Russian Chemical Bulletin, International Edition, Vol. 55, No. 12, pp. 2285—2290, December, 2006 2285

Modification of dipeptides by alkyl chloroformate—alkanol mixtures
for analysis by gas chromatography/mass spectrometry with electron
and chemical ionization and collisional activation:
differentiation of isomers
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A possibility of dipeptide derivatization by alkyl chloroformate—alkanol (Alk = Me, Et, Pr,
Bu) mixed reactants for their determination and differentiation of isomers in mixtures by gas
chromatography/mass spectrometry with electron and chemical ionization and collisional
activation was studied. Prospects for using derivatization by mixtures of methyl chloroformate
with 2,2,2-trifluoroethanol, 2,2,3,3,3-pentafluoropropanol, and 2,2,3,3,4,4,4-heptafluoro-
butanol were shown. Diagnostic ions that make it possible to determine the amino acid
sequence in dipeptides and distinguish residues of isomeric leucine and isoleucine were re-

vealed.
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Although considerable success of new mass spectro-
metric methods (matrix-activated laser desorption/ion-
ization, electrospray, Fourier transform mass spectrom-
etry) for solving problems of proteomics was achieved,
these methods can mainly be applied for studying high-
molecular-weight proteins and peptides (determination
of the amino acid sequence, conformations, intra- and
intermolecular interactions, and others). At the same
time, traditional mass spectrometric methods, especially
very sensitive gas chromatography/mass spectrometry
(GC/MS), remain popular for analysis of amino acids
and small peptides (including nonprotein amino acids,
peptidomimetics, peptide synthons, and others). New de-
velopments in this structural analytical area continuously
appear.! Interest in analysis of small peptides is increas-
ing, because a series of biologically active dipeptides was
found in biological matrices (skeletal muscles, mamma-
lian brain). In addition, specific di- and tripeptides ex-
hibit properties of analgesics or suppress some reactions
during blood coagulation and protect mucous membrane
of the stomach from stomach ulcer (family of glyco-
prolines, such as Pro-Gly, Gly-Pro, Pro-Gly-Pro,
Hyp-Gly, Gly-Hyp, and cyclo-Pro-Gly).2 A very impor-
tant problem that can be solved by mass spectrometry is to

elucidate the origin of small peptides in the organism of
mammals and routes of their transfer to receptors. Small
peptides are present in biological matrices in trace amounts
and, hence, the use of mass spectrometry (mainly GC/MS
and liquid chromatography/mass spectrometry (LC/MS))
and radioimmunological methods for their detection and
study of metabolism seems to be especially promising. It
can be assumed that some small peptides are biomarkers
and their profiles reflect specific diseases. Also note that
the amino acid sequences of proteins and oligopeptides
are manifested in the dipeptide sequence, which prede-
termines necessity to develop methods of their analysis in
dipeptidase hydrolyzates.34

Several derivatization approaches used for determina-
tion by GC/MS of small peptides in mixtures are known.
The earlier used methods most widely included the esteri-
fication of terminal carboxyl groups to form methyl, ethyl,
and pentafluorobenzyl esters and acylation of terminal
amino groups (as well as additional OH and SH groups in
residues of several amino acids) with the introduction of
N-formyl, N-acetyl, N-trifluoroacetyl, N-pentafluoro-
propionyl, or N-heptafluorobutyryl groups (see, e.g.,
Refs 4—7). The main drawback of this approach is the
necessity to isolate nonmodified peptides from aqueous
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solutions, because these reactions can be carried out
only in organic solvents. Modification of amino acids
and peptides by mixtures of alkyl chloroformates and
alkanols (Husek reagents) for further GC/MS analysis
seems especially efficient, because these reactions occur
in aqueous solutions without3 additional time expenses
to isolation of desired substances. Various alkyl
chloroformates (Alk = Me, Et, Pr, Bu", Me,CHCH,,
C¢FsCH,, n-C¢H 3, 2,2,3,3,4,4,5,5-octafluoropentyl,
9-fluorenylmethyl) and alkanols (methanol, ethanol, pro-
panol, butanol, 2-methylpropanol, 2,2,2-trifluoroethanol,
2,2,3,3,4,4,4-heptafluorobutanol) are used for the deri-
vatization of amino acids; all of them can be applied for
the modification of small peptides. Only several studies
on GC/MS analysis of dipeptides using this approach are
known. For instance, a combination of ethyl chloro-
formate and 2,2,2-trifluoroethanol was proposed? for fast
derivatization and GC/MS analysis with chemical ion-
ization of dipeptides in mixtures. The chemical ionization
mass spectra contained only peaks of the [M + H]" ions
and did not characterize the structure of dipeptides.
Modification by an ethyl chloroformate—methanol mix-
ture was successfully applied!? to glutathione tripeptide
(L-y-glutamyl-L-cysteineglycine). The electron ionization
mass spectrum of the formed N,S-bis(ethoxycarbonyl)
methyl ester contains characteristic peaks that make it
possible to determine the amino acid sequence. It is of
interest to study in more detail this derivatization tech-
nique in combination with GC/MS, in particular, for
differentiation of isomeric dipeptides.

In the present work we studied possibilities of the pre-
liminary derivatization of dipeptides by the Husek re-
agents during their qualitative determination in mixtures
by gas chromatography combined with mass spectrometry
in the electron ionization (GC/EI-MS), chemical ion-
ization (GC/CI-MS), and chemical ionization with col-
lisional activation (GC/CI-MS/MS) modes. The pairs
of isomeric dipeptides were used: Leu-Ile/Ile-Leu,
Ala-Ile/Ile-Ala, Gly-Pro/Pro-Gly, Ile-Gly/Gly-Ile,
Leu-Gly/Gly-Leu, and Leu-Ala/Ala-Leu, as well as
dipeptides Gly-Phe, Ala-Pro, Ala-Val, Gly-Leu, and
Hyp-Gly. Symmetric derivatization when the alkyl resi-
dues in alkyl chloroformate AlIkOCOCI and alcohol
AlkOH are the same (Alk = Me, Et, Pr, Bu) was used. In
addition, possibilities of derivatization of isomeric dipep-
tides by combinations of methyl chloroformate with
2,2,2-trifluoroethanol, 2,2,3,3,3-pentafluoropropanol, or
2,2,3,3,4,4,4-heptafluorobutanol were used.

Experimental

Methyl, ethyl, propyl, and n-butyl chloroformates,
2,2,2-trifluoroethanol, 2,2,3,3,3-pentafluoropropanol, and
2,2,3,3,4,4,4-heptafluorobutanol were used (Fluka). Dipeptides

were synthesized using standard procedures or purchased
(Bachem).

Derivatization of dipeptides was carried out according
to a described procedure.® The corresponding alcohol, pyri-
dine, and alkyl chloroformate in equimolar amounts were
sequentially added to a solution of individual dipeptide or
a mixture of dipeptides in water. Chloroform was added after
stirring for several minutes, and the organic layer was used
for GC/MS.

The derivatives were studied by GC/EI-MS and GC/CI-MS
on a Finnigan MAT 95XL gas chromatograph/mass spectro-
meter (energy of ionizing electrons 70 eV, temperature of an ion
source 200 °C). A quartz capillary column (30 mmx0.19 mm,
stationary liquid phase polydimethylsiloxane containing
5% Ph groups) was used in the chromatographic part. The tem-
perature was programmed from 30 to 120 °C with a rate of
5 °Cmin~! and then to 290 °C with a rate of 10 °C min~!.
Isobutane and methane were used as reactant gases for recording
chemical ionization mass spectra.

Mass spectra with collisional activation (argon, collisional
energy 50 eV, gas pressure in the collisional cell 0.3 Torr) for the
[M + H]" ions generated from modified dipeptides upon chemi-
cal ionization were measured on a Finnigan TSQ-70B gas chro-
matograph/mass spectrometer (chromatographic conditions
were the same as in the previous case).

Results and Discussion

The reaction of dipeptides with an alkyl chloro-
formate—alcohol mixture in an aqueous medium results
in the transformation of the terminal carboxyl and amino
groups into the ester and N-alkoxycarbonyl groups, re-
spectively. The hydroxyl group in hydroxyproline is trans-
formed into the carbonate group.

The electron ionization mass spectra of all the deriva-
tives do not contain at all or contain only insignificant
[M]"* peaks. The main fragmentation of the derivatives is
caused by dissociations of the "amine" type or amide bond
dissociation (Scheme 1) to form the N-terminal ions a,
and by, respectively (the ions are designated according to
Biemann s nomenclaturell).

Scheme 1

These ions are very characteristic, and the peaks of the
a; ions are always major in the spectra. Their identifica-
tion allows one to perform a clear distinction of isomeric
dipeptides with different sequences of amino acids (Fig. 1).
The intensities of peaks of these ions for a series of the
derivatives are given in Table 1.
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Fig. 1. Mass spectra of ethyl esters of N-ethoxycarbonyl-L-alanyl-L-isoleucine and N-ethoxycarbonyl-L-isoleucyl-L-alanine measured
under conditions of electron ionization (a, b), chemical ionization (c, d), and chemical ionization/collisional activation (e, f).

Note that a similar fragmentation of N,O-bis(alkoxy-
carbonyl) derivatives of alkyl esters of dipeptides contain-
ing the hydroxyproline residue occurs after the primary
elimination of the ROCOOH molecule from the molecu-
lar ion (Scheme 2).

As expected,? the chemical ionization mass spectra of
the studied derivatives contain almost only peaks of the
[M + HJ" ions that make it possible to determine the
molecular weight. At the same time, virtually no notice-
able peaks of fragment ions reflecting the amino acid
derivatives of dipeptides are observed (see Fig. 1, ¢, d). In
this respect the collisional activation spectra, which were
obtained for the [M + H]" ions generated upon chemical
ionization, contain simultaneously the peaks of the initial
ions and the peaks characteristic of the electron ioniza-
tion spectra (see Fig. 1, e, f). Thus, collisional activation
spectra for protonated molecules detected under chemi-
cal ionization are more convenient for structural assign-
ments. This fact predetermines the use of chemical ion-

Scheme 2
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ization in the regime of tandem mass spectrometry for
deconvolution of unresolved chromatographic peaks in
analysis of complex mixtures of modified dipeptides. The
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Table 1. Values of m/z (I, (%)) for peaks of characteristic ions in the electron ionization mass spectra (70 eV) of alkyl esters of

N(0)-alkoxycarbonyl derivatives of some dipeptides

Initial Alk = Me Alk = Et Alk = Pr Alk = Bu
dipeptide a by a by a by a by
Leu-Tle 144 (100) 172 (1.8) 158 (100) 186 (3.1) 172 (100) 200 (4.6) 186 (100) 214 (6.2)
Ile-Leu 144 (100) 172 (1.6) 158 (100) 186 (3.5) 172 (100) 200 (5.7) 186 (100) 214 (6.5)
Ala-Tle 102 (100) 130 (4.8) 116 (100) 144 (8.3) 130 (100) 158 (11.4) 144 (100) 172 (13.9)
Ile-Ala 144 (100) 172 (3.9) 158 (100) 186 (5.9) 172 (100) 200 (6.6) 186 (100) 214 (6.2)
Gly-Pro 88 (15.5) 116 (2.3) 102 (9.4) 130 (2.8) 116 (2.9) 144 (2.2) 130 (1.5) 158 (2.6)
Pro-Gly 128 (100) 156 (1.9) 142 (100) 170 (2.5) 156 (100) 184 (2.0) 170 (100) 198 (1.5)
lle-Gly 144 (100)  172(10.8) 158 (100) 186 (9.9) 172 (100) 200 (32.5)  186(100) 214 (31.3)
Gly-Tle 88 (55.5) 116 25.3)  102(34.3) 130 (21.4) 116 (9.0) 144 (11.7) 130 (9.3) 158 (11.3)
Leu-Gly 144 (100) 172 (8.0) 158 (100) 186 (7.4) 172 (100) 200 (11.4) 186 (100) 214 (7.8)
Gly-Leu 88 (45.7) 116 (12.4) 102 (29.0) 130 (13.1) 116 (9) 144 (11.7) 130 (9.7) 158 (11.4)
Ala-Leu 102 (100) 130 (4.5) 116 (100) 144 (7.2) 130 (100) 158 (13.1) 144 (100) 172 (15.3)
Leu-Ala 144 (100) 172 (4.8) 158 (100) 186 (7.4) 172 (100) 200 (6.8) 186 (100) 214 (6.0)
Hyp-Gly* 144 (100) 172 (4.9) 158 (100) 186 (4.7) 172 (100) 200 (13.7) 186 (100) 214 (3.5)
Gly-Phe 88 (43.0) 116 (26.2)  102(57.6) 130 (36.8) 116 (21.6) 144 (33.0)  130(12.0) 158 (22.9)
Ala-Pro 102 (100) 130 (3.1) 116 (100) 144 (5.1) 130 (100) 158 (7.4) 144 (100) 172 (9.5)
Leu-Ala 144 (100) 172 (4.8) 158 (100) 186 (7.4) 172 (100) 200 (6.8) 186 (100) 214 (6.0)
Ala-Val 102 (100) 130 (9.1) 116 (100) 144 (11.9) 130 (100) 158 (14.8) 144 (100) 172 (17.1)

* The derivatives contain the unprotected OH group in hydroxyproline.

observed regularities are also applicable for analysis
of modified dipeptides by mass spectrometry with
electrospray when protonated molecules are the main ini-
tial ions.

Further we used the following fluorinated alcohols for
derivatization: trifluoroethanol, pentafluoropropanol, and
heptafluorobutanol. As expected, the products are more
volatile and provide better separation by gas chromato-
graphy. Their mass spectra contain no new diagnostic
peaks, and their peaks of the a; and b, ions have the same
intensity as those of other derivatives (Table 2).

A problem of differentiation of leucine derivatives in
oligopeptide molecules often appears. We have recently
shown!? that the electron ionization mass spectra of
N-methoxycarbonyl derivatives of alkyl (especially fluoro-
alkyl) esters of isomeric amino acids differ sharply by
relative intensities of the peaks with m/z 102 and 115. The
first of them is always more intense for the leucine deriva-
tives, and the second is more intense for the isoleucine
derivatives. Different mass spectrometric approaches were
used to prove the formation of the ion with m/z 115 from
the leucine derivatives by the successive elimination of

Table 2. Values of m/z (I, (%)) for peaks of characteristic ions in the electron ionization mass spectra (70 eV) of some isomeric
dipeptides modified by methyl chloroformate and fluorinated alcohols ROH

Initial R = CH,CF; R = CH,CF,CF; R = CH,CF,CF,CF;
dipeptide a b, peak with m/z a b, peak with m/z a; b, peak with m/z
102 115 102 115 102 115
Leu-Ile 144 (100) 172 (0.9) (12.5) (0.7) 144 (100) 172 (0.9) (10.8) (0.6) 144 (100) 172 (1.0) (10.6) (0.8)
Ile-Leu 144 (100) 172(0.9) (1.2) (1.2) 144 (100) 172 (1.4) (1.5) (2.1) 144(100) 172(1.2) (1.2) (L.7)
Ala-Ile 102 (100) 130 (2.4) (100) (2.0) 102 (100) 130(2.6) (100) (2.2) 102 (100) 130 (2.8) (100) (2.3)
Ile-Ala 144 (100) 172 (7.8) (2.2) (3.7) 144 (100) 172(6.1) (2.8) (2.2) 144(100) 172 (5.3) (4.0) (3.5
Gly-Pro 88 (26.2) 116 (3.6) 0) (0)  88(19.2) 116 (2.2) 0) (0)  88(26.9) 116(5.3) (0) 0)
Pro-Gly 128 (100) 156 (2.9) 0) (0) 128 (100) 156 (3.5) 0) (0) 128 (100) 156 (3.5) (0) (0)
Ile-Gly 144 (100) 172(3.9) (L.7) (7.6) 144 (100) 172 (5.5) (0.9) (8.0) 144 (100) 172(5.4) (1.9) (7.5)
Gly-Ile 88 (100) 116(23.9) (0) (5.7) 88(100) 116(32.6) (0) (5.1) 88(100) 116(36.2) (0) (5.0)
Leu-Gly 144 (100) 172 (4.6) (15.2) (2.4) 144 (100) 172 (5.7) (16.7) (2.6) 144 (100) 172 (3.4) (13.8) (2.2)
Gly-Leu 88(78.2) 116 (19.6) (0.2) (1.2) 88(77.9) 116(20.3) (0.3) (2.0) 88(78.7) 116 (22.4) (0.5) (2.9)
Ala-Leu 102 (100) 130 (1.9)  (100) (0.9) 102 (100) 130 (2.1)  (100) (1.1) 102 (100) 130(2.2) (100) (1.2)
Leu-Ala 144 (100) 172 (6.2) (18.4) (1.3) 144 (100) 172(5.9) (14.8) (1.0) 144 (100) 172(5.6) (16.3) (1.2)
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Fig. 2. Electron ionization mass spectra of 2,2,3,3,3-penta-
fluoropropyl esters of N-methoxycarbonyl-L-isoleucyl-L-leu-
cine (a) and N-methoxycarbonyl-L-leucyl-L-isoleucine (b).

butene (side chain) and alkanol (ester group) molecules.
The ion with the mass 102 is formed in the case of the
leucine derivatives through the "amine" dissociation (for-
mation of the a; ion) followed by the elimination of the
C;H¢ fragment due to the side isobutyl group. We ana-
lyzed the electron ionization mass spectra of similar dipep-
tide derivatives including leucine and isoleucine to detect
diagnostic ions that make it possible to distinguish these
amino acids in dipeptides and determine their sequence.

The mass spectra of N-methoxycarbonyl derivatives of
pentafluoropropyl esters of isomeric Ile-Leu and Leu-Ile
(Fig. 2) demonstrate a clear difference in intensity of the
peak with m/z 102. This peak is present only in the spec-
trum of the latter derivative containing the N-terminal
Leu residue (see Fig. 2, b) and absent in the case of
the dipeptide derivative containing the C-terminal Leu
residue. In the case of the Ile-Leu derivative, the origin of
this ion (I) is caused by the same processes (Scheme 3)
that are described for the leucine derivative.

The data presented in Table 2 show that this ion is
characteristic of all similar dipeptide derivatives contain-
ing the N-terminal Leu residue. As a result, this residue in
dipeptides (and, perhaps, in other oligopeptides) can be
identified if situated at the N-end.

Scheme 3
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No characteristic properties that make it possible to
identify and determine the position of the isoleucine resi-
due in the electron ionization mass spectra of the dipep-
tide derivatives were found. In the case of the dipeptide
derivatives, the peak of the diagnostic ion with m/z 115
characteristic of the spectra of alkyl esters of N-methoxy-
carbonylisoleucine is not observed regardless of the posi-
tion of the Ile residue (see Table 2).

The results obtained indicate possibilities of modifica-
tion of dipeptides by alkyl chloroformate—alkanol mix-
tures for their identification and quantitative determina-
tion by GC/MS in complex mixtures and aqueous media
(biological liquids). Analysis by a combination of mass
spectrometry with electron and chemical ionization and
tandem mass spectrometry is most efficient for struc-
tural studies. It should be mentioned that the deriva-
tives of isomeric dipeptides often have close retention
times under GC conditions. In these cases, the use of
selective ion monitoring makes it possible to resolve over-
lapping chromatographic peaks and perform qualitative
and quantitative analyses of dipeptides in complex mix-
tures.

The authors are grateful to A. Mandelbaum and
C. Denekamp (Technion Israel Institute of Technology,
Haifa, Israel) for kindly presented possibility to measure
the mass spectra with collisional activation.
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