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Abstract: Amino acids are involved in many scientific theories elucidating possible
origins of life on Earth. One of the challenges when discussing the evolutionary origin of
biopolymers such as proteins and oligonucleotides in living organisms is the phenomenon
that these polymers implement monomers of exclusively one handedness, a feature called
biomolecular homochirality. Many attempts have been made to understand this process of
racemic symmetry breaking. Assuming an extraterrestrial origin of the molecular building
blocks of living organisms, their susceptibility to asymmetric photolysis by the absorption
of circularly polarized electromagnetic radiation in interstellar space was proposed. In
order to predict whether the interaction of circularly polarized light with various racemic
amino acids can induce an enantiomeric excess, we investigated the electronic and
chiroptical properties of the amino acids valine and isovaline by a molecular modelling
approach based on quantum chemistry (Density Functional Theory). The average spectra
of both L-valine and L-isovaline have been produced on the basis of Boltzmann population
analysis using computed spectra for the various conformations of each amino acid.

Keywords: amino acids; homochirality; circular dichroism; ab initio calculations; DFT;
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1. Introduction

Amino acids have been known and studied for a long time, for the crucial role they play in
biological organisms: 22 of them, called the proteinogenic amino acids, are found in contemporary
proteins. The composition of proteins has evolved over time [1], and amino acids are thought to be
deeply involved in prebiotic molecular processes triggering the origin of life on Earth [2]. The way
these so important small molecules appeared at the primitive Earth's surface gives rise to various
assumptions. Among the different hypotheses on the prebiotic formation of amino acids, one seriously
considers the contribution of carbonaceous chondrite meteorites [3]. The most famous example is the
Murchison meteorite found in 1969, in which a wide variety of organic compounds was detected, not
only hydrocarbons and amino acids [4] but also diamino acids [5] and even nucleobases [6]. Moreover,
recent studies have confirmed that amino acids are also present in comets, with the detection of glycine
in samples returned to Earth by NASA's Stardust spacecraft [7]. This is not surprising since some
meteorites could originate from comets. Today, it is seriously considered that a huge quantity of
cometary [8] and meteoritic [9] matter was delivered to the early Earth and that the basic building
blocks of modern biochemistry were already present in the early solar system, as the result of an
extraterrestrial synthesis, made in the dense clouds of the interstellar medium (ISM).

Laboratory simulation experiments have shown that cometary ice chemistry may lead to the
formation of amino acids [10-12]. A recent study on the evolution of the interstellar ice analogues has
shown how the glycine molecule could be produced in the protostellar environments before its
introduction into comets [13].

Even though by now we have reached a fair degree of understanding how life‘s molecules are
produced abiotically, the origin of homochirality still remains a major unanswered question. Except for
glycine, all proteinogenic amino acids have a chiral center with their a-carbon atom. Yet only the L-
configuration is used in the construction of proteins. The sugars that make up the backbone material of
DNA and RNA show the same phenomenon, they are chiral, but only their D-enantiomer is used in the
construction of biopolymers. However when starting from achiral precursors, a chiral process would
be needed to form products enantioselectively. Life itself is such a chiral process, but how the first
breaking of symmetry occurred is still not known. Furthermore, enantioselective analyses of
carbonaceous meteorite samples have revealed enantiomeric excesses within amino acid series: the L-
configuration is favoured [14,15]. This observation means that amino acids delivered by
extraterrestrial objects could have seeded the primitive Earth with left-handed molecules before the
origin of life.

Where does racemic symmetry breaking in extraterrestrial amino acids come from? The presence of
asymmetric light sources in space could explain this phenomenon: the interaction of circularly
polarized radiation with organic matter is likely to produce a slight enantiomeric enhancement.
Asymmetric photolysis allows the preferential destruction of one enantiomer during the
photodegradation of a racemic mixture by circularly polarized light (CPL) [16-19]. Then, even a slight
enantiomeric excess may under space conditions be amplified to a much more important gap between
L- and D- configurations amounts.

Detection of circularly polarized electromagnetic radiation in interstellar environments was first
reported by Bailey in 1998 [20]. Asymmetric photolysis in space gave rise to many further discussions,
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articles and books of which we can only mention a few [21-25]. Asymmetric syntheses by circularly
polarized light were performed too [26,27], leading to a small enantiomeric excess. In situ
determination of enantiomeric excesses in extraterrestrial objects has now become part of space
research programs. The European Space Agency ESA has designed the ambitious ROSETTA mission.
A rendez-vous with the Comet 67P/Churyumov-Gerasimenko is planned for 2014. The aim of the
project is to identify chiral organic molecules in situ on the surface of a comet nucleus and to detect
possible enantiomeric excesses in them. During the envisaged four years of the mission, the Rosetta
probe will orbit the comet and deploy a small landing module called Philae, for ground-based
observations. On board this landing unit, a multi-column enantio-selective gas chromatograph (GC)
coupled to a linear reflectron time-of-flight mass-spectrometer is installed. This instrument, the
COmetary Sampling and ACquisition experiment COSAC, will allow separation of chiral molecules,
among which aminoacids [2,28,29].

Two enantiomers of a chiral molecule have the same intrinsic properties, except for their circular
dichroism: they exhibit distinct responses to left- and right-circularly polarized light. Several studies,
generally at room temperature, were performed in order to measure the vacuum-ultraviolet circular
dichroism (VUVCD) spectra of amino and also diamino acids in aqueous solution, using synchrotron-
radiation CD spectrophotometers [18,19,30-32]. Such instruments are capable of reaching wavelengths
under 190 nm, down to 130 nm. The aim of these experiments was to study the susceptibility of the
considered molecules to asymmetric photolysis, by highlighting at which wavelengths the effect was
significant and also what sign it would have.

In this context, molecular modelling can be a useful tool to access the knowledge of photon
absorption by amino acids. Electronic transitions can be estimated using quantum mechanical
calculations applied to the considered structures. We present here our results obtained for the L- form
of valine and isovaline.

2. Procedures of Quantum Computations

All quantum computations were performed by using the Gaussian03 [33] program, on an IBM
cluster/P1600Power4+ machine located at the French National Computer Center for Higher Education
(CINES). Full geometry optimisations in vaccum were carried out in the framework of density
functional theory (DFT), using the Becke 3-Lee-Yang-Parr (B3LYP) exchange-correlation functional
at the 6-31G(d,p) basis set level. Solvent effects, in terms of continuum methodology for instance,
have not been taken into account since the representation of molecules in solution does not match with
space conditions. Moreover, the zwitterionic form adopted by amino acids in aqueous solution was
observed to be unstable in the gas phase (without any water molecules around), and could not be
reproduced by DFT calculations. It has been checked that obtained structures were true minima of the
Potential Energy Surface (PES) by verifying they do not exhibit vibrational imaginary frequencies.
The ab initio time-dependent density functional theory (TDDFT) technique has been applied to the
calculation of the electronic circular dichroism, i.e. energies and rotational strengths of electronic
excitations. The functional and basis set were B3LYP and 6-31G(d,p), respectively. Hybrid functionals
and the B3LYP functional in particular have previously been shown to be capable of accurate
prediction of Electronic Circular Dichroism (ECD) characteristics [34-37]. The graphical interface
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GaussView4 [38] for Windows was used for preparing input for submission to Gaussian and also for
visualizing the outputs, in particular all ECD spectra.

Since valine and isovaline are relatively flexible molecules, a complete conformational analysis was
required to characterize the multiple possible conformations. Thus multiple scan calculations have
been performed by modifying dihedral angles around Ca-C, Ca-N and Ca-C bonds by semiempirical
methods, in order to characterize each of the stationary points depending on these three main dihedral
angles. Each of the stationary points found was then optimised by our DFT method. Thermodynamic
corrections, calculated at 298 K and 1 atm by using B3LYP/6-31G(d,p) frequencies, have been added
to the energies of each optimized structure leading to an estimation of the free energies for each
conformation. The free energy values have then been used to obtain the Boltzmann population of
conformers at 298,15 K. Boltzmann populations have been estimated according to:

SN =N

where:

with Z being the partition function and G;j the absolute free energy of the considered conformation.

Such a procedure could also be applied to very low temperatures as those encoutered in interstellar
regions (almost 2-3 K). In this article, only the spectra produced using free energies computed at
298 K are shown since the goal of this work is to propose a protocol that should be useful for
comparisons with data produced in laboratory conditions. However, we have simulated such spectra at
very low temperature and only slight modifications of the overall shape for each average spectra are
noticed.

Circular dichroism is induced by the interaction between electric and magnetic dipole transition
moments of chromophores [39-41]. It is related to the rotational strength, R, which is theoretically
defined by:

Rumy = Im<n|ulj>e< jlm|n>
where : R, _,; 1is the rotational strength of the electric transition from the “n” to “/” states,
L and m are the electric and magnetic moments, respectively, «  » 1s the dot product
and Im means the imaginary part of a complex number.

The rotational strength R is thus equal to the imaginary part of the scalar product of electric and
magnetic transition moments.

The ECD spectra are automatically generated from electronic excitation energies and velocity
rotational strengths by the Gaussview program (by overlapping the Gaussian function for each
transition [41]). The rotational strength is expressed in cgs units.

3. Results and Discussion
3.1. Conformational Analysis of L-valine and L-isovaline

In the case of L-valine, 14 low-lying energy conformers were identified. The main structural
differences between these conformers can be expressed by means of three dihedral angles a = H-Ca-
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CB-H, b =01-C-Ca-CB and ¢ = HI-N-Ca-Cp (see Figure la for atom numbering). The corresponding
absolute free energies are listed in Table 1 (in Hartree), as well as the free energy differences with
respect to the CCI-CO1-CN1 most stable conformation (AG in kJ/mol). In the last column the
populations obtained from Boltzmann analysis are reported.

Table 1. L-valine conformers from a DFT B3LYP/6-31G(d,p) calculation at T = 298 K.

Conformers of L-valine  a (°) b (°) c(°) G (H) AG (kJ/mol)  N; (%)
CCI1-CO1-CN1 -65.09 107.81 161.20 -402.259301 0 57.11
CC3-CO5-CN1 176.19 81.36 169.74 -402.258267 2.72 19.09
CC3-CO3-CN3 63.77 93.75 164.41 -402.257400 4.99 7.62
CCI1-CO3-CN1 -64.83 -61.41 169.05 -402.257202 5.51 6.18
CC1-CO5-CN3 -61.83 100.36 -78.17 -402.256512 7.32 2.97
CC3-CO5-CN3 -177.86 74.45 -63.29 -402.255997 8.68 1.72
CC2-CO5-CN3 65.86 90.48 -78.67 -402.255919 8.88 1.59
CC2-CO3-CN1 66.46 - 80.25 170.29 -402.255659 9.56 1.20
CC2-CO5-CN1 -17729 -103.76 -55.53 -402.255367 10.33 0.88
CCI1-CO3-CN3 -62.34 -73.94 -65.18 -402.254890 11.58 0.53
CC1-CO4-CN2 -59.19 -27.97 71.21 -402.254699 12.08 0.44
CC2-CO3-CN3 66.45 - 83.21 -67.26 -402.254449 12.74 0.33
CC2-C0O4-CN2 71.40 -19.53 64.27 -402.254102 13.65 0.23
CC3-C0O4-CN2 - 165.38 1.57 68.87 -402.253352 15.62 0.10

AG represents the difference between G and the most stable conformer's (CC1-CO1-CN1) free energy

The computations have revealed six main minima, which possess a different structural arrangement.
In figure 1 are reported these six conformations corresponding to the most significantly populated
neutral molecular structures of L-valine (their cumulative proportions reach 90% of the total
population). The three most stable conformers only differ by the orientation of the -CHCH3;CHj; group
(Figure 1 a,b,c). The difference between the fourth conformer and the first one stems from the rotation
of the carboxyl group (Figure 1 a,d). Conformers 5 and 6 (Figure 1 e,f) have to be compared to
conformers 1 and 2 respectively (Figure 1 a,b) since the difference here lies in the orientation of the
amino group.

Figure 1. Conformations of L-valine : the six most significant conformers according to
Boltzmann statistics analysis based on DFT B3LYP/6-31G(d,p) computations at 298 K (a)
CCI-COI1-CN1 (b) CC3-CO5-CN1 (c) CC3-CO3-CN3 (d) CC1-CO3-CNI1 (e) CC1-COS-
CN3 (f) CC3-COS5-CN3.

b)
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Figure 1. Cont.

d)

e) f)

Analogous characterizations were performed for the case of L-isovaline: 18 conformations have
been identified. We present in Table 2 the results related to these 18 conformers. Here again, three
dihedral angles are used to differentiate the general structure of each conformer: a' = C1-Ca-CB-H, b'
= 01-C-Ca-CpB and ¢' = H1-N-Ca-Cp (see Figure 2a for atom numbering).

Table 2. L-isovaline conformers from a DFT B3LYP/6-31G(d,p) calculation.

Conformers of AG

1 (o 1 (o L) (0
L-isovaline a() b)) () G (H) (kJ/mol) Ni (%)

CC3-CO5-CN1 - 58.65 116.70 173.69  -402.260832 0 45.75
CC2-CO5-CN1 -17895 109.38 175.79  -402.259992 2.21 18.79
CC3-CO6-CN1 - 60.04 -35.03 178.53 -402.259440 3.66 10.47
CCI1-CO3-CN1 63.79 87.52 176.02 -402.259037 4.71 6.83
CCI-COI1-CN1 58.37 -128.60 177.65  -402.258809 5.31 5.36
CC3-CO7-CN3 -51.81 139.77 83.15 -402.258525 6.06 3.97
CC3-CO3-CN2 - 58.36 100.69 -78.12  -402.258061 7.28 2.43
CCI1-COI1-CN2 63.11 -104.99 -55.65 -402.257413 8.98 1.22
CC2-CO4-CN3 -56.49  -26.85 66.56 -402.257375 9.08 1.17
CC3-CO1-CN2 - 58.52 -77.94  -63.91 -402.256869 10.41 0.69
CC2-CO2-CN3 -170.84  136.57 91.62 -402.256855 10.44 0.68
CC2-CO3-CN2 -176.70 93.45 -68.44  -402.256749 10.72 0.60
CC2-CO6-CN1 -178.54 -58.33 -179.59 -402.256739 10.75 0.60
CCI1-CO3-CN2 62.35 80.52 -68.14  -402.256619 11.06 0.53
CC2-COI1-CN2 -17529 -103.38 -53.81 -402.256494 11.39 0.46
CC2-CO4-CN3 -172.29  -17.68 70.12 -402.255819 13.16 0.23
CC1-CO4-CN3 70.08 -4.62 61.99 -402,255366 14.35 0.14

CC1-CO2-CN3 65.73  -169.89  60.42 - 402,255011 15.28 0.10
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AG represents the difference between G and the most stable conformer's (CC3-C05-CN1) free energy

Figure 2 gives the geometrical arrangements of the six conformers of L-isovaline presenting the
most important weights in Boltzmann analysis, obtained from DFT B3LYP/6-31G(d,p) optimizations.

Three conformers differ mainly by the rotation of the -CH,CHj; group (Figure 2 a,b,d), and present
positions for the amino and carboxyl groups that are approximately the same. The rotation of the
carboxyl group leads to two other conformations (Figure 2 c,e). The last conformer (Figure 2 f) is the
only one for which a change in the position of the amino group is detected (among the six most stable

conformations).

Figure 2. Conformations of L-isovaline: the six most significant conformers according to a
Boltzmann statistics analysis based on DFT B3LYP/6-31G(d,p) computations at 298 K (a)
CC3-CO5-CN1 (b) CC2-CO5-CNI (c) CC3-CO6-CNI1 (d) CC1-CO3-CNI1 (e) CC1-COLl-
CNI (f) CC3-CO7-CN3.
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3.2. Computed ECD Spectra of L-valine and L-isovaline

The ECD intensities directly reflect individual electron transitions. Here we have computed
excitation energies and rotational strengths for each located minimum of interest.

The number of considered excited states determines the extent of the spectrum : increasing this
number results in adding peaks on the lower wavelengths side. This is illustrated in figure 3, where the
ECD spectra for the lowest energy L-valine conformer (CC1-CO1-CN1) are presented. They have been
produced taking into account respectively 5, 10, 15 and 20 excited states. Excitation energy is given in

nm, rotational strength (R) in 10 esu® cm? cgs unit.

Figure 3. Calculated ECD spectra of lowest energy L-valine conformer (CC1-CO1-CN1)
at B3LYP/6-31G(d,p) (a) with 5 excited states, (b) with 10 excited states, (c) with 15
excited states and (d) with 20 excited states.
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The wavelengths related to the first peak in each of the spectra in Figure 3 are: 154.1 nm, 141.5 nm,
129.1 nm and 124.2 nm, respectively. Since the spectral band of interest for us starts at approximately
130 nm, the most appropriate choice corresponds in this case to a number of states of 20. The same
applies for the other conformers of L-valine and also to the L-isovaline ones.

We intend to compare in subsequent studies theoretically obtained ECD spectra of amino acids with
experimental measurements by UV-CPL, with wavelengths between 140 and 280 nm. The choice of a
120-270 nm spectral band therefore seems appropriate.

We present now in Figures 4 and 5 the results of electronic circular dichroism calculations obtained
for the most significantly populated neutral molecular structures of the two studied amino acids, L-
valine and L-isovaline respectively. It has to be noted that for each selected conformation, the TDDFT
calculations lead to a good agreement between Riengih and Ryelocity Values, which confirms the choice of
the basis set [36].

It can be noted that the rotational strengths of the various individual conformers drastically differ in
sign and/or magnitude leading to large differences not only in the shape of the spectra but also in the
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relative intensities of the peaks. The region around 140 nm seems to be particularly interesting since, at
this wavelength, the rotational strength reaches intense values. In this zone, the rotational strength is
found to be negative for five conformers out of six and positive in one case only (Figure 4d). When
comparing the various geometries (Figure 1), it appears that the position of the carboxyl group should
play an important role in fixing the sign of the peaks

Figure 4. Theoretical CD curves for L-valine: comparison for the six most significant
conformers (a) CC1-CO1-CN1 (b) CC3-CO5-CN1 (c) CC3-CO3-CN3 (d) CC1-CO3-CN1
(e) CC1-COS5-CN3 (f) CC3-COS5-CN3.
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The differences that appear according to the position of the amino group are more difficult to point
out precisely. Direct comparisons, considering the a and e structures in Figure 1 on one side and the b
and f structures on the other (for wich the only structural difference is related to a rotation of the amino
group), suggest that this group may play a role around 120-130 nm. However, analyzing the role of
individual functional groups remains a challenging task since, as pointed out by our results, small
differences in structure and thus in the position of each functional group, may lead to important
modifications of the peak intensities for a given wavelength.

Inspecting the structures of L-isovaline in Figures 2a and ¢ and their respective spectra in Figure 5,
for which the main structural difference arises from the position of the carboxyl group, one notes the
appearance of negative peaks around 140 nm. But the comparison between a and b strucures leads to
the same remark though only the orientation of the -CH,CHj3 group has been modified. Here again,
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these results confirm the fact that it remains relatively difficult to analyse the shape of the spectra by
taking into account individually the orientations of the substituent. Moreover, in the case of L-isovaline
the increase in complexity of the spectra may stem from the presence of an additional functional group

on the asymmetric carbon of L-isovaline.

Figure 5. Theoretical CD curves for L-isovaline: comparison for the six most significant
conformers (a) CC3-CO5-CN1 (b) CC2-CO5-CNI (c) CC3-CO6-CNI1 (d) CC1-CO3-CN1
(e) CC1-CO1-CNI1 (f) CC3-CO7-CN3
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Generally speaking, the CD response of both amino acids is found to depend clearly on the
molecular geometry. An experimentally detected spectrum can be considered as the averaged response
of a collection of numerous individual molecules. In order to simulate accurately this averaged spectra
by theoretical methods, it appears important to follow a procedure ensuring that the weight of each
conformation in the resulting plot is relevant. One solution lies in considering the relative population
of each conformer in term of percentage following Boltzmann statistics, based on relative free energies.
These distributions are presented in Tables 1 and 2 for L-valine and L-isovaline, respectively. Relative
weigths have been used to produce averaged spectra for both amino acids. Thus the “real” computed
spectra can be defined as a sum of individual responses (i.e. individual spectra as presented above),
each of them being weighted by its occurence (here presented as a percentage). The two “real”
computed spectra for both L-valine and L-isovaline are presented in Figure 6.
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These theoretical curves have been obtained at the TDDFT/B3LYP/6-31G(d,p) level as a
Boltzmann statistics analysis upon all the conformers of each amino acid, i.e. for every low-lying
stationary point, taking into account the 20 lowest energy transitions.

Since the wavelengths corresponding to the various excited states are different from one conformer
to another, it was essential to generate, from the Gaussian results, a set of continuous values of
wavelengths and corresponding rotational strengths for every ECD spectrum. The curves presented in
figure 6 were obtained from these sets.

Figure 6. Boltzmann population weighted theoretical CD curves for L-valine (blue line)

and L-isovaline (red line).

Delta Epsilon

-20

120 140 160 180 200 220 240 260 280
Wavelength (nm)

A deconvolution of these spectra is necessary to obtain discrete values corresponding to excitation
peaks. However, obtaining such a general shape, that corresponds to a consistent distribution between
all the relevant structures for each amino-acid, must avoid using a single non-representative structure
which could have led to a non-representative simulated spectrum. Here, note the high weight of the
most stable conformers in each distribution (57.1% and 45.8% for L-valine and L-isovaline
respectively). In the present case, using just these two structures (Figure 1a, Figure 2a and respective
spectra) could lead to a good idea of the general shape of the spectrum for each molecule, but a
complete analysis is necessary for describing precisely each ECD response. For instance, in the case of
L-valine, taking into account the participation of all conformers to produce the averaged spectra leads
to an increase of the rotational strength around 155 nm and a decrease around 130 nm with respect to
the spectrum obtained for the most stable structure. Concerning L-isovaline, the combination of all
spectra has highlighted additional peaks around 125 nm which are not present in the spectrum of the
most stable conformer.

Direct comparison of the spectra for the two amino-acids also leads to interesting remarks : the
magnitude of the ECD response is far larger around 140 nm than between 200 and 300 nm, and the
shape of the spectra is different in this region for the two amino acids, even opposite in sign. Between
121 and 136 nm, the responses are of the same sign. Then the spectrum of L-isovaline presents a
maximum at 137 nm, while that of the L-valine stays negative from 136 to 151 nm, with a minimum at
144 nm. L-valine reaches its maximum intensity of ECD signal at 155 nm, while L-isovaline presents a
minimum at 162 nm.
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An earlier attempt has been conducted [32] to obtain an average spectrum that takes into account
different possible conformations of an amino acid. In this study, only the two most probable
conformations of L-valine, obtained by molecular modelling protocols were considered. Though these
conformations were not optimized at the DFT method, the proposed procedure was clearly a step
forward the production of realistic spectroscopic responses since it took into account the interaction of
this amino-acid with a surface. Most of the experiments in the present field of research are based on
the detection of spectroscopic properties of molecules condensed on crystals transparent over a wide
range of wavelengths. Thus, the combination of a Boltzmann population analysis, as proposed in this
work, coupled with the characterization of the most probable conformations of the molecule of interest
interacting with a surface would then be a breakthrough for the prediction of electronic CD spectra.

4. Conclusions

Generally, when computing ECD characteristics of a chiral molecule, only the results relative to the
most stable structure are reported. Here we have taken into account the possible conformations of each
amino acid in their neutral form as occurring in gas phase at room temperature and have weighted their
respective contributions according to a Boltzmann statistical method. The theoretically obtained results
of ab initio calculations for L-valine and L-isovaline were thus averaged and led to plausible ECD
spectra. This way we hope to avoid quantitative differences between computed and experimental data,
due to the problem of conformational flexibility. The next step will be to generate in the same way
ECD spectra of other molecules of exobiological interest and to compare the results with those
experimentally obtained by our team. According to remarks made in previous studies [37], the
computed ECD spectra by the use of the TDDFT/B3LYP method with the 6-31G* basis set should
correctly reflect the signs and shapes of the experimental ones, provided a certain red-shift is applied
that further studies will allow to quantify.
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