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Ah&M-The incorporation of DL-N-hydroxyphcnylalanine-2-1~ into the mustard oil ghrcoside giuco- 
tropaeolin was demonstrated by plant feeding experiments. The efficiency of conversion of 1% from this 
acid into the aglycone moiety of ghtcotropaeohn was higher than that from n~phenylalanine-2-i% or 
-3-‘C, and was comparable with that observed previously from phenylacetaldehyde oximclJ4c. These 
results support the reaction sequence: phenylalamne + N-hydroxyphenylalanine + phenylacetaldehyde 
oxime --f glucotropaeolin. Enxyme preparations were obtained from Situp& alba L., noZmeolum m&r L. 
and Nurrarrirun &&a& RBr. which catalyxe the transformation of N-hydroxyphenylalanme to phenyl- 
acetaldehyde oti. Although no absolute requiremen t for cofactors could be found, an increase in the 
rate of formation of the aldehyde oxime and consumption of oxygen was observed using FMN and enxyme 
preparations from T. m&s and S. olba. Using the enzyme from T. mq& it was demonstrated that the ~olea 
of phenylacetaldehyde oxime formed and of oxygen consumed were equivalent. In this case FMN apPeared 
to be the prosthetic group and oxygen the physiological hydrogen acceptor. In addition to this enxymatic 
conversion, an unspechic and nonenxymatic oxidation of the x+hydroxyamino acid to phenylacetaldehyde 
oxime and phenylacetonitrik was observed. 

INTRODUCTION 

THE mustard oil glucosides constitute a well-defined class of plant products and detailed 
reviews have appeared on their chemistry,l distribution2 and biosynthesis.3 The similarity 
between the carbon-nitrogen skeletons of natural L-amino acids and some mustard oil 
glucosides suggests that amino acids may be the precursors of their aglycone moieties. 
Studies66 on the biosynthesis of glucotropaeolin (III), whose aglycone is structurally related 
to phenylalanine (I), have confirmed this amino acid to be an efficient precursor of the 
thioglucoside aglycone. Feeding experiments employing L-phenylalanineJ4CJ5N have 

l Issued as N.R.C. No. 10044. 
t This work is part IX of a series of papers on the biosynthesis of mustard oil glucosides; for part VIII 

see (8). 
$ Postdoctorate Fellow, National Research Council of Canada, 1966-67. Present address: Organisch- 

Chemisches Institut der Universitilt Wien, Withringer Strasse 38, Wien IX, Austria. 

1 A. IOAER, Pure Appl. Chem. 7,229 (1963). 
2 A. IOAER, in CZremicuZ Pfant Taxonomy (edited by T. SW.@, p. 453. Academic Press, New York (1963). 
3 E. W. UND~RHILL and L. R. Warma, in Biosynthesis of Aromatic Compounds, ProceeaYngs of rhe 2nd 

Meeting of the F&ration of European Biochemical Societies, Vol. 3 (edited by G. BNJIK), p. 129. Pergamon 
Prem, oxford (1966). 

4 E. W. UNDERHIU, M. D. C’rnsuo~ and L. R. Wxrrxa. Can. J. Biochem. Physiof. 40,1505 (1962). 
5 M. H. Bxtq C&m. Znd. (London). 1907 (1962). 
6 B. A. TAPPER and G. W. Burrxa, Arch. Biochem. Biophys. 120,719 (1967). 
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demonstrated7 that the carbon and nitrogen skeleton of this ammo acid, except C-l, is 
incorporated as a unit; a result which makes it mandatory that intermediates between 
L-phenylalanine and the thioglucoside be nitrogenous. 

Recently it has been reported 6* 8 that phenylacetaldehyde oxime (II) is a more efficient 
precursor of glucotropaeolin aglycone than phenylalanine. The demonstration of the 
conversion of phenylalanine to the aldehyde oxime in Z?opaeoZum mqjus L8 further charac- 
terized phenylacetaldehyde oxime as a biosynthetic intermediate. In anaIogous experiments 
in Bru~&z oierccea 3-~doly~~ldehyde oxime was detected as a product of ~-~~p~ 
metabolism.* AIso, the iindings that ~obu~~dehyde oxime and 3-phenylpropion~dehyde 
oxime are efficient precursors of the mustard oil glucosides, ~ucoput~jivin6 and gluco- 
nasturtiin,* respectively, confirm a general biosynthetic sequence for the formation of these 
tbioglucosides from amino acids as outlined in Fig. 1 for glucotropaeolin. 

This communication deals with the efficient conversion of carbon-14 from N-hydroxy- 
phenylalanine-2-14C into the aglycone of glucotropaeolin. In order to give further support 

that N-hy~oxy~o acids function as intermediates in natural processes, results of studies 
using ceil-free preparations of T. mqfus L., hbsturtium oclpihale R.Br. and Sinopis abfu L. 
are also presented which demonstrate the enzymatic conversion of N-hydroxyphenylalanine 
to phenylacetaldehyde oxime. 

RESULTS 

The data in Table 1 summarim the results of three feeding experiments in which labelled 
compounds were administered to Tropaeolum mqjus shoots. In the first experiment the 
shoots bore flower buds while those employed in the other experiments had not developed 
to this stage of maturity. In each of the three feedings there was a somewhat greater efficiency 
of conversion of carbon-14 into glucotropaeolin aglycone from DL-N-hydrox~henyl~~ne- 
Z-i% as compared with that from DL-phenyl~e-2-14C or -3-i%!. In agreement with 
earlier findings in this laboratory7 only a low conversion of the tracer occurred from sodium 
Zoximino-3-phenylpropionate-2-l% in the fmal experiment. 

In preliminary studies of enzyme preparations from several Cruciferae, transformations 
of r..-phenylalanine and Dr.-2-amino4phenylbutyric acid to phenylacetaldehyde oxime and 
3-phenylpropionaldehyde oxime were observed to take place in low yields. In order to 
ascertain more fully whether N-hydroxyphenylalanine functions as an intermediate between 
phenylalanine and phenylacetaldehyde oxime in the biosynthesis of glucotropaeolin and 
the involvement, if any, of 2-oximino-3-phenylpropionic acid, we tested these compounds 
as substrates for various enzyme preparations. The enzyme assay was not based on the 
disappearance of substrate but rather on the formation of phenylacetaldchyde oxime-i4C 
since preIiminary investigations revealed the formation of other radioactive compounds in 
addition to the aIdehyde oxime when ~L-N-hydrox~henyI~e-2-~~ was used as substrate. 

* H. KINDL, unpublished. 

7E.W.UmmandM.D.a fwochem Bio~ys. R&r. czkmnwl. 14,425 (1961). 
* EL W. Uv Euro-J. Biochm. 2,61(1%7). 
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TABLE 1. cokIpAuIsoN OF “C-LUBLLED coMpouNDs W -R.¶ OF THE AOLYCONB OF 0Luanu0PAxw.N 

Expt. Compound fed 

Frcshwt. ,- 
Gpcotropaeolin aglyconc’ 

, 
spec. act. of shoots wt. Spcc. act. % 14c 

(/Qnnxw (0) (mg) @C/mmole) converted 

1 DL-PhCllylabill~2-‘4 
DL-N-Hydroxyphenyl- 

alaninc-2-‘4c 
2 DbPhCll)‘liblliW3-1*c 

DbN-Hydroxyphenyl- 
alanine2-‘4c 

3 DL-Phcnykalanbe-3-W 
DL-N-Hydroxyphcnyl- 

alanine-2-‘4c 
DbN-Hydroxyphcnyl- 

alanine2-‘4c 
2-Oximino-3-phcnyl- 

propionak-2-1*ct 

4.13 

2.95 
10.73 

320 
1412 

3.05 

2.86 

12.02 

110 63 

82 58 
269 35 

3:: E 

82 33 

82 37 25.2 

46 34.2 

58.5 o+o 

46.8 1.03 
29.8 5.31 

43.3 1.58 
17.1 6.82 

22.6 1.82 

1.37 

@12 

7.68 

9.84 
8.95 

12.91 
4.97 

8.14 

7.28 

0.20 

l lsolatcd as bcnzylthiourca. 
t Administered as the sodium salt. 

The conversion of DL-N-hydroxyphenylalanialanine_2-’4C to labelled phenylacetaldehyde oxime 
was demonstrated with enzyme preparations (both prior to and following partial heat 
denaturation) from Skzpis a&z, T. majus and Nasturtium ojicinak whereas no formation 
of phenylacetaldehyde oxime was detectable using 2-oximinc+3-phenylpropionic acid-2-W. 
Employing the assay for the detection of labelled phenylacetaldehyde oxime and without 
addition of cofactors to the incubations the protein was purilied as . cd in Table 2. 
Most remarkable is the great increase in the specik and total activity by heat treatment. 
It would appear that such increases were due to removal of inhibitor leading to the increase 
in total activity and removal of denatured protein to increase the specilk activity. 

TABU. 2. hnuplCATlON OF ‘IUE ENZYME FROM N. ofi&& 

step 

Specific activity 
(unii$U) Total activity 

(units+) 

crudccxtract 
Ammonium sulfate fractionation 
Paltial heat denaturatioll 
Scphadcx G-100 
Ammonium sulfa& precipitation 

0.3 0.80 
5.5 0.71 

2.30 3:: 
l-80 

420 1.68 

l A unit ‘of cnzynm activity is the formakm of 1 gn01e of phcnyl- 
acctakbhyde oxime-W per min at 25” under the deEned conditions. 

More detailed results could be obtained about’the enzyme when crude enzyme prepara- 
tions were put on a Sephadex G-100 (2-O x 70 cm) c&unn which was calibrated with dextran 
blue P-2000 and hemoglobin (Fig. 2 where V,-285 ml, Vp85 ml and &, as de&& in 
Ref. 9). The maximum of enzyme activity was detected corresponding to a molecular weight 
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of 50,000 to 60,000 for N. oficinule (Fig. 2) and T. majus and of 35,000 to 45,000 in the case 
of S. alba. A major protein peak without enzyme activity had an elution volume corres- 
ponding to a molecular weight of about 100,000. In all cases it was obvious that more than 
one species of protein showed catalytic activity. Furthermore, fractions with a molecular 
weight lower than 10,000 yielded an increase in the formation of phenylacetaldehyde oxime. 

i”“““““‘1 PROTEIN CONCENTRATION 

ENZYME ACTIVITY 

0.00 0.21 0.40 060 060 Kav 
, t I 

60,000 35,000 22,ooo M 

Fm.2. FRACITONATIONOFAN ENZYMEP~~~ONPROMN.O~~~~ON~~P~~ G-100. 

PH 

Fra.3. E~~~OF~HONT~~RMAT'~~~~OPPHENYW CETALDEHYDEOXBfL?-"~USINQANENZYME 
PREPAFtATION(PURIFIED ) PROM T. m&s L. 

Fractions after Sephadex G-100 chromatography exhibited enzyme activities without 
addition of cofactors and had a pH optimum of 85 (Fig. 3). The K, for Whydroxyphenyl- 
alanine, estimated from the initial velocities of I*0 to 20 mM solutions, was 7 mM. Substrate 
inhibition occurred for solutions higher than 8 mM as evidenced by the departure from 
linearity of the Lineweaver-Burk pIot. When N-hydroxyphenylalanine was incubated in the 
presence of boiled enzyme or in the absence of enzyme small conversions to phenyiacetalde- 
hyde oxime were observed and are designated as “background” in Fig, 4 which shows a 
linear increase in the enzymatic formation of the aldehyde oxime during a period of more 
than 1 hr. A strict proportionality between the conversion of N-hydrox~henyla~e to 
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I I I I I I 

EN~YUATIC REACTION -, 

“BACKGROUND” - 

TIME, minutes 

FIG. 4. AMOUNT OF PHENYLA CETALDEHYDE OXIME-ly: FORhfED WlTH RELATION TD TIb42. 

phenylacetaldehyde oxime with enzyme concentration was also obtained. Potassium 
cyanide and p-cbloromercuriphenylsulfonate at O-5 mM did not inhibit the reaction, but the 
enzyme was almost entirely destroyed by acetone precipitation. 

Experiments were undertaken to determine whether the enzymatic formation of phenyl- 
acetaldehyde oxime involved a disproportionation l1 of N-hydroxyphenylalanine to give 
2-oximino-3-phenylpropionic acid which on decarboxylation would be expected to yield 
the aldehyde oxime directly (see Fig. 8 under Discussion). According to such a dispropor- 
tionation mechanism the sum total of 2-nitroso-3-phenylpropionic acid, 2-oximino-3- 
phenylpropionic acid, phenylacetonitrile and phenylacetaldehyde oxime should be equal to 
(but not greater than) the amount of phenylalanine formed. However, as shown in Table 3, 
the amount of phenylacetaldehyde oxime formed from N-hydroxyphenylalanine during 
30 min incubation with enzyme was greater than the amount of phenylalanine formed. 

TABLE 3. FORMATION OF PEENYLALANINE AND P HENYLACETALDEHYDE OXMJI FROM N-HYDROXWHENYLALANINE 
DUE To ENZYMATIC AND SPONTANJXXJS RJXIXIONS 

No. 
Time 
(tin) 

Formation of 
I , 
Phenylalanine Phenylacetaldehyde oxime Phenylacetonitrile 

FMN (dpm) (dpm) 
Em (2 W) x 10-J x lo-’ 

?g) 
2 

1 10 + - 46 40 41 
2 :: - - 7.6 3.5 
3 + - 

‘z 
117 40 

4 30 - - 39 8.8 
5 30 + + 7 410 

The incubation mixture (2.5 ml) contained 4 mg protein derived from T. m&s, I.55 mg (1.7 x 10s dpm) 
DL-N-hydroxyphcnyklanhl@alanine2-’*C, @l M 2-amin~2-mcthyl-1,3-propandiol-HCl buffer, pH 8.6, 2 mM 
EDTA. 

gT.C.LAmandJ. KnLANoE& J. ckXtxzr0g. 14,317 (1964). 
10 M. IcIEse and M. PEK& Arch. Exptl Pathol. Phanmkol. 246,413 (1964). 
‘1 I. D. SPEXWX and A. AHMAD, Proc. Gem. Sot. 375 (1961). 
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The results obtained in the absence of enzyme indicate the formation of both phenylalanine 
and phenylacetaldehyde oxime from N-hydroxyphenylalanine. An additional product whose 
R, on thin-layer chromatograms corresponded with authentic phenylacetonitrile was also 
formed, presumably by decarboxylation and dehydration of 2-oximino-3-phenylpropionic 
acid12 or by dehydration of phenylacetaldehyde oxime. 

On the simplest view, the enzymatic conversion of N-hydroxyphenylalanine to phenyl- 
acetaldehyde oxime should take place by removal of a pair of protons and decarboxylation. 
Although the enzyme did not require cofactors for the formation of phenylacetaldehyde 
oxime, considerable increases and decreases in the conversion of N-hydroxyphenylalanine to 
the aldehyde oxime were observed when various natural and unnatural compounds were 
added to the enzyme incubation mixture. In Table 4 the effects of such additions to the 

TAI.ILB~.~ OFVARIOUSCOMPOUNDSONIH.@ 

FORMAnON0FPHENYL.A cmxLDEHYD80xrME 

Cofactors* Relative activity 

None? 100 
PAI% Nm. Bs 
J36 ii 

FAD 125 
Phenahe methonulfate (PMS) 
PMN $“: 
Dithiokitol 40 

l Eachcofactorwaaaddedtogivea2mM 
solution except for PM!3 which was O-5 mM. 

tIbymewa8derivedthmS.aiba. 

enzyme derived from S. alba are summarized compared with the incubation without added 
cofactors. The addition of oxidizing reagents, in particular FMN and PMS (phenazine 
methosulfate), caused a large increase in the yield of aldehyde oxime whereas the reducing 
reagent, dithiothreitol, caused a marked decrease. The addition of o-iodosobenxoate and 
Fe% to incubations both in the presence and absence of_enzyme resulted in large increases 
in the yield of phenylacetaldehyde oxime and the reaction seemed to be entirely due to a 
nonenzymatic oxidation and decarboxylation of the substrate. Similar results were obtained 
when the enzyme derived from T. majus and N. ojicinaie was employed except no increase 
in aldehyde oxime was observed on addition of FMN to the enzyme preparation from 
N. oflcinale. Hemoglobin, known to catalyze the oxidation of N-atoms,lO when incubated 
in the absence of the enzyme and cofactors also catalyzed the formation of phenylacetaldehyde 
oxime. 

For a better understanding of the oxidation step the uptake of oxygen as measured by 
the Warburg apparatus was employed. The oxygen uptake was determined for enzyme 
preparations derived from T. m&r, S. alba and N. oficinale in the presence and absence of 
DL-N-hydroxyphenylalanine and of FMN. Also a pH optimum of 8.3 to 8.8 was obtained 
using this assay. The oxygen uptake in the absence of substrate but in the presence of enzyme 
alone (derived from each of the three plants) was negligible as was also the case when FMN 
(5 mM) was incubated with the enzyme and no substrate. It can be concluded from the data 

12A. ,Q~~~axrd I. D. SFSNSLS, Cun.J. C&m. 3$1340(1%1). 
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in Fig. 5 that an enxyme reaction involving the uptake of oxygen takes place with N-hydroxy- 
phenylalanine and that the rate of the reaction is increased by the addition of FMN (by 
approximately the same magnitude as shown in Table 4 for FMN). The k;. for FMN using 
the protein from T. majus was O-1 mM and using the protein from S. alba was 0.6 mM. There 
was no increase in rate of the reaction on addition of FMN using the protein derived from 
N. oficinale. The addition of FAD to the enzyme derived from the above three plants 
resulted in only a slight increase in rate of oxygen uptake whereas the addition of PMS 
caused a greater increase in the rate than found when FMN was added (Fig. 6, cf. Table 4). 

8 -‘. I I I I_ 
, EtFMNtS 

z 6- 

: 
/ 

0 

O” o;~e-FMN+S ; 

I I I I I 

0 30 60 so I20 

1 I ME, minutrr 

FIQ. 5. OXYGEN UPTAKE usIN AN ~NDIUYZED BNZYMB PllEPMtATlON FROM T. m&~ AND DL-N- 

EwDROxyPHHNYULAMNEM PRESENCE AND msmc~ OF FMN. 
LewesofT.mq/u.v(16g,3weeksold)wcre&ractcd with 100 ml phosphate but&, O-5 M, pH 7.5. 
Tbc ammonium sulfate precipitated protein (fraction bctwen 0 and 40 g ammonium sulfate per 100 
ml linal volume) was dissolved in 20 ml O-1 M 29mino-2-mathyl-1,3-propandiol-HC1 buffer, pH 
8-6.2 m: EA. DbN-&dro~yphaay~, 5 n&t (s),.w63 incubf+ with 0.7 ml of Cm?ymc @) 

rwcnce or absence of FMN (5 mM). Pro&m ColxcntratKm was 45 @ml. 

The uptake of oxygen and formation of phenylaeetaldehyde oxime was studied simul- 
taneously using the same enzyme preparation from T. majus as employed for experiments in 
Fig 5 and DL-N-hydroxyphenylalanine-2-1% as substrate. Incubations were made in ten 

E l 0.5 mY PMS 

E + 0.6 mkl FYN 

TIME, mlnutrr 

uFrAKEusNc3A?uRnwDPnolFJN PROM T. mt#fs AND DL-N-IIyDIIIxypHIMyL 

AIANINBA3suBsrRAm. 

ho. 6. OXYGEN 
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Warburg vessels, five in the presence of 5 mM FMN and five without added FMN. At 
10 min iutervals the mixture from a vessel was worked up for the amount of radioactive 
oxime formed and the fifth vessel of each series was used for measurement of oxygen con- 
sumption (Fig. 7). For each determination the ratio of the pmoles of oxime formed to the 
~moles of oxygen consumed was essentially 1: 1. With phenylalanine as substrate there 
was no oxygen uptake (Fig. 6); thus, the above oxidation did not involve the iing. 

/WITH FMN 

0.3 - 

0 20 40 60 

TIME, minutrr 

FIG. 7. !%ULTANEOUS m OF OXYCXN UPTAKE (A) AND P HEI’NLA~~EHYDE OXIME 
FDRtdED (0) DSII’R? ENZ‘Y?dE FROM T. +&.T AND DL-N-IiYDROXW~-2-l% AS SUJBTRA’lX. 

DISCUSSION 

According to theoretical considerations, the most likely intermediates between phenyl- 
alanine and phenylacetaldehyde oxime on the pathway leading to the formation of gluco- 
tropaeolin seemed to be ~-hydrox~henyla~ine and 2-ox~in~3-phe~ylpropioni~ acid. 
The results presented in this paper from plant feeding experiments (Table 1) show a greater 
efficiency of conversion of 14C from N-hydroxyphenylalanine-2-1~ into the thioglucoside 
aglycone as compared with that from Dr.+-phenylalanine-2-i4C or -3-14C whereas only an 
insignilicant amount of 14C from 2-oximino-3-phenylpropionic acid was incorporated. 
The efficiency of incorporation of the N-hydroxyamino acid was comparable to that reported 
previously from phenyla~~ldehyde oxime- l- i4C which was shown to be derived from 
phenylalanine in ?‘ropueoh maju.s.* It would appear to be most unlikely that the 14C 
from N-hydroxyphenylalanine-2- 14C was incorporated via phenylalanine into the thio- 
ghtcoside as a result of a nonenzymatic or spontaneous disproportionation reaction such 
as reported by Spenser and Ahmad. ii Under such circumstances a maximum of one-half 
of the administered activity would have been converted to phenylalanine with an equal 
amount of *4c appearing in the other products of the dispropo~onation: the greater per 
cent incorporation of the tracer into the glucoside from N-hydroxyphenylalanine-2-i4C as 
compared with that from phenylalanine-2- and -3-i4C would appear to rule out such a 
possibility. 

The apparent failure of 2-oximino-3-phenyipropionic acid to serve as a precursor of 
phenyia~~ldehyde oxime and glucotropaeolin is somewhat perplexing, particularly in 
light of recent investigations on the biosynthesis of cyanogenic gIucosides where amino acids, 
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2-oximino acid@ and aldehyde oximesr4 are all considered as precursors of this class of 
glucoside. However, the reaction sequence leading to the formation of the mustard oil 
glucosides would appear on the basis of the results of the feeding experiments not to involve 
2-oximino-3-phenylpropionic acid, but rather the conversions, phenylalanine + N-hydroxy- 
phenylalanine + [ ?] + phenylacetaldehyde oxime ++ glucotropaeolin. The conversion of 
phenylalanine to N-hydroxyphenylalanine most likely takes place by an analogous reaction 
to that reported by Stevens and EmeryI for the biosynthesis of hadacidin which proceeds 
by oxygenation of the amino nitrogen of glycine to yield N-hydroxyglycine; a similar pathway 
but involving omithine has also been reported for the biosynthesis of ferrichrome.16 

Some N-hydroxyamino acids have been found in nature, mostly as N-acyi compounds17 
but N-hydroxyphenylalanine itself has not been reported as a natural product. Little detailed 
information is known about the chemical reactivity of these compounds although Spenser 
and Ahmad’ l have shown that N-hydroxyphenylalanine disproportionates to phenylalanine 
and 2-oximino-3-phenylpropionic acid ; 2-oximino-3-phenylpropionic acid, which is pres- 
umed to be formed from the corresponding 2-nitroso acid by tautomeric shift, may be readily 
converted to phenylacetonitrile12 (reaction D, Fig. 8). We could confirm this behavior for 
N-hydroxyphenylalanine (IV) as at pH 7 and 25” we found phenylalanine (I) and smalI 
amounts of phenylacetonitrile (VII) produced. In addition, we have identified phenyl- 
acetaldehyde oxime (11) as a further product which may also dehydrate to the nitrile (reaction 
c). The addition of oxidizing reagents as FMN or o-iodosobenzoate caused an increase in 
the formation of the aldehyde oxime and one must presume that the decarboxylation of one 
isomer of 2_oximino-3-phenylpropionic acid is spontaneous. 

Definite support for the enzymatic conversion of N-hydroxyphenylalanine to phenyl- 
acetaldehyde oxime was obtained through studies with cell-free preparations from T. ma@, 
Nasturtium oficinale and Shapis alba. Although the conversion of the N-hydroxyamino 
acid to the aldehyde oxime with low molecular weight compounds, e.g. FMN, Fes+ and 
o-iodosobenzoate, was observed, an enzymatic conversion was readily demonstrated and 
would appear to be the physiological process involved in the pathway leading to the forma- 
tion of phenylacetaldehyde oxime and glucotropaeolin. We have been able to exclude the 
possibility that our enzyme preparations catalyze the ~spropo~io~tion reactions A and B 
(Fig. 8) since in most cases the formation of phenyl~~dehyde oxime was distinctly higher 
than the amount of phenylalanine formed (Table 3); a result which is incompatible with 
reactions A and B. 

2-Oximino-3-phenylpropionic acid did not act as a substrate for the enzyme, due perhaps 
to the use of the wrong geometric isomer or to the possibility that it remains enzyme bound 
in the reaction. In the latter case, reactions E and F could be responsible for the enzymatic 
conversion to the aldehyde oxime and could account for the finding (Fig. 7) that for each 
pmole of phenylacetaldehyde oxime formed an equivalent amount of oxygen was consumed. 
It is evident that the conversion of N-hydroxyphenylalanine to the aldehyde oxime involves 
an oxidation step but, at present, we have no evidence that 2-oximino-3-phenylpropionic 
acid is an intermediate in the reaction. On the other hand, it is also possible that the trans- 
formation of N-hydrox~henyl~a~ne to phenyla~~ldehyde oxime, involving both a 

13 B. A. TAP-. Personal communiaition. 
14 B. A. TAPPER, E. E. CONN and G. W. BUTLER, Arch. Biacfirm. &o&s. 119,593 (1967). 
15 R. L. STEVXNS and T. F. EMERY, Btixhemtstv 5,74 (1966). 
16 T. F. EMERY, Biockmisfry 5,3694 (1966). 
1’ J. B. NIZIUNDS, Science 156,1443 (1967). 
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dehydrogenation and decarboxylation, may have some parallel with the oxidative decar- 
boxylation of amino acids to the next lower acid amide.l*~ l9 But the enzyme leading to the 
phenylacctaldchyde oxime appears to function as an oxidase rather than as a mixed function 
oxygenasc. Analogous reactions may be involved in the formation of various nitro com- 
pounds, e.g., ~~~opropjo~c acid.2o 

Of the natural cofactors employed in these experiments, the addition of FMN to the 
enzyme preparations from T. rn&s and S. a&a resulted in the Iargtst increase in the rate of 
formation of the aldchyde oximc and consumption of oxygen. Since the enzyme fimctioncd 
without addition of cofactors it is possible that the hydrogen a-tot (FMIW) remained 
covalentiy bound to the enzyme throughout its puritication. 

Owing to the unety of there being one or more enzymes involved in the trans- 
formation of the N-hydroxyamino acid to the aldehyde oxime, as well as our present lack 
of understanding of the mechanism involved, no attempt was made to name the enzyme 
Stlldkd. 

EXPERIMENTAL 

r’c-Labrffed compowt& 
ru&henyh&nin&U(c was pumhaaed from the Radiocheukl Centre, y &gland, and 

~~-phcny~33_rC from Now Englaud Nuclc~ Corp., Boston, Mas& 2~3~henylpropionic 
acid-2.‘rC was kiudly supplied by Mr. M. D. Chishohn of this laboratory. 

N-Hydroxyphenylalanlne-Z-*4C was prepared as follows. 2.Bromo-3-phenylpropionic acid was first 
synthesized according to the procedure of Maimind et uk 21 : to an ice-cold solution of ncpw2-*rC 
(495 me) and KBr (1.2 8) in 5 ml of 3 N HsSGc a saturated aqueous solution of NaNOs (270 mg) was added 
dropwise and with stirring over 3 hr. The internal temperature of the reaction mixture was maintained at 
-10”. Themixtunwasdiluted~~1~5mlofwatrrandextracted~timeswithlOmlofetherandths 
methyl ester of 2.bromo-3.pbenylpropionic acid was pmpared using CHzNs. The solution of the bromo 
eater was washed once with 5 % NaHCO1 and the ether dried (NasSG4). The yield of methyl-2.bromo-3. 
phenylpropionate-2-1~ was 72 %. N-Hydroxyphenylalanine-2-*KZ was prepamd accor&g to the procedmu 
of Buchler and Btwwnu by stirrmg c&molar quantities of the “C&belled u-bromo ester, an&enmldehyde 
oxime and Na in anhydrous ethanol overnight and relluxinq the resulting substituted n&one with 3 ml of 
cont. HCl for 30 min. The a-N-h-0 acid was mmysU&d three ttmS from water-ethanol to 
yield 110 mg of product (20% from D~ph~y~2-*~~ r&p. ISS-lS9°, with a radiochemical purity in 
exoess of 95% when chromatographed using ~bu~ol:~~~~ ~H:~ol:~e (5:3:2:1 
v/v),33 II, 0.86, and n-butaaol mhuatcd with 2 N NH,OIi, R, 0*91. When clumatograpbcd in rt-butanol: 
aceticacid:wata(4:2:1-8vlv)~~~~of~~~~i~tion~byspenSerandAhmad” 
withtheappuuaxe of a radioactive ninhydrin positive spot (R,OM) comspondine to &cllylalanine in 
addition to the major radioactive reducing spots* at R, O-91 with some tail@. 

Plant Feeding Eqetfments 

Labelled compounds were admiuistered to T. m&s L. by immendngthccutendoftheplantsteminan 
aqueous solution of the tracer (2-10 ml). Water was supplied as tequired for complete uptake of the com- 
pounds (cu. 2-3 hr) and for the remaiuder of the metabolic period (22 br under continuous light). The a&zone 
moiety of glucotropaeolin was isolated from the plants as benzylthiourea as deacrihed previously.4 

m reaction mixture (25 ml) coma&d 5 mM ~-hy~o~~~c, @l M 2-amine-2.methyl-1,3- 
prop~~ol-Hi buffer, pH &6,2 mM EDTA and al to 0-S units of enzyme (unit of enzyme activity as delined 
in Table 2). To stop the reaction 05 ml of ethanol comaining l-2 rug of inactive ph~~dehyde oxlme 

*s M. Mm and L. L. INoRhHAM, J. RioI. Chcm. 237,109 (1962). 
19 T. KCSUOE, M. G. HESFSJJIT and E. E. WETON, J. Bbl. Chem. Z&i,3788 (1966). 
20 P. D. SMW and J. A. Mm, Biackmf.rtty 6,2247 (1967). 
21 V. I. m, K. M. Bar+fot&v and M. M. SHZMY~, Zh. Obsbch. Khim. 26,2313 (1956). 
z2 E. Bustnza and G. H. BROWN, J. 0~. Chem. 32,265 (1967). 
23 G. BILLEK and H. KINDL, bfonratsh. Chem. 93,85 (1962). 
2’ G. A. SNOW, 1. Chem. Sot. 2588 (1954). 
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was added and heated on a steam bath for 3 min. The reaction mixture was transferrai with 20 ml water 
to a separatory funnel and extmcted with 20 ml benzene. The benmne solution was washed with 3 ml water, 
dried (bIassO,) and an aliquot of 5 ml counted. The main part of the aldoxime could be separated by TLC 
(thin-layer chromatography) with benzene:ethyl acetate, 7:l (v/v). R, values under these conditions were 
phenylacetaldehyde ortime 044, phenylpropionakiehyde oxime O-55, phenylacetonitrile O-85, phenyla&ine, 
2-oximino-3-phenylpropionic acid and ~-h~ox~h~y~e 040. The appropriate area was removed 
from the plates and counted. The amount @moles) of p~nyla~~~hyde oxime formed was calculated 
t&n the 1% activity isolated from the plates and the specigc activity of the ~L-N-~Y~o~~~~~-~~ 
used in the incubation mixture. To verify that the tioactive ama at Rf 044 bekmged to plushy& 
oxime two solvents for paper chromatography were used, namely (a) paper impregnated with 10% a-bromcc 
naphthalene in CHCls, then chromatogmphy in water:pyridine, 2:l (v/v), Rx value to p-nitrophenol O-35 
and (6) paper irnpregnat& with 20% (v/v) formarm ‘de in ethanoJ then chromatography in cyclohexane, 
R, value O-27. The aqueous solution from the benxene extra&on was put on a column (1 x 10 cm) containing 
Amberlite IR4B (OH-) resin. After elution with 80 ml water and concentration of the et&rent, an aliquot 
was counted and the rest chromatogmphed on paper using the solvent n-butanol:ammonia:ethanol:water, 
5 : 3 : 2 :l (v/v). The area on the paper chromatogram containing the phenylalanine was cut out and counted. 

Leaves of T. mnjus, S. alba or ff. ofJiin& (SO g) were ground with liquid Ns and extracted with 250 m 
phosphate buffer, 05 M and pH 75, containing 500 mg EDTA, 50 mg glutathione, 20 mg dithiothreitol and 
10 g Poiyclar AT. The extract was squeezed through a terylene cloth and centrifuged 15 min at 30,000 x g. 
The subset (200 ml) was subjected to (NH&Q fractionation and the protein corresponding to a 
fraction between 14 to 38 g (NH.+)$!Q per 100 ml Enal solution was used for further puritication. The protein 
in 25 ml Tris-HCl buffer, pH 7.5 and @1 M, was heat treated by incubation for 10 min at 459 After centri- 
fugation, the supematant sample (10 ml) was put on a Sephadex G-100 column (44 x 70 cm) and chromato- 
graphed using Tris-HCl but&r, 0214 M, pH 7.5 and 1 mM EDTA, as solvent. A fraction correc~nding to 
a K-=0-20 to O-50 was eobcted (60 ml) and the protein concentrated by precipitation with 30 g of 
(NH,)sSG,. The protein was dissolved in 20 ml Tris-HCl buffer and the solution &rifled by centrifugation 
for 20 min at 30,ooO x g. Protein was determined according to Lowsy et al.*5 

Radioactive areas on paper chromatograms were detected using an A&graph Chromatogram Scanner 
(Nuclear Chicago Corp.) or as paper strigs suspended in a Butyl-PBD (Ciba L&&d, Basle)$oluene scin- 
tilla&x solution (5 g Butvl-PBD ner litre of toluene) and assaved in a Nuclear Chicaao Mark I scintillation 
spectrometer. At& removed from thin-layer chro&ogra& were suspended using&b-G-S&M-5 (Cabot 
Carbon of Canada) in Butyl-PBD/toluene. Crystalline lipophilic compounds were counted in the Butyl- 
PBD~tol~ne scintillator solution while hydropic compounds were counted in Bray’s solution.26 
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