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Abstract In order to investigate chemical evolution in interstellar molecular clouds,
enantiomer-selective photo-induced chemical reactions between an amino acid and disaccha-
rides in the gas phase were examined using a tandem mass spectrometer containing an
electrospray ionization source and a cold ion trap. Ultraviolet photodissociation mass spectra
of cold gas-phase noncovalent complexes of protonated tryptophan (Trp) enantiomers with
disaccharides consisting of two D-glucose units, such as D-maltose or D-cellobiose, were
obtained by photoexcitation of the indole ring of Trp. NH2CHCOOH loss via cleavage of the
Cα–Cβ bond in Trp induced by hydrogen atom transfer from the NH3

+ group of a protonated
Trp was observed in a noncovalent heterochiral H+(L-Trp)(D-maltose) complex. In contrast, a
photo-induced chemical reaction forming the product ion with m/z 282 occurs in homochiral
H+(D-Trp)(D-maltose). For D-cellobiose, both NH2CHCOOH elimination and the m/z 282
product ion were observed, and no enantiomer-selective phenomena occurred. The
m/z 282 product ion indicates that the photo-induced C-glycosylation, which links D-glucose
residues to the indole moiety of Trp via a C–C bond, can occur in cold gas-phase noncovalent
complexes, and its enantiomer-selectivity depends on the structure of the disaccharide.

Keywords Chiral recognition . Chemical evolution .Molecular cloud . Posttranslation .

Glycosylation .Mass spectrometry

Introduction

Biomolecules have the ability to distinguish between enantiomers of chiral molecules. For
example, one enantiomer of a chiral drug may be highly toxic to the human biological
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system, while the other may be medically effective. Therefore, determination of the
enantiomeric excess of chiral drugs is vital to ensure their safety and efficacy (Srinivas
2004; McConnell et al. 2007). Chiral recognition in living systems is attributed to
homochirality in biomolecules consisting of L-amino acids and D-sugars. The origin of
homochirality in biomolecules is one of the most interesting fields of scientific research
(Bonner 1991).

Analysis of amino acids and dipeptides found in models of interstellar ice suggests the
abiotic formation of biological molecules under extraterrestrial conditions (Bernstein et al.
2002; Muñoz Caro et al. 2002; Gontareva et al. 2009; Kaiser et al. 2013; Abplanalp et al.
2016). However, no enantiomeric enrichment has been observed. Excess L-amino acids
found in the Murchison meteorite (Cronin and Pizzarello 1997; Engel and Macko 1997;
Pizzarello and Groy 2011) and the discovery of the interstellar chiral molecule propylene
oxide (McGuire et al. 2016) imply an extraterrestrial origin of enantiomeric enrichment.
Circular polarization of light in star-formation regions suggests the possibility of
enantioselective photodissociaton, in which circularly polarized light induces the forma-
tion of excess L-amino acids in interstellar space (Bailey et al. 1998; Meinert et al. 2011).
A hypothesis for the extraterrestrial origin of biomolecules has been proposed on the basis
of these studies, according to which abiotic formation of racemic amino acids occurs in
interstellar molecular clouds, followed by enantioselective photodissociation of D-enan-
tiomers in the presence of circularly polarized light.

Chemical reactions in interstellar molecular clouds occur at low temperatures and low
densities. We investigated the structure and reactivity of mass-selected and temperature-
controlled gas-phase noncovalent complexes containing biological molecules, as a model
of interstellar molecular clouds. Above 170 K, the photo-induced Cα–Cβ bond cleavage of
cold protonated D-tryptophan H+(D-Trp) on a chiral crown ether in the gas phase was
suppressed with increasing temperatures. At 300 K, no difference in reactivity was
observed between the D- and L-enantiomers (Fujihara et al. 2014a, 2015a). The tempera-
tures of the gas-phase noncovalent complexes correspond to those of interstellar and
atmospheric molecular clouds. When three L-serine molecules are present in a protonated
cluster, photo-induced dissociation of Trp in the cluster is enantiomer-selective (Fujihara
et al. 2014b). Enantiomer-selective collision-activated dissociation of gas-phase Trp is
induced through protonation due to chiral recognition by the alanine tripeptide (Fujihara
et al. 2017a). The chiral recognition ability of alanine peptides in the gas phase was
analyzed by photodissociation experiments for various peptide sizes (Fujihara et al. 2016).
The enantiomeric selectivity of amino acids and peptides in gas-phase clusters depended
on the cluster size. The enantiomer-selective photodissociation of cold gas-phase Trp via
chiral recognition was used for the enantiomeric excess determination of biological
molecules in solution (Fujihara et al. 2015a, 2015b, 2016, 2017b; Fujihara and Maeda
2017). Photodissociation of cold gas-phase noncovalent complexes of H+(L-Trp) with
monosaccharides showed that L-Trp dissociated upon noncovalent complexation with D-
glucose (D-Glc) or D-galactose (D-Gal) (Fujihara et al. 2017b). The results suggested that

D-monosaccharides induced the formation of excess D-amino acids via enantiomer-

selective photodissociation in interstellar molecular clouds, and are not consistent with
the homochirality in biomolecules consisting of L-amino acids and D-sugars.

In this study, we carried out ultraviolet photoexcitation of cold gas-phase noncovalent
complexes of protonated Trp enantiomers and disaccharides. The chemical reaction
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between protonated Trp and disaccharides such as D-maltose and D-cellobiose was ana-
lyzed for chiral recognition and enantiomeric selectivity. D-Maltose and D-cellobiose are
disaccharides consisting of two D-Glc units linked by α1,4 and β1,4 bonds, respectively.
Figure 1 shows the structures of the molecules. On the basis of the results, we discussed
the relationship between enantiomer-selective chemical reactions and chemical evolution
in interstellar molecular clouds.

Methods

L-Trp, D-Trp, D-maltose, and D-cellobiose were obtained from Nacalai Tesque. A solution
containing 0.5 mM of Trp and 1.0 mM of a disaccharide in a mixture of water and
methanol (50/50, v/v) with 1% acetic acid was used. Details of the home-built tandem
mass spectrometer containing an electrospray ionization source and a variable-temperature
22-pole ion trap have been described previously (Fujihara et al. 2014a). Noncovalent gas-
phase complexes of protonated Trp enantiomers with disaccharides were generated using
electrospray ionization, and then mass-selected using a quadrupole mass filter. The mass-
selected ions were temperature-controlled at 8 K using a cold ion trap, in which the trapped
ions were thermalized by multiple collisions with a helium buffer gas, analogous to a
thermal bath. The mass-selected and temperature-controlled ions were extracted from the
trap and then irradiated with a photodissociation laser pulse. The fourth harmonic of a
Nd:YAG laser (Minilite II, Continuum) was used as the photodissociation light. The
wavelength was 266 nm, and the energy was approximately 1.0 mJ/pulse. The fragment
ions were mass-analyzed using a reflectron time-of-flight mass spectrometer.
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Fig. 1 Structures of (a) H+(L-Trp), (b) H+(D-Trp), (c) α-D-maltose, and (d) α-D-cellobiose. D-Maltose and
D-cellobiose are disaccharides consisting of two D-glucose units linked by α1,4 and β1,4 bonds, respectively
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Results and Discussion

Figure 2 shows the photodissociation mass spectra of heterochiral H+(L-Trp)(D-maltose)
and homochiral H+(D-Trp)(D-maltose) (m/z 547) at 8 K. The irradiation wavelength was
266 nm, which excites the indole ring of Trp to the ππ* state. Protonated Trp (m/z 205)
formed by evaporation of D-maltose is the main product ion for both heterochiral and
homochiral noncovalent complexes. The spectra are normalized using an ion intensity of
100 for the protonated Trp. The fragment ion m/z 188 observed in both spectra corresponds
to the NH3-elimination product of free protonated Trp. NH3 loss from free protonated Trp
is its primary dissociation pathway (Lioe and O’Hair 2004; Aribi et al. 2004). The proton
remains associated with Trp in the noncovalent complexes, and the protonated Trp has
both NH3

+ and COOH groups.
NH2CHCOOH loss from the noncovalent complexes is observed at m/z 473, and the

NH2CHCOOH-elimination product ion intensity of heterochiral H+(L-Trp)(D-maltose) is
larger than that of homochiral H+(D-Trp)(D-maltose). NH2CHCOOH loss from the
heterochiral complex represents the enantiomer-selective photodissociation of protonated
Trp via Cα–Cβ bond cleavage induced by chiral recognition by D-maltose. The Cα–Cβ

bond cleavage of Trp in the gas phase is also observed in the photodissociation mass
spectra of heterochiral noncovalent complexes of protonated Trp with a chiral crown ether
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Fig. 2 Photodissociation mass spectra of (a) H+(L-Trp)(D-maltose) and (b) H+(D-Trp)(D-maltose) (m/z 547) at
8 K. The irradiation wavelength was 266 nm, which excites the indole ring of Trp to the ππ* state. The spectra
are normalized using an ion intensity of 100 for protonated Trp (m/z 205) formed by evaporation of D-maltose
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or monosaccharides (Fujihara et al. 2014a, 2015a, 2017b). It has been reported that
enantiomer-selective photodissociation via Cα–Cβ bond cleavage is induced by hydrogen
atom transfer from the NH3

+ group of protonated Trp in the heterochiral noncovalent
complexes, whereas dissociation of Trp in the homochiral complexes is suppressed by
energy release through the evaporation of molecules.

In the spectrum of homochiral H+(D-Trp)(D-maltose) shown in Fig. 2b, a product ion is
observed at m/z 282 in addition to that of H+(D-Trp) (m/z 205). The m/z 282 product ion is not
formed by the photoexcitation of heterochiral H+(L-Trp)(D-maltose), as shown in Fig. 2a. This
indicates that the enantiomer-selective photodissociation that forms the m/z 282 product ion
only occurs in homochiral H+(D-Trp)(D-maltose). The m/z 282 product ion is not formed with
monosaccharides such as Glc and Gal (Fujihara et al. 2017b), and cannot be explained by
fragmentation alone. Thus, a photo-induced chemical reaction between H+(D-Trp) and D-
maltose occurs in the gas phase, and this reaction is enantiomer-selective.

Photoexcitation experiments with cold gas-phase noncovalent complexes of protonated Trp
enantiomers with D-cellobiose were performed to further investigate the enantiomer-selective
photo-induced chemical reaction. D-Cellobiose is a disaccharide consisting of two D-Glc units
linked by a β1,4 bond, whereas D-maltose is formed from two D-Glc units joined by a α1,4
bond, as shown in Fig. 1. Figure 3 shows the photodissociation mass spectra of heterochiral
H+(L-Trp)(D-cellobiose) and homochiral H+(D-Trp)(D-cellobiose) (m/z 547) at 8 K. Protonated
Trp (m/z 205) formed by evaporation of D-cellobiose is the main product ion, as for the case
with D-maltose. NH2CHCOOH loss from the noncovalent complexes (m/z 473) and the m/z
282 product ion are observed in both the heterochiral and homochiral noncovalent complexes.
No difference in reactivity between the Trp enantiomers is observed in the spectra, and thus
enantiomer-selective phenomenon are not observed in the photoexcitation of protonated Trp
enantiomers with D-cellobiose.

The m/z 282 product ion is formed by the photoexcitation of cold gas-phase protonated Trp
with disaccharides. This chemical reaction is enantiomer-selective in the case with D-maltose.
The glycosidic bond cleavage and C–C bond formation linking a saccharide to a Trp residue in
the noncovalent complexes could be considered to rationalize the m/z 282 product ion, because
the product cannot be explained by fragmentation alone. Figure 4 shows a proposed structure
for them/z 282 product ion optimized by theoretical calculations at the B3LYP/6–311++G(d,p)
level using GAUSSIAN 09 (Frisch et al. 2009). A D-Glc residue is linked via a C–C bond to
the C2 atom of the indole moiety. A proton attaches to the N1 atom of the indole ring. It has
been reported that ultraviolet photoexcitation of gas-phase protonated Trp induces electron
transfer from the indole ring to the NH3

+ group, which forms hydrogen atom (Grégoire et al.
2009; Pérot et al. 2010). The positive charge resulted from the electron transfer localizes the
C2 atom of the indole moiety. The proposed structure is also based on that of C-glycosyl
tryptophans, such as C-mannosylated tryptophans, which have been identified in various
proteins (Hofsteenge et al. 1994; Krieg et al. 1998; Doucey et al. 1999; Hartmann and
Hofsteenge 2000; Garcia et al. 2000). Glycosylation affects biological activities by influencing
higher order structure, and is one of the most important post-translational modifications of
proteins. Thus, the photo-induced chemical reaction forming the m/z 282 product ion is
assignable to C-glycosylation. The hydrogen atom formed by photoexcitation, which induces
the Cα–Cβ bond cleavage of Trp in the noncovalent complexes, can play an important role in
the photo-induced chemical reaction. The m/z 282 product ion indicates that enantiomer-
selective photo-induced C-glycosylation can occur in cold gas-phase noncovalent complexes,
and its enantiomer-selectivity depends on the structure of the disaccharide.

Enantiomer-Selective Photo-Induced Reaction 127



Conclusions

Photodissociation mass spectra of cold gas-phase noncovalent complexes of protonated
Trp enantiomers with disaccharides consisting of two D-Glc units were obtained by the
photoexcitation of Trp. NH2CHCOOH loss via Cα–Cβ bond cleavage of Trp induced by
hydrogen atom transfer was observed in heterochiral H+(L-Trp)(D-maltose), whereas a
photo-induced chemical reaction forming the m/z 282 product ion occurs in homochiral
H+(D-Trp)(D-maltose). The m/z 282 product ion indicates that photo-induced C-glycosyl-
ation, which links a Glc residue to the indole moiety of Trp via a C–C bond, can occur in
cold gas-phase noncovalent complexes.
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Fig. 3 Photodissociation mass spectra of (a) H+(L-Trp)(D-cellobiose) and (b) H+(D-Trp)(D-cellobiose) (m/z 547)
at 8 K. The irradiation wavelength was 266 nm
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The structures determined by intra- and inter-molecular hydrogen bonds in gas-phase
noncovalent complexes play an important role in enantiomer-selective C–C bond forma-
tion. To understand chemical evolution in interstellar molecular clouds, it is necessary to
determine the structure and reactivity of mass-selected and temperature-controlled gas-
phase noncovalent complexes as a model for interstellar molecular clouds using photo-
dissociation spectroscopy with wavelength-variable laser systems and direct comparisons
with theoretical calculations.
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