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REACTION OF AMINO ACIDS AND PROTEINS WITH TRICHLOROISOCYANURIC ACID
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The purpose of the present work was to study the applicability of trichloroisocvanuric acid
(TCIC)l to oxidation of the thioethef side~chain of methionine as a possible approach for modification
of methionine residues in proteins. Reaction of TCIC with amino acids was studied under various con-
ditions of temperature and pH to determine those under which the reagent acted with specificity. Hen
egg white lysozyme and hen egg albumin were used as the protein models. TCIC was stored in the dark
unler anhydrous conditions at 0°. cL
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In a preliminary experiment, to a magneticallv~stirred solution (2 ml) of methionine (40 mg) in
water at oll 3.5 was added a solution (1 ml) of TCIC (1.8 g TCIC in 6 ml of acetone). The pH was kept
constant bv the addition of 2 N NaOH on a pH-stat. After 2 hr reaction at 0°, thin laver chromato-
graphv (Eastman chromatogram sheets; silica gel) in n-butanol-acetic acid-water (4:1:5 v/v) showed
that no methionine (Rg, 0.42) was present and it converted entirelv to a single new product (Rf, 0.123)
which coincided with authentic methionine sulfone (Rg, 0.129).

To examine the selectivityv of the reaction, a solution (2 ml) of equimolar quantities of 19 amino
acids was reacted with an aliquot (300 ,;l) of TCIC (106 mg in 2.2 ml acetone) at pE 3.5 on the pH-~
stat., Aliquots (200/ul) were examined at intervals by amino acid analvsis. Methionine, cystine,
tvrosine and tryptophan disappeared completely (100%) within 4 min of reaction, while histidine suf-
fered a very appreciable modification (0 time, 1.00;4 rin reaction, 0.26; 10 min, 0.17/nnole). The
disavpearance of methionine was accounted for partlv by the apnearance of methionine sulfone (0.43
Fmole) and onlv a trace (less than O.l/nnole) of methionine sulfoxide. Although there was some
indication of cysteic acid formation after 4 min of reaction, the main reaction vroduct of cvstine ap-
peared under glvcine. In addition, at least five other new reaction products apneared on the analvzer.
Under these conditions aspartic and glutamic acids reacted quite rapidly (Asr: 4 min, 0.42; 10 min,
0.32; 45 min, 0.24 fnnole; Glu: 4 min, 0.73; 10 min, N,51:; 45 min, 0.29/umole). In fact all other
amino acids reacted more slowly at varving rates.

Reaction of the amino acid mixture with similar excess of TCIC at pH 7.0 and 0° resulted in com-
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plete disappearance of cystine, methionine and tryptophan within 1.5 min of reaction. No other amino
acids were modified even after reaction for 45 min. Methionine was accounted for partially by the
appearance of methionine sulfone (0.2 /nnole) and some sulfoxide (O.I/nmole). The reaction product of
cystine eluted at a position which coincided with that of glvcine. In addition, a reaction product
appeared 6 min before aspartic and another product coincided with proline.

For reaction of proteins with TCIC, a solution (2 ml) of the protein (30 mg), at 0°, was adjusted
to the appropriate pH (pH 3.5 or 7.0) with 2 N NaOK. An aliquot (100/nl) of TCIC solution (100 mg of
TCIC in 2 ml acetone) was added very slowly t0 the magneticallv-stirred preotein solution and the pH
was kept constant by the additiom of 2 N NaOH on the pH-stat. After reactions for 2 hr at 0°, samples
were centrifuged (5000 rpm, 0°, 20 min), dialyzed against distilled water and then freeze~dried. Sep-
arate hydrolyses in constant boiling HC1Z and for tryptophan determination3 were carried out. Re-
action of lysczyme with TCIC at pH 3.5 and 0° was entirely non-snecific and resulted in complete mod-
ification of methionine, cystine, tyrosine and tryptophar. resicdues. Methionine and cystine were oxi-~
dized quantitatively to methionine sulfone and cysteic acid respectively. The preduct from reaction
of lysozyme at pH 7.0 and 0° gave, after dialysis, an insoluble fraction which was freeze-dried, hy-
drolysed and analyzed separately. 1In the inscluble fraction (about 15 % of the total), methionine was
completely oxidized to methicnine sulfone and the six tryptophan residues suffered a great degree
(90 %) of mediricaticn (i.e. 0.64 residues were unmodified). Partial oxidation of the cystine resi-
dues (2.52 residues out of 8) was also encountered. In the soluble fraction, the reaction was
entirely confined to oxidation of the two methionines to the sulfone (Met, 0; MetO;, 1.93 residues)
and 90% of the six tryptophans (Trp, 0.63 residues). No other amino acids were modified.

Action of TCIC on egg albumin at pH 3.5 and 0° resulted in oxidation of all 16 methionine resi-
dues primarily to the sulfone. The five cysteine residues were quantitatively oxidized to cysteic
acid, Also, the tryptophans were completely modified. In addition, drastic modification of the
tvrosines (decreased from 9.57 residues in albumin to 1,88 after reaction with TCIC) and histidines
(decreased from 7.16 to 2,32 residues) was obtained. On the other hand in reaction at pH 7.0, the
modification was almost restricted to the methionines (decreased from 16.2 to 0 residues) and the
tryntophans (decreased from 2.81 to 0 residues). Methionine was primarily oxidized to its sulfone
(14.3 residues). Only a slight modification of cysteine (0.69 residue, about 14 %) was observed.

At acid pH, modification of aspartic and glutamic acids (and of other amino acids on long re-
action periods) was presumably due to the formation of acid chlorides which may be favored close to
the pK of the carboxyl group. This was completely avoided when reaction was carried out at plt 7.0.

Also, at pH 7.0 modification of tyrosine and histidine did not take place. Therefore, action of TCIC
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on free amino acids at pH 7,0, exhibited good selectivity for methionine, cystine and trvptophan.

Oxidation of ethers of formula R—CHZ—O—R' to carboxvlic acid esters R-C-0-R' has been achieved
in good yvield by reaction with TCIC in the presence of excess water®. 1In contrast, the present find-
ings show that oxidation of the thiocether side-chain to the corresvonding thiocester does not take
place since, as expected, oxidation of the sulfur in thioethers is greatly favored. The formation
of methionine sulfone was appreciably higher at pH 3.5 than at pH 7.0, and it was the only reaction
product detected by thin layer chromatography. Most likely, the first reaction product of methicnine
will be an adduct between the thioether sulfur and a nitrogen in the heterocyvclic ring of the reagent.
This adduct is slowly hvdrolyzed at pH 3.5 and more rapidlv in the acidic solvent during thin laver
chromatography to yield predominantly the methionine sulfone. In protein derivatives, strong acid
hyvdrolysis converts this adduct quantitatively into methionine sulfone.

Reaction of cystine with TCIC at pH 3.5 or at »H 7.0 should give rise to the thiolsulfonate (i.e.,
cystine dioxide, Cy.S02.S.Cv), which eluted on the analvzer under glvcine. The formation of cystine
dioxide has been demonstrated bv the action of other oxidizing agents on cvstines'g. The disulfide
dioxides were in fact the first intermediate oxidation products to be prerared from disulfidesl0,11,
The thiolsulfonate structure of disulfide dioxides has been very well confirmedl2-15, Cystine dioxide
is very difficult to obtain in the pure form since interconversion to the isomer (the disulfoxide, Cvs.
$0.S0.Cy) can take place during isolationl6, At any rate, acid hvdrolysis in 6 li HCl converts cvstine
dioxide to cysteic acidl7>18, This explains why in the case of oxidized lyvsozyme onlv cysteic acid
is detected after acid hydrolysis of the derivative. In the case of proteins containing thiol groups
which cannot favorably form disulfides on oxidation (e.g., egg albumin), the thicl group will be oxi~
dized to cysteic acid.

Reaction of TCIC with tryptophan will, most likelv, lead to the formation of an oxindole deriva-
tive. The complete oxidation of tryptophan at pH 7.0 in proteins mav be useful for cleavage at trypto-
phyl peptide bonds if oxidaticm is followed bv mild acid treatment (e.g., 0.1 N HCl, room temperature).
This will be analogous to cleavage of trvptoohvl peptide bonds bv very mild acid treatment after oxi-
dation of tryptophan with periodatelg. However, since with TCIC oxidation of trvpntophan residues in
proteins proceeds to completion, acid treatment should result in higher cleavage vields than those ob-
tained with periodate oxidation. This is being investigated.

The remarkable narrowing down in specificity of TCIC reaction, observed with free amino acids on
increasing pH from 3.5 to 7.0, reproduced quite well with proteins. The amino acids modified in the
two proteins were those expected from the behavior of the mixture of free amino acids. Fgg albumin

w¥as 1o0sen because it has a high methionine and thiol grour contents. Lvsozvme on the other hand,
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has a high tryptophan content and carries only disulfide bonds and no cysteine residues. Therefore,
selectivity nf the reaction at pH 7.0 for methionine and tryptophan which has been demonstrated here
on two sufficiently different proteins will, most likely, be of general apolicabilitv to other
proteins.
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