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UREA METABOLISM IN BASIDIOMYCETES-II 
FORMATION OF y_GUANIDOBUTYRIC ACID IN FRUIT BODIES OF 

L YCOPERDON * 
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papcrchromatographicsurwychcckalthe~of~inplaDbellsofLyaqpaabn 
maximum, L. molk, L perlatum aud L. py+rmk The apparent route of y-guanidobdyrk acid formation 
fkomargikeistheoxidativepathwayvia~-acid. FromacctonedriedpuffbakofL. 

INTRODUCTION 

INGENlWL, puffballsOfLycoperdonSpp.containV~bigh~un~Ofnrea J%imatesof 

ure;rcontentinL.umbrinum1haveindica~~~upto8.7%oftotalfruitingbodydry 
weight, mpresenting 37 % of the total nitrogen and 72 % of the soluble N, corresponding to a 
concentration in the press-juice of about O-15 M. The physiological function and ultimate 
fateoftheselargequantitiesofureaarenotknown. Thebiochemicaleventsofureaformation 
now have been studied using radioactive compounds and purified enzymes.l- 2 

Urea synthesis along well-known lines of aerobic purine degradation has been estab- 
lished.1*3 However, ds-novo synthesis of ureides or purine precurarors, ESpectively, is too 
unimportant to explain the high rate of urea formation and accumulation iu fruit bodies of 
Lymph and Aguricus. There is an analogous situation concerning pyrimidines. 
[214C14Jracil is very readily converted to [14c14uea. The reaction path is unknown. 
However, in experiments using [4-1”C]-aspartic acid de-nova synthesis of pyrimidines is 
unimportant (unpublished data). 

From our isotopic experiments it is highly probable that urea biosynthe8is in higher 
basidiomycetes mainly proceeds along the reactions of the K&s-Henseleit omithine cycl~.~ 
The mushroom carbamylation system has been partSly puSed by L8veuberg.2 Carbamyl 
phosphate synthesis in basidiomycete tissues employs the amide-N of L-glutamine as a 
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specifk source of the carbamyl-nitrogen of citrulline. Ornithine tmnscarbamylase and argln- 
ase, as well as an enzyme that catalyses a&nine formation from citrulline and L-asparrate in 

the pz-cscmce of ATP and Me have been described from higher fungi?’ 

EXPERIMENTS AND RESULTS 

In~~inwhicharginine~~yla~~~withcarbon-14intbcgpanido~~n 
was fed to p&balls of severaiLrcoperdwt spp., a high proportion of radiocarbon was incor- 
porated into two unknown guanido compounds (Gl, 62) besides urea* (Table 1). Subsequent 
tests indicated that the radioactive argiuine metabolites are a-keto-&&dovaleric acid 
(G,) and y-guanidobutyric acid (G& 

A paper chromatographic survey of the 70% ethanoi extracts of puffballs ofLytxqm-dm 
maximum, L. molle, L. pwlatamr, and L. pydform revealed the oaxmwncc of y-guanidobuty- 
rate in all of them. The keto compound (Gl) was detectable only a&r arginine had been fed. 

In puf!Wkl ofLytTcq?w~przutlan y-gllanidobu~c acid lam fm ‘9X2 was only 
weak, whereas &PC!J-ar@nine was preferentially transformed to fW!+ur& and ~*%J-y- 
guanidobutyric acid. 

Bnfferextracts~efrom~~~powdersof~~~~an8L~yriforntcwerefraction- 
ated by two ammonium sulphate ~pi~o~‘(~3’~ and my dialysed to remove ali 
traces of the substrate. ~~~ti~ of rj-(+)-arginine with this enzyme system resulted in the 
formation of a&to+uanidovaleric and ~guanidobutyric acids. In a typical experiment 
the reaction mixture contained: enzyme solution (17.6 mg protein), @4 ml; L-arginine-IICi 
(2.5 qoles), 0.1 ml; m/15 phosphate buffer, pH 7.3, O-3 ml, in a total volume of O-8 ml. 
The mixture was incubated at 34” and aliquots (40 d) were withdrawn after 1,2,4,6 and24hr 
for paper chromatographic analysis. Guanidine derivatives were located by the Sakaguchi 
spray reagent. 

In experiments with carbon-14 h&&d arginine, ~,~-~o-"%$aq&ine-H~ (1.1 

mcjmM; l-2 &* was incubated with the enzyme in the presence of crystalline beef liver 

*~~~~a~~for~~~. 

s P. P. CORBN and Ck W. Rmvm, Jr., in Comparative I%OChh~,3d.M.-pndH.S.~, 
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catataseandla~a(G3~~~inthftrtactionmixtureas 
revealed by the radioautograph after twodimeMional paper chromatography (Fii 1, I). 
Without added catalase the keto compound was partially further degr&d to y-guanido- 
faced. ~~bly,ourcrudeenzymcr~tionwascontaminaRadwithcatalase. In 
fresh dia&sed preparations ~l~~ket~~dov~c acid was predominantly formed 
from [snsnido-*%$arg&m, whereas in enxyme solutions kept in the freezer over severa# 
weeks the additional formation of [l’%~guauidobutyric acid and two unknown labeled 
compounds was observed in analogous incubation wperiments,theseobviouslybeingfurther 
oxidation products of the keto acid (Fig. 1). 

Lycoperdon pyr@mze enzyme was incubated at 34” with or without L-( +)-argi&e-HCl 
in the presence of catalase. The complete reaction mixture contained: enzyme soh~tion, O-5 
ml; m/l5 phosphate buffer, pH 7.3, Oe2 ml; catalase solution (10 pole+ O-2 ml; and 
~~H~(l*27~01~),~2~. ~~Consumption~estimatad~~eW~b~ 

~q~~~t~~of IOminupto 12Omin. U~~~~~on~~of~nway, 
ammonia evaluation was de&mined in analogous reaction mixtums, except that substrate 
concentrations were increased about 2%fold. The paper c~~~~p~c examination 
revealedthaa~~ofac-keto-S-guanidavakricacid,thefonnatonofwhichisoa~~~ 
to oxygen uptake and ammonia evahration. Smprisingly, added FAD(l(r*M) had no effect 
either on oxygen uptake or on ammonia formation from arginine. The fungal enzyme be- 
haved quite shr&rly to a crude buffer extract made from dried Agk&truth piscivorus venom 
whichisknownto~aboutl%of~oacido~acring~onarginine. 

. . 
Prelmmy fseding experimentrr with several guanido compounds have shown that in 

fruiting bodies of Lycoperdon pyr&m and Ago&us b@ootu ~arginme and y-guanido- 
~~c~d~~e~l~. ~~of~~~~~~~h~. Onehalfwas 
supplied with water (controi), the other with one of the guanidine derivatives cited above 
(Table 2). A&r 24 hr the urea content of the caps was estimated, using commercial urease, 
following the microdiEusion procedure of Conway.8 A&nine and ~guanidobutyric acid 
were obviously degraded with the concomitant formation ofurea, whereas ~guanidobutyric 

*B.J.CO~~~WAY~KO’~,BIOCIWAI,J.~~,~~~(~W~). 
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acid amide and guanidine sulphate did not raise the urea level. Degradation of ~guanido- 
butyrate in &Z&U caps was also established using ~doJ4CEy-guanidobutyric acid. 

There is some evidence that arginine and ~guanidobutyric acid are decomposed by 
different enzymes in basidiomycete tissues. Fruit bodies of L. pyrijhme and A. bispoms were 
extracted with diluted MnS04 solution (05 “/,). The supernatant obtained after centrifugation 
at 6000 g for 30 min was capable of splitting Garginine, but not yguanidobutyric acid. 
An acetone powder made from fruiting bodies of A. bisporw was homogenized with a mixture 
of acetone-water (1: 1). The homogenate was centrifuged at 14,000 g for 15 min. Incubation 
with the supernatant of 5 pmoles Mlrginine, and 5 pmoles r_guanidobutyric acid, respec- 
tively, resulted in the formation of O-75 pmoles resp. l-25 pmoles urea. (The reaction was 
stopped before guanidine breakdown was completed.) Further investigations are however 
necessary to elucidate patterns of guanidine metabolism in basidiomycete tissues. 

DISCUSSION 

Evidence is presented that y-guanidobutyric acid present in puffballs of Lycopenion spp. 
is synthesizd by an oxidative deamination of r.-a&nine. An oxidative pathway of ~guanido- 
butyrate formation via a-keto-&guanidovaleric acid has been reported in marine inverte- 
brates,g insects,lO and a strain of gram-positive bacteria.ll Some evidence for this mode of 
y-guanidobutyrate synthesis also occmrmg in higher plants comes from the recent work of 
Bames.12 The labelling patterns he found in pine tissues fed uniformly labelled arginine, are 
more consistent with the hypothesis of the oxidative pathway than with a synthesis by 
transamidination. 

Our enzyme preparations made from acetone powders of L.. perlatum and L. pyrijhne 
behaved quite similarly to a buifer extract made from dried Agkistrocdon piscivorw venom. 
~-(+)&gin& is oxidative deaminated to a-keto-8-guanidovaleric acid which is further 
oxidized to y-guanidobutyric acid obviously by means of hydrogen peroxide arising in the 
reaction. In the presence of added crystalline beefliver catalase the keto compound accumu- 
lates. Its formation is coupled to oxygen uptake and ammonia evolution. 

Our enzyme preparation was free from any transamidinase activity with arginine as 
amidine donator. [2J4C]-Omithine was not incorporated into a&nine. In trapping 
experiments with hydroxylamine acting as amidine acceptor in slow transamidination 
reactions, no hydroxyguanidine formation was found. However, in the presence of the car- 
bony1 reagent a-keto-%guanidovaleric and y-guanidobutyric acids were not detectable by 
radioautography. When [guanido-lY+argimne was incubated with the fungal enzyme in 
the presence of hydroxylamine an unknown carbon-14 labelled compound appeared, 
obviously being the product of a non-enzymic reaction of the keto acid with the carbonyl 
reagent. We therefore suppose that the fungal enzyme studied is an amino acid oxidase 
acting on carginine. Nothing is known about the substrate speciticity of this enzyme. It 
seems unlikely that the investigated system is a component one. One could claim that a&to- 
8guanidovaleric acid is formed by a transamination reaction involving ~arginine (as the 
added substrate) and traces of o&to-glutaric or pyruvic acids possibly retained in the dialysed 
enzyme. Transamina tion could be followed by an oxidative deamination of resulting glutamic 
acid or L-alanine by means of a specific L-amino acid oxidase. The net effect would be an 

g J. Roam, Ng. v.-THOAI et P. GLAHN, Exprientiu 8,428 (1952). 
lo I. GAI~CIA, M. TMIHR et J. ROCHE, Compt. Red Sot. Bid. HO, 632 (1956); 151,1844 (1957). 
If M. NAKADA, Med. J. Osaka Univ. 5,353 (1954). 
la R. L. Bv Nature 193,781(1962). 



urc!ametnboliminbasidiomycetes 331 

oxidative deamination of targinine. The keto compound involved as amino group acceptor 
in transamination would be continuously regenemted thus acting in catalytic amounts. 
y-Guanidobutyric acid formation might be understood in the same manner as in the case of 
wne oxidation as a non-enzymic reaction with hydrogen peroxide. But incubation of 
the enzyme with L-glutamic acid, ~aspartic acid, or r,-alanine resulted in no ammonia 
evolution as in the case of catginine. Further studies have to be done to estimate substrate 
spec&ity of fungal G8mino acid oxidase. 

An enzyme catalysing the oxidative deamination of some 10 amino acids was found for 
the t%st time in Proteus vulgurz3.13 Highly active L-amino acid oxidases occur in tissues of 
animals showing the uricotelic type of nitrogen excretion. Snake venoms are especially rich 
sources of such enzymes.14 ~-Amino acid oxidase from moccasin (Agkimdon piscivorus) 
venom has been highly p~rified.~~ The enzyme from rattlesnake (Crotuhu admnmttew) 
venom has been isolated and obtained for the fhst time in crystaWe form.16 This enzyme is 
a Savoprotein containing two molecules of FAD per molecule of protein. The substrate 
specificity of the amino acid oxidases found in nature varies with respect to individual amino 
acids. But all are capable of catalysing the oxidative deamination of a large number of 
L-amino acids according to the general scheme: shown in Fii. 2. In the absence ofcatalase 
the keto acid is further oxidatively degraded. 

(cl) R-C-COOH+cmzymc - R-C-COOH+enzyme-Hz 

k-I2 4I-I 

(4 Enzyme-Ha+02 - H2&+- 

(c) R-C-COOH+HzO - R-C!-COOH+NHa 

l&-s 8 
m.2. AmfoNoFL-AFaNoAcIDoxlDk4s. 

y_Guanidobutyric acid formation in p&balls of Lycoperdon might be correlated to urea 
formation. A y-guanidobutyrate pathway of urea synthesis from arginine might be a method 
of by-passing the arginaxxa talysed urea formation. But there is little evidence that such a 
reaction path is of any importance in fruit bodies of L. pyrzjimne and A. bisporus, for arginase 
is present. 

Surprisingly, %Gs is only weakly introduced in y-guanidobutyric acid, whereas radio- 
carbon from exogenously supplied [guanido-l%+arginine and ~W+ginine is very 
readily incorporated into ~guanidobutyratc. These fIndings may reflect the diScrent 
behaviour of endogenously formed and exogenously supplied arginine in fungal meta- 
bolism. An excess of at-gin& might be transferred to the “guanidine pool” thus representing 
a regulation mechanism caused by compartmentalization, some mode of substrate inhibitions 
or di%rent substrate affinities of arginine metabolizing enzymes. This problem is under 
investigation. 

EXPERIMENTAL 

1. Paper chromatography and radioactive measurements. Paper chromatographic analysis 
was carried out on Schleicher and Schiill2043b paper using the two-dimensional ascembng 
tcchniquf3. The chromatograms of the radioactive experiments were radioautographed 

13 P. K. SlrUMPPandD. B. &um, J. Bid. Chm. 153,387(1944). 
14 E. A. ZEL.UR, Advmca in lihzymoi. 8,458 (1948). 
l~T.S.SmamandE.B.-, Arch. Biochm. 27, 34w950&yj190 (19x9. 
16 D. Wm.x.twt and A. h&mm, Abstmcf, 4th In- l#lbckdm, vii Au5tria (1958). 
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~~~~X-~y~~~~~Warke~~)for~~dgparctingontlwramount 
of radioactivity applied *@lg. 1 j. The radioactivity of a spot on the cbromato@am oorres- 
pending to the darkened area of the ~oau~~~ was deter&A by counting on the 
~~~rn~~fa~~d-~dow ~-~~~~~d~~~a~~~of 
the total radioactivity of all the radioactive areas detectable by radioautography. 

2. I~~ca~~ oft& und 62. The identification of the unknowns (Gr and 62) formed in 
p&balls of L~co~r~~ spp, fed with ~do-~~~e was carried out as follows: 
(a) Tissue extracts were treated accord&J to the ion-exchange proce&tre of Pla.i~ted~~ and 
the unknuwn G1 was partially converted to 6% both being eluted from Dowex 50 (II+) resin 
with the acidic and neutml amino acids. Both compounds are detectable on papers with 
alkaline f~~~~~~o~de reagent or a ~guc~ spray.ls Gi also responded to 
the picric acid reagent (Jaf%) and ~~~op~n~y~~e.l* (2i) The unknown Gx was 
chromatographically identical with authentic y-guanidobutyric acid in 6 different solvents. 
Gi behaves identically to an authentic sample of ~keto&guanidovaleric acid obtained by 
basting dried ~~~~~~~~ venom (used as a crude ~-amino acid ox&se pte 
paration) with L-a&nine in the presence of crystalline beef liver catalase. In experiments 
with ~anido-14C]-arginine the positions of radioactive spots Gi and Gz (as revealed by the 
radioautograph) coincided exactly with the colour produced from the two authentic com- 
pounds added as carriers by the Sakaguchi reagext. (c) [l~~~dobu~c acid was 
eluted from papers and subjected to alkaline hydrolysis following the procedure of BeEn’ 
The reaction mixture was passed through a column of Dowex 50 (NH$) resin. After evapo- 
ration to a smallvolume, the efhuent was chromatographed as described above. [*%I-Urea, 
~~bu~c acid aMi an unidentified carbon-14 compound (presumably y-ureidobutyric 
acid)~~~afterd~o~gthe~~~withaninhydrinsprayandE~~c~sreagent. 
+minobutyric acid was chromatographically identified, [l%]-urea was degraded to 
ammonia and %C& with commercial urease. (a) tf-K&o-8-guanidovaleric acid (G1) was 
deearboxylatGdto~~obutyric;kcljdtry~ofhy~~peroxide. Theketocompound 
was also eluti &om papers and subjected to a non~c ~n~a~on with pyridox- 
amine at 100” in the presem+e of Al 3+. Small amounts of arginine were formed and chro- 
matographically identi&d. 

3. ~~~~~. ~-l~]~~~ne was biolo~~ly ~~~ by Dr. B. Tschiersch in 
tbis h&oratory. Leaves ~~~~t~ ail pho~s~~~~ in the presence of %os over 
several weeks. Isolated protein was subjected to an acidic hydrolysis. ~%+arginine was 
isolated from the amino acid mixture by means of ion exchange and paper chromatographic 
methods 

D~~~~d~l~3~e was incubated with the fun&al argimne oxSizing enxyme. 
The [‘(cl-~keto-&guanidovaleric acid obtained &Ales labelled y-guanidobutyric acid) 
was converted by means of hydrogen peroxide to pguanidobutyrate and the latter isolated 
using ~rna~~~c techniques. 

Pnuyme potion: Acetone powders wwe gmqmd from p&balls of Lack 
perlahmt and L ~r##br+~ by homogenixmg 25-g batches of frozen kuiting bodka with 
Xl0 ml d cold acetone, allowiug the residue to settle, decautlng, and again homogenixing the 
precipitate with &esh acetone, The precipitate was harvested by unction, and the 
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residual acetone was removed ti wzcuo. The enzyme was extracted by homosenizing 2.6 g of 
acetone powder with 42 ml m/l5 phosphate buffer, pH 7-5, containing 260 mg of EDTA. 
The mixture was c.cntrif&d at 14,000 g for 15 min. A saturated solution of ammonium 
sulphate was added slowly to the supematant to a Final concentration of 63 % saturation. 
After15minthemixturewasagaincentrifugedat14,OOOgfor15min. Theprecipitat8was 
dissolved in 9 ml m/l5 phosphate buffer, pH 7.5, containing 50 mg EDTA. A saturated 
ammonium sulphate solution was added dropwise as before. The precipitate obtained by 
centrifugation at 14,CXM g for 15 min was redissolved in a minimal volume of m/ 15 phosphate 
buffer, pH 7-5, plus EDTA. The solution was dialysed for 18 hr at 4” against phosphate 
buffer (m/150, pH 75). The dialysed enzyme solution, which was free from Maguchi- 
positive compounds, was stored in the freezer. The final protein concentration (estimated 
following Lowry) was 44 mg/ml. 

4. Qz4UnMfztive detelmij&atio~. urea and ammonia were deitmnhed using the micro- 
dilbion proccdurf3 of Conways using commer&l urease. Oxygen consumption was 
followed by means of the Warburg technique. 


