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Reaction of the Indole Group with Malondialdehyde: Application for the
Derivatization of Tryptophan Residues in Peptides
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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
guantitative 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 S S
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, 3 O H , (o)

derivatization reactions are used to introduce stable isotopes that | Mo ZaN D

enable relative quantification or to enrich certain classes of N1 OHC  CHo N

peptides and proteins via affinity tagg, (2). Furthermore, N

labeling and cross-linking reactions can be used for protein

conformation studies, especially in combination with mass CHO

spect_rometryf{—S)_. Moreover, for the determinatiqn of residues onc” Neho  malondialdehyde
contributing to active sites of, e.g., receptor proteins or enzymes,
dedicated derivatization reactions can be appl&dr). al

Tryptophan is an interesting target for the development of * 2-chloromalondialdehyde
chemical tagging strategies. It is a low abundance amino acid oHGcHo
with 1.1% frequency &), but approximately 90% of proteins
contain at least one tryptophan residue in their sequeice ( /k 2-methylmalondialdehyde
There are several well-known methods for the derivatization of OHGcHo
tryptophan residues in peptides and proteins, most of them AN malonaldehydic acid
targeting the C-2 or C-3 position of the indole ring (see Figure OHC' COOMe methyl ester
1). 2-Hydroxy-5-nitrobenzylbromide, for example, finds broad
application for the investigation of the role of Trp in active sites OHCW acetylacetaldehyde
of enzymes §, 7) for the estimation of the tryptophan content Q

in proteins (0, 11) and has recently been used for the Figure 1. Reaction of the indole group of tryptophan in a peptide
determination of the surface accessibility of Trp residues in with malondialdehyde (MDA) and alternative reagents used in the study.
proteins (2). Another frequently used group of reagents are
sulfenyl halides. Compounds like 2-nitro- and 2,4-dinitrophe- derivatization of tryptophan residues in proteins as recently
nylsulfenylchloride reacting at the 2-position of the indole group reported by Antos et al16).
can be used for studying active sites of enzynie®. (Applica- The principal reaction of the indole ring of the tryptophan
tions in the field of proteomics, including relative quantification ~side-chain with dicarbonyl compounds like acetylacetaldehyde
studies employing stable isotope-labeled analogues, were re-or malondialdehyde (MDA) has already been briefly described
ported (L4—16); N-bromosuccinimide is a derivatizing reagent in the 1960s by Teuber et allg, 20) but was not followed up
used for similar applicationd §). Another method, selectively ~ since then. The authors investigated the reaction on a synthetic
targeting the indole nitrogen, uses rhodium carbenoids for the 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
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Chemistry and Food Chemistry, University of Vienna;Miiager Strasse (21) as rzeported by King and recently followed by work in our
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3196312. E-mail: wolfgang.lindner@univie.ac.at. We have investigated this reaction for the purpose of labeling
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15, 2304 Orth/Donau, Austria. tryptophan residues during optimization not observed by King.
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Technical Notes

Further studies have now revealed that the modification corre-
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temperature), the reaction mixture was diluted with water (1:

sponds to a condensation product with the indole nitrogen as10 for TFA and 1:100 for HCI conditions, respectively) and

shown in Figure 1, in accordance with Teuber’s previous work.

purified by solid-phase extraction on reversed-phageraterial

Here, we report how this reaction scheme can be adapted for(100 mg sorbent, Phenomenex, Torrence, CA) to remove the
the selective derivatization of tryptophan residues in peptides acid and excess reagents. The elution solution was either used

and can be applied for the introduction of functional tags.

EXPERIMENTAL PROCEDURES
Materials. The derivatization reagents, 1,1,3,3-tetramethoxy-

directly for infusion experiments or evaporated to dryness with

nitrogen and redissolved in mobile phase for LC-MS analysis.
Formation of the Hydrazones. Typically, 50u4g of MDA-

labeled peptide was dissolved in 200 ammonium acetate

propane (TMP) and 1,1,3,3-tetraethoxypropane (TEP), were buffer (pH adjusted to 5 with acetic acid) containing 10 to 20

from Aldrich (Steinheim, Germany). 1,1,3,3-tetraisopropoxypro-
pane 22), 2-methylmalondialdehyde28), 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 chromatographymass 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)

mM of hydrazide reagent (56100 fold molar excess). Usually,
the reaction proceeded for-2 h.

Cleavage Reaction Using Hydrazine Dihydrochloride50
ug of labeled peptide was incubated in 200 of a 20 mM
aqueous hydrazine dihydrochloride solution with the pH adjusted
to approximately 3 with acetic acid. The reaction mixture was
incubated fo 1 h at 50°C to achieve complete cleavage.

Cleavage Reaction Using Pyrrolidine.50 g of labeled
peptide was incubated in 2(Q of a water/acetonitrile mixture
(50:50, v/v) containing 500 mM pyrrolidine. The reaction
mixture was left fo 1 h atroom temperature to achieve complete

equipped with a standard electrospray source. Chromatographicleavage.

separations were performed on a BetaBasic-18 column £150
4.6 mm, 3um, 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:=95 min 5% B, 5-25
min 5—-50% B, 25-30 min 50% B, 36-35 min 50-5% B, and
35—40 min 5% B. The flow rate was set to 0.7 mL mirand
the column temperature to 2&. 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 uL min~2,
Preparation and Characterization of the MDA Derivative
of N-Acetyltryptophan (N-Ac-Trp) as Model/Reference
Compound. Approximately 100 mg of N-Ac-Trp (40@mol)
was dissolved in 10 mL of 80% aqueous TFA and &00of
TMP (~10-fold molar excess) was added dropwise. The solution

Hazardous Substances StatemenHydrazine 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 —Reaction 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 ushitgcetyltryptophan 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 Y1 and3C NMR as well as mass

was stirred at room temperature for 1 h. Then, the solvent was spectrometry allowed us to assign a structure like that shown
evaporated in vacuo, and the product was taken up in ethylin Figure 1, corresponding to a condensation product of MDA

acetate and purified by flash chromatography on silica with the

with the indole nitrogen in the form of an acrolein-type

mobile phase consisting of ethyl acetate, methanol, and aceticderivative.

acid (40/1/1, viviv). Following removal of the solvents in vacuo,
an intensively yellowish colored product was obtained in 72%
yield.

H NMR (ds-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 (g, 1H), 3.08
(g, 1H), 1.83 (s, 3H) ppm.

13C NMR (de-DMSO, 100 MHz): 191.95 (aldehyde=D),
173.46 (carboxyl €&0), 169.58 (N-acetyl €0), 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 CHl 27.31 (CH), 22.81 (CH)
ppm.

MS (ESl-quadrupole): [M+ H]™ = 301.4.

UV spectrum (methanol): 209, 272, 332 na2(81 x 1075,
1.63x 1075, 2.36 x 107% L mol~1 cm™).

Fluorescence spectrum (methanolexc. max =
Aem.max= 380 nm.

Analytical-Scale Derivatization Procedure for Trp-Con-
taining Peptides.Typically, 50ug of peptide was dissolved in
50 uL of aqueous acidic solution (hydrochloric acid, TFA, or
acetic acid), and a 100-fold molar excess of TMP (@L9 or
TEP (1.2uL) was added. After a reaction timé b h (at room

230 nm,

To explore the possibility of applying this reaction for the
modification of Trp-containing peptides, we studied whether
lower concentrations of HCI 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 PTWIBD,
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 HCI (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 HCI
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Figure 2. Mass spectra of the peptide HPKRPWIL (a) in the free form §\2H]>* = 523.9, [M+ 3H]3" = 349.5), (b) after MDA derivatization
of Trp-residues in 80% TFA ([M- 2H]?" = 550.7, [M+ 3H]*" = 367.4), and (c) after MDA derivatization of Trp and Arg residues in 12 M HCI
(M + 2H]J*" = 568.7, [M+ 3H]*" = 379.3). Modified residues are marked with asterisks.

and TFA solutions are shown as Supporting Information partially. For pyrazole, benzotriazole, and benzimidazole deriva-
(Figures S*S3). tives, no reaction product was observed.

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 aftd h (data not shown). When
using smaller amounts of acid suck &M HCI or 20% TFA
or less in aqueous solution, the formation of Schiff bases with
amino groups that are usually present in amino acids and -
peptideg (NRerminus, lysine) igoFl))served and the yield of the react, but much more slowly than _MDA itself. In_TFA,_ almost
desired reaction product is reduced. Consequently, we found"© product was detected,.and. with hydrochloric ‘.'J‘C'd as the
that at leas3 M HCI or 50% of TFA in water are necessary to medium even after a reactlon time of 2 h, conversion was not
achieve complete indole group reaction withl h atroom complete for Trp-peptides, as could be judged from the
temperature and to avoid Schiff base formation. Using aqueousundenvatlz_ed analytes s_tlll present. Mglor)aldehydlc acid methyl
TFA (usually 80%), no side reactions such as Schiff base ester (applied as 3,3-dimethoxypropionic acid methyl ester),
formation or conversion of the guanidine group of arginid® (  carrying one aldehyde and one ester group, does also react with
are observed. In contrast, when using HCI the reaction with the indole nitrogen in TFA as well as HCI. LC-MS experiments
arginine residues has to be considered, which always proceedsgevealed that the reaction proceeds quantitatively with tryp-
to some extent in the presence of HCI but completely only at tophan and Trp-containing peptides, as no unmodified analytes
12 M HCI (22). An example of the derivatization reaction at were observed, but it turned out that the product is chromato-
different conditions is given in Figure 2 for the model peptide graphically not homogeneous (whereas the MDA derivative is).
HPKRPWIL. Another disadvantage of this reagent is that side products formed

Additionally, ester formation with the alcohol released from by the reagent itself were observed which interfere with the
the MDA—acetal is observed under hydrochloric acid conditions analysis of the derivatized peptides (e.g., as coeluting peaks
which could be minimized by using the isopropycetal of during LC-MS analysis). Acetylacetaldehyde (used as the
MDA or the sodium salt of MDA 24) which are, however, not  dimethylacetal) also reacts according to the general reaction
commercially available. Reaction yields $8% for 80% TFA scheme shown in Figure 1 as observed previously by Teuber et

and ~40% for 12 M HCI) were determined by using the al. (19, 20) but establishes the same problem concerning
synthetically prepared N-Ac-Trp MDA adduct as external djsturbing side products.

standard for quantification by HPLC-UV, again favoring TFA )
conditions. Therefore, for all further experiments, 80% TFA  Reagents having only keto groups, but no aldehyde func-
was used unless otherwise stated. tionalities such as acetylacetone and acetoacetateic acid methyl
Expansion of the Reaction Concept toward Other Ana- ester, did not show any react?vity toward thg indole group. Using
lytes and Reagentsin order to elucidate the broader applicabil- ~dichloroacetaldehyde (applied as the diethylacetal) as the
ity of the MDA-based reaction, we tested various compounds 2gent, no condensation product was observed, and monoal-
at the optimized reaction conditions. These were, on one hand,dehydes like propionaldehyde and butyraldehyde did not react
various indole and tryptophan derivatives, but also other in & defined way as well. Although formation of a double bond
N-heterocyclic compounds. As already found by Teulde; ( is possible in principle, this has not been observed, and a mixture
20), carbazoles react in the same way as the indole group underof different products was observed by MS analysis. These were
the conditions we applied. Additionally, 3-chloroindazole and not characterized in detail, although evidence for cross-linking
3-indazolinone also reacted, whereas indazole itself did not react.processes (i.e., aminal formation) was obtained from LC-MS/
Pyrrole was found to give the corresponding product at least MS experiments.

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
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Figure 3. Reaction pathways of the tryptophahlDA condensates pep,“deh_ : g =
(Sgéagg{elnyl derivatives) that were evaluated in this study. For details, 300[m/z] 400 500 500

Figure 4. Mass spectra of the peptide PTHIKWGD (a) in the free

; _ form (M + 2H]?" = 477.3, [M+ 3H]*" = 318.6), (b) after reaction
Further Reactions of the a,f-Unsaturated Aldehyde with MDA (M -+ 2H]* = 804.3, [M+ 3H]* — 336.6), and (c) after

Derivativgs.Thea,ﬁ-unsaturateq a'dehYde group resu!ting from further reaction of the acroleinyl moiety (free aldehyde) to the
the reaction of the tryptophan side chain with malondialdehyde, semicarbazone (M- 2H]>" = 532.8, [M + 3HJ** = 355.6).

which de facto corresponds to a 3-substituted acrolein moiety,
opens up the possibility for further reactions. Such carbonyl the properties of the molecule. As a third option, we incubated
groups typically react with amino groups or hydrazines or a hydrazone-labeled peptide with hydrazine under acidic condi-
carbazides to Schiff base-type products (see Figure 3). Dini- tions, also resulting in the parent compound (see pathway C in
trophenylhydrazine, for instance, is a classical reagent used forFigure 3).
the analysis of small aldehydes often applied in environmental  The conditions for both reactions, the hydrazone formation
chemistry @5), and also for studying protein oxidatio2§). and the cleavage of the MDA derivative with hydrazine, were
Hydrazone formation (pathway A in Figure 3) was success- optimized concerning pH, buffer, temperature, and reagent
fully tested with 2,4-dinitrophenylhydrazine and semicarbazide excess followed by LC-MS analysis. Acetate and phosphate
using the peptide PTHIKWGD as model analyte (see Figure buffers were tested at different pH values. For hydrazone
4). Using phenylhydrazine, however, we noticed the removal formation (pathway A), approximately 50-fold molar reagent
of the initially present acroleinyl label, resulting in the unlabeled excess at a pH of-57 was found to be the optimum. A slight
indole moiety of the peptide being observed (reaction pathway increase in reaction speed can be achieved by increasing the
B in Figure 3). Instability of the condensation product upon temperature from room temperature to 8D. At acidic pH
addition of excess phenylhydrazine was already noticed by conditions, the hydrazones are unstable when the reagent excess
Teuber in the 1960s10). To investigate this in more detail, is removed. In contrast, the hydrazone bond remains stable in
different hydrazines (phenylhydrazine, benzylhydrazine, hydra- alkaline milieu (pH> 9). The optimal results for the cleavage
zine) and hydrazides (benzylhydrazide, acethydrazide, semi-reaction (pathways B and jCwere found using hydrazine
carbazide) were tested for their reactivity, and we observed that(applied as the dihydrochloride salt) in ammonium acetate
hydrazides, with a carbonyl group next to the hydrazine group, solution at a pH of approximately 3. Increasing the temperature
form stable adducts with the aldehyde (pathway A), while during the cleavage step to 3C makes the reaction signifi-
hydrazines lead to cleavage of the whole MDA adduct resulting cantly faster. Using N-Ac-Trp as a model analyte, the individual
in the free indole group (pathway B). 2,4-Dinitrophenylhydra- yields of the three reaction steps (MDA adduct formation,
zine seems to be an exception, but the explanation might beconversion to a hydrazide using acethydrazide, cleavage using
that the electron withdrawing nitro groups significantly influence hydrazine) were evaluated under optimized conditions. Accord-
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(30). This protocol can be used for the selective enrichment of (13) Scoffone, E., Fontana, A., and Rocchi, R. (1968) Sulfenyl halides
other analytes of interest that carry indole moieties from complex  as modifying reagents for polypeptides and proteins. I. Modification
samples such as biofluids. Furthermore, labels for specific  of tryptophan residue igahaatisiy 7971—979.
fluorescence detection or isotope labels and so forth could be(14) Kuyama, H., Watanabe, M., Toda, C., Ando, E., Tanaka, K., and
introduced via the acroleinyl group, always with the possibility ~ Nishimura, O. (2003) An approimtmtmmm&mtemaly&s
of complete cleavage of the label at a later stage, resulting in t1’37’ 'i‘gi'z'ﬂglég’gmpha”e residu om.
the unlabeled, intact starting analytes. This could be important ’ :

for further MS analysis, because high molecular mass labels or(1?) OU: K., et al. (2006) Quantitative profiling of drug-associated
! proteomic alterations by combined 2-nitrobenzenesulfenyl chloride

tags may b? problematic when LC-MS an_d_ MS/MS analysis is (NBS) isotope labeling and 2DE/MS identificatiqimiiustamueiies.
performed if they show decreased sensitivity or unfavorable 5 5194-2206.

fragmentation propertie{). This has also been observed for (1) | c., Gawandi, V., Protos, A., Phillips, R. S., and Amster, I. J.
some MDA-labeled Trppeptides that show dominant cleavage ~ (2006) A matrix-assisted laser desorption/ionization compatible
of water during MS/MS, but can be overcome by release of the  reagent for tagging tryptophen resid i . 12
free indole group before MS analysis. 213-221.
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