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osyl imidazoleacetic acid hydrochloride, although 
the exact site of substitution on the imidazole ring 
remains to be determined. 

We have also isolated ImAA-riboside as a major 
product (ca. 60%) in the urine after the administra­
tion of histamine (a-C14) intraperitoneally to rats 
(43 micromoles per 250 g. r a t ) . These results agree 
with those of Karjala,16 and may represent one of 
the radioactive peaks reported by Schayer2 a and 
by Bouthillier and Goldner.2b 

This isolation of ImAA-riboside from ra t urine 
extends our previous report3 3 '3 b t h a t ImAA is a 
major intermediate in the metabolism of histamine., 
and demonstrates its further conversion to ImAA-
riboside.17 In view of the importance of other 
ribosides in cellular structure and metabolism, 
the formation of ImAA riboside may reflect the 
existence of a cellular mechanism for the synthesis 
of ribosides of other compounds containing the 
imidazole structure. 

(10) S. A. Kar j a l a , T H I S J O U R N A L , in press. 

(17) T h e pe rcen tage of admin i s t e r ed I m A A recovered as free I m A A 
increases as t h e q u a n t i t y of I m A A admin i s t e red increases . T h i s m a y 
accoun t for t h e r epo r t of Bouth i l l i e r a n d LeVeille (Ref. 5a) t h a t no fur­
the r me tabo l i c p r o d u c t s of I m A A could be d e m o n s t r a t e d in t h e r a t . 
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THE ENZYMATIC FORMATION OF PORPHO­
BILINOGEN FROM 5-AMINOLEVULINIC ACID AND 

ITS CONVERSION TO PROTOPORPHYRIN1 

Sir: 
We have previously demonstrated tha t not only 

is 5-aminolevulinic acid an intermediate in por­
phyrin synthesis,2 a fact confirmed by Dresel and 
FaIk,3 bu t also tha t the formation of protoporphyrin 
from 5-aminolevulinic acid occurs in a particle-
free extract of duck erythrocytes.4 The occurrence 
of the lat ter series of reactions in a soluble enzyme 
system4 '8 opened up the possibility of isolating the 
enzymes concerned with the individual steps and 
thus studying the reactions in greater detail. 
We have succeeded in isolating, from duck erythro­
cytes, a highly purified protein fraction containing 
only traces of hemoglobin which converts 5-amino­
levulinic acid to the mono-pyrrole, porphobilinogen. 
The latter compound was isolated from the incuba­
tion mixture and characterized. While our work 
was in progress, Gibson, Neuberger and Scott6 

announced in a preliminary communication a 
similar preparation obtained from ox liver. 

In a typical experiment, the protein fraction, 
1) T h i s work was s u p p o r t e d by g r a n t s from the N a t i o n a l I n s t i t u t e s 

of Hea l th , U n i t e d S t a t e s Publ ic H e a l t h Service ( R G - 1 1 2 8 ( C 8 ) ) , from 
tlie Amer ican C a n c e r Socie ty on the r e c o m m e n d a t i o n of t h e C o m m i t t e e 
nri G r o w t h of t h e N a t i o n a l Research Counci l , from t h e Rockefel ler 
l- 'oundation a n d from t h e W i l l i a m s - W a t e r m a n F u n d . 

2) D. Shemin and C. S. Russel l , T H I S J O U R N A L , 7 5 , 4873 (1953). 
(3) E . I . B . Drese l a n d J . E . Fa Ik , Nature, 172, 1185 (1953). 
'4) D . Shemin , T . A b r a m s k y a n d C. S. Russe l l , T H I S J O U R N A L , 76 , 

12C4 i l 9 5 4 ) . 
(5) L. Bogorad and S. Gran ick , Proc. Sat. Acad. Set., 39, 1176 

M 953). 
•6) K.. D. Gibson, A. Neuber&er and J. J Scot t , Biochem J., 58, 

X L I (195+) 

obtained from about 350 ml. of washed red cells, 
containing approximately 15 mg. of protein-N, was 
dissolved in 20 ml. of 0.1 M phosphate buffer, 
pK 7.1, and incubated a t 38° under nitrogen with 
230 mg. of 5-aminolevulinic acid-5-C14 (0.01S 
mc. /mM.) and 30 mg. of glutathione. The con­
version of the substrate to porphobilinogen, during 
the incubation, was followed with Ehrlich reagent 
and after nine hours it appeared t ha t about 110 mg. 
of porphobilinogen had been formed. Interference 
of glutathione with the Ehrlich reaction can be 
overcome by the addition of small amounts of 
cuprous oxide prior to the addition of the dimethyl-
aminobenzaldehyde reagent. The incubation was 
terminated by the addition of trichloroacetic acid 
and from the supernatant fluid 58 mg. of crystalline 
porphobilinogen was isolated by a modification of the 
methods of Westall7 and Cookson and Rimington.8 

The porphobilinogen crystals were slightly pink 
in color and had the same form as those isolated 
from urine by Westall.7 The material had a Rf 
of 0.51 on an ascending paper chromatogram in a 
butanol-acet ic-water mixture, the same as tha t 
of a porphobilinogen sample9 isolated from a patho­
logical urine. The porphobilinogen was identified 
by spraying the paper with Ehrlich reagent or by 
its conversion to porphyrins on heating the paper 
in acetic acid vapor by the method of Westall. 
The lat ter conversion also supports the identity of 
the compound. Fur ther evidence of the identity 
of the product which also supports the mechanism 
of its formation, was furnished by determining its 
radioactivity. Since the porphobilinogen is pre­
sumably synthesized from two moles of 5-amino­
levulinic acid, its molar activity10 should be twice 
tha t of the 5-aminolevulinic acid used as the sub­
strate. The molar activities of the substrate, 
5-aminolevulinic acid, and of the product, porpho­
bilinogen, were found to be 242 X 103 c.p.m. and 
487 X 103 c.p.m. respectively. This finding demon­
strates experimentally the utilization of two moles 
of (^-aminolevulinic acid for porphobilinogen for­
mation . The product had the following elementary 
analysis: Calcd. for C10H14O4N2-H2O: C, 49.2; H, 
6.6; " N , 11.5. Found: C, 49.3; H, 6.6; N, 11.4. 

Fur ther evidence t ha t porphobilinogen is an 
intermediate in protoporphyrin synthesis was ob­
tained by incubating equal volumes of a cell-free 
extract of duck erythrocytes4 with equimolar 
amounts (0.01 mM.) of 5-aminolevulinic acid-5-C1*' 
(0.018 mc. /mM.) and with the above enzymatically 
synthesized radioactive porphobilinogen (0.036 
mc . /mM.) .and subsequently isolating the hemin and 
determining its radioactivity. The radioactivities 
of the hemin samples synthesized from the 5-amino­
levulinic acid and from the porphobilinogen were 92 
c.p.m. and 85 c.p.m., respectively, after a two-hour 
incubation and 350 and 336 c.p.m. respectively after 
a fifteen-hour incubation period. This result is in 
agreement with the previous findings of FaIk, et al.,n 

and with those of Bogorad and Granick.6 

(7) R . G. Wes ta l l , Nature. 170, 614 (1952). 
(8) G. H . Cookson a n d C. R i m i n g t o n , Biochem. J., 57, 476 (1954). 
(9) We wish t o t h a n k D r . C. J. W a s t o n for th is s amp le . 
(10) D . Shemin and S. K u m i n , J. Biol. Ckem., 198, 827 (1952). 
(11) J. E FaIk , K. I. B . Dresel and C. R i m i n g t o n , Nature, 172, 292 
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The enzyme fraction was prepared from washed 
duck erythrocytes by precipitation with ammonium 
sulfate. The protein fraction obtained b y adjust­
ing the ammonium sulfate concentration to 52% 
of saturation (pK 7.5) was purified by washing with 
half-saturated ammonium sulfate and by reprecipi-
tat ions with ammonium sulfate a t 5 0 % saturation, 
/>H 8. Finally the protein fraction insoluble in 
3 5 % saturated ammonium sulfate was discarded. 
Therefore the enzyme preparation represents the 
35-50% ammonium sulfate fraction. 

I t is further of interest t ha t whereas human red 
cells are incapable of forming heme in vitro, we 
have found t ha t they contain the enzymes capable 
of converting 6-aminolevulinic acid to porpho­
bilinogen. 
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RADIATION-CHEMICAL STUDIES WITH CYCLO­
TRON BEAMS1 

Sir: 
The use of cyclotron beams provides a powerful 

tool for studying the variation of radiation-chemical 
yields with ionization density—a da tum of basic 
importance to the understanding of mechanisms of 
radiation effects, and to the interpretation of the 
effects of mixed radiations such as those present 
in nuclear reactors. The Brookhaven 60-inch 
cyclotron provides deuteron beams a t 20 Mev. 
{-dE/dX = 0.46 ev. /A. in H2O) and alpha beams 
of 40 Mev. (1.88 ev. /A.) . The energies may be 
reduced by absorbers so t ha t rays having a great 
range of initial ionization densities can be intro­
duced into solutions. 

Figure 1 shows yields (G = molecules/100 ev.) 
of hydrogen gas from pure cyclohexane, and of 
ferric ion from 1 raM FeSO4 solution in aerated 
aqueous 0.8 N H2SO4. The yields are plotted 
against the values of — dX/dE (the reciprocal of 
the usual energy loss parameter) characterizing the 
particles as they enter the liquids. The dashed 
horizontal lines show the yields for the two reactions 
obtained with beams of 2 Mev. electrons from a Van 
de Graaff generator, for which —AX/dE is very 
large; the yield curves should approach this value 
asymptotically. The ferrous sulfate curve includes 
yields reported for natural a-rays by McDonell 
and Hart , 2 and by Miller and Wilkinson.3 Values 
near 6 are also reported by Lefort4 and by Haissin-
sky and Anta. s The results show the expected 
continuous rise in G from the a-ray values to the 
electron yields. The tv-ray and deuteron curves 
join together fairly well, although in theory a slight 
difference is expected in G for alphas and deuterons 
of the same initial energy loss parameter. By 

(1) R e s e a r c h car r ied ou t u n d e r t h e auspices of t h e U. S. Atomic 
E n e r g y Commiss ion . 

(2) W. R. M c D o n e l l a n d E. J. H a r t , T H I S J O U R N A L , 76, 2121 (1954). 
(3) N . Mil ler a n d J. Wi lk inson, Trans. Faraday Soc, SO, fi90 (1954). 
(4) M . Lefor t , Compt. rend., 237, 159 (1953). 
(5) M. Ha i s s insky and M C. An ta , ibid , 236, 1161 (1953). 
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Fig. 1.—Radiation-chemical yields from deuterons and 
alpha particles: O, oxidation of FeSQi in air-saturated 
0.8 N H2SO4 by deuterons; D, by cyclotron a 's; « , by a's 
from dissolved Po (McDonell and Hart 2 ) ; • , by a's from 
an external Po source (Miller and Wilkinson3); A, hydro­
gen gas yields from pure cyclohexane by cyclotron alphas 
and deuterons. The dotted lines are the values of G found 
for FeSOi oxidation (15.5) and H2 production in cyclo­
hexane (5.25) by 2-Mev. electron beams from a Van de 
Graaff generator. 

differentiation of the yields with respect to the 
initial beam energy, the instantaneous or "thin-
ta rge t" value of G is found,6 which a t the highest 
deuteron energy used is only 13.3 and thus still 
lies well below the fast electron value of 15.5. 

In contrast to aqueous solutions, the behavior of 
the hydrocarbon appears to be independent of the 
type of radiation. A great difference evidently 
exists in the mechanism of action of radiation on 
water and on hydrocarbons. 

A detailed description of the above experiments 
and a discussion of the results are presently in 
preparation. Fur ther work on the effects of ioniza­
tion density on radiation-chemical reactions is in 
progress. 
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(fl) A. O. Allen, Radiation Research, 1, 85 (1954) 


