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INTRODUCTION 

SBvBIuLwB~~~bcens~~bywhichurea~ybeutilizadbyorganismswhichdonot 
containurease. WalkerlandThomaciandKrauss*havesu~~~tionbyareversal 
of the or&him cycie. Hat&i 3 has postulated an acceptor, A, in ChZoreZZu which reacts with 
c&her free NH3 or urea-NH2 to form A (NHJ2. Kating,’ using yeasts, has evidence for a 
cleavage of urea to a carbamyl residue and ammonia, and Valentine and Wolfe5 have shown 
that an extract of Streptococcus allmrtoiw produced glyoxyl-urea when incubated with urea. 
Reversal of the pathway of purine degradation is another possibility.6 

The present communication describes the results of short term l~-urea feeding experi- 
ments with Cm&&zfImeri which has been shown by McJZvoy7 not to contain urease. 

RESULTS 

Urease activity was not detected in intact ceils of Cuna?&zJamri, in extracts made by 
disrupting these cells iu a Hughes press block, or in the supematant fluid and residue obtained 
bycentrifueationofthacre~~at20,000gfor20min. 

The extracts did not contain an inhibitor of urease activity since the activities of prepara- 
tions made by dissolving B.D.H. urease tablets in but&r were mat&ted by the addition to 
them of aliquots of Cmrrlsdaflareri extracts. It was shown also that the inactivity of C. jhreri 
extracts was not due to the extraction procedure since a preparation of urease (B.D.H.) 
subjected to the same treatment retaimd its activity. 

The results in Table 1 show that after feeding [14c]-urea to Gmdi&j?ami for Various 
periods of time, the amount of radioactivity in the anionic fraction of compounds extracted 

1 J. B. WALXER, Pruc. Nat. AC&. Sci. U.S. 3S, 561(1932). 
7 W. I-L m and R. W. ICmuss, Plmrt Phydtd 30,113 (1955). 
3 A. Hmmu, Plant and CeilPhysiol. 1,107 (1960). 
4 H. Rmmo, Bimhm. 2.335,366 (19M). 
*R.C.v- and R. S. W~LPE, Nutm, &md. W, 925 (1961). 
~S.R.PRxuwRo,B.G. BorwRD and M. P. II~~ARTY, Pkmt Physti aa, lll(1957). 
‘D.McEvaY,Stirr#ssont~WosyntRcsisofRibo%mtin~nCrmrEhh.U~~~of~~. 
The& (1959). 
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from the yeast was initially greater than that in the cationic fraction, and also that the total 
activity of both fractions reached a maximum after 6 min. The non-ionic fraction was prob- 
ably mainly [WI-urea, since this compound is not retained by ion-exchange resins under the 
conditions used. After O-5 min the greatest amount of radioactivity was in hydantoic acid and 

Fmction* ‘0 O-5 1 2 6 10 20’ 

cationk 022306 764 5119 4430 1894 

Allionic 0 494 5% 683 1723 1064 625 

Non-ionic 9500 8340 7230 5820 2020 550 538 

+Se8ExperhmtaL 

its cyclic anhydride hydantoin (Table 2). The radioactivity in difkent compounds reached a 
maximum after various feeding times (see Table 2), viz. hydantoic acid, hydantoin and 
y-aminobutyric acid after 1 min; ornithine and unknown I after 2 min; aspartic acid, 
aqamgine, citrulline, carbamyl aspartic acid, hydantoin-S-acetic acid and unknowns, 
2,4,5,6,&g, 10, II after 6 min; glutamic acid, argininosuccinic acid, threonine, glutamine, 
arginine, proline, isoleucine, and unknowns 3 and 7 after 10 min. 

DISCUSSION 

McEvoy 7 haa shown that C&fJareri does not contain urease, but nevertheless is able 
to utilize urea as a sole nitrogen source; these findings have been confhmed. 

Initial &try of [1~14Jrea 

As a result of short-term feeding experiments with [l%Jurea (see Tables I’and 2) the 
pathway of metabolism of urea by Cmpdlaapareri shown in Fig. 1 is proposed. When [WJ- 
urea was fed to C. jlareri for up to 1 min the anionic fraction contained more radioactivity 
than the cationic fraction (Table 1). Isolation, separation and measuremen t of the radio- 
activities of the compounds present in these fractions showed that the two chemically related 
ureides, hydantoic acid and hydantoin, were more radioactive than any other compounds 
(Table 2). The results in Table 2 also show that only in these two ureides did the amount of 
radioactivity decrease after 1 min; the similarity of the amount of radioactivity in these two 
compounds was probably due to the fact that they were in equilibrium under the conditions 
used to extract and separate anionic compounds. 

Proaktion and Fate of Carbamyl Phosphate 

The next step in the proposed pathway (Fig. 1) is the production of carbamyl phosphate 
and glycine from hydantoic acid, similar to the phosphorolytic cleavage of carbamyloxamic 
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acid to carbamyl~phosphate and oxamic acid which occurs in Streptococcus aalntoicus.~ 
Carbamyl phosphate was not dekcted, presumably since it is extremely labile,* but glycine, 
although present, was not radioactive as predicted by the pathway. The production of 
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glycine in this way could explain why Audley, Goodwin and McEvoy 9 found that the carbon 
of [Wl4lrea was not incorporated into riboflavin, even though riboflavin biosynthesis was 
increased in the preseme of urea. Indirect evidence of carbamyl phosphate being involved in 

*L.SPECrO&M.E.JONES&UUiF.-, iaIlb~t~~AEneynoodogy,,Bds.P.CourwIQIandN.O. 
-, 3,653, Acadunk Press, New York, (1957). 

9 B. G. A-, T. W. Gcumwm and D. MCEVOY, D., I%ochn. J. 72,8P (1959). 
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the utilization of flQarea camea from a comparison of the amount of radioa&vity in 
citrulhne and carbamyl aspartate which indicates that these two compounds had a common 
pmcumor. lhus radioactivity was measurable in these compounds after O-5 min, was at a 
maximumafter6minandthemafkdaxeased. Carbamyl aspartate is known to be 
synthe&ed from aubamyl phosphate and aspartic acidlo and citrulline from carbamyl 
phosphate and ornithine.ll A comparison of the radioactivity in aspartic acid and carbamyl 
aspartate at O-5 min and 1 min indicates that the radioactivity was mainly in the carbamyl 
moiety of the carbamyl aqartak 

Metabolim of Citrullk 

Radioactivity appeared first in citrulline then in argin&succinicacidandargkine;it 
reachedamaxim umincitrulhneat6minandinargininosuccinic acidandarginineatlOmin, 
indicating that these amino acids were in the reaction sequencc+ci~osuccinic 
acid-arginine. These results may be compared with those of Walker’ who suggested that 
the ornithine cycle was revemed in ChZorel&a fed ou urea. 

Production of Aspartic and Glutamic A& 

~2mintheradioactivityinasparticacidwas~~thanthatinglutamicacid;the 
maximumradioactivitywru,~redin~~acid~6minandglutamicacidafter10 
min. These acids were most probably formed from their oxo-anal~gues,~~ and to explain the 
sequence of labelling in the amino acids it is suggested that radioactive carbon dioxide, 
formed from the action of carbamate kinase on carbamyl phosphate, reacted with either 
phosphoenolpyruvic acidto form oxaloacetic acid dkctly or with pyruvic acid to form malic 
acid which was subsequently &hydrogenated to oxaloacetic acid. This latter compound 
either formed aspartic acid by tran samination or entered the tri-auboxylic acid cycle to give 
a-oxoglutaric acid from which glutamic acid was formed by either transamination or direct 
amination. 

Productionofrlspmaglne,m~,Lw~~ 
Thesimitarityinthe“flow”ofndioactivityin~ocidandasparasinesu~~that 

therewasaGtose~~~tionship~~o6mpounds;this~inagreementwith 
the results of Webster and Varner.13 The appeammx of radio~vity in threonine later 
thau in aspartic acid suggests that threonine was formed from the latter.1415 Radio- 
activity did not appear in isoleucine until a signigcaut amount of radioactivity had accumu- 
lated in threonine and this is in accord with present ideas on the biosynthesis of isoleucine.‘6 

The Production of Ghmine amiProlinefrom Glutamic Acid 
The~arityinthe“fl~“ofradioactivityinglutamicacidandglutaminesu~that 

glutamine was formed from glutamic acid. l7 Prolinemaybeformedfromeitherglutamicacid 

~~M.E.Joms,inilht~~~, Eds.S.P.chmnacandN.O.KAPLAN,5,903,-Prese. 
New York (l962). 

11 S. NEWBOLD and P. P. CUHEN, mpubhkd, cited f&m ifeta6okPahwys. Ed. D. N. G-, &56. 
Atwkmic Prcsa, New York (1961). 

12 G. C. Wmmx, ZVitrogen M-m &I P&II&, Km, +erson and Co., IUinoia (1958). 
13 G. C Wmsmt and J. E. VARNER, J. bioi. Ckm. 2l!t, 91(1955). 
14S.BLA~~811<1N.G.WR.rmfi,AS~onAmikoAcid~~,Bd.W.D.~~aadk.B. 

Gmss, p. 591, ‘lb John Hopkh Press, Baldmom (l939). 
1s Y. WATANABE and K. SHIMUM, J. Bk+m. Tokyo 4,283 (19%). 
16 D. M. Gtemmm,iu iUetabolicPatlnugy,Ed.D. M. G~,2,173,Aauiemkpress,N~Y~(1961). 
11 G. C. Wmma, Pihtt Physiol. 29,382 (1954). 
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or a&nine 15; the radioactivity data of Table 2 supports the postulated pathway (Fii. 1) for 
the or&n of proline from glutamic acid since radioactivity was de&ted in glutamic acid 
after @5 ruin and in proline after 6 min. If arginine had been its precursor, proline would 
have been u&belled. 

The results in Table 2 show that there were also a number of radioactive anionic com- 
pounds whose identity has not been established, and the relationship of these compounds to 
the pathway of [14C3utilisation is therefore unknown. 

Whilst the existing radioactive data agrees with the proposed scheme (Fig. l), co&mation 
must wait further radioactive experiments in which specific activity measurements are made; 
this will involve the use of larger amounts of material. It will also be necessary to demonstrate 
the postulated enxymes and show, where possible, their activities in viva by the use of 
selective inhibitors. 

BXPERIXvfENTAL 

Substrates and Reference Cornpd 

Unless stated otherwise, chemicals were obtained from the British Drug Houses Ltd.; 
hydantoic acid and hydantoin from The Nutritional Biochemicals Corp., Cleveland, Ohio; 
hydantoin+acetic acid, the IL and K. Labs., Inc., New York; and [*4C]-urea from The 
RadiochemicalCentre, Amersham, England. 

DrCarbamyl aspartate (m.p. 175”) was prepared according to Nyc and Mit&~ll;~* 
~-carbamyl glutamate was prepared according to Lowenstein and Cohen ig and purified using 
De-Acidite FF resin (formate form), and glyoxyl urea was prepared according to Valentine 
and Wolfe.2o The identity of these compounds was established by their &w&es in various 
solvents. Argininosuccinic acid was separated from an extract of Candidaparer It was eluted 
from cation exchange resins just before tyrosine and its identity was confhmed by alkaline 
hydrolysis.21 

Culture iUethoa!9 

CmtdidapmSri NRRL 245 (North Regicmal Research Laboratories, Peoria, Illinois, 
U.S.A.) was grown in aerated liquid medium of the fohowing composition-20 g ghtcose; 
0.43 g urea (Seitz filtered); 0.5 g ICHsP04; O-5 g MgS04.7HsO; 0.3 g CaC12.2HsO; 0.1~ 
biotin; 70 pg Zn; 10 pg B, Mn, Cu, MO and Fe; pH of medium adjusted to 5.3. 

Fe Conditions and Extraction and Separation of Radioactive compoospdp 

Thecellsweregrowninaseparatingfunnelin150mlaeratedculturemedium. 75* 
[14Clureawereaddedand15mlaliquotswithdrawnatO,O~5,1,2,6,1Oand2Omininto15ml 
boiling Oa M sodium phosphate buffer, pH 74. The cells were m-extracted with two 
changes of boiling buffer and one of boiling So% (v/v) ethanol and the extracts concentrated 
in vacua at 35”. Proteins were removed by precipitation with acetone and the extracts 
de-salted by the method of Harris, Tigane and Hanes.= The extract was put on a cation 
exchange resin (Zeokarb 225) and the anionic and non-ionic compounds washed through 
with 20 ml H20, concentrated to dryness, dissolved in a minimum of water and after djusting 

‘*J.P.NYc~~~H.K. -, J. Amer. Chem. Sot. 69,1382 (1947). 
lg J. hf. Lcwmtmm and P. P. Cam, in Arfm~rric T-w, 3rd Bd., Eds. W. W. UMBREIT, R. H. BURRIS 

and J. F. STAUPFER, p. 305, Burgess Publishing Co., Mhmeapoti (1959). 
“R.C.V- and R. S. W~LFB, Bbckmz. b&~&n. hs. Comm. 5,305 (1961). 
21 S. RMNm, B. PATRACK and 0. Rouiovmsm, J. b2cl. Chem. zo4,94 (1953). 
= C. K. Ihuas, B. TK+ANB and C. S. I-km, Canad. J. Blochem. 39,439 (1961). 
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the pH to pH 8 put on a Dowex-1 (formate form) column. The non-ionic fraction was washed 
through with 20 ml HzO, concentrated to dryness and taken up in a known volume of water. 
The anionic fraction which remained on the column was then eluted with 12 N formic acid 
and the eluate made to known volume. The cation fraction which had remained on the 
Zeokarb 225 columu was eluted with 2 N triethylamine in 20% (v/v) acetone and the eluate 
made to known volume. 

The radioactivity of each of these three fractions was determined by measuring the radio- 
activity of O-5 ml aliquots placed on tared planchets, containing a disc of lens tissue. 

Aliquots were taken for two-dimensional chromatography on Whatman No. 3 MM 
paper using: (a) (EBWA) ethanol, 2-methyl-propan-2-o1, water, ammonia (12: 4: 3 : 1, v/v), 
(b) (PW) 80 % (w/v) phenol with cyanide and ammonia in the atmosphere. Autoradiograms 
were prepared using Kodak X-ray film and radioactivities were measured on the paper with a 
thin end-window G.M. tube (1 in. dia.). 23 Radioactive compounds were identi8ed by eluting 
them from the paper with either 10 % (v/v) isopropyl alcohol (cationic compounds) or O-02 M 
sodium phosphate buffer, pH 7-O (anionic compounds), concentrating, de-salting (in case of 
anionic compounds) and co-chromatographing them with a suspected known compound. 

Urease Activity Measurements 

One millilitre aliquots of either a solution of B.D.H. m-ease tablets or extracts of Cmrdida 
jhweri disrupted in Tris/EDTA buffer in a Hughes press block were added to O-025 M Tris/O.Ol 
M BDTA buffer, pH 8, containing urea and incubated for 5 min at 30”. Any ammonia 
produced by urease activity was steamdistiUed into 5 ml 2 % (w/v) boric acid plus four drops 
of mixed indicator24 and this solution titrated against O-1 N HCl (enzyme activities were 
expressed as millilitres 0.1 N HCl required to titrate formed ammonia). 

Ac&now&t&mnmt-We wish to thank Prothor T. W. Goodwin for supplw a culture of Cumfihjkreri 
alldforal5ocritiadlyreadhgthcnIamlmipt. 

23 J. GLOVBR, in MoBan AfetM of Pht Anulysis, Eds. K. PEACH and N. V. Tnmw, 1,325, s 

24 FtrttE2a zndnxtr. Blgng. cl&?i?I. (Anal). 14,280 (1942). 


