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Summary. The condensation reactions of sodium trimetaphosphate with
single amino acids, namely glycine, L-alanine, B-alanine and y-aminobu-
tyric acid or pairs of these amino acids were reinvestigated by electrospray
ion-trap mass spectrometry and high performance liquid chromatography.
It was found when mixtures were treated by sodium trimetaphosphate only
in the presence of o-amino acid dipeptides were formed. Without addition
of a-amino acids, the B-amino acid or y-aminobutyric acid could not form
peptide either by themselves or with their mixtures under the same con-
ditions. From the data it is concluded that phosphate might select o-amino
acids to produce the peptides being important precursors for the origin
of life.
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1. Introduction

It was suggested that probably inorganic condensed phos-
phates, such as polyphosphate and trimetaphosphate,
would have been the essential materials for the prebiotic
evolution which preceded the emergence of life on the
earth. Rabinowitz et al. (1969, 1970) demonstrated that
some amino acids such as glycine and L-alanine could be
condensed to dipeptides in aqueous solutions by the treat-
ment of trimetaphosphate at room temperature. Chung
et al. (1971) suggested that the mechanism of the trime-
taphosphate-induced peptide synthesis reaction might
involve five-membered active cyclic phosphate intermedi-
ates. However, most of the phosphorus on the earth would
have been in the form of water-insoluble apatite, so it is
hard to understand the prebiotic origin of trimetapho-
sphate in nature. Yamagata et al. (1991) found that volca-

nic activity could produce water-soluble polyphosphate
including a small amount of trimetaphosphate which
was also detected from the experiments simulating mag-
matic conditions. Tsuhako et al. (1985) and Inoue et al.
(1993) investigated the reaction of amino acids with tri-
metaphosphate and obtained the direct proof of the five-
membered cyclic anhydride by *'P NMR. They also found
that glycine and alanine reacted with sodium trimetaphos-
phate to yield the homo-dipeptides, whereas the formation
of dipeptides was not observed in the reaction of valine,
serine and B-alanine with trimetaphosphate. On the other
hand, sodium trimetaphosphate has also been used as the
reagent for the phosphorylation of nucleoside (Tsuhako
et al., 1984; Cheng et al., 2002; De Graaf and Schwartz,
2005). Recently, this reaction was used to produce longer
oligopeptides at different reaction conditions (Yamagata
and Inomata, 1997; Hill and Orgel, 2002).

In recent years, alternative methods for the analysis
of amino acids and small peptides without derivatization
have been proposed. Ion-pair chromatography and re-
versed-phase liquid chromatography were widely used
to separate amino acids and small peptides by employing
perfluorinated carboxylic acids such as trifluoroacetic acid
(TFA), pentfluoropropionic acid (PFPA) and nonafluoro-
pentonoic acid (NFPA) as ion-pairing reagents on a silica
based column (Petritis et al., 1999). Furthermore, electro-
spray tandem mass spectrometry (ESI-MS) was an effec-
tive direct detector for analysis of underivatized amino
acids and peptides due to its high sensitivity and incom-
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parable specificity (Chaimbault et al., 2000; Petritis et al.,
2002; Person et al., 2004). In this work, on-line ion-pair
reversed-phase liquid chromatography (IP-RPLC) and
ESI-MS were used to investegate the peptides which
were formed by reaction of amino acids with sodium
trimetaphosphate under reasonably plausible prebiologi-
cal conditions (slightly basic, low temperature and low
concentration).

2. Materials and methods

2.1 Chemicals

Glycine (Gly), L-alanine (Ala), -alanine ($-Ala) and y-aminobutyric acid
(y-Aba) were purchased from GL Biochem Ltd. (Shanghai, China).
Nonafluoropentonoic acid (NFPA) and sodium trimetaphosphate (Ps,)
were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). HPLC
grade acetonitrile was purchased from Tedia Company Inc. (Fairfield, OH,
U.S.A.). Strong acidic cation-exchange resin (Diaion SK1B) was pur-
chased from H&E Co. Ltd. (Beijing, China). Unless specified otherwise,
all chemicals and solvents were analytical reagents. Authentic dipeptide
of Gly—Ala was synthesized according to the published method (Yang
et al., 2003). Structure and purity of Gly—Ala were checked by HPLC and
NMR. 'H NMR (400 MHz, D,0O): & = 1.26 (d, J = 7.2 Hz, 3H, CH3), 3.73
(s, 2H, CH,), 4.07 (dd, J=7.2Hz, 1H, CH) ppm. '*C NMR (100 MHz,
D,0): 8 =17.09, 40.41, 51.13, 166.14, 179.95 ppm. MS (ESD): m/z= 147
(M+HT, 100%), 169 (M + Na*, 7%).

2.2 Reaction of amino acids with sodium trimetaphosphate

A 20mL aqueous solution of each amino acid (0.1 M) namely glycine, L-
alanine, B-alanine or y-aminobutyric acid and P3, (0.1 M) was prepared.
Experiment (a): glycine (0.1 M), L-alanine (0.1 M) and P3,,, (0.2 M); experi-
ment (b): glycine (0.1 M), B-alanine (0.1 M) and P53, (0.2 M); experiment
(c): glycine (0.1 M), y-aminobutyric acid (0.1 M) and P3,,, (0.2 M); experi-
ment (d): B-alanine (0.1 M), y-aminobutyric acid (0.1 M) and P3,,, (0.2 M).

These solutions in flasks were then adjusted to the predetermined pH 10
by the addition of 2 M NaOH, and stirred at room temperature under argon
atmosphere for 7 or 8 days. The pH of the solutions was always kept at
about 10 during the process of the reactions. To the reaction media small

amounts of toluene are added as antiseptics. After 7 days, the pH of the
solutions were adjusted to about 6 with 1 M HCI. Then the solutions were
de-salted by cation-exchange resin in order to remove the phosphates
which were harmful to mass spectrometer. The general desalting procedures
were as follow. Glass column (20 mm i.d. and about 15 cm long) was fitted
with a plug of glass wool. A suspension of Diaion SK1B resin (H"-form,
50 g) was poured into the column. The column was washed with 50 mL 1 M
HCI and then with 100 mL water. To the column 15 mL of reaction solu-
tion was added slowly, and then the column was washed with about 50 mL
water to remove of the phosphates. About 60 mL 3% ammonia were run
through the column (1 drop/sec) and the eluant traced by ninhydrin reac-
tion was collected in tubes. After water was removed by evaporation
in vacuo, the remaining white solid were checked by ESI-MS and LC-MS.

2.3 Mass spectrometric conditons

Mass spectra were acquired using a Bruker Dalton Esquire 3000 plus
ion-trap mass spectrometer (Bruker-Daltonik Co., Bremen, Germany)
equipped with an electrospray ionization source, capable of analyzing ions
up to m/z=6000. The mass spectrometer was operated in the positive ion
mode. Nitrogen was used as the dry gas at a flow-rate of 4L - min~'. The
nebulizer pressure was 4.83 x 10 Pa and the electrospray needle was
typically held at 4000 V. The heated capillary temperature was 250 °C.
The samples dissolved in methanol-water (1:1) were ionized by ESI and
continuously infused into the ESI chamber at a flow-rate of 0.24 mL - h™!
by a Cole-parmer 74900 syringe pump (Cole-Parmer Instrument Co.,
Vernon Hills, IL, U.S.A.). Five scans were averaged for each spectrum.

2.4 HPLC-MS conditions

In order to analyse the reaction samples by LC-MS, an ion trap mass
spectrometer described above was coupled to an Agilent 1100 binary pump-
ing system and an UV detector (Agilent 1100 technologies, Wilmington,
DE, US.A.). Chromatography column: Supelcosil ABZ+ plus 150 x
4.6 mm i.d. (Supelco, Bellefonte, PA, U.S.A.). The column was thermo-
stated at 25°C. Solvent A: 2 mM NFPA in water; solvent B: acetonitrile.
The eluant program with a flow-rate of 1.0mL - min~! at 4% B in 10 min,
was applied for the LC-MS analysis of the samples. The injection volume
was 20 pL. The UV detection was performed at 220nm. Operating con-
ditions for ESI in the positive ion mode were as following: Spray voltage:
4000V; target: m/z=133; capillary temperature: 300°C; dry gas (Ny):
10L - min~'; nebulizer (N,): 2.06 x 10° Pa. Mass spectra were registered
in the scan range from m/z=50 to 300. For LC-ESI-MS, about 1/10 of
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the effluent from UV absorbance detector was introduced to the electro-
spray through a splitting T valve in order to avoid a too high flow-rate in
the ion source.

3. Results and discussion

When single amino acids namely glycine, a-alanine, [-
alanine or y-aminobutyric acid were treated with Pj,,
respectively, it was found that glycine (corresponding to
Fig. 1A) and L-alanine (corresponding to Fig. 1B) could
easily form dipeptides Gly—Gly providing m/z= 133 and
Ala—Ala providing m/z =161, respectively, but -alanine
(corresponding to Fig. 1C) could only form trace amount
of B-Ala—B-Ala providing m/z=161 as determined by
ESI-MS?. Furthermore, y-aminobutyric acid (corresponding
to Fig. 1D) was almost impossible to produce any peptide
under the same conditions. Based on this experiment, it
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seems that when treated by P5,, the order for the extent of
peptide formation is o>>B>>y amino acids (Scheme 1(2)).

However, how about the mixed amino acids samples,
such as glycine was mixed with a-alanine, B-alanine or
v-aminobutyric acid, respectively? From Fig. 2A, for the
case of glycine and L-alanine mixture, it was found that
there were five mass peaks at m/z =76, 90, 133, 147 and
161, corresponding to Gly, L-Ala, Gly—Gly, Gly—Ala (or
Ala—Gly) and Ala—Ala, respectively. In other words, four
dipeptides including two homo- and two hetero-dipeptides
were formed. On the contrary, the ESI-MS data of experi-
ments (b) and (c) in Fig. 2B, C and Table 1 showed that
there were only two dipeptides were formed, respectively.
It is worth noting that when the mixture of B-alanine and
y-aminobutyric acid was treated by P;;,, no peptide was
formed (Fig. 2D).
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Table 1. ESI-MS data for the products of four experiments (a)—(d)
Experiments m/z (relative abundance, %)
Gly Ala B-Ala Aba' Gly-Gly Gly-X? X-Gly X-X
(a) 76 (6) 90 (30) - - 133 (54) 147 (m,)? 147 (m,) 161 (29)
(b) 76 (4) - 90 (34) - 133 (46) 147 (100) - -
(©) 76 (3) - - 104 (94) 133 (44) 161 (100) - -
(d) - - 90 (29) 104 (100) - - - -

' Aba: y-aminobutyric acid; X = (a) Ala; (b) B-Ala; (c) y-Aba; *m; 4+m, =100
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Fig.3. LC-ESI-MS spectra of experiment (a)
glycine and L-alanine treated with Ps,,. (A)
Total ion current (TIC) chromatogram. (B)
Ultraviolet (UV) chromatogram, detection at
220nm. (C) Peak 1, Gly. (D) Peak 2, L-Ala.
(E) Peak 3, Gly-Gly. (F) Peak 4, Ala—Gly.
(G) Peak 5, Gly—Ala. (H) Peak 6, Ala—Ala
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The ESI-MS" as a powerful technique for the deter-
mination of the amino acid identities and sequence of
the protonated peptides were applied to explore the struc-
tures of these dipeptides (Biemann and Scoble, 1987;
Papayannopoulos 1995). Also over the past decade, the
fragmentation pathways and fragment-ion structures for
the peptides have been elucidated to help understanding
the tandem spectra (Cordero et al., 1993; Chen et al.,
2000; Harrison et al., 2000; Paizs et al., 2004; Bao et al.,
2005; Zhou et al., 2005). For example, the fragmentation
reaction of [Ala—Ala+H]" ion at m/z=161 involve
elimination of H,O, followed by the loss of CO to provide
the ion at m/z=115. The amide bond of the protonated
peptide could cleave to produce the a; and y; ions.

Hence, these mixtures of experiments (a), (b) and (c)
were efficiently separated by high performance liquid chro-
matography and investigated by LC-MS. Both the UV
chromatograms and total ion current (TIC) chromatagrams

showed that there were six peaks produced when glycine
was mixed with o-alanine (Fig. 3A, B). LC-MS (Fig. 3C-
H) gave the corresponding mass of each peak, which was
assigned to the structure. To analyse these products quan-
titatively, all peaks were evaluated by their retention time
as well as the peak areas (Table 2). It is shown that glycine
was eluted at 2.7 min (peak 1) and Ala, Gly-Gly, Ala—Gly,
Gly—Ala, and Ala—Ala at 3.1 min (peak 2), 5.5 min (peak
3), 6.5 min (peak 4), 7.9 min (peak 5) and 8.6 min (peak 6)
respectively. Ala—Gly and Gly—Ala have the same molec-
ular weight, so they can not be distinguished easily. To
differentiate them, the authentic sample Gly—Ala was
added into the reaction product, which caused the area of
peak 5 to increase. Hence, peak 5 corresponds to Gly—
Ala and peak 4 should be Ala—Gly. From the UV chroma-
tograms, it can be deduced that the relative integration
area of total dipeptides of experiments (a), (b) and
(c) was 71%, 57% and 55%, respectively. From the data

Table2. The HPLC data of compounds resulting from experiments (a)—(c)

Experiments Peak numbers Y peptides (%)
1 2 3 5 6

(a) Gly (12)! Ala (17) Gly-Gly (24) Ala-Gly (26) Gly-Ala (10) Ala—-Ala (11) 71

(b) Gly (7) Gly-Gly (26) B-Ala (36) Gly-B-Ala (31) - - 57

(© Gly (7) Gly-Gly (25) Aba (38) Gly—Aba (30) - - 55

"The data in the parentheses is the relative integration area (%) of HPLC analysis

Fig.4. LC-ESI-MS spectra of experiment
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it is concluded that the yield of peptide formation is
(a)> (b) > (c). But when glycine was mixed with B-alanine
or y-aminobutyric acid, there were only four peaks formed
as can be seen in Figs. 4 and 5, repectively. Their structures
were also identified by the LC-MS as described above. It
should be pointed out that, in the chromatogram shown
in Fig. 5B, two unknown peaks emerge between peaks 2
and 3 which did not appear in the total ion current
(TIC) chromatogram numbered in Fig. 5A. Therefore, it
is assumed that the unknown ones were not ionizable
compounds.

To understand the mechanism of the chemical reaction,
a possible route is shown in Scheme 1. The first step is
that the amino group of o-amino acids, B-alanine or y-
aminobutyric acid nucleophilically attacks a phosphorus
atom on trimetaphosphate to form a triphosphorylated
amino acid. But only for the a-amino acids, an intramo-
lecular attack of the carboxyl group on a phosporus atom
of triphosphorylated amino acids could yield a five-mem-
bered cyclic phosphate II as the crucial intermediate. The
next step is that the amino group of another amino acid,
such as glycine, alanine, -alanine or y-aminobutyric acid
couple to the cyclic phosphate II to yield the monophos-
phorylated dipeptides, which, in turn, are easily hydro-
lyzed to dipeptides and phosphates. Thus, when mixture
of glycine and L-alanine were treated with sodium tri-
metaphosphate, four dipeptides (2 x 2) Gly-Gly, Ala—
Ala, Gly—Ala and Ala—Ala were formed (Scheme 1 (3)).
However, for a B-amino acid or y-aminobutyric acid it is
very difficult to form a six- or seven-membered cyclic
mixed anhydride. Consequently, there were almost no

Peak 4, Gly-y-Aba

peptide formed either by themselves or with their mix-
tures. Only if they are mixed with the o-amino acid gly-
cine peptides were formed. In other words, the presence
of a-amino acids is important to form the dipeptides, and
the phosphate catalyzes the peptide formation.

In conclusion, the treatment of P53, with a-amino acid
is different in comparison with B- or y-amino acids. This
might be the reason why phosphate choose a-amino acids
as targets but not - or y-amino acids for the formation of
proteins.
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