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SUMMARY 

An enzyme prepared from chick pectoral muscle was found to promote the synthesis 
of carnosine and anserine from their constituent amino acids. Assay involved incuba- 
tion of the enzyme with either carboxyl-14C histidine or x-methylhistidine (plus 
fl-alanine), and subsequent destruction of excess free labeled amino acid with nin- 
hydrin. Residual radioactivity represented incorporation into peptides. The latter 
were characterized by paper chromatography, by hydrolysis with carnosinase, and 
by butanol extraction following diazotization (in the case of carnosine). The optimum 
pH for both caruosine and anserine formation was about 7.5, and both Mg ++ and 
ATP were required in each case. Experiments with 14C-fl-alanine and D- and L- 
histidine showed that only the natural form of this latter amino acid was effective for 
the synthetic process. 

INTRODUCTION 

In  vivo investigations 1-4 with isotopic techniques have provided considerable infor- 
mation on the metabolism of carnosine and anserine, including evidence that both 
dipeptides are formed by direct condensation of their constituent amino acids. 
Recently such studies have been extended to in ~tro experiments with muscle stripsS, 0. 
However, no information has been obtained of the enzymic processes associated with 
the formation of carnosine and anserine. 

Apart from its value in the general problem of peptide bond synthesis, the 
elucidation of the path of biosynthesis of fl-alanyl peptides is of particular interest, 
in view of the considerable knowledge now available of the mechanism of formation 
of 7-glutamylcysteine and the condensation of the latter with glycine to form gluta- 
thione, with partially purified enzymes of liver v, yeast s, and wheat 9. 

The present study is concerned with the preparation of an enzyme, carnosine- 
anserine synthetase (CAS), from chick muscle, and with certain of its characteristics 
and requirements. 

MATERIALS AND METHODS 

Amino acids, peptides and enxymes 

hL-I-Met hylhistidine, DL-anserine, and L-carnosine were obtained from California 
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Foundation for Biochemical Research, Los Angeles. Carnosinase was purchased from 
Mann Research Laboratories, New York. 

Radioactive compounds 

fi-Alanine-I-t4C (o.i mC/mmole) was synthesized, starting with Nal4CN t°. DL- 
histidine-I-t4C (o.15 mC/mmole) and DL-i-methylhistidine-i-14C (o.o8 mC/mmole) 
were both synthesized by the method of SAKAMI AND WILSON u, via glycine-i-14CZ. 

Preparation o/muscle extracts 
2- 3 week old chicks (15o-25o g) were used. Pectoral muscle (5-1o g/bird) was 

rapidly excised, chilled to o °, minced, and then homogenized in a moderately loose 
fitting Potter  glass homogenizer (with Teflon piston), using 4 ml buffer per g muscle. 
The homogenizer was chilled by  an ice bath during this process. The buffer consisted 
of 3 parts 0.02 M NaHCO 3 and I part o.o 4 M pH 7.4 tris (tris(hydroxymethyl)- 
aminomethane), and also contained lO -4 M versene and I m g  Tween/liter. The 
homogenate was centrifuged at o ° for 2 min at about I2,OOO g. The supernatant 
(containing CAS) was decanted, and either assayed or else fractionated at once with 
methanol. 

Preparation o[ enzyme powder 
IOO ml of the above extract were immersed in a - - IO ° bath, and lO5 ml methanol 

(o °) were added with stirring during 15-2o min.* The resulting precipitate was 
sedimented by centrifugation for I min at 12,ooo g, and the supernatant retained. 
To the latter at - - 5  ° was added an additional 55 ml of cold methanol during 15 mill. 
A second fraction was collected by centrifuging 2 min at 12,ooo g. This precipitate 
was drained free of liquid, transfered with minimum water to a flask and lyophilized. 
The resulting light pink powder weighed about 3o0 mg, and contained more than 
95 % protein (biuret analysis). I t  was stored at - -2o  °, and was completely soluble 
in HzO. 

Assay/or dipeptide synthetic activity 
Measurements were performed on either muscle extract, or on CAS solution 

prepared by dissolving 8 mg powder per ml of 0.04 M pH 7.3 tris buffer (containing 
Io -4 M versene), o.5-ml portions of test solution were added to centrifuge tubes 
containing specified compounds in a volume of o.2o ml. These included 1.5 /*moles 
ATP, 1.2/*moles Mg ++, 2/*moles unlabeled fi-alanine, and 0.5/,mole 14C-DL-histidine 
or xiC-DL-methylhistidine, unless otherwise stated. An incubation time of I h at 37 ° 
was generally employed. The reaction was stopped by  the addition of I ml of 5 % 
trichloroacetic acid (TCA). After centrifugation, I ml of the supernatant was 
measured into a glass-stoppered tube, 4o mg ninhydrin were added, and the tube was 
heated for 13 rain in boiling HtO, to decarboxylate excess labeled histidine or methyl- 
histidine. After cooling, the solution was extracted 3 times with o.5 ml n-butanol, to 
remove ninhydrin and TCA. The aqueous phase was then transfered quantitatively 
to a rimmed steel planchet, with the aid of rinsing with I ml o.2 % Bacto-agar. The 
latter aided the formation of a uniform layer when drying the planchets with mild 
heat. The residual 14C on the planchet (representing incorporation into peptide) was 

* The t e m p e r a t u r e  of the solution fell  f rom o to  ~ 5  ° du r ing  t h i s  t ime.  
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measured in a windowless flow-gas Geiger counter. The counts/min were converted 
into t~moles of peptide by reference to suitable standards of radioactive histidine or 
metliylkistidine. The values were then corrected to account for synthesis in the entire 
original enzyme system. The unit of enzyme activity is defined as that quanti ty which 
synthesizes I ttmole of labeled peptide/h under the above conditions*. 

Assay by paper chromatography 
This method was employed in experiments with fl-alanine-I-x*C and non-isotopic 

histidine. The above assay procedure was modified as follows: The incubation was 
terminated by adding 2 ml ethanol, and the tube heated briefly at 9 °0 to coagulate 
the protein. After centrifugation, the supernatant was evaporated to dryness, 
reconstituted in o.I ml H20, and 0.03 ml aliquots analysed chromatographically as 
previously described e. 

RESULTS 

Synthetase activity o] muscle extracts 
Chicken pectoral muscle, which is rich in dipeptides x2, was the best of several 

tissue sources tested (Table I). An older chicken had somewhat less activity in breast, 
and very low activity in leg muscle. The other species tested all had quite low enzyme 
activity in muscle. 

T A B L E  I 

ANSERINE SYNTHETASE ACTIVITY OF DIFFERENT MUSCLE SOURCES 

Muscle ex t r ac t s  were p repa red  a n d  a s sayed  as descr ibed in t h e  expe r imen t a l  section,  w i th  fl-alanine 
and  I -methylhis t id ine- l - l*C as  t he  labeled subs t r a t e .  A T P  and  Mg ++ were n o t  added,  s ince adequa te  

concen t r a t ions  were ava i lab le  in t h e  ex t rac t s .  

Animal species Type o/muscle Eneyme units per g 
original muscle 

2-week chick ( x oo g) pec tora l  o. 13 
Y o u n g  chicken  (800 g) pec tora l  0.07 

leg less t h a n  o .o i  
Y o u n g  adu l t  p igeon b reas t  less t h a n  o.oI 
Y o u n g  r a t  g a s r o c n e m i u s  less t h a n  o.oi  
Y o u n g  r abb i t  psoas  less t h a n  o.oi  

The enzyme units per mg protein were generally in the range of o.ooi--o.oo2 with 
the chick pectoral extracts, as compared to values of o.oi5, o.I3, and o.68 for gluta- 
thione synthetase in extract of wheat.*, liveff, and yeast s (units similarly defined, 
but with higher substrate concentrations). I t  may be mentioned that  muscle dipeptides 
have a relatively slow turnover rate (t½ = 29 days) s, while the half life of glutathione 
in liver is a matter of hours. I t  is not yet known whether CAS has an intrinsically lower 
activity, or whether this enzyme is simply present in relatively low concentration in 
muscle. 

The extracts of pectoral muscle were not stable, and reaction rates were linear 
for less than an hour, so that assays were only semi-quantitative. There is also 
indication (discussed latter) that the considerable concentrations of peptides present 

* The  a m o u n t s  of  e n z y m e  used  were in t he  region of p ropor t iona l i ty  of  reac t ion  ra te  to  enzyme 
concen t ra t ion .  

References p. 55.  



50 R.E. WINNICK, T. WINNICK VOL. 31 (z959) 

may have inhibited the synthetic reactions. However, under the assay conditions 
employed, the incorporation of 14C into dipeptide was about 5o % greater with labeled 
methylhistidine than with histidine. 

Fractional preeit~itation o/muscle proteins with methanol 

Table II illustrates the results obtained. It  is seen that  about 8o % of the total 
activity of the original extract was recovered in the fraction precipitates between 
52-63 % methanol concentration, and that  this preparation was about 4 times more 
active than the starting material, per mg protein. This lyophilized fraction (about 
3oo mg in weight) was used for all subsequent experiments described in the present 
study. Different batches varied considerably in activity and stability, for reasons not 
yet understood. These preparations lost much of their activity after 2 weeks, even 
when stored at - -20 ° . 

TABLE I I  

FRACTIONATION OF CHICKoMUSCLE EXTRACT WITH METHANOL 

"rn xoo ml oLextract  were added increasing propor t ions  oi methanol  at  - - 5  °, and three successive 
precipitates were collected and assayed for anserine synthetase.  

Melhanol concentration Total enzyme Units per mg 
units protein 

Init ial  ext rac t  2.26 o.ooI 4 
52% o 
63 % 1.8o 0.0o6 
70% o.z5 

General characteristics o[ CAS 

Fig. I shows that  the rate of dipeptide synthesis was approximately linear for at 
least 9o min with labeled histidine, and 6o min with methylhistidine. Because optimal 
Mg++ concentration was not used for the anserine curve, the ratio of anserine/carnosine 
synthesis at one hour is somewhat smaller than in most subsequent experiments. 

The optimum pH for the formation of either carnosine or anserine was approxi- 
mately 7.5 (Fig. 2). The same value was reported for ~-glutamylcysteine synthesis by 
liver enzymO s, while a slightly more alkaline optimum pH of 8-8.5 was found for the 
second step in glutathione synthesis (involving an a-peptide bond) with enzymes from 
various sources. 

The marked stimulation of carnosine and anserine synthesis by fl-alanine is shown 
in Fig. 3. In both cases the rates approached maxima at about o.5-o.6 t~mole]ml. 
(The isotopic histidine and methylhistidine were employed at 1.o t~mole/ml.) 

In Fig. 4 it is seen that synthesis was most rapid with approximately o.8-1.o 
t~mole/ml of radioactive DL-histidine or DL-methylhistidine. This value becomes 
o.4-o.5 t~mole if only the L-isomer is considered. (fi-alanine was present at 2 t~mole/ml 
in these experiments.) 

As in the enzymic syntheses of glutathione, glutamine, and pantothenic acid x4, 
the energy requirement for the formation of the ~-alanyl peptides can be derived from 
ATP (Fig. 5). With both histidine and methylhistidine, maximal stimulation resulted 
at about o.oo4 M ATP concentration. Attempts to quantitatively correlate peptide- 
bond synthesis with liberation of inorganic phosphate were not feasible with the 
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present crude enzyme preparation, since about IO % breakdown of ATP occured even 
in the absence of amino acid substrates. 

Unlike glutathione synthetases of liver and yeast, CAS was not inhibited by 
small concentrations of ADP. On the contrary, this nucleotide enchanced significantly 
the action of ATP (Fig. 6). ADP alone replaced ATP to the extent of 80 % at o.oo2 M 
concentration, while somewhat lesser activities were obtained with inosine and 
guanosine triphosphates. In these experiments the possibility exists of prior trans- 
formation of these different nucleotides into ATP by other enzymes in the CAS 
preparation. It may be noted that ITP was inactive with yeast glutathione synthetase 8. 

As in other types of peptide-bond synthesis involving ATP-dependent reactions, 
magnesium ions were required for the activity of CAS (Fig. 7). With 0.oo 3 M ATP 
present, a comparable concentration of Mg ++, about o.ooI5-O.OO2 M, was optimal. 
No significant activity was found in the absence of Mg ++, while at high levels of the 
metal, partial inhibition occured. 

CAS was fully active in the absence of K+, and unaffected by considerable 
concentrations of this ion. In this respect the present impure preparation differs from 
the enzymes associated with the two stages of glutathione synthesis (Table III). 

Fig. 8 shows that carnosine synthesis was inhibited (about equally) by I.- 
carnosine or DL-anserine, at levels of o.ooI5 M and higher. Anserine formation was 

T A B L E  I I I  

NON-ESSENTIALLIXY OF POTASSIUM IONS FOR DIPEPTIDE SYNTHESIS 

I n  these assays, varying levels oI KC1 were added to the usual 0.o 4 M tris  buffer. 

Molar concentration 
ol K +  

/,mole × zo ~ Peptide/k/mg protein 

with w;lh 
DL-z-histidine-z-t'C r~L-methylhistidine-z-z4C 

o 2.5 6.5 
o.oo2 2. 3 6.0 
O . O I I  2 .  7 0 . 2  

0.027 2.7 5.9 

z 
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similarly depressed, except that DL-anserine appeared to exert a somewhat stronger 
effect than L-carnosine. 

Inorganic phosphate was also found to depress the enzymic formation of dipeptides 
(Table IV). At o.oi M concentration of phosphate ions the utilization of isotopic 
histidine was reduced by 55 %, and that of methylhistidine by 4 ° %. 

T A B L E  IV 

INHIBITORY EFFECT OF PHOSPHATE ON CARNOSINE-ANSERINE SYNTHESIS 

Varying quant i t ies  of po tass ium phospha te  (pH 7.4) were employed in the assays of CAS activity. 

Molar phosphate 
concentration 

i~mole × J:o s Peptide synthosizedlh/mg protein 

tCitk w~th 
DL-z-h~stidine-x-a4C DL-i-mahylhistidim-i-uC 

o 3.5 6.8 
0.0025 3.I 6. 5 
0.0050 2.3 5.5 
0.0075 X .8 4.7 
O.OI 1.6 4.i 

Solutions of the CAS powder were rather heat-labile, and lost their activity when 
maintained for a short time at 40 ° (Fig. 9). At 5 o°, protein coagulation and inactiva- 
tion occured in 1-~ minutes. 

Characterization o/the products o/CAS action 
The observed relationship between fl-alanine concentration and enzyme activity 

(Fig. 3) implies the formation of fl-alanyl peptides. When histidine was the labeled 
substrate, it was found that the 14C remaining after ninhydrin treatment was largely 
extracted with butanol, following diazotization (Table V). With labeled methyl- 
histidine, relatively little x4C appeared in butanol extracts, in agreement with the fact 
that I-methylated imidazole compounds do not undergo the diazo reaction. 

It was also desirable to demonstrate that the enzymically-synthesized peptides 
could be hydrolyzed by a specific peptidase. When CAS was incubated with its 
substrates, and carnosinase 15 subsequently added, no appreciable quantities of either 
carnosine nor anserine could be detected by the usual method (Table VI). 
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t t I I t I t I 

3 6 9 

TIME ( MIN ) AT 40" 

Fig. 9. Thermal  inact ivat ion of CAS. The 
enzyme solution was  heated at  4 °0 , and 
samples removed at  varying t ime inter- 

vals for assay of residual activity. 
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T A B L E  V 

USE OF THE DIAZO REACTION TO DISTINGUISH 
BETWEEN CARNOSINE AND ANSERINE SYNTHESIS 

After assay of CAS powder  in the usual manner ,  
the ninhydr in- t reated material  f rom several plan- 
chets was pooled and reacted wi th  diazotized 
p-chloroaniline 1°. The result ing orange-colored 
product  was extracted wi th  butanol,  and the 

ext rac t  evaporated and counted for uC. 

Labded amino acid employed % Total uC re.,cov~r.d in b~tsnol extraa 

DL-Histidine-I-uC 8~ 
DL- I -Methylhistidine - i -14C 12 
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T A B L E  VI  

DI~STRUCTION BY CARNOSINASE OF PEPTIDE-14C DERIVED FROM SYNTHETASE ACTION 

Fol lowing  i ncuba t ion  of CAS wi th  usua l  subs t ra tes ,  the  m i x t u r e  was  b rough t  to  p H  8, m a d e  
o.ool  M in Zn ++, and  I m g  carnos inase  added.  Af ter  an  add i t i ona l  hour  a t  37 °, TCA was  added,  

and  the  m e a s u r e m e n t  of n i n h y d r i n - r e s i s t a n t  I~C m a d e  b y  the  s t a n d a r d  method .  

Residual peptide-l"C, 
Labeled amino acid v.sed with CAS as % o! control 

(not treated with carnosinase) 

DL-His t ld ine - i J4C less t h a n  5 
DL o i -Me thy lh i s t l d ine -  i J4C o 

T A B L E  V I I  

COMPARISON OF STEREOISOMERS OF HISTIDINE IN CARNOSINE SYNTHI~SIS 

CAS was  i n c u b a t e d  under  usua l  condi t ions ,  b u t  wi th /~-a lan ine- I - I4C and  an  un labe led  form of 
h i s t id ine  (both a t  i #mole /ml ) .  Carnosine was  s ubs e quen t l y  i so la ted  b y  paper  c h r o m a t o g r a p h y  6. 

H istidine isomer employed DL L D 

# m o l e .  IO 3 Carnos ine /h /mg  pro te in  2. 4 2. 3 o. 3 

The use of isotopic/~-alanine made possible the separate testing of the L- and 
D-isomers of histidine, with subsequent chromatographic separation of the syn- 
thesized carnosine, from excess t4C-/3-alanine (Table VII). It  is seen that the earnosine 
region of the chromatograms was radioactive when either L- or DL-histidine was 
employed. These gave equal activity, because of the relatively high concentrations 
employed. However, D-histidine was not significantly active. 

DI SCUSSION 

The apparent absence of carnosinase in muscle tissuO s has made possible the 
measurement of net synthesis of small quantities of peptides. While the activity of 
the CAS preparation was not high, under the usual conditions of assay about 5 % 
of the isotopic DL-methylhistidine and 2-3 % of the histidine were utilized in an hour. 
These values may be doubled, assuming that the D-isomers were inactive. 

Several lines of evidence including optimum pH, thermal lability, response to 
metallic ions and nucleoside phosphates, substrate effects, and inhibitions by products, 
all suggest that  a single enzyme catalyzes the synthesis of both carnosine and anserine 
from their constituent amino acids. However, a more conclusive answer requires 
further experiments with purified preparations. 

Other paths of anserine synthesis such as fl-alanyl transfer or the methylation 
of carnosine cannot be ruled out S. I t  is not yet known whether the methylation of 
histidine (or camosine) occurs in muscle tissue or elsewhere, and the mechanism of 
this process is not understood beyond the fact that  methionine can serve as a methyl 
donor. The inhibitory effects of carnosine and anserine, and of phosphate ions, on the 
synthetic process suggest a reversible reaction, as in the case of ghtathioneS, 9. The 
lack of inhibition by ADP was perhaps due to its small concentration relative to ATP, 
and to its transformation into the latter (by myokinase). Subsequent papers will be 
concerned with the purification of CAS and the detailed mechanism of its action. 
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T H E  E F F E C T  OF DL-GLUTAMIC ACID ON T H E  G R O W T H  O F  

RHODOSPIRILL UM R UBR UM 

G. S. C O L E M A N  

Department o/Biochemistry, University o/Cambridge* (England) 

(Rece ived  M a y  9th,  1958) 

S U M M A R Y  

I. Rhodospirillum rubrum failed to grow from small inocula in the presence of 
DL-glutamic acid although washed suspensions of the organism metabolized both 
isomers. 

2. In the presence of high concentrations of nL-glutamic acid the organism 
initially failed to divide although cells increased in length. This growth soon ceased 
and was only resumed after a lag following which the cells acquired a more normal 
morphology. 

3. The only cell constituent observed to be affected by growth on nL-glutamic 
acid is nucleic acid, and both ribonucleic and deoxyribonucleic acids of the organisms 
are reduced; the former being affected more than the latter. 

INTRODUCTION 

Although Rhodospirillum rubrum grows readily on a medium containing D L - m a J i c  acid 
and L-glutamic acid as principal carbon and  nitrogen sources 1, 2 it does not grow 

* P re sen t  address :  A.R.C.  I n s t i t u t e  of  A n i m a l  Phys io logy,  B a b r a h a m ,  Cambridge .  
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