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We use high-resolution rotational spectroscopy to investigate the structural intricacies of the lactone
form of mevalonic acid, precursor of the mevalonate pathway. By combining microwave spectroscopy
with supersonic expansions and quantum-chemical calculations, we determine the two most stable
conformations of the precursor. Complementary micro-solvation studies reveal that aggregation of the
first water molecule induces a substantial structural rearrangement comprising a hydroxy rotation and
an endocyclic core torsion to create a favourable geometry to accommodate the water molecule.
We discuss the conformational aspects of the precursor in isolation and under micro-hydrated
conditions. Published by AIP Publishing. https://doi.org/10.1063/1.4997162

l. INTRODUCTION

Understanding the interconnection between the structure
and function of complex molecular systems is paramount in
bio-chemical science. Metabolic precursors are a good exam-
ple of fundamentally important molecules where biological
function emerges from particular structural properties. Reveal-
ing the structural intricacies of these systems is thus an appeal-
ing target for spectroscopists in general. Under investigation
here is mevalonolactone (MV), the §-lactone form of meval-
onic acid, precursor of the mevalonate pathway."> The car-
boxylate anion of mevalonic acid, known as mevalonate, is the
predominant form in biological environments and is of major
pharmaceutical importance. The mevalonate pathway converts
mevalonate into molecular systems such as cholesterol, among
many others.! Drugs such as the statins (which lower the levels
of cholesterol) stop the production of mevalonate by inhibit-
ing HMG-CoA reductase. Mevalonic acid is very soluble in
water and in polar organic solvents. At physiological pH, an
equilibrium is at play between the acid and its ¢-lactone form,
which is formed through internal condensation of the terminal
alcohol and carboxylic acid functional groups. This delicate
balance indicates a mediator role of water in natural aqueous
environments.

Isolated micro-hydrated molecules in the gas phase pro-
vide the conditions to investigate the structural changes
induced by a small number of water molecules without the
presence of external influences and as such have become an
appealing target for high-resolution spectroscopic studies.>~!°
High-resolution microwave spectroscopy enables the unam-
biguous identification of molecular species and of thermal
distribution of conformations. The unique rotational constants
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of a particular conformation of a specific molecule allow for
unambiguous differentiation of species from their rotational
spectrum. The implementation of chirped-pulse (CP) excita-
tion schemes in Fourier transform microwave spectroscopy
(FTMW) has triggered an emergence of broadband rotational
spectroscopy for molecular structure determination.'"'> Here
we report the study of MV and its complex with water using
CP-FTMW spectroscopy. The structure of the global mini-
mum is determined using the spectra of singly substituted
isotopologues in natural abundance. The structures of a sec-
ond conformer and of the most stable water complex are
assigned through comparison with quantum-chemical calcu-
lations. Isotopic substitution studies are performed to confirm
the predicted structures for the hydrated species. Noticeable
structural changes are induced on the monomer upon aggrega-
tion with water. The observed degree of structural reorientation
induced by micro-hydration is unusual and brings about inter-
esting insights regarding water-induced structural changes in
bio-chemical aqueous media.

Il. METHODS
A. Experimental

The sample (+)-mevalonolactone was purchased from
Sigma Aldrich (97%) and used without further purification.
All measurements reported henceforth were performed using
the Hamburg COMPACT spectrometer. A complete descrip-
tion of the experimental setup can be found in Ref. 13 and
only a brief explanation is provided here. A supersonic expan-
sion brings the sample into the vacuum chamber by means
of a pulsed nozzle (Parker General Valve Series 9) operating
at 9 Hz with a constant flow of neon at stagnation pressures
of 2 bars to generate a cold molecular beam. The optimum
signal was obtained by heating the sample to 90 °C to create

Published by AIP Publishing.
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sufficient vapour pressure. To seed the supersonic expansion
with water, we create a bypass in the Ne backing pressure line.
The flow passes through a reservoir containing water before
reaching the nozzle, where the sample is being heated. A 4 us
chirp spanning 2-8 GHz is generated with an arbitrary wave-
form generator (AWG) and amplified in a 300 W traveling
wave tube (TWT) amplifier preceding the broadcast into the
vacuum chamber via a horn antenna. The chirp polarises the
ensemble of molecules in the beam, and we record the free
induction decay (FID) of the macroscopic dipole moment of
the molecular ensemble. To improve data collection speed and
minimise sample consumption, we employed the “fast-frame”
option of the digital oscilloscope.'* Eight back-to-back chirps
excite each gas pulse, and the subsequent eight FID acqui-
sitions are co-added and averaged. The effective repetition
rate of the experiment is thus 72 Hz. The microwave spec-
trum reported consists of 1.5 x 10° averaged spectra, which
translates to 6 h of measurement time. In the second set of
experiments, we used a 4 us chirp spanning 8—12 GHz and
amplified it in a 50 W solid state amplifier (Mercury Systems).
A total of 4 x 10% averaged spectra were collected during 16 h
of measurement time.

B. Theoretical

The experiments were supported by quantum-chemical
calculations using Gaussian09.!> From a previous study on
the potential energy surface of MV, we identify the lowest
energy conformers having the methyl group in the equatorial
position.'® Ring puckering generates another series of stable
conformers but at higher energies. These species will not be
considered in this study. A relaxed potential energy scan was
obtained with stepwise progressions of the coordinate asso-
ciated with the rotation of the hydroxy group. The potential
energy scan is depicted in Fig. 1. The two minima were further
optimised using ab initio and density functional theory meth-
ods. To also account for dispersion, the Minessota functionals
MO06-2X!7, the hybrid Becke 3 Parameter B3LYP including
Grimme’s dispersion correction'® with Becke-Johnson damp-
ing,'"” and Mgller-Plesset second-order perturbation theory
(MP2) were employed. For all calculations, the aug-cc-pVTZ
basis set was used, except for the MP2 calculation for the
water cluster, in which we used the 6-311++G** basis set
due to high computational cost. Frequency calculations were
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FIG. 1. Relaxed potential energy scan of the coordinate comprising rotation
of the hydroxy group of MV. The calculation was performed using density
functional theory at the B3LYP-D3(BJ)/6-311++G** level of theory. MV-1
and M V-2 are the global and local minima, respectively, captured in the scan.
Zero-point corrected energies were calculated at the B3LYP-D3(BJ)/aug-cc-
pVTZ level of theory for both conformers yielding AEnNy.; = 0 and AEwMy-2
= 2.1 kJ/mol.
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performed for all reported molecular species and their zero-
point corrected energies determined.

Starting structures for the complex of MV with water were
initially obtained using the program ABCluster.”’ Using this
algorithm, the conformations of monomeric species are con-
strained preventing any structural reorientation due to inter-
molecular interactions to occur. All the predicted MV-water
complexes were then further optimised using the B3LYP-
D3(BJ)/def2-pVTZ level of theory. Of the fifteen computed
complexes, four converged to the lowest energy form, which
we will discuss later in this paper. The remaining complexes
are predicted with energies higher than 6 kJ/mol and thus were
disregarded in our study.

lll. RESULTS AND DISCUSSION

A segment of the broadband rotational spectrum of MV
is shown in Fig. 2. The upper and lower panels show the same
frequency range but are scaled in intensity to highlight the
weaker transitions. In the upper panel, we show the experi-
mental spectrum (black trace) and a simulation based on the
fitted spectroscopic parameters (red trace) reported in Table I.
In the 2—-8 GHz frequency range, we cover mainly a-type tran-
sitions, denoted by the rotational quantum numbers J, K ,, and
K., with J being the rotational angular momentum quantum
number and K, and K, being the projections of J onto the
principal axes at the prolate and oblate symmetric top limits,
respectively. The depicted pattern (J+1) « J=3 « 2 repre-
sents the most intense of three groups of a-type transitions
between the J levels captured in this range. In the second mea-
surement, we expanded the range until 12 GHz, thus capturing
the (J+1) <~ J =4 « 3 group of rotational transitions.

A total of 60 rotational transitions were assigned to
the predominant species in the spectrum, which we con-
fidently assign to conformation MV-1 (see Table I) based
on direct comparison with quantum-chemical calculations.
Experimental rotational constants were determined through
a recurrent fit using the A-reduced rigid rotor Hamiltonian as
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FIG. 2. Segment of the broadband rotational spectrum of MV from 7 to
8 GHz. The upper traces (in both upper and lower panels) show the experimen-
tal spectra using neon as a carrier gas. The lower traces represent simulations
obtained from the fitted spectroscopic parameters reported in Table I. The lower
panel is in the same frequency range as the upper panel but scaled in inten-
sity to highlight the weaker transitions. Most of the remaining weaker transi-
tions visible in the experimental spectrum belong to isotopologues of MV-1.
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TABLE I. Experimentally determined parameters for the two conformers of
MYV and the complex of MV with water identified in the microwave spectrum:
rotational constants (A, B, C in MHz) and quartic centrifugal distortion con-
stants (in kHz); type of rotational transitions observed (a-type, b-type, c-type)
with y being observed and n being not observed; predicted dipole moments;
number of lines included into the fit; standard error of the fit (kHz). The
experimental frequency accuracy is 25 kHz.

MV-1
Expt. M062X? MP2?# B3LYP-D3(BJ)*
A (MHz)  2627.13492(55) 2649.967  2640.358 2628.3793
B (MHz) 1401.92970(51)  1417.179  1415.132 1400.381
C (MHz) 1136.44913(53) 1147.081 1145.913 1134.280
D, (kHz) 0.125(15)
luql (D) y 4.8 4.7 4.7
leep! (D) y 04 0.5 0.5
Il (D) y 1.2 0.8 1.2
N 60
o (kHz) 7.4
MV-2
Expt. M062X? MP2?4 B3LYP-D3(BJ)*
A (MHz) 2577.191(33) 2654.528  2643.338 2632.353
B (MHz) 1381.62419(95)  1407.764  1406.082 1391.720
C (MHz) 1133.18674(84)  1141.947  1140.901 1129.685
leeg! (D) y 5.6 54 5.6
Iyl (D) n 2.2 2.5 2.2
Il (D) n 1.3 1.2 14
N 14
o (kHz) 7.6
MV-W
Expt. M062X? MP2P B3LYP-D3(BJ)*
A (MHz) 1485.4274(28) 1508.921 1471.360 1498.953
B (MHz) 1224.2147(12) 1263.223  1263.358 1237.435
C (MHz) 857.32848(79) 870.464 859.006 864.787
D, (kHz) 0.193(11)
d; (kHz) 0.0518(94)
lugl (D) y 2.2 1.7 2.3
Iyl (D) n 0.8 1.3 0.3
Il (D) n 04 0.4 0.2
N 24
o /kHz 5.6

%aug-cc-pVTZ basis set.
6-311++G** basis set.

implemented in PGOPHER.?! The quartic centrifugal distor-
tion constant Dy was also determined. A summary of the fitted
spectroscopic parameters is shown in Table I. The B3LYP-
D3(BJ)/aug-cc-pVTZ level of theory is the most accurate in
predicting the rotational constants for MV-1 with less than
0.2% deviation between experiment and theory.

A number of rotational transitions for MV-1 overcome
a signal-to-noise ratio of 600:1, allowing the observation of
satellite transitions arising from the singly substituted *C
isotopologues in natural abundance (1.1%). With these con-
ditions, we were able to observe and fit all the spectra from
the isotopologues and use their rotational constants to employ
the substitution, ry, method to derive the positions of all
carbon atoms in the principal axis frame using the Kraitchman

J. Chem. Phys. 147, 124310 (2017)

equations.?> The atomic coordinates can be extracted from
the changes in the moments of inertia upon isotopic substi-
tution. In addition, we employed the ry method,?® where the
effective structure of the ground state is here partially deter-
mined by a least squares fit using the complete set of rotational
parameters.

A comparison between the parameters for the 1y, 1o, and
calculated structures for MV-1 is shown in Fig. 3. An over-
lay of the ry and calculated structures is depicted. Relevant
bond lengths and endocyclic dihedrals for MV-1 are given in
Table II. Additional data, including the results from the
Kraitchman calculation, are reported in the supplementary
material. We note that the agreement between experiment and
theory is good, and all bond lengths and endocyclic torsions
are well predicted by the employed theoretical methods. We
find that the 1y structure is particularly well reproduced by the
quantum-chemical methods.

In Fig. 2 (lower panel), we show a magnified segment
of the broadband spectrum where we assign rotational transi-
tions for a second conformer. By comparison with quantum
chemistry methods, we can confidently assign our fitted rota-
tional constants to conformer MV-2, which relates to MV-1
by a rotation of the OH group as indicated in Fig. 1. The fit-
ted spectroscopic parameters can be found in Table I. Only
fourteen rotational transitions could be assigned for this con-
former since the signal level is considerably weaker com-
pared with that of MV-1. That is partially explained by the
energy of MV-2 with respect to the global minimum and the
low barrier separating MV-1 and MV-2 (see Fig. 1), which
likely implies that conformational cooling occurs during the
supersonic expansion. Also, the rather large rotational con-
stants of MV are not optimally suited for the frequency range
of our instrument since we only capture a tale of the rota-
tional profile at 2 K. The predicted permanent dipole moment
components of MV-2 show a large a-type contribution in
prejudice of b and ¢ components much like MV-1. As a conse-
quence, only a-type rotational transitions could be assigned for
MV-2, and since our frequency range only covers four J levels

1.499
./ 1.49
1.516

\
-

FIG. 3. Overlay of the ry and predicted [B3LYP-D3(BJ)/aug-cc-pVTZ] struc-
tures of MV-1. The solid spheres represent the experimentally (ry) determined
carbon atom positions. Relevant bond lengths are depicted for the 1y, 19, and
calculated structures of MV. Endocyclic torsions are given in Table II.
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TABLE II. Experimental (ry and rg) and calculated bond lengths and endocyclic dihedral angles for MV-1. The
numbering given for the bond lengths and dihedral angles refers to the atom numbering of Fig. 3.

A) Iy Std. dev. 1o Std. dev. Calc? A(r)° (%) A(rp)® (%)
r(1-2) 1.505 0.022 1.531 0.003 1.524 1.24 0.45
r(2-3) 1.499 0.087 1.496 0.005 1.514 0.99 1.18
1(5-6) 1.576 0.011 1.534 0.006 1.518 3.80 1.05
r(6-1) 1.503 0.017 1.506 0.006 1.528 1.63 1.43
r(1-8) 1.551 0.021 1.534 0.003 1.523 1.83 0.72
©)

#(5-6-1-2) +49.665 3.434 +46.321 0.142 +45.830 8.36 1.07
@$(6-1-2-3) -60.619 7.722 -59.079 0.214 —-58.260 4.04 1.40
4B3LYP-D3(BJ)/aug-cc-pVTZ basis set.

bPercentual differences A(rs) and A(rp) are calculated as "“(IZZ“ x 100 and (‘a(l_zl:_ro x 100, respectively.

for this molecule, the number of transitions is limited. Nev-
ertheless, the rotational constants could be determined and
compared with quantum-chemical calculations for a confident
assignment. We note that the experimental rotational constant
A 1is slightly overestimated by all three quantum chemistry
methods.

In a different set of experiments, we co-expanded our sam-
ple with water to generate water clusters and thus investigate
MYV under hydrating conditions. The lower panel of Fig. 2
depicts a magnified segment of the microwave spectrum where
rotational lines arising from hydrated species can be identi-
fied. A total of 24 rotational transitions were assigned, and the
rotational constants were determined using the same method-
ology previously described. Again, the B3LYP-D3(BJ)/aug-
cc-pVTZ level of theory is the one that better predicts
our observations. The spectroscopic parameters are given in
Table 1. All rotational constants are well determined. Quartic
centrifugal distortion constants Dy and d; were also included
in the fit. To further confirm the geometry of the MV-water
cluster, and in particular to reveal the exact position of the
bound water molecule, we performed an additional experi-
ment where we seeded the molecular jet with an isotopically
enriched sample of water with ca. 50% H,'80 water (500k
averages, 2 h of measurement time). A total of 16 rotational
transitions could be assigned in the 612 GHz frequency range
for the MV-H, 3O species. The rotational constants and rota-
tional frequencies are given in the supplementary material.
Using the ry method, we experimentally determined the posi-
tion of the water oxygen atom in the MV-W cluster, therefore
verifying the ab initio structure and confidently assigning the
geometry of the cluster. An overlay of the structures for MV-1
and MV-W is shown in Fig. 4.

A remarkable geometrical feature of the complex of MV
with water is that, besides a noticeable endocyclic core struc-
tural change, the hydroxy group undergoes a clear reorienta-
tion (60°— 92°) with respect to MV-1 (see Fig. 4). Although
not without precedent,?*2° such large reorientation is unusual
and brings about interesting insights regarding water induced
structural changes. While most of the endocyclic torsions
are not dramatically affected upon aggregation of water, the
pseudo-axial OH group is relatively free to rotate to medi-
ate the complexation as a hydrogen-bond donor. The carbonyl
group positioned in the equatorial position with respect to

the hydroxy group functions as the expected hydrogen-bond
acceptor. The intramolecular link between these two moieties,
that is the hydroxy and carbonyl groups, is efficiently achieved
via the connection created by the water molecule.

Our initial theoretical investigations of complex forma-
tion between MV and water using ABCluster led to a series
of candidate complex geometries that we further refined using
DFT geometry optimisation methods. Out of the 15 starting
geometries, four structures converged to the geometry assigned
to the observed MV-W species. All other candidates were dis-
carded because of their higher relative energies. In Fig. 5, we
show the electronic energy (lower panel), dihedral angle 7
reflecting the relative orientation of the OH group with respect
to the methyl group (middle panel), and endocyclic torsion
a (upper panel) during the geometry optimisation of all four
complexes at the B3LYP-D3(BJ)/def2-TZVP level of theory.
The energy and starting coordinates are marked for both MV-1
and MV-W to show their evolution during the optimisation pro-
cedure. It is readily evident that in all four cases, the energy
is rapidly minimised following a trend towards the coordi-
nates @ and 7 of MV-W. Moreover, we note that the starting
position of the water molecule differs for all four species, in
particular for the starting complex indicated by the green trace,
where we find the water molecule in an equatorial position (see
supplementary material). A clear stabilisation is achieved via
the cluster formation for all predicted trajectories.

view 2

view 1

FIG. 4. Overlays of calculated structures [B3LYP-D3(BJ)/aug-cc-pVTZ] for
MV-1 (transparent) and MV-W (full colour) depicting the degree of reorien-
tation of the hydroxy and carbonyl groups. The selected angle « indicates the
endocyclic dihedral ¢(4-5-6-1), which changes the most upon complexation
with water (see Table III). The red sphere overlaid with the water molecule
depicts the experimentally determined position of the water oxygen atom from
the H,'80 measurement.
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FIG. 5. Calculated electronic energy (lower panel), dihedral angle 7 (middle
panel), and endocyclic torsion @ (upper panel) during the geometry optimi-
sation of four MV-W complexes at the B3LYP-D3(BJ)/def2-TZVP level of
theory (a different basis set was employed here to reduce computational cost
associated with the search for MV-water clusters). The structures of the four
relevant species and of the observed MV-W complex are given in the supple-
mentary material. The horizontal traces (in black) indicate the coordinates of
the stable MV-1 and MV-W species at the same level of theory, as a guide to
the eye.

In Table III, we report the endocyclic torsions for all
observed MV species and those of J-valerolactone (same
endocyclic core structure without the OH and CH3 groups) for
a detailed comparison and to evaluate the degree of structural
changes induced by hydration. In fact, while the endocyclic
core structure is rather similar for MV-1, MV-2 and ¢-v, notice-
able changes occur for MV-W. In particular, we note the most

TABLE III. Calculated endocyclic dihedral angles for MV-1, MV-2, MV-W,
and §-valerolactone (&-v).

©) MV-1*  MV-We MV-22 §vd MV(I-W)?
G(1-2-3-4) 45274 +4641 45460  +53.56 +6.33
$(2-3-4-5)  -33.00  -3096 3449 3211 -2.03
$(3-4-56)  +19.54 42887  +I8.18  +15.84 -9.32
$(4-5-6-1)  -2681  -42.68  -23.11  -22.53 +15.86
$(5-6-1-2)  +4583  +56.80  +42.63  +44.45 ~10.97
$(6-1-2-3)  -5826  -59.06  -57.74  -59.20 +0.80

2B3LYP-D3(BJ)/aug-cc-pVTZ.

J. Chem. Phys. 147, 124310 (2017)

TABLE IV. Energy decomposition (kJ/mol) obtained from a SAPT(0)/jun-
cc-pVDZ calculation on the MV-W complex and on the water dimer for
comparison. AEje. is the electrostatic energy; AE ., represents the repul-
sion due to exchange; AE;,q induction energy accounting charge transfer
interactions; AEgjp, is the energy contribution from dispersion interactions.

AEejec ABexch AEing AEdisp AEiot
MV-W —76.6 65.5 =21.7 -17.2 -50.0
(H20), -36.2 284 -85 =5.2 -21.6

relevant torsional change of about 15° corresponding to the
dihedral « as depicted is Fig. 4. An overlay of the structures of
MV-1 and MV-W is given in Fig. 4 to provide the reader with
an overview of the degree of structural rearrangement occur-
ring for the hydrated species and compared with that of the
global minimum structure MV-1. It seems that a cooperative
structural rearrangement occurs in order to more efficiently
bind the guest water molecule. This cooperation includes the
reorientation of the OH group by 32° and the torsion of the
dihedral coordinate @ comprising atoms 4, 5, 6 and 1 (see
Fig. 3). This torsion effectively bends the carbonyl group from
an equatorial orientation towards an axial one.

To further elucidate the forces at play in this particular
water binding topology, we performed zeroth-order symmetry
adapted perturbation theory (SAPT)? calculations to decom-
pose the energetic contributions arising from the intermolecu-
lar binding forces in MV-W. A SAPT(0)/jun-cc-pVDZ?! calcu-
lation was performed for the complex using the Psi4 electronic
structure package.’> The results of this calculation are pre-
sented in Table IV. As expected, the predominant contribution
at play is of electrostatic nature, which arises mainly from the
dual donor-acceptor O—H- - -O topology created by the water
molecule interconnecting the two MV moieties. These con-
tributions are of the same order of magnitude as in the water
dimer. Dispersion interactions play a secondary role in this
complex, similarly to the water dimer.

IV. CONCLUSIONS

In summary, we reported on the conformational prefer-
ences of MV in isolation and in a microsolvated environ-
ment using high-resolution rotational spectroscopy. Besides
the elucidation of the monomeric ground state structure and
of a second conformation at higher energy, we investigated
the structural changes induced in the monomer under con-
trolled hydration conditions. For that, we generated clusters of
mevalonolactone and water in a supersonic jet. We observe a
molecular complex of MV with one water molecule and find
that substantial structural changes occur to MV to efficiently
host the bound water molecule. These changes comprise reori-
entation of the hydroxy group and torsion of the endocyclic
core structure. Our observations thus provide a new perspective
on the structure of MV in hydrated media: previous stud-
ies with MV using Raman optical activity in neat liquid and
aqueous solutions indicate no apparent structural change due
to the presence of water.'® Under micro-solvated conditions,
however, we show that water aggregation clearly mediates the
conformational reshaping of MV. This observation could shed
light onto the balance achieved between the acid and lactone
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forms of MV in physiological environments. Moreover, this
result is particularly interesting if one considers that under
appropriate hydration conditions, the conformation of certain
drugs such as statins (which contain the MV moiety) can be
altered and consequently its biological activity influenced by
hydration.

SUPPLEMENTARY MATERIAL

See supplementary material for rotational constants of all
isotopic species, Kraitchman calculations, and line lists with
fitted rotational transitions.
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