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Microwave Spectroscopy of Biomolecular
Building Blocks

José L. Alonso and Juan C. Lopez

Abstract Microwave spectroscopy, considered as the most definitive gas phase
structural probe, is able to distinguish between different conformational structures
of a molecule, because they have unique spectroscopic constants and give rise to
distinct individual rotational spectra.

Previously, application of this technique was limited to molecular specimens
possessing appreciable vapor pressures, thus discarding the possibility of studying
many other molecules of biological importance, in particular those with high
melting points, which had a tendency to undergo thermal reactions, and ultimately
degradation, upon heating.

Nowadays, the combination of laser ablation with Fourier transform microwave
spectroscopy techniques, in supersonic jets, has enabled the gas-phase study of such
systems. In this chapter, these techniques, including broadband spectroscopy, as
well as results of their application into the study of the conformational panorama
and structure of biomolecular building blocks, such as amino acids, nucleic bases,
and monosaccharides, are briefly discussed, and with them, the tools for conforma-
tional assignation — rotational constants, nuclear quadrupole coupling interaction,
and dipole moment.

Keywords Amino acids - Building blocks - Carbohydrates - Conformational
analysis - Laser ablation - Microwave spectroscopy - Nitrogen bases
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1 Introduction

The study of the structure, function, reactivity, and properties of biomolecules
covers a vast range of molecular sizes, from large macromolecules such as proteins,
nucleic acids, lipids, or polysaccharides, down to small molecules such as amino
acids, nucleic acid bases, neurotransmitters, or monosaccharides, to name but a few.
Interest in this field of research has grown exponentially in the last few decades,
across different areas, such as biology, medicine, chemistry, and physics, bringing
with it a multitude of continuously developing experimental and theoretical
methods. A major goal of this ongoing effort is to obtain information about the
molecular structure of biomolecules and their related properties at the molecular
level. Consequently, over the last few years, there has been a growing interest in the
study of biomolecules in isolation conditions, that is, conditions matching those
found in the gas phase [1], [2 and references therein], [3—6]. Gas-phase conditions
are far from the condensed phase, in vivo, environment in which biomolecules work
and biological reactions occur. Nevertheless, gas phase does provide ideal condi-
tions to observe the intrinsic molecular properties, and thus it is a first step into the
understanding of the molecular behavior in more complex media. For instance, in
physiological media, many biological molecules are electrically charged species,
because of processes of protonation (or deprotonation). A well-known example is
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amino acids, which exist as doubly-charged zwitterions ("NH3;—CH(R)-COO™) [7, 8]
in either solution or crystal. Moreover, in the gas phase, perturbing agents, such as
solvents or even intermolecular interaction, are absent and thus observation of
neutral species becomes possible. Furthermore, most biochemical molecules are
characterized by a great torsional flexibility, resulting in manifold conformational
varieties relatively close in energy. Since studies in condensed phases are consid-
erably affected by multiple intermolecular interactions, conformational preferences
can be biased because of the surrounding environment and only gas-phase studies
can reveal the inherent structural minima of bare molecules.

Despite these advantages, the number of biomolecules studied to date in the gas
phase is still very small compared with the overwhelming number of condensed-
phase studies. Supersonic jets [9, 10], in combination with different spectroscopic
techniques, have been instrumental in providing conformational information on
small biomolecules. Modern supersonic-jet laser spectroscopy [2—4, 9, 10] com-
bined with double resonance techniques (such as hole burning UV-UV and ion-dip
IR-UV) and mass detection (through resonance-enhanced multiphoton ionization —
REMPI), giving electronic and vibrational information with mass and conformer
selectivity, have pioneered this field. This kind of experiments must be interpreted
with the aid of high level ab initio quantum chemical calculations, thus allowing
assignment of discrete conformational structures within a reasonable degree of
confidence. However, unfortunately, laser spectroscopy is hampered by the need
for an absorbing chromophore possessing a sharp vibronic structure, such as an
aromatic ring [2, 11].

Unlike the aforementioned techniques, microwave spectroscopy can be applied
to any gaseous molecular system of moderate size, the only requirement being to
have a nonzero electric dipole moment [12]. Microwave spectroscopy has long
been considered to be a powerful method for precise determination of gas-phase
structures, being the source of the majority of gas-phase structural data known
nowadays [13, 14] (see, for example, the Landolt-Bornstein, New Series II
series). The combination of Fourier transform microwave spectroscopy with super-
sonic jets has given rise to two different families of techniques: those using a
narrow band molecular beam (MB-FTMW) [15-17] or, more recently developed,
wide band chirped pulse FTMW spectroscopy (CP-FTMW [18] and IMPACT-
FTMW [19]). By virtue of the extremely high resolution (sub-Doppler) and sensi-
tivity of the FTMW techniques, all populated species in the jet, be they tautomers,
conformers, or isotopomers, can be analyzed independently. Moreover, small
hyperfine effects arising from electric or magnetic interactions, such as nuclear
electric quadrupole coupling and nuclear spin-spin coupling, can be fully resolved,
providing insight to the molecule electronic properties. Finally, the observation of
tunneling doublings in the case of large amplitude motions, such as those arising
from internal rotation or inversion, can give information on the intramolecular
dynamics associated with these motions. These techniques have been widely used
in the study of gaseous or easily vaporized compounds, weakly bounded complexes
[20-22], and even short-lived species generated in situ by electric discharges [23—
27]. In our laboratory it has been used to study axial/equatorial equilibria [28-31] in
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hydrogen-bonded complexes and weak C—H---O bonds [32-35], and has been
combined with electric discharges to generate and characterize new unstable
compounds [36-39].

The vast majority of biomolecules have extremely low vapor pressures at room
temperature and are thermally fragile. For that reason, complete series of molecules
of biological interest, such as building blocks, have escaped microwave spectros-
copy studies. Several laboratories have incorporated heatable nozzles [40—42] into
their microwave spectrometers to overcome the problem, but, in many cases,
thermal instability constituted an important drawback. The pioneering works of
Brown [43] or Suenram [44] and co-workers on molecular building blocks were
carried out using such heating methods. Laser ablation is an efficient method for
vaporizing solid samples, which otherwise would decompose upon heating
[45]. Laser-based vaporization techniques coupled with spectroscopic techniques
[46—49] have been used for gas-phase studies of solid compounds. However, until
recently, there have been few attempts to incorporate laser ablation into
MB-FTMW spectrometers [50-55]. Suenram et al. [50] and Walker and Gerry
[51] independently developed two laser ablation devices in combination with
molecular-beam Fourier transform microwave spectroscopy (LA-MB-FTMW) to
investigate the rotational spectra of metal oxides and halides. The first was also
applied in the structural study of glycine in the gas phase, but it was reported that
the classical heating method was more reliable. Thus the experiments devoted to
organic solids [54, 55] were initially discontinued because of the poor experimental
results. Over the last few years, several MB-FTMW spectrometers which imple-
ment laser ablation sources to vaporize molecules in the throat of the nozzle have
been configured in our laboratories. This approach, laser-ablation molecular-beam
Fourier transform microwave (LA-MB-FTMW) spectroscopy [56], was initially
tested with several organic solids [57, 58]. With the initial design [59] and pro-
gressive improvements [60, 61 and references therein], relevant biomolecules have
been in studied in order to identify and characterize their most stable conformations
in the gas phase. This approach has been essentially followed in other laboratories
[62]. More recently, laser ablation sources have been incorporated into broad-band
CP-FTMW spectrometers [63, 64], extending the application of this method to a
large number of thermally fragile systems with high melting points.

In the next sections, the experimental techniques, the procedure employed to
characterize the different species observed, and the results obtained from the study
of molecular building blocks such as amino acids, nucleic acid bases or sugars are
discussed.
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2 Experimental Techniques

2.1 Laser-Ablation Molecular-Beam Fourier Transform
Microwave (LA-MB-FTMW) Spectroscopy

An extensive description of the experimental setup employed in our laboratory has
been given elsewhere [56—61], but can be arranged into three main blocks: a laser
ablation system, a Fabry—Pérot resonator, and an FTMW spectrometer, illustrated
in Fig. 1. To accomplish vaporization efficiently, while retaining the advantages of
the coaxial orientation of the resonator and supersonic jet axes, it was found
necessary to modify the backside of the Fabry—Pérot resonator fixed mirror so
that it can hold a specially designed laser ablation pulsed-jet nozzle. The samples
are prepared as solid rods by pressing a fine powder of the pure compound with
minimum quantities of a commercial binder. The rod is then placed vertically in the
laser ablation nozzle, where a focused laser beam falls upon the sample laterally
and the vaporized molecules are seeded in the supersonic jet expansion.
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Fig. 1 Scheme of the LA-MB-FTMW spectrometer. (From [61])
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Fig. 2 Pulse sequence for a single experimental LA-MB-FTMW cycle. (From [61])

Reproducibility of the ablation process is improved by a continuous translation and
rotation of the sample rod, exposing a new sample surface to each laser pulse. In our
initial experimental setups, the second (532 nm), third (355 nm), or fourth (266 nm)
harmonics of a nanosecond Q-switched Nd:YAG laser (ca. 50 mJ/pulse) have been
used. Presently, the use of the harmonics of an Nd:YAG 20-35 ps lasers (7—15 mJ/
pulse), which have been proved to be more efficient [see, for example, 65], is
considered standard. The laser-ablation nozzle has been modified from its original
design to provide a smoother transition between the aperture at the solenoid valve
and that of the Fabry—Pérot mirror (see insert in Fig. 1), nowadays resembling a
Laval nozzle [66].

A typical experimental cycle (see Fig. 2) starts with a pulse of a noble carrier gas
(stagnation pressures 2—8 bar, gas pulse typically 0.5 ms). After an adequate delay,
a short laser pulse hits the sample rod producing, the vaporization of the solid. The
ablated molecules are then seeded in the carrier gas, which expands supersonically
between the two mirrors of the Fabry—Pérot resonator. In the supersonic expansion,
the seeded molecules suffer a strong cooling of the rotational and vibrational
degrees of freedom, and individual conformers are frozen into the ground vibra-
tional state of the corresponding potential energy well. Thus, the conformer distri-
bution before the expansion may be preserved provided the interconversion barriers
between conformers are high enough. Molecular collisions gradually disappear as
the expansion proceeds, in such a way that the different species can be probed in a
virtually isolated environment by Fourier transform microwave (FTMW) spectros-
copy. A short microwave pulse (typically 0.3 ps) is subsequently applied, which
produces a macroscopic polarization of the species in the jet. Once the excitation
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pulse ceases, the molecular emission signal (FID, free induction decay) is captured
in the time domain. Its Fourier transformation to the frequency domain yields the
molecular rotational transitions which appear as Doppler doublets because the
supersonic jet travels parallel to the resonator axis. The molecular equilibrium
frequencies are calculated as the arithmetic mean of the Doppler doublets, and
are obtained with accuracy better than 3 kHz. A new experimental cycle can start
once the vacuum cavity has been evacuated, and a repetition rate of 2 Hz is
normally employed. For very weak signals, hundreds of cycles must be added
coherently. To probe the jet at different microwave frequencies or conduct a
frequency scan, the Fabry—Pérot resonator is tuned mechanically under computer
control. The timing of the whole experiment, in particular the delay of the laser with
respect to the molecular pulse, is crucial for an optimum signal. Laser pulse energy
is also critical.

2.2 Chirped-Pulse Fourier Transform Microwave
Spectroscopy (CP-FTMW) Coupled to Laser Ablation
(LA)

A new approach of high-resolution rotational spectroscopy, providing a sensitive
method for broadband detection (CP-FTMW), has recently been developed at the
University of Virginia [18]. Such an instrument is based on the same principles as
the original MB-FTMW instrument [15], but the burst of microwaves has been
replaced by a microwave pulse which contains a fast linear sweep (chirp) over the
entire frequency region being explored and is used to polarize the sample. This new
approach increases the speed of the spectral acquisition, making the search of the
different coexisting species in the jet much more efficient. In the last few years, a
new alternative design of broadband Fourier transform microwave spectroscopy,
called IMPACT (in-phase/quadrature-phase modulation passage acquired coher-
ence technique) has been developed in our laboratory [19]. The aforementioned
broadband techniques have been combined with a laser ablation source for the study
of solid biomolecules [63, 64].

A schematic block diagram of the newly designed chirped-pulse Fourier trans-
form microwave spectrometer CP-FTMW, combined with a ps-pulsed laser abla-
tion system, is given in Fig. 3. The spectrometer, which uses the basic operation of
the CP-FTMW instrument [18], is described elsewhere [63], with only the relevant
details to this experiment being described here. It operates in the 6.0-18 GHz
region. The solid sample, prepared as usual as a rod shape, was placed in a laser
ablation nozzle, similar to that previously described [61] (1 in Fig. 3) and vaporized
using the second (532 nm) or third (355 nm) harmonics of a ps Nd:YAG laser (i.e.:
Ekspla, 20 ps, 15 mJ/pulse) (2 in Fig. 3). A motor controller (3 in Fig. 3) allows a
DC motor (Oriel Motor Mike 18074) (4 in Fig. 3) to rotate and translate the rod up
and down along the injection system to achieve the maximum exploitation of the
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Fig. 3 Schematics of a laser ablation chirped-pulse Fourier transform microwave spectrometer.
(From [63])

sample. So that good vacuum conditions are retained in the expansion chamber, and
to reduce sample consumption, the repetition rate of the experiment is set to be
2 Hz, achieved via a shutter operating at said frequency, placed at the output of the
laser and controlled via a pulse synchronizer (§ in Fig. 3), used to adjust the
repetition rate to 2 Hz from the standard rate of the laser (10 Hz). In the ablation
nozzle, the sample molecules, once vaporized, are seeded in the flow of the carrier
gas (Ne at backing pressure of 15 bar), being expanded adiabatically into the
vacuum chamber, where they are probed by a microwave chirped pulse.

Briefly, the broadband microwave spectrometer works as follows. A 24 GS/s
arbitrary waveform generator (6 in Fig. 3) creates a fast chirp microwave pulse,
covering the entire range to be explored, to polarize macroscopically the pulsed
molecular beam sample created from the ablation nozzle by the valve driver (7 in
Fig. 3). A digital delay generator (8 in Fig. 3) is used to trigger both the arbitrary
waveform generator and the valve driver. The microwave pulse is upconverted by
mixing it in a broadband mixer (10 in Fig. 3) with an 18.99 GHz signal provided by
a phase-locked dielectric resonator oscillator (PDRO) (9 in Fig. 3). The
upconverted signal is subsequently amplified by a 300 W traveling wave tube
amplifier (12 in Fig. 3). The power level necessary for the polarization of the
molecular systems can be adjusted using a variable attenuator (11 in Fig. 3). The
amplified chirp pulse is broadcast across the vacuum chamber, where the jet
expansion occurs, using one of the two standard horn antennas (13 in Fig. 3) placed
inside the chamber. These two horn antennas are separated by approximately
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60 cm. The second antenna is used to detect the free induction decay signal (FID)
emitted by the sample as response to the microwave excitation. The FID is further
amplified by a sensitive VLN amplifier (14 in Fig. 3) which is protected from the
high-power of the TWT amplifier by a pin diode limiter (15 in Fig. 3). The
amplified rotational free induction decay (FID) is recorded in the time domain by
a digital oscilloscope (50 GS/s, 20 GHz hardware bandwidth) (16 in Fig. 3) and
Fourier transformed to the frequency domain. The phase reproducibility of the
experiment is achieved by locking all frequency sources and the digital oscilloscope
to a 10-MHz rubidium frequency standard oscillator (17 in Fig. 3).

The operation sequence (see Fig. 4) starts with a molecular pulse of 1,000 ps
duration which drives the carrier gas flow through the pulsed valve source. After
an adequate delay (~850 ps), a laser pulse hits the solid and vaporizes the sample.
To reduce sample consumption, four separate broadband rotational spectra are



344 J.L. Alonso and J.C. Lépez

acquired in each injection cycle. The four individual broadband-chirped excitation
pulses, of 4 ps width, are spaced by 18 ps. Then, 2 ps after each excitation pulse
ceases, the rotational free induction decay is acquired for 10 ps. The internal pulse
generator of the valve driver is used to create the digital pulses involved in the laser
generation. Since the sample injection has a perpendicular arrangement with the
microwave field, the transit time of the polarized molecular jet is quite short and
linewidths of about 100 kHz full-width-half-maximum (FWHM) are achieved.

3 Tools in Conformational Analysis

The high flexibility of biomolecules produces the appearance of a significant
number of low-energy conformers. Whereas covalent forces determine the molec-
ular skeleton, conformational isomerism is also controlled by weaker nonbonded
interactions within the molecule, especially hydrogen bonding. To treat this con-
formational problem and identify the different structures in the supersonic jet, a
procedure represented in Fig. 5 has been followed in all the microwave studies. It is
illustrated through its application to L-threonine [61] in this section and it was also
described in our study of glutamic acid [67].

3.1 Model Calculations

To have an overall picture of the conformational landscape of L-threonine, theoret-
ical predictions are used to find the most stable conformers on the potential energy
surface. Only low-lying energy conformers are sufficiently populated in the super-
sonic jet to be observed in the rotational spectrum. Starting geometries for ab initio
calculations are initially selected by considering all possible rotations around single
bonds and identifying plausible intramolecular hydrogen bonds. To predict the most
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Configur ? n A, Lower-energy M—JO. Rotational constants
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Fig. 5 Steps followed in the identification of the conformers of biomolecules. (From [61])
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stable forms, a series of structural optimizations is conducted for each of the starting
configurations using the Gaussian suite of programs [68]. First, a cheap but com-
putationally efficient calculation at the B3LYP/6-31G(d,p) level [69-73] is
performed. In a second step, full geometry optimization calculations using
second-order Mgller—Plesset perturbation theory (MP) [74] and Pople’s 6-311+
+G(d,p) [75] basis set are conducted. This level of theory has been found to behave
satisfactorily in all the series of amino acids studied (see below). Finally, the ten
conformers of Fig. 6 were predicted to be within 1,000 cm™'. Conformers are
classified as I, II, or III depending on the hydrogen bond established between the
amino and carboxylic groups and as a, b, or ¢ depending on the configuration
adopted by the -CH(CH3)OH side chain.

A distinguishing quality of rotational spectroscopy lies in its capability to
generate very accurate spectroscopic parameters directly comparable with in
vacuo ab initio predictions to provide unequivocal evidence of the conformers
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observed. Three sets of spectroscopic constants are relevant for the interpretation of
the rotational spectra: rotational constants, nuclear quadrupole coupling constants,
and electric dipole moment components. From the ab initio optimized structures of
the lower-energy conformers of threonine (Fig. 6), those spectroscopic constants
are calculated and listed in Table 1.

The rotational constants A, B, and C, which provide information on the mass
distribution of the molecules [12, 76, 77], are compared with those obtained
experimentally to identify the conformers present in the supersonic expansion.
Such comparison is normally conclusive in the identification, but sometimes the
difference in the values between conformers is not large enough to allow discrim-
ination between them. This happens with some forms belonging to the same family
in Table 1 (see, for example, la and Ila). In these cases, a different and independent
way of identifying conformers based on the ubiquitous presence of '*N in amino
acids can be utilized. '*N nuclei possess a nonzero quadrupole moment (/ = 1)
because of a non-spherical distribution of the nuclear charge which interacts with
the electric field gradient created by the rest of the molecule at the site of those
nuclei. This results in a nuclear hyperfine structure in the rotational spectrum [12,
76, 77]. FTMW spectroscopy provides the high resolution needed to resolve fully
the various quadrupole hyperfine components (see Fig. 7). The associated
experimentally-determined molecular properties are the quadrupole coupling con-
stants xo, (g =a.b,c), referred to the principal inertial axes, which are directly
related to the electronic environment of the quadrupolar nucleus referred to the
principal inertial axes and strongly depend on the orientation of the amino group.
For example, conformers Ia and ITa with similar predicted rotational constants have
different orientations of the amino group (Fig. 7), which is reflected in the nuclear
quadrupole coupling constants y.,, and Y., as can be seen by the predicted values in
Table 1.

A third molecular property to be considered is the electric dipole moment. The
selection rules and intensity of the rotational transitions of asymmetric tops depend
on the dipole moment components along the principal inertial axes, that is, on p,,
Kb, and p., which give rise to a-, b-, and c-type spectra, respectively. All conformers
possess the same connectivity between the atoms but they differ in the orientation
of the functional groups, and this necessarily produces diverse charge distributions
reflected in different values of the dipole moment components, as can be seen in
Table 1. The microwave power necessary for optimal polarization depends on the
dipole moment component involved in a rotational transition. Hence, the difference
in the values of the dipole moment components of conformers can be exploited to
discriminate between specific conformers just by varying the polarization power.
By itself, it cannot be used as a conclusive tool, but it can always corroborate the
conformer identification achieved with the previously described molecular
properties.

The electric dipole moment components are necessarily used in estimating
relative conformational abundances, as is explained below. The predicted values
of the electric dipole moment components of the threonine conformers are collected
in Table 1.
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3.2 Analysis of Spectra and Conformer Identification

According to the values of the predicted electric dipole moment components and
rotational constants listed in Table 1, the rotational spectra of most of the threonine
conformers are dominated by p,-type, R-branch transitions forming groups of lines
with characteristic patterns which appear at frequency intervals equivalent to B + C.
Wide frequency scans with low power polarization conditions were conducted to
search for such rotational transitions of conformers with relatively large p,. Several
sets of R-branch lines corresponding to five different rotamers are labeled L, M, N,
O, and P. Spectral searches, conducted to detect other sets of p,-type R-branch
transitions, using high microwave power for polarization, were unsuccessful.
Therefore, wide frequency scans were carried out to identify p,- and p-type
transitions. Finally, two more rotamers labeled Q and R were identified.

Apart from the instrumental Doppler doubling, all transitions are observed to be
split into several close hyperfine components (see Fig. 7) arising from the '*N
nuclear quadrupole interaction described above, indicating that they arise from a
molecule with a nitrogen nucleus. Successive predictions and new experimental
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measurements discarded or confirmed the initial assignment until a group of
consistent rotational transitions, including all possible pi,-, pp-, OF pc-transitions,
was collected for each conformer.

The observed transitions frequencies were analyzed with a Watson’s semirigid
rotor Hamiltonian (Hg'") [12] supplemented with a nuclear quadrupole coupling
term (H): H = Hg"™> + H(,. The Hamiltonian is constructed in the coupled basis set
I+J=F and diagonalized. The A-reduced semirigid Watson Hamiltonian in the I"
representation is given by

Hg™ = AP,2 + BP,2 + CP.2 — AP* — AgP?P,2 — AkP,’ (1)
—28;P2(Py? — Pc*) — 8k [Pa? (Pv? — Pc?) + (Po? — PP,

where the coefficients A, B, and C represent the rotational constants and Ay, Ay,
Ag, 8y, and Ok are the quartic centrifugal distortion constants. Only Aj needed to be
floated to obtain an rms deviation of the fit consistent with the estimated frequency
accuracy. The term Hg accounts for the interaction energy of the YN electric
quadrupole moment (eQ) with the molecular electric field gradient (gap= 0%/
O0ulP; a, p=a, b, c) at the nitrogen nucleus. The determinable spectroscopic
parameters are the elements of the nuclear quadrupole coupling tensor y, linearly
related to the electric field gradient by y = —eQgq. Usually, only the diagonal
elements of the tensor (Yaa, Xob, Xcc) are determined.

The experimental rotational constants and the ¥, Xub, and .. nuclear quadru-
pole coupling constants for the rotamers L, M, N, O, P, Q, and R are collected in
Table 2. A first look at the rotational constants of Table 2, and their comparison
with the predicted constants of Table 1, allows us to classify easily rotamers as
belonging to different families. Hence, rotamers M, N, and O belong to the “a”
family, rotamers L, P, and Q belong to the “b” family, and, finally, rotamer R
belongs to the “c” family. Conformers belonging to the “a” family have similar
mass distributions: their rotational constants are very similar and they do not allow
further discrimination. In these cases, as mentioned above, conclusive evidence
comes from the values of '*N quadrupole coupling constants because they are very
sensitive to the orientation of the —-NH, group with respect to the principal inertial
axis system (see Table 1). The values of these constants, reflected in the hyperfine
structure clearly identify rotamer M as Ila (see Fig. 6).

Rotamers N and O have very similar quadrupole coupling constants; comparison
of their values with those predicted ab initio indicate that they are necessarily
conformers Ia and III,a (see Tables 1 and 2). Because of the similar orientation
of the amino group in these forms (see Fig. 6), they cannot be discriminated on the
basis of the quadrupole constants. We can distinguish them from their selection
rules and intensities of the observed transitions. The rotational spectrum of rotamer
N shows strong p,-type transitions and fairly weak p.-type transitions, while form O
presents strong ,-type transitions and medium-strength p,- and p.-type transitions.
No pp-type transitions have been detected for conformer N. Considering the
predicted dipole moment components of Table 1, these data are consistent with
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the identification of rotamer N as conformer Ia and rotamer O as conformer
1T a. The microwave power used to polarize optimally the rotational transitions
is also in agreement with the predicted values for the dipole moment components of
each conformer.

The rotamers L, P, and Q which belong to the “b” family, can be attributed to I'b,
Ib, IIb, or I1Igb considering the values of the rotational constants. However, detailed
comparison of the values of the '*N quadrupole coupling constants conduct to the
identification of rotamer L as conformer IlIgb, P as IIb, and Q as I'b. In this case, the
quadrupole coupling constants are essential for the discrimination of conformers.

Again, from the rotational constants alone it is only possible to match rotamer R
to a conformer belonging to the “c” family, Ic or IIc. Consideration of the nuclear
quadrupole coupling constants uniquely identifies form R as Ilc.

The procedure illustrated here to analyze the spectrum of threonine and to
identify the observed conformers has been followed throughout all the examples
shown in the next sections.

4 Amino Acids

4.1 Introduction

An important subset of biologically relevant molecules is that of natural amino
acids, the so-called “building blocks” of peptides and proteins. Amino acids have
long been studied in solids [78-82] and in solution [83-85], where they are
stabilized as doubly charged species or zwitterions (R—CH(NH;")-COO-).
Gas-phase studies have the advantage of providing information on the neutral
forms of amino acids (R-CH(NH,)-COOH, the canonical forms present in peptide
chains) and on their inherent molecular properties free from the intermolecular
interactions occurring in the condensed media. Furthermore, gas-phase data can be
easily contrasted with theoretical models and used to refine the latter.

Figure 8 shows the 20 proteinogenic or coded a-amino acids (NH,—CH(R)—
COOH) which can be classified according to the nature of their side chain (R). The
a-amino acid backbone determines the primary sequence of a protein, but the nature
of the side chains determines the protein properties [86—88]. For this reason,
examination of the structural properties of amino acids with different side chains
is important to the understanding of its functionality. Knowledge of the structures
and conformational behavior of amino acids has been considerably expanded
thanks to the extensive use of LA-MB-FTMW spectroscopy. Only the simplest of
these amino acids, glycine [43, 44, 89-92] and alanine [93], were studied before by
rotational spectroscopy, using heating methods. The amino acids encircled in a
solid line in Fig. 9 have been studied with this technique in our laboratory and some
of them are illustrated in this chapter.
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Fig. 8 Coded a-amino acids. The amino acids encircled have been studied by rotational
spectroscopy

1.68 A
103_5°k
EL?BA
94.67*5
186A O.,

Fig. 9 Structure of the glycine-(H,0),, complexes (From [100, 101])

The large flexibility of amino acids, which makes folding and unfolding of
proteins possible, produces the appearance of a significant number of low-energy
conformers. Whereas covalent forces determine the molecular skeleton, conforma-
tional isomerism is also controlled by weaker nonbonded interactions within the
molecule, especially hydrogen bonding. Hydrogen bonding between the amino and
carboxylic moieties is expected to control the configuration in non-polar side chain
amino acids. The presence of a polar side chain brings about new sets of intramo-
lecular interactions between the lateral side chain and the amino or acid groups,
which greatly increase the number of low-energy forms. In - or y-amino acids, the
balance of forces may change with the length of the chain between the amino and
acid groups and, as shown below, new interacting forces may contribute to
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conformer stabilization. In the next sections, the conformational behavior of the
different a-amino acids as observed from LA-MB-FTMW spectroscopy is described.

4.2 Proteinogenic Amino Acids with Non-polar Side Chains

The conformational behavior of a-amino acids with non-polar side chains is essen-
tially determined by the three possible intramolecular hydrogen bonds established
between the amino and carboxylic functional groups. Configuration I is stabilized by
a hydrogen bond between the hydrogen atom of the amino group and the carbonyl
oxygen of the carboxylic group (N-H- - -O=C), and a cis arrangement of the -COOH
group. In configuration II, the hydrogen bond links the hydrogen atom of the hydroxyl
group with the electronic lone pair at the nitrogen atom (N - -H-O) while the -COOH
group exhibits a trans arrangement. Configuration III bears a hydrogen bond between
the amino group and the oxygen atom of the hydroxyl group (N-H:--O-H) and
presents a cis-COOH. On this basis, the conformational behavior of glycine, alanine,
valine, leucine, and isoleucine are presented in the next sections.

4.2.1 Glycine and Its Hydrates

Glycine (R=H, m.p. =240°C) is the smallest a-amino acid, and has been the object
of different studies, so its structural properties in the gas phase are well understood.
Following the simultaneous discovery by Brown et al. [43] and Suenram et al. [44]
of glycine II, a subsequent search led to the detection of the weaker glycine I [89,
90]. Further work using jet expansions provided additional information on isotopic
species, electric dipole moment, and "N nuclear quadrupole coupling hyperfine
structure [92-93]." The rotational data are consistent with ground-state structures of
C, symmetry for glycines I and II. Recently, the rotational data have been extended
into the millimeter-wave region [94] to improve radioastronomical searches.

These studies provided fundamental pieces of information about the dominant
role of intramolecular hydrogen bonding between the polar moieties of the amino
acid skeleton in molecular conformation, concluding that glycine rotamers are
stabilized by intramolecular hydrogen bonding from either amine to carbonyl N—
H- - -O=C (type I conformer) or hydroxyl to the amine nitrogen lone pair N- - -H-O
(type II conformer). The third low-energy conformer III, with an intramolecular
hydrogen bond N-H- - -O-H, could not be detected. The experimental evidence,
including a recent reexamination of the glycine spectrum in our laboratory giving a
conformational ratio N;j/Nj~6/1 (see footnote 1), concludes that conformer I is the
global minimum, a result also supported by multiple theoretical studies [95-99].

! Investigation of the parent, 15NH,CH,COOH and 15NH,CH,13COOH glycine species, partially
reported as supplementary material of [100].
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Hydration is known to trigger the transformation of amino acids from the neutral
form observed in the gas phase to the charged zwitterion present in condensed
media. The glycine—water complexes provide the simpler molecular models of the
biologically important amino acid—water interaction, representing the initial steps
of the hydration process. Although their generation is difficult in experiments where
laser ablation is involved because of the formation of a hot plasma, the improve-
ments in the LA-MBFTMW instruments by modifying the nozzles and incorporat-
ing picosecond (20-35 ps) laser technology [59, 61, 67] has rendered possible the
observation of glycine microsolvates [100, 101]. In both cases, glycine-H,O and
glycine—(H,0),, only conformer I was observed (see Fig. 9). As for bare glycine,
conformer III was not detected.

On the basis of the excellent agreement between experimental and theoretical
spectroscopic constants and the use of enriched samples of >N and H,'®0, it was
possible to determine the structure of the complexes shown in Fig. 9. The structures
provide relevant chemical information on the nature of the hydrogen bond interac-
tions which stabilize the adducts. Binding of one or two water molecules to glycine
proceeds through the carboxylic group and gives rise to a closed ring structure in
which the water bridges benefit from enhancing cooperative effects [102—104]. The
structures of glycine—H,O and glycine—(H,0), retain the preferred conformation I
(NH- - -O=C, cis-COOH) of unsolvated glycine, so the water molecules in the
complexes do not enter into competition with the intramolecular hydrogen bonds
in glycine. Comparisons of the O-H- - -O hydrogen bond distances and angles show
that the acidic character of the OH carboxylic group dominates the interactions
between water and glycine.

4.2.2 Alanine

Alanine (R=CH3) (m.p. =315°C) was first studied in the gas phase by Godfrey
et al. [93] from free-jet millimeter-wave absorption spectroscopy and observed two
conformers of five possible low energy conformers. They were identified as I and II
according to the type of their intramolecular hydrogen bonds. However, for con-
former II, the torsion of the —-COOH group gives rise to two close energy confor-
mations. Because of the similar mass distribution of both structures, it was not
possible to discriminate between them on the basis of the rotational constants alone.
A later investigation of the rotational spectrum by high resolution LA-MB-FTMW
spectroscopy [105] allowed one to resolve fully the '“N quadrupole coupling
hyperfine structure of the two observed conformers and confirmed their assignment
as alanine I and Ila. The derived mean ratio Ny/Ny, = 3.7(5) confirmed that con-
former I is the most stable species in the jet.

In addition, the rotational spectra of ten different isotopologues (one parent, one
5N, three '*C and five deuterated species) for the two most stable conformers
of alanine were detected. The extensive isotopic data were analyzed to derive the
substitution [106, 107] and effective structures for both I and Ila conformers. Unlike
glycine, the amino acid skeleton in alanine is non-planar. Deuteration at the amino and
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Conformer | Conformer lla

Fig. 10 The structures of conformers I and Ila of alanine determined in [105], showing the
hydrogen bond distances
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Fig. 11 Calculated MP2/6-311++G(d,p) energy profile of alanine along the torsional coordinate
defined by dihedral angle ZNCC=O0. (From [105])

hydroxyl hydrogen atoms rendered information on intramolecular interactions: the
data are consistent with the formation of an intramolecular hydrogen bond N- - -H-O in
conformer Ila and with a non-symmetrically bifurcated hydrogen bond N-H: - -O=C
established by the two amino hydrogen atoms in conformer I (see Fig. 10).

The absence of type III conformers which are predicted to fall in the group of
lowest energy forms deserves some comment. This problem of “missing con-
formers” first observed in glycine was attributed by Godfrey et al. [93] to confor-
mational relaxation, plausibly a IIT — I interconversion. It is accepted that this event
takes place by collisions with the noble carrier gas in the adiabatic expansion. This
phenomenon has been observed in systems involving only one degree of freedom,
such as torsional isomerism [108—110] and axial/equatorial relaxation in hydrogen-
bonded complexes [30, 111], when energy barriers are less than about 400 cm ™.
The ab initio calculation of a section of the potential energy surface for the
interconversion III — I along the rotation of the —COOH group predicts a low
barrier (see Fig. 11) [105], which is consistent with the relaxation hypothesis.
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I I 1T

Fig. 12 Observed conformers for 1-aminocyclopropane carboxylic acid (Ac3c). (From [112])

The hypotheses of the III — I interconversion was confirmed by the study of the
1-aminocyclopropanecarboxylic acid (Ac3c) (R=cyclopropyl, m.p.=231°C)
[112], a natural a-amino acid in which the rotation of the -COOH group is hindered
by the n-electron-donating capacity of the cyclopropane ring, able to conjugate with
the COOH group [113, 114]. The LA-MB-FTMW investigation of Ac3c [30, 111]
reveals the presence of the conformers I, II, and III of Fig. 12 with relative
abundances 1> III >1II. The observation of the III conformer in Acsc is highly
remarkable but not completely unexpected according to the above considerations.
Relaxation from the III to the I form involves rotation around the C,—C(O) bond
and this conformational change should be highly restricted in Ac3c because of
conjugation between the cyclopropane ring and the carboxylic acid. A predicted
barrier of 2,000 cm ™! to interconversion from I and III conformers is high enough
[108—110] to preclude conformational relaxation III — 1.

4.2.3 Valine, Isoleucine and Leucine

Valine (R=isopropyl, m.p.=295-300°C) [115], isoleucine (R=sec-butyl, m.
p.-=288°C) [116], and leucine (R=iso-butyl, m.p.>300°C) [117] complete the
study of aminoacids with aliphatic non-polar side chains.

Because of the hydrophobic character of the side chain, these amino acids are
usually involved in protein or enzyme construction but rarely in protein function
[86—88]. The main issues in the study of such aliphatic a-amino acids are the
increase of conformational possibilities from the multiple configurations associated
to torsion about single bond in the lateral chain. Two conformers of types I and II
shown in Fig. 13 were ultimately detected in the supersonic jet for valine, isoleu-
cine, and leucine, and conclusively identified through comparison of the experi-
mental rotational and "*N nuclear quadrupole coupling constants with the predicted
values ab initio, as described in Sect. 3.

In the three amino acids, the conformational preferences for the intramolecular
interactions reproduced those of glycine and alanine, with the amino-to-carbonyl
interaction (I) most stable. Interestingly, the two conformers observed for each amino
acid present the same arrangement of the side chain (valine Ia and Ila, isoleucine Ia,
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Conformer I Conformer II

Valine
Ia - Ila

Isoleucine
Ial — Hal

Leucine
Ib, — IIb,

Fig. 13 The observed conformers for valine, leucine and isoleucine. (From [115-117])

and Ila;, and leucine Ib; and IIb,). This fact seems to indicate that the non-polar side
chains do not interact significantly with the polar groups of the amino acid.

4.3 Imino Acids Proline and Hydroxyproline

Proline (m.p. =228°C) is the only proteinogenic a-amino acid bearing a secondary
amine in which the alpha carbon and the nitrogen atom are bound together to form a
five-membered pyrrolidine ring. Proline has a unique role in protein formation
because of its cyclic structure, acting at the end of a-helices or as structure disruptor
in turns and loops [86—88]. Proline is also one of the major constituents of collagen,
the most abundant protein in vertebrates, where it is accompanied by 4(R)-hydroxy-
proline (m.p.=273°C), formed in a post-translational modification [118—124].
Collagen is a triple helix made of three super-coiled polyproline II-like chains with
repetitive tripeptide sequences X-Y-Gly, where usually X=proline and Y = 4(R)-
hydroxyproline. However, the diastereoisomer 4(S)-hydroxyproline (m.p.=243°C)
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Fig. 14 Predicted low-energy conformers of proline and relative energies (MP2/6-311++G(d,p))
with respect to the global minimum. Conformers are labeled as /, /I, or /Il depending on the
hydrogen bond established between the amino group and carboxylic groups. Labels a or b indicate
the configuration endo (a) or exo (b) adopted by the ring. The detected conformers are encircled.
(From [59, 128])

inhibits the proper folding of the triple helix in either X or Y position [125, 126]. The
fact that the diastereoisomer 4(S)-hydroxyproline produces a reverse destabilizing effect
in the collagen triple helix makes a comparison of the three molecules interesting.
The low energy conformers of proline [127] are shown in Fig. 14 where they are
labeled according to the hydrogen bond type I, II or III and the labels a or b to
denote the C,-endo or C,-exo bent ring configurations, respectively. The first LA-
MB-FTMW study on the rotational spectrum of an amino acid carried out in our
laboratory was that of proline [59]. In this first study, only two conformers, /la and
11b, were detected. Conformer Ila exhibits a frans-COOH arrangement, with the
pyrrolidine ring adopting a C,-endo bent configuration. The distance between the
nitrogen atom and the carboxylic hydrogen supports the existence of an N- - -H-O
hydrogen bond, similar to those found in configuration II of aliphatic a-amino
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Fig. 15 The observed
conformers of 4(S)-
hydroxyproline and 4(R)-
hydroxyproline (From
[129])

4(R)-hydroxyproline

acids. For conformer IIb, analysis of the rotational data yielded a similar N- - -H-O
structure, but differing in a C,-exo ring. A later investigation taking advantage of
the improvements in the laser ablation experiment [59] allowed the identification of
two new conformers Ia and Ib [128]. These two new conformers are stabilized by
interactions that link the hydrogen atom on the imino group to the oxygen atom of
the carboxylic group (N-H- - -O=C) and differ in the pyrrolidine ring configurations
endo-like (a) and exo-like (b). From the intensities of the lines, the population of the
observed conformers was found to follow the order Ila > IIb > Ia~1Ib, with the
conformer Ila as the global minimum in good agreement with ab initio calculations.
For the most abundant conformer, Ila, all five monosubstituted e isotopomers
could be observed in their natural abundance. This isotopic information, together
with the data from enriched samples of '>N and two deuterated species, was used to
derive its effective structure. The preference for the N- - -H-O interaction in proline
should be attributed to the geometrical constraints imposed by the pyrrolidine ring.

Two conformers were detected for each diastereoisomer of 4-hydroxyproline
[129] (Fig. 15), which were labeled according to their intramolecular hydrogen
bond pattern (II=N- - -H-O; I=N-H- - -O=C), ring puckering (a=C,-endo; b=C,-
exo), and hydroxyl orientation (using arbitrary subscripts of the conformer type). In
both 4-hydroxyprolines, the most stable conformer was found to exhibit an N- - -H—
O hydrogen bond (4(R): IIby; 4(S): IIa,), as occurred for proline. However, unlike
proline, the second stable conformers (4(R): Ib,; 4(S): Ia,) displayed an N—
H- - -O=C hydrogen bond. Significantly, the two forms detected in each case had
the same ring puckering orientation (C,-exo for 4(R) and C,-endo in 4(S)). The
propensity of 4(R)-hydroxyproline to give C,-exo puckerings would represent a
form of preorganization of the collagen helix. Inspection of the most stable
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structures gives information on the intramolecular interactions causing this effect.
Apart from easily recognizable hydrogen bond interactions, the arrangement of the
4-hydroxyl group in the most stable conformer Ila, of 4(S)-hydroxyproline suggests
an n—n* interaction produced by a hyperconjugative delocalization of a
non-bonding electron pair (n) of the oxygen atom in the hydroxyl group into the
n* orbital at the carboxylic group carbon. This interaction is reminiscent of the
preferred Biirgi—Dunitz trajectory for a nucleophilic addition to a carbonyl group
[130, 131] because the predicted O---C=0 distance of 2.97 A and angle
£0---C=0 <108.5° are optimal for this approach. In this context, the possibility
of further stereoelectronic contributions, as the so-called gauche effect [132, 133],
were considered.

4.4 Proteinogenic Amino Acids with Polar Side Chain

The presence of polar functional groups in the side chains of a-amino acids is
expected to increase dramatically the number of low-energy conformers. The
functional group can establish additional interactions, which do not occur in other
a-amino acids previously studied, and thus may affect the conformational prefer-
ences giving rise to a rich conformational space. The conformational behavior
of serine [60], cysteine [134], threonine [61], aspartic acid [135], glutamic acid
[67], and asparagine [136] have been revealed using LA-MB-FTMW spectroscopy.
A summary of the results is collected in Table 3. The analysis of threonine

Table 3 The polar side chain (R) of a-amino acids with the number of observed conformers in
each case

RH H R‘!;f R\g
A H,A _C. 0 o o)
N/CQ\C/O\‘H ’f-,_N/ “\..Cf I'\{/ “*-‘.04
.. D Y
H-----"220 T N
1 || 1
(N-H--0=C) (N--H-0) (N-H:+-0-H)
and and
cis-COOH cis-COOH
R Amino acid Observed conformers
—CH,—OH Serine 7
—CH,-SH Cysteine 6
—CH(OH)-CHj3; Threonine 7
—CH,—COOH Aspartic acid 6
—CH,—CH,-COOH Glutamic acid 5
—CH,—CONH, Asparagine (1)

Source: From [136]
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was described in detail in Sect. 3. The results for the other are presented in the
next pages.

4.4.1 Serine, Cysteine, and Threonine

Serine [60] [R=(CH,OH), m.p. =240°C] is the simplest proteinogenic amino acid
with a polar group (R=CH,OH) in its side chain. The hydroxyl group can interact
as proton donor to the amino or carboxyl groups, or as proton acceptor through the
non-bonding electron pair at its oxygen atom. Ab initio calculations predicted a
significant number of conformers within 1,000 cm™' (see Fig. 16). Up to seven
rotamers were observed in the rotational spectrum following the procedure
described in Sect. 3. The experiment also provided information on the relative
stability of the serine conformers which follow the order
Ia>IIb >I'b > Ilc > IIgb ~ Illgc ~Ila, Ia, with an N-H:--O=C hydrogen bond,
being the global minimum. All observed conformers are stabilized by a network of

IcPro
; é 1002 cm’
I - NH-0=C M
3
. IIbSer IIcHisS
22 297 em™

II » OH-N

Ila I1,bGln e
. » NH-OH ; < )
111 - NH--OH

Fig. 16 The predicted low energy conformers of serine and relative energies (MP4/6-311++G(d,
p)) with respect to the global minimum (in cm ™). 7, II, or III refer to the intramolecular hydrogen
bonds between the -NH, and -COOH groups. a corresponds to a+ sc configuration for the -OH
and —NH, groups viewed along the Cg—C, bond according to IUPAC terminology, b corresponds
to -sc and ¢ to ap configurations. The prime label indicates a down orientation of the -NH, along
with an O-H- - -N intramolecular interaction with the side chain. In conformers /// an « or
subscript indicates the H atom of the amino group bonded to the hydroxyl or carboxylic groups.
The detected conformers are encircled. (From [60])
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hydrogen bonds established between the different polar groups. Conformers Ia and
I’b bear, in addition to the N-H- - -O=C amino acid backbone interaction, an O—
H- - -N bond between the hydroxyl group in the side chain and the lone pair of the
nitrogen atom. The side chain hydroxyl group interacts in a different way in each of
the type II conformers. In Ila, the —OH acts as a proton acceptor of one of the amino
hydrogen atoms. In conformer Ilc, the —OH interacts as a proton donor to the
carbonyl oxygen of the —-COOH group, and in conformer IIb the —OH acts both
as proton donor, to the -COOH group, and as proton acceptor of one of the -NH,
group hydrogen atoms. The amphoteric character of the hydroxyl group is also
manifested in conformer IIgb, where it interacts with both amino and carboxylic
groups. In conformer Illgc, the hydroxyl group only interacts with the carbonyl
oxygen of the carboxylic group.

The observation of IlIgb and IIlgc conformers in serine is in direct contrast with
the behavior observed in non-polar side chain amino acids. As explained above, in
those cases the non-observation of type III conformers is attributed to the collisional
relaxation from III to the most stable I conformers. For serine, conformers IlIgb and
IIgc are predicted to be more stable than the corresponding Ib and Ic forms. A low
barrier of ~140 cm™' was predicted for the interconversion from conformer Ib to
conformer Illgb. A similar energy profile was found for the interconversion from Ic
to Illgc conformer. The microwave work on serine [60] concluded that the 1> 111
preference of a-amino acids with non-polar side chains no longer holds for the “b”
and “c” side chain arrangements because of the cumulative effects of the intramo-
lecular hydrogen bonds established between all polar groups. The non-detection of
conformer Ill,a or conformer III’;b can be explained by a relaxation to the
corresponding more stable type I conformers (see Fig. 11). In those cases, the
side-chain hydroxyl group can only establish an O—H- - -N hydrogen bond with the
amino group. The difference in stability is completely attributable to the interaction
between the -NH, and -COOH groups, and the I > III preference of a-amino acids
with non-polar side chains is maintained.

Similar behavior to that of serine was found for cysteine [134], [R=CH,SH,
m.p. =300°C], a natural amino acid which bears an —SH group in the side chain
instead of the —OH group. The microwave spectra reveals six rotamers identified as
conformers Ia, Ila, Ib, IIb, IlIgb, and Illgc. In cysteine, conformer Ib has been
observed instead of I’b observed in serine, while conformed Ilc observed in serine
has not been observed for cysteine. The main differences between both molecules
come from the marked less acidic character of the —SH group compared to the -OH
group.

Threonine (R=—CH(CH3)OH, m.p. =256°C) [61] is related to serine as it only
differs on the C, methyl group. Figure 7 shows the seven low energy conformers
detected for threonine. While form IIIgb observed in serine [60] and cysteine [134]
was also observed in threonine, conformer Illgc was not detected. This can be
attributed to the raising of the energy of this conformer caused by steric interaction
of the C, methyl group with the -COOH group. Conformer Ill,a has been observed,
in contrast to serine and cysteine, where this conformer relaxes in the supersonic
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expansion to the Ia form. The only explanation in this case is that the steric
interactions between the C, methyl group and the -COOH group would increase
the barrier of interconversion between those forms, predicted to be ~1,000 cm 'in

threonine [61] which cannot be surmounted via collisions with the carrier gas.

4.4.2 Aspartic and Glutamic

Aspartic acid (R=—CH,—~COOH, m.p. >300°C) is a natural amino acid with a
carboxyl group in the side chain. Ab initio searches in the potential energy surface
predict up to 14 low energy conformers to lie within 800 cm ™' [135]. Investigation
of the microwave spectrum of laser ablated aspartic acid yields the identification of
six conformers (see Fig. 17). The relative population ratios follow the order
Ia-I> Ib-I~1Ila-1 > Ia-Il & IIb-1 > Illgb-I. Conformer Ia-I is the most abundant
conformer in the molecular beam, in poor agreement with the ab initio calculations
which predict Ia-I to be ca. 300 cm ™' above the global minimum. This fact can be
attributed to relaxation processes between conformers [108—110, 135].

IIb-1 ITa-1 Ta-IT

Ib-1 Igb-1 Ia-1

Fig. 17 The observed conformers of aspartic acid. Labeling is the same as used in serine, cysteine
or threonine. An additional label indicating the hydrogen bond type (/, 11, or 11I) between the -NH,
and the p-COOH groups is used to avoid ambiguities. (From [135])
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It was confirmed again that the presence of a nitrogen nucleus makes the N
quadrupole coupling constants a unique tool to establish the nature of the intramo-
lecular hydrogen bonding. All the conformers detected are stabilized through a
network of intramolecular hydrogen bonds, in which all functional groups partic-
ipate (see Fig. 19). The six conformers observed belong to the “a” or “b” families,
the B-COOH group being synclinal to the amino group, which allows these two
functional groups to interact. This indicates that the 3-COOH prefers to interact
with the amino group rather than with the COOH group in a. The —-NH, group acts
as a bridge connecting the -COOH groups in the hydrogen bond network. Further-
more, all observed conformers except one are of type I, indicating that the f-COOH
acts essentially as proton acceptor rather that as proton donor.

Aspartic acid follows the trends observed by all but one of the aliphatic amino
acids studied: type I conformers are more populated than type II conformers. The
most populated form of aspartic acid is conformer Ia, which is stabilized by two N—
H---O hydrogen bonds established between the amino group and each of the
carboxylic groups, both of them in a cis configuration. The amino group disposition
in Ia-I gives rise to considerably shorter N-H- - -O hydrogen bonds than in other
conformers, which is usually associated with greater hydrogen bond strength and
could explain the stability of Ia-1. In the case of aspartic acid, the observation of the
conformer IIIgb-I can be ascribed to the high potential barrier (around 1,000 cmfl),
as predicted from ab initio calculations [135] for relaxation to the Ib-I form.

Glutamic acid (R=—CH,—CH,—COOH, m.p. =205°C) is a clear example of the
great torsional flexibility originating from multiple torsional degrees of freedom
because of its large side chain. As in aspartic acid, the polar group in the side chain
is a—COOH group. Figure 18 shows the five observed conformers [67] for glutamic
acid which show intramolecular hydrogen bonds of type I or II between the
carboxylic group in o and the amino group and have the terminal COOH group in

cis-COOH
N-H--O=C’

Lo

Ilggel Iagel

Fig. 18 The five observed conformers of glutamic acid showing their intramolecular interactions.
(From [67])
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a cis configuration. No type III conformers have been observed in this case.
Conformer lagc1 presents a type I hydrogen bond, i.e., an N-H- - -O=C hydrogen
bond between the -NH, and the a-COOH which adopts a cis arrangement.
Glutamic acid thus follows the behavior displayed by the overwhelming majority
of the aliphatic a-amino acids studied so far with a type I conformer as global
minimum. Conformer Igacl is also stabilized by an N-H- - -O=C hydrogen bond
between the carboxylic group in alpha (in a cis disposition) and the amino group.
Similar to the most abundant conformer Iagcl, it displays an extended backbone
configuration where the acid group in the side chain does not establish any
additional interactions with the other polar groups in the amino acid. The other
conformers identified, Ilggc1, Ilagcl, and IIaGcl, present a similar intramolecular
hydrogen bond network. As for aspartic acid, the interactions of the terminal —
COOH group with the amino acid backbone are dominated by the type I interaction
NH- - -O in which the terminal -COOH acts as proton acceptor.

The y-COOH group of Iagc1 and Igacl does not establish hydrogen bonds with
any of the other functional groups. This is in sharp contrast with what was observed
for other a-amino acids with polar side chains, described above, where all con-
formers flaunted interactions between all functional groups. For example, the most
abundant conformer of aspartic acid [135], the polar amino acid more closely
related to glutamic acid, was stabilized by two N-H---O=C hydrogen bonds
between the amino group and the carboxylic groups in alpha and beta. In compar-
ison with aspartic acid, glutamic acid has a longer side chain which can adopt a
larger number of dispositions. For some of these dispositions the y-COOH group is
unable to establish any interactions with the other polar groups in the amino acid.
These conformations, with less intramolecular interactions, are entropically favored
and Tagcl is the most populated conformer in the supersonic jet.

Type III conformers have only been observed in those a-amino acids where
rotation of the a-COOH group is hindered or in those for which the I/III relative
energies are reversed. Glutamic acid has a polar side chain -CH,—CH,—COOH with
the same functional group as that of aspartic acid (-CH,—~COOH) but possessing
just one more methylene group. However, this apparently small increase in chain
length produces a strong impact on the conformational preferences.

4.4.3 Asparagine: Conformational Locking

Asparagine (R=—CH,—CONH,, m.p. =236°C) is similar to aspartic acid but with
an amide group, —CONHy,, in the lateral chain instead of a -COOH group. In this
case, only one structure has been identified (see Fig. 19) in the jet cooled rotational
spectrum [136]. This is in sharp contrast to the multiconformational behavior
observed in other proteinogenic amino acids with polar side chains. This confor-
mational locking to a single conformer Ila is caused by a network of three
cooperative intramolecular hydrogen bonds, Ng---H-O,, N,-H-- -Og, and Np-
H- - -O,, forming the intramolecular sequence shown in Fig. 19. Such arrangement
of functional groups into hydrogen bond networks leads to the phenomenon of
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Fig. 19 Observed
conformer, atom labeling
for asparagine and hydrogen
bond distances taken from
the ab initio structure (From
[136])

cooperativity [102—104] under which the strength of individual hydrogen bond
interactions is notably enhanced. In addition, the simultaneous formation of
Ng- - -H-O, and N,—H- - -Og may contribute to a further stabilization of the amide
group by favoring the resonance form which confers a double bond character to the
C-N amide bond.

To conclude, in serine (R=—CH,—OH) [60], threonine (R=CH(OH)-CHs;) [61],
cysteine (R=—CH,—SH) [134], and aspartic acid (R=—CH,—COOH) [135], the side
chain has been found to change the conformational preferences with respect to
aliphatic a-amino acids without polar side chains. The number of possible confor-
mations increased and conformers with type III hydrogen bonds between the
a-COOH and —NH, groups were observed and sometimes found to be more stable
than their analogues with type I hydrogen bonds. The longer side chains of glutamic
acid (R=—CH,—CH,—COOH) [67] confer larger flexibility and multiply the con-
formational possibilities, but also changes the influence of the interactions involv-
ing the y-COOH group and the other polar groups in the amino acid. The increased
length of the side chain in glutamic acid makes entropic contributions arising from
the presence of intramolecular interactions more significant than in other polar
amino acids. This is reflected in the fact that the most populated conformer of
glutamic acid is an extended conformer where the side chain polar group does not
interact with the -NH, or a-COOH groups. The rich conformational behavior of
these amino acids contrasts with that of asparagine [136], which collapses to only
one conformer, highly stabilized by a network of intramolecular hydrogen bonds,
involving all polar groups in the molecule.

4.5 Amino Acids with Aromatic Side Chain

As already explained in the introduction of this review, the pioneering studies of the
proteinogenic amino acids in the gas phase were carried out using laser spectros-
copy techniques. However, since these techniques can be applied only to molecules
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Fig. 20 The two observed
conformers, I (left) and 11
(right), of the unnatural
amino acid phenylglycine in
the gas phase (From [152])

bearing chromophore groups, their application to proteinogenic amino acids has
been limited to phenylalanine (R=benzyl) [11, 137-147], tyrosine (R=p-
hydroxybenzyl) [3, 11, 138, 148], and tryptophan (R=3-methylene indolyl) [149-
151] which have been the subject of a large number of investigations. While the
studies of non-aromatic amino acids by microwave spectroscopy using laser abla-
tion techniques has been successful, the same techniques applied to the aromatic
ones have been shown to have problems related to photofragmentation/ionization of
these molecules taking place during the laser ablation process.

4.5.1 Phenylglycine and Phenylalanine

Phenylglycine (R=-Cg¢Hs, m.p. =290°C) is the simplest aromatic a-amino acid,
with the phenyl group directly attached to the a-carbon. It was the first aromatic
amino acid studied by LA-MB-FTMW and thus provided a suitable test for the
application of laser ablation chromophoric systems [152]. The analysis of the rota-
tional spectrum leads to the identification of two conformers shown in Fig. 20. The
most abundant conformer Ia exhibits a hydrogen bond interaction N-H- - -O=C and a
cis-COOH arrangement reminiscent of glycine 1. The second amino group hydrogen
atom points to the phenyl ring, indicative of an N-H- - -t hydrogen bond interaction.
The conformer II presents an N- - -H-O interaction with a trans-COOH configuration.
The population ratio derived for the phenylglycine forms in the supersonic jet is
Ni/Ny~4, which demonstrates the predominance of the type I conformer, as
occurs in all aliphatic a-amino acids. The amino acid skeleton of phenylglycine
reproduces the primary conformational preferences of aliphatic amino acids.

The conformational landscape of phenylalanine (R=CH,—C¢Hs, m.p. =270-
275°C) has been widely investigated [11, 137-147]. Six conformational species
were identified using laser induced fluorescence LIF, hole burning UV-UYV, and ion
dip IR-UV spectroscopy coupled with ab initio calculations [11, 137-141]. Lee
et al. [141] carried out a definitive identification of the conformers of phenylala-
nine, based upon comparisons between the partially resolved ultraviolet band
contours and that simulated by ab initio computations. The study of the rotational
spectrum of phenylalanine by LA-MB-FTMW [153] showed rather weak spectra of
only two conformers, Ila and IIb (see Fig. 21). Both conformers exhibit a trans
configuration in the COOH group, being stabilized by O-H---N and N-H. - &
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Fig. 21 The two observed
conformers, Ila (/eft) and
IIb (right), of phenylalanine
(From [153])

intramolecular hydrogen bonds. The low intensity of the observed spectra and the
non-observation of the conformers, detected with other techniques, can be caused
by ionization and photofragmentation processes during laser ablation taking place
with different rates for the different conformers. Kim and co-workers [145-147],
from their measurements of the ionization energies (IE) of the low-energy con-
formers of phenylalanine, affirm that the observed conformers Ila and IIb have
higher IEs than the other conformers.

4.6 Non-proteinogenic Amino Acids

Rotational studies extended to non-coded a-amino acids are also of biochemical
relevance [154]. The effects on the conformational behavior of enlarging the amino
acid backbone chain have been analyzed on f-alanine [155, 156] and y-amino
butyric acid (GABA) [157]. Both are neurotransmitters which bind to the same
sites as glycine [158—160]. These are also the simplest f-amino and y-amino acids
and so are the natural starting point to analyze the conformational panorama of
this type of amino acids. Other studies include a-aminobutyric acid [161], the
N-alkylated species sarcosine [162], N,N-dimethylglycine [163], and taurine
[164]. Brief results on p-alanine and GABA are presented.

4.6.1 p-Alanine

The rotational spectrum of p-alanine (NH,—CH,—CH,—COOH, m.p.=202°C)
was studied by Godfrey et al. [155] using heating methods of vaporization.
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Fig. 22 Observed conformers of p-alanine. (From [156])

Two conformers (I and V shown in Fig. 22) were identified, stabilized by N-—
H:--O=C and N-:--H-O intramolecular bonds. An LA-MB-FTMW study [156]
led to the characterization of two new conformers, II and III. Full resolution of the
"N quadrupole coupling structure was invaluable to distinguish between the most
abundant conformers I and II, which exhibit an N-H- - -O=C hydrogen bond with
different orientation of the amino group. Conformer III is not stabilized by a
hydrogen bond, but by an n—=* interaction between the electron lone pair at the
nitrogen atom and the w* orbital of the —-COOH carbonyl group which produces
electronic delocalization by hyperconjugation to the n* orbital [130, 131]. Such
interaction is described in more detail below.

4.6.2 y-Aminobutyric Acid (GABA)

In y-aminobutyric acid (GABA) (NH,—CH,—CH,—CH,—COOH, m.p. =204°C) the
five hindered rotations around the single bonds generate a plethora of conforma-
tional species. An overall picture of the conformational landscape obtained from
theoretical predictions [157] confirms the richness of GABA: up to 30 feasible
conformers shown in Fig. 23 were localized on the ab initio potential energy surface
with relative energies below 900 cm ™', Thorough analysis of the rotational spectra
finally led to the assignment of nine different rotamers of GABA [157] encircled in
Fig. 23. A close look at the detected conformers indicates that in GG2, aGl, aal,
and gal, the two polar groups are far apart and no intramolecular interactions are
apparent, apart from a stabilizing cis-COOH functional group interaction. In folded
configurations, non-covalent interactions can be established between the two polar
groups. Conformers gG2 and GGI are stabilized by type II, O-H: - -N, and con-
former GG3 by type I N-H: - -O=C intramolecular hydrogen bonds similar to those
observed in non-polar aliphatic a-amino. As occur for the III form of p-alanine,
conformers gG1 and gG3 of GABA show an arrangement of the amino and
carboxyl groups which resembles the Biirgi—Dunitz trajectory [130, 131] which
describes the most favorable approach of a nucleophile nitrogen to a carbonyl group
carbon in an addition reaction. This is a signature of the existence of an n — &*
interaction arising from the hyperconjugative delocalization of the non-bonding



370 J.L. Alonso and J.C. Lépez

Fig. 23 Predicted low energy conformers of GABA. The nine observed conformers are encircled.
(From [157])

electron pair of the nitrogen atom to the m* orbital at the carbonyl group (see
Fig. 24). In the Biirgi—Dunitz trajectory, the approach path of the nucleophile (N:) is
described to lie in the plane bisecting the #R—C-R’ angle with an angle « of about
105°+£5° for sort N to C distances [130, 131]. The ab initio structures confirm that
gG1 and gG3 conformers of GABA show an optimal geometrical arrangement for
this interaction.

The relative populations of the GABA conformers
GG2 >aGl >gGl >aal >gal can be taken as proof of the coexistence of
GABA conformers having intramolecular interactions (folded) with those free of
them (extended). Conformers of GABA free of intermolecular interactions are the
most abundant. Intramolecular interactions contribute to decrease entropy and to
increase the Gibbs energy, thus diminishing number density. The works on
B-alanine [156] and GABA [157] show that an increment in the number of meth-
ylene groups between the amino and carboxylic groups gives rise to the existence of
stabilizing interactions, such as n— x*, different from the hydrogen bond. In
addition, the presence of low energy extended conformers free of intramolecular
interactions becomes significant.
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Fig. 24 Scheme of the Biirgi-Dunitz trajectory of addition of a nucleophile N to a carbonyl carbon
atom and representation of the n—x* interaction in conformers gGl(a) and gG3(c) of GABA.
(From [157])

5 Nitrogen Bases

Much effort has been devoted to the identification of preferred tautomers of
nucleobases since the structure of nucleic acid and its base pairs were first reported
[165]. The best experimental approach to address the structural preferences of
nucleobases is to place them under isolation conditions in the gas phase, cooled
in a supersonic expansion. Under these conditions, the various tautomers/con-
formers can coexist and are not affected by the bulk effects of their native envi-
ronments, which normally mask their intrinsic molecular properties. The main
restriction to the gas-phase study of these building blocks is the difficulty in their
vaporization owing to their high melting points (ranging from 316°C for guanine to
365°C for adenine) and associated low vapor pressures. The success of LA-MB-
FTMW experiments to the study of coded amino acids prompted their application to
nucleic acids uracil [166], thymine [167], guanine [168], and cytosine [169], as well
as the monohydrates of uracil and thymine [170]. This technique gives a precise
interpretation of the structure and relative energies of the different forms of nucleic
acid bases to solve apparent discrepancies between the previous studies. The
rotational constants, which are the main tool to identify the different forms of a
biomolecule, had a minor role when trying to discern between the different tauto-
mers of a nucleobase. It is the quadrupole coupling hyperfine structure caused by
the presence of '“N nuclei which constitute authentically the fingerprints of every
tautomer. In the next sections, the results on nucleobases are discussed.
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5.1 Uracil, Thymine, and Their Monohydrates

Uracil and thymine have similar structures and only differ in the presence of a
methyl group in thymine (5-methyluracil). These can exist in various tautomeric
forms which differ by the position of the hydrogen atoms, which may be bound to
either nitrogen or oxygen atoms (keto-enolic equilibrium). The first observations of
the rotational spectra of uracil [171] and thymine [172] were made using Stark
modulation free-jet absorption millimeter-wave spectroscopy. The solid samples
were vaporized under carefully controlled heating conditions to avoid decomposi-
tion. Only the diketo tautomer was observed in each case. The identification was
based on the agreement between predicted and experimental rotational constants
value. Uracil and thymine have been probed in the gas phase under high-resolution
conditions using LA-MB-FTMW spectroscopy. Both nucleobases bear two "N
atoms with nonzero quadrupole moments (/ = 1), which interact with the electric
field gradient at the nucleus, resulting in a complicated hyperfine structure. As
mentioned in Sect. 3, the experimental values of the quadrupole coupling constants
provide an independent approach to identify the tautomeric forms.

In the case of thymine, the rotational spectrum was complicated not only by the
hyperfine structure of two "*N atoms but also by a further doubling arising from the
coupling of the internal rotation of the methyl group to the overall rotation (see
Fig. 25). The resulting structure was completely resolved and analysis of the
spectrum yielded the quadrupole coupling constants for both "N nuclei and the
barrier to internal rotation of the methyl group, V3= 1.502(9) kcal/mol obtained
from the A-E doublet (see Fig. 25).

For uracil, the intensity of the observed spectrum led to the observation of
the spectra of the BN(D-N(3) and "*N(1)-"’N(3) isotopomers in natural abun-
dance. In a subsequent step, a '’N-""N enriched sample was used to observe the
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Fig. 25 (a) The 4, 4-3¢ 5 rotational transition of thymine showing the N quadrupole components
labeled with the quantum numbers I'.,F’ < I’ ,F". (b) Detail of the I,F =2,4 2,3 quadrupole
component, which is split into four lines because of the internal rotation (A—E doublet) and
Doppler effects (). (From [167])
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spectra of all '*C and '®0 monosubstituted isotopologues. The inertial defect
(Ac:[C—Ia—Ib:Zmiciz) measures the mass extension out of the ab inertial
plane and is close to zero for planar molecules. The values of parameter for the
observed isotopologues range from —0.129 to —0.134 uA?, allowing one to estab-
lish the planarity of uracyl. The substitution and equilibrium structures of this
molecule [166] are shown in Table 4. Recently, the computational composite
scheme [173] has been applied to the first study of the rotational spectrum of
2-thiouracil. The joint experimental-computational study allowed the determination
of the accurate molecular structure and spectroscopic properties of this nucleobase.

The uracil-water and thymine—water complexes provide the simplest molecular
models of the interactions between biologically important nitrogen bases and water.
These monohydrates have been the subject of many theoretical studies [174 and
references therein, 175, 176] and experimental studies [177—-179]. In the microwave
work [170] by LA-MBFTMW spectroscopy, only one conformer of each complex
has been observed. Investigation of the structure of the adducts from the rotational
constants of the different isotopologues shows that the observed conformers corre-
spond to the most stable forms in which water closes a cycle with the nucleic acid
bases forming N-Hyg: - ‘O, and Hy- - -O=C, hydrogen bond (see Fig. 26). Both
adducts present similar hydrogen bond structures which are also comparable to
those observed for related complexes, such as formamide—water [180-182] N-
methylformamide—water [183], or 2-pyridone—water [184], as could be expected
given the similar natures of the hydrogen bonds in all these systems.

5.2 Guanine

Theoretical calculations predict the existence of four low-energy forms [185-187]:
keto N7H, keto N9H, and enol N9H cis and trans (Fig. 27). The features observed
from UV laser spectroscopy of guanine [188-193], IR techniques in He
nanodroplets experiments [194], and electron diffraction study [195] led to some
controversy. The four more stable forms were first identified by de Vries and
co-workers in the R2PI spectrum [188, 191]. However, in successive works by
Mons and co-workers [189, 192, 193] and Seefeld et al. [190] it was concluded that
the spectrum is dominated by the less stable tautomers N7H enol and the two keto
imine tautomers. This was attributed to the occurrence of a fast non-radiative
relaxation of the excited states of the N7H keto, N9H keto, and N9H enol trans
which prevents their observation in the R2PI spectrum. On the other hand, the
fourth most stable form was identified by IR techniques in He nanodroplet exper-
iments [194], while an electron diffraction study confirmed the existence of N9H
keto form [195].

The difficulties in detecting conclusively the most stable tautomers of guanine
showed the need for a gas-phase high sensitivity structural probe such as micro-
wave spectroscopy insensitive to excited-state dynamics. However, guanine has the
drawback of having five "*N atoms in its structure so their quadrupole coupling
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Fig. 26 The uracil-water (/eft) and thymine water (right) observed complexes. (From [170])

Kb LI Iy

Keto N7H Keto N9H Enol N9H trans Enol N9H cis

Fig. 27 The four observed conformers of guanine. (From [168])

hyperfine structure gives very complex patterns in the rotational spectra. With this
background the LA-MB-FTMW rotational spectra was investigated and four dif-
ferent rotamers were recognized [168]. All observed transitions were split into
many components, confirming that they belong to guanine. No attempt was made to
assign the quadrupole hyperfine components, and the rotational frequencies were
measured as the intensity-weighted mean of the line clusters. The values of the
rotational constants and the electric dipole moment components were used to
identify the observed rotamers as the four most stable forms of guanine in
Fig. 27. The post-expansion abundances measured from relative intensity measure-
ments point to a higher stability of the N9H and N7H keto forms. Finally, the values
of the inertial defect, ranging from 0.48 to 0.68 uA?, show that the tautomers of
guanine are slightly non-planar.

5.3 Cytosine

The molecular system of cytosine (CY) is more complex than that of guanine.
Figure 28a shows the five most stable species according to theoretical calculations
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Fig. 28 (a) The five more stable species of cytosine: enol-amino trans (EAt), enol-amino cis
(EAc), keto-amino (KA), keto-imino trans (KIf), keto-imino cis (Klc) given in order of stability
according to MP2/6-311++G(d,p) ab initio calculations. (b) LA-MB-FTMW spectra for the 1, ;-
09,0 rotational transition of the five species. (c¢) Theoretical simulation of the nuclear quadrupole
hyperfine structure for the 1,;-0y( rotational transition. The differences among the various
patterns act as fingerprints for tautomeric/conformational assignment. (From [169])

[169]: enol-amino trans (EAt), enol-amino cis (EAc), keto—amino (KA), keto—
imino frans (KIt), and keto—imino cis (Klc). Different experiments have been
conducted to reveal the tautomerism of cytosine. The infrared spectra in inert gas
matrices were interpreted in terms of a mixture of KA and EA [196]. IR laser
spectroscopy in helium nano-droplets [197] characterized the EAt, EAc, and KA
species. Two features observed in the vibronic spectra were attributed to the KA
and EA forms [198]. The electron diffraction pattern [199, 200] was interpreted in
terms of a conformation mixture dominated by the EA forms. In very recent
experiments on Ar-matrix, photoisomerization processes [201, 202] were
interpreted in terms of the coexistence of various tautomers of cytosine. The free
jet millimeter-wave absorption spectra [203] of the three detected species were
tentatively assigned to KA, Eat, and KI forms. Five rotamers were observed in the
high resolution rotational spectrum of cytosine investigated by LA-MB-FTMW
spectroscopy [169]. Rotational transitions exhibit a very complex hyperfine struc-
ture caused by the presence of three '*N nuclei. Analysis of this hyperfine structure
yields the nuclear quadrupole coupling constants, which are extremely sensitive to
the electronic distribution around the quadrupolar nuclei 14N1, 14N3, and 14Ng.
Comparison between experimental and predicted spectroscopic constants leads to
a conclusive identification of the detected rotamers.
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Species EAt and EAc have very similar values for the three "N nuclei, being the
differences between the two conformers only caused by the different orientation
of the hydroxyl group. In those conformers, the positive values of x. for "*N; and
N3, in the range 1.0-1.8 MHz, indicate that these are pyridinic nitrogen atoms,
while the negative values for '*Ng indicate this is an amino nitrogen atom. A
conclusive discrimination of both species was achieved by using the trend of the
change on the rotational constants. In tautomer KA, the y,, (¢ =a, b, ¢) values
associated with atoms '*N3 and '*Ng do not change very much with respect to the
previous tautomers, but those for atom '*N; change radically, indicating that it is an
imino N atom. In passing to conformers KI, the quadrupole coupling constants
associated with atom '*N; change and the corresponding value of x.. reveals that it
is now an imino N atom. Finally, y.. of "Ng of KIt and Klc are “chemically”
different from all other .. values and were finally identified as being part of a
C=N-H group (see Table 5). "*N nuclear quadrupole patterns make it possible to
obtain the spectral signatures for each individual tautomer in the complex sample
and thus act as a sort of fingerprint (Fig. 28b, c). The relative intensity measure-
ments indicate that the EA forms are more abundant in the gas phase than the
canonical KA form. The values of the inertial defects show that all species are
effectively planar.

Table 5 Spectroscopic constants for the observed tautomers and conformers of cytosine

EAt EAc KA Kl Klc

A/MHz 3,951.85325(32)" 3,889.46510(38) 3,871.54618(31) 3,848.18174(41) 3,861.2966(12)

B/MHz 2,008.95802(12)  2,026.31804(12) 2,024.97804(11) 2,026.31068(31) 2,011.41032(62)

C/MHz 1,332.47228(08)  1,332.86951(10) 1,330.33627(08) 1,327.99167(10) 1,323.19999(22)

N, y/MHz —2.6373(13) —2.8007(18) 1.6211(19) 1.8518(69) 1.898(23)
xou/MHz  1.1672(28) 1.0340(27) 1.4772(34) 2.0545(40) 2.104(28)
Xee/MHz  1.4701(28) 1.7667(27) —3.0983(34) —3.9063(40) —4.002(28)

N; y./MHz 22619(20) 2.2371(23) 2.5217(12) 2.1383(33) 2.105(20)
You/MHz  —3.6570(22) —3.3890(25) —3.5140(16) 1.6064(42) 1.764(28)
Xeo/MHz  1.3951(22) 1.1519(25) 0.9923(16) —3.7448(42) —3.870(28)

Ns y/MHz 22167(17) 2.2237(17) 2.1802(17) 1.8033(87) —2.091(15)
xou/MHz  1.9511(20) 1.9832(20) 1.8429(26) —3.1572(58) 0.940(14)
Xe/MHz  —4.1678(20) —4.2069(20) —4.0231(26) 1.3539(58) 1.151(14)

A" JuA? —0.1676(3) —0.1767(4) —0.2212(3) —0.1789(5) —0.2023(13)

6°/kHz 1.1 1.4 1.1 1.3 3.9

N¢ 71 74 84 54 45

Source: From [169]
“Errors in parenthesis are expressed in units of the last digit
°A.=1.—1I,— I is the inertial defect. Conversion factor: 505,379.1 MHz uA?
Standard deviation of the fit
9Number of fitted lines
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6 Monosaccharides

Carbohydrates are one of the most versatile biochemical building blocks, widely
acting in energetic, structural, or recognition processes [204, 205]. The importance
of its structure has been the driving force behind the development of methods for
elucidating the shape of their building blocks, monosaccharides. Thus, it comes as
no surprise that 3D structures and relative stability of conformers of monosaccha-
rides continue to be an area of great research interest [204, 205]. The subtle
variation in hydroxyl arrangement is thought to account for differences in chemical
and physical properties of the sugars. This is also relevant to distinguish between
different conformers. Additionally, monosaccharides are also of interest in the field
of astrophysics. The availability of rotational data has been the main bottleneck
for examining the presence of these building blocks in the interstellar medium
(ISM) [206]. Based on the rotational spectra identification, the simplest C, sugar of
glycolaldehyde [207, 208] has been identified, but has yet to detect the C; sugar of
glyceraldehyde [209].

The experimental results obtained in condensed phases [210-217] seem to
indicate that a subtle balance between intrinsic and environmental effects governs
the conformational preferences of monosaccharides; the structure and relative
stability of isolated sugars are different from their counterparts in solution. To
separate these contributions, it is crucial to obtain data on the isolated monosac-
charides in the gas phase. This highlights the importance of generating sugars in
isolated conditions, free from the influence of environmental effects to determine
its intrinsic conformational properties relevant to understand its biological activity
[218]. In the particular case of biomolecular building blocks, the group of Prof.
Simons in Oxford, one of the pioneers in the field of laser spectroscopy, has heavily
contributed to the study of carbohydrates [219, 220 and references therein] as can
be seen in the chapter dedicated to this subject in this book [221].

Presently, Fourier transform microwave spectroscopy techniques in supersonic
jets, combined with laser ablation techniques [61-63], can bring intact monosac-
charides into the gas phase for structural investigation. The low-temperature envi-
ronment of a supersonic expansion provides the ideal medium for preparing
individual conformers of sugars in virtual isolation conditions, ready to be interro-
gated by a short burst of microwave radiation. To date, rotational investigations of
monosaccharides have been carried out for C4 sugars [222], Cs sugars [62, 223,
224], and Cg sugars [225-227]. All factors contributing to stabilization of the
observed species are given in the next sections.

6.1 C,Sugars: p-Erythrose

D-Erythrose (C4HgOy, see Fig. 29) may be present in linear or cyclic furanose
forms. Aqueous solution NMR studies [228, 229] have shown that furanose forms
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D-erythrose H OH
H

open chain

Fig. 29 Fisher projection of p-erythrose (center). Haworth projections of the o and  anomers and
sketch of the open chain form. (From [222])

(25% and 65% of a and P furanose forms, respectively) are in equilibrium with an
appreciable amount of acyclic forms. The five-membered ring structures contain an
asymmetric carbon C; which leads to the appearance of two stereochemical o and f§
anomeric species, according to the position of the anomeric OH group (see Fig. 32).
Puckering of the ring gives rise to envelope (E) and twist (T) configurations which
are interconvertible by rotation of single bonds. This adds complexity, as each of
these furanose rings may give rise to many conformers because of the relative
arrangement of the OH groups.

Erythrose is a syrup at room temperature and is thermally decomposed using
conventional heating methods, so it has been vaporized using laser ablation of solid
NaCl doped with p-erythrose [222]. In the experimental procedure, some drops of
D-erythrose were mixed with finely powdered NaCl and a small amount of a
commercial binder. The laser vaporized products were probed by CP-FTMW
spectroscopy [62]. The broadband spectrum (see Fig. 30) shows, apart from the
strong NaCl rotational transitions, additional weak lines (inset in Fig. 30) which
were attributed to two rotamers A and B of p-erythrose. The derived experimental
rotational constants were contrasted with those from ab initio calculations on the
lowest lying conformations [229]. Rotamer A was unequivocally identified as
conformer a-’E-cc (predicted as global minimum) and rotamer B as conformer
B—sz—cc. Conformer a-°E-cc (Fig. 31) has the three hydroxyl groups on the same
side of the furanose ring forming a cyclic cooperative intramolecular hydrogen
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Fig. 30 Broadband CP-FTMW rotational spectrum of p-erythrose and NaCl in the 6-14 GHz
frequency region. Top inset: details of the CP-FTMW spectrum showing the feature ascribed to
several transitions for both detected rotamers. (From [222])

O

ring

a-"E-cc B-'T,-cc

Fig. 31 The three-dimensional structures of the two observed conformers of p-erythrose showing
the intramolecular hydrogen bond networks. The notation used to label the conformers includes
the symbols o and f to denote the anomer type, E and T with lower and upper subscripts indicate
the ring puckerings, and the symbols “c” or “cc” to indicate the clockwise or counterclockwise
configuration of the adjacent OH bonds, respectively. (From [222])
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bond network, OH;- - -OHj3- - -OH,- - -OH;, with a counterclockwise arrangement.
Such cyclic network, explains the stability associated with this conformer.

Conformer p-'T,-cc has two hydroxyl groups on the same side of the furanose
ring. Hence, OHj3: - -:OH,- - :Oyipg and OH;- - -Oyp hydrogen bond motifs together
with the axial position of the hydroxyl group OH; (anomeric effect) are the main
stabilizing factors for this conformer.

6.2 2-Deoxy-p-Ribose and Ribose

2-Deoxy-p-ribose (2DR, CsH;oO,4) (Fig. 32a) is an important naturally occurring
monosaccharide, present on nucleotides’ structures, known as the building blocks
of DNA [230]. In DNA, 2DR is present in the furanose (five-membered) ring form,
whereas in aqueous solution it is present as five- and six-membered rings species,
with the latter being dominant [231, 232]. In the six-membered ring, the C; carbon
atom is an asymmetric centre, yielding two possible stereochemical a and f8
anomeric species (Fig. 32b). In aqueous solution, 2DR primarily exists as a mixture
of nearly equal amounts of a- and B-pyranose forms, present in their low energy
chair conformations, *C; and 'C, (Fig. 32¢) [210, 233-235]. Former experiments to
determine the conformation of monosaccharides based on X-ray and NMR

/ * c-a-| pvr 'C,
8 kdmol”
'C, chair
A ]
i a-anomer e <5 * i : .
HO LTI, S — . [= .
. ce-a-pyr 'C c-g-pyr 'C -1 c-a-pyr 'C,-2 c--pyr 'C -3
" ) : / ( thfm 0 kJmol” 4.7 kdmol’ 6.6 kimal’ 1.2 kdmel®
H=—1—0H
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Fig. 32 (a) Fisher projection of 2-deoxy-p-ribose. (b) Haworth projections of o and § anomers. (c)
1C4 and *C 1 chair conformations. (d) Predicted conformers within 12 kJ mol~! from MP2(full)/6-
3114++G(d,p) ab initio computations; the observed conformers are encircled. (From [224])
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Fig. 33 Broadband microwave spectrum of 2-deoxy-p-ribose. (From [224])

measurements [233, 234, 236, 237] are influenced by environmental effects asso-
ciated with the solvent or crystal lattice. An IR spectrum of 2DR isolated in an inert
matrix [238] has been interpreted by summing the modeled spectra for several a
and P conformers.

The conformational panorama of isolated 2-deoxy-p-ribose (m.p.=89-90°C)
has been recently unveiled [224] using CP-FTMW spectroscopy in conjunction
with a picosecond laser ablation LA source. The broadband spectra of Fig. 33
allowed the assignment of six different rotameric species labeled I to VI. The
rotational constant values were found to be consistent with those predicted ab initio
for the conformers shown in Fig. 33d. In addition, spectral measurements have been
extended to all five monosubstituted '>C species and the endocyclic '*O species in
their natural abundance (~1.1% and ~0.2%) for the most abundant c-p-pyr-'C,-1
conformer using laser ablation combined with MB-FTMW. The isotopic informa-
tion was used to derive its structure [224]. The population ratios for a and
conformers estimated from transition intensities indicate that 2DR exists in the
gas phase as a mixture of approximately 10% of a- and 90% of B-pyranose forms,
thus displaying the dominant p-'C, pyranose form, as found in the previous X-ray
crystalline study [236]. No evidence has been found of either a/p-furanoses or any
linear forms in gaseous 2DR (Fig. 33).

The detected conformers of 2DR, depicted in Fig. 34, can be rationalized in
terms of factors that may contribute to their stabilization. The two observed a
conformers, cc-a-pyr-"C; and c-o-pyr-*C;-1, are stabilized by anomeric effects;
they have a *C; ring configuration, thus leading the anomeric OH group towards the
axial position. The hydroxy groups of both conformers are located at the same side
of the ring, and are able to form chains of hydrogen bonds, which, in turn, are
strongly reinforced by sigma hydrogen bond cooperativity [102—104]. The most
abundant o« form cc-a-pyr-*C, presents a counterclockwise arrangement of the OH
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c-B-pyr'C,-1 ce-p-pyr'C,-1

ce-u-pyr ‘C, c-a-pyr ‘C,-1

Fig. 34 The six observed conformers of 2-deoxy-p-ribose showing the intramolecular hydrogen
bond arrangements. (From [224])

groups with a chain of three hydrogen bonds O4)H: - -O3)H: - -O(y)H- - -Oyipg, While
the less abundant c-a-pyr-*C;-1 shows a chain of two O H- - -O(3)H- - -O(4)H. The
anomeric effect in the most abundant P form c-p-pyr-'Cy-1 is reinforced by the
intramolecular hydrogen bond network O)H---O4)H---Oype.  Conformers
c-p-pyr-*C;-1 and cc-p-pyr-*C;, with the anomeric hydroxy group in equatorial
position, are stabilized by two non-cooperative intramolecular hydrogen bonds.

Similar to 2DR, ribose (CsHsOs) is one of the most important monosaccharides
since it constitutes a subunit of the backbone of RNA. NMR studies have shown
that ribose in solution is a mixture of a- and P-pyranose and a- and p-furanose
forms, the p-pyranose form being predominant. The recently settled crystal struc-
tures have shown that the o- and p-pyranose forms are present in the solid phase
[239-243]. The structure in the gas phase has been experimentally investigated
using a laser ablation molecular beam Fourier transform microwave spectroscopy
(LA-MBFTMW) technique [62]. The high resolution rotational spectrum has
provided structural information on a total of six rotamers of ribose, three belonging
to the a-pyranose forms and other three to the p-pyranose forms. Recently, p-ribose
(m.p. 95°C) has been submitted to a laser ablation broadband (CP-FTMW) spec-
troscopic study and eight conformers (two new a-pyranose forms) have been
identified. A broadband section of the spectra is shown in Fig. 35 and the detected
conformers depicted in Fig. 36.

Compared to ribose, the absence of the hydroxy group at C, in 2-deoxyribose
limits the possibility of forming hydrogen bonds and in practice leads to weakening
of the cooperative hydrogen-bond network, altering the relative abundances.
For example, the most stable a-pyranose form c-a-pyr-'Cy of ribose has not been
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Fig. 35 Broadband spectrum of p-ribose
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Fig. 36 The eight detected conformers of D-ribose, adopting 'C, or *C; -chair structures

detected in 2DR. The absence of an O()H group reverses the arrangement of the
OH groups in the most stable p-pyranose forms (from clockwise in c-p-pyr 'C, of
2DR to counterclockwise in ribose cc-p-pyr 'C,) to maximizes the number of
hydrogen bonds (two in cc-orientation vs one in the clockwise arrangement).
The evidence collected so far supports that pyranose forms of ribose and deoxyri-
bose are more stable both in gas phase and solution, so the biological pathway to the
insertion of furanose forms of ribose and deoxyribose in RNA or DNA cannot
be merely attributed to a preference for the furanose forms in the physiological
medium.
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6.3 D-Glucose and p-Xylose

D-Glucose (CgH[,0O6, see Fig. 37a) is one archetypical monosaccharide
representing the major building block for many carbohydrate systems [244—
247]. Similar to other six-carbon monosaccharides, it may exist in either linear or
cyclic, pyranose or furanose, forms. In aqueous solution, NMR studies have shown
that the pyranose form is dominant [210, 212, 213]. The cyclization leads to the
occurrence of two anomeric species, a and P, according to the position of the OH
group (see Fig. 37b). It is commonly believed that the o anomer is more stable than
the p anomer because of the stereoelectronic anomeric effect [248, 249]. However,
when D-glucose is dissolved in water, the a and § anomers are present in a 40:60
ratio in the *C; ring conformation (Fig. 37c). The observed abundance of the B
anomer in water could only be explained by taking into consideration strong
solvation effects, which overcome the preference for the o anomer [250-253].
The glucopyranose’s hydroxymethyl group configuration must be considered in
the conformational analysis of pD-glucose in terms of three staggered conformers,
designated G+, G—, and T (see Fig. 37d), associated with the C6—06—C5-05
torsional angle, which assumes values of ca. 60°, —60° or 180°, respectively.
Experimental observations in both the solid phase [211,214-217, 254] and solution
[212, 213, 233] display approximately equal populations of G+ and G— con-
formers, with an almost complete absence of the T conformer. This propensity
in glucopyranosides to adopt gauche conformations is known as gauche effect
[255, 256 and references therein]. Finally, the structural analysis of Dp-glucose
requires the consideration of intramolecular hydrogen bond networks involving
adjacent OH groups. The orientation of the hydroxyl groups is relevant to distin-
guish between the different conformers of p-glucose and is thought to account for
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Fig. 37 (a) Fisher projection of p-glucose. (b) Haworth projections of o and § anomers. (c) 4c,
chair conformations. (d) Newman projections of the plausible conformations of the
hydroxymethyl group around Cs—Cg and Cs—Og bonds. (From [225])
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Fig. 38 A section of the LA-MB-FTMW spectrum of a-p-glucopyranose showing the rotational
transitions for three of the four observed rotamers. (From [224])

differences in chemical and physical properties of this biologically relevant bio-
molecule [244-247].

Apart from the number of theoretical studies on p-glucopyranose [257, 258],
only one vibrational spectroscopic study of a-D-glucopyranose isolated in Ar matrix
has been reported [259]. Laser spectroscopy through UV-UV and IR-UV double-
resonance techniques has contributed to the description of the conformations of
some B-phenylglucopyranosides and their hydrates [219, 220, 260, 261] but these
studies are limited to vibrational resolution and the structural conclusions are not
totally transferable to Dp-glucose because of the electronic chromophore at the
anomeric position.

The gas-phase structures of a- and f-p-glucopyranose (m.p = 153°C and 157°C,
respectively) have been examined using LA-MB-FTMW spectroscopy [225] (see
Fig. 38). After completing a wide frequency scan, it became possible to assign the
rotational spectra of four different rotamers of a-p-glucopyranose Their identifica-
tion was based on the agreement between the experimental and theoretical values of
the rotational constants and their trends of variation upon subtle structural changes.
In the same way, the agreement between the electric dipole moment s and the
observed rotational selection rules allow one to confirm the assignments. Relative
populations of the identified conformers (see Fig. 39) G-g+/cc/g+ : G+g—/cc/g+ :
Tg+/cc/g+ : G-g+/cl/g— =1:0.9(2):0.5(1):0.4(2), estimated by relative intensity
measurements of rotational transitions, were found to be in reasonable agreement
with those calculated from the ab initio Gibbs free energies of 1:0.90:0.30:0.26.
Gauche “C; glucopyranose forms with a counterclockwise arrangement of OH
groups dominating the conformational panorama of a-p-glucopyranose. The four
observed conformers of a-glucopyranose, depicted in Fig. 42, are stabilized by
anomeric effect; they have a *C, ring configuration with the anomeric OH group
towards the axial position. The hydroxyl groups located at equatorial positions are
able to form chains of hydrogen bonds, strongly reinforced by sigma-hydrogen
bond cooperativity [102—104]. The most abundant o conformers, G-g+/cc/t and G
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G-g+/ccit G#g-leclt Tg+lccit G-g+lclig-
OH-OH-OHOH-0, OH--OH-OHOHO, OH-OHOH-OH-OHO, OHOH-OH -OH
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Fig. 39 The four observed conformers of a-p-glucopyranose showing the intramolecular hydro-
gen bond networks. The symbol in capital letters, G+, G—, or T, describe the torsion angle Og—Cgs—
C5—Os (see Fig. 1) of about 60°, —60° or 180°, respectively, which describe the configuration of
the hydroxymethyl group. The lower case symbol g+, g—, or ¢, describe in the same way the torsion
angle Hg—Og—C¢—Cs5 (see Fig. 37d). These symbols are followed by a slash and the symbol cl or cc
describing, respectively, the clockwise (c/) or counterclockwise (cc) arrangement of the cooper-
ative network of intramolecular hydrogen bonds. Then, after the slash, the last symbol, g+, g— or¢,
gives the value of the torsion angle H;—O,—C;—C, which describes the orientation of the anomeric
hydroxyl group hydrogen atom. (From [225])

+g—/cc/t, present a counterclockwise arrangement of the OH groups with a chain of
four cooperative hydrogen bonds O4H- - -OsH- - -O,H- - -OH- - -O5 and additional
OgH- - -O5 interaction with G— or G+ configurations of hydroxymethyl side chains,
respectively. The least abundant G-g+/cl/g— conformer presents a clockwise
arrangement of three cooperative hydrogen bonds OH- - -O,H- - -OsH- - -O4H and
one non-cooperative OgH- - -Os. The OH- - -O5 interaction does not take place in
the clockwise oriented network explaining its low abundance. Gauche “C,
glucopyranose forms with a counterclockwise arrangement of OH groups dominate
the conformational panorama of a-pD-glucopyranose.

In p-p-glucopyranose, rotational spectra revealed the presence of three con-
formers G-g+/cc/t, G+g—/cc/t and Tg+/cc/t with relative abundances 0.9(2):1:0.2
(1), respectively. The two most abundant f} conformers G-g+/cc/t and p-G+g—/cc/t
shown in Fig. 40, exhibit the same conformational shape as observed in o forms
with the obvious differences in the anomeric OH group.

The observation of conformers with an anti orientation of the dihedral angle
(0O—Cs—Cs—0Os) in a- and P-p-glucopyranose constitutes a remarkable fact.
Numerous experimental studies on - and -glucopyranosides, both in solid [211,
214-217, 254] and solution phases [262—-264], have shown that the dihedral angle
(Og—Cs—C5s—0s) displays a preference for G— and G+ gauche configurations, which
has been attributed to the gauche effect [255]. This feature was exemplified in a
statistical analysis of X-ray structures of glucopyranosyl derivatives [265], yielding
a rotamer population of 40:0:60 (G+/T/G—). In contrast to previous results, our
gas-phase experiment revealed the existence of trans configurations in a-Tg+/cc/t
and B-Tg+/cc/t conformers. In agreement with ab initio calculations, these forms
have a higher energy and are less abundant in the jet. Both conformers exhibit a
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Fig. 40 The three observed conformers of B-b-glucopyranose showing the intramolecular hydro-
gen bond networks. (From [225])

chain of five cooperative hydrogen bonds OgH- - -O4H: - -O3H: - -O,H: - -OH- - -O5
oriented counterclockwise involving the hydroxymethyl group. Therefore, the
structure and relative stability of isolated a- and B-p-glucopyranose are different
from their counterparts in condensed phases.

D-Xylose (CsH;¢Os) is the aldopentose analogue to the aldohexose Dp-glucose,
lacking the hydroxymethyl group. Xylose exists predominantly in the pyranose
form in the condensed phase [210, 233, 234, 266], and it is believed to maintain this
structure in the gas phase [267]. The pyranose structures have two enantiomers
designated as o and f depending on the OH group position at the chiral C;.
Crystalline samples of p-xylose (m.p.=162°C) have been vaporized by laser
ablation and probed by CP-FTMW [222] using a new parabolic reflector system
[268]. The recorded broadband spectrum, shown in Fig. 41, allows identification of
the conformers cc-a-*C; and c-a-*C; (see Fig. 42). The population ratio estimated
from the relative intensity measurements cc-a-*C; : c-a-*C; ~1:0.03 is in good
agreement with the theoretical predictions. The isotopic information corresponding
to the five monosubstituted '*C species of the most abundant conformer cc-a-*C,
was used to derive its structure [222]. Despite the sensitivity reached in the
experiment, no traces belonging to p-pyranose forms have been detected. This is
in accordance with the fact that the rotational spectra of laser ablated crystalline
D-xylose should reflect the o form found in the crystalline sample [266]. The
interconversion between o and  anomers is usually a solvent-mediated reaction
and would not occur that easily during the laser ablation process or in the gas
phase [269].

The conformers of a-p-xylose, depicted in Fig. 42, present the most favorable
chair configuration *C,, with the largest substituent in equatorial position and the
anomeric hydroxyl group in axial position (anomeric effect) [248, 249]. They
correlate with the corresponding G-g+/cc/g+ and G-g+/cl/g— of a-p-glucopyranose.
Both conformers show arrangements of hydroxyl groups into intramolecular
H-bond networks which can lead to a phenomenon known as cooperativity [102—
104]. Under cooperativity, directionally arranged H-bonds that form an H-bond
network can increase the strength of an individual H-bond donor or acceptor.



Microwave Spectroscopy of Biomolecular Building Blocks 389

JH Ly
: L P Jus
s N,
* N o Swt—toe
* = -"\ 5.4,
* 5,
*
* *
*
*
o * * * 554, Sos =4
. L]
* .Jl___. o e e T
9300 9320 9340
HE + Rotamer I1
Gk Wl L !“.|J.|.| .|‘ J

T T T T T T
6000 7000 8000 9000 10000 11000 12000
v/ MHz
* Rotamer I
Fig. 41 The broadband rotational spectrum of b-xylose showing the intense rotational transitions

for rotamer 1. The inset shows the characteristic p,-R-branch progressions for rotamer I and
rotamer II. (From [223])

4
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Fig. 42 The three-dimensional structures of the two observed conformers of a-p-xylose showing
the intramolecular hydrogen bond arrangements. (From [223])

The most abundant conformer cc-a-*C; exhibits a counterclockwise arrangement
with a chain of four hydrogen bonds O)H- - -O3)H- - -Oo)H- - -OyH- - -Oyipg. The
less abundant c-a-*C; species presents a three intramolecular hydrogen bond
network O H- - -O)H: - -Og3)H- - -O4)H orientated clockwise. The O yH- - -Oying
hydrogen bond found in conformer cc-a-*C; might be the cause of the over-
stabilization of this species. These result demonstrate the pivotal role that
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intramolecular hydrogen-bonding network plays in the conformational behavior of
free monosaccharides.

Gas phase structures of phenyl a- and pB-p-xylopyranoside have been investi-
gated by UV-UV and IR-UYV laser spectroscopic techniques coupled with theoret-
ical calculations [270]. The authors hypothesized that the substitution of the
anomeric OH group for a phenoxy group compatible with the UV excitation scheme
has little effect in the conformational behavior. Present results clearly show that the
substitution of the anomeric OH group by the chromophore phenoxy affects the
intramolecular hydrogen bond network and, consequently, the conformational
behavior and the structural conclusions are transferable to p-xylose. Indeed, the
related c-a-*C; conformer has not been observed in the phenyl derivative.

a D-fructose
1
CH,0H
0=2
. B3 2
a-tructopyranc:y HO H \ B-fructopyranose
H—t*—0H
H
2—OH
H OH

b (B:HZOH 5 2
OH (1)H20H
OH H
H 1 OH
H CH,OH 2 :
C_; Chﬂlr‘ H lo] CHzOH
H OH
HO
OH H
5 .
Cz chair
CH,0OH

OH CH,OH

Fig. 43 (a) Fisher projection of p-fructose. (b) Haworth projections of o and § anomers. (c) 2Cs
and 5C2 chair configurations. (From [226])
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6.4 Dp-Fructose

D-Fructose (CgH;,Og) is a six-carbon polyhydroxyketone (Fig. 43a). Although
ketohexoses such as fructose can exhibit a linear form, p-fructose rapidly cyclizes
in aqueous solution to form mixtures of pyranose and furanose forms [246,
247]. The cyclization reaction converts C, in a chiral carbon, yielding two enan-
tiomers designated o and  (Fig. 43b). For p-fructose, the equilibrium concentra-
tions in water are around 82% of pyranose forms and 12% of furanose forms
[271]. However, in its crystalline form, the unique species found is the f-p-
fructopyranose [272, 273]. Besides other higher energy forms, pyranoses preferably
adopt a rigid chair backbone with the conformations °C, and >Cs shown in Fig. 43c.

The most stable structures of b-fructose in isolated conditions of gas phase have
been unveiled by CP-FTMW [226] spectroscopy, bringing crystalline p-fructopyranose
(m.p.120°C) into the gas phase by laser ablation. Once the lines from known
photofragmentation species are removed from the broadband spectrum (see
Fig. 44), rotational spectra of two rotamers I and II could be identified. The
match between the experimental and calculated ab initio values of the rotational
constants leads to the irrefutable identification of rotamer I as conformer cc f >Cs
g— and rotamer II as conformer cc 8 2Cs t. Both conformers (see Fig. 45) are present
in the most favorable chair configuration “Cs, with the largest substituent in an
equatorial position and the anomeric hydroxyl group (OH(;)) in an axial position
(anomeric effect) [248, 249]. It is stabilized by a five cooperative intramolecular
hydrogen bond network (Flg 2) OH(5)' . 'OH(4)' . 'OH(3)' . 'OH(Z)' . 'OH(])' . 'O(ring)a
with a counterclockwise arrangement of the OH groups. This hydrogen bond
cooperative interaction is a form of intramolecular solvation which reinforces the

* *
. *
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*
* g * %* *
.
X
* .
* *
o
3
L] i. .
A JI.L.MJ.EI{ Jiil Ii“[: Y
rmr T T T T T T T T T
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® photofragmentation lines % rotamer 1 v rotamer II

Fig. 44 Broadband microwave spectrum of p-fructose. (From [226])
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Receptor

ce B’C; g- ceB’C,t

Fig. 45 The three-dimensional structures of the two observed conformers of B-p-fructopyranose
showing the intramolecular hydrogen-bonding networks and the glucophore unit. (From [226])

stability. Conformer cc p °Cs t shows a chain of three cooperative
OHgsy- - -OH4y: - ‘OH(3y- - -OH2) and one non-cooperative OHyy: - ‘Oing) hydrogen
bonds. The estimated population ratio p °Cs g— : cc p >Cs t as 1: 0.02 is in excellent
accordance with the computed energies; conformer cc p *Cs t is predicted 700 cm ™!
above the global minimum cc p °Cs g—. The most abundant conformer cc f °Cs g— has
also been examined by LA-MB-FTMW spectroscopy [227] and its structure has been
determined from the rotational spectra of parent and monosubstituted isotopic species.

p-Fructose is the sweetest naturally occurring carbohydrate. Its sweetness in
solution is directly related to the p-fructopyranose proportion [274-279]. A simple
rationalization of the structure—sweetness relationship is based on the existence of a
basic structural unit formed by proton donating A-H and proton accepting B
electronegative groups [274-279]. The concept of a tripartite glucophore AH-B
(“sweetness triangle”) has its merit as a unifying criterion proved useful in ratio-
nalizing the sweetness in diverse classes of compounds. The assignment of the
AH-B tripartite in detected conformers in Fig. 45 is very complicated as each OH
group can function as AH and/or B. After examination of the structure of cc p °Cs
g— conformer, one can state that OH;, and O, can be considered as the most
likely AH-B glucophore causing the sweet response via interaction with a comple-
mentary hydrogen bond donor and acceptor in the taste receptor. Hence, the most
abundant conformer cc p *Cs g— might be responsible for the sweetness of
D-fructose.
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7 Summary and Outlook

The main objective of this chapter is to summarize the advances attained in the
knowledge of the structure of isolated biomolecular building blocks by the combi-
nation of the experimental methods that combine laser ablation with Fourier
transform microwave spectroscopy techniques in supersonic jets.

The results described confirm that these methods are formidable tools to inves-
tigate the conformational landscape of solid biomolecules in the gas phase.

The high accuracy of frequency measurements, the resolution achieved, and the
supersonic expansion cooling are clear advantages for the study of the complex
conformational behavior of such molecules. They allow unambiguous discrimina-
tion between conformers and provide rich information about the intermolecular
forces at play. The molecular properties extracted from the analysis of the rotational
spectrum, such as the rotational and quadrupole coupling constants, can be directly
compared with those predicted ab initio to achieve a conclusive identification of the
most abundant conformers in the supersonic expansion. "*N quadrupole coupling
interaction has been shown to be an invaluable alternative tool to identify the nature
and most stable forms of these compounds. The characteristic hyperfine structure
pattern produced by this coupling has been found to be a fingerprint for each
observed species. Moreover, rotational data provide a benchmark against which
quantum theory calculations can be checked.

Thanks to the LA-MB-FTMW technique, knowledge of the structural properties
of non-aromatic neutral amino acids in the gas phase, unavailable through other
techniques, has expanded considerably. The investigation of individual neutral
amino acids in the gas phase reveals a complex and subtle network of forces that
condition the conformations adopted by amino acids. Conformational stabilization
is dictated, in all cases, by hydrogen bonding. The presence of a polar side chain has
been found to play an influential role in all a-amino acids studied, reflected in the
increased number of low-energy conformers, with non-polar side-chain amino
acids exhibiting a limited conformational variety. The hydrogen bond interaction
of the side chain with the other polar groups, in the amino acid backbone, may
reverse the relative stabilities of conformers or even increase the interconversion
barriers. Interestingly, in asparagine, a conformational locking occurs because of
the interplay of several hydrogen bond interactions. The increase of the amino acid
backbone chain in the series of a-, B-, and y-amino acids also has important
consequences for conformational behavior, because of the presence of other stabi-
lization forces such as n—n* interactions.

The LA-MB-FTMW technique has also contributed to extending our knowledge
on the tautomer equilibria in important nucleobases such as guanine or cytosine.
Again, '"*N quadrupole coupling interaction has been shown to be instrumental in
identifying the nature of the different nitrogen atoms and thus to establish unam-
biguously the most stable tautomers/conformers of these compounds. Moreover,
characteristic hyperfine structure patterns produced by this coupling have been
found to be fingerprints for each observed species.
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The future perspectives of this research area depend heavily on the application of
CP-FTMW spectrometers, which have changed the scope of rotational spectros-
copy in recent years. Chirped-pulse Fourier-transform microwave spectroscopy,
combined with laser ablation, opens a new era in the investigation of isolated
biomolecules, as can be shown by its application to carbohydrates as discussed in
this chapter. The broad frequency and large dynamic range make it possible to
extend the range of detectable conformers to less stable forms and to access
structural determinations in molecular systems of increasingly larger sizes from
measurements of heavy atom (°C, '°N, '®0) isotopes detected in natural abun-
dance. This opens promising perspectives for the structural determination of key
systems, and the study of heavier systems such as new amino acids, sugars,
dipeptides or tripeptides, glycosides, and other biomolecules of increasing
complexity.
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