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58. Biosynthesis of Cytochalasans. Part 6. The Mode of 
Incorporation of Phenylalanine into Cytochalasin D1) 

by John C. Vederas and Christoph Tamm 
Institut fur Organische Chemie der Univcrsitat, CH-4056 Basel, Switzerland 

(31. XII. 75) 

Sumwzary. Rapid equilibrium of D- and L-phenylalanines with phenylpyruvic acid (4) was 
shown to account for their cqually efficient incorporation into cytochalasin D (1) by Zygosporium 
nzasonzii. Transamination of phenylalanines stereospecifically labelled with tritium a t  C(2) and 
C(3) proceeded with complete hydrogen loss a t  the d position and extensive loss a t  thc /3 position. 
Considerable suppression of the incorporation of the D-amino acid by phenylpyruvic acid (4) 
indicated that the L-enantiomer is the primary precursor of 1. 

Our earlier work had shown that the biosynthesis of cytochalasin D (1) by 
Zygosporium masonii HUGHES ( F m g i  imperfecti) involves connection of phenylala- 
nine, three C1 units from the methyl of methionine, and nine intact acetate entities, 
eight of which are coupled in the head to tail fashion normally observed in polyketide 
biogenesis 121. Although cytochalasin D (1) possesses the (S)-configuration at  C(3) 
corresponding to the abundant L-phenylalanine ((2S)-configuration) [3],  the DL- and 
L-amino acids appeared to be equally good precursors. Since all of the carbon atoms 
of phenylalanine are incorporated as an intact unit [4], we decided to examine the 
utilization of this substance in detail. 

0. ..J A 
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Administration of a mixture of (2XS) -12-14Cj- and (2S)-[4'-3H]-phenylalanines to 
Z.  masonii confirmed that both the D ( ~ R ) -  and L(ZS)-amino acids were incorporated 

1) Part 5, see [l]. 
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equally well into cytochalasin D (1) because the 3H/14C ratio remained unchanged 
within experimental error2) (Table 1). The absolute incorporation rates ranged be- 
tween 2% and 13%, and depended on the amount of precursor fed. 

To elucidate the mechanism of utilization of both enantiomers, commercially 
available (2S,3RS) -[2,3-di-3H]-phenylalanine was mixed with (2s) -/U-14C]-phenylala- 
nine (as internal standard) and incorporated in the usual fashion. Analysis of the 
precursor by racemization [6] showed that 48% of the tritium label was on C(2). 
Examination of the 3H/% ratio of the resulting cytochalasin D ( I )  suggested that 
tritium was removed almost completely from C(2) and substantially from C(3) during 
conversion to the antibiotic. Incorporation of the racemized precursor, (ZRS, 3R)- 
and (ZRS, 3S)-[3-3H]-phenylalanine, demonstrated that loss of hydrogen had actually 
occurred a t  the 3-position, and that the large decrease in 3H/14C ratio was not due 
solely to an isotope effect a t  C(2). 

Conversion of phenylalanine into derivatives of dehydrophenylalanine (2), 
cinnamic acid (3), or phenylpyruvic acid (4) could explain the equal incorporation 
rates of both enantiomers and the loss of tritium on C(2) and C(3). The sole inter- 
mediacy of dehydrophenylalanine (2) derivatives could be excluded by the observed 
loss of 98% of 15N label from (ZRS)-[15N]-phenylalanine relative to incorporation of 
(2S)-[U-14C]-phenylalanine3). Cinnamic acid (3) is synthesized universally in higher 

2 

L- Phenylalanine D- Phenylalanine 

4 

plants and widely in fungi from (2s)-phenylalanine by phenylalanine ammonium 
lyase [7]. This process is a trans-elimination of the elements of ammonia with stereo- 
specific loss of the 3-@o(S)-proton of phenylalanine [6] [8a]4). Phenylpyruvic acid (4) 
(shown in its enol form) is the normal biogenetic precursor of phenylalanine, and is 

2) 

3) 

Phenylalanine and phenylpyruvic acid labelled with [4’-3H]- are radiochemically unstable and 
some error (ca. 5%) is introduced by decomposition [5]. 
We are grateful to Dr. H. Lichli, Salzdoz AG. ,  Basel, for mass spectrometric determination 
of the absolute incorporation of 15N label. It is permissible to compare incorporation rates 
of racemic and optically active precursors in this case because earlier experiments had shown 
that both enantiomers are utilized equally well. 
Some loss of tritium also occurs a t  C(2) if impure enzyme is used [Sb]. 4) 
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Table 1, Incorpovalzoiz of Precursors znto Cytochalasita I )  (1) 

Precursor Absolute 3H/14C Ratio 3H-Ketentio 
Incorporation (%) 
Rate ( % I  Precursor Cytochalitsin L) 

Phelzylalaninc 

(ZR.5) - [2 - 14Cj 

(2S,3RS) - [2,3 - 3H] a) 0.59 4.24 1.46 34 

(2s) - [4'- 31-11 13.2 5.00 .i.l5 103 k i )  

12.8 

(2s) - [u  - 14c1 1.70 

(ZS, 3RS) - [2,3 - 3H] a) 3.99 19.4 5.76 3 0 
(2s) - [U-14C] 13.8 

(ZXS, 3R) - [3-3H] a) 

(ZRSI - [U-14C] 4.89 

2.69 
(ZH.?, 3s)  - [3-3H] 

6.50 3.57 55 

(ZR, 3s)  - [3-'HH] b) 3.18 6 4 8  2.25 34 
(2S, 3R) - [3-3H] 
(2s) - [U-14<:] 9.63 

(2R,3S)- [3-3H]b) 2.42 1.22 0.29 24 
(2s) - [U-l'T] 9.99 

(2s, 3R) - /3-3HH; ") 
(2s) - [U-l4C] 

1 1 7  1.21 0.52 43 
2.74 

(2s) - [4'-3H] c )  11.2 
( 2 R S )  - [2-14C] 7.88 
(120 mg inactive 
phenylpyruvate) 

5.00 7.11 142b) 

(ZRS) - [I"] 0.07 98% of 1jN lost 
(2s) - [u-14~1 4.04 

Phenylfiyruuate 

[4'-3H 1 6.66 4.85 4.95 102 tJ) 
[U-14Cj 6.48 

3.70 4.85 5.01 103b) 
3.59 

Ciiznamate [3-14C] 0.02 

8 )  

b) 

c )  

Determined to  be 81% (3s) and 19% ( 3 4  by pIienylalanine ammonium lyase assay 
Minimum configurational purity a t  C(3) is 97%. 
Precursor added 48 h after inoculation. 
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in equilibrium with it through the action of aininotransferases and amino acid 
oxidases [9]. 

In order to distinguish between the participation of 3 and 4 and to clarify the 
mechanism involved in the proton losses, the (2R, 3S)-[3-3H]- and (ZS, 3R)-[3-3H]- 
phenylalanines were synthesized by a modification of the method of Battersby [6]. 
A mixture of the (ZR, 3s)- and (2S, 3X)-N-ben~oyl-[3-~H]-phenylalanines obtained 
by his procedure was resolved by fractional crystallization of their cinchonine salts 
[lo]. Liberation of the corresponding acid from the pure (2R)-salt, followed by acidic 
hydrolysis produced the required (211, 3.5)-[3-3H]-phenylalanine. The partially re- 
solved (ZS)-salt was likewise converted to tlie corresponding amino acid, which was 
then N-chloroacetylated without racernization. Treatment with carboxypeptidase A 
from bovine pancreas gave pure (2S, 3R)-[3-3H]-phenylalanine and a small amount 
of pure (ZR, 3S)-N-chloroacetyl-[3-3H]-phenylalanine ill]. Phenylalanine ammonium 
lyase was isolated from potatoes [12] and used to convert the (2s)-amino acid (which 
had been diluted with (2S)-[U-14C]-phenylalanine) to cinnamic acid with the loss of 
the 3- j~o(S)  proton. This enzymatic analysis determined that the optical purity at  
the 3-position of both precursors was at  least 97%. Similar treatment of tlie mixture 
of (ZKS, 3R)-[3-3H]- and (ZRS, 3S)-[3-3H]-phenylalanines described above showed 
that 81% of the tritium had the (3S)-configuration and 19% the (3R). 

Fermentation of 2. masomi with (2.5, 3R)-[3-3H]- and (2S)-/U-14C]-phenylalanines 
yielded cytochalasin D (1) wliicli had lost 57% of the tritium. Analogous incorporation 
of the (ZR, 3S)-j3-3H]-enantiomer resulted in the removal of 76% of the labelled 
hydrogen. The low absolute incorporation (0.02%) of [3-14C]-cinnamic acid and the 
loss of both 3-@o(R) and 3-;hro(S) protons from plienylalanine supports the participa- 
tion of phenylpyruvic acid (4) in a transamination process. In addition, intermediates 
involving enzymatic liydroxylation at  C(3) of a plienylalanine derivative are dis- 
favoured since this type of reaction generally occurs with retention of configuration 
[1.3]. To confirm this conclusion, radioactive phenylpyruvic acid was prepared by 
aerobic enzymatic oxidation of (2.5)-[4'-3H, U-14Cl-phenylalanine with L-amino acid 
oxidase from Crotalus atrox venom and catalase from bovine liver [14]. Intact in- 
corporation of this keto acid into cytochalasin D (1) was 6.5%, which is similar to 
that obtained with phenylalanine. 

Reversible transamination occurs in many antibiotic biosyntheses, including those 
of the penicillins and cephalosporins [15], gramicidin S[16], actinomycin [17], and 
gliotoxin and related compounds [18]. In contrast to our observations with cyto- 
chalasin D ( I ) ,  the naturally abundant L-amino acids are often more efficiently in- 
corporated than their antipodes, even in cases where the end product possesses tlie 
configuration corresponding to the u-amino acid. This may be due to improved 
transport across the cell membrane by permeases [19], or to racemization after bio- 
chemical elaboration. 

The flavoprotein wamino acid oxidases ordinarily do not exchange the @-hydro- 
gens of their substrates [9f,g]. In transaminations the exact mechanism of @-proton 
loss remains less clear. Initial aldimine A formation with pyridoxal phosphate is very 
rapid, even in the absence of enzyme [ZO]. The biological process is probably a trans- 
imination with pyridoxal phosphate which is bound in imine form by an amino group 
of the protein. Tautomerization to the ketimine B is the rate-determining step and 
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displays an isotope effect if the 2-position is substituted with deuterium [all. With 
L-amino acids, the same protein amino group reversibly tranfers hydrogen (Hs) from 
the 2-position to C‘(4) of the coenzyme complex in cis fashion across the si face [gal. 
Interestingly, D-amino acids also add the $ro(S) proton to C‘(4) although their 
transamination requires different enzymes [9h]. Ketimine B may reversibly isomerize 
to the enamine C in an enzyme-assisted process, thereby effecting P-proton exchange, 
or it may hydrolyze directly to the keto acid. Whelan & Long have shown that under 

A B C 

identical conditions pig heart glutamate-oxaloacetate aminotransferase exchanges 
both the u and P hydrogen atoms of L-glutamic acid, .n.hereas glutamate-pyruvate 
aminotransferase from the same source replaces only the cc proton 1221. Other workers 
have reported that enzymatic transamination of I<-alanine with pig heart glutamate- 
alanine aminotransferase in deuterium oxide completely labels both the tc and /3 
positions [23], but tryptophanase removes only the u hydrogen 1241. In  non-enzymic 
model systems, pyridoxal phosphate and metal ions cause exchange of both u and /3 
protons [as], but under relatively vigorous conditions. The situation is further com- 
plicated by the possibility that D-amino acid oxidases may catalyze the replacement 
of u hydrogen of the substrate enantiomers, the r>-amino acids 1261. 

Since inductive and steric effects combine to make phenylalanine one of the most 
rapidly transaminating amino acids without an acid-base side chain [20 c], and since 
the derived enamine C (R = C6H5) is stabilized by additional conjugation, the fl hy- 
drogen atoms should be especially labile in biological systems. Kirby et al. recently 
demonstrated extensive but non-obligatory loss of the 3-pro(R) hydrogen atom from 
both D (211)- and L (2S)-phenylalanine during biosynthesis of gliotoxin by Trichoderma 
viride [18b]. In  contrast to results with higher plants, they also observed stereo- 
selective exchange before utilization of this amino acid in fungal protein, and sug- 
gested a rapid equilibrium with phenylpyruvic acid (4). 

Our experiments show less net stereospecificity at  C(3) and indicate that different 
mechanisms may be operating in the biosynthesis of cytochalasin D (1) from D- and 
L-phenylalanine. A number of trials with the (as, 3R)- and ( Z R ,  3S)-[3-3H]- amino 
acids consistently gave tritium retentions of 43% and 24% respectively. Simul- 
taneous incorporation of equal amounts of both enantiomers led to the expected 34% 
retention of hydrogen label. Examination of results with the racemized precursor, 
(ZRS, 311)- and (ZRS, 3S)-[3-3H]- phenylalanine (shown by phenylalanine ammonium 
lyase assay to be present in the ratio of 19% to 81% respectively), suggests that the 
(ZR, 311)- and (2S, 3s)-amino acids together account for 75% of the observed tritium 
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retention. Since transaminations occur stereospecifically a t  the 2-position of the 
amino acid [9a, h] [27], the participation of at  least two enzymes with differing stereo- 
chemical requirements at  the 3-position is reasonable. Some non-enzymatic p proton 
exchange in free phenylpyruvic acid (4) is possible, but is probably slow relative to 
the transamination process [28] and cannot be the exclusive mechanism because of the 
observed stereospecificity. 

Two biosynthetic pathways are consistent with the data presented above. Path A 
depicts (ZS)-phenylalanine as the actual precursor which is in rapid equilibrium with 
its enantiomer through the action of aminotransferases ; in path B phenylpyruvic 
acid (4), derived directly from shikimic acid, is the primary precursor. If path A is 

L- Phenylalanine 

PATH \ A PATH B I 
D - Phenylaiamne 

1 Cytochalasin D 

favoured, large amounts of phenylpyruvic acid (4) should suppress the equilibrium 
between the D- and L-amino acids, or a t  least lead to preferential dilution of the 
D-enantiomer. In the second pathway 4 should dilute both antipodes equally since 
normally both are transformed into the antibiotic with equal efficiency. 

Growing cultures (48 h old) of 2. masonii treated with (ZS)-[4’-3H]- and (2R.S)- 
[2-1*C] -phenylalanine and radioinactive phenylpyruvic acid produced cytochalasin D 
(1) with an increased 3H/14C ratio, thus demonstrating that path A is probably the 
main biosynthetic route. 

Although D-(2R)- and ~-(2S)-phenylalanines are incorporated equally well into 
cytochalasin D (l), the naturally abundant L-isomer appears to be the actual primary 
precursor. Both enantiomers are in rapid equilibrium with phenylpyruvic acid (4) 
through the action of aminotransferases or amino acid oxidases. The stereochemistry 
of hydrogen loss from C(2) and C(3) of phenylalanine indicates that at  least two 
different enzyme-dependent mechanisms are involved. Our results again emphasize 
the need for caution in the use of racemic precursors and for consideration of bio- 
chemical equilibria in biosynthetic studies. 

The support of these investigations by the Schweizerischer Nationalfonds zur Forderung der 
wissenschaftlichen Forschung (Projects No. 2.0550.73 and 2.294.74) and by Sandoz AG., Basel, 
is gratefully acknowledged. 
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Experimental Part 

1. General Methods. The general experimental procedure has been previously described [2]. 
Unless otherwise noted, Zygosporizim nzasonii was fermented under the usual conditions [4] for 
96 h on 1 liter scale, the precursors being added to the sterile medium prior to inoculation. 
Cytochalasin D (1) was isolated and recrystallized to  constant specific activity in the reported 
fashion. 

\Ve thank Dr. H .  Lichti, Saizdoz <-lG., Basel, for all niass spectral nicasurements, especially in 
connection with determination of 15N content. \lie are indebted to Mr. H .  Galliker and Mr. G.  A'lav- 
bnch, Sandoz .4G., Basel, for radioactivity determinations. 

Radioactive precursors were purchased from Aiitevsham Radiochervzicul Craiztre (Buckingham- 
shire, England) and from Radium Chemie (9053 Teufen AK, Switzerland). Phenylalanine labelled 
with 1 5 3  (97.3% isotopic purity) was obtained from Prochcna - British Oxygen Con?paizy L l d .  
(London). 

2. Pheizylulanine &4 mnmoniuwz Lyase '4  ssay. I'hcnylalanine aininonium lyase was isolated from 
2.0 kg of potato tubers and purified to  the calcium phosphate gel stage as describcd by Havir & 
Hanson [12]. Spectrophotonletric activity determination showed that a minimum of 11.7 units 
of enzyme were obtained, and that no change in specific activity was observed after 8 weeks of 
storage at - 20" in sodium borate buffer (0.1 M ,  pH 8.7). In  a typical assay for stereochemical 
purity a t  the 3-position, a niixture of (25) - [3-3H, U-14CI-phenylalanine (20.8 mg, 0.122 mmol), 
110 in1 sodium borate buffer (0.04~1, pH 8.7), and phcnylalanine ammonium lyase (1.10 units) 
was stirred gently for 16 h a t  23". The solution was tlialysed (Unioiz Carbide dialysis tube, pore 
size 46,000) for 16 h a t  4" against 1 1 of sodium borate buffer (0.04n1, pH 8.7), and the process was 
repeated with fresh buffer. After the pH had been set to 9.0 with sodium hydroxide, the dialysates 
were concentrated in uacuo to  a small volume, acidified with conc. hydrochloric acid to pH 1, and 
diluted with enough water to dissolve most of the boric acid. Extraction with ether (300 ml) for 
24 h in a I(zitscher-SteudeZ continuous extractor gave a heterogeneous extract which was filtered, 
dricrl, and carefully concentrated iiz vacuo. The residue was diluted with 9.5 nig of inactive cin- 
narnic acid in 20 nil of ether, filtered, and concentrated again. Preparative 'FIX.  on silica gel with 
ether allowed isolation of 15.7 nig of radioactive cinnarnic acid which was recrystallized 3 tinies 
from ethanol/water 1:4.  - 1Ll.p. 133-134". 

3. Raceiizization of (ZS ,3RS)-[2 ,3-3H,  U-~~CC]-Pize~zy la lani~z~~.  A 100 nig portion of a mixture 
of 1.0 niCi (20 Ci/mmol) of ( Z S ,  3RS)-[2,3-3H]-, 50pCi (522 mCi/tnmol) of (2S)-[UJ4Cj-, and 204mg 
of inactive (2s)-phenylalanine was racemized with acetic anhydride by the method of Battershy 
[6]. The resulting niixture of (2115,3R)- and (ZKS, 3S)-[3-3H, U-l4C]-phenylalanines had spectral 
properties identical to  inactive racemic phenylalaninct, and retained 52% of the tritium of the 
starting material. Phenylalanine ammonium lyase assay showed that 81 ol the tritium pos- 
sesscd the (3s)-configuration and 19% the ( 3 4 .  

4. (2R,3S)- and (2S,3K)-[3-3H]-PlzenyZalunines. A mixture of (2fZ,3.S)- and (2S,311)-N- 
benzoyl-[3-3H]-phenylalanines was prepared by the 6 step synthesis described by Battersby [6] 
using 16 niCi of tritium oxide (16 mCi/ml). The chemical and radiochemical yields were identical 
at each stage, and the intermediates possessed the expected physical and spectral properties. 
Hydrolysis of the N-benzoyl derivatives in the reported fashion produced an equal mixture of 
(ZR, 3s ) -  and (2S, 3R)-[3-3Ii]-plienylalanines whose XMR.  and 1K. spectra matched those of 
authentic racemic phenylalanine. 

5. (2R,3 S)-[3-3H]-Phen~~laZunzne. Classical resolution of 2.22 g of tlic mixture of (2R, 3.7)- 
and (ZS, 3R)-N-benzoyl-[3-3H]-phenylalanincs with cinchonine by the method of Fischer [lo] 
followed by hydrolysis as above allowed isolation of 134 nig of pure (212,3.S)-[3-WI]-phenylalanine. 
This product had NMR. and IR. spectra identical to  inactive D-phcnylalaninc and L E ] ~  = + 3.5" 
& 2" (c = 1.00, water). 

6 .  N-Chloroacetylation of Phenylalanine. The following procedure was used to prepare Xi-chloro- 
acetyl-phenylalanine from the amino acid without racemization. A solution of 330 mg (2.0 mmol) 
of (2S)-phenylalanine in 20 ml water was cooled to  0" and treated alternately with small portions 
of chloroacetic anhydride (342 mg, 2.0 mmol) and sodium hydroxide solution (0.4 g in 10 ml water). 
Aftcr 30 min the solution was acidified with N HCl to  pH 2.5 and extracted with ethyl acetate. 
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The dried extracts were concentrated in vacuo, and the residue was triturated twice with an equal 
volume of pcntanc to remove chloroacetic acid. Two recrystallizations from water produced 
69 mg of pure (2S)-N-chloroacetyl-phenylalanine. K p .  129-130' (Lit. [29j : 124-125"). - [ a ] g  = 
i-49" 5 2" (c = 1.00, ethanol) (Lit. [29]:  or]^ = +50.4" (ethanol)). - IR. (KBr): 3460; 2970; 
171.5; 1620; 1540; 1210; 730 cm-1. - NMR. (CDC13): 7.29 (m, 5 H, phenyl); 6.73 (br. s, 2 H, NI-I 
and OH, exchanged with DzO); 4.89 (m, l H ,  C(2) ) ;  4.04 (s, 2H, -CH2Cl); 3.22 ( A B  of A U X ,  
2H, (731, J A B  = 15.5, J A X  = 6, J B X  = 7 Hz) ppm. 

7. (2S,3R)-[3-3H]-Phenylalanine. X 986 mg (6.0 mmol) portion of the partially resolved 
(2 S,  3R)-[3-W-phenylalanine obtained by hydrolysis of the combined mother liquors of the 
cinchonine resolution was chloroacetylatcd without raceniization as described above. A4 solution 
of 141 mg (0.59 mmol) of the N-chloroacetyl-phenylalanine in water (3.0 ml) was adjusted to 
pH 7.6 with dilute aqueous ammonia and mixed with 0.05 ml of carboxypeptidase A suspension 
from bovine pancreas (di-isopropyl-phosphorofluoridate treated; 2000 unitslml ; PL Biochemicals, 
Milwaukee, Wisconsin). This mixture was kept a t  37" for 24 h, 1 mg of activated charcoal was 
added, and the suspension was heated 2 min on a steambath before filtration through Celzte. An 
equal volume of hot water was used to wash the precipitate, and the combined filtrates were 
acidified to pH 2.0 with N HC1 and extracted with ethyl acetate. The dried extracts were con- 
centrated in vucuo and the resulting residue was recrystallized from water to give 15 mg of pure 
(211,3S)-N-chloroacetyl-[3-~H]-phenylalanine which had spectral properties identical to those of 
its inactive enantiomer and [a]: = -50" 5 2" (c = 1.00, ethanol). The aqucous phase from the 
extraction was adjusted to pH 6.8 with dilute ammonia and concentrated in vacuo. Iiecrystal- 
lization of the residue from water yielded 79.8 mg of pure (ZS, 3R)-[3-3H]-phcnylalanine which 
had physical and spectral properties identical to inactive L-phenylalanine. Phenylalanine am- 
monium lyase assay demonstrated that optical purity in the 3-position MTas at least 97%. Because 
of the synthetic method employed, thc (ZR, 3s)-enantiomer described above was thereby shown 
to have 97% of its tritium in the (3s)-position. 

8. Phenylpyruvic Acid.  Inactive phenylpyruvic acid (4) was most conveniently prepared by 
the method of Herbst & Shemzn [30]. [4'-3H, U-14C]-Phenylpyruvic acid was synthesized by a 
modification of the procedure of Meister [14]. For the latter preparation, catala.se from bovinc 
liver (0.10 ml; 780,000 unitslml; Serva, Heidelberg. Germany) was diluted with water (15 ml) and 
dialysed 3 times against 1 1 of water at 4' (Union  Carbide dialysis tube, pore size 46,000) for a total 
of 16 h. Crotalus atrox venom (41.7 mg; Serva) was dissolved in water (7 nil) and dialysed similarly. 
A solution of 250 pCi (12 Ci/mmol) of (2S)-[4'-3H]-, 50 pCi (522 mCi/mmol) of (2S)-[U-14C]- and 
330 mg (2.0 mmol) of inactive (2s)-phenylalanine in water (22 mi) was mixed with the dialysed 
catalase and snake venom. After thc pH had been brought to 7.3 with N aqueous ammonia, the 
mixture was kept a t  37" and oxygen was gently bubbled through it for 15 h. Butanol was oc- 
casionally added to control foaming. The reaction mixture was dialysed three times against 1 1 
of water a t  4" (16 h), and the combined dialysates were concentrated in V U C Z ~ O  below 50'. The 
residue was dissolved in water (75 ml) and ether (100 ml), acidified with conc. hydrochloric acid 
to pH 1, and extracted with ether (300 ml). Concentration of the extracts in vacuo yielded 326 mg 
of [4'-3H, U-14C]-phenylpyruvic acid which could be further purified by rapid recrystallization 
from boiling benzene. This material had m.p. 148-151' (Lit. [30]: 150-154", varies with ratc of 
heating) and spectral properties identical with those of authentic inactive material. 

REFERENCES 

[l] J .  L.  Robert & Ch. Tamm, Hclv. 58, 2501 (1975). 
[Z] J .  C. Vederas, W .  G m f ,  L .  David & Ch. T a m m ,  Helv. 58, 1886 (1975). 
[3] Y .  Tszckuda & H .  Koyama, J. chem. SOC. Perkin I1 7972, 739. 
[4] C .  R. Lebet & Ch. Tamm, Helv. 57, 1785 (1974). 
[5] R. J .  BuyZy & E.  A .  Evans, 'Storage and Stability of Compounds Labelled with liadioisotopcs', 

[6] R. H.  Wightman,  J .  Staunton, *4. R. Battersby & K .  R. Hanson, J. chem. SOC. Perkin I 1972, 

[7] E. L. Calnm & G. H .  N .  Towers, Phytochemistry 12, 961 (1973). 

Radiochemical Centre, Amersham, England 1968, p. 30. 

2355.  



566 HELVETICA CHIMICA ACTA - Vol. 59, Fasc. 2 (1976) - Nr. 58 

[8] a) R. I fe  & E.  Haslam, J. chem. SOC. C 1971, 2818; b) G. U’. Kirby ,  S .  AVarayanaswalni 6 
P. S .  Rao. J. chem. SOC. Perkin I 1975, 645. 

[9] a) A .  E. Braunsteinin ‘The Enzymes’, P. D. Boyer (Ed.), Vol. 9, Academic Press, New York 
1973, Chapter 10; b) W .  P. J e n c k s ,  ’Catalysis in Chemistry and Enzymology’, McGraw Hill 
New York 1969, p. 133; c) ‘Pyridoxal Catalysis’, E. E .  Snell, A .  E.  Braunstein, E. S. Severin & 
Y .  M .  Torchinsky (Ed.), Interscience, New York 1968; d) A .  Meister & A .  N .  Radhakrishnan, 
J. biol. Chemistry 233, 444 (1958) ; e) E .  Schrowder & M .  Martinez-Carrion, J.  biol. Chemistry 
247, 2486 (1972) ; f) D. J .  T.  Porter & H.  J .  Brighl, Biochim. biophys. Res. Commun. 46, 571 
(1972); g) K.  Yagi in ‘Structure and Function of Oxidation-Reduction Enzymes’, A.  Akeson 
& A. Ehrenberg (Ed.), Pergamon Press, Oxford 1972, p. 401 ; h) J .  G. Voet, D. M .  Hindenlang, 
T .  J .  J .  Blanck, R. ,J. Ulevitch, R. G. Kallen & H.  C.  Dunathan, J.  biol. Chemistry 248, 841 
(1973). 

[lo] E.  Fischev & A .  Mouneyrat, Ber. deutsch. cheni. Ges. 33, 2383 (1900). 
[11] J .  B .  Gilbert, V .  E. Price & J .  P. Greenstein, J. biol. Chemistry 180, 473 (1949). 
[12] B. A .  Haviv & K. R. Hanson in ‘Methods in Enzymology’, H. Tabor & C. W. Tabor (Ed.), 

Vol. XVIIa, Academic Press, London 1970, p. 575. 
[13] a) G. W.  Kirby & J .  Michael, J. chem. SOC. Perkin I 1973, 115; b) G. W .  Kirby & M .  J .  Varley, 

J. chem. SOC. Chem. Commun. 1974, 833. 
[14] a) A .  Meister, J.  biol. Chemistry 197, 309 (1952) ; b) D.  Wellner & A .  Meister, J .  biol. Chemistry 

235, 2013 (1960). 
[15] a) E. P. Abraham &G.G. F .  Newton in ‘Antibiotics 11, Biosynthcsis’, U. Gottlieb & P. D. Shaw 

(Ed.), Springer Verlag, Berlin 1967, p. 1; b) F.  C. Huang, J .  A .  Chan, C .  J .  Sih, P. Fazwcelt & 
E. P. Abraham, J. Amer. chem. SOC. 97, 3858 (1975) ; c) B. W .  Bycvoft, C .  I l l .  Wells, K.  Corbett, 
A .  P. Maloney & D.  A .  Lowe, Chcm. Commun. 1975, 923; d) D .  J .  Aberhart, L .  J .  Lin,  
J .  Yeou-Ruoh Chu, J .  chem. SOC. Perkin I 1975, 2517. 

[16] K .  J .  Figenschou, L. 0. Fv0holm & S. J .  Laland, Biochem. J. 105, 451 (1967). 
[17] E.  Katz in ‘Antibiotics 11, Biosynthesis’, D. Gottlieb & P. D. Shaw (Ed.), Springcr Vcrlag, 

Berlin 1967, p. 276. 
[18] a) A .  K.  Bose, K. S. Khanchandani, R. Tavaves & P. T .  Fztnks, J. .Irncr. chcm. SOC. 90, 3593 

(1968) ; b) N .  Johns, G. W. Kirby, J .  D. Bu’Lock & A .  P. Ryles, J. chem. SOC. Perkin I 1975, 383. 
[19] J .  Kuhn & R. L .  Somerville, Biochim. biophys. Acta 332, 298 (1974). 
[20] a) P. S. Tobias & R. G. Kal len,  J.  Amer. chcm. SOC. 97, 6530 (1975); b) E.  H.  Abbott & A .  E. 

Martell, J. Amer. chem. SOC. 95, 5014 (1973); c) D. Hopgood, J. chem. SOC. Dalton 1972, 482. 
1211 S. M .  Fang, H .  J .  Rhodes & M .  I .  Blake, Biochim. biophys. Xcta 212, 281 (1970). 
[22]  D .  J .  Whelan & G. J .  Long, Austral. J .  Chemistry 22, 1779 (1969). 
[23] T.  Oslzilna & N. Tamiya ,  Biochem. J. 78, 116 (1961). 
[24] See [9c], p. 506. 
[25] E.  H .  Abbott & A .  E. Martell, Chem. Commun. 1968, 1501. 
1261 E.  A .  Evans, R. H .  Green, J .  A .  Spanner & W .  R. Waterfield, Nature 798, 1301 (1963). 
[27] 1M. D .  Broadhuvst & D. J .  Cram, J .  Amer. chem. SOC. 96, 581 (1974). 
[28] P. 0. Larsen & E.  Wieczorkowska, Acta chcm. Scand. B 28, 92 (1974). 
[29] S. M .  Birnbaum, L.  Leuintow, R. R. King.cley & J .  P. Greenstein, J .  biol. Chemistry 194, 455 

[30] R. M .  Herbst & D. Shenzin in ‘Organic Synthesis’, A .  H. Blatt (Ed.), Coll. Vol. 11, John Wiley 
(1952). 

& Sons, New York 1969, pp. 1-3 and 519-520. 


