
F0Rn YEARS OF TRYPTO-FUN* 
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- Almost every atom in free or bound tryptophan is capable of reactmg 

selectively under appropriate conditions, both vitro as well as g e. An 

organic chemist's approach to this challeng~ng problem 10 differential and selective 

reactivity, covering a span of more than forty years, is presented with due emphasis 

on the historical contributions from Japan before and during the NIH Visiting Program. 

started more than a quarter century ago 

TRYPTOPHAN-S- 
HYDROXYLASE 

ALKALOIDS, l eg  
MELATONIN ASPIDOSPERMINEI CHLORIDES1 INVOLVING 3-POSITION 

More than any other amino acid tryptophan (the word means "what appears by digestion") 

has probably the largest number af entries in Index Medicus, many of them from Japanese 

laboratories, such as the one of Y. Kotake or that of Osamu Hayaishi, Tohru Hino, 

Osamu Yonemitsu, hichi knaoka,  ~ e r u o  Marsuura, Fumio Sakiyama and others with all of 

whom I had the pleasure to discuss the metabolic fate of tryptophan over many years. 

- 

"Dedicated to the memory of Munia Kotake (1894-1976) who, unknowingly , started the Visting 

Program at NIX with his letter of April 27, 1950, reproduced here for the first time. 



TRYPTOPHAN, AN AROMATIC ENAMINE 

nany of the puzzling reactions of tryptophan become interpretable when the 2,3-double bound is 

accorded some independence from the intact aromatic system and is viewed as a mobile enamine 

system with all the diversity and react~vity known for enamioea.' Thus, in retrospect, it is 

abvmus that Y. Kotake's classical structure for kynurenine (I)~, a major metabolite of tryptophan 

( 2 ) ,  had to be revised to the phenone (3), an event that occurred in 1943~ when Butenandt 

investigated the sequence that leads from tryptophan to olmochromes, the ocular pigments of 

 insect^.^ HIS convential 5-step synthesis was simplified by taking advantage of the reactivity of 

the 2,3-double bond toward oxidants, such as ozone, which conuerts (protected) tryptophan to 

5 fomyl-kynurenine in a one-step operation tbat has been improved over the years. 

COOH 
I 0 

II a'*CH - 7H - COOH wcH2 - i:: coy; a-;: 7" - COOH 

NH, NH2 
111 NH, 13) 

H H 

6 
An aromatic substituent in the 2-position pemits the isolation of stable crystalline ozonides 

capable of showing ring-chain tautomerim.' The most artful tale raises little curiosity when it 

is known to be false: thus, neither the a-hydroxytryptophan, isolated from the hydrolysate of 

phalloidin,' is real,' nor its putative role as a prokynurenine in the pathway to omochromes, 
10 

nor the simplistic plcture I had when I studied the actlon of peroxyacids on indoles. 
11 

THE B-KYDRO(PERO)XYINDOLENINES l2 

The mechanism of oxidation of indoles fell into place when a model reactLon, the (acid- 
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catalyzed) rearrangement of the hydroperoxide of tetlahydrocarbazale 5 + 613 was expanded to 

encompass the oxidat~ve conversion of cinchonamine 7 to quinamine 9 via 7,14 two alkalo~ds from 

the cmchana bark. An analogous relationship connects quebracharnine 10 with rhazidigenine 1 1 ,  in 

equilibrium with rhazidine d5 in the cell-sap of the plant. 

Quebrachamine Rhazidigenine Rhazidine 

Although this oxidation princ~ple was formulated for tryprophan,12 its experimental verification 

had to wait a quarter century: A valid model for the mechanism of oxidation of tryptophan to 

formylkynurenine - 25 years later,16 was the title of a ~oint mvestigation made possible by the 
generosity and skill of my colleagues from Japan, Tohru Hino and Masako Nakagawa and their 

group.16 Independently, Teruo Marsuura made notable contributions to this field. As W. E Savige 

had shown in 1975,17 gentle conditions easlly produce the elusive p-hydrony-$-tryptophan 13 that 

cycl&es to an eseroline 14, predlcted12 and observed1* with angular methyl before. 

THE 2-HYDROXYINWLES 

With acid these intermediates dehydrate to 15 and hydrolyze to oxy- (16) and, in the presence 

of oxygen, dioxytryptophan (17). the subject of synthesis by, and a long exchange of letters wlth, 

my late friend Percy I. Julian.19 Aqueous solutmns of 0-oxytryptophan (axindalylalanine) on 

standing apparently autorid~ze (v> 17 or sn equivalent) to kynurenme, probably the reason for 



the inlrial postulation of the role of a prokynurenine for a-axytryptophan. 20 Three calleagues 

21-23 ~ ~ t h  whom I enjoyed cordial relarlons aver many years, synthesized a-oxytryptophan or 

oxindolylalanine (16) 

A letter from Munio Kotake, dated April 27, 1950, was the first sign from Japan after the 

war which, in charming English, informed me of h s  activities in this field:* 

Aprll 27, 1950 
Dear Prof. Witkop: 

I have received your sincere letter and three interesting reprints of your elaborate works 
whxh I have appreciated very much. 

It is of special pleasure to me to remind that you had studied under Prof. H. Vieland, our 
mutual teacher. 

My friend of mind, Mr. Chlkao Hondo, being the President of Mainichi Press, will leave for 
the United States on the loth of May. I shall take advantage of this occasion to send you some of 
the samples of rac-hydroxy-tryptophane and rac-hydrony-kynurenine, and also some new 
reprints of our recent works. 

As we a r e  conductmg our researches under variovs difficulties, then my heart felt grat~tude 
in due to "our k m d  offers. 

With full of thanks. 

~ C H ~  - yi - COOH 

NH, [OI - 
H 

Very sincerely yours, 

Nunio Kotake. 

e 0 
CH - C 

/ --r\OH 
H P  QJ--k;o;; H H 

CH, CH, '=a 

*The close contacts n t h  Prof. Kotake proved to have ~mportant consequences, because they lnsplred 

the mltiation of the NIH Visit~ng Program, inaugurated through the good offices of Profs. Kotake 

and Sakan who sent Slro Senoh to Bethesda where he entered my Laboratory on December 11, 1956, the 

first of more than 60 Vis~ting Scientists who subsequently came to my laboratory. In all several 

thousand young sclentlsts from Japan have made the pilgrimage to NIH in the intervening years with 

most gratifying results far the international scientific comun~ty. 



HETEROCYCLES, Vol 20, No 10. 1983 

Kotake's synthesis o f  oxindolylalanine (19501~~ precedes that of Percy Julia" (1956)~~ and of 

Cornforth (1951)~~ although Jhllan whom as a student I admired f o r  his first synthesis of 

physostigmine (18) In 1 9 3 5 ~ ~ ,  war able to construct 1,3-dimethyloxindolylalannnn (191'~ in the 

same year. 

Although LSD forms an orindole metabol~te~~, oxindolylalanine, as Osamu Hayalshl tested in 

1956, was not a metabolite of tryptophan or a substrate for tryptophan oxygenase (L-tryptophan: 

oxygen oxldoreductase (decycli~in~) EC 1.13.11.11). 

THE INTRAMOLECULAR CYCLIZATION OF INOOLAnINE DERIVATIVES 

The tendency of the amino group in tryptophan or tryptamme to undergo intramolecular 

addition to tricyclic der~vatives related to eseroline is noticeable in B-alkylation o r  

OH 

COOR 

p-oxidation, two processes that lead to unstable mdolenine intermediates. Such a B-alkylation is 

observed with Z-hydroxy-5-n~trobenzylbrom~de, the so-called Koshland reagent, to af ford  a 

dlalkylated product, 20.27 Even the acylated ammo group is capable of adding to intermediate 

Flunramine A Flustramins B 

indolenines preceding 20 or expressed in 21 ~lurtramme A (22) and B (23) are recent 

examples of such alkylat~on products occurring in organisms.28 The introduction of a 

p-chloro or p-hydroxy group is a theme ~ i r h  many ~ ~ ~ ~ a t ~ a n s  (24-26lZ9 which was explored with the 

help of Motonori 6no. 



CDJf NBS, pH 8 - 9  

H 1-BuOCI - CH,Ch - ESN 

1241 
H b ~x3& COCH, I 125) 

r-BUOCI 
or 

H,. Rh - A1203 PblOAcl, 

w IR'=CI or OAcl 

~ ~ k H C O O C H 2 c H 3  N a W  

5 min O,~~HCOOCH,CH, 
I H I  (261 I 1271 
R' COCH, COCH, 

The tricyclic derivatives (29, and trans) of 6-hydroperoxy-*-tryptophan (28)'' are of 

some interest in another connection: I. P. lapin has studled kynurenines a s  neuroactive trypto- 

phan metabolites, especially their convulsive  effect^.^^.^^ The trzcyclic --3-hydroxy- 

tryptophan (30) on intracerebraventricular admin~stration to albino mice produced some central 

effects (ataxia, excitability) at 100 or 200 pg but not the kind of seizures that a ready g 

conversion to kynurenine would be expected to produce (personal corn., Leningrad, Hay 12, 1981). 

3-Hydroperoxyindole derivatives, on the other hand, inhibit a specific prostaglandin I 
2 

synthetase. 33 

5-HYDROXYTRYPTOPHAN AND THE NIH SHIFT 

My first (Norwegian) doctoral student at Harvard, Arvid Ek, synthesized hydronylated trypto- 

phan~. vs., 5- (32) and 7-hydroxytryptophan (31).~~ 5-Hydroxytryptophan (32) is a new naturally 

occurring amino acid, the precursor of serotonin, whose importance as a neurotransmitter, a 

Precursor of nelatonm, a regulator of sleep and affective disorders is st111 increasing.14 A 

rnetabol~te of 5-hydroxytryptophan in rabbit small intestine is i-hydroxykynurenine ( 3 4 1 ~ ~  which 
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COOH 

NH, -CO,- 
OH H H 

(311 1321 1331 

was first synthesized by Butenandt and his group.37 In her last Christmas greetings (1982), 

Hasake ~ ~ k ~ ~ a w ~  reported to me a one-step photosensitized oxygenation of tryptophan (2) leading 

___) 
SensIO, 

H phosphate or 
borate buffer 

directly to 5-hydroxykynurenine (34)37a: Whether the aromatic hydroxylation involves an 

NIH-Shift or not, is under investigation. 

It was my good fortune to have Sidney Udenfriend next door at NIH who wasted no time to show 

in 1953 that L-5-hydroxytryptophan was the natvral substrate of "aromatic ammo acid decarboxy- - 

lase."38 He also aided in the development of a rapid spectrophotometric assay far L-amino acid 

Agam, in collaborat~on wlth S. Udenfriend, a much more surprising phenomenon was discovered 

2 3 in 1966, namely, the rnigrat~on of deuterium or tritium in 5 H- of 5 H-tryptophan (35) to 

3 ~ c H 2 y ~ ~ ~ H  hydroxylase from 

1351 HO NH, - 
cells or Chmmo- H H 
bacterium violaceum 

2 3 5-hydroxy-4 H- or 4- H-tryptophan (27) with up to 90% retention of label.4o Thls mlgratlon of a 

subrtituent in the process of enzymatic hydroxylat~on of aromatic substrates was termed 

" N I H - s ~ I ~ ~ " ~ ~  and served as the starting point of worldwide investigations on the significance or 

danger of arene oxide intermediates, either in drug metabol~sm, long-range toxicity or 

carcioogenes~s. 42-44 Here we observe "uie ein Tritt tausend Fsden regt" ("one step-and thousand 

threads arise . . . Select~ve exchange of nuclear protons in hydroxyindales was just a 

parenthet~c observation, mentioned here only to show the Impact of a method still comparatively 

new at the time, e., NMR spectroscopy. 45 

Although Arvid Ek did prepare 5,6-dibenzyloxytryptaminn as early as 1953, it war not until 

Hans Schlosserger knew how to handle free 5,6- ( o r  5,7- (38) d~hydroxytryptam~ne (37) that these 



a m n e s  were d~scovered a s  serotinerg~c neurotoxins46 in the same way as 6-hydraxy-dopamine (39) 

was first brought to life in a metabolic context ,  by my first scientific collaborator from 

Japan, Siro Senoh, when it turned out later to be an agent for chemical adrenectamy by mechanisms 

~mbably both involving related quinold intermediates capable of addition of nucleophilic SH 

groups from adjacent (receptor) proteins (reviewed in ref. 46). 

DIXMROTRYPTOPHAN A SYNTHOHE FOR LYSERSIC ACID 

Both photoreducrlon47 as well as  reduction in the ground state4' pronded partially hydro- 

genated tryptophans, such as 2,3-dibydro- ( o r  ditriti~) &-tryptophan 40, convertible enzymatically 

to z3n-L-tryptophan (41). It's ~ , ~ ' - d i b ~ ~ ~ ~ ~ l  derivarive 42 proved useful for intramolecular 

acylation involving the &-position 43, a klnd of functionalization with many uses, e .g . ,  for 

~ynthetic access to lysergic acid derivatives49 to unusual lndole alkaloids, such as the 

regu1ovasiner. 50 

NH - CO - C,H, NH - CO - C,H, 

2. AICI, 

\ \ 
142) c = o  1431 C = O  

/ / 
C6H5 C6H5 

KXCIPLEMS INVOLVING THE 4-POSITION 

A new type of photocyclizarion provider another approach to tricyclic indoles (46-48) 

involving the 4- (=ad 2-) pos~tion.47 The starting materials are ~irnple N-chloroacetyl- 

tiyptophana ( 4 & ) ,  -tryptamines (45) o r  melaton~ns.~~ My colleague Osamu Yanem~tsu has studied 
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1 4 1  R = COOH 
1461 R=H 

H c=o 
I H 

1481 

CH,Cl 
H 0 

CH3 
I 

CH, 

these competitive cyclizatlons Into the 4- and 2- posit~onr in considerable and sophisticated 

mechanist~c The method has been expanded to phorochemcal modification of 

0 
0 

h . "  
II 

1521 basic skeleton of 
EtOH quebrachamine and 

H 2 0  dehvdrocleavamine 

H Na,C03 
20% H 

+ o o~ 
Dehvdrogenase I \ 1541 

H 

protems in the presence of chloroaceram~de~~'~~ and to synthetic applicarlons ~n the alkaloid 

field 49 + 52.55256 A matural product in which the 4-posit~on is involved is dehydrobufotenin 

(54) which should arise in the toad from buforenin (53) by an enzyme in toad glands that Slro 

Senoh attempted in v a m  to ksolate m o r e  than 20 years ago. 

Photoreductlon, in the hands of Takashi Tokuyarna, proved useful with other tryptophan metaba- 

57 lites and transformed kynurenic acid (55) to the so-called kynurenlne yellow (56). 

1% ' acooH 1.1 
COOH NaBH4 H 

H H 



(NOR) KYNURAnINE AND RAPID MA0 ASSAYS 

  he "biogenic amine" corresponding to *nurenine was termed bvrsmine 57; it is accessible 

by ozonolysis of N-carbobenzoxytrlptamine and subsequent hydrogenolytic deben~ylatian.~~ The 

disappearance of A 360 nm of Lryovramine 57 on incubation with monamine oxidase and formation of 
max 

y-quinolone (59) + the mtermediare aldehyde 58 was introduced as a rapid spectrophotometric 

assay for this conspicuous enzyme. The appearance of Amax 600 nm of indigo 63 via (61) and (62), 

is observed when dihydronorkynuramine 60, not a good substrate, i s  incubated withmonomine 

o x ~ d a s e , ~ ~  a reaction that, understandably, competes neither n t h  the natural, nor the industrial 

synthesis of, indigo. 

RING-CHAIN TAUTOMERISMS OF 2-HYDROXYTRYPTAMINE 

Oxindole analogs of trypamine and serotonin attracted attention as potential inhibitors 

of the enzymes involved in the biosynthesis and metabolic breakdown of serotonin,60 but opened a 

Pandorats box of ring-chain tsutomers, suspected at the time (1957), but not successfvlly isolated 

untll, almost 20 years later, Nakagaws, Hlna and their group explained the reactivity of 

oxytryptanine 64, in terms of its easy conversion to 3-(o-aminopheoyl)-2-pyrrolidane 66, 
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either + 65 or 67. Many more compounds are farmed when oxygen is not excluded. 
61 

SELECTIVE CLEAVAGE OF THE TRYPTOPHYL PEPTIDE BOND 

Tryptophan (Z), as such, in pept~des or bound in proteins, reacts so fast (68 + 69 + 70) with 

positive halogen, e . g . ,  N-bromosuccinim~de, tribomocresole or 2-nitrophenylsulfonyl chlorides 

(NPSCI, DNPS-C1, Scoffone, Fontana, 1966) that these reactions permit not only an easy titratlo" 

of bound t r y p t o ~ h a n ~ ~ ' ~ ~  but also selective cleavage of tryptophyl peptide bonds, under 

appropriate conditions. Thls cleavage has been utilized for sequencing of peptides and proteins, 

but not as systematically and extensively as the cyanogen bromide cleavage, discovered with the 

lace Erhard Gross in 1961. 64 

The method was used to probe the sequence of gramicidin A the mast lipaphihc naturally 

~eprid~.~) In a sequence of 15 amino acids it contains 4 tryptophan residues which 

liberate the subsequent levcine or the terminal ethanolamme in modest yields (ref. 63, p .  160). 

As a unique former of channels in artificial membranes gramicidio A ,  despite the knowledge of 

It6 primary sequence, has so far not betrayed the secret of its way to transport ions. Of the 

four tryptaphans present the carbonyls of Tryp-11, 13 and 15 are directed outward into the aqueous 

medim in the postulated model of the trans-membrane charnel. The current model calls for a 

smgle-stranded B-helix, head to head dimerization and a left-handed helix. But the search for 

monovalent cation binding slres in the gramicidin charnel The last word will 

probably be spoken by the Roentgen-ray crystallographer. 67 

3 The classical study of kynurenine by Butenandt reports the format~on of an (N,N'-diacety1)- 

lactone from dihydrokynurenme. Almost one generation later this reaction found a new use: 



C-NH - CH,COOH 
04 \FH - NH - co 

C-NH - CH,COOH NH-CH2COOH 

o4 \CH-NH-co . . .  
f 

P C ) C H  - NH -CO 

NBS 

H H 

~~onolysis of bound tryptophan (71), reduction (73) of bound kynurenme (72) so formed and utlli- 

zation of the new neighboring y-hydroxyl group, in the hands of Furnio Sakiyama and h ~ s  group, has 

made possible useful cleavages, probably more preferential than select~ve (reviewed in ref. 63). 

or O,, pro- 
Twtophan flavin, hv OH 

1711 yH2 CH, 1721 yH, I731 
I 

- CONH - CH - CONH - - CONH - CH - CONH - co j NH - CHCO/ NH - 

NEW IMPORTANCE OF TETRAlNDROHARPlANES 

n. Ozaki helped to develop tetrahydrohamanes as inhibitors of monoamineaxidase.68 Very recently 

such condensation products 75 of tryptophan have attracted atrentmn as -- probably only exogenous 
--inhibitors of benzodialepine receptors,69 suitable as models for anxiety in primates,70 and as 

(-)-tryparpine (74). a serotinergic isolated from the African frog 

senegalensis .71,72 

I - ) - trypargine: C Ill - OH 
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OXIDATlON OF THE TRYPTOPHAN SIDE CHAIN 

The mobile n-electron system of tryptophan is involved in activating all seven posit~onr of 

the indole nucleus for the attack of nucleophilic oxidants and far radical or radxcal-=on 

reactions, be they inter- or intramolecular. In araer to engage the "benzylic" position in the 

side chain, an oxidant must have two properties: on the one hand it m u s t  not have nucleophilic 

character, on the other hand, it must tie down the mobile n-electron system, preferentially by 

forming a n-compler, often easily recognized by intense color phenomena. Here the chronicler 

becomes a del~ghted spectator and the memories become "notes of a tryptofun watcher". Osamu 

Yonemitsu achieved selective side chain oxidation of indoles by the use of dichlorodicyanobenza- 

quinone ( D D Q ) ~ ~  which is known to oxidize benzylic methylene groups, e. g., tetralms to 
tetra lone^.^^ This reaction in the hands of Takashi Tokuyama, helped to prepare the keto- 

precursor of erythro- and --B-hydroxy-N-acetyl~ryptophantimrnde,~~ of which the former is formed 

by tryptophan --- side chain oxidase ( o r  "indolyl-3-alkane-~-hydroxyla8e~~~~), an enzyme discoveced by 

Osamu Hayaishi in Pseudomonas spec~es.'~ One of the products is N-acetyl-a,B-didehydTOtrYPto- 

phanamide belonging to the interesting class of dehydropeptides. The tryptophan side cham 

oxidase probably belongs to a newly discovered group of enzymes, the so-called quinoprateins which 

contain a pyrroloquinoline qunone (PQQ) as their coenzyme. 78-80 such an enzyme system would 

qualify for  the formation of n-complexes as  indicated by the model oxidations with DDQ. 

EPILOG 

AS znformative as all these model reactions are,  they only point the way to the dynamics of 

tryptophan metabolites. Their involvement in sleep patterns, psychic disorders, moods and 

depressions, is an area under active pharnacologicsl and clinical investigation. 35 

An abstract (md shorter version) of this review appeared in the Abstracts (and Transactions) 

of the FOURTH INTERNATIONAL KGETING OF TRYPTOPHAN ELETABOLISII, BIOCHEMISTRY AND REGULATION MUNICH, 

April 19-23, 1983, Abstracts p. 12. 
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