
Reaction of the Indole Group with Malondialdehyde: Application for the
Derivatization of Tryptophan Residues in Peptides

Alexandra Foettinger,† Michael Melmer, Alexander Leitner, and Wolfgang Lindner*

Department of Analytical Chemistry and Food Chemistry, University of Vienna, Wa¨hringer Strasse 38, 1090 Vienna, Austria.
Received January 2, 2007; Revised Manuscript Received June 14, 2007

A method for the selective modification of tryptophan residues based on the reaction of malondialdehyde with
the indole nitrogen of the tryptophan side chain at acidic conditions is presented. The condensation reaction is
quantitative and leads to a substituted acrolein moiety with a remaining reactive aldehyde group. As is shown,
this group can be further converted to a hydrazone using hydrazide compounds, but if hydrazine or phenylhydrazine
are used, release of the free indole group is observed upon cleavage of the substitution. Alternatively, secondary
amines such as pyrrolidine may also act as cleavage reagents. This general reaction scheme has been adapted and
optimized for the derivatization of tryptophan-containing peptides and small N-heterocyclic compounds. It serves
as the basis of a reversible tagging scheme for Trp-peptides or molecules of interest carrying indole structures as
it allows the specific attachment and removal of a reactive group that may be used for a variety of purposes such
as affinity tagging.

INTRODUCTION

Chemical labeling strategies in the field of peptide and protein
analysis play an increasingly important role not only for structure
elucidation, but also for quantitative purposes. In this context,
derivatization reactions are used to introduce stable isotopes that
enable relative quantification or to enrich certain classes of
peptides and proteins via affinity tags (1, 2). Furthermore,
labeling and cross-linking reactions can be used for protein
conformation studies, especially in combination with mass
spectrometry (3-5). Moreover, for the determination of residues
contributing to active sites of, e.g., receptor proteins or enzymes,
dedicated derivatization reactions can be applied (6, 7).

Tryptophan is an interesting target for the development of
chemical tagging strategies. It is a low abundance amino acid
with 1.1% frequency (8), but approximately 90% of proteins
contain at least one tryptophan residue in their sequence (9).
There are several well-known methods for the derivatization of
tryptophan residues in peptides and proteins, most of them
targeting the C-2 or C-3 position of the indole ring (see Figure
1). 2-Hydroxy-5-nitrobenzylbromide, for example, finds broad
application for the investigation of the role of Trp in active sites
of enzymes (6, 7) for the estimation of the tryptophan content
in proteins (10, 11) and has recently been used for the
determination of the surface accessibility of Trp residues in
proteins (12). Another frequently used group of reagents are
sulfenyl halides. Compounds like 2-nitro- and 2,4-dinitrophe-
nylsulfenylchloride reacting at the 2-position of the indole group
can be used for studying active sites of enzymes (13). Applica-
tions in the field of proteomics, including relative quantification
studies employing stable isotope-labeled analogues, were re-
ported (14-16); N-bromosuccinimide is a derivatizing reagent
used for similar applications (17). Another method, selectively
targeting the indole nitrogen, uses rhodium carbenoids for the

derivatization of tryptophan residues in proteins as recently
reported by Antos et al. (18).

The principal reaction of the indole ring of the tryptophan
side-chain with dicarbonyl compounds like acetylacetaldehyde
or malondialdehyde (MDA) has already been briefly described
in the 1960s by Teuber et al. (19, 20) but was not followed up
since then. The authors investigated the reaction on a synthetic
scale for carbazole- and indole-type compounds in concentrated
hydrochloric acid. Under these conditions, malondialdehyde also
reacts with the guanidine group of arginine forming a pyrimidine
(21) as reported by King and recently followed by work in our
group (22).

We have investigated this reaction for the purpose of labeling
arginine residues in peptides and observed a side reaction with
tryptophan residues during optimization not observed by King.
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Figure 1. Reaction of the indole group of tryptophan in a peptide
with malondialdehyde (MDA) and alternative reagents used in the study.
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Further studies have now revealed that the modification corre-
sponds to a condensation product with the indole nitrogen as
shown in Figure 1, in accordance with Teuber’s previous work.
Here, we report how this reaction scheme can be adapted for
the selective derivatization of tryptophan residues in peptides
and can be applied for the introduction of functional tags.

EXPERIMENTAL PROCEDURES

Materials. The derivatization reagents, 1,1,3,3-tetramethoxy-
propane (TMP) and 1,1,3,3-tetraethoxypropane (TEP), were
from Aldrich (Steinheim, Germany). 1,1,3,3-tetraisopropoxypro-
pane (22), 2-methylmalondialdehyde (23), and the sodium salt
of MDA (24) were synthesized in-house.

All other chemicals and reagents were from Fluka (Buchs,
Switzerland), Sigma (Deisenhofen, Germany), Aldrich, or Acros
Organics (Geel, Belgium). All model peptides were acquired
from Bachem and used as received (Weil am Rhein, Germany).

Instrumentation. Liquid chromatography-mass spectrom-
etry was performed on an Agilent 1100 HPLC system coupled
to an Agilent MSD Trap SL quadrupole ion trap mass
spectrometer (Agilent Technologies, Waldbronn, Germany)
equipped with a standard electrospray source. Chromatographic
separations were performed on a BetaBasic-18 column (150×
4.6 mm, 3µm, Thermo Electron Corporation, Runcorn, UK)
equipped with a guard column containing the same material.
The mobile phases for gradient elution were (A) 0.1% (v/v)
formic acid in water and (B) 0.1% (v/v) formic acid in
acetonitrile. The gradient was as follows: 0-5 min 5% B, 5-25
min 5-50% B, 25-30 min 50% B, 30-35 min 50-5% B, and
35-40 min 5% B. The flow rate was set to 0.7 mL min-1 and
the column temperature to 25°C. UV absorption was monitored
at 230 nm using an Agilent 1100 variable wavelength detector.

For direct infusion experiments, samples were introduced with
a syringe pump (kd scientific, Holliston, MA) at a flow rate of
5 µL min-1.

Preparation and Characterization of the MDA Derivative
of N-Acetyltryptophan (N-Ac-Trp) as Model/Reference
Compound. Approximately 100 mg of N-Ac-Trp (400µmol)
was dissolved in 10 mL of 80% aqueous TFA and 800µL of
TMP (∼10-fold molar excess) was added dropwise. The solution
was stirred at room temperature for 1 h. Then, the solvent was
evaporated in vacuo, and the product was taken up in ethyl
acetate and purified by flash chromatography on silica with the
mobile phase consisting of ethyl acetate, methanol, and acetic
acid (40/1/1, v/v/v). Following removal of the solvents in vacuo,
an intensively yellowish colored product was obtained in 72%
yield.

1H NMR (d6-DMSO, 400 MHz): 9.49 (d, 1H), 8.55 (d, 1H),
8.09 (d, 1H), 7.90 (d, 1H), 7.77 (s, 1H), 7.62 (d, 1H), 7.35 (t,
1H), 7.26 (t, 1H), 6.4 (m, 1H), 4.56 (m, 1H), 3.18 (q, 1H), 3.08
(q, 1H), 1.83 (s, 3H) ppm.

13C NMR (d6-DMSO, 100 MHz): 191.95 (aldehyde CdO),
173.46 (carboxyl CdO), 169.58 (N-acetyl CdO), 145.84 (Ar
CH), 136.45 (Ar), 130.26 (Ar), 124.31 (Ar CH), 123 (Ar CH),
122.92 (Ar CH), 119.84 (Ar CH), 119.68 (Ar), 112.58 (Ar CH),
111.09 (Ar CH), 52.76 (N-acetyl CH3), 27.31 (CH2), 22.81 (CH)
ppm.

MS (ESI-quadrupole): [M+ H]+ ) 301.4.
UV spectrum (methanol): 209, 272, 332 nm (ε 2.81× 10-5,

1.63× 10-5, 2.36× 10-5 L mol-1 cm-1).
Fluorescence spectrum (methanol):λexc.,max ) 230 nm,

λem.,max) 380 nm.
Analytical-Scale Derivatization Procedure for Trp-Con-

taining Peptides.Typically, 50µg of peptide was dissolved in
50 µL of aqueous acidic solution (hydrochloric acid, TFA, or
acetic acid), and a 100-fold molar excess of TMP (0.9µL) or
TEP (1.2µL) was added. After a reaction time of 1 h (at room

temperature), the reaction mixture was diluted with water (1:
10 for TFA and 1:100 for HCl conditions, respectively) and
purified by solid-phase extraction on reversed-phase C18 material
(100 mg sorbent, Phenomenex, Torrence, CA) to remove the
acid and excess reagents. The elution solution was either used
directly for infusion experiments or evaporated to dryness with
nitrogen and redissolved in mobile phase for LC-MS analysis.

Formation of the Hydrazones.Typically, 50µg of MDA-
labeled peptide was dissolved in 200µL ammonium acetate
buffer (pH adjusted to 5 with acetic acid) containing 10 to 20
mM of hydrazide reagent (50-100 fold molar excess). Usually,
the reaction proceeded for 1-2 h.

Cleavage Reaction Using Hydrazine Dihydrochloride.50
µg of labeled peptide was incubated in 200µL of a 20 mM
aqueous hydrazine dihydrochloride solution with the pH adjusted
to approximately 3 with acetic acid. The reaction mixture was
incubated for 1 h at 50°C to achieve complete cleavage.

Cleavage Reaction Using Pyrrolidine.50 µg of labeled
peptide was incubated in 200µL of a water/acetonitrile mixture
(50:50, v/v) containing 500 mM pyrrolidine. The reaction
mixture was left for 1 h atroom temperature to achieve complete
cleavage.

Hazardous Substances Statement.Hydrazine dihydrochlo-
ride is a toxic and potentially carcinogenic reagent and should
be handled with special care. Appropriate safety precautions
should be taken when handling concentrated acids and bases.

RESULTS AND DISCUSSION

Reaction of the Indole Group of Tryptophan Residues
with MDA sReaction Conditions and Specificity.As men-
tioned in the Introduction, a side reaction with tryptophan
residues was observed during MDA-labeling of arginine residues
in peptides (22). To investigate this phenomenon further,
dedicated studies were carried out usingN-acetyltryptophan as
a model compound. Using conditions comparable to the
analytical-scale reaction for arginine labeling (12 M hydrochloric
acid, room temperature), the N-Ac-Trp MDA-derivative was
isolated in preparative scale (see Experimental Procedures for
details). Characterization by1H and13C NMR as well as mass
spectrometry allowed us to assign a structure like that shown
in Figure 1, corresponding to a condensation product of MDA
with the indole nitrogen in the form of an acrolein-type
derivative.

To explore the possibility of applying this reaction for the
modification of Trp-containing peptides, we studied whether
lower concentrations of HCl or other organic acids can also be
used for this reaction in order to avoid side reactions with
arginine residues in peptides. Throughout this optimization
procedure, N-Ac-Trp and the standard peptides PTHIKWGD,
HPKRPWIL, LWMR, KGWK, and AW were used as model
analytes. The reactivity was evaluated by means of mass
spectrometry using an ion trap mass spectrometer with elec-
trospray ionization either by direct infusion of the sample
solution or by LC-MS.

First, we elucidated whether analyte-friendly conditions for
a complete derivatization reaction can be achieved in reasonable
time, avoiding degradation of the analytes and the occurrence
of side reactions. Therefore, kinetic studies were performed with
N-Ac-Trp at different concentrations of aqueous HCl (0.1, 1,
3, 6, and 12 M in water), TFA (20%, 50%, and 80% in water
and 100%, v/v), and acetic acid (50% and 80% in water and
100%, v/v), and the reaction was followed by LC-MS and LC-
UV. As a reagent, malondialdehyde may be applied in its
commercially available acetal form (as tetramethoxy- or tetra-
ethoxypropane) from which MDA is formed in situ during the
reaction. Selected results illustrating the reaction kinetics in HCl
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and TFA solutions are shown as Supporting Information
(Figures S1-S3).

Generally, the reaction proceeds in the presence of all three
acids, but in acetic acid, even at a very high concentration, the
reaction is not quantitative after 1 h (data not shown). When
using smaller amounts of acid such as 1 M HCl or 20% TFA
or less in aqueous solution, the formation of Schiff bases with
amino groups that are usually present in amino acids and
peptides (N-terminus, lysine) is observed and the yield of the
desired reaction product is reduced. Consequently, we found
that at least 3 M HCl or 50% of TFA in water are necessary to
achieve complete indole group reaction within 1 h at room
temperature and to avoid Schiff base formation. Using aqueous
TFA (usually 80%), no side reactions such as Schiff base
formation or conversion of the guanidine group of arginine (22)
are observed. In contrast, when using HCl the reaction with
arginine residues has to be considered, which always proceeds
to some extent in the presence of HCl but completely only at
12 M HCl (22). An example of the derivatization reaction at
different conditions is given in Figure 2 for the model peptide
HPKRPWIL.

Additionally, ester formation with the alcohol released from
the MDA-acetal is observed under hydrochloric acid conditions
which could be minimized by using the isopropyl-acetal of
MDA or the sodium salt of MDA (24) which are, however, not
commercially available. Reaction yields (>98% for 80% TFA
and ∼40% for 12 M HCl) were determined by using the
synthetically prepared N-Ac-Trp MDA adduct as external
standard for quantification by HPLC-UV, again favoring TFA
conditions. Therefore, for all further experiments, 80% TFA
was used unless otherwise stated.

Expansion of the Reaction Concept toward Other Ana-
lytes and Reagents.In order to elucidate the broader applicabil-
ity of the MDA-based reaction, we tested various compounds
at the optimized reaction conditions. These were, on one hand,
various indole and tryptophan derivatives, but also other
N-heterocyclic compounds. As already found by Teuber (19,
20), carbazoles react in the same way as the indole group under
the conditions we applied. Additionally, 3-chloroindazole and
3-indazolinone also reacted, whereas indazole itself did not react.
Pyrrole was found to give the corresponding product at least

partially. For pyrazole, benzotriazole, and benzimidazole deriva-
tives, no reaction product was observed.

To explore the full potential of the reaction type outlined in
Figure 1, reagents structurally related to malondialdehyde were
also tested, and the reaction products were again evaluated by
LC-MS. The 2-substituted derivatives of MDA, 2-chloroma-
londialdehyde and 2-methylmalondialdehyde, were found to
react, but much more slowly than MDA itself. In TFA, almost
no product was detected, and with hydrochloric acid as the
medium even after a reaction time of 2 h, conversion was not
complete for Trp-peptides, as could be judged from the
underivatized analytes still present. Malonaldehydic acid methyl
ester (applied as 3,3-dimethoxypropionic acid methyl ester),
carrying one aldehyde and one ester group, does also react with
the indole nitrogen in TFA as well as HCl. LC-MS experiments
revealed that the reaction proceeds quantitatively with tryp-
tophan and Trp-containing peptides, as no unmodified analytes
were observed, but it turned out that the product is chromato-
graphically not homogeneous (whereas the MDA derivative is).
Another disadvantage of this reagent is that side products formed
by the reagent itself were observed which interfere with the
analysis of the derivatized peptides (e.g., as coeluting peaks
during LC-MS analysis). Acetylacetaldehyde (used as the
dimethylacetal) also reacts according to the general reaction
scheme shown in Figure 1 as observed previously by Teuber et
al. (19, 20) but establishes the same problem concerning
disturbing side products.

Reagents having only keto groups, but no aldehyde func-
tionalities such as acetylacetone and acetoacetateic acid methyl
ester, did not show any reactivity toward the indole group. Using
dichloroacetaldehyde (applied as the diethylacetal) as the
reagent, no condensation product was observed, and monoal-
dehydes like propionaldehyde and butyraldehyde did not react
in a defined way as well. Although formation of a double bond
is possible in principle, this has not been observed, and a mixture
of different products was observed by MS analysis. These were
not characterized in detail, although evidence for cross-linking
processes (i.e., aminal formation) was obtained from LC-MS/
MS experiments.

Figure 2. Mass spectra of the peptide HPKRPWIL (a) in the free form ([M+ 2H]2+ ) 523.9, [M+ 3H]3+ ) 349.5), (b) after MDA derivatization
of Trp-residues in 80% TFA ([M+ 2H]2+ ) 550.7, [M+ 3H]3+ ) 367.4), and (c) after MDA derivatization of Trp and Arg residues in 12 M HCl
([M + 2H]2+ ) 568.7, [M + 3H]3+ ) 379.3). Modified residues are marked with asterisks.
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Further Reactions of the r,â-Unsaturated Aldehyde
Derivatives.TheR,â-unsaturated aldehyde group resulting from
the reaction of the tryptophan side chain with malondialdehyde,
which de facto corresponds to a 3-substituted acrolein moiety,
opens up the possibility for further reactions. Such carbonyl
groups typically react with amino groups or hydrazines or
carbazides to Schiff base-type products (see Figure 3). Dini-
trophenylhydrazine, for instance, is a classical reagent used for
the analysis of small aldehydes often applied in environmental
chemistry (25), and also for studying protein oxidation (26).

Hydrazone formation (pathway A in Figure 3) was success-
fully tested with 2,4-dinitrophenylhydrazine and semicarbazide
using the peptide PTHIKWGD as model analyte (see Figure
4). Using phenylhydrazine, however, we noticed the removal
of the initially present acroleinyl label, resulting in the unlabeled
indole moiety of the peptide being observed (reaction pathway
B in Figure 3). Instability of the condensation product upon
addition of excess phenylhydrazine was already noticed by
Teuber in the 1960s (19). To investigate this in more detail,
different hydrazines (phenylhydrazine, benzylhydrazine, hydra-
zine) and hydrazides (benzylhydrazide, acethydrazide, semi-
carbazide) were tested for their reactivity, and we observed that
hydrazides, with a carbonyl group next to the hydrazine group,
form stable adducts with the aldehyde (pathway A), while
hydrazines lead to cleavage of the whole MDA adduct resulting
in the free indole group (pathway B). 2,4-Dinitrophenylhydra-
zine seems to be an exception, but the explanation might be
that the electron withdrawing nitro groups significantly influence

the properties of the molecule. As a third option, we incubated
a hydrazone-labeled peptide with hydrazine under acidic condi-
tions, also resulting in the parent compound (see pathway C in
Figure 3).

The conditions for both reactions, the hydrazone formation
and the cleavage of the MDA derivative with hydrazine, were
optimized concerning pH, buffer, temperature, and reagent
excess followed by LC-MS analysis. Acetate and phosphate
buffers were tested at different pH values. For hydrazone
formation (pathway A), approximately 50-fold molar reagent
excess at a pH of 5-7 was found to be the optimum. A slight
increase in reaction speed can be achieved by increasing the
temperature from room temperature to 50°C. At acidic pH
conditions, the hydrazones are unstable when the reagent excess
is removed. In contrast, the hydrazone bond remains stable in
alkaline milieu (pH> 9). The optimal results for the cleavage
reaction (pathways B and Ca) were found using hydrazine
(applied as the dihydrochloride salt) in ammonium acetate
solution at a pH of approximately 3. Increasing the temperature
during the cleavage step to 50°C makes the reaction signifi-
cantly faster. Using N-Ac-Trp as a model analyte, the individual
yields of the three reaction steps (MDA adduct formation,
conversion to a hydrazide using acethydrazide, cleavage using
hydrazine) were evaluated under optimized conditions. Accord-

Figure 3. Reaction pathways of the tryptophan-MDA condensates
(N-acroleinyl derivatives) that were evaluated in this study. For details,
see text.

Figure 4. Mass spectra of the peptide PTHIKWGD (a) in the free
form ([M + 2H]2+ ) 477.3, [M + 3H]3+ ) 318.6), (b) after reaction
with MDA ([M + 2H]2+ ) 504.3, [M+ 3H]3+ ) 336.6), and (c) after
further reaction of the acroleinyl moiety (free aldehyde) to the
semicarbazone ([M+ 2H]2+ ) 532.8, [M + 3H]3+ ) 355.6).
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ing to LC-MS data, all reactions proceeded with yields in excess
of 90%. Furthermore, these reaction conditions were found to
be fully compatible with the integrity of a number of model
peptides covering all proteinogenic amino acids, as no degrada-
tion products were observed in noticeable amounts.

The release of the free indole moiety upon addition of
hydrazine is only observed at acidic or neutral pH. Incubation
under alkaline conditions, for example, with hydrazine or
phenylhydrazine in methanol, leads to formation of a stable
hydrazone that can be detected by HPLC-MS, but upon
acidification, the whole label is released, leading to the free
indole moiety. This very specific cleavage reaction is only
possible for the malondialdehyde adduct but not for products
resulting from the reaction with the other reagents such as
malonaldehydic acid methyl ester (see Figure 1). This led us to
the assumption that cleavage of the N-linked acroleinyl sub-
stituent only occurs after intermediate formation of the hydra-
zone, which seems to activate the cleavage reaction. When this
process cannot be promoted, the cleavage reaction according
to Figure 3 (pathways B and Ca) does not occur.

As an alternative route for the removal of the MDA adduct,
we investigated an amine-mediated nucleophilic cleavage. A
similar strategy was employed by Villarasa and co-workers (27)
for the cleavage of N-substituted nucleosides resulting from the
reaction with methyl propynoate (other bases may be used as
well (28, 29)). Several primary and secondary amines were
studied, including ammonium hydroxide, diethylamine, pyrro-
lidine, and piperidine. Removal of the acroleinyl group from
the indole nitrogen was possible with all reagents to some extent,
but pyrrolidine consistently gave the best results in terms of
reaction speed and clean reaction. Even at room temperature,
quantitative cleavage was observed in 1 h upon incubation with
500 mM pyrrolidine in aqueous or hydroorganic medium (water/
acetonitrile, 50:50, v/v). Pyrrolidine-mediated cleavage is pos-
sible both directly from the MDA adduct (pathways B) and via
the hydrazone (pathway Cb).

Conclusions and Outlook; Potential Applications of the
Reversible MDA Tag on Tryptophan Residues. In this
contribution, we have described the adaptation and optimization
of the condensation reaction of malondialdehyde (MDA) with
the indole nitrogen of tryptophan residues in peptides under
strongly acidic conditions. The resulting acroleinyl label at the
indole nitrogen can be used for further reactions, e.g., Schiff
base formation, as we have shown for the formation of
hydrazides. Cleavage of these MDA labels to the free indole
group was found to be possible with reagents such as hydrazine
(at acidic conditions) and pyrrolidine (at alkaline conditions).

This highly chemoselective cascade of reactions, including
the cleavage of the MDA “tag” resulting in the release of the
free intact indole group, opens up the possibility for various
highly interesting applications. For instance, we have now
developed a solid-phase capture strategy for tryptophan-contain-
ing peptides involving a solid support carrying hydrazide groups
(30). This protocol can be used for the selective enrichment of
other analytes of interest that carry indole moieties from complex
samples such as biofluids. Furthermore, labels for specific
fluorescence detection or isotope labels and so forth could be
introduced via the acroleinyl group, always with the possibility
of complete cleavage of the label at a later stage, resulting in
the unlabeled, intact starting analytes. This could be important
for further MS analysis, because high molecular mass labels or
tags may be problematic when LC-MS and MS/MS analysis is
performed if they show decreased sensitivity or unfavorable
fragmentation properties (31). This has also been observed for
some MDA-labeled Trp-peptides that show dominant cleavage
of water during MS/MS, but can be overcome by release of the
free indole group before MS analysis.
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