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Direct Identification of Tryptophan in a Mixture
of Amino Acids by the Naked Eye**
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Tryptophan, an essential amino acid, plays a crucial part in
biological processes such as protein biosynthesis, animal
growth, and plant development.!! Tryptophan is also one of
the key factors that determines protein activity, hydropho-
bicity, and diversity.”) The detection of tryptophan is thus of
great importance for its biochemical study.”* However,
amino acids often coexist and have similar properties, and
thus the detection of an individual one suffers from serious
interference and usually has to be carried out through an
efficient separation technique such as HPLC.F! Over the past
several decades, much effort has been devoted to seeking a
simple and reliable method by which tryptophan could be
identified in a mixture of amino acids directly by the naked
eye.! Such a method is extremely desirable for amino acid
production and the fast screening of tryptophan in proteo-
lysates, but unfortunately it is still lacking.”**

It is known that a reversible formylation at the 1-position
of tryptophan may occur upon treatment with anhydrous
formic acid saturated with gaseous HCL!! In an effort to
expand our research on developing site-specific labeling
methods for proteins,l’! we were therefore interested in trying
to introduce the formyl group at the N1 position of
tryptophan. When we attempted to improve the formylation
reaction by treating tryptophan in a mixed aqueous solution
of formic acid and hydrochloric acid, a violet-blue color was
surprisingly produced. More interestingly, this reaction exhib-
its a high selectivity toward tryptophan only, with no color
observed with the other amino acids. We envision that this
new color-generating reaction could be used as a specific
identification method for tryptophan.

Figure 1 shows the absorption spectra of tryptophan in
different media. It can be seen that water or formic acid has
little effect on the absorption of tryptophan in the visible
region, whereas hydrochloric acid causes a broad but rather
weak absorption band, and the mixed aqueous solution of
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Figure 1. Absorption spectra of tryptophan (5 mm) in water (—),
18% (w/w) formic acid solution (s++++), 6 M HCl (-—-), and the mixed
solution of 18% formic acid and 6 M HCl (—+-+). See the Experimental
Section for more details.

HCOOH and HCI leads to the emergence of two new bands
at about 364 and 560 nm. It is noted that the addition of
formic acid can induce the appearance of the violet-blue color
only in HCI media, but not in other acids such as H,SO, and
H;PO,,™ thus revealing the catalytic effect of HCL! More-
over, the violet-blue color becomes more intense with
increasing temperature and time, and at a higher temperature
(such as 70°C) water-insoluble brown products can be partly
formed, thus indicating a possible decomposition.

Several factors were examined in detail to enable the
reaction conditions to be optimized. These studies showed
that the violet-blue color is related to the acidity, the presence
of oxygen, the reaction time, and the temperature, but
independent of light. On the basis of this finding, a mixed
solution of 6M HCI and 18 % formic acid with a heating time
of 5h at 50°C were chosen for the present reaction, since
under these conditions no apparent degradation of trypto-
phan was detected®™ and a distinct color change could be
observed by the naked eye. The color reaction can also occur
at room temperature, but takes a long time (usually com-
pleted within 4-7 days).

To assess the specificity of the reaction, 20 standard amino
acids (alanine, arginine, asparagine, aspartic acid, cysteine,
glutamic acid, glutamine, glycine, histidine, isoleucine,
leucine, lysine, methionine, phenylalanine, proline, serine,
threonine, tryptophan, tyrosine, and valine) were tested in
parallel under the same conditions. The results showed that,
with the exception of tryptophan, none of the other amino
acids resulted in the generation of any color.®! This unique
property of tryptaphan enables it to be distinguished easily
from the other amino acids directly by the naked eye. Figure 2
shows the results of such a preliminary study. As can be seen,
tryptophan, whether present alone (C) or in mixed amino
acids (D), exhibits the predicted violet-blue color, whereas
the other amino acids do not produce any color (B). The
method may also be applied to solving the question as to
whether a peptide or protein contains tryptophan residues, as
demonstrated in Figure 2 through the use of reduced gluta-
thione (E) and egg white albumin (F) as examples. Moreover,
by monitoring the absorbance at about 364 or 560 nm,® the
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Figure 2. Photograph of solutions of HCOOH/HCI containing different
compounds. A) Reagent blank (reaction solution of 18 % formic acid
and 6 M HCl); B) a mixture of 9 representative amino acids (L-alanine,
L-arginine, L-glutamine, L-histidine, pL-methionine, L-phenylalanine, L-
proline, pL-serine, and L-tyrosine) with various side-chain features;

C) tryptophan; D) amino acid mixture (B) in the presence of trypto-
phan; E) reduced glutathione; F) egg-white albumin. The concentration
of each of the amino acids as well as the reduced glutathione was

20 mwm, while that of the egg-white albumin was 0.5 mm. The color
reactions (A-D) were performed at 50°C for 5 h and the reaction
solutions were then allowed to stand at room temperature (25 °C) for
4 days, whereas those of E and F were conducted at room temperature
for 7 days.

tryptophan content in samples could be estimated, although
the sensitivity of the method is not high (detection limit:
ca. 0.1 mm, signal/noise =3:1).

To explore the reaction mechanism, the reactions of
tryptophan and its reference compounds indole and indole-3-
propanoic acid (IPA) were compared in the HCOOH/HCI
system. It was found that all three compounds can react but
give different colors: IPA, similar to tryptophan, produces a
violet-blue color, while indole yields an orange-red color with
an absorption peak at 484 nm.®! Furthermore, the rate and
intensity of the color reactions are increased in the following
order: indole > IPA > tryptophan, clearly indicating that the
indole skeleton is an essential moiety for the color reactions,
and the steric hindrance of the substituent at the 3-position on
the indole ring determines the reaction rate and intensity. It is
known that carbolines can not be generated in HCOOH
media,” and in this system the color interference from the
corresponding carbolines could therefore be excluded. How-
ever, both indole and IPA, which do not have an a-amino
group, produced color, which suggests that the a-amino group
of tryptophan may not take part in the reaction process.

Isolation of the violet-blue pigment from the reaction
solution was first attempted by column chromatography and
extraction with organic solvents such as petroleum ether,
chloroform, and ethyl acetate, but was unsuccessful. Subse-
quently, HPLC was used to isolate the pigment, and two
chromatographic peaks appearing at 6.03 and 7.12 min'®! were
characterized as tryptophan (m/z205 [M+H]") and 1-
formyltryptophan (m/z 233 [M +H]") by MS analysis.”
However, the expected blue pigment that should have a
large conjugated structure was not found, possibly because of
its instability under the present test conditions. Therefore, the
reaction solution was then subjected directly to electrospray
ionization (ESI) MS analysis. Besides tryptophan and 1-
formyltryptophan, two more products with higher molecular
weights (m/z 463 and 491) were detected.”! These high-
molecular-weight ions, which have not been reported pre-
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viously,*! may contain at least two tryptophyl units, and be
responsible for the violet-blue color.

The violet-blue color is quite stable in strong acid media
(at least a week), but will disappear in neutral and basic
media: the absorption maximum at about 560 nm gradually
decreases and eventually vanishes as the pH value is
increased. Conversely, acidification of the reaction solutions
back to a strongly acidic pH results in the absorption spectra
of the solutions being restored.®! Moreover, the extent to
which the absorption spectra is recovered depends on the
time and pH value: the higher the pH value of the solutions,
the slower and less complete is the recovery.

The peak indicative of 1-formyltryptophan in the HPLC
chromatograms also changes with pH, and the trend of the
change is consistent with that of the solution color: when the
solution pH changes from a low to high value, the solution
color fades away, and is concomitant with the gradual
disappearance of the chromatographic peak corresponding
to 1-formyltryptophan. Hence, 1-formyltryptophan may be a
precursor of the colored derivative, and the reaction in which
the violet-blue color is generated undoubtedly involves a
quasireversible acid-base equilibrium. On the other hand, the
recovery behaviors of the absorption spectra of indole and
IPA resemble that of tryptophan (see the Supporting
Information), but indole displays the fastest recovery, which
can be attributed to the reduced steric hindrance at the 3-
position of the indole ring.

Although the colored derivative has not been isolated,
according to ESI-MS analysis it might be a rearranged
compound (m/z 463 [M +H]" for compound 1, or m/z 491
[M +H]* for compound 2) of 1-formyltryptophan, whose
mechanism of formation is shown in Scheme 1. Current
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Scheme 1. Possible mechanism for the reaction of tryptophan in
HCOOH/HCI media which generates the violet-blue color. R=CH,CH-
(NH,)COOH.
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evidence does not allow confirmation as to whether com-
pound 1 (derived from 1 mol of tryptophan and 1 mol of 1-
formyltryptophan) with a possible enolate tautomerization,
compound 2 (derived from 2 mol of 1-formyltryptophan), or
both result in the violet-blue color. It cannot be ruled out that
a dimer formed directly by the coupling of 1-formyltrypto-
phan through its 2-position makes a contribution to the violet-
blue color, but this contribution, if it exists, would be a minor
one, since such a dimer is difficult to form because of the large
steric hindrance.

A comparative study of the current method was made
with other known approaches,>!!! in particular with the acid-
ninhydrin method, in which both HCOOH and HCI are also
involved.!"? The reaction color in the acid-ninhydrin system
is yellow, which may be attributed to the reaction of the a-
amino group of tryptophan with ninhydrin to generate a
yellow carboline product.*™'? In our system without ninhy-
drin, the resulting violet-blue color may be ascribed to the
formation of compound 1 or/and compound 2, as discussed
above. The acid-ninhydrin method is fast and sensitive, but is
inconvenient and unselective. In particular, cysteine and
tyrosine interfere with the determination of tryptophan.®! The
reaction of tryptophan with p-dimethylaminobenzaldehyde
and sodium nitrite in sulfuric acid has been widely used for
the detection of tryptophan.>*!1"l However, this method is
also inconvenient because the reaction needs to be conducted
in the dark because of the influence of light," and the
accuracy is limited because of various interferences.*] A
recently reported approach based on a diazo coupling
reaction with N-(1-naphthyl)ethylenediamine is fast, but is
subject to the interference of methionine and aromatic
primary amines.”) Thus, high selectivity and simplicity are
the most noticeable advantages of the proposed method over
the others discussed above.

In conclusion, the violet-blue color reaction of tryptophan
in HCOOH/HCI has been characterized as a valuable method
for identifying tryptophan in a mixture of amino acids, and for
corroborating the existence of tryptophyl residues in peptides
or proteins. The reaction investigated here may also provide a
useful clue for a better understanding of the diseases blue
diaper syndrome and purple urine bag syndrome which are
caused by a metabolic disorder of tryptophan.!"!

Experimental Section

General procedure: In a typical experiment, tryptophan (25 mm,
1.0 mL) was added to a solution containing concentrated hydrochloric
acid (37 %, w/w, 2.5 mL) and formic acid (88 %, w/w, 1.0 mL), and the
final volume of the reaction solution was diluted to 5.0 mL with water.
After the mixture was heated at 50°C for 5 h in a water bath, and then
cooled to room temperature, the absorption spectra were recorded in
1-cm quartz cells, with water used as the reference. When necessary,
the pH value of the reaction solution was adjusted with NaOH or
HCI. For comparison, indole and IPA were treated under the same
conditions.

Received: May 30, 2006

Revised: August 7, 2006
Published online: September 19, 2006

Angew. Chem. 2006, 118, 68756877

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

Keywords: amino acids - analytical methods - tautomerism -
tryptophan - UV/Vis spectroscopy

[1] a) J. E. Miller, C. Gradinaru, B. R. Crane, A.J. Di Bilo, W. A.
Wehbi, S. Un, J. R. Winkler, H. B. Gray, J. Am. Chem. Soc. 2003,
125, 14220-14221; b) G. M. Mackay, C. M. Forrest, N. Stoy, J.
Christofides, M. Egerton, T. W. Stone, L. G. Darlington, Eur. J.
Neurol. 2006, 13,30-42; c) S. Diem, J. Bergmann, M. Herderich,

J. Agric. Food Chem. 2000, 48, 4913 -4917; d) F. Von Nussbaum,

Angew. Chem. 2003, 115, 3176-3179; Angew. Chem. Int. Ed.

2003, 42, 3068 -3071.

a) M. Friedman, J.-L. Cuq, J. Agric. Food Chem. 1988, 36, 1079 —

1093; b) N. Budisa, M. Rubini, J. H. Bae, E. Weyher, W. Wenger,

R. Golbik, R. Huber, L. Moroder, Angew. Chem. 2002, 114,

4238-4242; Angew. Chem. Int. Ed. 2002, 41, 4066 —4069.

[3] I. Molnar-Perl, J. Chromatogr. A 1997, 763,1-10, and references
therein.

[4] a) M. Friedman, J. W. Finley, J. Agric. Food Chem. 1971, 19, 626 —
631; b) M. Friedman, J. Agric. Food Chem. 2004, 52, 385-406,
and references therein.

[5] W.T. Yu, H. M. Zhang, G.S. Chen, C.Y. Tu, P. K. Ouyang,
Microchim. Acta 2004, 146, 285-290.

[6] a) A.Previero, M. A. Coletti-Previero, J.-C. Cavadore, Biochim.
Biophys. Acta 1967, 147, 453 -461; b) R. L. Lundblad, Chemical
Reagents for Protein Modification, 2nd ed., CRC, Boca Raton,
1991, pp. 225-226.

[7] a)S. Y. Dong, H.M. Ma, X.J. Duan, X. Q. Chen, J. Li, J
Proteome Res. 2005, 4,161-166;b) X. J. Duan, Z. Zhao, J. P. Ye,
H. M. Ma, A.D. Xia, G. Q. Yang, C. C. Wang, Angew. Chem.
2004, 116, 4312-4315; Angew. Chem. Int. Ed. 2004, 43, 4216—
4219.

[8] See the Supporting Information.

[9] a) G. Cauzzo, G.Jori,J. Org. Chem.1972,37,1429-1433;b) L. F.
Tietze, Y. F. Zhou, Angew. Chem. 1999, 111,2076-2078; Angew.
Chem. Int. Ed. 1999, 38, 2045-2047.

[10] a) A.N. Mayeno, F. Lin, C.S. Foote, D. A. Loegering, M. M.
Ames, C. W. Hedberg, G.J. Gleich, Science 1990, 250, 1707 -
1708; b) B. L. Williamson, L. M. Benson, A. J. Tomlinson, A. N.
Mayeno, G. J. Gleich, S. Naylor, Toxicol. Lett. 1997, 92, 139 -148,;
¢) J. Adachi, Y. Mizoi, J. Chromatogr. 1991, 538, 331-339.

[11] a) M. K. Gaitonde, T. Dovey, Biochem. J. 1970, 117, 907-911;
b) J. R. Spies, D. C. Chambers, Anal. Chem. 1949, 21, 1249-
1266.

[12] A. Heesing, R. Muller-Matthesius, H. Rose, Justus Liebigs Ann.
Chem. 1970, 735, 72-76.

[13] a) J. D. Sapira, S. Somani, A. P. Shapiro, E. T. Scheib, W. Reihl,
Metabolism 1971, 20, 474—-486; b) F. Vallejo-Manzur, E. Mir-
eles-Cabodevila, J. Varon, Am. J. Emerg. Med. 2005, 234, 521 -
524.

[2

—

www.angewandte.de

Chemie

6377



