close simi-
larity of Ig~tg™ and Ig~tg conformers (see Tables S2 and S3
of the SI) prompted us to reoptimize their geometry (together
with that of the most stable Ig~ g~ g~ conformer) at the very
reliable DZ-F12 level, also including CV contributions at the
MP2-F12/cc-pCV(D+d)Z-F12 level (hereafter DZ-F12+CV).
The results, collected in Tables S3 and S5 of the SI, show
that the rDSD and DZ-F12+CV dihedral angles are very sim-
ilar to each other and that the LRA corrections applied to
rDSD bond lengths and valence angles provide rotational con-
stants very close to the DZ-F12+CV counterparts. Further-
more, vibrational corrections to rotational constants have been
computed for two representative conformers (Ig~g~g~ and
IIg~g~g™) at the rDSD level. It is noteworthy that the re-
sults are very similar to the PW6 counterparts for the type-II
structure, whereas a larger correction is obtained for the type-I
structure (see Table S5 of the SI). In order to take this effect
into account in the comparison with experimental data (vide
infra), the vibrational corrections of all the other type-I con-
formers have been scaled by the ratio between rDSD and PW6

results for the Ig~ g~ g™ prototype.

In general terms, homocysteine follows the trend observed
for all but one of the aliphatic amino acids studied till now,
namely that type I conformers are more populated than the
type II counterparts.'® Type IIT structures have been de-
tected in MW experiments only in the presence of conjugative
effects®® or when polar side chains can form additional hy-
drogen bridges with the backbone?18:2149. in all these cases,
they are the least populated forms. The inhability of the ho-
mocysteine side chain to form strong hydrogen bonds with the
backbone is confirmed by the comparable values for the rela-
tive electronic energies of the structures of type II and III with
respect to the absolute energy minimum (of type I) obtained
for homocysteine (e.g., 167.7 and 557.5 cm™! for llg~g g~
and IlIg~ g~ g~ with respect to Ig”g~g™) and glycine (191.4
and 621.9 cm™! for IT and IIT with respect to I at the CBS+CV
level, albeit using slightly different composite schemes®®).

In conclusion, eight conformers are expected to be de-
tectable for homocysteine, with six structures of type I and
two conformers of type II. However, the population of the
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II 1) Rotation
OH..-N
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FIG. 3. Predicted low-energy conformers of homocysteine. The conformers not involved in effective relaxation paths are highlighted by red
dotted frames, with the arrows indicating the preferred isomerization paths. Blue frames highlight structures not involved in relaxation paths
and not experimentally observed. Relative CBS+CV-F12 electronic energies and (in parentheses) Gibbs free energies at room temperature in

cm~! are also reported.

Iltgg™ conformer could be too low to allow its unequivocal
detection and the very similar spectroscopic parameters of the
Igtg and Igtg™ conformers could hamper the disentanglement
of the contributions of the latter one. The computed AG® (see
Table S2 of the SI) lead to populations decreasing in the order
Ig7g g >Igrgrg>Igtg>Igtg >1lg g g > Igtg
~ Igtg™ > Iltgg™. The picture issued from our fully a pri-
ori predictions is thus very different from that of the parent
cysteine amino acid, where six conformers were actually de-
tected, with all backbone hydrogen bond-type structures (I, I
and IIT) observed!8. Noted is that not all the detected conform-
ers of cysteine are among the six most stable ones predicted
by accurate QC computations? and the lack of any relaxation
path characterization does not allow further analysis.

The large number of conformers and the unusual sensitivity
of the results to the computational level make homocysteine
the perfect test for the integrated experimental-computational
strategy purposely set up for biomolecule building blocks. In-
deed, it allows us to stress the importance of combining the
AI/QC analysis with experimental data in order to unambigu-
ously elucidate the problem.

In view of its high melting point (m.p. 233C), neutral ho-
mocysteine molecules have been brought in the gas phase us-
ing the LA technique. The latter combined with a chirped-
pulse Fourier transform MW spectrometer (CP-FTMW)>1->2
permitted the recording of the rotational spectrum of ho-
mocysteine in the 6.0-12.0 GHz frequency region, which is
shown in Figure 5. Its analysis allowed us to characterize
six rotamers, labeled as LM, N, O, P, Q, whose rotational
parameters are collected in Table I. For some conformers,
the assignment straightforwardly proceeded owing to the very
good agreement between experimental and computed rota-
tional constants. In detail, rotamer L was easily assigned to
the Ig~ g~ g™ structure and rotamer Q to Igtg. Instead, the ex-
perimental rotational constants of rotamers N and O are close
to each other and required a deeper analysis. For both con-
formers, we measured strong a-type transitions, but only the
rotamer N shows moderate transitions of - and c-types. On
the contrary, rotamer O shows weak c-type transitions but no
b-type transitions. These outcomes are in good agreement
with the calculated electric dipole moments for the Ig™tg and
Ig~tg™ structures, respectively. Analogously, the rotamer P
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TABLE 1. Experimental spectroscopic constants for the six observed rotamers of homocysteine, together with the computed relative energies

and spectroscopic parameters of the six most stable energy minima.

Exp.? L M N o) P Q

Ay 3132.1285(20)"  3279.338(69) 3448.9350(12) 3462.2693(36) 3260.8978(10) 2713.3895(54)

By 865.73549(25) 848.87390(20) 719.16486(21) 717.92241(56) 843.482212(98) 871.0027(28)

Co 768.52872(25) 772.24934(12) 644.48207(20) 645.32222(35) 768.94684(12) 779.2561(36)

Ay -0.0941(27) Not determined. -0.0000353(30) Not determined -0.0896(10) Not determined

Ajk -0.45(11) Not determined -0.000757(67) Not determined  -1.128(48)  Not determined

Xaa -3.3067(83) -4.0533(128) -3.2402(35) -4.1007(30) -3.0631(43) Not determined

Abb 1.8925(67) 2.5207(207) 1.9421(25) 2.1745(38) 2.0811(36) Not determined

Xee 1.4142(67) 1.5327(207) 1.2981(25) 1.9261(38) 0.9820(36)  Not determined

Uq Observed Observed Observed Observed Observed Observed

Up Observed Not observed Observed Not observed Observed Not observed

Ue Observed Observed Observed Observed Observed Observed

Computed Ig7g g™ Ig7g g Ig7tg Ig7tg™ Illg~g g Igtg

Af 3127.5 3305.5 3436.5 34133 3258.2 27134
(3128.3) (3444.5) (3422.1)

Bg 863.0 846.9 718.9 712.6 840.6 861.5
(865.5) (719.5) (713.1)

C§ 766.6 776.7 645.4 643.2 766.8 777.0
(768.7) (645.8) (643.6)

Ay -0.1003 -0.0791 -0.0417 -0.0417 -0.0739 -0.1297

Ajx -0.501 -0.865 -0.507 -0.530 -1.347 -1.184

Xaa -3.68 (-3.64) -4.35 -3.29 -3.33(-3.30)  -2.99 (-3.33) -0.98

Abb 1.88 (1.86) 2.51 1.92 1.89 (1.90) 1.94 (1.87) 0.02

Xee 1.80 (1.69) 1.84 1.37 1.44 (1.40) 1.45 (1.47) 0.96

Uq 0.65 1.09 1.60 1.58 -3.18 1.63

Up 1.11 -0.28 -1.16 -0.20 2.72 -0.03

Ue 0.89 -0.44 1.44 0.74 -1.71 -1.16

AEZI 0.0 26.1 255.8 3279 167.7 483.5

AHgd’e 0.0 59.0 226.4 292.6 283.3 482.4

AGedS 0.0 63.8 180.5 229.0 385.6 444.9

@ Ag, By, and Cy are the rotational constants (in MHz); A; and &) are two quartic centrifugal distortion constants (in kHz); )aa, Xbb» and . are the diagonal elements of the N
nuclear quadrupole coupling tensor (in MHz); i, iy, and g, are the electric dipole moment components (in debye). ” Standard errors are shown in parentheses in units of the last
digits. © The rDSD structural parameters corrected using the LRA approach (see text) led to the equilibrium rotational constants, then corrected for the vibrational corrections. In
parentheses, the effective rotational constants obtained from CBS+CV-F12 geometries with the same vibrational corrections. Quartic centrifugal distortion, nitrogen quadrupole
coupling constants and dipole moment components are at the rDSD level, with the exception of the values in parentheses, which were obtained at the CCSD(T)/jun-cc-pV(T+d)Z
level also including CV contributions at the MP2/aug-cc-pwC(T+d)Z level. ¢ Electronic energy at the CBS+CV-F12 level. ¢ harmonic rDSD ZPE correction. / rDSD thermal

contributions.

can be distinguished from M because of b-type transitions,
which are only possible for the former species. Thus, the

rotamer P is assigned to IIgT g~ g~ and the rotamer M to

Ig7g g

The presence of one 14N nucleus, which has a non-
vanishing quadrupole moment, allows for gaining further in-
formation on the conformer structures. The quadrupole mo-
ment interacts with the electric field gradient at the nucleus,
thus leading to the so-called nuclear quadrupole coupling,
which determines the splitting of the rotational energy lev-
els and, as a consequence, the splitting of the rotational
transitions (hyperfine structure).>? In homocysteine, nitrogen
quadrupole coupling constants provide accurate information
on the orientation of the NH;, group. For this reason, in a
second step, some transitions assigned in the LA-CP-FTMW
spectrum were measured using the LA-MB-FTMW spectrom-
eter (MB standing for Molecular Beam)3*, which is charac-
terized by higher sensitivity and resolution with respect to the
former. All measured transitions and hyperfine components

are collected in Tables S8 to S13 of the SI. Figure 5b shows an
example of some transitions exhibiting the characteristic hy-
perfine structure. The quadrupole coupling constants obtained
from the analysis of the hyperfine structures are collected in
Table I. Their comparison with the corresponding computed
values further confirms the conformational assignment based
on rotational constants. This is particularly true for the M and
P conformers, whose predicted quadrupole coupling constants
are very similar to the experimental counterparts. Instead, dis-
criminating between the N and O conformers is more chal-
lenging and requires a deeper analysis. Although they can
be distinguished in terms of the observed selection rules and
intensities as explained above, the quadrupole coupling con-
stants of the Ig~tg form reproduce very well the hyperfine
structures of the conformer denoted as N in Figure 5, whereas
the same does not apply to the comparison of the hyperfine
structures of Ig~tg™ with that of the conformer O.

Since the error affecting the computed Ag effective rota-
tional constant of the O rotamer (49 MHz) is about 5 times
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Doppler effect.

larger than the average error for the other conformers (9
MHz), we tried to understand whether such a behavior was
related to any soft degrees of freedom. Inspection of Table S3
of the SI points out that the computed ¢’ and o dihedral an-
gles are quite different in the L, M pair of conformers, whereas
they are very similar in the N,O pair. Figure S3 in the SI
shows that the effect of ¢’ is opposite on Ag and y, whereas
o1 modifications of 10-15 degrees improve significantly the
computed values of both spectroscopic parameters. Although
small variations of the o] dihedral angle have a limited ef-
fect on the electronic energy, the close agreement between
rDSD and DZ-F12+CV geometries (see Tables S3 and S5)
suggests a dynamical rather than structural origin of this be-
haviour. Furthermore, re-computation of the quadrupole cou-

pling constants of the L, N,O conformers at the CCSD(T)/jun-
cc-pV(T+d)Z level’?3333 | also including CV contributions at
the MP2/aug-cc-pwCV(T+d)Z level’’°, led to results close
to the rDSD counterparts (see Table I), thus excluding the pos-
sibility of an inaccurate evaluation of this property.

Conformational abundances in the molecular beam can be
estimated from accurate measurements of the relative inten-
sities of rotational transitions, provided that cooling in the
supersonic jet brings the molecules to the lowest vibrational
state of each conformer.!? Under these circumstances, the
measured intensities are proportional to the number density of
the considered species and the corresponding electric dipole
moment component. Assumed that the supersonic expansion
determines effective rotational and vibrational cooling, the
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post-expansion abundances of the different conformers should
be governed by the relative enthalpies at 0 K rather than Gibbs
free energies at room temperature. Considering either AHg or
AG° only affects the relative population of the IIg~g~ g™ con-
former, which results to be slightly more or less stable, respec-
tively, than Ig~tg™ (see Table I). The experimental estimates
are in general agreement with the theoretical trends, but can-
not disentangle such small differences. Furthermore, it has
to be taken also into account that relaxation mechanisms can
impair a full quantitative comparison'’. Despite this caveat,
the remarkable agreement obtained in this study confirms the
added value of state-of-the-art QC computations.

I1l.  CONCLUSION

In conclusion, an integrated experimental-computational
strategy for the accurate structural and energetic characteriza-
tion of the conformational landscape of flexible biomolecule
building blocks has been validated using the challenging test
case offered by homocysteine. This allowed us to accurately
characterize six conformers and to understand why other low-
energy conformers are not experimentally observable. In-
deed, several additional structures correspond to true energy
minima, but escape experimental detection due to fast relax-
ation to more stable conformers during the supersonic expan-
sion. Overall, the present work provides the first global pic-
ture of the conformational behavior of the neutral form of ho-
mocysteine. Together with the intrinsic interest of the stud-
ied molecule, some general remarks are deserved, namely:
(1) high-resolution spectroscopic studies can be guided, sup-
ported and complemented by computational simulations ow-
ing to the development of state-of-the-art Al and QC method-
ologies, thus leading to the set up of a powerful integrated
strategy; (ii) as a consequence of point (i), a fully a priori,
highly reliable analysis of the conformational landscape is to-
day possible for flexible building blocks of biomolecules in
the gas phase; (iii) the use of MW spectroscopy provides an
unbiased and rigorous check of the developed computational
approaches. Future perspectives rely on the implementation of
the integrated experimental-computational strategy in a gen-
eral, user friendly platform, with the aim of permitting its ac-
cess also to non-specialists.

IV. SUPPLEMENTARY MATERIAL

Computational (exploration and exploitation steps, tables
with energetic and spectroscopic details, optimized geome-
tries of all the stationary points) and experimental details (in-
cluding observed lines and fitting errors for all the detected
conformers).
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