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An earlier report from this laboratory de- 
scribed the first known instance of negative 
feedback control of the level of a biosynthetic 
enzyme during embryonic development ( 1). 
The controlling compound is creatine, or a 
related metabolite, and the target enzyme is 
arginine-glycine transamidinase. This control 
has been operationally termed end-product 
repression, by analogy with bacterial systems, 
until its mechanism can be more completely 
elucidated ( 2  ) . Since analogous feedback con- 
trols may be involved in the establishment 
and maintenance of tissue-specific enzyme 
patterns, closer study of the properties of the 
only known model system appears warranted. 
In this paper, quantitative and kinetic rela- 
tionships between the controlling compound, 
and its precursors, and the target enzyme are 
examined. 

In general, the 
procedures employed were as described else- 
where ( 1 ). However, by modifying the physi- 
cal state of creatine, more effective repression 
and more reproducible results can be obtained. 
Commercial crystalline creatine hydrate was 
dissolved in a minimal volume of water, with 
stirring, and an equal volume of acetone was 
added as quickly as possible. The suspension 
was allowed to settle, and the supernatant 
solution decanted. The residue was filtered 
with suction on a fritted glass funnel, washed 
thoroughly with acetone, spread on filter 
paper, and allowed to dry. The resulting fine 
powder suspends readily in water and is easily 
injected into eggs. Its large surface to volume 
ratio facilitates solution in the egg after injec- 

*Supported by grants from Robert A. Welch 

t Research Career Development Awardee of U.S. 

Materials and methods. 

' Fndn. and U.S.P.H.S. 

P.H.S. 

tion. Transamidinase activities are reported 
as pmoles of hydroxyguanidine formed from 
arginine and hydroxylamine/hr/g liver (wet 
wt.). 

Results. The compounds most effective in 
lowering the transamidinase level of embry- 
onic chick liver are creatine, and its biosyn- 
thetic precursors. If creatine precursors must 
be converted to creatine before serving as a 
repressor, it might be expected that precursors 
of creatine metabolically proximal to the con- 
trolled reaction could not repress transamidin- 
ase completely, since the enzyme would be 
needed to form the repressor. Citrulline, 290 
pmolesjegg injected on 7th day, represses 
transamidinase to 50% of control values by 
the 12th day. When glycine, 5380 pmolesJegg, 
was injected with citrulline, transamidinase 
was repressed to 20% of control values. Al- 
most identical results were obtained when 
arginine was substituted for citrulline. Ap- 
parently the chick embryo can convert citrul- 
line to arginine, which then must react with 
glycine before the actual repressor is formed. 
In contrast to citrulline, ornithine does not 
repress transamidinase significantly. This is 
consistent with the fact that chicks lack or- 
nithine transcarbamylase ( 3 ) .  

Fig. 1 shows dose-response curves for both 
creatine and guanidinoacetate. Efforts to 
modify the quantitative response to guanidino- 
acetate by simultaneously injecting potential 
competing methyl group acceptors have given 
inconclusive results, although repression can 
be antagonized significantly by compounds 
with similar charge distributions, such as 
betaine and 4-aminobutyrate. Efforts to 
achieve endogenous repression by encouraging 
hens to secrete repressors into the egg were 
unsuccessful: feeding laying hens for 20 days 



246 ENZYME REPRESSION IN EMBRYOS 

10 - 
> -  
!z 
2 8- 
a -  

a z -  
g 4 -  a 
m -  z 
a 2- INJECTED 1 a 

\1 I 
;I 12 1; 14 1; 16 17 18 19 20 ' 

t- o 

%! 6 -  

CRE AT I NE 

6 DAY EGGS I- - 
.-- - -I-* 

dinoacetate did not dramatically lower trans- 
amidinase levels of their 12-day embryos. 

Fig. 2 demonstrates that essentially com- 
plete repression can be maintained during 
most, if not all, of development. Repression 
thus occurs in absence of intestinal flora, and 
prior to function of many endocrine glands. 
Even after being completely repressed, liver 
transamidinase increases in activity a t  the 
normal high rate after hatching (Fig. 3 ) .  
Similar results were obtained when eggs were 
injected with creatine 1 day prior to start 
of incubation ; increase in activity occurred 
following hatching, in the small fraction of 
embryos which survived injection of 0.3 ml of 
any liquid at  that time. However, the in- 
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jected on the 9th day of incubation. Both 
groups were harvested and assayed on the 
10th day. It was found that transamidinase 
was repressed to 43% of water-injected con- 
trol values 1 day after creatine injection, and 
to 11 % of control values 2 days after creatine 
administration. 

Discussion. It is particularly significant 
for theories of differentiation that repression 
can be shown experimentally to occur during 
embryonic development. Heretofore it has 
been difficult to modulate enzyme levels prior 
to birth(4), although some success with hor- 
monal induction has been reported ( 5 ) .  Mo- 
nod and Jacob (6) ,  using hypothetical circuits 
composed of known control elements, have 
described how interlocking, individually re- 
versible, repressions might combine to give 
essentially irreversible differentiation. In  
their circuits, brief exposure to a single com- 
pound could determine subsequent enzyme 
patterns (cf. 7 ) .  During development, not 
only might individual gene function be modu- 
lated by cross repression or end-product re- 
pression, but whole groups of genes may be 
turned off or on at the proper time(8) by ac- 
tion of hormones, histones (9),  or cross-react- 
ing regulator systems (6).  

Summary. Modification of the physical 
state of injected creatine has permitted a 
quantitative study of repression of arginine- 
glycine transamidinase by creatine, and its 
precursors, in liver of the developing chick 
embryo. Half-maximal repression was ob- 
tained by 65 pmoles/egg of creatine and 45 
pmoles of guanidinoacetate. Complete repres- 
sion occurred with 260 and 120 pmoles, re- 
spectively. Betaine and 4-aminobutyrate de- 
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crease the degree of repression attained. 
Arginine, and its precursor, citrulline, repress 
50% at 290 pmoles/egg; when glycine is .in- 
jected with either of these compounds, repres- 
sion is increased to 80%. Ornithine, which 
cannot be converted to citrulline in the chick, 
does not repress. Laying hens fed creatine 
and guanidinoacetate have embryos with nor- 
mal transamidinase levels. For the first time, 
essentially complete enzyme repression has 
been attained throughout embryonic develop- 
ment. However, derepression occurs during 
the 6 days following hatching, when chicks are 
fed a complete diet, In  absence of food, or 
in presence of dietary creatine, this increase 
does not occur. The possible significance for 
theories of differentiation of the demonstration 
of enzyme repression during embryonic devel- 
opment is discussed. 

1. Walker, M. S., W'alker, J. B., J .  Biol. Chem., 

2 .  Walker, J. B., in Molecular Basis of Neoplasia, 

3 .  Almquist, H. J., in Protein and Amino Acid 

4. Knox, W. E., in Molecular and Cellular Struc- 

5 .  Moog, F., in Embryonic Nutrition, Univ. of 

6. Monod, J., Jacob, F., Cold Spring Harbor 

7 .  Fell, H. B., Mellanby, E., J .  Physiol., 1953, 

8.  Paigen, K., Proc. Nut. Acad. Sci.  U. S., 1961, 

9. Huang, R. C., Bonner, J., ibid., 1962, v48, 

1962, v237, 473. 

Univ. of Texas Press, Austin, 1962, 403. 

Nutrition, Academic Press, New York, 1959, 349. 

ture, Ronald Press, New York, 1961, 13. 

Chicago Press, Chicago, 1958, 8'1. 

Symp. Quant. Biol., 1961, v26, 389. 

v119, 470. 

v47, 1641. 

1216. 

Received October 22, 1962. P.S.E.B.M., 1963, v112. 

Effect of Cold Passage on Reproductive Capacity at Various Temperatures 
of Several Type 3 Poliovirus Strains." (28807) 

RICHARD I. CARP, STANLEY A. PLOTKIN, BARBARA J. COHEN, JEAN LALIBERTE, 

Wistar Institute of Anatomy and Biology, Philadelphia, Pa. 
AND HILARY KOPROWSKI 

The reproductive capacity of poliovirus 
strains varies depending upon the temperature 
of incubation during the replication cycle( 1, 
2 ) .  Strains vary, one from another, with re- Dis. 

gard to the temperature a t  which their repro- 
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