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Abstract

Unusual amino acids such as�-methoxytyrosine (�-MeOTyr), allo-threonine (allo-Thr) andallo-isoleucine (allo-Ile) were derivatized
with N-�-(2,4-dinitro-5-fluorophenyl)-l-alaninamide (FDAA), 2,3,4,6-tetra-O-acetyl-�-d-glucopyranosyl isothiocyanate (GITC), (S)-N-(4-
nitrophenoxycarbonyl)phenylalanine methoxyethyl ester (S-NIFE), or o-phthalaldehyde/isobutyryl-l-cysteine (OPA-IBLC), and then sepa-
rated via reversed-phase high-performance chromatography followed by UV and electrospray ionization mass spectrometry detection. FDAA
generally showed the highest enantioselectivity but the lowest sensitivity among the chiral derivatizing agents (CDAs) investigated. The
detection limit of FDAA-derivatized amino acids was in the low picomolar range. Although the enantioselectivity of FDAA derivatives was
generally quite high, its selectivity among�-MeOTyr isomers was poor. The best separation of�-MeOTyr stereoisomers was achieved with
S-NIFE. Due to the complex relationships between the investigated CDAs, stereochemical analyses using a combination of two or more of
the CDAs gave the most reliable results for a given separation problem. In general, the methods described are selective and reliable, and are
being applied to the analysis of unusual amino acids as they occur in marine peptides.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, considerable effort has been made to elu-
cidate the structures of novel and pharmacologically active
marine natural products, in particular, peptides and dep-
sipeptides (peptides that contain at least one ester linkage)
[1–4]. One main focus in marine biomedical research is cur-
rently the purification, characterization and total synthesis
of marine peptides with high potential as anti-cancer and
anti-HIV lead compounds[2,5–7]. The cyclic depsipeptide
callipeltin A, which was isolated from the New Caledonian
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Lithistida spongeCallipelta sp., is one of the more promi-
nent examples[7]. The structural elucidation of callipeltin A
was soon followed by the discovery of callipeltins B and C
[8] and other cyclic depsipeptides such as papuamides A–D,
which were isolated from the Lithistida spongesTheonella
mirabilis andTheonella swinhoei [6].

Marine peptides and depsipeptides not only contain mem-
bers of the 22 known proteinogenicl-amino acids[9–11]
but they often containd- and allo-configurated amino
acid isomers and various other non-proteinogenic amino
acids[1,2,6–8]. Some of the unusual components identified
in marine peptides include amino acid residues such as
�-methoxy-tyrosine (�-MeOTyr), homoproline (homoPro),
and numerous methylated amino acids[1,2,6–8].

Interest in the synthesis of marine peptides has been
driven by the diverse pharmacological activities of these
compounds[2,12–14]. Efforts to synthesize the callipeltins
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and papuamides are underway in several laboratories and
the synthesis of several amino acid components of these
compounds have already been reported[14–18]. These
syntheses are demanding, because enantiomerically pure
unusual amino acids need to be prepared prior to the assem-
bly of the parent peptide. Syntheses are complicated by the
fact that the enantiomeric excess of synthetic amino acids
is often less than 100%, even when asymmetric synthetic
routes are applied. Successful syntheses also rely on the
correct stereochemical assignment of all of the amino acids
in the naturally occurring peptides.

However, the structural elucidation of complex marine
peptides, which occur in low abundance, is challenging
and mistaken stereochemical assignments can occur[19].
While NMR studies can often establish the structure of
the individual amino acid residues in a peptide, assign-
ment of the configuration is generally achieved through
high-performance liquid chromatography (HPLC) or gas
chromatography–mass spectrometry (GC–MS) methodolo-
gies. These techniques rely on acid hydrolysis of the parent
peptide, derivatization of the resulting amino acids and
comparison with appropriate amino acid standards. The
development of sensitive methods that allow the identifi-
cation of the amino acid residues and the assignment of
their absolute configuration is therefore essential. MS in-
vestigations of marine peptides can be done in a manner
similar to classical composition analysis of peptides and
proteins, namely by acid hydrolysis and subsequent sep-
aration of the resulting amino acid mixture by direct or
indirect chromatography[20]. In trace analysis, indirect liq-
uid chromatography (LC) that uses highly sensitive labels
is often preferred over direct chromatography, which uses
expensive short-lived optically active stationary phases. It
is also preferred over indirect gas chromatography, which
frequently requires more difficult derivatizations to prepare
volatile derivatives, even though some elegant methods have
been described for GC[40]. For LC, both the amino group
and the carboxylic acid group can be derivatized to enhance
chromatographic properties and detector response of the an-
alyte. Labeling of the amino group is much more common
than labeling the carboxylic acid group. Thus, more deriva-
tization agents are available for the amino group. Among
the chiral derivatizing agents (CDAs) that have been used
for indirect chromatography, Marfey’s reagentN-�-(2,4-
dinitro-5-fluorophenyl)-l-alaninamide (FDAA) [21] has
been most widely used for assigning the stereochemistry of
amino acids in trace amounts[22–31]. Other CDAs include
2,3,4,6-tetra-O-acetyl-�-d-glucopyranosyl isothiocyanate
(GITC) [30–33], (S)-N-(4-nitrophenoxycarbonyl)phenyl-
alanine methoxyethyl ester (S-NIFE) [34–36,43] and
o-phthalaldehyde/isobutyryl-l-cysteine (OPA-IBLC)[22,37].

In this paper, the separation and stereochemical assign-
ment of a variety of unusual amino acids by reversed-phase
high-performance liquid chromatography–electrospray ion-
ization mass spectrometry (RPHPLC–ESI-MS) is described.
The 34 amino acids investigated included uncommon

amino acids such as�-methoxytyrosine (�-MeOTyr),
allo-configured and/orN-methylated forms of threonine
(Thr), isoleucine (Ile) and phenylalanine (Phe). Indirect
chromatography was carried out after precolumn derivatiza-
tion with FDAA, GITC,S-NIFE, and OPA-IBLC separately,
and subsequent separation of the resulting diastereomers of
each amino acid monitored by UV and MS. The chromato-
graphic separation of the unusual amino acids could gen-
erally be achieved in a single HPLC run. Nevertheless, for
certain amino acids that might coelute if the conditions were
to be changed and thus, to increase confidence in the re-
sults, it is recommended that more than one CDA should be
used to confirm the assignment of unusual amino acids. The
strengths and limitations of each CDA are discussed in detail.

2. Experimental

2.1. Chemicals and reagents

Glacial acetic acid (99%), triethylamine, FDAA, GITC,
OPA and available amino acid standards were purchased
from Sigma (St. Louis, MO).S-NIFE was obtained
from Peptisyntha (Brussels, Belgium), IBLC was from
Calbiochem-Novabiochem (San Diego, CA).N-MeThr
(5–8) were synthesized as previously described[6]. Boc
protectedN-MeLeu andN-MeIle standards were obtained
from BACHEM Bioscience Inc., King of Prussia, PA.
N-MeLeu (23–24) and N-MeIle (25–28) were generated
from their Boc protected standards by deprotection with
TFA. �-MeOTyr (31–34) were synthesized at the Depart-
ment of Chemistry, Purdue University, West Lafayette,
Indiana. A detailed chemical characterization of these com-
pounds will be described in a separate paper. Acetonitrile
and water were HPLC gradient grade quality and supplied
by Fisher (Pittsburgh, PA). All other chemicals and reagents
were of the highest available purity and were used without
further purification.

2.2. Preparation of the solutions

Aqueous solutions of amino acids were prepared at a con-
centration of 1 mg/ml. If necessary, methanol was added to
dissolve precipitating amino acids. Separate solutions were
prepared for each of the CDAs: FDAA, GITC andS-NIFE
were dissolved in acetone to give the respective 1% solu-
tions. OPA was prepared as a 30 mM solution in methanol,
and IBLC (90 mM) was dissolved in water. Triethylamine
(6%) was used as the basic buffer (pH 11.9) and acetic acid
(5%) was used to quench the reactions.

2.3. Derivatization with FDAA, GITC, S-NIFE or
OPA-IBLC

To a 1�l (1 �g/�l) aliquot of an aqueous solution of the
amino acid or amino acid mixture, 10�l of 6% triethylamine
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and 10�l of a solution of CDA were added and allowed to re-
act at room temperature for 10 min (GITC), 20 min (S-NIFE,
OPA) or at 50◦C for 1 h (FDAA). In case of the OPA-IBLC
derivatization, 10�l of the IBLC solution was immediately
added. The reaction mixture was diluted with 10�l of 5%
acetic acid and an aliquot (20�l) was analyzed by LC–MS.

2.4. Liquid chromatography–mass spectrometry system

Derivatized amino acids were separated and analyzed on
an HP1100 LC–MSD (Agilent Technologies, Palo Alto, CA)
consisting of a binary pump, a degasser, an autosampler, a
DAD detector, an 1100 MSD and a ChemStation. A Zor-
baxSB column (C18 150 mm× 2.1 mm, Agilent Technolo-
gies) equipped with an Opti-Guard column (C18 15 mm×
1 mm, Bodman, Baltimore, MD) was used for the separation
of the derivatized amino acids. The column temperature was
maintained at 50◦C and flow rate was 250�l/min. Mobile
phase A was 5% acetic acid (pH 2.6) and B was acetonitrile
containing 10% methanol. Linear gradients started with 5%
mobile phase B and reached 50% over 50 min. To wash the
column, the concentration of the mobile phase B was in-
creased to 100% over 5 min and maintained for 5 min (in case
of OPA-IBLC for 15 min) at 100% B. The diode array de-
tector was monitored at 340 nm (FDAA derivatives), 254 nm
(GITC and S-NIFE derivatives), and 280 nm (OPA-IBLC
derivatives), respectively. Whenever necessary, UV spectra
from 300 to 600 nm were also recorded. To avoid contami-
nation of the mass spectrometer, the eluent was directed into
the mass spectrometer after a 4 or 5 mindelay, depending on
the reagent. The molecular mass of the samples was deter-
mined using the HP MSD mass spectrometer in positive ion
mode. Data were acquired fromm/z 300 to 1000 every 4 s.

3. Results and discussion

In this study, chiral amino acids1–34 were investigated
(Fig. 1). All amino acids were reacted under basic condi-
tions with the respective CDAs to form the corresponding di-
astereomers (Fig. 2). Subsequently, derivatized amino acids
were separated on a reversed-phase column and analyzed
by UV and ESI-MS. The major advantages of using a mass
spectrometric detection are the increased sensitivity and se-
lectivity that allows the identification and characterizations
of unknowns. The mass spectrometer can thus be viewed
as an added dimension to the first-dimensional chromato-
graphic separation. Detection by both UV and MS facili-
tated the assignment of the peaks, especially when amino
acids and possible side products of differentm/z coeluted and
could therefore not be distinguished with UV detection only.

3.1. Chromatographic separation of amino acids
derivatized with FDAA

The reaction scheme of FDAA with amino acids is out-
lined in Fig. 2A. Nucleophilic substitution of FDAA by the
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Fig. 1. Amino acids1–34 were investigated in this study: (1) l-threonine
(l-Thr); (2) d-threonine (d-Thr); (3) l-allo-threonine (l-allo-Thr); (4)
d-allo-threonine (d-allo-Thr); (5) l-N-methyl-threonine (l-N-MeThr);
(6) d-N-methyl-threonine (d-N-MeThr); (7) l-allo-N-methyl-threonine
(l-allo-N-MeThr); (8) d-allo-N-methyl-threonine (d-allo-N-MeThr);
(9) l-homoproline (l-piperidine-2-carboxylic acid,l-homoPro); (10)
d-homoproline (d-piperidine-2-carboxylic acid, d-homoPro); (11)
l-proline (l-Pro); (12) d-proline (d-Pro); (13) l-leucine (l-Leu);
(14) d-leucine (d-Leu); (15) l-isoleucine (l-Ile); (16) d-isoleucine
(d-Ile); (17) l-allo-isoleucine (l-allo-Ile); (18) d-allo-isoleucine
(d-allo-Ile); (19) l-norleucine (l-NorLeu); (20) d-norleucine
(d-NorLeu); (21) l-tert-leucine (l-t-Leu); (22) d-tert-leucine (d-t-Leu);
(23) l-N-methyl-leucine (l-N-MeLeu); (24) d-N-methyl-leucine
(d-N-MeLeu); (25) l-N-methyl-isoleucine (l-N-MeIle); (26)
d-N-methyl-isoleucine (d-N-MeIle); (27) l-allo-N-methyl-isoleucine
(l-allo-N-MeIle); (28) d-allo-N-methyl-isoleucine (d-allo-N-MeIle); (29)
l-N-methyl-phenylalanine (l-N-MePhe); (30) d-N-methyl-phenylalanine
(d-N-MePhe); (31) l-threo-�-methyoxytyrosine (l-threo-�-MeOTyr;
2R,3S); (32) d-threo-�-methyoxytyrosine (d-threo-�-MeOTyr; 2S,3R);
(33) l-erythro-�-methyoxytyrosine (l-erythro-�-MeOTyr; 2R,3R); (34)
d-erythro-�-methyoxytyrosine (d-erythro-�-MeOTyr; 2S,3S). The asterisk
indicates chiral centers.

amino group of the amino acid yields the respective di-
astereomers. Besides the reaction of primary amines, other
nucleophiles such as thiols and aromatic alcohols can also
react with FDAA, leading to single and double substitutions
in the case of Lys, His, Cys and Tyr[23,24,26–28,42]. The
resulting 2,4-dinitrophenyl-l-alanine amide (DNP) deriva-
tives show strong UV absorbance at 340 nm, which facili-
tates their identification in the chromatograms[21]. Because
of the stability and high enantioselectivity of these DNP
derivatives, FDAA has been widely used for stereochemi-
cal studies and some modifications to the original proce-
dure have been introduced[23–31]. For our purposes, we
needed to adjust the method. For instance, the originally
proposed, chromatographically optimized phosphate buffer
system is not compatible with online-coupled mass spec-
trometry and thus has been replaced with acetic acid. Us-
ing acetic acid instead of the alternatively suggested TFA
[26,27], which is known to greatly reduce the signal intensity



214 S. Hess et al. / J. Chromatogr. A 1035 (2004) 211–219

F

NO2O2N

NH

H3C

O

NH2

HO

O

R

NH2
+

aa

H
N

NO2

NH

H3C

O

NH2O

HO

R-HF

FDAA-derivatized aa

O2N

HO

O

R

NH2
+

aa GITC GITC-derivatized aa

*

*
*

*

HO

O

R

NH2
+

aa S-NIFE S-NIFE-derivatized aa

*
*

HO

O

R

NH2
+

aa OPA OPA-IBLC-derivatized aa

*
OHC

N
HO

R

O

*

IBLC

OHC

S

COOH
HN

OH3C

H3C

NH

OH3C

H3C+

NH

O O

O O

NO2

O
CH3

NH

O O

O
H
N

O
CH3

OH

R

O

*

*

HO NO2-

COOH

HS

H

H

O
N

AcO
AcO C S

AcO

AcO

O
NH

AcO
AcO

AcO

AcO

H
N

S R

OH

O

H H

FDAA

(A)

(B)

(C)

(D)

Fig. 2. Reaction schemes for the chiral derivatizing agents FDAA (A), GITC (B), S-NIFE (C) and OPA-IBLC (D). Reaction of the CDA with the amino
group of the amino acid yields the respective diastereomers. For limitations and exceptions see text.

in ESI-MS, resulted in approximately a fourfold sensitiv-
ity increase. Therefore, we did not need to replace FDAA
by FDLA (N-�-(2,4-dinitro-5-fluorophenyl)-l-leucinamide;
not commercially available), which was reported to show
greater sensitivity [27]. The addition of 10% methanol to the
acetonitrile phase was found to be beneficial for peak shape
and resolution.

The retention times and separation factors of all in-
vestigated DNP-derivatized amino acids are given in
Table 1. The most hydrophilic amino acid of this series
was DNP-l-allo-Thr with a retention time of 19.01 min and
the most hydrophobic one was di-DNP-l-threo-�-MeOTyr
with a retention time of 51.05 min. All other amino acids
were distinguishable in a single HPLC run. This result is in
good agreement with earlier studies, where high enantio-
selectivity for DNP derivatives has been reported [21–31].
Only hydrophilic hydroxy and acidic amino acids have
been reported to have poor resolution [26]. As shown in
Table 1, DNP derivatives of non-aromatic amino acids show
the highest enantioselectivity when compared to GITC
(Table 2), S-NIFE (Table 3) and OPA-IBLC-derivatized
amino acids (Table 4), with a few exceptions including

N-MeThr and allo-N-MeIle. In these cases, S-NIFE deriva-
tives were considerably better resolved (Table 3). DNP
derivatives of aromatic amino acids showed lower enan-
tioselectivity than non-aromatic ones. Here again, S-NIFE
derivatives were better resolved (Tables 1 and 3). As al-
ready noted [26], DNP derivatives of N-methyl amino acids
generally have longer retention times than unmethylated
amino acids and show decreased resolution.

A major concern in natural product analysis is the reso-
lution of stereoisomers, especially those that are difficult to
distinguish by other techniques such as NMR. With the high
enantioselectivity shown in Table 1, FDAA seems to be the
best CDA for most non-aromatic amino acids. Since some
amino acids such as Thr, Ile and �-MeOTyr contain two chi-
ral centers, they can occur as four different stereoisomers.
The configurational isomers of Thr (as shown in Fig. 3A)
are l-Thr, which has the absolute configuration (2S,3R),
d-Thr (2R,3S), l-allo Thr (2S,3S) and d-allo Thr (2R,3R).
When investigated as their DNP derivatives, the separation
shown in Fig. 3B was obtained. Even though d-Thr and
d-allo-Thr do not show baseline separation, they can be un-
ambiguously assigned. While the resolution of the d,l-Thr



S. Hess et al. / J. Chromatogr. A 1035 (2004) 211–219 215

Table 1
Retention times (tRi), unadjusted relative retention (rG) and separation factors of amino acids derivatized with FDAA

Amino acid [M + H]+ Elution order tRi(l) (min) tRi(d) (min) rG(l)a rG(d)a rG(l)/rG(d)

Thr 372 l < d 19.41 24.85 0.511 0.654 0.781
allo-Thr 372 l < d 19.01 22.38 0.506 0.588 0.861
N-MeThr 386 l < d 21.17 22.93 0.556 0.602 0.924
allo-N-MeThr 386 l < d 25.60 26.81 0.673 0.705 0.955
homoPro 382 d < l 35.10 33.20 0.929 0.875 1.062
Pro 368 l < d 26.00 27.93 0.683 0.734 0.931
Leu 384 l < d 38.18 43.80 1.008 1.150 0.877
Ile 384 l < d 37.15 43.18 0.976 1.135 0.860
allo-Ile 384 l < d 37.31 43.32 0.980 1.138 0.861
NorLeu 384 l < d 38.37 44.23 0.985 1.165 0.845
t-Leu 384 l < d 36.93 42.68 0.970 1.121 0.865
N-MeLeu 398 l < d 41.03 44.70 1.079 1.175 0.918
N-MeIle 398 l < d 40.81 42.81 1.074 1.127 0.953
allo-N-MeIle 398 l < d 41.32 44.73 1.086 1.173 0.926
N-MePhe 432 l < d 38.93 39.42 1.024 1.037 0.987
erythro-�-MeOTyr 463 d < l 24.81 23.75 0.653 0.627 1.041
threo-�-MeOTyr 463 l < d 23.97 24.83 0.631 0.655 0.963
Di-erythro-�-MeOTyr 716 d < l 45.36 45.05 1.194 1.189 1.004
Di-threo-�-MeOTyr 716 d < l 51.05 47.19 1.344 1.246 1.079

As internal standard, a DNP derivative with m/z 348 was chosen, which eluted around 38 min. Conditions: mobile phase A, 5% acetic acid; mobile phase
B, acetonitrile containing 10% (v/v) of methanol; linear gradient from 5 to 50% B in 50 min; C18 reversed-phase column (150 mm ×2.1 mm); 250 �l/min.

a The unadjusted relative retention rG was calculated as tRi/tR(St).

and d,l-allo-Thr derivatives was satisfactory (Fig. 3B),
the resolution of the l-allo-Ile/l-Ile and d-allo-Ile/d-Ile
derivatives was not sufficient (Tables 1 and 5). As appar-
ent from Table 5, mono-DNP-l-erythro-�-MeOTyr (2R,3R)
and mono-DNP-d-threo-�-MeOTyr (2S,3R) and their
counterpart mono-DNP-l-threo-�-MeOTyr (2R,3S) and
mono-DNP-d-erythro-�-MeOTyr (2S,3S) were not resolved.
The poor separation of the mono-substituted �-MeO-Tyr
was improved when di-substituted DNP derivatives were
used, but here the resolution of the d- and l-threo derivative
remained critical (Table 5).

Table 2
Retention times (tRi), unadjusted relative retention (rG) and separation factors of amino acids derivatized with GITC

Amino acid [M + H]+ Elution order tRi(l) (min) tRi(d) (min) rG(l)a rG(d)a rG(l)/rG(d)

Thr 509 l < d 25.20 27.28 0.659 0.713 0.924
allo-Thr 509 l < d 24.75 25.33 0.644 0.663 0.971
N-MeThr 523 l < d 25.20 27.45 0.676 0.737 0.917
allo-N-MeThr 523 d < l 26.42 26.33 0.709 0.705 1.006
homoPro 519 n.d. n.d. n.d. n.d. n.d. n.d.
Pro 505 l < d 25.79 27.75 0.677 0.729 0.929
Leu 521 l < d 37.95 39.74 0.993 1.043 0.952
Ile 521 l < d 37.53 39.51 0.983 1.037 0.948
allo-Ile 521 l < d 36.66 38.72 0.980 1.035 0.947
NorLeu 521 l < d 38.60 40.53 1.016 1.066 0.953
t-Leu 521 l < d 35.89 38.33 0.947 1.011 0.937
N-MeLeu 535 l < d 40.01 42.14 1.070 1.126 0.950
N-MeIle 535 l < d 39.04 40.49 1.047 1.078 0.971
allo-N-MeIle 535 l < d 39.60 42.02 1.058 1.121 0.944
N-MePhe 569 l < d 41.00 42.88 1.076 1.125 0.956
erythro-�-MeOTyr 601 l < d 29.97 30.89 0.794 0.816 0.973
threo-�-MeOTyr 601 d < l 31.70 30.47 0.839 0.806 1.041

As internal standard, a GITC derivative with m/z 463 was chosen, which was eluting around 38 min. Chromatographic conditions are described in Table 1.
a The unadjusted relative retention rG was calculated as tRi/tR(St).

It has generally been noted that at higher reten-
tion times (>10 min) DNP-l-amino acids eluted before
DNP-d-amino acids with a few exceptions reported so
far [26–28,44]. With our method, we have also found
the reversed order of elution for the diastereomeric pairs
of homoPro, mono-DNP-erythro-, di-DNP-erythro and
di-DNP-threo-�-MeOTyr, whereas the threo-configurated
�-MeOTyr eluted in the expected order (Table 1). Our results
clearly indicate that one cannot deduce the stereochemistry
only on the basis of its elution order without additional
supportive information. As a result of these experiments,
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Table 3
Retention times (tRi), unadjusted relative retention (rG) and separation factors of amino acids derivatized with S-NIFE

Amino acid [M + H]+ Elution order tRi(l) (min) tRi(d) (min) rG(l)a rG(d)a rG(l)/rG(d)

Thr 369 l < d 22.53 24.44 0.503 0.546 0.921
allo-Thr 369 l < d 22.45 23.40 0.501 0.523 0.958
N-MeThr 383 l < d 24.58 25.40 0.518 0.566 0.915
allo-N-MeThr 383 l < d 25.12 25.73 0.560 0.574 0.976
homoPro 379 l < d 32.75 33.92 0.733 0.759 0.966
Pro 365 l < d 27.55 28.79 0.616 0.644 0.957
Leu 381 l < d 35.75 39.16 0.799 0.875 0.913
Ile 381 l < d 34.93 38.93 0.781 0.871 0.897
allo-Ile 381 l < d 35.01 39.04 0.783 0.871 0.899
NorLeu 381 l < d 36.67 39.84 0.821 0.891 0.921
t-Leu 381 l < d 34.00 38.05 0.762 0.853 0.893
N-MeLeu 395 l < d 40.91 43.33 0.902 0.955 0.945
N-MeIle 395 l < d 40.00 41.98 0.894 0.939 0.952
allo-N-MeIle 395 l < d 40.48 42.65 0.770 0.941 0.818
N-MePhe 429 l < d 42.15 43.41 0.929 0.956 0.972
erythro-�-MeOTyr 461 l < d 21.80 26.51 0.526 0.591 0.890
threo-�-MeOTyr 461 l < d 26.23 28.69 0.586 0.640 0.916

As internal standard, the S-NIFE-derivative with m/z 473 was chosen, which was eluting around 45 min. Chromatographic conditions are described in
Table 1.

a The unadjusted relative retention rG was calculated as tRi/tR(St).

we advise caution when non-empirically interpreting data
without the appropriate standards. Our data clearly show
that the proposed non-empirical method [26,27] may result
in incorrect assignments since some amino acids showing
this unusual behavior with the d-isomer eluted before the
l-isomer.

The limit of detection (signal to noise ratio 2:1) deter-
mined with Gly standards at various concentrations was in
the low picomolar range and was thus sensitive enough to
investigate both synthetic standards and amino acids derived
from marine natural products. The high stability of DNP
derivatives was regarded as an advantage, whereas the rela-
tively long incubation time for reaction may be regarded as
a disadvantage.

3.2. Chromatographic separation of amino acids
derivatized with GITC

In contrast to DNP derivatives, the diasteromeric thiourea
derivatives formed when amino acids were reacted with

Table 4
Retention times (tRi), unadjusted relative retention (rG) and separation factors of amino acids derivatized with OPA-IBLC

Amino acid [M + H]+ Elution order tRi(l) (min) tRi(d) (min) rG(l)a rG(d)a rG(l)/rG(d)

Thr 409 l < d 32.23 32.82 0.679 0.692 0.981
allo-Thr 409 l < d 33.92 34.93 0.715 0.736 0.971
Leu 421 l < d 48.83 50.07 1.029 1.051 0.979
Ile 421 l < d 47.95 49.55 1.013 1.047 0.968
allo-Ile 421 l < d 48.20 49.55 1.019 1.047 0.973
NorLeu 421 l < d 48.14 49.43 1.024 1.051 0.974
t-Leu 421 l < d 48.80 49.08 1.038 1.045 0.993
erythro-�-MeOTyr 501 d < l 39.64 38.30 0.822 0.782 1.051
threo-�-MeOTyr 501 l < d 37.30 41.06 0.773 0.828 0.934

As internal standard, an OPA-IBLC derivative with m/z 481 was chosen, which was eluting around 48 min. Chromatographic conditions are described in
Table 1.

a The unadjusted relative retention rG was calculated as tRi/tR(St).

GITC (Fig. 2) do not show a visible chromophore and
were therefore monitored at 254 nm. GITC also reacts
more specifically with primary amines so double substi-
tutions were only observed for Lys, but not for any other
nucleophile [32,33]. GITC reacted with Pro but not with
homoPro, which could be attributed to steric hindrance of
this cyclic amine.

One advantage of GITC derivatization was the short
incubation time of 10 min at room temperature, however,
the instability of GITC derivatives can be regarded as a
disadvantage. While FDAA derivatives are stable over sev-
eral days, GITC derivatives need to be analyzed as soon
as possible after their preparation and should not be stored
longer than 24 h. As the originally proposed method was not
designed for mass spectrometry coupling, it was adjusted
in a manner similar to the FDAA method described above
so that it was amenable to LC–MS analysis. Using this
adjusted method, all of the investigated l-isomers eluted
before their corresponding d-isomers, with the exception
of allo-N-MeThr and threo-�-MeOTyr. This was in good
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Table 5
Comparison of the separation factors of allo- and threo-configurated diasteromeric amino acids

l-allo/l-threo l-allo/d-threo l-allo/d-allo l-threo/d-threo l-threo/d-allo d-allo/d-threo

FDAA
Thr 0.990 0.774 0.861 0.781 0.869 0.899
N-MeThr 1.210 1.118 0.955 0.924 0.789 1.171
Ile 1.004 0.863 0.861 0.860 0.858 1.003
N-MeIle 1.011 0.964 0.926 0.953 0.916 1.041
�-MeOTyra 0.966 1.006 0.963 1.041 0.997 1.045
�-MeOTyra 1.126 1.130 1.079 1.004 0.958 1.048

GITC
Thr 0.977 0.903 0.971 0.924 0.994 0.930
N-MeThr 1.049 0.962 1.006 0.917 0.959 0.957
Ile 0.997 0.945 0.947 0.948 0.950 0.998
N-MeIle 1.011 0.981 0.944 0.971 0.934 1.040
�-MeOTyra 1.057 1.028 1.041 0.973 0.985 0.988

S-NIFE
Thr 0.996 0.918 0.958 0.921 0.962 0.958
N-MeThr 1.081 0.989 0.976 0.915 0.902 1.014
Ile 1.003 0.899 0.899 0.897 0.897 1.000
N-MeIle 0.861 0.820 0.818 0.952 0.950 1.002
�-MeOTyra 1.114 0.992 0.916 0.890 0.822 1.083

OPA-IBLC
Thr 1.053 1.033 0.971 0.981 0.923 1.060
Ile 1.006 0.973 0.973 0.968 0.968 1.000
�-MeOTyra 0.940 0.988 0.934 1.051 0.993 1.059

Separation was considered insufficient when a value of 1.000 ± 0.009 was achieved.
a The configuration l-allo refers to l-erythro in case of �-MeOTyr.

agreement with earlier studies, where both proteinogenic
and other uncommon amino acids have been investigated
[32,33]. Exceptions from this rule have also been reported
for a number of more rigid �-methylated amino acids [29].
Table 2 summarizes the retention times and separation fac-
tors of all investigated amino acids that were derivatized
with GITC.

The most hydrophilic GITC-derivatized amino acid was
l-allo-Thr with a retention time of 24.75 min and the most
hydrophobic one was d-N-MePhe with a retention time of
42.14 min. Considering the fact that GITC does not form a
bis-adduct with �-MeOTyr, the overall elution profile of the
GITC derivatives was similar to that of the DNP derivatives.
Derivatives of N-methyl amino acids showed longer reten-
tion times than the unmethylated parent amino acids due to
increased hydrophobicity. The separation factors were simi-
lar to those of the unmethylated amino acids. This contrasted
with the DNP amino acids where a loss of chromatographic
resolution was observed.

Even though the enantioselectivity of GITC-derivatized
amino acids was generally lower than that of DNP deriva-
tives, the separation of the �-MeOTyr stereoisomers was bet-
ter accomplished with GITC (Tables 2 and 5). The isomeric
pairs l-Ile/l-allo-Ile, d-Ile/d-allo-Ile, l-allo-Thr/d-allo-Thr
and d- and l-allo-MeThr coeluted when derivatized with
GITC (Tables 2 and 5). The GITC-tag showed an approx-
imately four times higher response by MS than FDAA
and was thus four times more sensitive when using MS
detection.

Fig. 3. (A) The four stereoisomers of Thr. (B) Separation of the Thr
isomers 1–4 as their DNP derivatives. DNP-d-allo-Thr (I) eluted first,
followed by DNP-d-Thr (II), DNP-l-allo-Thr (III) and DNP-l-Thr (IV).
Conditions: mobile phase A, 5% acetic acid; mobile phase B, acetonitrile
containing 10% (v/v) of methanol; linear gradient from 5 to 50% B in
50 min, followed by a washing phase at 100% B; C18 reversed-phase
column (150 mm × 2.1 mm); 250 �l/min.
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3.3. Chromatographic separation of amino acids
derivatized with S-NIFE

S-NIFE forms diasteromeric urea derivatives with amino
acids by nucleophilic substitution of the carbamate and
release of 4-nitrophenol as shown in Fig. 2C. S-NIFE
derivatives were also monitored at 254 nm. Improved enan-
tioselectivity has been described for those CDAs that have
four or five bonds between their chiral centers [34]. This
ideal distance is present in GITC (four bonds), S-NIFE
(four bonds), and OPA-IBLC (five bonds) whereas FDAA
has six bonds (Fig. 2).

S-NIFE reacted with all amino acids investigated in-
cluding homoPro. S-NIFE reacts twice with lysine (�-
and �-NH2), Cys and Tyr [34]. S-NIFE derivatives are
easily formed within 15–20 min and are, in contrast
to GITC-derivatized amino acids, stable over several
days. In addition to 4-nitrophenol (Fig. 2C), phenyl-
alanine methoxyethyl ester and N,N′-bis(methoxyethyl
3-phenylpropionate-2-yl)urea are formed as side products,
and the latter product was used as an internal standard with
a m/z 473 [M + H]+ eluted around 45 min.

For S-NIFE, d-isomers eluted without exception after
their corresponding l-isomers. The retention times and sep-
aration factors of the S-NIFE derivatives are summarized
in Table 3. The elution profile of S-NIFE derivatized amino
acids was very similar to that of the GITC-derivatized
amino acids. As with GITC, the most hydrophilic S-NIFE
derivative was l-allo-Thr (Rt = 22.45 min), and the most
hydrophobic, d-N-MePhe (Rt = 43.41 min). There are some
important distinctions though. In most cases, the enantiose-
lectivity of S-NIFE derivatives was considerably better than
that of GITC derivatives but inferior to that of DNP deriva-
tives. As described for �-alkyl-substituted amino acids
[36], the enantioselecitivity of aromatic amino acids such
as �-MeOTyr was extremely good. However, the separation
of diasteromeric d-allo-MeOTyr and l-threo-MeOTyr is
borderline with S-NIFE (Table 5). Baseline separation was
not accomplished.

N-Methyl substituted amino acids eluted after their un-
methylated parents with comparable resolution. Despite the
better enantioselectivity of S-NIFE-derivatives, the separa-
tion of l-allo-Thr/l-Thr is not as good as the separation
of those GITC derivatives (Table 5). l-allo-Ile/l-Ile and
d-allo-Ile/d-Ile and d-allo-MeIle/d-MeIle isomers were not
resolved from each other under the conditions used, whereas
l-allo-MeIle and l-MeIle isomers were separated (Table 5).
The limit of detection was approximately 50 pmol on col-
umn, which was approximately two times more sensitive
than the corresponding DNP derivatives.

3.4. Chromatographic separation of amino acids
derivatized with OPA-IBLC

As outlined in Fig. 2D, o-phthaldialdehyde and the
sulfhydryl group of IBLC react rapidly with primary

amines to form the corresponding diastereomeric isoin-
dole derivatives that have been exploited because of
their intense fluorescence. Chiral sulfhydryl groups such
as IBLC have been introduced to enable the separa-
tion of chiral amines. Secondary amines do not react
[37]. There has been some discrepancy in the literature
about the stability of OPA/sulfhydryl substituted amino
acids. A rapid decrease of fluorescence intensity de-
scribed for Gly and Lys derivatives [37] has recently
been attributed to the transformation of kinetically formed
mono-substituted derivatives into a thermodynamically sta-
ble di-substituted derivative [38,39]. Isoindoles that carry an
N–CH2–R group such as Gly (NH2–CH2–COOH), �-Ala
(NH2–(CH2)2–COOH), GABA (NH2–(CH2)3–COOH),
Lys (NH2–(CH2)4CHNH2–COOH), are especially prone to
form adducts that contain both an isoindole and a benzofu-
ran moiety [38,39].

The reported high enantioselectivity of the OPA-
IBLC-derivatized amino acids made us investigate its ap-
plicability to our selection of unusual amino acids. For
fluorescence detection, an alkaline mobile phase that ulti-
mately destroys the stationary phase has been recommended
for optimum sensitivity and chromatographic resolution
[45,46]. The leaking of column material into the mass spec-
trometric detector would destroy the detector rather quickly
and thus, we adjusted the LC method so that it was suitable
for online MS detection. l-Thr eluted with the shortest re-
tention time (32.23 min) and d-Leu eluted at 50.07 min as
the last peak of the investigated series. As with the other
methods, derivatized l-amino acids generally eluted before
their corresponding d-amino acids. An exception was the
elution order of erythro-�-MeOTyr isomers.

Among the CDAs tested, OPA-IBLC-derivatized amino
acids showed the least enantioselectivity for the amino
acids examined (Table 4). However, enantioselectivity was
sufficient in all cases to distinguish the d- and l-isomers.
Since OPA-IBLC does not react with secondary amines, this
CDA was not applicable to the N-methylated amino acids
and imino acids investigated in this series and was thus
of limited use. All Thr and allo-Thr derivatives were well
separated from each other (Table 5). The l-allo-Ile/l-Ile
and d-allo-Ile/d-Ile isomers that were generally found dif-
ficult to distinguish, were not effectively resolved with this
method.

The resolution of OPA-IBLC derivatives of �-MeOTyr
was considerably better than that of their DNP- or GITC
derivatives, but here the separation of the l-erythro/d-allo
pair was marginal.

The OPA-IBLC label showed approximately the same re-
sponse as GITC in the mass selective detection mode and
was thus four times more sensitive than FDAA. The lim-
ited applicability to primary amines only, the poorer reso-
lution and the transformation of mono- into di-substituted
OPA-IBLC derivatives was disadvantageous whereas the
good separation of Thr and �-MeOTyr isomers was advan-
tageous for OPA-IBLC.
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4. Conclusion

The LC–ESI-MS methods described can be applied for
the separation and identification of isomers of proteinogenic
and unusual amino acids, especially those that are of high
interest in biomedical research as components of marine
peptides. In fact, it already has been successfully applied to
naturally occurring marine peptides [41]. Separations were
done in acetic acid–acetonitrile/methanol phases. Both UV
and ESI-MS detection were used to corroborate the iden-
tity of the detected derivatives. DNP derivatives have gen-
erally shown the highest enantioselectivity for non-aromatic
amino acids followed by S-NIFE, GITC and OPA-IBLC
derivatives. For aromatic amino acids, S-NIFE derivatives
showed the highest enantioselectivity, followed by deriva-
tives of OPA-IBLC, GITC and FDAA. At the same time,
DNP derivatives have shown the lowest sensitivity, while
S-NIFE provided approximately twice the signal intensity,
and OPA-IBLC and GITC were approximately four times
more sensitive. The limit of detection of DNP derivatives
was in the low picomolar range, which was found to be
more than sufficient for the characterization of microgram
amounts of natural products. The limit of detection can be
further improved with selected ion monitoring.

The current study has also shown the limitations of the
CDAs investigated in terms of their separation power be-
tween diastereomers such as d-allo-Ile and d-Ile, which were
not completely resolved with any of the CDAs. All of the
other isomers investigated can be resolved either with one
or two chromatographic separations. Due to the complex re-
lationships of isomeric amino acids, especially with regard
to the coexistence of common and uncommon amino acids,
it is generally recommended to use more than one CDA for
the structural assignment. In light of an increasing number
of exceptions of the expected elution order of DNP amino
acids (l < d at retention times above 10 min), we also rec-
ommend the use of authentic standards to corroborate the
assignments. This certainly improves confidence in the as-
signment and helps to avoid unexpected misassignments as
have happened in the past [19].
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