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Preface 
The t r ag ic death of D r . R i c h a r d J . B l o c k i n Feb rua ry 1962 was a great 

shock to his f r iends and col leagues. The members of the Execut ive 
Commit tee of the D i v i s i o n of B i o l o g i c a l C h e m i s t r y who were f a m i l i a r 
wi th his work proposed at the M a r c h 1962 meeting i n Washington that a 
sympos ium be held i n recogni t ion of h is l i fe t ime efforts i n advancing 
knowledge i n amino ac id and pro te in b iochemis t ry . It is particularly 
important that i n spite of R i c h a r d Block's re luctance to par t ic ipa te i n 
Society af fa i rs , other than to offer papers for presentat ion and to a c ­
cept invi ta t ions to take part i n sympos ia , the Execut ive Commit tee was 
willing on the bas i s of his reputation to sponsor a sympos ium i n his 
honor at the national meeting of the A m e r i c a n C h e m i c a l Society held i n 
At lan t ic C i ty i n September 1962. It i s f r o m this sympos ium that papers 
of th is volume or iginated, in addit ion to invest igat ions of other authors, 
who would have wished to par t ic ipate but were p ressed wi th other c o m ­
mi tments . 

The Execut ive Commit tee was espec ia l ly fortunate i n the ready 
acceptance by such an eminent b iochemis t as Dr. Jack Stekol to take on 
the duties of both the organizat ion of the R i c h a r d J . B l o c k M e m o r i a l 
Symposium and the crea t ion of this volume. Such labors and those of 
the par t ic ipants a re a re f lec t ion of the deep r ega rd in wh ich Dr. Block 
was held by his col leagues. 

It was f i t t ing that Dr. Stekol, a l i fe t ime f r iend , introduce this vol­
ume wi th a rev iew of R i c h a r d B l o c k ' s l i fe and his sc ient i f ic work . In 
the extensive bibl iography included i n this account, one finds a number 
of books and r ev i ews , some of wh ich se rve today as "bibles" for l a b ­
ora tory procedures both for amino ac id and pro te in r e sea rch ; and how 
many of us in the past consulted "Block and Boiling" for the amino ac id 
composi t ion of proteins ! A s students over a quar ter of a century ago, 
some of us wondered why the title of some of Block's papers bore no 
re la t ion to the contents. T h i s was his way of ove rcoming "administra­
tive" p re s su re s as to what should be done i n the labora tory , a p rob lem 
that i s particularly top ica l today when Congres s iona l commit tees a re 
questioning the freedom to " c h a n g e " the d i r ec t i on of one 's r e sea rch . 
B l o c k was a pioneer i n this respect; the t i t le sa t i s f ied the a d m i n i s t r a ­
to rs who were not suff icient ly knowledgeable to recognize that the re­
search bore no obvious re la t ion to the title. Ye t today at the Nat iona l 
Institute of M e n t a l Heal th and N e u r o l o g i c a l Institutes around the coun­
try, bas ic r e s e a r c h on amino ac ids and prote ins , not too much unl ike 
Block's, i s prevalent . In this respect the papers included i n this vol­
ume, though apparently d ive r se , yet ref lect a ce r t a in in te r re la t ionsh ip 
w e l l wi th in the scope of Block's genera l in teres t and se rve as an ade­
quate tr ibute to his contr ibut ions . 

J U L I U S S C H U L T Z , 
Secre tary 

Division of Biological Chemistry, 
American Chemical Society 
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Richard Joseph Block 

1906 - 1962 

Richard Block and h is wife , together wi th Dr. and Mrs. Jerome A. Uram 
and 14 other persons , d ied i n a plane c r a s h on F e b r u a r y 4, 1962, 

shor t ly after leaving T ingo Maria, P e r u . The A m e r i c a n s were on a 
m i s s i o n sponsored by the Nat iona l Institutes of Heal th in connection 
w i t h the International Program on Nu t r i t i on Studies. H i s un t imely death 
shocked his f r iends and col leagues , and brought to an abrupt end his 
act ive and product ive ca r ee r . The bibl iography of h is publ ished work , 
pr in ted \ on pages xvi through xxiii, will give some idea of the scope of 
h is ac t iv i t i e s i n the past 30 yea r s , dur ing w h i c h he col labora ted wi th 
over 70 sc ien t i s t s . B l o c k left numerous projects "on the fire." Mos t 
important of all, he left behind h i m fr iends who deeply fee l the lo s s of 
such a rare human being. T h i s was his greatest achievement. 

He was born i n Macon , G a . , on M a y 4, 1906, and r ece ived his B . S . 
in chemis t ry i n 1928 and his P h . D . i n phys io log ica l c h e m i s t r y i n 1931 
at Y a l e . Whi le at Y a l e he r ece ived r e s e a r c h in sp i r a t ion , wh ich never 
left h i m throughout l i f e , f r o m P r o f e s s o r L. B. Mende l , to whose m e m ­
ory B l o c k remained f i e r c e l y l o y a l . B l o c k was a f r iend to his f r iends . 
Whi l e he acknowledged his enemies , he ignored them, not pe rmi t t ing 
them to affect h is way of l i fe o r h is convic t ions . T o h i m enemies were 
like booby t raps or dangerous leaks i n the roof: They m e r e l y r equ i r ed 
attention of a strictly t echn ica l nature. 

H i s heart and mind were i n his beloved amino ac ids and pro te ins , 
and among the amino ac ids those containing sulfur r ece ived a great 
dea l of attention f r o m h i m and h is co l l abo ra to r s . In co l labora t ion wi th 
R . Jackson , B l o c k was among the first to es tab l i sh the nu t r i t iona l r o l e 
of methionine and to point to the probable pathway of the convers ion of 
i t s sulfur to that of cyste ine. That was accompl i shed at a t i m e when 
tracer methodology was only a g l eam i n the eye of the b iochemis t , and 
one's ingenuity and imaginat ion had to be s t ra ined to the utmost in or­
der to design and execute exper iments wh ich would be next best to a 
d i rec t demonstrat ion of the conve r t ib i l i t y of one metaboli te into a n ­
other. 

He studied the synthesis and u t i l i z a t i on of su l fur -conta in ing c o m ­
pounds i n man, rat , dog, goat, cow, ewe, bac te r i a , yeasts , cockroach , 
and algae, constantly being aware that the r e su l t s a re good only as the 
methods which were employed to obtain them. He devoted a great dea l 
of his t ime to the development of better and more ref ined c h e m i c a l and 
chromatographic methods for the i so l a t ion and determinat ion of amino 
ac ids i n proteins f r o m a va r i e ty of sources , and he had even set up a 
labora tory i n his house for the purpose, where he worked at all hours . 

xiii 
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M u c h t ime and effort were spent i n comp i l i ng the ana ly t i ca l and p r e ­
para t ive procedures for s tudying the amino ac id composi t ion of p r o ­
teins of a n i m a l and plant o r i g i n , which resul ted i n his f i r s t book, " T h e 
Determina t ion of the A m i n o A c i d s , " fol lowed by f ive more deal ing wi th 
the amino a c i d composi t ion of proteins and foods, paper ch romato ­
graphic and e lect rophoret ic methods, and ana ly t i ca l methods of p ro te in 
chemis t ry . 

T h i s ac t iv i ty had i t s p r a c t i c a l objective—namely, to es tab l i sh , i n 
a c c o r d wi th the v iews of L . B . Mende l and h i s students, the c o r r e l a t i o n 
of the amino a c i d composi t ion of prote ins w i th the i r nu t r i t iona l value. 
In co l labora t ion wi th H . H . M i t c h e l l th i s objective was accompl i shed . 

In 1933 B l o c k proposed the " a n l a g e " hypothesis, wh ich postulates 
that ce r t a in s t ruc tures of r e l a t i ve ly constant compos i t ion a re common 
to a l l the s e r u m prote ins . In the last 5 yea r s of h i s l i fe B l o c k devoted 
his efforts to further development of th i s anlage hypothesis, applying 
m o r e r igorous and newer methods wh ich have become ava i lab le . T r u l y , 
as M a x P l anck has r e m a r k e d , sc ien t i s t s never give up the i r theor ies , 
and they appear to give them up only because they d ie . It would appear 
that th is theory i n one f o r m or another, undoubtedly w i th modif ica t ions , 
delet ions, addi t ions, etc. , beyond recogni t ion of the o r i g i n a l , w i l l be de ­
veloped further and even, perhaps, l inked to the genetic code governing 
the pro te in s t ruc ture and i t s b i o l o g i c a l p roper t i e s . 

W h i l e engaged i n these ac t i v i t i e s , B l o c k found t ime and energy to 
se rve as p r o f e s s o r i a l l ec tu re r at New Y o r k M e d i c a l Col lege ; a v i s i t i n g 
professor i n the Department of Phys io logy and B i o c h e m i s t r y and an 
associa te member of the Bureau of B i o l o g i c a l R e s e a r c h of Rutgers 
U n i v e r s i t y ; cha i rman of the Sub-Commit tee on B i o l o g i c a l C h e m i s t r y of 
the Nat iona l R e s e a r c h C o u n c i l ; and a member of the Nu t r i t i on Study 
Section of the Nat iona l Institutes of Heal th . He was a member of the 
A m e r i c a n C h e m i c a l Society, A m e r i c a n Society of B i o l o g i c a l Chemis t s , 
A m e r i c a n Institute of Nu t r i t i on , Society for Expe r imen ta l B io logy and 
M e d i c i n e , New Y o r k Academy of Sciences , A m e r i c a n Institute of C h e m ­
i s t s , A A A S , and Sigma X i . 

B l o c k i s su rv ived by two daughters, M r s . W e r n e r K r e b s e r and 
M r s . Thomas Mont ie . R a l p h Ho lman of the U n i v e r s i t y of Minnesota , 
who was i n L i m a on a m i s s i o n s i m i l a r to that of B l o c k , w r i t e s : 

I delayed my departure f r o m L i m a i n o rde r that I could 
attend the funeral , for I had ascer ta ined f r o m the A m e r i c a n 
Consu l the interment was to be i n L i m a and none of the f a m i ­
l i e s would be present . The ceremony was s i m p l e and beautiful . 
Ambassador James Loeb spoke on behalf of the Government 
and recounted the accompl i shments of the deceased and the i r 
m i s s i o n to L a t i n A m e r i c a . D r . Or lando Olsesse , Pres iden t of 
the Un ive r s idad A g r a r i a i n P e r u , next spoke on behalf of the 
Pe ruv ians , express ing the grati tude they hold for D r s . B l o c k 
a n d U r a m i n coming to a id i n the r e l i e f of the nu t r i t iona l p r o b ­
l ems of the country. He expressed the g r ie f of the P e r u v i a n 
sc ien t i s t s i n the un t imely death of such f r iends . 

xiv 
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A sympos ium to honor the m e m o r y of R . J . B l o c k was organized 
wi th the a id of the D i v i s i o n of B i o l o g i c a l C h e m i s t r y of the A m e r i c a n 
C h e m i c a l Society and held i n September 1962 i n At lan t i c C i t y , N . J . The 
papers presented at th is sympos ium, together w i th addi t ional con t r ibu ­
t ions f r o m s e v e r a l recognized authori t ies i n the i r respec t ive f i e lds , a re 
presented i n th is m e m o r i a l volume as a t r ibute to R . J . B l o c k f r o m his 
f r iends and colleagues and as a wrea th on h i s lonely grave i n a fore ign 
land. 

J. A. STEKOL 

The Institute for Cancer Research 
Philadelphia, Pa. 
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1 
The Nature and Origin of the Serum Proteins 

JULIUS SCHULTZ 

Institute for Biochemical Studies in Cancer, 
Department of Biochemistry, Hahnemann Medical 
College, Philadelphia, Pa. 

The contributions of Richard Block to the se­
rum protein problem originated from the hy­
pothesis of Kossel. From recent data on the 
amino acid composition of the proteins found 
in animal sera, a formulation is derived which 
reflects the properties of a continuous sys­
tem of molecular species originating from a 
common biosynthetic pathway, as if from 
mixed polymers of monomeric peptides of 
lower molecular weight. Indirect evidence of 
this is found in the amino acid interrelation­
ship, and direct evidence is limited to the 
isolation of peptides of common composition, 
whose primary structures are still under in­
vestigation. These findings suggest that un­
differentiated proteins may be continuous 
systems rather than discrete molecular 
species. 

The amino ac id composi t ion of prote ins was one of the major in teres ts 
of Block's in te l l ec tua l endeavor. He carried wi th h i m a great dea l of 

the b i o c h e m i c a l heri tage of the Mende l , Osborne, and Vickery school , 
i n wh ich he was w e l l tutored. T h i s school v iewed proteins i n the light 
of t he i r amino a c i d composi t ion . 

Physiological Meaning 

It was B l o c k ' s tendency to read as much phys io log i ca l meaning into 
an amino ac id ana lys i s as his t r a in ing and exper ience a l lowed that led 
h i m into the development of a hypothesis concerned wi th amino ac id i n ­
te r re la t ionsh ip of s e r u m pro te ins . Al though h i s concepts r ece ived some 
attention i n the 30's (graduate students at the U n i v e r s i t y of M i c h i g a n 
were r equ i red to read his papers) , there a r e few ci tat ions to his work 
in comprehensive rev iews on the p l a s m a prote ins , published only a few 
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2 ADVANCES IN CHEMISTRY SERIES 

yea r s ago (31). A s the knowledge of the p h y s i c a l c h e m i c a l p roper t ies 
of proteins grew, the influence of the amino ac ids on the functional 
charac ter of the prote in was given a mino r ro l e . Thus i n comment ing 
on H . B . V i c k e r y ' s statement, " i n recent yea r s there has a r i s e n the 
convic t ion that, not only the c h e m i c a l but a l so the p h y s i c a l p roper t i es , 
or at least many of them, can be assigned a r a t iona l explanation i n 
t e rms of the amino ac id c o m p o s i t i o n " (45), B a i l e y argued that "one of 
the most d ishear tening features of the amino ac id ana lys i s of proteins 
i s that the resu l t s have l i t t l e m e a n i n g " (44). 

In view of the sudden invas ion of the organic chemis t ' s approach to 
pro te in s t ruc ture , the e lucidat ion wi th explos ive force of the p r i m a r y 
s t ruc ture of a number of prote ins and act ive si te sequences, and a most 
recent statement that s t ruc ture and function maybe determined by p r i ­
ma ry s t ructure (1), one must cons ider s e r i ous ly that a g iven amino 
a c i d may play a p a r t i c u l a r l y important r o l e i n de te rmin ing function. 

Thus wi th the re -emergence of the dominant r o l e of the amino 
ac ids , envisioned by V i c k e r y , B l o c k re turned to the theater and began 
to rep lay his part i n the invest igat ion of s e r u m prote ins of a quar ter of 
a century ago, only to be cut off as a resu l t of an un t imely accident . 

Anlage Hypothesis 

It often takes as much courage to draw a phys io log ica l ly oriented 
inference f r o m c h e m i c a l data based on crude m a t e r i a l obtained f r o m 
exper imenta l an ima l s o r patients as to de r ive these inferences f r o m 
the data on dead, highly pur i f ied c h e m i c a l enti t ies obtained under r i g i d 
p h y s i c a l c h e m i c a l con t ro l s . Thus when B l o c k de termined the bas ic 
amino ac ids a rg in ine , l y s ine , and h is t id ine i n the a lbumin and globul in 
f ract ions of patients whose a lbumin-g lobu l in ( A / G ) ra t ios v a r i e d , he 
found that, i n spite of the marked va r i a t i on of the p ropor t ion of the two 
pro te in f rac t ions , the m o l a r ra t ios of the bases remained constant (4, 8). 
T h i s was l i ke analyz ing a s e r i e s of mix tu res of a l k a l i phosphates; r e ­
gard less of the propor t ions of N a to Κ to H , the r a t i o of Ρ to Ο would 
r e m a i n 1 to 4. In th is respect the P 0 4 de termines the p r i n c i p a l p r o p ­
e r t i e s of the mix tu res ; l i kewi se , w i th great enthusiasm B l o c k assumed 
that the de te rmine r s here were the bas ic amino ac ids , the " a n l a g e , " 
which" K o s s e l i n 1905 (21) ca l l ed p ro tamin , a bas ic pro te in . So wi th a 
s t rong tendency toward " r ead ing i n t o " the amino a c i d data, he proposed 
that the s e r u m proteins were one great molecule f r o m which a l l i s o ­
lated products were obtained as a resul t of c h e m i c a l t reatment. In the 
work of Sorensen (43) and Hardy (15) B l o c k found p h y s i c a l c h e m i c a l 
support of th is notion. 

B l o c k ignored the b r i l l i a n t invest igat ions taking place i n Cohn's 
labora tory at H a r v a r d , where a multi tude of pur i f i ed p la sma pro te in 
fract ions were being i so la ted , because c h e m i c a l reagents were used i n 
the p rocess . But when T i s e l i u s provided a means of demonstra t ing the 
existence of a number of s e r u m elec t rophore t ic components w i th a 
m i n i m a l exposure of the s e r u m to c h e m i c a l reagents, B l o c k gave up. 
F o r about 20 yea r s he lost in teres t i n the subject and published nothing. 
B r a n d ' s ana lys i s of the Conn f ract ions offered no support for h i s h y -
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f. SCHULTZ The Nature and Origin of the Serum Proteins 3 

pothesis (9, 10). In the late 50 's , fo l lowing the development of paper 
chromatographic procedures for the amino ac ids , to which he con t r i b ­
uted (6), and chromatography for separat ion of pro te ins , he renewed his 
interest and produced a s e r i e s of papers wh ich were rev iewed i n an 
address before the New Y o r k Academy of Sciences (3). 

Wi th these newer methods of pro te in separat ion and amino ac id 
ana lys i s he prepared s e r u m pro te in f ract ions by s e r i a l sa l t ing out wi th 
ammonium sulfate and by the Sober and Pe te r son D E A E ce l lu lose c o l ­
umns (42), us ing the s e r a of r ep t i l e , fowl , and m a m m a l i a n blood. Some 
of the amino ac id analyses were c a r r i e d out by the automatic amino 
a c i d methods of H i r s , M o o r e , and Stein (18). F o r t i f i e d wi th th is p le th ­
o ra of data, B l o c k now had the opportunity to r e - examine not only the 
ra t io of the basic amino ac ids , but at least 12 amino ac ids i n a va r i e ty 
of p ro te in f ract ions prepared by at least two different procedures . Wi th 
the a id of a s ta t i s t i c ian he determined the s ignif icance of the constancy 
of the mo la r ra t ios of p a i r s of amino ac ids and found that i n spite of the 
marked va r i a t ion of the absolute amounts of an amino a c i d , the m o l a r 
ra t ios of ce r t a in p a i r s r e m a i n r e l a t i ve ly constant among the numerous 
pro te in components of a n i m a l s e ra . 

Four teen of the 18 amino ac ids analyzed were found to have r e l a ­
t i v e l y constant m o l a r r a t ios , wi th two other amino ac ids at the 1% l eve l , 
and a l e s s than 10% deviat ion f rom the mean m o l a r r a t io s . B l o c k r e ­
peated these findings f r o m each species and f r o m proteins obtained by 
the two methods of prepara t ion . A s a check on the va l id i ty of the s t a ­
t i s t i c s he presented to the s ta t i s t i c ian the determinat ion of amino ac id 
i n eight apparently unrelated pro te ins : bovine s e rum a lbumin , human 
hemoglobin, c r y s t a l l i n e egg a lbumin , i n s u l i n , β - l a c t o g l o b u l i n , ac t in , 
gelat in , and r ibonuclease . The s ta t i s t i c ian , led to bel ieve that these 
were eight pro te in f rac t ions of the s e r u m , repor ted 105pa i r s ; only f ive 
p a i r s were s ignif icant ly re la ted at the 1% l e v e l and three p a i r s were 
ac tua l ly negatively co r re l a t ed . This i s expected by chance. In contrast 
were the resu l t s obtained f r o m a s e r i e s of prote ins of ch icken s e rum, 
for example , where there were a l so 105 p a i r s ; 26 were co r re l a t ed at 
the 5% l e v e l of s igni f icance . T o s u m m a r i z e B l o c k ' s most recent c o n ­
ception of the s e r u m proteins i n his own words (3): 

These findings suggest that a l l s e r u m prote ins a re composed 
of amino ac id anlagen— that i s , a l i m i t e d number of different 
peptides, each of wh ich has a r e l a t i ve ly constant amino ac id 
content but d i f fers f r o m the others i n amino ac id composi t ion . 

B l o c k ' s r e su l t s appear to support the concept that the proteins of 
the s e r u m are not a mix tu re of va r ious unrela ted pro te ins , but the p r o ­
tein f rac t ions , whether homogeneous or not, a r e in te r re la ted and may 
exis t as a complex of eas i ly d i s soc iab le molecules that he had named 
o r o s i n i n 1934 (5). 

In essence the development of the anlage hypothesis a rose f r o m 
K o s s e l ' s use of an embryo log i ca l t e r m as appl ied to protamine as a 
bas ic unit of pro te in s t ruc ture , wh ich B l o c k i n the 1930's t rans la ted into 
the constancy of the a r g - l y s - h i s r a t i o i n the s e r u m prote ins . He changed 
this i n his most recent suggestion that th is anlage was represented by 
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4 ADVANCES IN CHEMISTRY SERIES 

yet to be found common peptides. No matter what one may think of the 
conceptual imp l i ca t ions of such data f r o m K o s s e l ' s t i m e to the present, 
the fact r ema ins that the s e r u m prote ins appear to be more c lo se ly i n ­
t e r re l a t ed than i s cu r ren t ly taught or thought i n b iochemis t ry today, 
where a lbumin , a l p h a - 1 - , a lpha -2 - , beta- , and gamma-globul ins as 
seen i n T i s e l i u s ' patterns, the 18 co lumn fract ions of Sober and P e t e r ­
son (42), and the multicomponent sys tems of ge l e lec t rophoret ic c o m ­
ponents of Smith ies (41) a re usua l ly t reated as d i sc re t e ind iv idua ls or 
mix tu res of pro te ins , and d i scus s ion of any in te r re la t ionsh ip has only 
v e r y recent ly been indicated i n the case of the gamma-g lobul ins (2,13). 
In some r ev i ews , such as the two volumes of " P l a s m a P r o t e i n s , " such 
in te r re la t ions have not been recognized , except to speculate that the 
gamma-g lobu l in may be a f ami ly of prote ins (32), without reference to 
B l o c k ' s work . 

It i s poss ib le that i n the future we may recognize K o s s e l ' s idea of 
the anlage, a bas ic p ro te in de te rmine r found i n a l l c e l l s , to be the 
modern-day equivalent of the " c o a t " o r " m a s k i n g " pro te in wh ich a c ­
tua l ly de termines the p a r t i c u l a r a reas of the D N A (deoxyribonucleic 
acid) molecule which a re to function i n R N A (r ibonucleic acid) f o r m a ­
t ion i n a given cell—that i s , K o s s e l ' s anlage may be the in te l l ec tua l an ­
tecedent of the p r i n c i p l e of c e l l u l a r differentiat ion as viewed by many 
today. On the other hand, i f such kindness to our p redecesso r s i s to be 
extended to the ideas of R i c h a r d B l o c k , who t rans fo rmed K o s s e l ' s a n ­
lage f i r s t to the bas ic amino ac ids (7) and then to " c o m m o n pep t ides , " 
i t can eas i ly be sa id that the concept of the common act ive si te s e ­
quence of many enzymes (20) i s what B l o c k meant when he in fe r red 
that a " p e p t i d e " anlage determined the function of many prote ins . 

A s far as the s e r u m prote ins are concerned, no one has yet i s o ­
lated peptides whose sequence of amino ac ids f r o m more than one c o m ­
ponent of the s e r u m i s iden t i ca l . The s ignif icance of this s ea r ch i s 
d i scussed i n the r emainder of th is presentat ion. 

Biosynthesis of Serum Proteins 

The present author ' s l ine of r e s e a r c h c ro s sed that of B l o c k i n the 
author ' s attempt tode te rmine c r i t e r i a other than mob i l i t y to d i s t inguish 
prote ins responsib le for a l tera t ions of the gaussian envelopes of the 
c l a s s i c a l T i s e l i u s e lec t rophoret ic patterns of the s e r u m proteins found 
i n t umor -bea r ing ra ts (38). In these exper iments , when s i x amino ac ids 
were determined on the e lec t rophore t ic f ract ions obtained by s t a rch 
s lab e lec t rophores i s of dog, rat , and human s e r a , c e r t a in re la t ions be ­
came evident, wh ich gave r i s e to a speculat ion as to the mode of b i o ­
synthesis of the s e r u m prote ins (36, 37). T h i s hypothesis depended an 
the demonstra t ion of the presence of common peptides in the proteins 
of the s e r u m . In view of the fact that even a c e l l u l a r sys tems of pro te in 
biosynthesis so r e m a r k a b l y i l lumina ted by recent inves t iga tors (28) do 
not y i e l d s ingle proteins on the addit ion of g iven polynucleot ide f r o m a 
na tura l source , i t i s evident that a s e r i e s or a sys tem of prote ins may 
be produced f r o m a given s i t e , whether th is takes place d i r e c t l y on the 
s i te i t s e l f o r peptides f r o m the template appear as monomers which 
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!. SCHULTZ The Nature and Origin of the Serum Proteins 5 

are re fo rmed into mixed p o l y m e r i c macromolecu les . Never the less 
prote ins of the s e r u m synthesized i n the l i v e r (26) do have the cha rac ­
t e r i s t i c s of a sys tem; i n addit ion, they a re without specif ic enzymatic 
function and a re therefore undifferentiated. In this way the s e r u m p r o ­
teins may serve as a phys io log ica l mode l for the m a t r i x products of 
the messenger R N A of the hepatic pa renchymal c e l l . Th i s approach, i n 

Table I. Chemical Relationships among 16 Isolated 
Electrophoretic Components of Sera of Dog, Rat, and Man (37) 

No. of Proteins 
Molar Ratio Includeda Range 

(Ala + gly)/asp 
Glu/ala 
Thr/asp 

aGamma-globulins excluded. 
bAlpha-2, rat = 1.1 

Albumin, dog = 1.6. 

16 1.3-1.5 
14b 1.3-1.5 
16 0.5-0.6 

Table II. Molar Ratios of Amino Acids Characteristic of Serum Proteins 
Compared to Proteins of Other Sources 

Ala+Gly Glu Thr 
Proteins Asp Ala Asp Ref. 

Serum (1.3-1.5) (1.3-1.5) (0.5-0.6) (Table I) 
Myokinase 3.0 3.0 1.2 (23) 
ATP creatine P0 4 kinase 1.3 3.0 0.6 (29) 
Cytochrome c 2.2 2.0 1.2 (24) 
LDH 1.4 1.5 0.4 (25) 
Hemoglobin 

α-chain 2.3 0.2 0.8 (17) 
β -chain 2.1 0.7 0.5 (17) 

Tryptophan-synthetase 3.0 0.8 0.4 (16) 
Rat albumin 1.5 1.3 0.6 (30) 
Pancreatic protein 

Trypsinogen 1.8 0.8 0.5 (27) 
Chymotrypsinogen Β 2.0 0.6 1.1 (19) 
Ribonuclease 1.1 1.0 0.7 (18) 
Carboxypeptidase 1.4 1.2 0.9 (40) 

Egg proteins 
Ovalbumin 1.7 1.5 0.6 (22) 
Lysozyme 0.7 0.5 0.3 (22) 
Conalbumin 1.25 1.6 0.5 (22) 
Ovomucoid 0.8 1.7 0.5 (22) 

Histones 
A 15.1 0.2 2.7 (12) 
Β 3.6 0.7 0.9 (12) 
C 8.0 0.3 1.7 (12) 
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6 ADVANCES IN CHEMISTRY SERIES 

addit ion to the efforts of S o r m (44) i n search ing for a reas of common 
sequences among the highly differentiated prote ins of speci f ic function, 
may contribute to understanding some of the steps between the raw 
template m a t e r i a l and the end product. 

Whi l e B l o c k ' s in teres t was centered on the constancy of the m o l a r 
r a t io of ce r t a in p a i r s of amino ac ids , we were concerned not only wi th 
that parameter (Tables I and Π) but a l so wi th the observat ion that the 
m o l a r ra t ios of other p a i r s v a r i e d sys t ema t i ca l ly w i th the mob i l i t y of 
the p a r t i c u l a r pro te in f rac t ion (Figure 1). Since one might expect this 

cc-2 
MM Protein 

MM Protein 

ί MM Protein 
Ç 

BJ /, BJ Λ 

ProteiJ» P r o t e i n · \ 

A A m A J r \ \ 

- G L O B U L I N S -
« - 2 I t. L 

Biosynfhefic Source of Normal Serum Proieins 

LIVER- Extra-
Hepatic 
Tissue 

Figure 1. Systematic variation of molar ratio of ala 
to thrwith mobility of electrophoretic components of 

serum proteins 

to be t rue of ce r t a in amino ac ids such as ly s ine , a rg in ine , o r t h e d i c a r -
boxy l ic ac ids , which , because of t he i r excess charge, contribute heavi ly 
to the more bas ic or ac id i c pro te ins , we chose alanine and threonine, 
nei ther of wh ich would be cha rac t e r i s t i c of the lower or faster moving 
prote ins because of t he i r e l e c t r i c a l p roper t i e s , p e r s e . The observat ion 
that alanine and threonine v a r i e d sys t ema t i ca l ly was f i r s t seen i n our 
s ing le -d imens iona l amino ac id chromatograms of the f ive e l ec t rophor ­
etic components, publ ished i n 1955 (37). 

F i g u r e 1 shows d i ag rammat i ca l l y the arrangement of the proteins 
of the s e r u m i n accordance wi th the i r mob i l i t i e s , as would be found i n 
a c l a s s i c a l e l ec t rophore t i ca l pat tern obtained by e lec t rophores i s of 
n o r m a l s e r u m at p H 8.6 i n ve rona l buffer. The Bence-Jones and m y e ­
loma globulins a re a l so p laced i n a reas where they were found i n r e ­
spect to the s e r u m prote ins indicated (see Tab le V for other data on 
these prote ins) . In each sys t em, i n both the hepatic and extrahepatic 
prote ins (26), the a l a - th r ra t ios change i n the same d i r e c t i o n as the 
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7. SCHULTZ The Nature and Origin of the Serum Proteins 7 

mobi l i t y , although these amino ac ids themselves do not s igni f icant ly 
contribute to the e l e c t r i c a l p rope r t i e s of the pro te ins , but i n this may 
be associa ted wi th an ac id ic peptide common to each pro te in but i n ­
c r eas ing i n p ropor t ion to other peptides w i th i nc reas ing mobi l i t y of the 
component (see Tab le II for the r e l a t i ve ly constant a l a - g l u r a t io i n a l l 
prote ins of the serum) . 

The fact that ce r t a in p a i r s of amino ac ids were constant r ega rd less 
of mob i l i t y , and others were cha rac t e r i s t i c of prote ins of a given m o ­
b i l i t y , gave r i s e to the thought that there were common features sug ­
gest ive of a sys tem of in terwoven uni ts . The ra t ionale for th is was r e l ­
a t ive ly s i m p l e . 

If a s e r i e s of peptides i s synthesized f r o m the long template s i te , 
and these products a re organized into pro te ins cons is t ing of va r ious 
propor t ions of these products , the mix tu re of proteins fo rmed should 
have ce r t a in inherent features which would d i s t inguish them f r o m a 
s i m i l a r mix tu re fo rmed f r o m another template s i te . Thus , a s e r i e s of 
three peptides, A , B , and C , f r o m a template could be chosen so that Β 
i s more ac id than A , and C i s more bas ic than A . The mobi l i t y of a 

Hepat i c 
t AMINO ACID P O O L , 

T E M P L A T E 

G L O B U L I N S Β 

Β 
I 
1 
1 

A L B U M I N S «ι «• s « j 
~ l Λ +! ξ + IBETA 

- £ *: < «i 
+ 1 _ ι \ € >.€ 

A 

I 
1 
1 

A L B U M I N S «ι «• s « j 
~ l Λ +! ξ + IBETA 

- £ *: < «i 
+ 1 _ ι \ € >.€ 

C 

<l < 4 * 
1 
1, 

C 

Figure 2. Proposed mechanism of 
biosynthesis of animal serum pro­
teins. A,BtC are positions on tem­
plate available for certain groups of 
amino acids ; the arrows indicate the 
resultant proteins after assembly on 

the ribosomes. 

prote in made up of these peptides would be a function of A plus the r a ­
t io of B / C . On e lec t rophores i s , the T i s e l i u s pattern of the mix tu re of 
prote ins de r ived f r o m this p a r t i c u l a r template would provide a s e r i e s 
of prote ins whose compos i t ion would ref lect components A , B , and C 
i n a manner that would d i s t inguish the f a m i l y f r o m a s i m i l a r s e r i e s 
a r i s i n g f rom another template o r other templates . 

T o test th is hypothesis, the only method avai lable i n the ea r ly 50's 
was a crude approximat ion a r r i v e d at by tabulating a l l the amino ac id 
values i n t e r m s of m o l a r r a t io s of a spa r t i c a c i d , and f r o m the 16 p r o -
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8 ADVANCES IN CHEMISTRY SERIES 

te in components of dog, rat , and man assembl ing the lowest ra t io for 
each amino a c i d into a hypothet ical peptide represent ing A . Since the 
values of alanine and glutamic ac id inc reased wi th i nc r ea s ing mobi l i ty 
of the component, but remained i n constant m o l a r ra t io to each other, 
they were sa id to be cha rac t e r i s t i c of peptide B ; i n l i k e manner, s ince 
g lyc ine and se r ine values inc reased wi th dec reas ing mob i l i t y of the 
components, they were ass igned to the C peptide. A s we had seen wi th 
the a l a - th r r a t ios , the ra t ios of B / ( B + C ) , ca l l ed n / K , were r emarkab ly 
cha rac t e r i s t i c of the mobi l i ty of each of the e lec t rophore t ic components 
of the s e r a of dog, ra t , and man [Table ΠΙ and (37)]. 

Table III. Formulation Interrelating 
Serum Proteins 

Component Β C n/K 

Albumin 117 0 1.0 
Alpha-1 37 36 0.5 
Alpha-2 28 56 0.33 
Beta 2 72 0.03 
Gamma 20 138 0.13 

It has been shown (37) that the m i n i m a l m o l a r ra t ios per 100 moles 
of a s p a r t i c a c i d found i n the 16 prote ins p repared by s t a r ch e lec t ropho­
r e s i s of the s e r a of dog, rat , and man were : glu 90, a l a 70, thr 50, se r 
40, and g ly 30. T h i s represented the hypothetical A peptide. When these 
ra t ios were subtracted f r o m the values of the m o l a r r a t io of each 
amino ac id f r o m each pro te in , the values given i n Table HI were found. 
Peptide Β i s represented by the excess number of moles of a la plus 
g lu , wh ich equals η i n Equation 1; peptide C i s represented by the v a l ­
ues f r o m excess g ly plus se r . The sum of these two values for each 
pro te in i s equal to K , and 

μ = f [ A + n B + (K — n)c] (1) 

Since A has been subtracted f r o m each pro te in , the mob i l i t y be ­
comes a function of the n / K ra t io , as seen i n the f igures of the last 
co lumn of Table ΙΠ. n / K values w i l l not cor respond to the mob i l i t y i n 
prote ins not made up f r o m peptide units a r i s i n g f r o m another s i te of 
synthesis , as indicated here by the gamma-globul ins , which apparently 
a r i s e f r o m a different sys t em (Figure 1). 

Together w i th the c r i t e r i a set by the p a i r s of amino ac ids whose 
m o l a r r a t ios were constant, the n / K ra t ios offered d is t inguishing fea ­
tures that cha rac te r i zed the sys tem found i n the s e r u m f rom other p r o ­
teins p icked at random. T h i s would be expected, because whi le the total 
aspar t ic and glutamic ac ids may provide the p r i n c i p a l source of nega­
t iv i ty , other prote ins may contain the two amino ac ids i n d i f fer ing p r o ­
por t ions , and the alanine would not neces sa r i l y be i n the same ra t io to 
g lutamic a c i d as i s found i n a l l of the s e r u m pro te ins . F i g u r e 2 shows 
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î. SCHULTZ The Nature and Origin of the Serum Proteins 9 

d iag rammat i ca l l y the template s i te and the poss ib le manner i n which a 
sys tem of proteins might be assembled to satisfy the data. 

In modern te rminology the messenger R N A would co l l ec t the amino 
ac id of peptides represented by A + Β + C , etc. , and deposit them on a 
r ibosome where they would be assembled to give r i s e to A + C , o r 
a lbumin; A C , β-globulin; and va r ious proport ions of Β + C i n addit ion 
to A to give r i s e to a continuous sys tem. A , B , and C are model pep­
t ides, but the sys tem i s not nece s sa r i l y l i m i t e d to these three, i n that 
these three are not d i sc re t e peptides but ra ther areas on the template; 
by this mechanism " c o m m o n pep t ides" should appear i n high incidence 
among the s e r u m prote ins . 

Na tu ra l l y the i m p l i c a t i o n a rose that there should be a high i n c i ­
dence of common peptides i n the p a r t i a l hydrolyzates of each of the s e ­
r u m prote ins . T h i s , of course , i s the same i m p l i c a t i o n that a rose i n 
B l o c k ' s mind (3). Since 1956 this laboratory has been busy t ry ing to 
i so la te common peptides f r o m each of the s e r u m prote ins as obtained 
f r o m e lec t rophores is on s t a r ch s labs . In o rde r to be able to prepare 
each of the pro te in hydrolyzates s imul taneously we examined nonenzy-
mat ic procedures and devised the di lute a c i d p a r t i a l hydrolyzate method 
which has recent ly been desc r ibed i n de ta i l (33, 34). In this method a s -
par t i c ac id i s p re fe ren t ia l ly e l imina ted f rom the peptide chain , the r e -

100-

φ 90-
σ 
1 80-
"3 
Ό 70-
"5 
< 60 
JO 
I 50 
(/> 
< 40 
ο 
α> 30 ο» σ S 2 0 

ο 
I 10 

~0 8 16 24 32 4 0 48 

Time in Hours 

Figure 3. Liberation of aspartic acid 
during 48-hour partial hydrolysis of 
each serum protein in 0.03N HCl at 

105°C. 

Ordinate indicates percentage of total 
aspartic acid found at time interval 
shown at abscissa, using aspartic acid 
value of a 24-hour hydrolysis in 6N HCl 

as equal to 100 (33, 34) 
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10 ADVANCES IN CHEMISTRY SERIES 

sui t ing mix tu re of peptides i s f ingerpr in ted , and the n inhydr in -pos i t ive 
a reas a re located and eluted. B y repeating the mapping procedures 
many t imes , sufficient m a t e r i a l was accumulated to obtain an amino 
ac id ana lys i s . 

Thus i n F i g u r e s 3 to 8 can be seen the aspar t i c a c i d re leased f rom 
each of the prote ins under these condit ions, along wi th the values for 
other amino ac ids being sp l i t at the same t ime . 

16 24 32 
Time in Hours 

Figure 4. Liberation of serine from ser­
um proteins at 105°C. in 0.03N HCl 

Φ 
Ο 

τ* 
ο 
< 

16 24 32 
Time in Hours 

Figure 5. Liberation of glutamic acid 
from serum proteins atl05°C. in 0.03N 

HCl 
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7. SCHULTZ The Nature and Origin of the Serum Proteins 11 

18 

Time in Hours 

Figure 6. Liberation of glycine from 
serum proteins at 105°C. in 0.03N HCl 

Over 50% of the aspar t ic ac id of the prote ins of hepatic o r i g i n i s 
l ibera ted i n 16 hours, but the gamma-globul ins of extrahepatic o r i g i n 
r equ i red 36 hours to r each 50%. The extent to wh ich this ref lec ts c e r ­
ta in cha rac t e r i s t i c s of the p r i m a r y s t ruc ture i s desc r ibed i n s i m i l a r 
studies on i n s u l i n , r ibonuclease , and glucagon (37). The cleavage of the 
peptide chain at the aspar t ic a c i d bonds may re lease other amino ac ids 
when they a re between aspar t i c a c i d res idues , when the aspar t i c ac id i s 
penult imate at e i ther end of the chain , o r i f the other r es idues occupy 
posi t ions of p a r t i c u l a r l y l ab i l e sequences not known at this t ime . The 

Time in Hours 

Figure 7. Liberation of alanine from 
serum proteins at 105°C. in 0.03NHCL 
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12 ADVANCES IN CHEMISTRY SERIES 

extent to which a l l three of these factors a re operating i s indicated i n 
F i g u r e s 4 to 8, where except for g lyc ine , l e ss than 10% l ibe ra t ion takes 
place i n 48 hours , and i n a l l cases l e s s than 5% i n 16 hours. In most 
cases free amino ac ids a re l ibera ted f r o m gamma-globul ins at a lower 
rate than the other s e r u m prote ins . 

10-, 

S 8 · w 
-Ο 
•J 7-

Time in Hours 

Figure 8. Liberation of threonine from 
serum proteins at 105 °C. in 0.03N HCl 

F i g u r e 9 shows the peptide maps and Table I V the amino a c i d c o m ­
posi t ions of some of the peptides. 

Fo l lowing hydro lys i s i n 0.03N H C l at 105° C , the solut ion of the 
c leaved pro te in i s evaporated to remove the a c i d , and taken up i n a 
s m a l l volume of water . A suitable al iquot , usua l ly containing 7.5 μ g . of 
a - amino ni t rogen, i s e lec t rophoresed i n 0.1 Ν f o r m i c ac id at 10 to 
12 kv . a c r o s s 100-cm. - long Whatman No . 1 paper, 8 inches wide, for 15 
to 20 minutes wi th the G i l s o n M e d i c a l E l e c t r o n i c s E lec t rophora tor . A 
sect ion 20 c m . f rom the o r i g i n i s cut, and the 20 χ 8 i n c h piece i s c h r o -
matographed i n butanol-acet ic ac id -wate r (3:1:1) at 60° C. for 90 m i n ­
utes. 

Af te r d ry ing , the paper , stained wi th n inhydr in , appears as indicated 
i n F igu re 9. A s p a r t i c ac id i s i n the heavy spot c loses t to the o r i g i n . 
W i t h l ight s ta ining and us ing the above as templates , one can repeat 
these runs, elute the spots, and examine them further . Spots 7 and 8 
have been studied i n more de ta i l than the others; a l l on elution and ac id 
hyd ro lys i s give r i s e to amino ac ids . 

The ana lys i s , us ing an automatic amino ac id ana lyzer (Phoenix), of 
spots 7 and 8 i s shown i n Table I V . These spots were eluted f r o m the 
peptide maps of each p a r t i a l ac id hydrolyzate and hydro lyzed i n 6N H C l 
for 24 hours at 105°C. before being placed on the automatic amino ac id 
ana lyzer . E a c h value i s the moles of amino ac id indicated per mole of 
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h SCHULTZ The Nature and Origin of the Serum Proteins 13 

Figure 9. Peptide maps of partial acid hydrolyzates of serum proteins 
described in text and Figures 3 to 8 

se r ine found. It i s poss ib le that a peptide of composi t ion se r , thr , g lu , 
g ly , v a l , i l e u , leu could be present i n each pro te in . B a s i c amino ac ids 
are absent. 

The r emarkab le s i m i l a r i t y i n the m o l a r ra t ios of the amino ac ids 
offers encouragement to the propos i t ion that common peptides w i l l be 
found i n the e lec t rophoret ic components of the s e r u m prote ins . The 
peptide of spot 7 probably differs f r o m spot 8 i n leucine content, which 
would account for the higher Rf of spot 8. M o r e encouraging a re the r e ­
cent repor t s of Ede lman (2, 13) who found that gamma-g lobu l in , the 
Bence-Jones pro te ins , and the mye loma prote ins have a peptide unit of 
common amino ac id composi t ion . 

Such a sys tem was predic ted f rom our ca lcula t ions (Table V ) , and 
f r o m the compar i son of the p a r t i a l a c i d hydrolyzates e a r l y as 1958 (35). 
Thus f rom Equat ion 1 (see Table ΙΠ) the values of n / K x 100 yie lded 
Equation 2. 

- μ x 10* = 7.7 1 ^ - 8 . 2 ( 2 ) 

The s ignif icance of this equation l i e s i n the fact that there must be 
some int imate re la t ion between the abnormal globul ins and the s e r u m 
prote ins , as i f par t of the s e r u m pro te in peptides find the i r way into the 
g lobul ins , although this may not take p lace at the same site—that i s , i t 
may be a re la ted sys tem. 

Both the gamma-g lobul in sys t em and the s e r u m pro te in sys tem 
may be looked upon as a group of template products that represent u n -
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14 ADVANCES IN CHEMISTRY SERIES 

Table IV. Amino Acid Analysis of Eluates of Spots 7 and 8 

Acid Albumin Globulins 

Qf-1 a-2 β y 

Peptide 7 

Thr 0.7 0.5 0.6 0.7 0.6 
Ser 1.0 1.0 1.0 1.0 1.0 
Glu 0.8 1.0 0.8 0.9 0.6 
Gly 1.2 1.2 1.2 1.0 0.7 
Ala 1.0 0.7 0.8 0.9 0.7 
Val 1.5 1.3 1.5 1.3 1.0 
lieu 0.4 0.7 0.6 0.4 0.2 
Leu 1.2 1.0 1.0 0.8 0.5 

Peptide 8 

/ 3-2 

Thr 1.0 0.5 0.8 0.8 
Ser 1.0 1.0 1.0 1.0 
Glu 1.0 1.1 1.4 1.2 
Pro 0.5 0.9 0.5 
Gly 1.1 1.2 1.2 1.0 
Ala 1.0 0.7 1.0 0.8 
Val 1.2 0.6 1.3 1.0 
lieu 0.9 0.6 0.9 0.8 
Leu 2.0 1.3 2.3 1.4 
Phe 0.7 0.1 0.8 0.6 

Table V. Absolute μ and n/K Values 
of four Myeloma Proteins (40) 

Protein (n/K) 100 a K m

b -μχΙΟ 5 

Calcd. Obsd. 

A 13.4 1.128 0.5 0.5 
Β 15.5 1.192 1.0 1.0 
C 22.0 1.345 2.2 2.1 
D 34.0 1.534 3.6 3.6 

a n / K corrected to unit molecular weight = 160,000. 
b K m =log (η χ 100/K). 

differentiated prote ins when compared to the highly differentiated highly 
organized prote ins of spec i f ic function seen i n enzymes. The s e r u m 
proteins may, therefore, provide a means of examining the products of 
a template p r i o r to the i r subsequent refinement into molecu les of spe­
c i f i c function. Th i s i s not so far-fetched, for S o r m recent ly rev iewed 
his highly successfu l s e a r c h (44) for common sequences i n enzymes, 
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î. SCHULTZ The Nature and Origin of the Serum Proteins 15 

and to achieve this he has developed a ζ ' subs t i tu t ion ' ' theory to provide 
an amino ac id o r " w i l d c a r d " to f i l l an " i n s i d e s t r a i g h t " where needed. 

Conclusions 

In the l ight of the most recent d i s c o v e r i e s r e f e r r ed to above, c e r ­
ta in imp l i ca t ions may be worthy of mention as to the d i r e c t i o n i n wh ich 
future findings can lead. Although evidence accumulat ing s ince the 
ea r ly recogni t ion of a number of e lec t rophore t ic components and c i r ­
cu la tory antibodies suggested that the gamma-globul ins were hetero­
geneous and probably a fami ly of pro te ins , d i r e c t c h e m i c a l evidence of 
such in te r re la t ionsh ip between speci f ic mo lecu l a r species was not d e m ­
onstrated. 

P o r t e r ' s concept of the " s t r u c t u r e " of gamma-globul ins (32) must 
not be confused wi th the ac tua l p r i m a r y s t ruc ture . Thus , i f there a re 
four chains , two light and two heavy, i n every " g a m m a - g l o b u l i n , " the i r 
differences l i e i n the composi t ion of the chains (11). Ede lman has 
shown that the mye loma globul in and the 7s gamma-g lobu l in have L 
chains i n common; and that the Bence-Jones pro te in i s the L chain . 
Th i s again i s i n t e r m s of c h e m i c a l composi t ion and p h y s i c a l p r o p e r ­
t ies , not p r i m a r y s t ruc ture . However , data on the heterogeneity of 
Bence-Jones prote ins (14) would indicate that the L chains of the 
gamma-globul ins a re heterogeneous. 

So what i s a gamma-g lobu l in m o l e c u l e ? Could i t not be a cont inu­
ous sys t em of molecu la r spec ies , each s l igh t ly different f r o m the next, 
where in the i r p roper t i es would have a gaussian d i s t r ibu t ion ? The c o n ­
cept developed i n this repor t shows how one could examine the p rop ­
er t ies of a sys tem of c lo se ly re la ted prote ins i n such a way that the 
m o l a r r a t io of ce r t a in amino ac id s , when re la ted to mobi l i ty , exclude 
molecule species that do not belong to the same sys tem. These p a r a ­
meters not only re la te one mo lecu l a r species to another, but poss ib ly 
suggest the i r biosynthetic o r i g i n . 
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2 
Dominant Role of the Liver in Biosynthesis 
of the Plasma Proteins with Special Reference 
to the Plasma Mucoproteins (Seromucoid), 
Ceruloplasmin, and Fibrinogen 

LEON L. MILLER, HELEN R. H A N A V A N , NANTHA TITTHASIRI, 

AND ANUBHA CHOWDHURY 

Department of Radiation Biology, School of Medicine and Dentistry, 
University of Rochester, Rochester, Ν. Y. 

The techniques of isolated rat liver perfu­
sion, preparative starch-block electropho­
resis, and the use of isotopically labeled 
metabolites (lysine-6-C14, leucine-1-C14, 
sulfur35-labeled sulfate, and copper64) have 
been combined to examine more critically 
previously published conclusions that the 
liver is the site of biosynthesis of plasma 
albumin, and of the plasma α-globulins and 
ß-globulins, including fibrinogen. The data 
reaffirm the view that all plasma albumin, 
virtually all of the normally occurring per­
chloric acid nonprecipitable proteins (ser­
omucoid), ceruloplasmin, the plasma lipo­
proteins, and all fibrinogen are synthesized 
by the liver. Data support the view that 
nonhepatic tissues are primarily concerned 
with producing γ-globulins and ß-globulins 
generically related to the γ-globulins. Also 
described are net biosynthesis of fibrino­
gen and its inhibition by puromycin, mito­
mycin, and ethionine in the isolated per­
fused liver. 

More than ten years ago we devised a direct approach toward a defi­
nition of the role of the liver in plasma protein biosynthesis by com­

bining the techniques of isolated rat liver perfusion, starch-block elec­
trophoresis, and the use of carbon-14-labeled aminoacids (23,24). The 

17 
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18 ADVANCES IN CHEMISTRY SERIES 

c l a s s i c a l procedure of l i v e r perfusion was grea t ly s imp l i f i ed and 
adapted to a study of the s m a l l m a m m a l i a n l i v e r of the ra t (25). It was 
demonstrated that the i so la ted ra t l i v e r perfused w i t h homologous hep-
a r i n i z e d rat blood s imula tes phys io log ica l ly the qual i ta t ive and quant i ­
tative per formance of the l i v e r i n the intact ra t for 6 to 8 hours . It was 
qu ick ly recognized that th is t ime i n t e r v a l was more than sufficient to 
p e r m i t detai led observat ions of the metabo l i sm of i so top ica l ly labeled 
amino ac ids used, such as lys ine and his t id ine , and to observe the i r i n ­
corpora t ion into the prote ins d i scharged by the l i v e r into the c i r cu l a t i ng 
p l a sma . W i t h the appl ica t ion of prepara t ive zone e lec t rophores i s to the 
separat ion of the p l a sma prote ins labeled wi th C 1 4 - a m i n o ac ids i n the 
course of l i v e r perfusion, i t was revea led that the i so la ted perfused 
l i v e r incorpora ted labeled amino ac ids into a l l of the p l a sma pro te in 
f rac t ions , w i th one notable exception, the y -g lobu l ins . 

Th i s repor t desc r ibes further studies w i th the i so la ted perfused 
l i v e r , f r o m which i t w i l l be c l ea r that the p l a sma seromucoid—i.e . , p r o ­
teins soluble i n 0.64N p e r c h l o r i c ac id (34, 35)—plasma f ibr inogen, and 
ce ru lop la smin a re synthesized exc lus ive ly by the l i v e r . 

In the case of f ibr inogen by u t i l i z i n g defibrinated rat blood for l i v e r 
perfusion, i t has been poss ib le to demonstrate i m p r e s s i v e net b i o s y n ­
thesis of f ibr inogen pro te in to an extent depending upon the degree of 
hypofibrinogenemia i n the c i r c u l a t i n g perfusing blood. 

B y way of supplementing and con t ro l l ing the observat ions made 
w i t h i so la ted l i v e r perfusion, studies have been c a r r i e d out on the e v i s ­
cerated s u r v i v i n g ra t (a l l abdominal v i s c e r a excepting kidneys r e ­
moved) and the hepatectomized rat , and the i r p lasmas subjected to s i m ­
i l a r f ract ionat ion techniques. In a number of exper iments the e v i s c e r ­
ated s u r v i v i n g ra t was prepared i n such a manner as to leave the l i v e r 
hepatic a r t e r i a l c i r c u l a t i o n intact . Such a rat had a l l abdominal v i s c e r a 
except the kidneys and l i v e r exc ised . In keeping wi th the conclusions 
der ivab le f r o m the l i v e r perfusion studies , the studies i n the e v i s c e r ­
ated s u r v i v i n g ra t and the hepatectomized rat demonstrate that the non-
hepatic t i ssues a re p r i m a r i l y concerned wi th the biosynthesis of the y -
globulins and some β - g l o b u l i n s wh ich may be re la ted to the y -g lobu l in s . 

Methods and Experimental 

Adul t male Sprague-Dawley ra t s weighing 250 to 450 g rams were 
used i n most of these s tudies . They were maintained on c o m m e r c i a l 
ra t food and were a l lowed access to water at a l l t i m e s . 

The techniques of i so la ted l i v e r perfusion and the prepara t ion of 
ev iscera ted s u r v i v i n g ra t have been desc r ibed i n de ta i l (24, 25). The 
ev iscera ted s u r v i v i n g ra t was p repared accord ing to the procedure of 
Ingle (13); the to ta l ly hepatectomized ra t was prepared accord ing to the 
two-stage procedure of Meehan (21). D L - l y s i n e - 6 - C 1 4 ' H C l and ace -
t a t e - l - C 1 4 were prepared i n this l abora tory by accepted methods and 
were chromatographica l ly and r ad iochemica l l y homogeneous. C a r r i e r -
free su l fu r -35 - l abe l ed sulfate was obtained f r o m the Oak Ridge Nat iona l 
Labora to r i e s and used without further pur i f i ca t ion . C u 6 4 acetate was 
obtained as a s t e r i l e solut ion f r o m Abbott Labo ra to r i e s . The manufac-
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2. MILLER ET AL Role of the Liver in Protein Biosynthesis 19 

h i r e r ' s assay of the S 3 5 0 4 and C u 6 4 acetate was used i n d i lu t ions of the 
dose. In a l l cases the rad ioac t ive dose was introduced into the pe r fu ­
s ion o r injected in t ravenously i n s m a l l vo lumes (1 to 4 ml . ) of R i n g e r ' s 
solut ion. In the ce ru lop l a smin study C u 6 4 acetate was found v e r y toxic 
i f given in t ravenously; i t was therefore injected i n t r a m u s c u l a r l y i n the 
ev iscera ted s u r v i v i n g rat . 

In l i v e r perfusions samples of blood were genera l ly removed at 
hour ly in t e rva l s after a z e ro t ime sample at the outset. Samples of 
blood obtained f r o m the perfusions or at the te rmina t ion (5 to 6 hours) 
of ev iscera ted s u r v i v i n g ra t or hepatectomized ra t exper iments were 
centrifuged and the p l a sma was harvested and mixed wi th 1 m l . of 0.9% 
sodium ch lo r ide solut ion containing c a r r i e r l y s ine , c a r r i e r acetate, or 
c a r r i e r sulfate. The p lasmas w e r e then d i a lyzed at 4 ° C . against three 
or four changes of phys io log ica l sa l ine , the la t ter being changed at least 
three t imes i n the course of 24 hours . 

A t the c lose of the d i a l y s i s the p l a s m a was centrifuged to remove 
s m a l l amounts of precipi ta te and the c l e a r p l a s m a re su l t ing was sub­
jected to s t a rch -b lock prepara t ive zone e lec t rophores i s by the t ech ­
nique of K u n k e l and Slater (15). A t the c lose of the e lec t rophores i s 
1-cm. segments of the s t a r c h b lock were cut and t r ans fe r red to s i n ­
tered glass funnels, and the prote ins were quanti tat ively eluted wi th f ive 
success ive 2 - m l . al iquots of 0.9% sodium ch lo r ide . The f i l t ra tes c o n ­
taining the pro te in f ract ions were then made up to a constant volume 
and mixed , and s m a l l al iquots were analyzed for total p ro te in content 
by the method of L o w r y et a l . (18). 

To each tube a sufficient quantity of concentrated p e r c h l o r i c ac id 
(12.IN) was added wi th a s e r o l o g i c a l pipet to give a f ina l concentrat ion 
of 0 .64N p e r c h l o r i c a c i d . The tubes were mixed r ap id ly after the a d d i ­
t ion of p e r c h l o r i c ac id , a l lowed to stand at r o o m temperature for 10 
minutes, and centrifuged r ap id ly for 10 minutes at 3000 r . p . m . i n a 
Type 3 Internat ional centrifuge. The c l ea r or s l igh t ly opalescent supe r ­
natant f lu id was quanti tat ively t r ans fe r red to a cor responding s e r i e s of 
tubes and al iquots were again removed for pro te in ana lys i s . P ro te ins 
soluble i n 0.64 M p e r c h l o r i c were a r b i t r a r i l y designated se romucoids . 
The se romucoids were quanti tat ively prec ip i ta ted by the further a d d i ­
t ion of 5% phosphotungstate i n 2 N H C l and the resul tant prec ip i ta tes 
were centrifuged off. P rec ip i t a t e s were then quanti tat ively t rans fe r red 
to combust ion f lasks and converted to carbon dioxide w i t h the digest ion 
mix tu re of V a n Slyke , P l a z i n , and W e i s i g e r (33), and the i r C 1 4 content 
was determined i n an ion iza t ion chamber w i th the v ib ra t ing reed e l e c ­
t romete r . Resu l t s of a l l C 1 4 assays a re a r b i t r a r i l y expressed i n t e rms 
of vol t s per minute, where 1 vol t pe r minute i s equivalent to 2.1 χ 10 4 

dis integrat ions per minute. 
In exper iments i n which su l fur -3 5 - l abe led sulfate was used, the 

supernatant solutions containing the p l a s m a se romucoids w e r e mixed 
w i t h 1.0 m l . of 1% sodium sulfate and digested on a s team bath w i t h 
10 m l . of 20% H C l for about 2 hours, a t ime sufficient to convert a l l 
es ter sulfate to inorganic sulfate. Af te r an excess of 5% b a r i u m c h l o r ­
ide was added, prec ip i ta tes were digested for another 20 or 30 minutes 
on a s team bath and centrifuged. Supernatant c l e a r f lu id was removed , 
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and the prec ip i ta tes were washed once wi th di lute H C l , then w i t h 95% 
ethyl a lcohol , and t r ans fe r r ed quanti tat ively to planchette cups as a 
s l u r r y w i t h the a id of s m a l l volumes of a lcohol . The a lcohol was a l ­
lowed to evaporate, leaving a un i fo rm deposit of b a r i u m sulfate which 
was assayed fo r r ad ioac t iv i ty i n a windowless flow counter. The amount 
of c a r r i e r sulfate added was such that the prec ip i ta tes were assayed 
essent ia l ly at inf ini te th ickness . 

In a number of exper iments s tudying the incorpora t ion of S 3 5 0 4 into 
se romuco id f ract ions 1 0 - μ 1 . samples of p l a s m a were appl ied to paper 
s t r i p s and subjected to e lec t rophores i s i n the Beckman-Spinco paper 
e lec t rophores i s apparatus. The resul tant oven-dr ied paper s t r ip s were 
attached to an 8 χ 10 sheet of paper and applied d i r e c t l y to a sheet of 
Eas tman N o - s c r e e n x - r a y f i l m . Exposure extended over a pe r iod of 1 
month. A t the end of this t ime the f i l m was developed i n the usua l man­
ner (see F i g u r e 2). The paper s t r i p s were then stained wi th bromophe-
nol blue to demonstrate the major p ro te in f rac t ions . 

In the c e r u l o p l a s m i n exper iments appropr ia te al iquots of s p e c i ­
mens were p laced i n s m a l l test tubes and assayed for C u 6 4 a c t i v i t y i n a 
we l l - type s c i n t i l l a t i o n counter. Ana lyse s were made wi th reference to 
a C u 6 4 s tandard p repared and assayed at the outset and whenever other 
samples were assayed. Th i s pe rmi t t ed c o r r e c t i o n for r ad ioac t iv i ty de ­
cay of this 12.8-hour ha l f - l i f e isotope. 

Experimental Results 

F i g u r e 1 presents r e su l t s of the e lec t rophore t ic separat ion of 
p l a s m a prote ins f r o m an i so la ted perfused ra t l i v e r exper iment to 
wh ich both D L - l y s i n e - 6 - C 1 4 and S 3 5 0 4 were added. It i s c l e a r that the 
se romuco id fract ions a re p r i m a r i l y r e s t r i c t e d to the a lbumin , a - , and 
β -g lobu l in reg ions , and cor respond to the M P X and M P 2 f rac t ions of 
M e h l , Humphrey, and W i n z l e r (22). The quantitative var ia t ions i n the 
incorpora t ion of C 1 4 and S350>4 a re best in terpre ted i n t e rms of the s e r ­
omucoid f ract ions being g r o s s l y heterogeneous. A l l of the p l a s m a s e r ­
omucoid f ract ions contained s ignif icant amounts of carbon-14 and 
sul fur-35 sulfate. The amounts of l y s i n e - C 1 4 present a re roughly p r o ­
por t iona l to the amounts of p ro te in i n the se romuco id f rac t ions . The 
la rges t amount of sulfate-35 ac t iv i ty i s associa ted wi th the f a s t -moving 
leading edge of the se romuco id f rac t ion . 

F i g u r e 2 presents the r e su l t s of autoradiography of the e l e c t r o -
phore t i ca l ly separated p l a s m a pro te in fract ions taken at z e ro t ime and 
at hour ly i n t e rva l s dur ing the course of an i so la ted l i v e r perfus ion to 
which only s u l f u r - 3 5 - l a b e l e d sulfate had been added. The z e r o t ime 
con t ro l s t r i p revea l s no s ignif icant ac t iv i ty associa ted w i t h any of the 
p l a s m a pro te in f rac t ions . Rad ioac t iv i ty of the pro te in fract ions i s seen 
as ea r ly as 1 hour and appears wi th i n c r e a s i n g intensi ty i n a va r i e ty of 
f ract ions comparable w i t h se romuco id f ract ions noted i n the s t a r c h -
b lock e lec t rophores i s . Of some in te res t i s the appearance of two r a d i o ­
act ive f rac t ions moving w e l l ahead of the a lbumin . T h e i r ident i ty r e ­
mains to be es tabl ished. In F i g u r e 2 the a rab ic numbers r e fe r only to 
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-9-6-7-6-5-4-3-e-l I 2 34 5 67891011 13 15 17 19 

0ISTANCE OF MIGRATION FROM ORIGIN IN CM. 

Figure 1. Electrophoretic separation of plasma mucoproteins 
from isolated perfused rat liver with S350lz and lysine-6-C14 

Liver and blood donors, 18 hours fasted. Liver weight, 6.25 
grams. Perfusion blood volume, 181 ml. containing 500 mg. 
glucose. 1000 mg. glucose total infused continuously in 17.5 ml. 
Ringer's solution through 6 hours' perfusion. Dose, 12.0 mg. 
DL-lysine-Q-CM · HCl (600 volts/min. as L-lysine-6-C14). S 3 5 0 4 

as carrier-free sulfate (total activity, 400 microcuries). 4.0 ml. 
dialyzed plasma (total C 1 4 activity, 1.752 volts/min.) separated by 
electrophoresis. After electrophoresis, total C 1 4 in nonmucopro-
tein fractions was 0.928 volt/min.; in mucoprotein fractions, 

0.812 volt/min^ 

the g ross o rder of intensi ty of the va r ious autoradiographica l ly detect­
able f rac t ions . 

F i g u r e 3 shows the resu l t s of the e lec t rophore t ic separat ion of a 
specimen of p l a sma taken f r o m an ev iscera ted s u r v i v i n g rat 4 hours 
after an infusion of 320 m i c r o c i i r i e s of S 3 5 0 4 given as c a r r i e r - f r e e i n ­
organic sulfate and analogous to the dose used i n the i so la ted l i v e r p e r ­
fusion of F i g u r e 1. The lower half of F i g u r e 3 revea l s that the amounts 
of S 3 5 present i n the se romuco id fract ions of the p l a s m a f r o m the e v i s -
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Figure 2. Autoradiograph of plasma proteins labeled with S 3 5 0 4 by iso­
lated perfused rat liver 

Blood and liver donors not fasted. Liver donor weight, 396 grams. 
Liver weight, 11.6 grams. Perfusion blood volume, 106 ml. Dose of 
6.0 millicuries carrier-free S 5CU mixed into perfusion blood at zero 
time. Samples of blood, 2.2 to 3.5 ml. taken hourly, experiment ter­
minated at 7 hours. Perfusion rate, 13 to 15ml./min. throughout. Total 
bile volume, 2.9 ml. Samples of plasma, ΙΟμΙ. each, placed on paper 
strips and electrophoresed with Veronal bufferV ionic strength, 0.5, 
pH 8.5. Strips oven-dried 10 min. at 105°before 1-month exposure 
to No-screen x-ray film (Eastman Kodak Co.). Strips stained with 
bromophenol blue according to Beckman-Spinco manual. Location of 
stained protein fractions shown by brackets in diagram on right 

cerated rat a re detectable but u n i m p r e s s i v e l y s m a l l and only a t iny 
f rac t ion of the ac t iv i ty incorpora ted into the p l a s m a se romuco id by the 
i so la ted ra t l i v e r . The curve for the la t ter compar i son i s the same as 
that i n F i g u r e 1. 

If this compar i son i s to be meaningful, i t i s necessary to assume 
that the speci f ic ac t iv i t i e s of p r e c u r s o r sulfate i n the i so la ted rat l i v e r 
perfusion and i n the ev iscera ted s u r v i v i n g ra t were essent ia l ly s i m i l a r . 
Al though speci f ic ac t iv i t i e s of the sulfate were not ac tual ly measured , 
i t seems reasonable to assume that, i f anything, the specif ic ac t iv i ty of 
the sulfate i n the l i v e r perfusion was lower than that i n the ev iscera ted 
s u r v i v i n g rat . The blood volume i n the f o r m e r i s roughly f ive to s i x 
t imes the i n t r a - and ex t ravascu la r f lu id volume of the ev iscera ted rat . 
The f a i lu re to incorpora te s ignif icant amounts of sulfate into the p l a s m a 
se romucoid by the ev iscera ted s u r v i v i n g ra t i s not s u r p r i s i n g , i n view 
of the fact that l y s i n e - C 1 4 was not incorpora ted into the p l a s m a s e r o -
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•9-β -7-6-5-4-3-2 -I I 2 3 4 5 6 7 8 9 (Oil 13 15 17 19 

- 9-8-7-6-5-4-3-2H I 2 3 4 5 6 78 9 Κ) 11 13 15 17 19 

DISTANCE OF MIGRATION FROM ORIGIN IN CM. 

Figure 3. Electrophoretic separation of plasma mu-
coproteins from surviving eviscerated rat with S 3 5 0 4 " 2 

(upper) and comparison of S 3 5 0 4 incorporation by evis -
cerated rat and isolated liver (lower) 

Rat wt.t 400 grams. After total evisceration, dose 
320 microcuries carrier-free S 3 5 0 4 given intraven­
ously at zero time. Continuous infusion 10% glucose 
in Ringer's solution; 1.35 ml. plus 0.16 unit insulin 
per hour for 4 hours of experiment. 2 ml. dialyzed 
plasma separated by electrophoresis and resulting 
fractions treated with per chloric acid to obtain muco-
proteins. Measured S 3 5 0 4 activity of eviscerated rat 
plasma mucoproteinfractions multiplied by 2 X 1.5 
to permit indicated comparison with data from 4 ml. 
of plasma of 6-hour experiment of isolated rat liver 

perfusion of Figure 1 

mucoid f ract ions of the eviscera ted s u r v i v i n g ra t o r the hepatectomized 
rat . 

F i g u r e 4 presents the r e su l t s of e lec t rophoret ic separat ion of 
p l a s m a prote in f ract ions obtained after perfusion of an i so la ted rat 
l i v e r w i th a c e t a t e - 1 - C 1 4 . F o r the purposes of this presentat ion, i t i s 
noteworthy that v i r t u a l l y a l l of the ac t iv i ty associa ted w i t h p l a s m a p r o ­
te in f ract ions 8 through 13 was present i n the se romuco id f ract ions and 
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O-o-o TOTAL PROTEIN 
· - # - · TOTAL MUCOPROTEIN ALB. 

-β-9-4-8'2 "I I 2 3 4 5 6 7 · · 10 12 14 16 18 

TOTAL 
«14 

0.200 

0.150 
C 

ACTIVITY Λ 1 Λ Λ l N 0.100 
ARBITRARY 

UNITS 0.050 

o-o-o PLASMA PROTEIN C1" 
MUCOPROTEIN C 1 4 

-6-5*4 It'l 1 2 3 4 5 6 7 8 9 1 0 12 14 16 18 
DISTANCE OF MIGRATION FROM ORIGIN IN CM. 

Figure 4. Electrophoretic separation of plasma 
protein from isolated rat liver perfusion with 

acetate-1-C14 

Liver donor fed, blood donors fasted. Liver 
weight, 10.2 grams. Perfusion blood volume, 
202 ml. Solution of35mg. sodium acetate-1-C14 

plus 500mg. glucose in 16 ml. of Ringer's solu­
tion given by continuous infusion for first 2 1/2 
hours of 6-hour perfusion. Six-hour sample of 
dialyzed plasma, 4.0 ml. separated by electro­

phoresis 

that the highest C 1 4 - a c t i v i t y der ivab le f r o m acetate i n the se romucoids 
i s seen i n the leading edge of the se romuco id f rac t ions , ma in ly 13, 14, 
and 15. It i s this por t ion of the se romuco id f ract ions wh ich we p r e v i ­
ously noted i n F i g u r e 1 had the highest specif ic sulfate ac t iv i ty . 

A s ignif icant por t ion of the se romuco id rad ioac t iv i ty was p r e s u m ­
ably associa ted wi th p l a s m a l ip ides . 

Af te r the se romucoids were prec ip i ta ted w i t h phosphotungstate-
HC1, they were exhaust ively extracted wi th hot a lcohol -e ther (3 to 1 by 
volume), fol lowed by two hot extract ions wi th ch lo roform-methano l 
(1 to 1). The combined solvent extracts were evaporated on the s team 
bath under ni t rogen and the l ip ides taken up wi th pe t ro leum ether. The 
pe t ro leum ether extracts w e r e washed s e v e r a l t imes wi th water c o n ­
ta ining acetate and β -hydroxybutyrate and acetoacetate (10). 

The combined washed pe t ro leum ether extracts of the se romuco id 
f ract ions contained 41% of the total s e r o m u c o i d - C 1 4 - a c t i v i t y ; the c o m ­
bined pe t ro leum ether ext rac ts of the nonseromucoid pro te in f rac t ions 
contained 37% of the to ta l C 1 4 - a c t i v i t y present i n those f ract ions before 
ext rac t ion . Such an exper iment w i t h a c e t a t e - l - C 1 4 leaves open ques­
t ions concern ing the nature of the nonlipide ac t iv i ty . On the bas i s of 
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known metabol ic convers ions of a ce t a t e -1 -C 1 4 , g lu tamic and aspar t ic 
ac ids as w e l l as glucose, mannose, and hexosamines could conceivably 
be labeled. 

Because the p l a s m a se romucoids appear i n inc reased concent ra ­
tions i n the blood of an imals w i t h in f lammatory p rocesses o r malignant 
tumors (34), we studied the patterns of C 1 4 - i n c o r p o r a t i o n into the 
p l a s m a prote ins of a number of ra t s bear ing subcutaneously implanted 
W a l k e r c a r c i n o m a 256. 

F i g u r e 5 presents the r e su l t s of e lec t rophoret ic f ract ionat ion of 
p l a s m a prote ins obtained f r o m an ev iscera ted s u r v i v i n g tumor -bea r ing 

DISTANCE OF MIGRATION FROM ORIGIN IN CM. 

Figure 5. Electrophoretic separation of C 1 4 -
labeled proteins from eviscerated surviving rat 

(with liver) 

Walker tumor present 

Rat wt., 470 grams. Eviscerated by usual pro­
cedure, except liver left with functioning hepatic 
arterial blood supply. Tumor wt., 37 grams; 
dose given at zero time, 6.0 mg. DL-lysine-6-
C 1 4 · HCl (340 volts/min. as L-lysine-6-ClA). 
Experiment terminated at 6 hours. 2.0 ml. dia-
lyzed plasma (total C1* activity 3.152 volts/min.) 

separated by electrophoresis 
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rat i n which the l i v e r was left funct ional ly intact suppl ied wi th the he­
patic a r t e r y . H e r e the l i v e r i s suppl ied wi th blood i n spi te of the ab ­
sence of the gas t ro in tes t ina l t ract , spleen, pancreas , and other mesen ­
t e r i c s t ruc tures . F i g u r e 5 r evea l s that i n spite of the absence of these 
nonhepatic v i s c e r a , the pattern of C 1 4 - i n c o r p o r a t i o n into the p l a s m a 
prote ins i s not qual i ta t ively different f r o m that noted i n the n o r m a l non-
tumor -bea r ing , unoperated ra t [for compar i son see (23)]. He re i t i s 
obvious that the a -g lobul ins , wh ich we know include many of the s e r o ­
mucoids , have the highest speci f ic ac t iv i ty , fol lowed by the a lbumin , the 
β -g lobu l i n , and the y - g l o b u l i n f rac t ions . T h i s i s roughly the order of 
incorpora t ion p rev ious ly noted i n the n o r m a l a n i m a l and i n the i so la ted 
perfused l i v e r (23, 24). 

F i g u r e 6 presents the resu l t s of a p a r a l l e l study i n wh ich the e v i s ­
cera ted s u r v i v i n g tumor -bea r ing ra t was a l so s u r g i c a l l y depr ived of i t s 
l i v e r . The re a re a number of s t r i k i n g quantitative and qual i ta t ive d i f ­
ferences between the pat tern of incorpora t ion noted i n this a n i m a l w i t h ­
out a l i v e r and that found i n the exper iment of F i g u r e 5 i n w h i c h the 
ev iscera ted ra t retained i t s l i v e r . Qual i ta t ive ly one notes i n F i g u r e 6 
the dominant incorpora t ion into the y -g lobu l in s w i t h highest specif ic 
ac t iv i ty , and into the β - g l o b u l i n s . S i m i l a r l y to the pattern we have de­
sc r ibed , fo r the n o r m a l ev iscera ted s u r v i v i n g rat , there a re here s m a l l 
quanti tat ively ins igni f icant amounts of r ad ioac t iv i ty i n the ot -g lobul in 
and a lbumin f rac t ions . 

It i s important to recognize that wi th a given dose of l y s i n e - C 1 4 , 
the total C 1 4 ac t iv i ty incorpora ted into the p l a s m a proteins of the e v i s ­
cera ted s u r v i v i n g rat without a l i v e r i n this and s i m i l a r exper iments i s 
about 10% of the tota l ac t iv i ty incorpora ted into the p l a s m a prote ins by 
an intact a n i m a l , or by an ev iscera ted s u r v i v i n g ra t wi th the l i v e r left 
functionally intact suppl ied wi th the hepatic a r t e ry , or by the i so la ted 
perfused l i v e r . T h i s compar i son i s quanti tat ively the m o r e i m p r e s s i v e 
i f one r e c a l l s that i n the presence of the n o r m a l l y functioning l i v e r a 
major f rac t ion (15 to 50% of an L - l y s i n e - C 1 4 dose) i s ox id ized to carbon 
dioxide (26). In the absence of the l i v e r , oxidation of labeled lys ine to 
C 1 4 Q î i s approximate ly 1 /20 that seen i n the presence of the l i v e r (23, 
2 4 , 2 5 ) . When the se romuco id fract ions (those prote ins soluble i n 0 . 6 4 N 
p e r c h l o r i c ac id and insoluble i n phosphotungstate H C l ) f r om the to ta l ly 
ev iscera ted ra t experiments—e.g. , that of F i g u r e 6—were assayed for 
C 1 4 , they contained no s ignif icant ac t iv i ty . Such resu l t s add to the e v i ­
dence ind ica t ing that the nonhepatic t i ssues do not produce p l a s m a s e r ­
omucoids , even i n ra ts ha rbor ing an exper imenta l tumor presumably 
known to enhance the synthesis of p l a s m a se romucoids . 

F i g u r e 7 presents the resu l t s of a study i n wh ich a to ta l ly hepatec­
tomized ra t maintained a l i ve wi th a continuous infusion of glucose and 
R i n g e r ' s solut ion was g iven l y s i n e - 6 - C 1 4 in t ravenously . Al though the 
separate ind iv idua l s m a l l f ract ions f r o m the e lec t rophores i s were not 
assayed ind iv idua l ly , they were pooled accord ing to the g r o s s l y p e r ­
ceptible e lec t rophoret ic pattern as de termined by ana lys i s of pro te in 
and indicated by the dotted l ines . Appropr i a t e al iquots of these f rac t ion 
pools were analyzed fo r C 1 4 and the re su l t s a re indicated i n the table 
associa ted w i t h F i g u r e 7. He re again i t i s apparent that there a re 
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PROTEIN 

0.20 

0.1 ο μ 

01 STANCE OF MIGRATION FROM ORIGIN IN CM. 

Figure 6. Electrophoretic separation of plasma pro­
tein fractions of plasma from eviscerated surviving 
tumor-bearing rat injected with DL-lysine-e-C14 · HCl 

Rat wt., 345 grams. Tumor wt., 33.8 grams. Dose 
given at zero time, 6.76 mg. DL-lysine-6-C14 · HCl 
(383 volts/min. as L-lysine-6-C14); 10% glucose in 
Ringer9s solution 1.35 ml. plus 0.16 unit crystalline 
zinc insulin per hour by continuous intravenous infu­
sion. Experiment terminated at 6 hours. 1.75 ml. 
heparinized dialyzed plasma (total C14 activity, 0.49 

volt/min.) separated by electrophoresis 

measurable but s m a l l amounts of r ad ioac t iv i ty associa ted w i t h the a l ­
bumin and α - g l o b u l i n f rac t ions and that the major C 1 4 - a c t i v i t y i s a s s o ­
ciated w i t h the y - and β -g lobu l in f rac t ions . A l ine of separat ion of y -
f r o m j3-globulins i n th is , as i n most p repara t ive e lec t rophoret ic pat­
te rns , i s not c l e a r l y demarkable . Hence, the exact d i s t inc t ion between 
the y and β f rac t ions i s a r b i t r a r y . 

What i s to be emphasized here i s the fact that the per cent dose i n ­
corpora t ion into the y - plus β - g l o b u l i n f rac t ions of the p l a s m a proteins 
of the hepatectomized ra t i s not measurab ly different f r o m that noted 
i n the ev iscera ted s u r v i v i n g rat . In other words , the concomitant p r e s ­
ence of the gas t ro in tes t ina l t ract , pancreas , spleen, and mesentery 
s t ruc tures has not g r o s s l y a l te red the qual i ta t ive o r quantitative pat-
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ALBUMIN 
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GLOBS. GLOBS GLOBS 1 ! • 

-9 -7 -5 -3 -11 3 5 7 9 II 13 15 17 19 

DISTANCE OF MIGRATION FROM ORIGIN cm. 

FRACTION POOL I H M m I 21 

TOTAL C 1 4 0.201 1.331 0.064 0.027 D.0< 0.01 

% TOTAL C* 4 

HEPATECTOMY 
12.0 79.4 3.8 J . 6 2.6 0.8 

% TOTAL C 1 4 

EVISCERATION 
34.9 57.4 4.3 2.5 1.0 -

Figure 7. Electrophoretic separation of 
plasma proteins from hepatectomized rat 

given DL-lysine-6-C14 

Rat wt., 204 grams. Dose, 1.24 mg. DL-
lysine-6-C14 · HCl (1100 volts/min. as L-
lysine-6-C14). Continuous intravenous 
infusion of 10% glucose in Ringer's so­
lution; total, 7.4 ml. Experiment termi­
nated at 6 hours. 2.0 ml. heparinized 
dialyzed plasma (total activity, 1.68 
volts/min.) separated by electrophoresis 

*Calculated from (24) 

terns of l y s i n e - C 1 4 i ncorpora t ion into the p l a s m a prote ins . A l a rge a l i ­
quot vo lume of each of the f rac t ion pools was prec ip i ta ted w i t h p e r ­
c h l o r i c ac id (final concentrat ion, 0.64N) and the r e s i d u a l mucoprote ins 
were prec ip i ta ted wi th phosphotungstate-HCl. The se romuco id f r a c ­
t ions so obtained were essen t ia l ly without rad ioac t iv i ty , ind ica t ing that 
the hepatectomized ra t does not incorpora te s ignif icant l y s i n e - C 1 4 into 
the p l a s m a se romuco id f rac t ions . 

Evidence fo r C e r u l o p l a s m i n Synthesis f r o m C u 6 4 by Isolated L i v e r . 
F i g u r e 8 shows the l i nea r disappearance of C u 6 4 ac t iv i ty f r o m the p e r ­
fusion blood du r ing the f i r s t 4 hours of a 5-hour perfusion. Ana lyse s of 
s m a l l lobes of the l i v e r removed at 5 minutes , 3 hours , and 5 hours 
revea led that at least 53% of the i n i t i a l C u 6 4 ac t iv i ty was retained by the 
l i v e r and more than 10% was i n the b i l e co l lec ted du r ing the perfusion. 
P r e f e r e n t i a l concentrat ion of pa ren te ra l ly admin i s te red C u 6 4 i n the 
l i v e r of intact an ima l s has been desc r ibed (16). 

A s seen i n F i g u r e 9, the r e s i d u a l blood C u 6 4 ac t iv i ty was l a rge ly 
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associa ted wi th the a lbumin and wi th those e lec t rophore t ic f ract ions 
having mob i l i t i e s of a2-j3-globulins. The marked percentage inc rease 
i n the la t ter , seen as e a r l y as 2 hours and marked at 5 hours , was i n 
s t r i k i n g contrast to the d i s t r ibu t ion at z e r o t ime . In this connection of 

1 2 3 4 5 

TIME (HOURS) 

Figure 8. Per cent of initial 
Cu64 activity remaining in cir­
culating blood during isolated 

perfusion of rat liver 

Perfusion blood volume, 83ml. ; 
liver weight, 11.9 grams, from 
fed donors. Added to blood at 
outset, 327 mg. of mixture of 
essential and nonessential am­
ino acids (25) and 150 mg. glu­
cose plus 1.25 millicuries (7.0 
χ 107 counts per min. 0.8 mg. 
Cu as cupric acetate). Small 
lobes of liver removed at 5 min., 
3 hours, and 5 hours. Analysis 
of homogenates of these speci­
mens for Cu64 activity showed 
4.5, 38.8, 53.0% of activity esti­
mated present in liver at 5 min., 
3 hours, and 5 hours, respec­
tively. By close of experiment 
2.2 ml. of bile had been secreted. 
Bile contained 10.8% of initial 
total Cu64 activity. Residual 

blood contained 18% 

in teres t i s the e lect rophoret ic C u 6 4 d i s t r ibu t ion i n the p l a s m a obtained 
4 -1 /2 hours after an iden t ica l dose of C u 6 4 acetate was given i n t r a m u s ­
c u l a r l y to an ev iscera ted s u r v i v i n g ra t . Here , the pattern of C u 6 4 d i s ­
t r ibut ion was indis t inguishable f rom the ze ro -hou r p l a s m a of the i s o ­
lated l i v e r perfusion. Only the a lbumin f rac t ion of the ev i scera ted ra t 
p l a sma was associa ted wi th high C u 6 4 activity—77% of the total i n the 
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Figure 9. Results of simultaneous preparative 
electrophoresis of equal samples (0.5 ml.) of 
plasma obtained from blood taken 0, 2, and 5 
hours after start of liver perfusion (Figure 8) 

Plasmas not dialyzed before electrophoresis. 
For each fraction, results expressed in terms 
of percentage of total Cu64 activity associated 
with all fractions at end of electrophoresis. 
(Actual total Cu64 activity of all fractions Ohr., 
1.78 x 10^ counts/min.; 2 nr., 7.18 x 104counts/ 
min.; 5 nr., 1.36 x 104 counts/min.) In compar­
able study, 388-gram eviscerated surviving rat 
given 1.25 Mc. of Cu64 acetate intramuscularly. 
After 4 1/2 hours 1.0 ml. blood contained 1.0 χ 
105 counts/min. Electrophoretic separation of 
plasma showed 77% of Cu*4 associated with al­
bumin fractions, 1 to 3% in each α-globulin frac­
tion (total 10%), 1 to 3% in each β-globulin frac­

tion (total 10%), and about 3% in y-globulins 

p la sma . The copper associa ted w i t h the a lbumin i s loose ly bound and 
exchangeable wi th ion ic copper under physio logic condit ions; i n c o n ­
t ras t , c e ru lop la smin copper i s f i r m l y bound and nonexchangeable (31). 

Fib r inogen Biosyn thes i s by Isolated L i v e r . In our i so la ted rat l i v e r 
perfusion studies homologous hepar in ized oxygenated ra t blood i s r o u ­
t inely di luted w i t h R i n g e r ' s solut ion, so that i t s f i na l volume i s i n -
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creased by one th i rd of the volume of whole blood used. Thus , the i n i ­
t i a l concentrat ion of blood p l a s m a f ibr inogen i s somewhat lower than 
the n o r m a l of about 250 m g . %. F i g u r e 10 revea l s that i n the course of 
such a perfusion there i s a s m a l l decrease i n the concentrat ion of the 
c i r c u l a t i n g f ibr inogen dur ing the f i r s t 4 hours . Only at the end of the 
experiment (6 hours) was there a measurable inc rease i n the blood f i ­
br inogen l eve l sufficient, as the data indicate , to account for a produc­
t ion of approximate ly 0.2 mg . of f ibr inogen per g r a m of l i v e r per hour. 

Si 

150 

100 

50 

LIVER WT. 10.0 G M 
BLOOD VOL. 116 ML 

I NET FIBRINOGEN SYNTHESIS: 

TOTAL IN 6 HRS. 12.1 MG 
PER GM L I V E R / 6 HRS. 1.2 MG 
PER GM L IVER/HR. 0.20 MG 

150 

40 

30 

20 

10 

IB 

1 
I 

I 
TIME (HOURS) 

Figure 10. Fibrinogen biosynthesis 

Liver and blood donor, 18-hours fasted. Perfusion 
blooddrawn as usual by cardiac puncture with heparin 
(Upjohn, 1 to 50,000), total volume, 7.0 ml., then 
shaken with glass beads to simulate defibrination. 
Blood strained through several layers of surgical 
gauze. Glucose, 250 mg., added to blood before start 
of perfusion. Samples taken at zero time, 2, 4, and 
6 hours, when experiment was terminated. Plasma 
samples, 2.0 ml., diluted with 20 ml. 0.9% sodium 
chloride and mixed rapidly in order with 1.0 ml. of 
2.5% calcium chloride, 0.5 ml. of 2.5% protamine 
sulfate to neutralize heparin, and 0.5 ml. (50 units) 
of freshly prepared solution of lyophilized bovine 
thrombin (Parke Davis and Co.). After 2 hours at 
room temperature fibrin clots were centrifuged, 
supernatant solution removed, and fibrin washed twice 
with 0.9% sodium chloride and centrifuged after each 
washing. Fibrin solubilized with 1.0 ml. of IN sodi­
um hydroxide and aliquots taken for measurement of 

protein content by method of Lowry et al. (18) 
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The resu l t s of F i g u r e 11 a re i n s t r i k i n g contrast . Here , when the l i v e r 
perfusion i s c a r r i e d out w i th complete ly defibrinated blood, there i s a 
r emarkab le net synthesis of f ibr inogen wh ich becomes prominent only 
after the second to t h i rd hour and i s i m p r e s s i v e by the fifth and s ix th 
hours . The c h e m i c a l l y measured c i r c u l a t i n g l e v e l of f ibr inogen has i n ­
c reased some 60 mg . % above that present i n the z e r o t ime specimens . 
Net synthesis of f ibr inogen of this magnitude has been repeatedly ob­
tained i n more than 25 perfusion studies which w i l l be detai led e l s e ­
where . 

ι 

70 

60 

50 

4 0 

30h 

20 

10 

LIVER WT. 7.82 GM 
BLOOD VOL. 117 ML 
NET FIBRINOGEN SYNTHESIS: 

TOTAL IN 6 HRS. 36.4 MG 
PER GM L I V E R / 6 HRS. 4.7 MG 
PER GM L I V E R / H R . 0.77 MG 

2 3 4 

TIME (HOURS) 

Figure 11. Fibrinogen biosynthesis 

Liver and blood donors, 18 hours fasted. 
Blood drawn by cardiac puncture without 
anticoagulant and defibrinated by shaking 
with glass beads. Defibrinated blood strained 
through several layers of surgical gauze 
and cells separated from defibrinated plas­
ma by centrifuging at 2000 r.p.m. (Interna­
tional Centrifuge, Type 2) for 25 minutes. 
Slightly hemolyzed hazy plasma then cen­
trifuged for 30 minutes (10,000 g) in refrig­
erated Servait. (This removed tiny fibrin 
clots as a gelatinous button and ensured 
good perfusion rates throughout 6 hours of 
experiment.) Red cells were then resus-
pended in transparent defibrinated plasma 
to reconstitute blood. A complete amino 
acid mixture, 325 mg. (25), and 250 mg. 
glucose added to blood before starting per­
fusion. Samples at 0, 2, 4, 5, and 6 hours 
processed to give quantitative precipitation 

of fibrin (see details under Figure 10) 
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Assumed: (I) Body Weight: 400 G. 

(2) TOTAL 
FIBRINOGEN 

POOL 

Liver Weight: 10 G . 

(C I R C U L A T I N G \ 
F I B R I N O G E N 

P O O L J 

2 ( P L A S M A V O L U M E ) (250 M G %) 

2(0.04) (BODY W T . ) (250) 

80 M G . 

Assume: BIOLOGICAL HALF LIFE: 3ό Hours 

TURNOVER TIME 1.44 (36) = 50 HOURS 

TURNOVER RATE 80/50 = I.6MG/HOUR 

0.16 M G / G . LIVER/HOUR 

Figure 12. Rate of fibrinogen biosynthesis in normal 
turnover in rat 

Under a va r ie ty of condit ions i t has not to date been poss ib le to 
s t imulate f ibr inogen biosynthesis above this m a x i m u m value. F i g u r e 12 
outlines a ca lcu la t ion f r o m w h i c h i t i s c l ea r that the i so la ted perfused 
l i v e r can synthesize f ibr inogen at a rate three to four t imes that neces ­
sa ry to meet the needs of n o r m a l f ibr inogen turnover , wh ich we have 
found to occur w i th a half l i fe of 1.5 days i n the rat (30). 

It i s of some in teres t to inqu i re whether one may affect the net 
synthesis of f ibr inogen under condit ions of ext reme hypofibrinogenemia 
associa ted wi th m a x i m a l f ibr inogen product ion. Table I r evea l s that the 
amino ac id analog L-e th ion ine , 5.6 mg . at the outset of l i v e r perfusion, 
fol lowed by continuous infusion of 3 mg. per hour after an i n i t i a l p r i m ­
ing dose, great ly suppresses the biosynthesis of f ibr inogen. 

P u r o m y c i n , 10 mg. at the outset and 15-mg. total given by con t in ­
uous infusion over the course of 5 hours , v i r t u a l l y comple te ly sup­
presses biosynthesis of f ibr inogen, thus exceeding the inh ib i t ion ob­
served wi th L-e th ion ine . In another experiment not detai led here, pu ro ­
m y c i n was introduced after 3 hours of perfusion; although the f i b r i n o -

Table I. Inhibition of Net Fibrinogen Biosynthesis 
by the Isolated Perfused Liver 

Inhibitor 

None 
L-Ethionine 
Puromycin 
Mitomycin C 

Net Fibrinogen 
Synthesis 

Mg./G. Liver/Hr. 

0.77 
0.14, 0.16 

0.00 
0.37, 0.35 

% Inhibition 

80 
100 
52 
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gen l e v e l at 4 hours was substant ia l ly higher than at 3 hours , there was 
no s ignif icant i nc rease after that t ime , i m p l y i n g that f ibr inogen b i o s y n ­
thesis under way was s u m m a r i l y halted. 

The ant ibiot ic m i t o m y c i n C , in t roduced to give a concentrat ion of 
10 μ g . pe r m l . i n the perfus ing blood at the outset, and a continuous 
infusion of a total of 1 m g . over the course of 4 to 5 hours , was a l so 
associa ted w i t h s ignif icant suppress ion of f ibr inogen b iosynthes is . The 
concentrat ions of m i t o m y c i n C used here a re at least ten t imes that 
which s igni f icant ly inhibi ted c e l l u l a r mu l t ip l i ca t ion i n i so la ted c e l l c u l ­
tures . F u r t h e r studies at lower concentrat ion l eve l s wi th both p u r o m y ­
c i n and m i t o m y c i n C are indicated. 

Discussion 

In spite of the ea r ly demonstra t ion of the dominant ro l e of the l i v e r 
i n the biosynthesis of a l l p l a s m a pro te in fract ions except the y - g l o b u ­
l in s (23,24), there has been apparent re luctance to accept these obse r ­
vations as extending to speci f ic prote ins or groups of pro te ins . To be 
sure , the synthesis of p l a s m a a lbumin exc lu s ive ly by the l i v e r has been 
genera l ly accepted, perhaps because our e a r l y observat ions on the s y n ­
thesis of the e lec t rophore t i ca l ly separated a lbumin f rac t ion by the i s o ­
lated l i v e r were conf i rmed by others (8) and a l so because of numerous 
i n v i t r o studies u t i l i z i n g va r ious l i v e r prepara t ions pointing to synthe­
s i s of s e r u m a lbumin . The demonstrated absolute fa i lu re of the nonhe­
pat ic t i ssues to incorpora te s ignif icant quantit ies of l y s i n e - C 1 4 into the 
s e r u m a lbumin f rac t ion i n the ev iscera ted s u r v i v i n g ra t and i n the he­
patectomized ra t a re altogether i n keeping w i t h the above observat ions. 

The ea r ly studies w i t h the i so la ted perfused l i v e r and the e v i s c e r ­
ated s u r v i v i n g ra t pointed to the v i r t u a l l y exc lus ive synthesis of O J -
globulins by the l i v e r (23,24). In spite of the fact that i n the ra t the s e ­
r u m se romuco id f ract ions have been desc r ibed to have mob i l i t i e s s i m ­
i l a r to the α - g l o b u l i n s as desc r ibed by W i n z l e r and others (22, 28), 
there appears to have been genera l re luctance to accept the l i v e r as the 
speci f ic major , i f not so le , s i te of synthesis of the p l a s m a mucopro -
teins . In a recent authori tat ive r ev iew (34) W i n z l e r states: " V i r t u a l l y 
nothing i s known of the s i tes of fo rmat ion or the phys io log ica l s i g n i f i ­
cance of the s e r u m g l y c o p r o t e i n s . " T h i s point of v iew has been echoed 
by others (6,14, 29), who have been influenced by the inc reased p l a s m a 
g lycoprote in l eve l s noted i n va r ious in f l ammatory states, p a r t i c u l a r l y 
those invo lv ing the connective t i s sues . 

If one accepts the v iew that the s e r u m seromucoids a r e soluble i n 
0 .64N p e r c h l o r i c ac id as desc r ibed by W i n z l e r , our studies of the i s o ­
lated perfused l i v e r u t i l i z i n g lys ine and acetate c l e a r l y indicate that the 
s e r u m seromucoids a re v i r t u a l l y exc lus ive ly synthesized by the l i v e r . 
The fact that the se romuco id f ract ions obtained f r o m eviscera ted s u r ­
v i v i n g ra ts , p a r t i c u l a r l y those bear ing an exper imenta l tumor , contain 
no s ignif icant carbon-14 ac t iv i ty after a dose of l y s i n e - C 1 4 i s i n keeping 
w i t h this v iew. The detai led data of the e lec t rophore t ic separat ions 
f r o m our exper iments w i t h l y s i n e - C 1 4 and s u l f u r - 3 5 - l a b e l e d sulfate i n 
the se romuco id f ract ions a re i n t e r p r é t a b l e i n t e rms of these f ract ions 
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being made up of at least s e v e r a l different c h e m i c a l ind iv idua l s . T h i s 
v iew i s e spec ia l ly strengthened by a cons idera t ion of the incorpora t ion 
of su l fu r -35 - l abe l ed sulfate into the p l a s m a pro te in fract ions as i n d i ­
cated by the autoradiographic study of F i g u r e 2. 

One must conclude that the i so la ted perfused l i v e r i s capable of 
e laborat ing at least f ive different f rac t ions containing radiosulfate . A t 
least two of these appear to have m o b i l i t i e s greater than that of s e r u m 
a lbumin . Whether one of these i s iden t i ca l w i th the s o - c a l l e d p r e - a l b u -
m i n cannot be ascer ta ined f r o m these data and must await i so la t ion of 
ra t p r e - a l b u m i n and i t s cha rac te r i za t ion . The conclus ions f r o m these 
exper iments a re i n keeping not only wi th immunoelec t rophore t ic studies 
demonstra t ing the m u l t i p l i c i t y of a? -g lobul ins but a l so w i t h a mass of 
c l i n i c a l observations wh ich point to the fact that the p l a s m a g l y c o p r o ­
teins, p a r t i c u l a r l y those wi th mob i l i t y of a2-globulins, a re great ly i n ­
c reased i n a va r ie ty of in f lammatory states and that the i r product ion, 
as evidenced by the blood l e v e l , i s i m p a i r e d only i n advanced l i v e r d i s ­
ease (9). 

It i s i n connection wi th the β-globulin e lec t rophore t ic f rac t ion that 
i t i s most di f f icul t to r e so lve c l e a r l y the specif ic ro l e of the l i v e r . In 
t e rms of the per cent dose incorpora ted into the β-globulins, the c o n ­
t r ibut ion of the l i v e r f r o m a given dose of l y s i n e - C 1 4 i s quanti tat ively 
cons iderably l a r g e r than that de r ived f rom the contr ibution of the non­
hepatic t i s sues . 

In the las t few yea r s the i so la ted perfused rat l i v e r has been used 
to demonstrate biosynthesis of the p l a sma l ipoprote in fract ions by a 
number of authors (11, 20, 27). Haft and his co l l abora to r s (11) have 
made a carefu l detai led study wi th prepara t ive ul t racentr i fuge f r a c ­
tionation of the high and low density l ipoprote ins r e su l t ing f rom hepatic 
biosynthesis us ing L - l y s i n e - U - C 1 4 . Both low and high densi ty l i p o p r o ­
tein f ract ions contained l y s i n e - U - C 1 4 ; the i r b iosynthesis i s unquest ion­
ably a hepatic function. Although Har tmann (12) has sought to imp l i ca t e 
the gas t ro in tes t ina l t ract , p a r t i c u l a r l y the duodenum and jejunum, i n 
the biosynthesis of s e r u m l ipopro te ins , no detai led demonstra t ion or 
charac te r i za t ion of such has as yet come to our attention. 

Because e lec t rophores i s of s e rum prote ins does not c leanly sep­
arate the β- and the y -g lobu l ins , i t i s not unreasonable to assume that, 
at least i n the case of ra t s e r u m prote ins , there i s cons iderable o v e r ­
lap. The data f rom the ev iscera ted s u r v i v i n g ra t s , even those bear ing 
subcutaneously implanted tumors , and f r o m hepatectomized ra ts , leave 
no doubt that the y -g lobu l ins a re produced exc lus ive ly by nonhepatic 
t i s sues . In a number of species , antibody proteins wi th mob i l i t i e s w i t h 
β - g l o b u l i n s have been desc r ibed (32). In genera l , the per cent of the 
dose of labeled l y s ine incorpora ted into the γ-β f rac t ion by the nonhe­
patic t i ssues i s not substant ial ly inc reased i n the hepatectomized ra t as 
compared to the ev i scera ted ra t . T h i s i m p l i e s that under the condit ions 
of these exper iments the contr ibut ions of the y - g l o b u l i n - p r o d u c i n g t i s ­
sues such as the lymphoid f o l l i c l e s of the gas t ro in tes t ina l t rac t , the 
spleen, and the mesente r ic l ymph nodes a re qual i ta t ive ly not different 
f r o m the y - g l o b u l i n - p r o d u c i n g t i ssues of nonv i sce ra l s t ruc tures . 

A s a r e su l t of our s tudies, and p a r t i c u l a r l y as a r e su l t of studies 
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on the s i te of y - g l o b u l i n synthesis , i t may be concluded that y -g lobu l ins 
a re produced by the p l a s m a c e l l s and re la ted lymphoid c e l l s and that 
under ce r t a in unusual condit ions where the l i v e r may become m a s s i v e l y 
in f i l t ra ted wi th p l a sma c e l l s as i n the cases desc r ibed by B e a m (5), 
such c e l l s may conceivably contribute to y - g l o b u l i n product ion. H o w ­
ever , under n o r m a l condi t ions, no s ignif icant y -g lobu l ins a re produced 
by the l i v e r . 

C e r u l o p l a s m i n B iosyn thes i s . Al though much i s known of the gen­
e r a l nature of c e ru lop l a smin (17) and i t s re la t ionship to s e r u m copper 
i n health and disease (2, 3), the s i te of i t s synthesis has not hitherto 
been demonstrated. Because ce ru lop l a smin i s an α2-β-globulin, one 
might suspect the n o r m a l l i v e r of producing ce ru lop l a smin . The p r o ­
g res s ive percentage enrichment of the a2-β-globulin reg ion of p l a s m a 
proteins wi th C u 6 4 i n the course of a 5-hour i so la ted ra t l i v e r perfusion 
i s s t rong evidence i n favor of th is conjecture. T h i s i s a l l the m o r e i m ­
p re s s ive , s ince i n p l a sma obtained f r o m an eviscera ted s u r v i v i n g rat , 
5 hours after a paren te ra l dose of C u 6 4 , the pattern of C u 6 4 d i s t r ibu t ion 
i n the p l a sma proteins was indis t inguishable f r o m that of the z e r o t ime 
p l a s m a spec imen of the l i v e r perfusion. In other words , i t i s only i n 
the presence of a functioning l i v e r that C u 6 4 , w h i c h at f i r s t i s l a rge ly 
associa ted wi th the a lbumin f rac t ion (4,17), l a te r becomes m o r e p r o m ­
inently associa ted wi th the a2-β-globulin fract ions (presumably as c e ­
ru lop lasmin) . 

The greater assoc ia t ion of C u 6 4 ac t iv i ty w i t h the a2-β -g lobu l in r e ­
gion i s a l ready detectable at 2 hours and much m o r e prominent at 5 
hours . T h i s r e c a l l s the fact that C 1 4 - l a b e l e d p l a s m a prote ins produced 
by the i so la ted perfused l i v e r or the intact a n i m a l appear only after a 
lag pe r iod of 30 minutes to 1-1/2 hours (25). 

A word of comment on the high C u 6 4 content of the b i l e seems j u s ­
t i f iable , s ince the exact c h e m i c a l f o r m of copper excreted i n the b i l e 
has not been determined. The p o s s i b i l i t y that ce ru lop l a smin or some 
copper-conta in ing metaboli te of c e ru lop l a smin i s n o r m a l l y excreted i n 
the b i l e has not been care fu l ly examined. The abnormal elevat ion of the 
s e rum ce ru lop l a smin l e v e l i n acute b i l i a r y obst ruct ion (7), and the ab­
n o r m a l l y low s e r u m c e r u l o p l a s m i n seen i n some cases of advanced 
l i v e r d isease , p a r t i c u l a r l y W i l s o n ' s d isease (2, 3), a re i n keeping wi th 
the l i v e r being the s i te of c e r u l o p l a s m i n synthesis and excre t ion . 

F ib r inogen Biosyn thes i s . In our repor t w i t h B l y , Watson, and B a l e 
(25), i t was c l e a r l y indicated that, on the bas i s of l y s i n e - C 1 4 i n c o r p o r a ­
t ion, the l i v e r p r o g r e s s i v e l y incorpora ted l y s i n e - C 1 4 into f ibr inogen 
i so la ted as f i b r i n ; fu r thermore , i n exper iments w i t h the ev iscera ted 
s u r v i v i n g ra t and the perfused hind quar te rs of the ra t containing a l l 
abdominal v i s c e r a except the l i v e r , no s ignif icant incorpora t ion into f i ­
br inogen was observed. In the l ight of those studies , i t i s diff icul t to 
accept the opinion of M c F a r l a n e i n a recent authori tat ive rev iew (19): 

The s i tes of format ion of the va r ious c lo t t ing fac tors , and 
the metabol ic requi rements involved are s t i l l mat ters of c o n ­
jec ture . It has long been supposed that the l i v e r i s concerned 
wi th the product ion of f ibr inogen, but the evidence i s not c o n -
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e lus ive , s ince the exper imenta l procedures used i n an ima l s to 
damage the l i v e r or to i so la te i t f r o m the c i r c u l a t i o n may w e l l 
have caused great ly inc reased f i b r i n o l y s i s , and the observed 
f a l l i n f ibr inogen may have been due to inc reased des t ruc t ion 
ra ther than to decreased product ion. 

Our studies b r i e f l y desc r ibed above on the net b iosynthesis of f i ­
br inogen by the i so la ted perfused l i v e r demonstrate that under the 
s t imulus of hypofibrinogenemia the i sola ted perfused l i v e r i s capable of 
e laborat ing f ibr inogen at rates three to four t imes that n o r m a l l y neces­
sa ry for f ibr inogen turnover i n the intact an ima l . These rates a re sub­
s tant ia l ly greater than those desc r ibed by Barnabe i (1) i n conf i rming 
our unpublished observations on f ibr inogen biosynthesis by the i so la ted 
l i v e r . 

The view that this i s true net biosynthesis of f ibr inogen i s sup­
ported by a va r i e ty of a n c i l l a r y observat ions . F ib r inogen biosynthesis 
i s suppressed i n the presence of metabol ic analogs, such as L-e th ionine 
and puromyc in , most marked ly by the la t ter i n spite of the m a x i m a l 
s t imulus for product ion. M i t o m y c i n C , w h i c h i s be l ieved to in ter fere 
w i th biosynthetic p rocesses i n the nucleus, a l so caused some suppres ­
s ion of f ibr inogen biosynthes is . The i so la ted perfused l i v e r i n the p r e s ­
ence of any of the three inh ib i to r s used continues to function i n an ap­
parent ly n o r m a l manner i n t e rms of b i l e sec re t ion , l inear u r e a p roduc­
t ion, amino ac id oxidat ion, and glucose u t i l i za t ion . The effects of these 
inh ib i to r s on the biosynthesis of the other p l a s m a proteins w i l l be de ­
sc r ibed e lsewhere . 

F r o m a s t r i c t b iochemica l point of v iew a c l e a r - c u t defini t ion of 
the ro l e of the l i v e r i n the b iosynthes is of any pa r t i cu l a r p l a s m a p r o ­
tein can be made only when the pa r t i cu l a r pro te in has been c l e a r l y and 
c leanly i so la ted , as i n the case of f ibr inogen. The p r a c t i c a l d i f f icul t ies 
of effecting such i so la t ions on a s m a l l sca le f r o m isotopic label ing 
studies of the p l a sma pro te ins , such as we have desc r ibed , s e r i o u s l y 
mi l i t a te against such a detai led demonstrat ion at present . The use of 
fract ionat ion techniques wi th greater r e so lv ing power such as a c r y l -
amide ge l e lec t rophores i s a l ready show some p r o m i s e i n our l a b o r a ­
to ry toward affording a more defini t ive p ic ture of the biosynthetic ro l e 
of the l i v e r and the nonhepatic t i ssues i n p l a s m a pro te in product ion. 

A f ina l comment may be made concerning the v e r y s m a l l , perhaps 
quanti tat ively ins ignif icant but r e a d i l y detectable pro te in label ing found 
i n the a -g lobul in f ract ions and i n the a lbumin reg ion i n exper iments 
w i th the ev iscera ted s u r v i v i n g ra t and the hepatectomized rat . It i s 
poss ib le that these ac t iv i t i e s a re associa ted w i t h an ar tefactual en t ra in -
ment of labeled y - or β - g l o b u l i n s by the faster moving pro te in f r a c ­
t ions. A more reasonable speculat ion, however, would invoke the known 
fact that the p l a s m a n o r m a l l y contains a great va r i e ty of enzyme p r o ­
teins which a re synthesized by the var ious t i ssues i n the body. One 
need mention only the l ac t i c ac id dehydrogenase i soenzymes , the phos­
phatases, musc le and l i v e r a ldolase , p l a sma pepsinogen, etc. 
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Summary 

The iso la ted perfused rat l i v e r , the ev iscera ted s u r v i v i n g rat , and 
the hepatectomized ra t have been used i n studies wi th l y s i n e - 6 - C 1 4 , 
a ce t a t e -1 -C 1 4 , and S 3 5 - l a b e l e d sulfate. P l a s m a proteins obtained f r o m 
such exper imenta l preparat ions have been separated by s t a rch -b lock 
zone e lec t rophores i s . The elect rophoret ic f rac t ions have, i n turn , been 
further fractionated by p e r c h l o r i d ac id (final concentrat ion, 0.64N) to 
give crude se rum mucoprote in f rac t ions . The re su l t i ng mucoprote in 
fract ions f rom the perfused l i v e r studies show extensive l abe l ing i n a 
pattern indica t ing that the mucoprote in f ract ions a re g r o s s l y hetero­
geneous. T h i s view was more g raph ica l ly conf i rmed by autoradiog­
raphy of p l a sma proteins labeled wi th sulfur-35 sulfate. In no e x p e r i ­
ment w i th the ev iscera ted s u r v i v i n g ra t o r hepatectomized rat was any 
evidence obtained for s ignif icant incorpora t ion of i so top ica l ly labeled 
metaboli tes into the p l a s m a mucoprote in f ract ions by nonhepatic t i s ­
sues. One must conclude that i n the n o r m a l ra t o r the tumor -bea r ing 
ra t the p l a sma mucoproteins a re exc lus ive ly synthesized by the l i v e r . 

C u 6 4 acetate has been used to evaluate the ro l e of i so la ted perfused 
l i v e r and eviscera ted s u r v i v i n g rat i n ce ru lop la smin synthesis . P r e ­
parat ive e lec t rophores i s of p l a sma f r o m a 5-hour l i v e r perfusion r e ­
veals i nc r ea s ing assoc ia t ion of C u 6 4 w i th the a2-β-globulin f rac t ions , 
p resumably indica t ing c e r u l o p l a s m i n synthesis . S i m i l a r f ract ionat ion 
of p l a sma f r o m the ev iscera ted s u r v i v i n g rat 4 -1 /2 hours after a s i m ­
i l a r dose of C u 6 4 acetate showed C u 6 4 p r i m a r i l y associa ted wi th the a l ­
bumin f rac t ion , a pattern iden t i ca l wi th that seen i n the z e r o t ime c o n ­
t r o l p l a sma f r o m the l i v e r perfusion. These observat ions support the 
view that the l i v e r i s the s i te of c e r u l o p l a s m i n synthes is . 

The exc lus ive ro l e of the l i v e r i n the biosynthesis of f ibr inogen, 
questioned by some, has been rea f f i rmed i n i so la ted l i v e r perfusion ex ­
per iments i n wh ich m a x i m a l net biosynthesis of f ibr inogen of 0.6 mg . 
per hour per g r a m wet weight of l i v e r occu r s . Th i s approximates three 
to four t imes the n o r m a l rate of f ibr inogen biosynthesis i n turnover i n 
the intact n o r m a l ra t and occurs only i n l i v e r perfusions i n wh ich the 
s t imulus of extreme hypofibrinogenemia associa ted wi th the use of 
complete ly defibrinated blood i s present . 
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3 
Protein Biosynthesis 
Aminoacyl Transfer from sRNA to Ribosomes 

KIVIE MOLDAVE 

Department of Biochemistry, Tufts University, 
School of Medicine, Boston, Mass. 

The aminoacy l t ransfer reac t ion , one of the 
la t ter stages i n p ro te in synthesis , involves 
incorpora t ion of amino ac ids from soluble ri­
bonucleic a c i d - a m i n o ac id into r i b o s o m a l 
pro te in . T h i s reac t ion r equ i r e s guanosine 
triphosphate and a soluble por t ion of the cell. 
Evidence has been obtained w i t h ra t l i v e r 
preparat ions that aminoacy l t ransfer is c a t a ­
lyzed by two pro te in fac tors , aminoacy l t r ans ­
ferases (or po lymerases) I and II, w h i c h have 
been r e so lved and partially pur i f i ed from the 
soluble f rac t ion . Trans fe rase II ac t iv i ty has 
a l so been obtained f r o m deoxycholate-soluble 
extracts of m i c r o s o m e s . W i t h pur i f i ed t r a n s ­
ferases I and II, incorpora t ion i s observed 
w i t h relatively low levels of GTP; its sulfhy-
dryl requirement is met by a variety of com­
pounds. The characteristics of this purified 
amino acid incorporating system, in terms of 
dependency on the concentration of its com­
ponents, are described. 

The synthesis of proteins, as characterized by the in vitro incorpora­
tion of amino acids into the protein component of cytoplasmic ribonu-
cleoprotein, is known to require the nonparticulate portion of the cyto­
p l a s m , A T P (adenosine triphosphate) and G T P (guanosine triphosphate) 
(15, 23). The i n i t i a l react ions involve the c a r b o x y l ac t ivat ion of amino 
ac ids i n the presence of amino ac id -ac t iva t ing enzymes ( aminoacy l 
s R N A synthetases) and A T P , to f o r m enzyme-bound aminoacy l adeny l ­
ates and the enzymatic t ransfer of the aminoacy l moiety f r o m a m i n o ­
a c y l adenylates to soluble r ibonuc le ic a c i d ( sRNA) w h i c h r e su l t s i n the 
format ion of speci f ic R N A - a m i n o ac id complexes—see, fo r example , 
r ev iews by Hoagland (12) and B e r g (1). The subsequent steps i n p r o -

41 
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te in synthesis involve an in te rac t ion between aminoacy l s R N A and 
cy top lasmic r ibonucleoprote in (r ibosomes) wh ich resu l t s i n the t r a n s ­
fer of the aminoacy l moiety to a protein-bound f o r m (2 -11 , 13, 14, 1 8 -
22, 24). 

Studies i n th is l abora to ry for the past s e v e r a l yea r s have been 
concerned wi th the e lucidat ion of the la t ter steps i n this s e r i e s of r e ­
act ions . Spec i f i ca l ly , efforts have been d i rec ted toward the c ha r a c t e r ­
i za t ion of the reac t ion invo lv ing the t ransfer of aminoacy l s R N A to 
m a m m a l i a n r ibonucleoprote in p a r t i c l e s , the enzymatic and cofactor r e ­
qui rements , and poss ib le in termedia tes i n this p rocess . The evidence 
obtained indicates that aminoacy l t ransfer i s an enzymatic reac t ion r e ­
q u i r i n g at least two enzyme f rac t ions , wh ich have been r e so lved and 
p a r t i a l l y pur i f i ed , G T P and a su l fhydry l compound; fur ther , the p o s s i ­
b i l i t y ex is t s that a r ibosome-bound s R N A - a m i n o a c i d (or peptide) c o m ­
pound i s fo rmed as an in termedia te i n this reac t ion . 

T h i s r epor t s u m m a r i z e s some of the p rope r t i e s of th is sys tem. 
The cha rac te r i za t ion studies desc r ibed i n de ta i l were c a r r i e d out wi th 
lower concentrat ions of r ibosomes and of highly labeled aminoacy l 
s R N A than used p rev ious ly and may therefore v a r y quanti tat ively i n 
some respects f r o m those repor ted p rev ious ly (6, 7, 8). 

Expe r imen ta l l y , C 1 4 - a m i n o a c y l s R N A was incubated wi th rat l i v e r 
m i c r o s o m e s or r i bosomes , G T P , va r ious f rac t ions obtained f r o m the 
nonpart iculate por t ion of rat l i v e r homogenates, and buffered sa l t -
sucrose med ium i n a tota l volume of approximate ly 2 m l . (6-10) . The 
C 1 4 - a m i n o a c y l s R N A was prepared by the phenol-ext rac t ion procedure 
f r o m the " p H 5 amino a c i d - a c t i v a t i n g e n z y m e s " f rac t ion of rat l i v e r 
after incubation wi th C 1 4 - L - a m i n o ac ids (9, 13). C 1 4 - l e u c y l s R N A (ap­
p rox imate ly 1000 c .p .m.) , having a specif ic r ad ioac t iv i ty of a p p r o x i ­
mate ly 55,000 c .p .m. pe r mg . of R N A , and containing a complement of 
endogenous, unlabeled, bound amino ac ids , was used i n most of these 
s tudies . The m i c r o s o m e s were sedimented f r o m the pos t -mi tochon­
d r i a l supernatant at 104,000 x g (10) and the r ibosomes were prepared 
f r o m them by ext rac t ion w i t h deoxycholate (16). 

F i g u r e 1 represents a schemat ic i l l u s t r a t i o n of the separat ion of 
r i bosomes , s R N A , and the enzymes involved i n the t ransfer reac t ion , 
desc r ibed i n de t a i l below. A t the end of the incubation pe r iod , the r i b o ­
nucleoprotein and supernatant f ract ions were separated by u l t r a c e n t r i -
fugation, the p e r c h l o r i c a c i d - i n s o l u b l e f rac t ion was prepared f r o m 
each, and the nucle ic ac ids and proteins were i so la ted f r o m the a c i d -
insoluble res idue (17). 

General Requirements for Aminoacyl Transfer 

P r e v i o u s studies by Hoagland et a l . (13), Zamecn ik et a l . (24), and 
i n this labora tory (9, 10) demonstrated that the t ransfer of amino ac id 
f r o m i so la ted s R N A - a m i n o ac id to m i c r o s o m e s r equ i red G T P , A T P , an 
A T P - g e n e r a t i n g sys tem, and a soluble por t ion of the c e l l . M o s t of the 
a m i n o a c y l - t r a n s f e r r i n g ac t iv i ty present i n the homogenate supernatant 
was recovered i n the " p H 5 Supernatant" obtained after p rec ip i t a t ion of 
the amino a c i d - a c t i v a t i n g enzymes at p H 5. A pro te in f rac t ion , 500- to 
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H0MO6ENATE 

112,000 X g 

RESIDUE 
(discorded) 

SUPERNATANT 
1104000 X g 

MICROSOMES 
ι (ta 
1104.000 X g 

RIBOSOMES " DOC-SOLUBLE" L , Γ 
pH 5 E N Z Y M E S 

source of 
TRANSFERASE Τ Ι 

sRNA 
0 - 3 5 % A . S . 

RESIDUE 

3 0 - J s 0 % A . S . 

REPRECIPITATED 
0 - 3 5 % A. S. RESIDUE; 

source of 

TRANSFERASE H 

SUPERNATANT 

|pH S 

pH 5 SUPERNATANT 
I ammonium sulfate 
I (A. S) 

3 5 - 6 0 % A . S . 
RESIDUE 

J 7 0 % A . S . 
70% A S . 

SUPERNATANT 
J charcoal 

source of 
TRANSFERASE I 

Figure 1. Scheme of fractionation 

6 0 % A . S . 
SUPERNATANT 

(discarded) 

1000-fold pur i f i ed , was i sola ted f r o m the p H 5 Supernatant by f r ac t ion ­
ation w i t h ammonium sulfate and cha rcoa l (10). Table I s u m m a r i z e s the 
requi rements for aminoacy l t ransfer to m i c r o s o m e s i n the presence of 
p H 5 Supernatant and the pur i f ied t r ans fe r r i ng enzyme. Incubations 
w i t h p H 5 Supernatant r equ i r ed A T P and G T P for m a x i m a l t ransfer ; 
however, i n experiments wi th the pur i f ied t ransferase , the requi rement 
for G T P was absolute and the guanosine nucleotide was not rep laced by 
A T P . Evidence was obtained that G T P was the only essen t ia l nuc leo­
tide r equ i r ed for aminoacy l t ransfer and that the effect of other nuc leo­
t ides, such as A T P , was a re f lec t ion of the i r ab i l i ty to generate G T P 
(10). 

The constancy i n the ra t ios of the speci f ic t r ans fe r r i ng ac t iv i t i e s 
w i th respect to s e v e r a l amino ac ids ( three of which a re presented i n 

Table I. Aminoacyl Transfer to Microsomes with Crude 
and Purified Transferring Preparations 

C.P.M. Incorporated into Protein 

Incubation Additions a pH 5 Supernatant Purified enzyme 

Complete system 283 163 
Minus soluble fraction 24 24 
Minus ATP, PEP 11 128 
Minus GTP 163 10 

a Incubation mixtures contained C 1 4-leucyl sRNA, 7 mg. of pH 5 Super­
natant protein or 0.007 mg. of purified enzyme, 4 mg. of washed micro­
somes, 0.5 μπιοΐβ of GTP and ATP, 10 μπιοΐββ of phosphoenolpyruvic 
acid, and 30μg. of crystalline pyruvate kinase. 
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Table II. Transfer of Various sRNA-Bound Amino Acids to Microsomal Proteins 

Specific Activityb 

sRNA-Bound 
C 1 4 -Amino A c i d a pH 5 Supernatant Purified enzyme Ratio 0 

"(x 10'3) 

Glycine 2.5 2.5 1000 
Leucine 8.2 6.6 810 
Isoieucine 6.4 4.9 770 

a Incubation mixtures contained 0.5 μπιοΐβ of GTP, 10 μπιοΐββ of ATP, 4 mg. 
of washed microsomes, 7 mg. of pH 5 Supernatant protein or 0.007 mg. of 
purified enzyme, and approximately 0.1 mg. (1000 c.p.m.) of C 1 4-glycyl 
sRNA, C 1 4-leucyl sRNA, or C1 4-isoleucyl sRNA. 

biityi moles of amino acid transferred per mg. of protein in enzyme prepara­
tion added. 

cRatio of specific activities (purified enzyme to pH 5 Supernatant). 

Table Π) i n the p rocess of pur i f i ca t ion of the t r ans fe r r i ng factor , has 
suggested that this enzyme may cata lyze the t ransfer of s e v e r a l o r p e r ­
haps a l l of the s R N A - b o u n d amino ac ids to m i c r o s o m a l proteins (10). 
A s i m i l a r suggestion i s based on the fact that the t r ans fe r r ing ac t iv i ty 
toward s e v e r a l amino ac ids i s eluted i n a s ingle peak on chromatog­
raphy on D E A E - c e l l u l o s e (20). 

Resolution of Two Transferring Activities 

Studies w i t h r ibosomes indicated that, i n contras t to exper iments 
w i t h m i c r o s o m e s , the pur i f i ed t r ans fe r r ing enzyme desc r ibed above 
fa i led to cata lyze aminoacy l t ransfer ( T a b l e Ι Π ) ; however, the crude pH 
5 Supernatant was act ive wi th both p a r t i c l e prepara t ions . A s desc r ibed 
i n Table I V , when the incubations w i t h pur i f ied enzyme (transferase I) 
were supplemented wi th the d i a lyzed deoxycholate-soluble m i c r o s o m a l 
extract ( transferase II) obtained dur ing the i so l a t i on of r ibosomes ( F i g ­
u re 1), t r ans fe r r i ng ac t iv i ty was re s to red (6, 7). Glutathione was a lso 

Table III. Aminoacyl Transfer to Intact Rat Liver 
Microsomes and to Ribosomes 

C.P.M. Incorporated into Protein 

Incubation Additionsa Microsomes Ribosomes 

None 0 0 
pH 5 Supernatant 218 120 
pH 5 Supernatant, minus GTP 128 63 
Purified enzyme 163 0 

a Incubation mixtures contained C 1 4-leucyl sRNA, 7 mg. of pH 5 
Supernatant protein or 0.007 mg. of purified enzyme, 4 mg. of 
washed microsomes or 2 mg. of ribosomes, 0.5 μπιοΐβ of GTP, 
and 10 μπιοΐββ of A T P . 
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Table IV. Effect of Soluble and Microsomal Extracts on Aminoacyl Transfer 

Incubation Additions C.P.M. Incorporated into Protein 

pH 5 Supernatant 268 
Transferase I 

+ GSH 
4 

28 
0 
0 

46 

Microsomal transferase Π 
+ GSH 

Transferases I and II 
+ GSH 273 

aIncubation mixtures contained C 1 4-leucyl sRNA, 7 mg. of ribosomes, 
1 μ mole of GTP, approximately 7 mg. of pH 5 Supernatant protein, 
0.007 mg. of transferase I protein, 1.2 mg. of microsomal trans­
ferase II protein, and 10 μ moles of glutathione where indicated. 

requ i red i n the presence of the combined fract ions but was inac t ive i n 
the absence of ei ther one of these prepara t ions . Thus , the pro te in f r a c ­
t ion pur i f i ed f rom the p H 5 Supernatant wh ich i s ac t ive i n exper iments 
wi th m i c r o s o m e s , has been designated as a m i n o a c y l t ransferase (or 
polymerase) I; the deoxycholate-soluble f rac t ion , r e f e r r ed to here as 
m i c r o s o m a l t ransferase (or polymerase) Π, was not act ive by i t se l f o r 
w i t h glutathione. 

Since p H 5 Supernatant was act ive i n the t ransfer of s R N A - b o u n d 
amino ac ids , i t suggested that both of the essen t ia l f rac t ions desc r ibed 
above were a l so present i n this crude soluble prepara t ion . E x p e r i m e n ­
t a l ve r i f i ca t ion of this suggestion i s presented i n Table V (8). F r a c ­
t ionation of the p H 5 Supernatant w i t h ammonium sulfate y ie lded two 
f rac t ions , 0 to 35% A . S . res idue and 35 to 60% A . S . res idue , wh ich by 
themselves cata lyzed aminoacy l t ransfer i n the presence of glutathione. 
Reprec ip i ta t ion of the 0 to 35% A . S . f rac t ion , as desc r ibed i n F i g u r e 1, 

Table V. Effect of Various Ammonium Sulfate Fractions on Aminoacyl Transfer 

Incubation Additions a C.P.M. Incorporated into Protein 

0-35%.A.S. residue 140 
35-60% A.S. residue 191 
Reprecipitated 0-35% A.S. fraction 29 

+ transferase I 130 
+ transferase II 33 

Reprecipitated 35-60% A.S. fraction 36 
+ transferase I 44 
+ transferase II 282 

a Incubations were carried out with 3 mg. of ribosomes, C 1 4-leucyl sRNA, 
1 μπιοΐβ of GTP, 10 μπιοΐββ of glutathione, and 5 mg. of protein of initial 
0-35% A.S. residue, 6 mg. of protein of 35-60% A.S. residue, 3 mg. of re­
precipitated 0-35% A.S. fraction protein, 4 mg. of reprecipitated 35-60% A.S. 
fraction protein, 0.003 mg. of purified transferase I protein, or 0.4 mg. of mi­
crosomal transferase Π protein where indicated. 
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or p a r t i a l pur i f i ca t ion by stepwise additions of ammonium sulfate (be­
tween 30 and 40 or 40 and 50% saturation) y ie lded a prepara t ion labeled 
reprec ip i ta ted 0 to 35% A . S . f rac t ion , w h i c h was usua l ly inact ive i n the 
absence of pur i f i ed t ransferase I; the addi t ion of m i c r o s o m a l t r ans fe r ­
ase Π to this prepara t ion had no effect. Occas iona l ly , preparat ions of 
soluble t ransferase II were obtained at th is step w h i c h were c o n t a m i ­
nated wi th , and could not e a s i l y be r e so lved f r o m , t ransferase I a c t i v ­
i ty . Reprec ip i t a t ion of the 35 to 60% A . S . res idue w i t h ammonium s u l ­
fate at p H 6.5 to 7.0 (8) y ie lded a prepara t ion w h i c h was inac t ive by i t ­
se l f o r i n the presence of t ransferase I, pur i f i ed as desc r ibed i n F i g ­
u re 1, but w h i c h r equ i r ed m i c r o s o m a l or soluble t ransferase II for a c ­
t iv i ty . Thus , i t appeared that the subfractions obtained f rom the i n i t i a l 
0 to 35% A . S . res idue , designated here soluble t ransferase (or p o l y m e r ­
ase) Π , and the f rac t ion prepared f r o m m i c r o s o m e s by ext rac t ion wi th 
deoxycholate were equivalent and r equ i r ed the t ransferase I ac t iv i ty for 
aminoacy l t ransfer . The ac t iv i t i e s designated t ransferase I and Π ( m i ­
c r o s o m a l and soluble) a re heat - labi le , nondialyzable , and s a l t - p r e c i p i -
table, suggesting that they are enzymatic i n nature. 

A m i n o a c y l t ransferase I represents a highly pur i f ied (500- to 1000-
fold) prepara t ion of the i n i t i a l 35 to 60% A . S . res idue desc r ibed above, 
obtained f r o m the p H 5 Supernatant by further f ract ionat ion wi th a m m o -

1 1 I 1 1 Γ 

INCUBATION TIME (MINUTES) 

Figure 2. Time-dependent transfer of amino acids 
to protein in presence of pH 5 Supernatant or trans­

ferases I and II 

Incubations carried out with C14-leucyl sRNA (1500 
c.p.m.), 0.8 mg. of ribosomes, 10 mg. of pH 5 Super-
natant protein (%), or 0.003 mg, of transferase I plus 
2 mg. of solable transferase II protein (O), andother 

components as described in text 
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Κ 800 

f2 100 

8 ο 2 3 4 5 

MG. RIBONUCLEOPROTEIN 
Figure 3. Effect ofribosomal concentration on aminoacyl 

transfer to protein 

All incubations contained ClA-leucyl sRNA (2000 c.p.m.), 
10 mg. of pH 5 Supernatant protein (Φ) or 0.003 mg.of 
transferase I plus 2 mg. of soluble transferase II protein 
(O), ribosomal concentrations indicated, and other com­

ponents as described in text 

n ium sulfate and cha rcoa l (10). It i s stable f rozen for s e v e r a l months. 
Trans fe rase I i s r e l a t i ve ly heat-stable i n the presence of the buffered 
sa l t - suc rose medium used (10); however, after d i a l y s i s against 0 .02M 
phosphate buffer, the ac t iv i ty i s lost wi th in 10 minutes at 60° (6). M i ­
c r o s o m a l t ransferase Π , although r e l a t i v e l y low i n prote in , d id not lend 
i t se l f to further pur i f i ca t ion because of i t s ext reme l ab i l i t y ; i t i s stable 
f rozen for l ess than a week. Soluble t ransferase Π was obtained ap ­
prox imate ly 50-fold pur i f ied by subfractionation of the i n i t i a l 0 to 35% 
A . S . res idue as desc r ibed above (8); i t i s stable f rozen for a p p r o x i ­
mately 3 weeks . 

Characteristics of Reaction 

The time-dependent incorpora t ion of amino ac id into r i b o s o m a l 
pro te in i s shown i n F i g u r e 2. When the crude p H 5 Supernatant f rac t ion 
was used, incorpora t ion was v e r y r ap id and essen t ia l ly complete i n 2 
to 4 minutes . Incorporat ion was usua l ly s lower when the more pur i f ied 
enzyme f rac t ions , t ransferases I and II, we re used; incorpora t ion was 
complete after approximate ly 20 minutes. A s i m i l a r rate of i n c o r p o r a ­
t ion was observed when the t ransferase Π used was i so la ted ei ther f r o m 
the m i c r o s o m e s o r the p o s t - m i c r o s o m a l supernatant. 

The extent of amino ac id incorpora t ion was a l so found to be d e ­
pendent on r i b o s o m a l and aminoacy l s R N A concentrat ions. F i g u r e 3 i l -
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MG. sRNA- LEUCINE- C 1 4 

Figure 4. Effect of sRNA-amino acid concen­
tration on aminoacyl transfer to protein 

Incubations consisted of 0.8 mg, of ribosomes, 
10 mg. of pH 5 Supernatant protein (Φ) or 0.003 
mg. of transferase Ip lus 2 mg. of soluble 
transferaseIIprotein (O), amounts ofC -leucyl 
sRNA incicatedtand other components as des­

cribed in text 

l u s t r â t e s the effect of r i b o s o m a l concentrat ion on aminoacy l t ransfer 
i n the presence of p H 5 Supernatant o r t ransferases I and Π. The i n ­
corpora t ion of amino a c i d was l i nea r below 1 mg . of r ibosomes and the 
specif ic r ad ioac t iv i t i e s were greater than that above 1 mg. The r e l a ­
t ive incorpora t ion of C 1 4 w i th v a r y i n g r i b o s o m a l concentrat ions was 
s i m i l a r w i t h the crude and the more pur i f ied enzyme prepara t ions , a l ­
though wi th the pa r t i cu l a r prepara t ions used i n this exper iment , the to ­
t a l r ad ioac t iv i ty incorpora ted differed. It has been shown i n this labo­
ra to ry (6) that w i th r e l a t i v e l y higher concentrat ions of C 1 4 - l e u c y l s R N A 
of lower speci f ic ac t iv i ty , the total C 1 4 incorpora ted was a l so dependent 
on r i b o s o m a l concentrat ions and was l inea r over a range of f r o m 2 to 
7 mg. F i g u r e 4 shows that at op t imal enzyme concentrat ions and 0.25 
m g . of r ibonucleoprote in per m l . of incubation mix tu re , the amount of 
C 1 4 incorpora ted was dependent on the concentrat ion of aminoacy l s R N A 
added and was l inear at lower concentrat ions. Concentrat ions between 
20 and 30 μ g . of s R N A - a m i n o ac id appeared to be op t imal . 

A m i n o a c y l t ransfer was found to be op t imal w i t h about 10 mg. of 
added p H 5 Supernatant pro te in . A t much higher concentrat ions of this 
prepara t ion , inh ib i t ion of amino a c i d incorpora t ion was observed. When 
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Ο ι 1 1 1 1 1 1 1 1 Γ 

Figure 5. Dependence of aminoacyl transfer on varying 
concentrations of transferases I and II 

Incubations contained 0.7 mg. of ribosomes, ClA-leucyl 
sRNA (1200c.p.m.), 0.005mg. of transferase I proteinand 
amounts of soluble (O) or microsomal (Φ) transferase II 
protein, and other components as described in text. Con­
trol incubations (m) carried out in absence of transferase I 

the more pur i f ied t ransferases I and Π were used, as i l l u s t r a t ed i n 
F i g u r e 5, op t imal incorpora t ion was achieved at much lower concen­
t ra t ions of added soluble pro te in (6, 8). The addit ion of e i ther t r a n s ­
ferase I o r t ransferase II alone to this incubation (lower cu rve , Control) 
d id not ca ta lyze aminoacy l t ransfer . In the presence of t ransferase I, 
incorpora t ion was dependent on the concentrat ion of t ransferase Π . 
S i m i l a r resu l t s were obtained when t ransferase Π was assayed for 
t ransfer ac t iv i ty as a function of the concentrat ion of t ransferase I . 
Significant incorpora t ion was obtained when 0.5 mg. of r i b o s o m a l t r a n s ­
ferase Π was incubated i n the presence of 5 μ g . of t ransferase I . O p t i ­
m a l incorpora t ion o c c u r r e d wi th 4.0 mg . of added m i c r o s o m a l t r a n s ­
ferase Π . In the presence of 3 μ g . of t ransferase I, 2.0 mg. of soluble 
t ransferase Π resul ted i n op t ima l incorpora t ion of amino ac id , w i th 
more total rad iocarbon being incorpora ted than when m i c r o s o m a l 
t ransferase Π was used. A s w i t h the crude enzyme prepara t ion , i t was 
observed that the addit ion of r e l a t i v e l y l a rge amounts of t r ans fe r r i ng 
prepara t ions , not shown here, tended to inhib i t the incorpora t ion of 
amino ac ids f r o m s R N A into r i b o s o m a l pro te in . 

P r e v i o u s studies demonstrated that G T P was the only essen t ia l 
nucleotide i n the aminoacy l t ransfer reac t ion (2, 10, 21, 22). The effect 
of v a r y i n g concentrat ions of G T P on this reac t ion i s presented i n F i g ­
u re 6. M a x i m u m incorpora t ion was obtained w i t h as l i t t l e as 0.05 μ mole 
of G T P per m l . i n incubations w i t h t ransferase I and soluble t r ans fe r ­
ase Π . When m i c r o s o m a l t ransferase Π was used, the requi rement for 
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Figure 6. Effect of GTP on aminoacyl transfer to protein 

Incubations with Cl4-leucyl sRNA (800 c.p.m.), 0.6 mg. of 
ribosomes, 10 [imoles of glutathione, and amounts of GTP 
indicated also contained 0.003 mg. of transferase I pro­
tein and 4 mg. of soluble (Φ) or 2 mg. of microsomal (O) 

transferase II protein 

G T P was greater and at least 0.4 μ π ι ο ΐ β of G T P per m l . was requ i red 
for op t imal ac t iv i ty . Although not shown here, inh ib i t ion of the t ransfer 
reac t ion wi th m i c r o s o m a l t ransferase Π was observed wi th about 

Table VI. Effect of Various Sulfhydryl 
Compounds on Aminoacyl Transfer 

Incubation Additions a Per Cent Stimulation h 

Glutathione 140 
Cysteine 187 
2,3-Dimercaptopropanol 153 
Coenzyme A 160 
Mercaptoethanol 174 
Thioglycollate 146 

a Incubation mixtures contained C 1 4-leucyl sRNA, 1 
μ mole of GTP, 4 mg. of ribosomes, 0.005 mg. of 
transferase I protein, and 0.7 mg. of transferase 
Π protein. 

D Per cent increase in specific radioactivity (c.p.m. 
per mg.) of ribosomal protein over that observed 
in absence of sulfhydryl compound. 
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pH 5 SUPERNATANT 

TRANSFERASES1+1 

5 10 15 
MOLES GLUTATHIONE PER ML. 

Figure 7. Effect of glutathione on aminoacyl transfer 
to protein 

Incubations consisted of ClA-leucyl sRNA (1500 c.p.m.), 
0.8 mg. of ribosomes, 0.5 \Lmole of GTP, 10 mg. of 
pH 5 Supernatant protein (Φ), or 0.003 mg. of trans-
ferase I plus 2 mg. of soluble transferase II protein 

(O), and amounts of glutathione indicated 

1 μ mole of G T P pe r m l . No such inh ib i t ion was seen when soluble t r a n s ­
ferase Π was used. A t subopt imal concentrat ions of m i c r o s o m a l t r a n s ­
ferase Π, incorpora t ion of amino ac id was found to be m a x i m a l when 
lower concentrat ions of G T P (0.1 μ mole pe r ml . ) we re added. T h i s ob­
serva t ion might ref lec t the presence of s ignif icant G T P - a s e ac t iv i ty i n 
this enzyme f rac t ion as compared to soluble t ransferase Π . 

It has been repor ted that glutathione p lays a ro l e i n the t ransfer of 
amino ac ids f r o m s R N A to r i b o s o m a l pro te in (2, 4, 6, 8, 14, 19). The 
requi rement fo r glutathione i n this r a t - l i v e r sys t em i s i l l u s t r a t ed i n 
F i g u r e 7. Some prepara t ions of p H 5 Supernatant were dependent on the 
presence of glutathione for m a x i m a l ac t iv i ty , although prepara t ions 
have been obtained wh ich exhibited no such requi rement . Glutathione 
was mandatory for amino ac id incorpora t ion w i t h pur i f i ed t ransferase I 
and ei ther soluble o r m i c r o s o m a l t ransferase Π . A glutathione concen­
t ra t ion of about 2 .5 to 5.0 μ moles per m l . was found to be op t ima l w i th 
both of these prepara t ions . In o rde r to de termine whether the s t i m u l a ­
to ry effect observed w i t h glutathione was due to th is spec i f ic peptide o r 
to a genera l su l fhydry l requi rement , a va r i e ty of different s u l f h y d r y l -
containing compounds were tested for the i r ab i l i t y to rep lace g lu ta ­
thione (Table VI ) . A l l the compounds tested were found to be effective 
i n p romot ing aminoacy l t ransfer (8). 
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Table VII. Transfer of Various sRNA-Bound Amino Acids 

sRNA-Bound C.P.M. Added per C.P.M. Incorporated 
C 1 4-Amino Acid a Incubation into Protein 

Alanine 644 65 
Aspartic acid 1022 132 
Glycine 715 73 
Leucine 637 146 
Lysine 760 116 
Phenylalanine 604 58 
Threonine 1279 215 
Valine 1588 277 
Amino acid mixture 2463 125 

a Incubation mixtures contained 3 mg. of ribosomes, 0.007 mg. of 
transferase I protein, 4 mg. of soluble transferase Π protein, ap­
proximately 0.05 mg. of aminoacyl sRNA, 1 μ mole of GTP, and 10 
μ moles of glutathione. Results obtained when transferases I and Π 
were replaced by pH 5 Supernatant were quantitatively similar. 

Incubations of c rude p H 5 Supernatant w i th s e v e r a l C 1 4 - a m i n o a c y l 
s R N A prepara t ions , d i f fer ing only i n the nature of the C 1 4 - a m i n o ac id , 
showed that a l l amino ac ids tested were incorpora ted into r i b o s o m a l 
p ro te in . W i t h combined t ransferases I and Π , the r e su l t s presented i n 
Tab le V u indica ted that a l l of the amino ac ids tested were a l so i n c o r ­
porated i n the presence of these pur i f i ed f ract ions (8). When ei ther of 
the t ransferases was omit ted f r o m these incubations, l i t t l e amino ac id 
t ransfer was observed w i t h any of the C l 4 - a m i n o a c y l s R N A p r e p a r a ­
t ions . V a r i a t i o n s i n to ta l amounts of C 1 4 incorpora ted , as shown here, 
a re probably due to va r ia t ions i n the speci f ic r ad ioac t iv i ty of the v a r i ­
ous s R N A - b o u n d amino ac ids used. These pur i f i ed t ransferase p r e p a ­
ra t ions d i d not ca ta lyze the incorpora t ion of free amino ac ids into s R N A 
o r r i bosomes . 

Summary 

The t ransfer of labeled amino ac ids f r o m a m i n o a c y l s R N A to p u r i ­
f ied r a t - l i v e r r ibonucleoprote in pa r t i c l e s has been shown to r equ i r e 
G T P , and a soluble por t ion ( p H 5 Supernatant) of the c e l l . A n enzyme 
f rac t ion , a m i n o a c y l t ransferase (or po lymerase) I , pu r i f i ed f r o m the 
p H 5 Supernatant was found to ca ta lyze the t ransfer of amino a c i d to 
p ro te in w i t h m i c r o s o m e s , but not w i t h the more pur i f i ed r ibonuc leopro ­
te in p a r t i c l e s ( r ibosomes) . When t ransferase I was supplemented w i t h 
glutathione and a m i c r o s o m a l extract , m i c r o s o m a l aminoacy l t r ans f e r ­
ase (or po lymerase) Π , t r ans fe r r i ng ac t iv i ty was r e s to red . Since the 
p H 5 Supernatant was ac t ive i n ca t a lyz ing the t rans fe r of amino ac ids 
f r o m s R N A to r i b o s o m a l p ro te in , i t was concluded that both t r ans fe r ­
r i n g ac t iv i t i e s were present i n th is c rude f rac t ion . Reso lu t ion of the 
two ac t iv i t i e s f r o m the p H 5 Supernatant f rac t ion was obtained by s a l t -
f ract ionat ion p rocedures . Ne i the r enzyme f rac t ion was ac t ive when i n ­
cubated ind iv idua l ly o r w i t h glutathione, but together i n the presence of 
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su l fhydry l compound, they ca ta lyzed aminoacy l t ransfer to r i b o s o m a l 
p ro te in . Thus , t ransferase Π has been p a r t i a l l y pur i f i ed f r o m the c e l ­
l u l a r supernatant and was a l so found i n deoxycholate ex t rac ts of m i c r o ­
somes . 

The t ransfer of amino ac ids f r o m s R N A to pro te in was dependent 
on the concentrat ion of r ibosomes , a m i n o a c y l s R N A , and t r ans f e r r i ng 
enzymes . A m i n o a c y l t ransfer was observed w i t h l e s s than 0.05 μ mole 
of G T P per m l . , and the reac t ion exhibited a su l fhydry l requi rement 
wh ich was met by a var ie ty of compounds. T r a n s f e r of s e v e r a l s R N A -
bound C 1 4 - a m i n o ac ids to r i b o s o m a l p ro te in was observed w i t h the p u r i -
i f i ed t ransferases I and Π. 

Acknow ledgment 

The co l labora t ion of June M . Fessenden, L o i s G r o s s i , Jud i th C a i r n -
c r o s s , Saul Slapikoff, R i c h a r d Sutter, and M e r v y n Weine r i n va r ious 
phases of this invest igat ion i s grateful ly acknowledged. 

Literature Cited 

(1) Berg. P., Ann. Rev. Biochem. 30, 293 (1961). 
(2) Bishop, J. O., Schweet, R. S., Biochim. Biophys. Acta 49, 235 (1961). 
(3) Decken, A. von der, Campbell, P. N., Biochem. J. 82, 448 (1962). 
(4) Decken, A. von der, Hultin, T., Biochim. Biophys. Acta 45, 139 (1960). 
(5) Ehrenstein, G. von, Lipmann, F., Proc. Natl. Acad. Sci. U.S. 47, 941 (1961). 
(6) Fessenden, J. M. , Moldave, K., Biochemistry 1, 485 (1962). 
(7) Fessenden, J . M. , Moldave, Κ., Biochem. Biophys. Research Communs. 6, 

232 (1961). 
(8) Fessenden, J. M. , Moldave, Κ., J. Biol. Chem. 238, 1479 (1963). 
(9) Grossi, L . G., Moldave, Κ., Biochim. Biophys. Acta 35, 275 (1959). 
(10) Grossi, L . G., Moldave, Κ., J. Biol. Chem. 235, 2370 (1960). 
(11) Hirokawa, R., Omori, S., Takahashi, T., Ogata, K., Biochim. Biophys. Acta 

49, 614 (1961). 
(12) Hoagland, M. B., in "The Nucleic Acids," Vol. III, p. 349, E . Chargaff and 

J . N. Davidson, eds., Academic Press, New York, 1960. 
(13) Hoagland, M. B., Stephenson, M. L., Scott, J . F. , Hecht, L. I., Zamecnik, P. C., 

J . Biol. Chem. 231, 241 (1958). 
(14) Hülsmann, W. C., Lipmann, F., Biochim. Biophys. Acta 43, 129 (1960). 
(15) Keller, Ε. B., Zamecnik, P. C., J. Biol. Chem. 221, 45 (1956). 
(16) Kirsch, J. F. , Siekevitz, P., Palade, G. E., Ibid., 235, 1419 (1960). 
(17) Moldave, Κ., Ibid., 235, 2365 (1960). 
(18) Nathans, D., Ann. Ν. Y. Acad. Sci. 88, 718 (1960). 
(19) Nathans, D., Lipmann, F., Biochim. Biophys. Acta 43, 126 (1960). 
(20) Nathans, D., Lipmann, F., Proc. Natl. Acad. Sci. U. S. 47, 497 (1961). 
(21) Takanami, M. , Biochim. Biophys. Acta 51, 85 (1961). 
(22) Takanami, M. , Okamoto, T., Ibid., 44, 379 (1960). 
(23) Zamecnik, P. C., Keller, E . B., J. Biol. Chem. 209, 337 (1954). 
(24) Zamecnik, P. C., Stephenson,. M. L . , Hecht, L . I., Proc. Natl. Acad. Sci. 

U. S. 44, 73 (1958). 

Received April 26, 1963. Work supported by the American Cancer Society (Re­
search Grant P-177) and the U.S. Public Health Service (Research Grant AM 01397 
and Research Career Program Award K3-GM-4124). 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
4.

ch
00

3

In Amino Acids and Serum Proteins; Stekol, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



4 
Refractive Indices of Amino Acids, Proteins, 
and Related Substances 
THOMAS L. McMEEKIN, MERTON L. GROVES, 
AND NORBERT J. HIPP 

Eastern Regional Research Laboratory, 
Philadelphia 18, Pa. 

The molar refractions of the amino acids 
were determined by measurements on their 
aqueous solutions and the expanded Lorenz-
Lorentz equation. The refractive indices of 
a number of proteins were calculated from 
their amino acid compositions and the values 
for the refraction of the amino acid residues. 
These calculated results are in good agree­
ment with those experimentally determined, 
demonstrating that refractive index is a 
unique characteristic of a protein. A com­
parison of the refractive index of heat dena­
tured β-lactoglobulin with the native protein 
demonstrated that changes in structure pro­
duced a small change in refractive index, not 
associated with a change in volume. 

Although the re f rac t ive index of a solut ion can be s i m p l y and p r e c i s e l y 
measured , i t has been l i t t l e used i n c h a r a c t e r i z i n g prote ins . The r e ­

f rac t ion of prote ins i s , however, frequently involved i n measurements 
on pro te in solut ions by such methods as l ight sca t te r ing , sedimentation, 
and e lec t rophores i s . P r e v i o u s invest igat ions , s u m m a r i z e d by Doty and 
Geiduschek (11), indicate the impor tance of composi t ion , densi ty, 
charge, and environmenta l factors i n de te rmin ing the re f rac t ive i n ­
d ices of pro te ins . They note that the values repor ted for the re f rac t ive 
ind ices of prote ins a re c lose to 1.60 and a re nea r ly constant. 

A d a i r and Robinson (1) indicate that the re f rac t ive index of a p r o ­
te in o r an amino ac id i s approximate ly de termined by i t s e lementary 
composi t ion ; however, the s t ruc ture of a molecu le i s a l so of i m p o r ­
tance. The values repor ted for amino ac ids a re scat tered and f r agmen­
t a ry (1, 10), and p r i o r to our p r e l i m i n a r y communica t ion (25) no s y s ­
temat ic invest igat ion had accounted quanti tat ively for the re la t ionsh ip 

54 
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between the amino ac id composi t ion of a p ro te in and i t s r e f rac t ive i n ­
dex. 

In this paper, the resu l t s of a sys temat ic study of the re f rac t ive 
ind ices of the amino ac ids , and some peptides and prote ins , a re de ­
s c r i b e d . The value for the re f rac t ive index of a pro te in ca lcula ted f r o m 
the re f rac t ive inc rements of i t s amino a c i d res idues and solut ion v o l ­
ume agrees w i t h the exper imenta l value and i s a cha rac t e r i s t i c of the 
pro te in . The change i n the re f rac t ive index of a pro te in as a resu l t of 
denaturation has a l so been invest igated. 

Materials and Methods 

A m i n o A c i d s and Pept ides . The amino ac ids and peptides used 
were high grade c o m m e r c i a l products , fur ther pur i f ied by r e c r y s t a l l i -
zat ion f r o m a lcohol -water m ix tu r e s , except when they were ch roma to -
graph ica l ly pure . G lyco lamide was prepared by pass ing d r y ammonia 
into c o l d , f r esh ly d i s t i l l e d e thyl g lyco l la te . P u r e lac tamide was ob­
tained f r o m Ε . H . H a r r i s of th is labora tory . 

P r o t e i n s . C r y s t a l l i n e l y s o z y m e , bovine s e r u m a lbumin , r i b o n u c l e -
ase ,and pepsin were obtained f r o m the A r m o u r Labora to r i e s and c r y s ­
ta l l ine β - lac toglobul in was prepared f r o m s k i m m e d m i l k , α - L a c t a l b u ­
m i n was obtained f r o m W . G . Gordon of th is l abora tory . C r y s t a l l i n e 
ovalbumin and human s e r u m a lbumin were obtained f r o m N u t r i t i o n a l 
B i o c h e m i c a l C o r p . and pur i f ied p igsk in gelat in f r o m the Eas tman 
Kodak C o . 

Ref rac t ive Index Dete rmina t ion . The re f rac t ive ind ices of amino 
ac ids were determined by means of a dipping re f rac tometer , us ing a 
sodium l ight , and a l so wi th the B r i c e - H a l w e r (4) d i f fe rent ia l r e f r a c ­
tometer . Concentrat ions of solut ions were based on the d r y weight of 
an aliquot at 110° C . and a lso on mois ture determinat ions . The values 
obtained were i n essen t ia l agreement. No difference was found between 
the D L - a m i n o ac ids and the cor responding op t ica l ly ac t ive amino ac ids ; 
consequently, most of the measurements were made on the D L - a m i n o 
ac ids . Ref rac t ive index measurements were made on solut ions v a r y i n g 
i n concentrat ion f r o m 1 to 10%, depending on the so lub i l i ty of the amino 
ac id . N o difference i n re f rac t ive increment was found due to var ia t ions 
i n concentrat ion, except i n the case of g lyc ine solut ions , where the d i f ­
ference could be co r re l a t ed w i t h var ia t ions i n speci f ic volume and were 
essent ia l ly e l iminated by applying the appropria te volume for a given 
concentrat ion of g lyc ine . Cys t ine , ty ros ine , and aspar t i c a c i d a re not 
sufficiently soluble i n water for accurate measurement of re f rac t ive 
ind ices . The m o l a r re f rac t ion of cyst ine was ca lcula ted by us ing the 
mo la r a tomic ref rac t ions (in cc . ) given by Fajans(12): C 2.418, Η 1.10, 
0 - 1 . 5 2 5 , Ο - 2 2.211, and Ν 2.322, and S 8.11 given by Cohen (8). The 
m o l a r ref rac t ions of ty ros ine and aspar t ic a c i d were es t imated f r o m 
the m o l a r ref rac t ions of g l y c y l ty ros ine and g l y c y l aspartate, r e s p e c ­
t ive ly , by subtract ing the re f rac t ion due to the g l y c y l res idue . 

P r o t e i n solutions of 1 and 2% concentrat ions were used for making 
re f rac t ive index measurements . The values for water as a function of 
wavelength of l ight and temperature were taken f r o m the Internat ional 
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56 ADVANCES IN CHEMISTRY SERIES 

C r i t i c a l Tables and f r o m T i l t o n and T a y l o r (32). The wavelength of 
l ight i s given i n m i l l i m i c r o n s (π ιμ ) . 

Ca lcu la t ions . Ref rac t ive Indices and M o l a r Ref rac t ions of S o l u ­
t ions of A m i n o A c i d s and P r o t e i n s . The mean re f rac t ive ind ices of the 
amino ac ids and prote ins were ca lcula ted by means of the fo l lowing ex ­
panded L o r e n z - L o r e n t z equation as given by Doty and Geiduschek (11): 

n 2 - l _ (np 2 ~ D A H . fa»2 - 1) m 

W72 = c v ln7T2j + ( 1 - c V ) # T 2 j ( 1 ) 

where n p , fy, and η indicate the re f rac t ive ind ices of the water - f ree 
pro te in o r amino ac id , the solvent and the solut ion respec t ive ly , ν i s 
the specif ic volume of the pro te in o r amino ac id and concentrat ion, c, 
i s expressed i n g rams pe r cubic cent imeter . M o l a r re f rac t ion , R , i s 
ca lcula ted by Equation 2. 

w-£i*f « 
where n p i s the mean re f rac t ive index of the amino ac id o r pro te in , M , 
i s the mo lecu la r weight of the amino a c i d (for pro te ins , 100 g r ams has 
been used instead of the mo lecu la r weight of the protein) , and ρ i s the 
densi ty of the amino a c i d o r p ro te in , 1/v. 

Ref rac t ive Index of P r o t e i n f r o m A m i n o A c i d Compos i t ion . The 
method used for ca lcu la t ing the re f rac t ive index of a p ro te in f r o m i t s 
amino ac id composi t ion i s essent ia l ly the same as that desc r ibed by 
Cohn and E d s a l l (9, Chap. 16) for ca lcu la t ing the speci f ic vo lume of a 
p ro te in f r o m i t s amino a c i d compos i t ion . 

The weight per cent of each amino ac id found by ana lys i s i s c o n ­
ver ted into the weight pe r cent of i t s res idue by mul t ip ly ing by the ra t io 
of the molecu la r weight of the res idue (amino a c i d minus 1 mole of 
water) d iv ided by the mo lecu la r weight of the amino a c i d . Then the 
weight pe r cent of each amino ac id res idue i s mu l t ip l i ed by the value 
of the re f rac t ion of 1 g r a m of res idue , as g iven i n Table I , to give the 
total* re f rac t ive volume i n 100 g rams of the pro te in due to a given amino 
a c i d res idue . The total r e f rac t ive volume of the amino ac id res idues i n 
100 g rams of pro te in i s obtained by adding the re f rac t ive volumes of 
the ind iv idua l amino a c i d res idues . Since an amino a c i d ana lys i s i s 
se ldom perfect , a c o r r e c t i o n i s made by mul t ip ly ing the re f rac t ion per 
100 g rams of pro te in by percentage r ecove ry , wh ich i s obtained by add­
ing the weight percentages of amino a c i d res idues and d iv id ing by 100. 
The mean re f rac t ive index of the pro te in , n^ , i s then ca lcula ted by 
so lv ing for n p i n Equation 2, where [R] i s the value obtained for the 
re f rac t ive volume of 100 g rams of p ro te in and M i s equal to 100. 
A m i d e ni t rogen i s a r b i t r a r i l y ca lcula ted as being combined w i t h the 
glutamic a c i d res idues ; any excess i s ass igned to aspar t ic a c i d r e s i ­
dues. 
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McMEEKIN ET AL Refractive Indices of Amino Acids 

Table I. Refractive Indices, Molar Refractions of Amino Acids 
25°C 

Specific 
Volumea, Refractive 

Amino Acid Cc. Index 

Glycine 0.58 1.685 

Alanine 0.68 1.606 
a -Aminobutyric acid 0.74 1.587 
Valine 0.79 1.571 
a-Aminovaleric acid'5 0.79 1.577 
Leucine 0.83 1.565 

Isoleucine 0.83 1.568 
a-Aminocaproic acid 0.83 1.565 
Serine 0.58 1.676 

Threonine 0.66 1.618 

Hydroxyproline 0.64 1.618 

Proline 0.70 1.596 

Methionine 0.71 1.646 

Cystine 0.59 -
Phenylalanine 0.74 1.682 

Tyrosine 0.68 -
Tryptophan 0.71 1.754 

Histidine 0.64 1.700 

Arginine 0.67 1.664 

Lysine 0.74 1.615 

Aspartic acid 0.56 -
Glutamic acid 0.63 1.655 

Asparagine 0.59 1.691 

Glutamine 0.64 1.670 

a(9). 
b Calculated from data of Craig and Schmidt (10) 
c 2 moles of water subtracted (7.46 cc). 
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ADVANCES IN CHEMISTRY SERIES 

and Calculated Refractions of Amino Acid Residues 
- 589 Πΐμ) 

Refraction per 
G. Residue 

Residue (Mol. Ref. Res.) 
Amino (Ref. of Amino (Mol. Wt. Res.), 

Acid Observed Acid - 3.73) Cc. 

16.54 ± 0.1 12.81 0.225 

20.88 ± 0.15 17.15 0.242 
25.67 ± 0.15 21.94 0.258 
30.46 ± 0.13 26.73 0.270 
30.72 ± 0.15 26.99 0.272 
35.32 ± 0.15 31.59 0.279 

35.60 ± 0.20 31.87 0.282 
35.17 ± 0.15 31.44 0.278 
22.89 ± 0.10 19.16 0.220 

27.55 ± 0.10 23.82 0.236 

29.57 ± 0.10 25.84 0.229 

27.47 ± 0.10 23.74 0.245 

38.18 ± 0.05 34.45 0.263 

56.04 48.58c 0.238 

45.94 ± 0.15 42.21 0.287 

48.07 44.34 0.272 

58.97 ± 0.30 55.24 0.297 

38.35 ± 0.15 34.62 0.253 

43.20 ± 0.10 39.47 0.253 

37.83 ± 0.2 34.10 0.266 

28.54 24.81 0.216 

33.80 ± 0.15 30.07 0.233 

29.82 ± 0.20 26.09 0.229 

34.10 ± 0.20 30.37 0.237 
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4. McMEEKIN £7 AL Refractive Indices of Amino Acids 59 

Results 

A m i n o A c i d s . The values for the re f rac t ive ind ices and m o l a r r e ­
f ract ions of the amino ac ids ca lcu la ted f r o m the re f rac t ive ind ices by 
L o r e n z - L o r e n t z Equations 1 and 2 a re r ecorded i n Table I . Va lue s for 
m o l a r ref rac t ions of the a l iphat ic amino ac ids a r e i n good agreement 
w i t h values ca lcula ted f r o m atomic re f rac t ion fac tors . However , the 
m o l a r ref ract ions of tryptophan, ty ros ine , phenylalanine, and his t idine 
a re l a r g e r than those calcula ted f r o m a tomic re f rac t ion factors and 
l a rge r than might be expected f r o m thei r compara t ive spec i f ic vo lumes . 

The r e f r ac t iv i ty per g r a m of amino ac id res idue (Table I) i s ob­
tained f r o m the m o l a r re f rac t ion of the amino ac id by subtrac t ing the 
value of 3.73 due to the loss of a molecule of water i n f o r m i n g the r e s ­
idue f r o m the amino ac id . T h i s value i s the s u m of i t s a tomic r e f r a c ­
t ion fac tors , 2H = 2.2 and Ο = 1.53. It i s i n essen t ia l agreement w i t h 
the value deduced f r o m the m o l a r ref ract ions of g lyc ine and i t s pep­
t ides . The m o l a r re f rac t ion of g lyc ine i s 16.54, of d ig lyc ine 29.89, of 
t r i g l y c i n e 41.33 and of g l y c y l leucine 48.04 (Table ΙΠ) . Thus , by d i f f e r ­
ence, the loss of a mole of water i n making d ig lyc ine decreases m o l a r 
re f rac t ion by 3.19 and the loss of 2 moles of water i n making t r i g l y c i n e 
decreases re f rac t ion by 4.15 per mole of water . A value of 3.8 c c . i s 
obtained for water i n the format ion of g l y c y l leucine, g iv ing an average 
value of 3.72 for water f r o m the three peptides. 

Specif ic V o l u m e s and Ref rac t ive Indices of P r o t e i n s . The speci f ic 
volumes and re f rac t ive ind ices , as w e l l as the re f rac t ive ind ices c a l c u ­
lated f r o m the amino ac id composi t ions of a number of pro te ins , a re 
recorded i n Table Π . The re f rac t ive ind ices ca lcula ted by us ing the 
amino ac id composi t ion of the pro te in a re i n good agreement w i th the 
values as determined i n the case of most p ro te ins , except i n the cases 
of α - c a s e i n , gelat in , and α - l a c t a l b u m i n , where the measurements were 
made away f r o m the i s o e l e c t r i c point. T h i s difference could be due to 
a charge effect, as was found by P e r l m a n n and Longswor th (26), o r to 
inaccura te speci f ic vo lumes , s ince the blank c o r r e c t i o n used i n spe ­
c i f i c volume ca lcula t ions f r o m densi ty determinat ions i s of ques t ion­
able app l i cab i l i t y on pro te in solut ions containing a l k a l i . The c lose 
agreement between the determined value fo r the re f rac t ive index of 
ova lbumin was unexpected, s ince ovalbumin contains carbohydrate and 
no est imate i s made of the re f rac t ion due to carbohydrate . The c a l c u ­
lated re f rac t ive index i s , however, based on the assumpt ion that o v a l ­
bumin i s composed en t i re ly of amino ac id res idues , w h i c h indicates 
that the re f rac t ion of the carbohydrate does not grea t ly di f fer f r o m that 
of the average amino ac id . 

The impor tance of speci f ic vo lume o r densi ty i n de te rmin ing r e ­
f rac t ive index i s apparent i n Equations 1 and 2, wh ich a r e used i n c a l ­
cula t ing re f rac t ive index and m o l a r re f rac t ion . T h i s i nve r se r e l a t i o n ­
ship between spec i f ic vo lume and re f rac t ive index i s i l l u s t r a t ed i n 
Table Π (cf. co lumns 2 and 4). The necess i ty of obtaining an accurate 
value for the speci f ic vo lume of a p ro te in i n o rde r to obtain agreement 
between i t s r e f rac t ive index ca lcu la ted f r o m the amino a c i d c o m p o s i ­
t ion and the determined value can be i l l u s t r a t ed i n the case of r i b o n u -
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60 ADVANCES IN CHEMISTRY SERIES 

Table II. Specific Volumes and Refractive Indices of Proteins 
25° (λ = 589 πΐμ) 

Refractive Index 

Refrac­ Specific Calcd. from 
tion/100 Volume, amino acid 

Protein Solvent, pH G. Cc. Detd. comp. 

a -Casein NaOH, 7.0 25.50 0.728 1.618 1.607 a 

Gelatin Water, 5.0 24.27 0.682 1.630 1.618b 
a -Lactalbumin NaOH, 7.0 25.64 0.735 1.615 1.601C 
β - Lactoglobul in 0.1M NaCl, 5.2 25.44 0.751 1.594 1.590d 
Lysozyme Water, 6.0 25.34 0.718 1.624 1.620° 
Ovalbumin Water, 5.0 25.35 0.745 1.596 1.593° 
Pepsin Water, 5.0 24.91 0.725 1.603 1.605β 
Ribonuclease Water, 4.8 24.66 0.693 1.630 1.630 f 
Bovine serum albumin Water, 5.0 25.32 0.734 1.606 1.599g 
Horse serum albumin Water, 5.0 25.12 0.734 1.600 
Human serum albumin Water, 5.0 25.28 0.736 1.603 1.602° 

a(14); b(33); c ( i 5 ) ; d ( 1 3 ) ; e ( 3 ) ; f ( 20); S(30). 

c lease , where a number of different values for i t s spec i f ic vo lume have 
been repor ted . Rothen 's (28) value of 0.709 on the r ibonuclease p r e ­
pared by Kun i t z i s i n good agreement w i th that ca lcula ted f r o m i t s 
amino a c i d composi t ion . U s i n g r ibonuclease obtained f r o m the A r m o u r 
Labora to ry , B u z z e l l and Tanford (6) found 0.728 for i t s specif ic vo lume, 
whi le Har r ing ton and Sche l lman (17) repor ted 0.692 to 0.696. Since the 
repor ted var ia t ions i n the speci f ic vo lume of r ibonuclease a re la rge , i t 
was des i rab le to determine the speci f ic volume on the sample used. 
The value of 0.695 found i s i n excel lent agreement w i th the value of 
Har r ing ton and Schel lman (17). Its ni t rogen content, found to be 16.6%, 
i s a l so i n agreement wi th 16.8% found by Har r ing ton and Schel lman. 
The value for the specif ic volume of r ibonuclease of 0.693 was used i n 
ca lcu la t ing i t s re f rac t ive index f r o m the amino a c i d compos i t ion . In the 
case of pepsin , no value fo r i t s spec i f ic volume could be located. The 
speci f ic volume of a 2% solut ion was found to be 0.725 c c , a l so i n 
agreement wi th the 0.725 ca lcula ted f r o m i t s amino ac id composi t ion . 
The r ema inde r of the values for spec i f ic vo lumes given i n Table Π 
were taken f r o m our previous compi la t ion (24). 

Ref rac t ive Indices of Pept ides . T o determine the effect of peptide 
format ion on re f rac t ive index, the re f rac t ive ind ices of s e v e r a l pep­
t ides were determined (Table ΠΙ ) . The average m o l a r r e f rac t ion of 
water produced i n peptide format ion can be est imated, e m p i r i c a l l y , by 
subtract ing the observed m o l a r re f rac t ion of the peptide f r o m the sum 
of m o l a r ref rac t ions of i t s constituent amino a c i d s . 

T y r o s i n e and aspar t ic ac id a re not suff icient ly soluble for a c c u ­
ra te measurements of the re f rac t ive ind ices of the i r solut ions . C o n s e ­
quently, the i r m o l a r ref rac t ions have been es t imated f r o m the i r more 
soluble g l y c y l peptides. F r o m the re su l t s given i n Table ΙΠ , the m o l a r 
ref rac t ions of ty ros ine (48.07) and aspar t i c ac id (28.54) a re obtained by 
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4. McMEEKIN ET AL Refractive Indices of Amino Acids 61 

Table III. Molar Refractions of Some 
25° (λ = 589 ιημ) 

Peptides 

Specific 
Volume, 

Cc. 

Molar Refraction 

Substance 
Refractive 

Index Obsd. 
Calcd. with 

Atomic factors 

Glycine 
Diglycine 
Triglycine 
Glycylleucine 
Glycyltyrosine 
Glycylaspartate 

0.581a 

0.584 a 
0.600 a 

0.741 
0.664 
0.557 

1.685 
1.702 
1.649 
1.606 
1.694 
1.706 

16.54 
29.89 
41.33 
48.04 
60.73 
41.2 

16.38 
29.09 
41.38 
47.52 
54.10 
39.82 

a(9). 

subtract ing the calcula ted m o l a r re f rac t ion of the g l y c y l res idue [12.66 
(molar re f rac t ion of g lycine minus the re f rac t ion of 1 mole of water)] 
f r o m the re f rac t ion of the peptide. The m o l a r ref rac t ions ca lcula ted 
for the peptides i n Table ΙΠ a re i n good agreement wi th the observed 
except i n the case of the ty ros ine peptide and to a l e s s e r extent the a s ­
par t ic ac id peptide; consequently, i t i s felt that the values fo r the m o l a r 
re f rac t ion of ty ros ine and aspar t ic ac id deduced f r o m exper imenta l 
measurements on the i r peptides a re more accurate than the values 
ca lcula ted f r o m atomic fac tors . Since our p r e l i m i n a r y publ ica t ion (25), 
the m o l a r r e f r ac t iv i ty of g l y c y l aspartate has been rede termined on a 
highly pur i f ied sample . The value of 41.2 c c . for i t s m o l a r re f rac t ion 
i s about 2% lower than that p rev ious ly repor ted . T h i s has reduced the 
value for the m o l a r r e f r ac t iv i ty of the aspar t ic ac id res idue f r o m 26.06 
to 24.81. Since aspar t ic ac id i s present i n considerable amounts i n 
prote ins , the lower ing of the value for i t s r e f r ac t iv i ty has s l igh t ly r e ­
duced the calcula ted values fo r the re f rac t ive ind ices of prote ins given 
i n Table Π, as compared to the p rev ious ly publ ished values (25). 

C o m p a r i s o n of M o l a r Refrac t ions of A m i n o A c i d s w i th T h e i r U n ­
charged I somer s . Numerous compar i sons have been made between the 
proper t i es of amino ac ids and the proper t i es of the i r nonzwit ter ion 
i s o m e r s (9). B y compar ing the solut ion densi t ies of g lyc ine and i t s 
i s o m e r , g lyco lamide , and alanine w i th i t s i s o m e r , lac tamide , i t has 
been found that the amino ac id occupies about 13 c c . per mole l e s s 
volume than i t s uncharged i s o m e r . Consequently, i t i s a l so of in teres t 
to compare the solut ion re f rac t ive ind ices of these amino ac ids wi th 
the i r i s o m e r s . Table I V shows that the re f rac t ive ind ices of the amino 
ac ids a re cons iderab ly greater than those of the i r uncharged i s o m e r s ; 
however, the m o l a r ref rac t ions a re the same wi th in the exper imenta l 
va r i a t i on . T h i s i s because the l a r g e r spec i f ic volume of the uncharged 
i s o m e r compensate for i t s lower re f rac t ive index i n ca lcu la t ing the 
m o l a r re f rac t ion by Equation 2. It can be concluded that é l e c t r o s t r i c ­
t ion of water by an amino ac id i n solut ion i nc rea se s i t s re f rac t ive i n ­
dex but has no effect on i t s m o l a r re f rac t ion and that the m o l a r r e f r a c ­
tions do not change s igni f icant ly w i t h temperature . 
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Table IV. Comparison of Molar Refractions of Amino Acids and 
Their Uncharged Isomer 

( λ = 589 Πΐμ) 

Specific Molar 
Temp., Volumea, Refractive Refraction, 

• C . Substance Cc. Index Cc. 

5 Glycine 1.691 16.85 
Glycolamide 1.516 17.00 

Alanine 1.615 21.13 
Lactamide 1.496 21.47 

25 Glycine 0.58 1.685 16.58 
Glycolamide 0.75 1.506 16.73 

Alanine 0.68 1.606 20.88 
Lactamide 0.83 1.490 20.99 

40 Glycine 1.676 16.38 
Glycolamide 1.506 16.73 

Alanine 1.612 21.06 
Lactamide 1.489 21.21 

Specific volumes obtained at 25° also used to calculate refractive 
index values at 5° and 40°. 

Effect of Ionizat ion on the Ref rac t ive Index and M o l a r Ref rac t ion 
of A m i n o A c i d s and P r o t e i n s . Since the é l e c t r o s t r i c t i o n produced by an 
amino a c i d does not affect i t s m o l a r re f rac t ion , the ion iza t ion of an 
amino a c i d might be expected to produce no s ignif icant change i n m o l a r 
re f rac t ion . Table V indicates that this i s the case , p rov ided the l a rge 
change i n the volume of the amino a c i d as a r e su l t of ion iza t ion , found 
by Kauzmann, Bodanszky, and Raspe r (23), i s used i n ca lcu la t ing m o l a r 
re f rac t ion . The re f rac t ive index of an equivalent concentrat ion of h y -

Table V. Effect of Ionization on the Refractive Index and Molar 
Refraction of Alanine and Ovalbumin 

25° (λ = 589 πΐμ) 

Specific Molar 
Refractive Volume, Refraction, 

Substance Index Cc. Cc. 

Alanine 1.615 0.682 21.1 
Alanine* CI" 1.539 0.767 21.4 
Alanine" Na+ 1.473 0.924 22.0 
Ovalbumin 

ΡΗ4.6 1.600 0.745 11,470 
ΡΗ 3.8 1.598 0.747 11,475 
PH 3.2 1.593 0.749 11,425 
PH 2.5 1.592 0.753 11,466 
PH 2.0 1.588 0.757 11,466 
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d r o c h l o r i c ac id o r sod ium hydroxide was used instead of water i n c a l ­
cula t ing m o l a r re f rac t ion of the sa l t s of a lanine. S i m i l a r l y , the data on 
the re f rac t ive index and mo la r re f rac t ion of ovalbumin i n Tab le V i n d i ­
cate that ac id i f ica t ion reduces the re f rac t ive index of ovalbumin; but i f 
i t s volume changes, repor ted by Kauzmann, a re taken into c o n s i d e r a ­
t ion , the m o l a r ref r ac t ion of ovalbumin does not change on ac id i f ica t ion . 
T h i s l ack of change of m o l a r re f rac t ion wi th charge may appear to be 
con t ra ry to the findings of P e r l m a n n and Longswor th (26) on the effect 
of charge on the re f rac t ive inc rement of pro te ins . However , th is i s not 
nece s sa r i l y t rue, s ince they only calcula ted re f rac t ive inc rements . 
T h e i r r e su l t s do not take into cons idera t ion volume changes which take 
place wi th change i n charge, repor ted by Kauzmann (22). 

Specif ic Ref rac t ive Increments of P r o t e i n s . The spec i f ic r e f r a c ­
t ive inc rements , ( n - n 0 ) c , of a number of proteins have been de te r ­
mined by A r m s t r o n g et a l . (2), P e r l m a n n and Longswor th (26), Ha lwer , 
Nutt ing, and B r i c e (16), and Char lwood (7). These a re of p r a c t i c a l value 
i n de te rmin ing the concentrat ion of pro te in solut ions by means of the 
re f rac t ive index of the solut ion and have an accuracy of about ± 0.5%, 
as stated by H a l w e r , Nutt ing, and B r i c e (16). Consequently, values i n 
Table V I a re given to only three s ignif icant f igures . In genera l , the 

Table VI. Specific Refractive Increments of 
Certain Proteins at 25° 

(n -n 0 )c , g/ml 

Wavelength 

Protein 589 ητμ 546 ητμ 436 ητμ 

Gelatin 0.184 0.186 0.191 
of-Lactalbumin 0.188 0.189 0.195 
β -Lactoglobulin 0.180 0.181 0.187 
Lysozyme 0.184 - -Ovalbumin 0.178 0.181 0.185 
Pepsin 0.177 0.182 0.188 
Ribonuclease 0.185 0.186 0.192 
Bovine serum albumin 0.183 0.188 0.193 
Horse serum albumin 0.177 0.185 0.191 
Human serum albumin 0.180 0.186 0.188 

values l i s t ed i n Table V I agree w i t h those repor ted by H a l w e r , Nutt ing, 
and B r i c e (16) and Char lwood (7) for the same pro te ins . 

Ref rac t ive Index of P ro t e in s at Different Wavelengths. The r e f r a c ­
t ive ind ices of amandin and heamocyanin were found by Pu tzeys and 
Bros teaux (27) to v a r y wi th the i nve r se square of the wavelength. A 
s i m i l a r r e l a t ion for the speci f ic r e f rac t ive inc rements of a number of 
prote ins was repor ted by P e r l m a n n and Longswor th (26). The r e f r a c ­
t ive ind ices of s e v e r a l prote ins a re plotted as a function of the inve r se 
square of wavelength for three wavelengths (π ιμ ) i n F i g u r e 1. The 
slopes a re essen t ia l ly the same for the pro te ins l i s t ed and differ 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
4.

ch
00

4

In Amino Acids and Serum Proteins; Stekol, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



64 ADVANCES IN CHEMISTRY SERIES 
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Figure I . Variations in refractive index of proteins with 
wavelength in millimicrons, m\i 

s l igh t ly f r o m those repor ted by Pu tzeys and Bros teaux (27). The equa­
t ion re la t ing re f rac t ive index of the pro te in to wavelength i s 

n p = Β + (9.6 χ 1 0 3 ) / λ 2 

where in tercept Β for gela t in , a?-lactalbumin, pepsin , and /3-lactoglob-
u l i n i s 1.603, 1.586, 1.574, and 1.568, r espec t ive ly . 

Effect of Heat Denaturat ion on Ref rac t ive Index. Kauzmann (21) 
has pointed out that i t should be poss ib le to observe s m a l l changes i n 
the index of re f rac t ion of a pro te in as a resu l t of denaturation. In fact, 
he repor ted s m a l l changes i n the re f rac t ive index of ovalbumin s o l u ­
t ions denatured by u rea , but, he found that these changes due to denatu­
ra t ion could be accounted for by accompanying changes i n volume. 
Stauff and Raspe r (29) a l so found s m a l l changes i n the re f rac t ive index 
of chymotrypsinogen solutions on heating. 

The effect of heat denaturation on the index of re f rac t ion of β - l a c -
toglobul in solut ions has been invest igated. A l % solut ion of β - l a c t o g l o b -
u l i n d i s so lved i n phosphate buffer of p H 7 and 0.1 ion ic s trength (a 
half of w h i c h was sodium chlor ide) was denatured by heating at 8 0 ° for 
150 minutes . These a re the condit ions used by B r i g g s and H u l l (5) i n 
the i r e lec t rophoret ic studies of the denaturation of β - l a c t o g l o b u l i n . The 
changes i n re f rac t ive index due to denaturation were measured wi th the 
B r i c e - H a l w e r d i f ferent ia l re f rac tometer . A n inc rease i n the re f rac t ive 
index of a 1% solut ion of β - l a e t o g l o b u l i n was produced by heat denatu­
ra t ion , wh ich amounted to a s m a l l but s ignif icant difference of 0.000017 
i n the re f rac t ive index between the heated and unheated solutions for 
the three wavelengths—436, 546, and 589 η ι μ . 

Kauzmann (21) has stated that denaturation i s accompanied by a 
contract ion of s e v e r a l hundred cubic cent imeters per 100,000 g rams of 
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prote in . However , i n the l i t e ra tu re only u r e a denaturation i s given. In 
the case of heat denaturation, no change i n volume was found by H a u r -
owitz (18), whi le Heymann (19) has repor ted an inc rease . We found no 
change i n the speci f ic volume of β - l a c t ô g l o b u l i n due to heat denatura­
t ion; native β - l a c t o g l o b u l i n i n ve rona l buffer, p H 8.5, and 0.1 ion ic 
strength, had a speci f ic volume of 0.755 and the denatured a value of 
0.753. 

Discussion 

The essent ia l agreement between the re f rac t ive ind ices of proteins 
ca lcula ted f r o m the i r amino a c i d composi t ions and the exper imenta l ly 
determined values given i n Table Π i s good evidence that the re f rac t ive 
index of pro te in solut ions i s l a rge ly de termined by atomic re f rac to ry 
fac tors . T h i s i s i n agreement wi th Tanford ' s (31) v iews concerning the 
fundamental factors de te rmining the re f rac t ive index of pro te in s o l u ­
tions—that the re f rac t ive increment i s a measure of l o c a l p o l a r i z a b i l i t y 
due to e lec t ron deformation and i s l i t t l e affected by long-range forces 
concerned i n la rge molecu les . However , the values ca lcula ted for the 
re f rac t ive ind ices of proteins tend to be s l igh t ly lower than the de te r ­
mined values . Thus , of ten proteins i n Table II, eight give lower c a l c u ­
lated than determined values for the re f rac t ive ind ices . T h i s indicates 
that the spa t ia l arrangement of the amino ac id res idues i n a pro te in 
has a s m a l l effect on the re f rac t ive index of the pro te in , wh ich i s a l so 
indicated by the change i n the re f rac t ive index of β - l a c t o g l o b u l i n on 
heat denaturation. 

The s m a l l but signif icant i nc rea se i n the re f rac t ive increment of 
heat-denatured β - l a c t o g l o b u l i n solut ions i s of the same orde r as found 
by Stauff and Raspe r (29) for changes i n the re f rac t ive index of heated 
chymot ryps in solut ions. Kauzmann bel ieves that this s m a l l change i n 
re f rac t ive index can be accounted for by changes i n volume. However , 
no change i n specif ic volume of j3-lactoglobulin solut ion due to denatu­
ra t ion could be detected by a method sens i t ive to changes i n volume of 
the o rde r of 0.3%. Consequently, i t i s felt that the s m a l l change i n the 
re f rac t ive index of the 0- lac toglobul in solut ion produced by heat dena­
turat ion i s due to changes i n p o l a r i z a b i l i t y ra ther than i n volume. 
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5 
Conversion of Proline to Hydroxyproline 
in Collagen Synthesis 
ALTON MEISTER, NEVILLE STONE, AND JAMES M. MANNING 

Department of Biochemistry, 
Tufts University School of Medicine, 
Boston, Mass. 

Granuloma minces from normal and ascor-
bate-deficient guinea p igs were incubated 
wi th labeled p ro l i ne ; co l lagen i m i n o ac ids 
were subsequently i so la ted and the i r speci f ic 
rad ioac t iv i t i e s de termined. Al though the 
specif ic ac t iv i ty of p ro l ine from scorbut ic 
t i s sues was not marked ly reduced, that of 
hydroxyprol ine was much lower than the con­
trols. Use of proline-Η3 provided a new pa­
rameter for following hydroxylation, since 
H32O formation paralleled that of hydroxy-
proline-H3. There was a marked decrease of 
H32O formation with ascorbate-deficient gran­
uloma; addition of ascorbate increased H32O 
and hydroxyproline-H3 formation. The data 
suggest that collagen biosynthesis involves 
two proline pools; one supplies collagen pro­
line. The other is oxidized to a hydroxypro­
line intermediate, not in equilibrium with 
free hydroxyproline nor in peptide linkage 
with proline. This hypothesis is considered 
in relation to currently available information 
about p ro te in synthes is . 

Collagen i s the most abundant connective t i ssue pro te in and c o m p r i s e s 
as much as 30% of the to ta l p ro te in of some an ima l s . A s compared 

to other pro te ins , col lagen i s unusual i n t e r m s of i t s ex t r ace l l u l a r l o ­
ca t ion , t e r t i a ry s t ruc ture , amino a c i d compos i t ion , and apparently a l so 
the manner of i t s b iosynthes is . Thus , i t appears that co l lagen ex is t s as 
a t r i p l e - s t r anded he l ix as f i r s t proposed by Ramachandran and K a r t h a 
(34) and la te r elaborated by others (1, 6, 7). Approx ima te ly two th i rds 
of the amino ac ids of co l lagen may be accounted for by four amino 

67 
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ac ids : p ro l i ne , 4 -hydroxypro l ine , g lyc ine , and glutamic ac id . Col lagen 
contains l i t t l e o r none of the su l fur -conta in ing amino ac ids , v e r y s m a l l 
amounts of ty ros ine and phenylalanine, and no tryptophan. Col lagen 
contains 5-hydroxylys ine , and v e r y recen t ly evidence has been repor ted 
of the presence of s m a l l amounts of 3 ̂ hydroxyprol ine (28). 

The biosynthesis of col lagen d i f fers f r o m that of many other p r o ­
teins i n s e v e r a l major respec t s . F o r example , co l lagen exhibi ts a v e r y 
low turnover and ce r t a in col lagen f ract ions of an ima l s r e m a i n w i t h the 
a n i m a l for i t s l i fe t ime (17, 49); yet, there i s evidence of more lab i le 
fo rms of col lagen and ce r t a in of these may be p r e c u r s o r s of the mature 
insoluble col lagen (17, 18). F r e e hydroxypro l ine i s not incorpora ted to 
an appreciable extent into col lagen. The e a r l y studies of Womack and 
Rose (53) showed that hydroxypro l ine d id not rep lace arg in ine i n sup­
por t ing the growth of r a t s , although p ro l ine and glutamate, under the 
same d ie ta ry condit ions, were effective. Stetten and Schoenheimer (45, 
46), i n exper iments w i th N 1 5 - and deu te r ium- labe led p ro l ine , showed 
that free p ro l i ne ra ther than free hydroxypro l ine was the p r e c u r s o r of 
col lagen hydroxypro l ine . In this w o r k i t was found that hydroxyprol ine 
was one twentieth as effective as p ro l ine as a p r e c u r s o r of col lagen 
hydroxypro l ine . These studies, wh ich have been conf i rmed by others 
(15, 26), have led to the suggestion (45) that hydroxyla t ion of p ro l ine 
takes place i n peptide l inkage. S i m i l a r conclus ions may apply to the 5-
hydroxylys ine of col lagen; thus, l y s ine ra ther than hydroxy lys ine i s the 
p r e c u r s o r of col lagen hydroxylys ine (31, 42). 

Co l l agen synthesis takes place at a reduced ra te i n a sco rb i c ac id 
def ic iency (14, 38, 39, 52). F o r example , granulat ion t i ssue induced by 
wounding, o r by in t roduct ion of a fore ign substance such as p o l y s a c ­
char ide o r a p o l y v i n y l sponge, contains much l e s s col lagen (and hy­
droxypro l ine) when such procedures a re c a r r i e d out i n a s co rb i c a c i d -
deficient guinea p igs . The function of a sco rb i c a c i d i n col lagen synthe­
s i s i s not yet known. It has been suggested that i t i s r equ i red for the 
maintenance of col lagen (16), for hydroxyla t ion of peptide-bound p ro l ine , 
and for the matura t ion of f ibroblas ts (25); i t might a l so function i n a 
hormonal ly induced sys t emic effect. Studies by Gould (12) and R o b e r t ­
son and Hewit t (37), and i n this labora tory (47, 48) suggest that this 
v i t a m i n has a d i r ec t function i n hydroxyla t ion . 

The present w o r k was undertaken i n an attempt to shed l ight on the 
mechan i sm of hydroxypro l ine format ion i n col lagen biosynthes is and on 
the s i te of ac t ion of ascorbate . It was recognized that these phenomena 
were v e r y l i k e l y to be c l o s e l y in te r re la t ed . P r o l i n e labeled w i t h t r i t i u m 
was used because i t was anticipated that t r i t i u m re leased f r o m pro l ine 
dur ing hydroxyla t ion would appear i n the t i ssue water as t r i t i a t ed water . 
The use of t r i t i a t ed p ro l ine i n such a sys t em might then prov ide a new 
paramete r for fo l lowing the hydroxyla t ion reac t ion , p rovided that the 
format ion of t r i t i a ted water was s t o i c h i o m e t r i c a l l y re la ted to the f o r ­
mat ion of hydroxypro l ine . Such an approach might conceivably p e r m i t 
the demonstra t ion of hydroxyla t ion and peptide bond format ion as sep ­
arate c h e m i c a l steps. 

M i n c e s of co l l agen- fo rming granulomas were incubated w i t h media 
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containing C 1 4 - l a b e l e d o r t r i t i a ted p ro l ine (or other labeled amino 
ac ids) . The tumors were induced i n guinea pigs by inject ion of c a r -
rageenin as desc r ibed by Rober t son and Schwartz (39). Guinea pigs fed 
n o r m a l diets and ascorbate-def ic ient diets were employed. " G e n e r ­
a l l y labeled** t r i t i a t ed p ro l ine and t r i t i a ted p ro l ine obtained by t r i t i a -
t ion of 3 ,4-dehydroprol ine (40) w e r e used. The t r i t i a ted p ro l i ne p r e p ­
arat ions were obtained f r o m the New England N u c l e a r C o r p . , Schwarz 
B i o r e s e a r c h , Inc . , and C o m m i s s a r i a t l ' É n e r g i e Atomique , G i f - s u r ­
Yvet te , F r a n c e . 

Co l l agen and the noncollagenous prote ins were i so la ted by the gen­
e r a l procedure indicated i n F i g u r e 1. The t i ssue was homogenized i n 

1. Tissue homogenized in 75% acetone 
2. Homogenate centrifuged (1000 x g) 
3. Residue washed in 95% ethanol (6x); 

ether-ethanol (3:1) (2x; 60°; 10 min­
utes); 95% ethanol 

4. Collagen extracted from residue 
with 5% trichloroacetic acid (2x; 90°) 

5. Extracts centrifuged at 10,000 
x g; collagen precipitated by 
addition of tannic acid at 0° 

6. Collagen-tannate washed with 
5% tannic acid at 0° 

7. Residue washed with 5% tri­
chloroacetic acid and 95% 
ethanol 

8. Residue dissolved in Ν NaOH; 
60°; 10 minutes; reprecipitated 
by addition of HCl and trichloro­
acetic acid 

9. Residue (noncollagenous protein) 
washed with 95% ethanol 

Figure 1. Scheme for Extraction of Collagen 

acetone, t reated w i t h other solvents , and then extracted w i t h hot t r i ­
ch loroace t ic ac id . F i n a l l y , the col lagen was prec ip i ta ted by addit ion of 
tannic ac id . The im ino ac ids were obtained f r o m ac id hydrolyzates of 
the col lagen by ion-exchange chromatography after des t ruc t ion of the 
α - a m i n o acids by treatment w i th n i t rous ac id (38). In some e x p e r i ­
ments the i m i n o ac ids were obtained by paper chromatography and 
e lec t rophores i s . 

The col lagen i so la ted f r o m deficient and con t ro l granulomas exh ib­
i ted approximate ly the same amino ac id composi t ion as that of pur i f ied 
c o m m e r c i a l gelat in . The amino a c i d compos i t ion was examined both by 
two-d imens iona l paper chromatography and by g a s - l i q u i d chromatog­
raphy (19). The r a t io of p ro l ine to hydroxypro l ine was v i r t u a l l y i d e n t i ­
c a l fo r col lagen extracted f r o m n o r m a l and deficient granulomas ( T a ­
ble I). F u r t h e r ind ica t ion of the pur i ty of the i so la ted col lagen i s the 
fact that col lagen does not contain tryptophan. Thus , when ^ - t r y p t o ­
phan was incubated wi th minces of the granuloma, s ignif icant quantit ies 
of r ad ioac t iv i ty were incorpora ted into the noncollagenous pro te in but 
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Table I. Mole Ratio of Proline to Hydroxyproline in Collagen 
Isolated from Granuloma of Normal and 

Scorbutic Guinea Pigs 0 

Mole Ratio 
Source of Granuloma Proline/Hydroxyproline 

Normal 
Normal 

Scorbutic 
Scorbutic 

1.24 
1.28 
1.24 
1.26 

a Collagen isolated from granuloma as tannate and hy-
drolyzed in 6N HCl; imino acids isolated as described 
in text, and quantitatively determined (27, 59). 

not into the col lagen (Table Π ) . Water was obtained f r o m the reac t ion 
mix tu res by lyoph i l i za t ion . The rad ioac t iv i ty of the i so la ted im ino ac ids 
and the trapped water was determined by counting wi th a Chicago N u ­
c l e a r C o . dual-window s c i n t i l l a t i o n counter. In some of the exper iments 
w i t h C 1 4 - a m i n o ac ids , an automatic gas flow m i c a window counter was 
employed. 

In the exper iments repor ted i n Table ΙΠ 2 g rams of granuloma 
mince were incubated w i t h 5 m l . of med ium containing 5 μ ο . of " 3 , 4 -
t r i t i a t e d , , (batch 64-121-1) L - p r o l i n e (173 μ ο . per μ ιηο ΐβ ) o r 1 μ ο . of 
D L - p r o l i n e - l - C 1 4 (3.1 μ ο . per μ π ι ο ΐ β ) (obtained f r o m the New England 
N u c l e a r C o r p . , Boston, M a s s . ) . Incubation was c a r r i e d out at 37° C . 
under 95% oxygen-5% carbon dioxide . The med ium contained 0 .022M 
N a C l , 0 .003M K C 1 , 0 .0012M M g S 0 4 , 0 .0013M C a C ^ , 0 .0004M K H 2 P 0 4 , 
0 .025M N a H C 0 3 , and 0 . 0 1 M D-g lucose . T r i t i u m and carbon-14 were 
determined by l iqu id s c in t i l l a t i on counting. The deficient an ima l s were 
depr ived of a sco rb ic a c i d fo r 2 weeks . P r o l i n e and hydroxyprol ine were 

Table II. Incorporation of C14-Tryptophan into Collagen and 
Noncollagenous Proteins of Guinea Pig Granuloma 

Noncollagenous 
Protein, Collagen Tannate, 

Expt. No. C.p.m./Mg. C.p.m./Mg. (Approx.) 

1 
2 
3 
4 
5 
6 

108 
94 
17 
40 
27 
69 

2 
3 
1 
1 
0 
1 

aReaction mixtures contained 7 χ 104 c.p.m. of 3-C 1 4 - D L -
tryptophan(10 curies/mole); incubated for 4 hours; other 
conditions as in Table ΙΠ. Noncollagenous proteins proc­
essed by method of Siekevitz (41). 
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5. MEISTER ET AL Conversion of Proline to Hydroxyproline 71 

Table III. Incorporation of Proline into Collagen Proline and 
Hydroxyproline of Granulomas from Normal and Scorbutic Guinea Pigs 

Specific Activity, D.P.M./fcmole 

Isotope 

H 3 

Expt. 
No. 

Incuba­
tion 

Period, 
Min. 

30 
60 

120 
30 
30 

Normal 

Proline 

6,150 
13,300 
21,300 

790 
745 

Hydroxy-
proline 

2,400 
5,070 
8,700 

695 
680 

Deficient 

Proline 

4,580 
9,300 

17,800 
787 
530 

Hydroxy-
proline 

< 100 
150 
360 

< 10 
70 

i so la ted f r o m a c i d hydrolyzates of the col lagen by paper chromatog­
raphy (solvent 1-butanol-acet ic a c i d - w a t e r , 4:1:1) and determined, r e ­
spect ive ly , as desc r ibed by T r o l l and L i n n s l e y (50) and Neuman and 
Logan (27). 

Results 

A s indicated i n F i g u r e 2, when minces of tumor obtained f r o m n o r ­
m a l and asco rb i c ac id -de f i c i en t an imals were incubated w i t h C 1 4 - p r o ­
l ine , much more rad ioac t iv i ty was incorpora ted into the col lagen of the 
n o r m a l t i ssue . When the spec i f ic r ad ioac t iv i t i e s of the i so la ted imino 
ac ids were examined (Table ΠΙ) , s e v e r a l conclus ions were poss ib le . In 
the exper iments wi th granuloma f r o m n o r m a l an imals and C 1 4 - p r o l i n e , 
the values for hydroxyprol ine were not fa r f r o m those of p ro l ine . W i t h 
the scorbut ic granulomas, the spec i f ic ac t iv i ty of the i so la ted p ro l ine 
was not great ly reduced, compared to that obtained f r o m the n o r m a l 
granuloma. In contrast , the speci f ic ac t iv i ty of the hydroxyprol ine i s o ­
lated f r o m the deficient t i ssues was marked ly reduced. S i m i l a r resu l t s 
were obtained i n the studies w i th t r i t i a t ed p r o l i n e . Thus , the speci f ic 
ac t iv i ty of the p ro l ine i so la ted f r o m the deficient granuloma was only 
moderate ly reduced, whereas the speci f ic ac t iv i ty of the hydroxypro ­
l ine was ex t remely low. T h i s observat ion may be explained i n t e rms of 
a dual-pathway mechan i sm of p ro l ine incorpora t ion , cons idered below. 

In contrast to the resu l t s obtained wi th C 1 4 - p r o l i n e , the hydroxy-
p ro l ine i so la ted f r o m the n o r m a l granuloma i n the experiments w i th 
t r i t i a ted p ro l ine exhibited a much lower spec i f ic ac t iv i ty than the p r o ­
l ine i so la ted f r o m the same source . These findings indicate that t r i ­
t ium was los t f r o m pro l ine dur ing hydroxylat ion; determinat ion of the 
t r i t i u m - C 1 4 ra t ios for p ro l ine and hydroxyprol ine obtained f r o m n o r m a l 
col lagen (Table IV) indicates that approximate ly one half of the p ro l ine 
t r i t i u m was los t dur ing hydroxyla t ion . Resu l t s consistent w i t h this c o n ­
c lus ion a re shown i n Table V , w h i c h gives the tota l values for the r a d i o ­
ac t iv i t i e s of the water and the col lagen hydroxyprol ine . Thus , there 
was , wi th in exper imenta l e r r o r , as much isotope found i n the water as 
i n the col lagen hydroxyprol ine . 

F i g u r e 3 shows the dramat ic effect of a sco rb i c ac id depr ivat ion on 
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72 ADVANCES IN CHEMISTRY SERIES 

ASCORBIC ACID-
DEFICIENT 

MINUTES 120 

Figure 2. In vitro incorporation of C lA-proline 
into granuloma collagen 

Experimental details as in Table III 

t r i t i a ted water format ion . The ava i lab le data suggest that v i r t u a l l y a l l 
of the t r i t i a ted water fo rmed i s associa ted wi th hydroxyla t ion of p r o ­
l ine . In studies wi th both C 1 4 - p r o l i n e and t r i t i a ted p ro l ine we have not 

Table IV. Ratios of Tritium to Carbon-14 for Proline and 
Hydroxyproline Isolated fron Collagen0 

H 3 / C 1 4 

Expt. 
Incubation 

Time, 

Ratio 
Β 

No. Minutes Hydroxyproline Proline Ratio A / B 

1 30 3.45 7.80 0.44 
60 2.65 4.53 0.58 

120 2.72 4.78 0.57 

2 30 2.98 4.80 0.62 
60 2.60 4.73 0.55 

120 2.60 4.62 0.56 

lC 1 4-proline and H3-proline used together; experimental condi­
tions as in Table ΙΠ. 
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5. MEISTER ET AL Conversion of Proline to Hydroxyproline 

Table V. Radioactivities of Tritiated Hydroxyproline and Tritiated 
Water after Incorporation of Tritiated Proline into Collagen 

Expt. Hydroxyproline, HfO, 
No. State of Animal D.P.M. D.P.M. 

1 Normal 62,000 61,000 
2 Normal 46,300 53,000 
3 Deficient 11,500 13,900 

+ 50 μg. /ml . ascorbate 22,100 20,400 
+ 80 Mg./ml. ascorbate 20,500 27,100 

Experimental conditions as in Table III. 

found the isotope i n glutamate o r other amino ac ids . S i m i l a r o b s e r v a ­
tions were made by Green and Lowther (15) wi th C 1 4 - p r o l i n e . It the re ­
fore appears that i n this tumor metabo l i sm of p ro l i ne to products other 
than hydroxyprol ine i s negl ig ib le . The v e r y low l e v e l of t r i t i a ted water 
format ion i n the deficient t i ssues (F igure 3) i s a l so consistent w i th the 
absence of s ignif icant a l ternat ive pathways of p ro l i ne me tabo l i sm under 
these condit ions. 

The data given i n Table V I show that there was a considerable i n ­
c rease i n format ion of t r i t i a ted water upon i n v i t r o addit ion of ascorb ic 
ac id . Addi t ion of a scorb ic ac id fa i led to inc rease t r i t i a ted water for 
mation wi th minces of n o r m a l granuloma, and no effect was observed 

Conditions as in Table III 
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Table VI. Stimulation of Hydroxylation of Proline *by Ascorbic Acid 
Deficient Granuloma by in Vitro Addition of Ascorbic Acid 

Ascorbate Tritiated 
Expt. Added, Water, 
No. Time Mg./Ml. D.P.M. 

1 Deficient None 19,700 
800 45,500 

2 Deficient None 14,400 
20 25,700 

100 23,100 
3 Normal None 27,200 

20 30,600 
100 26,500 

4 Normal b None 7,850 
100 8,050 
800 8,550 

Normal (boiled) ^ None 880 
100 790 
800 790 

Experimental conditions as in Table ΠΙ. 
b l g r a m of mince and 1.3 x 106 d.p.m. of tritiated proline used; 

final volume, 2.5 ml. 

w i t h preparat ions that had been inact ivated by b o i l i n g for 5 minutes 
p r i o r to the exper iment . That addit ion of a sco rb i c ac id i s associa ted 
a l so wi th an inc rease of hydroxyprol ine format ion i s shown i n Table V ; 
the re la t ive amounts of t r i t i a ted water and t r i t i a ted hydroxypro l ine r e ­
ma in the same under these condit ions. W h i l e these studies were i n 
p rog re s s , Rober tson and Hewitt (37) repor ted that i n v i t r o addit ion of 
a sco rb ic ac id to b r e i s of ascorb ic ac id -de f i c i en t granulat ion t i ssues 
led to an inc rease i n the incorpora t ion of C 1 4 - p r o l i n e into col lagen hy ­
droxypro l ine . These resu l t s s t rongly suggest that a scorb ic ac id exer ts 
a d i r ec t act ion on hydroxyla t ion and render l e s s l i k e l y the pos s ib i l i t y 
that the effect of ascorbate i s hormona l ly mediated o r that i t i s r e ­
qu i red fo r the maturat ion of f ib rob las t s . 

The studies wi th t r i t i a ted p ro l ine have provided data w h i c h appear 
to be of s ignif icance i n re la t ion to the o v e r - a l l mechan i sm of col lagen 
synthesis and the effect of ascorbate . It seemed poss ib le , at least i n i ­
t i a l l y , that these exper iments might a l so elucidate ce r t a in aspects of 
the c h e m i c a l mechan i sm of hydroxyla t ion . Thus , as indicated i n Tables 
I V and V , approximate ly one half of the t r i t i u m of the t r i t i a ted p ro l ine 
used i n these exper iments was los t du r ing hydroxyla t ion . A s stated 
p rev ious ly (48), " these findings a re consistent wi th hydroxyla t ion m e c h ­
an i sms invo lv ing ei ther a 4-keto in termedia te o r 3,4-unsaturat ion, a s ­
suming random d i s t r ibu t ion of t r i t i u m at p ro l ine carbons 3 and 4, and 
absence of s ignif icant isotope e f fec ts . " Eber t and P r o c k o p (8) i n c o r ­
r ec t ly stated that Stone and M e i s t e r " observed a loss of both hydrogens 
f r o m the carbon posi t ion on which hydroxyla t ion o c c u r s . " Recent s tud­
ies (9, 10, 33) indicate that the 4-oxygen atom of hydroxypro l ine i n 
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5. MEISTER ET 4 L Conversion of Proline to Hydroxyproline 75 

chick embryos a r i s e s f r o m atmospher ic oxygen ra ther than water . 
These findings suggest that an oxygenase mechanism i s involved i n the 
hydroxyla t ion of p ro l i ne , and render un l ike ly the format ion of a 3 ,4-un-
saturated intermediate wh ich subsequently adds water . 

Smi th and M i t o m a (43) have found an enzyme ac t iv i ty i n mammal i an 
t i ssues capable of reducing 4 - k e t o - L - p r o l i n e to L - h y d r o x y p r o l i n e ; such 
a reac t ion (perhaps invo lv ing bound fo rms of ketoprol ine o r hydroxy-
prol ine) might conceivably function i n hydroxyprol ine format ion . 

In an attempt to l ea rn whether col lagen hydroxyprol ine synthesized 
i n granuloma minces incubated wi th t r i t i a ted p ro l ine contained t r i t i u m 
at the 4 posi t ion , we converted such t r i t i a ted hydroxyprol ine to the 
corresponding N-carbobenzoxy der iva t ive and then ox id ized this d e r i v ­
at ive w i th c h r o m i c ac id to N-ca rbobenzoxy-4-ke topro l ine accord ing to 
the procedure of Patchett and Witkop(29) . In most of these exper iments 
ve ry l i t t l e t r i t i a ted water was formed; although some t r i t i a ted water 
was detected i n s e v e r a l exper iments , the s m a l l amount formed could 
l o g i c a l l y be attr ibuted to adventit ious oxidat ive react ions o r perhaps to 
enol izat ion of ketoprol ine . The evidence was therefore consistent wi th 
the absence of t r i t i u m at carbon atom 4 of the i so la ted hydroxypro l ine . 

Any conclusions drawn f r o m these exper iments res t upon three 
assumptions: that the t r i t i a ted p ro l ine was labeled i n the 3 and 4 p o s i ­
tions only, that the labe l was randomly d is t r ibuted i n these posi t ions , 
and that no signif icant isotope effects o c c u r r e d . 

Studies analogous to those desc r ibed i n Table V were c a r r i e d out 
wi th two preparat ions of " g e n e r a l l y l a b e l e d " t r i t i a ted p ro l ines . The 
resu l t s (Table VII) indicate that two sevenths of the p ro l ine t r i t i u m was 

Table VII. Radioactivities of Tritiated Water and Tritiated Hydroxyproline 
after Incorporation of Generally Tritiated Proline into Collagen 

Expt. Tritiated Water, Hydroxyproline, 
No. D.P.M. (A) D.P.M. (B) Ratio A/A + Β 

l a 8,350 20,100 0.29 
2 a 8,800 21,200 0.29 
3b 139,000 334,000 0.29 

a 2 grams of minced granuloma (from normal animal) and 5.0 μο. of 
generally labeled tritiated DL-proline (Comissariat Γ énergie Atom­
ique; 44 curies/mole) used; incubation period, 2 hours. 

^15μο. of generally labeled tritiated L-proline (Schwarz BioResearch, 
Inc.; 1000 curies/mole) used. Other conditions as in Table ΠΙ. 

l ibera ted as t r i t i a ted water dur ing hydroxyla t ion . Although the resu l t s 
wi th the two different preparat ions of t r i t i a ted p ro l ine were the same, 
conclusions concerning the speci f ic posi t ions f r o m which t r i t i u m i s lost 
r equ i re assumptions s i m i l a r to those given above. 

The " g e n e r a l l y l a b e l e d " p ro l ine prepara t ion used i n exper iments 
1 and 2 was converted to p y r r o l i d - 2 - o n e hydrochlor ide as desc r ibed by 
B r a g g and Hough (2). The specif ic ac t iv i ty of the pro l ine was 5.7 x 10 8 
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c .p .m. per mole , and that of the product [ ( p y r r o l i d - 2 - o n e ) 2 H C l ] was 
1.06 x 10 9 c . p .m. per mole . The r a t i o of these values i s 0.54; a ra t io of 
0.58 would be expected for un i fo rmly t r i t i a t ed p r o l i n e . 

That one o r more of these assumptions may be open to question i s 
suggested by the ve ry recent studies of Eber t and P r o c k o p (8) and by 
subsequent work i n our labora tory w i th another batch (No. 73-253) of 
" 3 , 4 - t r i t i a t e d " p ro l ine obtained f r o m the New England N u c l e a r C o r p . 
In exper iments wi th this m a t e r i a l , l e s s t r i t i u m appeared i n the water 
than i n the studies desc r ibed i n Table V . Thus , under the condit ions of 
the studies descr ibed i n Table V , 96,800 d .p .m. of t r i t i a ted water and 
186,000 d .p .m. of t r i t i a ted hydroxyprol ine were found. In exper iments 
wi th both " u n i f o r m l y l a b e l e d " C 1 4 - p r o l i n e and the new batch of " 3 , 4 -
t r i t i a t e d " p ro l i ne , H 3 / C 1 4 ra t ios for hydroxyprol ine and p ro l ine were 
1.79 and 2.56, respec t ive ly , leading to an A / B value (cf. Table IV) of 
0.70. 

Ebe r t and P rockop (8) c a r r i e d out s i m i l a r studies w i th " 3 , 4 - t r i t i ­
a t e d " p ro l ine i n chick embryos , and repor ted ra t ios of 0.73 and 0.74. 
Information supplied by P rockop (32) indicates that this m a t e r i a l was 
f r o m a batch (New England Nuc l ea r Corp . ) different f r o m those used by 
us. They converted the i so la ted hydroxyprol ine to p y r r o l e and found 
ra t ios of the H 3 / C 1 4 values for p y r r o l e to hydroxyprol ine of 0.61 and 
0.64 (these values were co r rec ted for loss of c a rboxy l C 1 4 , a s suming 
random labeling). We have recent ly converted the H 3 - h y d r o x y p r o l i n e 
obtained i n our exper iments wi th the new batch of " 3 , 4 - t r i t i a t e d " p r o ­
l ine to p y r r o l e (32), and obtained values of 0.70 and 0.73. However , 
convers ion of this hydroxyprol ine to Ν - c a r b o b e n z o x y - 4 - k e t o p r o l i n e d id 
not lead to a s ignif icant decrease i n speci f ic ac t iv i ty , suggest ing that 
l i t t l e t r i t i u m was present at carbon atom 4 of the i so la ted hydroxypro ­
l ine . 

It i s evident that the studies w i th t r i t i a t ed p ro l ine do not p e r m i t 
definite conclusions about the mechanism of hydroxylat ion; further i n ­
format ion i s needed about the label ing of the p ro l ine used and poss ib le 
isotope effects. It i s probable that there i s some randomiza t ion of l abe l 
dur ing t r i t i a t i on of 3 ,4-dehydroprol ine (40), and apparently a l so some 
racemiza t ion . Thus, we have observed that the t r i t i a ted p ro l i ne p r e p a ­
ra t ions contain 10 to 20% D - p r o l i n e and that oxidat ion by D - a m i n o ac id 
oxidase re leases s ignif icant amounts of t r i t i a ted water . 

Despi te the divergent resu l t s obtained wi th different preparat ions 
of t r i t ia ted p ro l ine , we have found that the ra t io of the t r i t i a ted water 
formed to the t r i t i a ted hydroxyprol ine formed i s constant for a given 
batch of t r i t i a ted p ro l ine . Since i n the car rageenin tumor sys t em there 
i s a definite re la t ionship between the format ion of t r i t i a t ed water and 
t r i t i a ted hydroxyprol ine , this sys t em should be of value i n obtaining 
defini t ive resu l t s when appropr ia te ly labeled p ro l ines a re ava i lab le . 
T h i s i s apparently not t rue for the ch i ck embryo , i n wh ich there i s a 
considerable metabo l i sm of p ro l ine to other products and therefore a 
much greater format ion of t r i t i a ted water (23). 

In the o r i g i n a l studies of Stetten and Schoenheimer (46) (who e m ­
ployed p ro l ine labeled w i t h N 1 5 and deuter ium i n posi t ions 3, 4, and 5), 
N 1 5 : D ra t ios of 0.18 and 0.13 were obtained for the i so la ted hydroxy-
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5. MEISTER ET AL. Conversion of Proline to Hydroxyproline 77 

pro l ine and p ro l ine , r e spec t ive ly . The r a t io of the value obtained for 
p ro l ine to that for hydroxyprol ine was therefore 0.72. A value of 0.83 
would have been expected for the loss of one atom of deuter ium, whi le 
0.67 may be calcula ted for the loss of two atoms of deuter ium. The r e ­
sul t of Stetten and Schoenheimer therefore l i e s between these two c a l ­
culated values , although c l o s e r to a value consistent wi th the loss of 
two atoms of deuter ium. 

Al though we must tentatively put as ide the question of the detai led 
c h e m i c a l mechanism of hydroxyla t ion , the present data appear to p r o ­
vide insight into the re la t ionship between hydroxyla t ion and col lagen 
synthesis . Thus , we may f i r s t cons ider a mechanism as shown below, 
based on the suggestion of Stetten. 

P r o l i n e — « - [ ( p r o ) n -peptide] 1 

[ (pro) n _x-(hypro)x-pept ide] 

collagen-- 1 

A c c o r d i n g to such a scheme, p ro l ine i s incorpora ted into col lagen 
through a s e r i e s of p r e c u r s o r peptides; u l t imate ly about half of the p r o ­
l ine res idues of such peptides a re converted to hydroxyprol ine . If this 
mechanism were c o r r e c t , one would expect a p r o l i n e - r i c h col lagen 
p r e c u r s o r to accumulate i n s cu rvy . However , sa t is factory evidence for 
this type of in termediate has not yet been published. In addit ion, our 
data indicate iden t i ca l p ro l ine -hydroxypro l ine ra t ios for col lagen ob­
tained f r o m scorbut ic and n o r m a l granulomas. A c c o r d i n g to this 
scheme, the ra t io of the speci f ic ac t iv i ty of col lagen hydroxyprol ine to 
that of col lagen p ro l ine should not exceed unity. However , ra t ios much 
greater than unity have been found by Green and Lowther (15), who have 
observed ra t ios as high as 1.69. We have made s i m i l a r observat ions . 

The s t r i k i n g f a l l i n the spec i f ic ac t iv i ty of the col lagen hydroxy-
pro l ine i so la ted f r o m deficient granulomas observed i n the present 
study (Table ΠΙ) suggests an al ternat ive scheme of col lagen synthesis . 

A c c o r d i n g to this p roposa l , p ro l ine i s converted to col lagen p r o ­
l ine and col lagen hydroxyprol ine by two separate and d i s t inc t pathways. 
P r o l i n e destined to become hydroxypro l ine i s ox id ized to a bound hy­
droxypro l ine in termediate , which does not equi l ibra te s ignif icant ly wi th 
free hydroxyprol ine and i s not yet i n peptide l inkage w i t h p ro l i ne . The 
marked drop i n the specif ic ac t iv i ty of hydroxyprol ine i n scorbut ic c o l ­
lagen may then be explained by the accumulat ion of an in termediate o r 
in termedia tes i n the hydroxyprol ine pathway. Such accumulat ion would 
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lead to a much greater d i lu t ion of the p ro l ine destined to become c o l l a ­
gen hydroxyprol ine than p ro l ine which w i l l become col lagen p ro l ine . A 
b lock at ei ther step 2 o r step 3 i n the scheme given here would be ex ­
pected to lead to the observed decrease i n format ion of t r i t i a ted water . 
It appears un l ike ly that i n s cu rvy there i s a b lock between free pro l ine 
and the f i r s t bound p ro l ine in termedia te . Such a b lock would lead to 
p ro l ine accumulat ion and thus di lute p ro l ine for both pathways. S i m i l a r 
considerat ions indicate that in termedia te I and intermediate Π cannot 
be iden t i ca l . 

It i s conceivable that the reduced format ion of t r i t i a ted water ob­
se rved i n s cu rvy could be due to a genera l reduct ion i n prote in synthe­
s i s , but this would not expla in the marked differences between the spe­
c i f i c ac t iv i t i e s of p ro l ine and hydroxyprol ine observed, nor would i t ex ­
p la in observat ions i n our l abora tory that g lycine and tyros ine a re i n ­
corporated at ra tes s i m i l a r to that of incorpora t ion of p ro l ine into the 
col lagen of granuloma obtained f r o m scorbut ic an ima l s . 

The s t r i k i n g inc reases i n the format ion of t r i t i a ted water and t r i ­
t iated hydroxyprol ine on i n v i t r o addit ion of ascorbate a re consistent 
w i t h a function of this v i t a m i n i n hydroxylation—probably at step 3. The 
present resu l t s do not support a sys temic a sco rb i c a c i d - m e d i a t e d ef­
fect, the bel ief that a sco rb i c ac id functions i n the maintenance of c o l ­
lagen, o r acts by s t imula t ing maturat ion of the f ibroblas ts i n the sys tem 
under study here . The present data do not support the p o s s i b i l i t y that 
in termediates containing hydroxyprol ine accumulate i n s cu rvy . The 
proposa l that a sco rb ic ac id i s involved i n the hydroxyla t ion reac t ion i t ­
se l f i s consistent wi th studies on the nonenzymatic hydroxylat ion of 
p ro l ine (4) and on enzymatic hydroxyla t ion of other compounds (5, 20, 
21, 44, 51). 

A more elaborate and somewhat speculat ive scheme for the f o r m a ­
t ion of col lagen and the convers ion of p ro l ine to col lagen hydroxypro­
l ine i s : 

, E -p ro - A M Ρ - p r ο - s R N A 

P r o l i n e ' ^ ^ c o l l a g e n 

^ ^ [ p r o ] " - [ h y p r o ] — • h y p r o - s R N A " ' ' ^ 

hydroxypro l ine 

A c c o r d i n g to this p roposa l , the incorpora t ion of p ro l ine into c o l l a ­
gen fol lows the a c y l adenylate and a c y l R N A stages now genera l ly be ­
l ieved to occur i n p ro te in synthes is . A bound hydroxypro l ine i n t e r m e ­
diate i s postulated, f r o m which hydroxyprol ine i s t r ans fe r red to soluble 
R N A . We prefer to suggest that different R N A acceptor molecules exis t 
for hydroxyprol ine and p ro l ine ; this would be consistent w i t h recent 
work which indicates that the soluble R N A molecu le contains the i n f o r ­
mation for incorpora t ion of a p a r t i c u l a r amino ac id into pro te in (3). 
Al though i t i s conceivable that there i s hydroxyla t ion of p r o l y l - s R N A 
to y i e l d h y d r o x y p r o l y l - s R N A , an addi t ional mechan i sm would be needed 
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to d i s t inguish the two types of a c y l r ibonuc le ic ac ids . If the template 
recognizes only the soluble R N A and not the amino ac id , hydroxyla t ion 
must occur p r i o r to a c y l - R N A format ion . If two types of p r o l y l - R N A 
exis t (one of the p r e c u r s o r of col lagen p ro l ine and the other that of 
col lagen hydroxyprol ine) , the hydroxyla t ion sys tem as w e l l as the t e m ­
plate must be able to d i s t inguish between the two types of R N A m o l e ­
cules . A c c o r d i n g to the proposed scheme, one would pred ic t a specif ic 
nucleotide sequence code for hydroxyprol ine (or the bound hydroxypro­
l ine intermediate) . 

The re i s evidence that free hydroxyprol ine can be incorpora ted into 
col lagen to some extent. Thus, M i t o m a (26) found that free hydroxypro­
l ine was incorpora ted into ch ick embryo col lagen at about 10% of the 
rate observed wi th p ro l ine . The scheme given above indicates a path­
way by which there may be a r e l a t i v e l y s low influx of hydroxyprol ine 
into the hydroxyprol ine in termediate . S i m i l a r l y , the breakdown of this 
in termediate might be respons ib le for the format ion of free hydroxy-
p ro l ine observed i n some t i ssues and poss ib ly a l so that found i n u r ine . 

If this scheme i s co r rec t , i t should be poss ib le to obtain conditions 
under which prote in synthesis but not hydroxyla t ion i s b locked. That 
this may be poss ib le exper imenta l ly i s suggested by the resu l t s of r e ­
cent experiments (24) i n our labora tory , wh ich have shown that i n the 
presence of pu romyc in , the format ion of col lagen hydroxyprol ine de te r ­
mined i n carageenin tumors as desc r ibed here i s marked ly reduced, 
but that hydroxylat ion (as determined by the format ion of t r i t i a ted water 
and t r i t i a ted hydroxyprol ine) continues. F u r t h e r work—espec ia l ly ef­
forts d i rec ted at i so la t ion of intermediates—are i n p rog re s s . 

Manner and Gould (22) have repor ted that the format ion of free 
hydroxyprol ine i n ch ick embryos treated wi th pu romyc in continues i n 
the absence of s ignif icant col lagen format ion . Th i s f inding i s analogous 
to our observat ions on car rageenin tumors . Manne r and Gould a l so ob­
tained evidence for the format ion of h y d r o x y p r o l y l - R N A i n ch ick e m ­
bryos , and concluded that p ro l ine can be converted to hydroxyprol ine 
without p r i o r incorpora t ion of p ro l ine into p ro te in . On the other hand, 
Pe terkofsky and Udenfriend concluded i n a p r e l i m i n a r y repor t (30) that 
a m i c r o s o m a l R N A - b o u n d polypeptide of considerable s i z e i s the sub­
strate for hydroxyla t ion. The la t ter conclus ion was based on studies 
wi th a c e l l - f r e e ch ick embryo sys t em i n which pu romyc in and r i b o n u ­
clease were added at var ious t ime in t e rva l s dur ing the course of i n c u ­
bation wi th labeled p ro l ine . Manne r and Gould (22) and Pe te rkofsky and 
Udenfriend (30) observed l ag per iods i n the format ion of hydroxypro ­
l ine (compare F i g u r e s 2 and 3). Add i t i ona l study on the nature of the 
in termediates involved i n the incorpora t ion of p ro l ine into the col lagen 
imino acids i s needed. 

Conclusions 

The present studies have shown that the i n v i t r o ca r rageen in tumor 
sys tem can be employed wi th t r i t i a ted p ro l ine to provide a procedure 
sat isfactory for fo l lowing hydroxyla t ion by measurement of t r i t i a ted 
water . The data support a dual-pathway mechan i sm of p ro l ine i n c o r -
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porat ion and indicate that a sco rb ic ac id functions at the hydroxylat ion 
step. These studies suggest speci f ic experiments w i th c e l l - f r e e s y s ­
tems i n wh ich in termedia tes containing p ro l ine and hydroxypro l ine , and 
subsequently, spec i f ic enzymes, may be i so la ted . 
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The Administration of Radioactive 
L-Cystathionine to a Human Cystinuric 
VINCENT du VIGNEAUD, JULIAN R. RACHELE, JOHN E. WILSON, 

FRED PLUM , AND LESTER J. REED 

Department of Biochemistry, and Department of Medicine, 
Cornell University Medical College, and New York Hospital, 
New York 21, Ν. Y. 

The present communication is concerned with experimental work car­
ried out some years ago, in which cystathionine labeled with radioac­
tive sulfur was administered to a human cystinuric (4). In 1936, Brand, 
Block, Kassell, and Cahill (3) advanced the hypothesis that carboxy-
aminopropyl-S-cysteine [later called cystathionine (2)] might be an in­
termediate in the formation of cysteine from methionine in the body. 
The synthesis of L-cystathionine (5) made it possible to subject this in­
teresting hypothesis to experimental test. It was first demonstrated 
that cystathionine may be used in lieu of dietary cystine for the growth 
of rats (5) and subsequently that slices and extracts of rat liver are 
capable of cleaving cystathionine to cysteine (5). Tracer experiments 
then demonstrated that the sulfur of cystathionine may be utilized for 
cystine synthesis by the rat (10). In the present report direct evidence 
is offered that L-cystathionine serves as a source of sulfur for cystine 
synthesis in a human cystinuric. 

Procedure 

Radioactive L-cystathionine (10) (765 mg.) containing 6.85 x 106 

counts per minute of S35 was fed to the human cystinuric patient who 
had served previously as the subject in an experiment demonstrating 
the formation of cystine from sulfur-labeled methionine (11). The same 
precautions were followed with regard to human experimentation in­
volving radioactive material as in the latter experiment. After the 
feeding of the cystathionine, 24-hour urine specimens were collected 
for 3 days and sulfur distributions were determined by the titrimetric 
method of Fiske (6). Cystine determinations were carried out by the 
procedure of Sullivan, Hess, and Howard (12). 

Cystine was recovered from aliquots of the urine samples, follow­
ing the addition of carrier cystine by the procedure described pre­
viously (11), and after recrystallization the isolated cystine samples 
gave satisfactory sulfur analysis. 

82 
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Table I. Radioactivity Partition of Sulfur in the Urine of a Human Cystinuric0 

765 mg. of L-cystathionine containing 6.85 χ 106 c.p.m. of S3 5 

administered at beginning of day 1 

Urinary 
Sulfur 

Fraction Sulfur Content, Mg. 
Radioactivity, 
C.P.M. per Mg. S 

Percentage of 
Total Administered 

Radioactivity 

Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 

Total sulfur 327 468 490 1522 4022 41 7.3 27.5 0.29 
Total sulfate 163 309 277 1535 5460 23 3.7 24.7 0.09 
Inorg. sulfate 149 259 234 1527 6196 23 3.3 23.4 0.08 
Neutral sulfur 164 159 213 1511 1227 64 3.6 2.9 0.20 
Cystine sulfur 35 92 64 331 95 2 0.17 0.13 0.002 

a Radioactivity of sulfur of administered cystathionine and of urinary sulfur 
fractions determined in benzidine sulfate derived therefrom with use of a thin 
mica end window Geiger-Mliller counter. 

Radioac t iv i ty measurements were made upon benzidine sulfate r e ­
covered f r o m the sulfur d i s t r ibu t ion determinat ions , as w e l l as on ben­
z id ine sulfate f r o m the sulfur ana lys i s of the cyst ine samples . The r e ­
sults of these measurements a re given i n Table I. 

Radioactive Sulfur in Urine 

D u r i n g the two days fo l lowing the ingest ion of the labeled cys t a th i ­
onine, approximate ly 35% of the adminis te red radioact ive sulfur ap­
peared i n the ur ine , compared to 16% dur ing the two-day per iod fo l low­
ing the ingest ion of methionine by the same patient (11). On the other 
hand, 0.3% of the cystathionine sulfur appeared i n u r i n a r y cyst ine , i n 
contrast to 1.4% of the methionine sulfur . The convers ion to u r i n a r y 
neut ra l sulfur compounds i n the ear l ie r , experiment appeared to be much 
more rap id i n i t s course than i n the present experiment . Whi l e the o x ­
idat ion of methionine sulfur to tota l sulfate had progressed at a f a i r l y 
l e v e l rate , i n the present study dur ing the second day a v e r y r ap id r i s e 
i n the oxidation of cystathionine sulfur to total sulfate occu r r ed . A p ­
prec iab le rad ioac t iv i ty was present a l so i n cyst ine i so la ted f r o m a 
hydrolyzate of a sample of ha i r , c l ipped on the 18th day of this e x p e r i ­
ment. 

Our findings i n this study a re i n harmony wi th the concept that L -
cystathionine i s an in termediate i n the format ion of cyst ine f r o m m e ­
thionine i n man. D i r e c t evidence for the existence of cystathionine i n 
man was provided by the demonstrat ion by T a l l a n , M o o r e , and Stein (13) 
of the occur rence of L-cys ta th ionine i n extracts of human b r a i n . M o r e ­
over , cases of human cys ta th ioninur ia have been repor ted by H a r r i s , 
Penrose , and Thomas (9) and by F r i m p t e r , Haymovi t z , and H o r w i t h (8). 
The la t ter authors have a l so stated that an inc reased r e n a l c learance 
of cystathionine i s not observed i n c y s t i n u r i a . It i s of considerable i n ­
terest , however, that the mixed disulf ide of L - c y s t e i n e and L - h o m o -
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cysteine was found by F r i m p t e r (7) i n the ur ines of a l l human c y s t i n u r -
i c s he had examined spec i f i ca l l y for this unusual amino a c i d . In our 
own study, had the mixed disul f ide exis ted i n the ur ine of our patient, i t 
would have been c leaved dur ing the cuprous mercapt ide i so la t ion , i t s 
cysteine moiety becoming par t of the f ina l ly i so la ted cys t ine . 
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7 
Methionine Sulfoxide and Other Combined 
Amino Acids in the German Cockroach 
S. MARK HENRY, RICHARD J. BLOCK, AND THOMAS W. COOK 

Boyce Thompson Institute for Plant Research, Inc., 
1086 North Broadway, Yonkers, Ν. Y. 

A l k a l i n e hydro lys i s of cockroach res idues 
subsequent to extract ion under ni t rogen wi th 
80% ethanol y ie lded methionine and meth io­
nine sulfoxide in a ra t io of 10 to 1. Add i t i ona l 
evidence for the presence of combined m e ­
thionine sulfoxide was obtained by measu r ing 
the amount of methionine sulfoxide-S35 in acid 
and enzymatic hydrolyzates after assimila­
tion of Na2S35O4. The data are believed to be 
indicative of naturally occurring peptide- or 
polysaccharide-bound methionine sulfoxide. 
Other combined amino acids were determined 
by ion exchange chromatography of the 5% 
trichloroacetic acid-insoluble cockroach res­
idues after hydrolysis with acid or alkali. β-
Alanine, normally present only in the soluble 
fraction of an organism, was found in the in­
soluble, proteinaceous residue. 

Methionine sulfoxide, C H 3 · SO · C H 2 C H ( N H 2 ) · C O O H , i s reported by 
Dent(2) to be of r a r e occur rence i n b io log i ca l f lu ids . However , Dent 

(2, 3) states that methionine, C H 3 · S · C H 2 C H ( N H 2 ) · C O O H , i s eas i ly o x i ­
d ized to the sulfoxide, p a r t i c u l a r l y on paper chromatograms dur ing de ­
velopment wi th phenol. Indeed, i t appears that whenever methionine 
sulfoxide i s detected, methionine should be suspected as the native 
f o r m . 

Repor t s of the presence of methionine sulfoxide a re l ess frequent 
w i th respect to pro te in hydrolyzates than to free amino ac id ext rac ts . 
T h i s i s at least pa r t i a l l y due to the fact that reduct ion and other changes 
occur upon hydro lys i s wi th hydroch lo r i c ac id (16). The extent of de ­
composi t ion depends on the condit ions of hyd ro ly s i s and may approach 
100%. One occas iona l ly finds a publ ished repor t of an amino a c i d a n a l ­
y s i s of pro te in i n which data for methionine sulfoxide but not meth io-
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nine a re given. T h i s i s usua l ly due to inadvertent treatment of the hy -
dro lyza te i n such a way as to cause oxidation of the n o r m a l l y o c c u r r i n g 
f o r m of the amino ac id . 

Only a s m a l l number of proteins and peptides have been analyzed 
by var ious inves t iga tors by methods designed spec i f i ca l l y to determine 
whether methionine sulfoxide i s one of the constituent amino ac ids . One 
of these, an analog of the α - m e l a n o c y t e - s t i m u l a t i n g hormone f r o m bo­
vine p i tu i ta ry glands (9), was found to contain the sulfoxide. However , 
the authors expressed some concern over the pos s ib i l i t y of oxidation 
dur ing i so la t ion of the sample . 

The present invest igat ion was undertaken to determine i f the m e ­
thionine sulfoxide found by s e v e r a l inves t iga tors i n insect t i ssue i s a 
n o r m a l constituent of the amino ac id pool and of prote in . The amino 
a c i d composi t ion of cockroach pro te in was s imul taneously determined 
both qual i ta t ively and quanti tat ively, s ince such data a re avai lable for 
few species of insec ts . 

Experimental 

Labeled methionine and methionine sulfoxide were detected r a d i o -
m e t r i c a l l y after a s s i m i l a t i o n of N a 2 S 3 5 0 4 by cockroaches . The conver ­
s ion of inorganic sulfur to methionine was shown p rev ious ly (5) to be 
due to i n t r a c e l l u l a r symbio t ic bac te r i a i n these insec ts . In addit ion to 
this technique, unlabeled compounds were separated by column c h r o m a ­
tography and measured c o l o r i m e t r i c a l l y . 

Labe l i ng of Sulfur Compounds i n T i s s u e w i t h S 3 5 . The Ge rman 
cockroach , B la t t e l l a ge rmanica ( L . ) , selected for this study because of 
the la rge amounts of free methionine sulfoxide observed i n prev ious i n ­
vest igat ions (5), was r ea red on a for t i f ied dog b i scu i t diet (5) at 24° C . 
F u l l - g r o w n nymphs were used without attempting to separate the sexes. 

A n aqueous solut ion of N a 2 S 3 5 0 4 was injected into the hemocele of 
20 cockroaches by means of a m i c r o m e t e r - c o n t r o l l e d hypodermic s y r ­
inge fit ted wi th a 30-gage s tee l needle. The insec ts were subsequently 
incubated at 2 5 ° C . for 2 days p r i o r to being s a c r i f i c e d . 

Ex t r ac t i on P rocedu re s . Ethanol Ex t rac t ion . Ten of the S 3 5 - in jec ted 
insec ts were homogenized i n about 5 m l . of hot 80% (v . /v . ) ethanol wi th 
a T e n B r o e c k t i ssue g r inde r . The homogenate was centrifuged and, after 
decanting the supernatant f lu id , the insoluble res idue was washed three 
t imes wi th 80% ethanol. The supernatant l iquids were combined and 
d r i e d i n vacuo. To prevent autoxidation of methionine, as much of the 
procedure as poss ib le was conducted i n an ine r t (nitrogen) atmosphere 
us ing ni t rogen-saturated solvents . 

T r i c h l o r o a c e t i c A c i d Ex t r ac t i on . The r ema in ing 10 insec ts injected 
wi th N a 2 S 3 5 0 4 were homogenized i n 5% (w./v.) t r i ch lo roace t i c ac id and 
the homogenate was kept at 100°C. i n a water bath for 30 minutes . The 
homogenate was centrifuged, and the res idue was washed once wi th 
5 m l . of 5% t r i ch lo roace t i c ac id and then wi th d i s t i l l e d water . These 
f ract ions were added to the o r i g i n a l supernatant solut ion and the c o m ­
bined mix tu re was d r i e d i n vacuo. The proteinaceous res idue was then 
washed three t imes wi th a total of about 25 m l . of ac id i f ied ethanol (2 
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drops of 6N H C l per 50 m l . of ethanol) and three t imes wi th a s i m i l a r 
quantity of ether. A l l solvents were saturated wi th ni t rogen to m i n i m i z e 
oxidat ion. 

T r i c h l o r o a c e t i c ac id ext rac t ion was a l so the method of choice i n 
p repa r ing nonradioact ive pro te in for ana lys i s by co lumn chromatog­
raphy. T y p i c a l l y , 20 male and 20 female adult G e r m a n cockroaches 
were maintained on a 3% (w./v.) glucose diet for 3 to 5 days . They were 
then homogenized i n 20 m l . of 5% (w./v.) t r i ch lo roace t i c ac id . The ho­
mogenate was placed i n a bo i l ing water bath for 30 minutes, after wh ich 
i t was centrifuged. The insoluble m a t e r i a l was washed once wi th each 
of the fo l lowing solvents : water , hot acetone, and ethanol-benzene (5 to 
95, v . / v . ) , and twice wi th ac id i f i ed ethanol followed by ethyl ether. The 
res idue was then d r i ed either under a s t r eam of ni t rogen o r i n a v a c ­
uum des icca tor . In both sexes the d ry res idue compr i sed about 17% of 
the l i v e weight of the insect . 

F o r quantitative determinat ions of bound methionine sulfoxide and 
tryptophan, 10 cockroaches of each sex were homogenized and were ex ­
t rac ted wi th the above solvents saturated wi th ni trogen. 

P repa ra t i on of Ex t r ac t s fo r Chromatography. The d r i e d ethanolic 
extract was d i s so lved i n 2 m l . of 10% (v. /v . ) 2-propanol , shaken wi th an 
equal volume of ch lo ro fo rm, and centrifuged. The ch lo ro fo rm l aye r was 
d i sca rded . The t r i ch lo roace t i c a c i d extract was taken up i n 2 m l . of 
water and extracted four t imes wi th an equal volume of ether to remove 
t r i ch lo roace t i c ac id and l ip ides . The ether extract was d i sca rded . 

H y d r o l y s i s of P r o t e i n . The rad ioac t ive , proteinaceous res idues 
f rom the sulfate-injected insec ts were separated into equal f rac t ions , 
one of which was hydrolyzed wi th ac id and the other wi th proteolyt ic 
enzyme. Ana lyses of unlabeled pro te in were made after ac id o r a l k a ­
l ine h y d r o l y s i s . 

A c i d H y d r o l y s i s . Twenty-f ive m i l l i l i t e r s of 6N hydroch lor ic ac id 
was added ' to 250 mg. of d ry sample and the suspension was ref luxed 
for 16 hours . The excess hydroch lo r ic ac id was removed by evapora­
t ion on a s team bath o r on a ro ta ry vacuum evaporator. The amino 
ac ids were then d i s so lved i n 20 m l . of 10% 2-propanol . Samples so 
prepared were used d i r e c t l y for ana lys i s by paper chromatography. 
Those samples to be analyzed by ion exchange chromatography were 
deco lo r i zed wi th a s m a l l amount of cha rcoa l (Darco G-60) and f i l t e red 
through paper. A 2 - m l . aliquot of the f i l t ra te was d r i e d and r e d i s -
solved i n sodium c i t ra te buffer at the p H and mo la r i t y requ i red for ap­
p l i ca t ion to the r e s i n . 

A l k a l i n e H y d r o l y s i s . P r o t e i n samples to be analyzed for t ryp to ­
phan o r methionine sulfoxide were hydrolyzed wi th b a r i u m hydroxide 
(16). F i f ty m i l l i g r a m s of pro te in was the usua l quantity hydrolyzed. 
Af te r b a r i u m had been removed f r o m the hydrolyzate (16), the p H of the 
solut ion was adjusted to 2.2 and the f ina l volume to 22.5 m l . The ent i re 
procedure was conducted under ni t rogen to m i n i m i z e oxidat ion. 

Enzymat i c H y d r o l y s i s . One-hal f of the S 3 5 - l a b e l e d proteinaceous 
res idue was suspended i n 95 m l . of d i s t i l l e d water and the p H was a d ­
justed to about 7.5 wi th 2 N ammonium hydroxide. F i v e m i l l i l i t e r s of 
ethanol and 10 mg . of Streptomyces g r i seus protease (P ronase , 1 6 P U 
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per gram) were added and the digest ion mix tu re was incubated at 4 0 ° C . 
(13). Af te r 3 days, the insoluble m a t e r i a l was removed by f i l t r a t i on and 
the f i l t ra te was d r i e d i n vacuo and red i s so lved i n 2 m l . of 10% 2 - p r o ­
panol for chromatography. A s i n the above procedures , n i t rogen-sa tu­
ra ted solvents and nitrogenous atmospheres were used whenever pos ­
s ib le i n p repa r ing the hydrolyzates . 

M e t h i o n i n e - S 3 5 C o n t r o l Exper imen t . T o determine what percentage 
of the methionine sulfoxide found i n hydrolyzates and extracts i s formed 
as a resu l t of degradation of methionine dur ing prepara t ion and c h r o ­
matography of the samples , the fo l lowing experiment was conducted. 

Ten anesthetized cockroaches were p laced i n the t issue g r inder , to 
which was added 100 μ ΐ . of a solut ion of meth ion ine-S 3 5 (1400 counts 
per minute per m i c r o l i t e r ) . The insec ts were homogenized wi th hot 
80% ethanol and extracted at the same t ime and i n the same way as the 
insec ts injected wi th sulfate. Another 10 insec ts were extracted wi th 
5% t r i ch lo roace t i c ac id to which meth ion ine-S 3 5 had been added. 

The proteinaceous res idues were separated into equal al iquots and 
meth ion ine-S 3 5 was added to each. One aliquot f r o m each type of ex ­
t rac t ion was hydrolyzed wi th ac id and the other w i th pro teoly t ic enzyme 
as desc r ibed above. T h i s con t ro l exper iment was conducted s imul tane­
ously wi th the sulfate- inject ion exper iment and under the same cond i ­
t ions. 

Methionine Sulfoxide Adso rp t i on Check. S 3 5 - l a b e l e d methionine 
sulfoxide was prepared by ox id i z ing meth ion ine -S 3 5 w i th peroxide (6). 
F i v e m i c r o l i t e r s (ca. 20,000 counts per minute per m i c r o l i t e r ) of an 
aqueous solut ion of the sulfoxide was injected into each of 20 cock­
roaches . The f i r s t 10 were immedia te ly i m m e r s e d i n hot 80% ethanol, 
and the r emainder i n hot 5% t r i ch lo roace t i c ac id to be homogenized and 
extracted. The ext rac t ion procedures were s i m i l a r to those desc r ibed 
above, except that precaut ions to prevent oxidat ion were not taken and 
the supernatant l iqu ids , except for the ac id i f ied ethanol and ether 
washes, were not combined but were col lec ted separately i n 100 -ml . 
vo lume t r i c f l a sks . The pro te in res idues were hydrolyzed i n 6N H C l 
and, l i ke the other f rac t ions , were then di luted to 100 m l . wi th water 
for r ad iome t r i c ana lys i s . 

Pape r Chromatography and Rad iomet ry . F o r chromatography on 
paper 46 x 57 c m . sheets of Whatman N o . 3 f i l t e r paper were used. Ten 
m i c r o l i t e r s of hydrolyzate o r 30 μ ΐ . of extract was applied and the 
chromatograms were developed i n the fol lowing sys tems . 

Sys tem 1. The chromatograms were developed i n the f i r s t d i r e c ­
t ion wi th 60 par ts of ethanol, 20 par ts of t e r t -bu ty l a lcoho l , 5 par t s of 
58% (w. /v . ) N H 4 O H , and 15 pa r t s of H z O , and i n the second d i r ec t i on 
w i t h 14 par ts of t e r t -bu ty l a lcohol , 3 par t s of 88% (w./v.) f o r m i c ac id , 
and 3 par t s of H 2 0 (10). 

System 2. The chromatograms were developed i n the f i r s t d i r e c ­
t ion wi th 450 par t s of η - b u t y l a l coho l , 50 par ts of g l a c i a l acet ic a c i d , 
and 125 par t s of H 2 0 , and i n the second d i r ec t ion wi th 2 par t s of n -bu ty l 
a lcoho l , 2 par t s of methyl e thyl ketone, and 1 par t of H 2 0 . A shal low 
d i s h , containing 4N N H 4 O H to rep lace the cyc lohexylamine used by 
M i z e l l and Simpson (11), was p laced i n the chromatographic chamber 
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for development i n the second d i r ec t i on . 
In o rde r to mainta in un i fo rm condit ions, a l l hydrolyzates or ex ­

t rac ts were chromatographed s imul taneously i n the same chamber . A 
chromatogram of a standard amino ac id mix tu re was used to locate the 
posi t ions of methionine, methionine sulfoxide, and a second methionine 
sulfoxide spot formed as a resu l t of oxidation of methionine dur ing d r y ­
ing of the solvent used i n the f i r s t d i r ec t ion . 

Radioac t iv i ty was measured on the chromatograms wi th an end-
window counting tube (4) fo l lowing v i sua l i za t ion of the amino ac ids w i th 
n inhydr in . The extracts and hydrolyzates f r o m the methionine sulfoxide 
adsorpt ion test were di luted to 100 m l . wi th water and 1-ml . al iquots 
were t r ans fe r red to sample pans and d r i e d for the es t imat ion of r a d i o ­
ac t iv i ty . 

C o l u m n Chromatography. A m i n o acids were determined i n hydro ­
c h l o r i c a c i d hydrolyzates wi th a 150-cm. co lumn of A m b e r l i t e IR-120 
(17) us ing the Technicon Au toAna lyze r . Quantitative measurements 
were made c o l o r i m e t r i c a l l y (17). A n al ternate method of ana lys i s made 
use of a 133-cm. column of Technicon chromobead r e s i n and a m o d i f i ­
cation of the sulfur sys tem desc r ibed by P i e z and M o r r i s (14). Al though 
this method gave excel lent separat ion of a l l c l a s se s of amino ac ids , i t s 
value was l i m i t e d by the fa i lu re to separate cyst ine f rom glucosamine. 
Cys t ine values , therefore, we re determined f r o m the IR-120 chromato­
grams alone. 

Al though lys ine , h is t id ine , and arginine were separated on the 
chromobead r e s i n , these and tryptophan were analyzed rout inely on a 
1 5 - c m . column of A m b e r l i t e IR-120 (17) s ince a complete r e c o r d of the 
bas ic amino ac ids could be obtained i n l ess than 3 hours by this method. 

Results 

Soluble Methionine Sulfoxide. The percentages of soluble meth io­
nine s u l f o x i d e - S 3 5 found on chromatograms of cockroaches injected 2 
days p rev ious ly wi th N a 2 S 3 5 0 4 a re given i n Table I. Cor responding p e r ­
centages f r o m the con t ro l insec ts extracted i n the presence of exoge­
nous me th ion ine -S 3 5 a re given i n the same table. The amount of o x i d a ­
t ion (up to 50%) o c c u r r i n g i n the con t ro l i s somewhat s u r p r i s i n g . That 
this i s not en t i re ly due to oxidat ion dur ing chromatography i s indicated 
by the low leve l s of methionine sulfoxide found on paper chromatograms 
of the me th ion ine -S 3 5 solut ion used for the con t ro l experiment . M o s t of 
the free, labeled sulfoxide i n the sulfate-injected insec ts i s , therefore, 
due to spontaneous, nonenzymatic oxidat ion resu l t ing f r o m in te rac t ion 
wi th other components of the extract , probably dur ing i so la t ion or c h r o ­
matography. The most l i k e l y t ime of occur rence i s when the sample i s 
d r y i n g after being appl ied to the paper. However , the percentage i n the 
sulfate-injected insec ts i s cons iderably higher than i n the con t ro l i n ­
sects . W h i l e the amount of oxidat ion may be influenced s l igh t ly by the 
addit ion of a s m a l l amount of methionine (control) i t i s bel ieved that the 
difference represents actual sulfoxide i n the 80% e thano l - and 5% t r i ­
ch loroacet ic ac id -ex t r ac t ab l e f rac t ion of the cockroach . 

Pep t ide -Bound Methionine Sulfoxide. The percentages of meth io-
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Table I. Methionine Sulfoxide-SSi in Soluble Fraction of Cockroaches Extracted 
by Two Methods and Chromatographed in Two Solvent Systems 

Methionine Sulfoxide-S35 as 
% of Total Reduced and 

Chromatographic Extraction Oxidized Methionine-S35 Immediate Source of 
Solvents a 

System 1 

System 2 

Method 

Ethanol 
80% 

Trichloro­
acetic 
acid 5% 

Ethanol 
80% 

Trichloro­
acetic 
acid 5% 

on Chromatogramb S3 5 in Amino Acids 

61 
43 

66 
50 

67 
40 

74 

Injected Na 2S 3 50 4 

Methionine-S35 added 
to homogenate 

Injected Na 2S 3 50 4 

Methionine-S35 added 
to homogenate 

Injected Na 2S 3 50 4 

Methionine-S35 added 
to homogenate 

Injected Na 2S 3 50 4 

Methionine-S35 added 
to homogenate 

a Solvent systems described in text. 
b Methionine sulfoxide-S35 in solution used for control was found to be 7-10% of 

total S3 5 measured on chromatograms of aliquot of solution. 

nine sulfoxide found on chromatograms of cockroach hydrolyzates ( T a ­
ble Π) i n these exper iments a re much lower than i n the free amino ac id 
f ract ions (Table I). Al though these differences a re due p a r t i a l l y to v a r ­
ia t ions i n the chromatographic procedure , the v e r y low percentages i n 
the ac id hydrolyzates indicate the involvement of other fac to rs . F o r 
example, besides reduct ion of methionine sulfoxide dur ing re f lux ing 
wi th hydroch lo r i c ac id , spontaneous sulfoxide format ion f r o m meth io­
nine appears to be inhibi ted i n the presence of the s m a l l amounts of 
hydroch lo r i c ac id r ema in ing i n the sample after evaporat ion of the ex ­
cess ac id used for h y d r o l y s i s . It i s a l so noted that a s ingle al iquot of 
hydrolyzate was applied to the paper as compared wi th three a p p l i c a ­
tions of the 80% ethanol o r 5% t r i ch lo roace t i c ac id ext rac t . The a d d i ­
t ional d r y i n g r equ i r ed wi th three applicat ions i s undoubtedly r e s p o n s i ­
ble for greater oxidat ion. 

M o r e important than these poss ib le differences i n the methionine 
sulfoxide content of the extractable f rac t ion and the pro te in are the d i f ­
ferences i n bound sulfoxide between the con t ro l and the sulfate-injected 
insec t s . Regard less of the method of ext rac t ion or of h y d r o l y s i s , the 
amount of bound methionine su l fox ide- S 3 5 m the sulfate-injected insects 
i s higher than that fo rmed as a resul t of oxidation dur ing hydro lys i s 
and chromatography of the prote in (control). A s i n the soluble f r a c ­
t ions , these differences may be p a r t i a l l y a re f lec t ion of a r educ t ion-
oxidation shift actuated by the presence of exogenous methionine i n the 
con t ro l . Inspection of the data shows, i n addit ion, that the percentage 
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Table II. Methionine Sulfoxide-S" in Hydrolyzates of Proteinaceous 
Material Remaining after Extraction by Two Methods 

Chromatographic 
Solvents a 

System 1 

System 2 

Extraction 
Method 

Ethanol 

Trichloro­
acetic 
acid 5% 

Ethanol 
80% 

Trichloro­
acetic 
acid 5% 

Methionine Sulfoxide-S35 as 
% of Total Reduced and 
Oxidized Methionine-S35 

on Chromatogram 

Acid 
hydrolyzate 

14 
6 

10 
4 

11 
3 

Enzyme 
hydrolyzate 

16 
11 

23 
12 

26 
12 

23 
17 

Immediate Source of 
S3 5 in Amino Acids 

Injected Na 2S 3 50 4 

Methionine-S35 added 
to homogenate 

Injected Na 2S 3 50 4 

Methionine-S35 added 
to homogenate 

Injected Na 2S 3 50 4 

Methionine-S35 added 
to homogenate 

Injected Na 2S 3 50 4 

Methionine-S35 added 
to homogenate 

a Solvent systems described in text. 

of methionine s u l f o x i d e - S 3 5 found on chromatograms of ac id hyd ro ly ­
zates i s a lways lower than on those of enzyme-digested pro te in . T h i s 
i s due to reduct ion of the sulfoxide dur ing hydro lys i s (16) w i t h ac id . 

A l k a l i n e hydro lys i s of pro te in f r o m a mixed population of male and 
female cockroaches was found, by i on exchange chromatography, to 
y i e l d a sample containing methionine and methionine sulfoxide i n a r a ­
t io of 10 to 1. To determine whether any of this sulfoxide was formed 
as a resu l t of the ana ly t i ca l p rocedure , another sample of the pro te in 
was hydro lyzed s imul taneously w i th a sample of methionine alone and a 
sample of cockroach pro te in wi th added methionine. A l l three samples 
were t reated i n an iden t i ca l manner , ca re being taken to prevent o x i d a ­
t ion. The hydrolyzates , after r e m o v a l of b a r i u m , were chromatographed 
on the 150-cm. column. 

Table III. Methionine and Methionine Sulfoxide 
in Alkaline Hydrolyzates 

Methionine 
Sulfoxide 

Methionine, 
Sample Hydrolyzed G./16 g. N G./16 g. Ν % of total 

Cockroach protein 2.00 0.23 10.3 
Protein plus 9.03 0.64 6.7 

methionine 
Methionine 7.24 0.13 1.8 
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Quantitative data (Table ΙΠ) show that l i t t l e oxidat ion occu r s when 
a pure sample of methionine i s t reated w i t h hot a l k a l i and chromato -
graphed. A greater amount occurs when methionine i s subjected to the 
conditions of a lka l ine hyd ro lys i s i n the presence of pro te in . However , 
i f the pro te in sulfoxide value i s deducted f r o m the tota l sulfoxide value 
of this sample , the percentage of methionine sulfoxide i s found to be 
cons iderably lower than the 10% usua l ly found i n cockroach pro te in . 

In a rep l ica te exper iment , cockroaches were extracted w i t h 80% 
ethanol and a por t ion of the proteinaceous res idue was treated wi th 
e thyl ether to determine the effect, i f any, of ether which may contain 
peroxides . T h i s and an untreated por t ion were then hydro lyzed i n a l k a l i 
and chromatographed. The actual quantit ies pe r unit of ni t rogen were 
not determined but the ra t ios of methionine to methionine sulfoxide 
were i n the same order as those indicated i n Table ΙΠ . The ethyl ether 
had no effect. 

The remainder of the above sample was hydro lyzed wi th added 
methionine i n a l k a l i , and, as i n Table ΙΠ , a s m a l l e r percentage of m e ­
thionine sulfoxide was found than when cockroach pro te in was hyd ro ­
lyzed alone. The data a r e , therefore, i n acco rd wi th the resu l t s ob­
tained us ing the isotope method. 

Adsorp t ion Data . Cons ide r ing the pos s ib i l i t y that the methionine 
sulfoxide found i n cockroach t issue hydrolyzates might be due to a d ­
sorpt ion of soluble methionine sulfoxide to ac t ive s i tes on prote ins , 
polypeptides, etc. , the adsorpt ion check desc r ibed i n a previous sect ion 
was conducted. The data i n Table I V show that, under the conditions 
used, more than 99% of exogenous methionine sulfoxide i s removed 
even before the f ina l steps i n the ext rac t ion procedure . A m a x i m u m of 

Table IV. Efficiency of Two Extraction Procedures in Removal of 
Soluble Methionine Sulfoxide-S" from Tissues 

Extraction 
Method Fraction C.P.M. % of Total 

Ethanol Hot 80% ethanol 9,830 90.58 
80% Cold 80% ethanol 

1st wash 874 8.05 
2nd wash 100 0.92 
3rd wash 16 0.14 

Residue after acid hydrolysis 32 0.29 

Total 10,852 99.98 

Trichloro­ Hot 5% trichloroacetic acid 8,518 95.78 
acetic Cold 5% trichloroacetic acid 306 3.44 
acid 5% Water 49 0.55 

Combined HCl-ethanol and ether 9 0.10 
fractions 

Residue after acid hydrolysis 11 0.12 

Total 8,893 99.99 
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0.3% i s adsorbed. A n a l y s i s of the data f r o m the other exper iments 
shows that the quantity of methionine sulfoxide i n the pro te in f rac t ion 
of the G e r m a n cockroach i s great ly i n excess of th is . 

Other Combined A m i n o A c i d s . The data f r o m two chromatographic 
analyses on chromobead r e s i n and one on A m b e r l i t e IR-120 were a v e r ­
aged to give the data shown i n Table V . The tryptophan value i s f r om a 

Table V. Amino Acids of German Cockroach Protein 

Amino acid 

Grams Amino 
Acids/16 
Grams Ν 

Male Female 

Hydrolyzing 
Medium 

Arginine 7.3 7.0 
Histidine 4.3 4.6 
Lysine 9.2 9.5 

Tyrosine 8.2 7.4 
Phenylalanine 5.0 5.4 

Cystine 1.0 0.6 
Methionine 2.1 2.8 

Serine 5.0 5.1 
Threonine 4.8 4.8 

Leucine 8.9 8.7 
Isoleucine 5.1 4.8 
Valine 8.1 7.9 

Glutamic acid 13.9 13.0 
Aspartic acid 10.1 10.1 

Glycine 9.0 8.1 
Alanine 10.5 8.9 

Proline 6.0 6.1 

β -Alanine 0.2 0.2 

Acid 

Methionine sulfoxide 
Tryptophan 

0.2 
1.1 

Alkali 

single determinat ion on the 1 5 - c m . co lumn of A m b e r l i t e I R - 1 2 0 . E x ­
cept fo r the sulfur amino ac ids , there appear to be no s e x - l i n k e d d i f ­
ferences . M o r e o v e r , s ince cyst ine and methionine a re both subject to 
considerable des t ruc t ion wi th b o i l i n g hydroch lo r i c a c i d , the values 
given for these amino ac ids should be substantiated by other methods. 

The presence of β -alanine i s unusual i n that this amino ac id i s 
genera l ly thought to be nonexistent i n pro te ins . It i s n o r m a l l y found 
ei ther uncombined o r as a constituent of s m a l l peptides such as a n s e r ­
ine and carnos ine . 
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Conclusions 

The resu l t s of both paper and ion exchange chromatography i n d i ­
cate that methionine sulfoxide contributes to a s m a l l extent to the s u l ­
fur amino ac id content of proteins and /o r insoluble peptides of the 
Ge rman cockroach . Neumann, M o o r e , and Stein (12) repor t that t races 
of methionine sulfoxide a re found i n a lka l ine hydrolyzates of r i bonuc le ­
ase, l y sozyme , t rypsinogen, pepsin , catalase, chymotrypsinogen, bovine 
s e r u m a lbumin , and some other pro te ins . The resu l t s of ana lys i s of 
a lka l ine hydrolyzates of pepsin and bovine s e r u m a lbumin by the auth­
o r s indicate that methionine sulfoxide may amount to as much as 6.5% 
of the total weight of reduced and oxid ized methionine. T h i s amount 
may be expected as a r e su l t of oxidation dur ing storage, hyd ro lys i s , 
and chromatography (see Table ΙΠ) . Many of the proteins l i s t ed were 
obtained f rom c o m m e r c i a l sources and were probably i so la ted without 
the precautions taken i n the present exper iments to prevent oxidat ion. 

The function, i f any, of methionine sulfoxide res idues i n peptides 
o r proteins i s a matter of conjecture. There i s no evidence that they 
a re of any s t ruc tu ra l s igni f icance . Indeed, s ince va r ious enzymes such 
as r ibonuclease and chymot ryps in a re ei ther p a r t i a l l y or complete ly 
inact ivated by oxidation of the methionine res idues (15, 16), one h e s i ­
tates to suggest any functional ro l e for the sulfoxide. However , a ro l e 
i n the maintenance of oxidat ion-reduct ion potential of a b i o l o g i c a l s y s ­
tem, as suggested by Dent (3), i s conceivable . 

Kennaugh (8) repor ts changes i n the quantity of β-alanine i n the 
cut ic le of the A m e r i c a n cockroach , Pe r ip lane ta amer i cana ( L . ) , dur ing 
hardening and tanning, but i t i s not c l ea r whether this represents free 
o r combined β -alanine. Data presented here in and addi t ional unpub­
l i shed m a t e r i a l indicate that the β-alanine i s , indeed, a constituent of 
the cu t icu la r prote in . 

The mo la r ra t ios of most of the amino acids i n the pro te in of the 
G e r m a n cockroach a re general ly s i m i l a r to those of ver tebra tes and 
other inver tebrates wi th respect to whole an ima l pro te in hydrolyzates 
(1). However , h is t id ine , l y s ine , ty ros ine , leucine, i so leuc ine , va l ine , 
and alanine a re somewhat more abundant i n cockroach pro te in and 
there i s l e s s cys t ine . The data v a r y s igni f icant ly f r o m data p rev ious ly 
repor ted on the amino ac id composi t ion of the G e r m a n cockroach (7). 
The e a r l i e r ana lys i s , however, was conducted on insec ts wi th the ent i re 
head and diges t ive t rac t removed and the r ema in ing por t ions of the 
body extracted wi th l ip ide solvents only. 
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8 
Amino Acid Transport in Bacteria 
Effect of Nutritional and Physiological Factors 

JOSEPH T. HOLDEN 

Department of Biochemistry, 
Medical Research Institute, 
City of Hope Medical Center, 
Duarte, Calif. 

The uptake and accumulat ion of va r ious amino 
ac ids i n  Lac tobac i l l u s arabinosus have been 
desc r ibed . Def ic ienc ies of v i t a m i n B6, b io t in , 
and pantothenic ac id marked ly a l te r the oper ­
at ion of these t ranspor t sys tems. A c c u m u l a ­
t ion capaci ty i s  decreased most s eve re ly by a 
v i t a m i n B6 def iciency. T h i s effect appears to 
arise indirectly from the synthesis of abnor­
m a l c e l l w a l l wh ich renders the t ranspor t 
sys tems unusually sens i t ive to osmot ic f a c ­
to r s . K i n e t i c and osmot ic exper iments a l so 
exclude b io t in and pantothenate f r o m d i r e c t 
ca ta ly t ic involvement in the t ranspor t p r o c ­
ess . L i k e v i t amin B6, they affect uptake i n ­
direct ly ,  p robably through the me tabo l i sm of 
a s t ruc tu ra l cell component. The evidence 
presented supports a concept of pool f o r m a ­
t ion i n  w h i c h free amino ac ids accumulate i n 
the cell through the in tervent ion of membrane ­
- l o c a l i z e d t ranspor t ca ta lys ts . 

Bacteria have been shown to accumulate amino acids against large ap­
parent concentrat ion gradients , u t i l i z i n g sys tems wh ich function m a x ­

i m a l l y when coupled to energy-producing react ions ; Holden (22) g ives a 
detai led s u m m a r y . It i s s t i l l not poss ib le to desc r ibe any par t of this 
p rocess i n mo lecu la r t e r m s . There i s some evidence that pools of a c ­
cumulated amino ac ids ex is t i n an o s m o t i c a l l y ac t ive and, p resumably , 
unbound f o r m (2,8,22), thereby i m p l y i n g that uptake occurs by a m e m ­
b rane - loca l i z ed act ive t ranspor t p r o c e s s . A m o r e detai led d i s cus s ion 
of the reac t ion mechan i sm s t i l l r equ i r e s speculat ion l a rge ly unsup­
ported by evidence de r ived f r o m studies on amino ac id t ranspor t . I n -

9* 
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deed, even these vague ' 'hypotheses ' ' r e l y heavi ly on findings obtained 
wi th inorganic ion and carbohydrate t ranspor t sys tems . 

T h i s paper s u m m a r i z e s an extensive effort to modify the ac t iv i ty 
of amino ac id t ranspor t sys tems by render ing bac te r i a deficient i n v a r ­
ious Β complex v i t amins . It was hoped that this approach might provide 
some clues to the nature of the cata lys ts involved i n t ranspor t e i ther 
because the v i t a m i n cofactor i s involved d i r e c t l y i n this p rocess o r i n ­
d i r e c t l y because the v i t amin might be concerned i n the ava i l ab i l i t y of 
such a catalyst . We were great ly influenced i n this d i r e c t i o n by the 
provocat ive findings of Chr i s t ensen and coworker s (8, 10), who showed 
that the amount of amino ac id accumulated by E h r l i c h asc i tes tumor 
c e l l s was great ly s t imulated by p y r i d o x a l . T h i s led to the p roposa l 
that the v i t a m i n se rves as a c a r r i e r for amino ac ids du r ing entry 
through the c e l l membrane. Al though the studies desc r ibed here r e ­
vealed a number of instances i n wh ich v i t a m i n def ic iencies modify the 
course of amino ac id accumulat ion, none of the effects seems to a r i s e 
f r o m the d i r ec t par t ic ipa t ion of the v i t a m i n i n the t ranspor t p rocess . 

Gene ra l C h a r a c t e r i s t i c s of A m i n o A c i d T ranspor t i n Lac tobac i l l u s 
Transpor t in Lac tobac i l l u s arabinosus 

The exper iments d i scussed were per formed wi th Lac tobac i l lu s 
arabinosus us ing glutamic ac id , alanine, and p ro l ine as the test amino 
ac ids . The detai led exper imenta l procedures have been desc r ibed (21, 
23, 27). Washed re s t ing c e l l s a re incubated i n a phosphate buffer w i t h 
the radioact ive amino a c i d , centrifuged, and extracted to re lease the 
amino ac id , which i s then measured e n z y m i c a l l y o r by i so topic me th ­
ods. 

F i g u r e 1 s u m m a r i z e s the accumula t ion of these amino ac ids wi th in 
L . arabinosus dur ing incubation i n buffer containing glucose. There i s 
l i t t l e o r no accumulat ion of the amino ac id i n the absence of a fe rment ­
able carbohydrate , indica t ing an energy requi rement i n the p rocess . 
The amino ac ids can be re leased by b r i e f exposure of the c e l l s to b o i l ­
ing water , w a r m 75% ethanol, o r co ld 5% T C A ( t r ich loroace t ic acid) . 
The c lose correspondence between e n z y m i c a l l y de termined L - g l u t a m i c 
ac id and the amount of this substance predic ted f r o m the isotope c o n ­
tent of c e l l ext racts shows that there i s l i t t l e metabol ic loss of this 
amino ac id . There i s some (5 to 10%) convers ion of L - to D-g lu t amic 
ac id and s m a l l amounts of glutamine a re formed. Radioautography r e ­
vealed no s ignif icant convers ion of p ro l ine o r alanine to ch romato-
graph ica l ly dis t inguishable metabol i tes . 

The la rge amounts of amino ac id taken up enter these c e l l s i n op­
pos i t ion to s i zab le concentrat ion gradients . A t the externa l concent ra ­
t ions desc r ibed above (F igure 1) and assuming an i n t r a c e l l u l a r a c c e s s i ­
ble water volume of 1.95 m l . pe r g r a m (ce l l mass re fe r s to d r y weight) 
(21), the ra t ios of i n t e rna l to ex te rna l concentrat ions a re : g lutamic 
ac id , 111; a lanine, 31; p ro l ine , 26. It i s assumed that the amino ac ids 
a re not bound and that they a re un i fo rmly d is t r ibuted throughout the 
avai lable c e l l water . The ex te rna l concentrat ions n o r m a l l y used exceed 
those which saturate the in t e rna l capaci ty . A t lower l eve l s the concen-
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Figure 1. Accumulation of (1) glutamic acid, β)alanine, and 
(3) proline in L. arabinosus 

Incubation at 37° in presence of glucose. Curves 4, 5, and 
6 show relatively low accumulation of amino acids in absence 

of glucose. Detailed experimental procedures (27) 

t ra t ion ra t ios a re cons iderably higher , reaching a value of 390 for g l u ­
tamic ac id . 

The i n i t i a l rate of uptake a l so inc reases as the external concent ra ­
t ion i s r a i s e d (F igure 2). A t high concentrat ions further increments i n 
the ex t r ace l lu l a r concentrat ion produce much s m a l l e r i nc reases i n the 
accumulat ion rate , ind ica t ing the involvement of a saturable component 
i n the uptake p rocess . A t low concentrat ions the data conform to the 
c l a s s i c a l equation of M i c h a e l i s - M e n t e n , g iv ing a s traight l ine when 
plotted accord ing to the L i n e w e a v e r - B u r k method. The r i s i n g slope of 
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All values derived from isotope content of cell extracts and 
corrected for uptake observed at 2° in absence of glucose 

the curve at higher concentrat ions indicates the operat ion of a second 
component wh ich i s not saturated at leve ls up to 0.01 M . 

The spec i f i c i ty of the p rocess so far has been studied mos t exten­
s ive ly wi th the glutamate sys tem us ing the technique of compet i t ion. A s 
shown i n Table I, a va r i e ty of substances d i m i n i s h the rate of g lu ta­
m a t e - C 1 4 uptake when presented to the c e l l s s imul taneously wi th this 
amino ac id . G l u t a m i c - C 1 2 acid se rved as a reference competi t ive sub­
stance. Glutamine i s act ive and at v e r y short incubation per iods i t s u r -
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Table I. Structural Specificity in Glutamate Accumulation 

Relative Rate of 
C 1 2 Competitor Glutamate-C14 Entry 

None 
L-Glutamic acid 
D-Glutamic acid 
L-Glutamine 
L-Aspartic acid 
L-Asparagine 
DL-orAminoadipic acid 
DL-j3-Hydroxyglutamic acid 
DL-of-Methylglutamic acid 
Qf-Ketoglutaric acid 
Ν-Acetyl-L-glutamic acid 
Glutaric acid 
DL-Of-Aminobutyric acid 
DL-a-Aminovaleric acid 
DL-α, α'-Diaminoglutaric acid 
L-Glutamic acid, γ-methyl ester 
L-Ornithine 
γ-Aminobutyric acid 

100 
38 
85 
'59 
50 
89 
81 
64 
59 

100 
90 

100 
92 
89 

100 
100 

80 
92 

a Uptake of L-C14-glutamic acid after 5 min. at 37° from buffer 
containing this amino acid at 0.003M and no competitor was 
assigned a value of 100. Rates observed in the presence of 
competitor were recalculated on this basis to give the rela­
tive values shown. Competitive substrates were provided at 
0.010M, except for racemic compounds, which were used at 
0.020M. 

passes g lu tamic ac id i n competing for entry. A s p a r t i c ac id a l so c o m ­
petes effect ively, whereas asparagine has l i t t l e o r no affinity fo r the 
accumula t ion cata lys t . F r o m the r e l a t ive ac t iv i t i e s of these analogs i t 
i s c l e a r that both the α - a m i n o and α - c a r b o x y l groups a re r equ i r ed for 
reac t ion w i t h the accumulat ion cata lys t . The y - c a r b o x y l group appears 
a l so to be r equ i red , although amide substi tut ion as i n glutamine i s an 
acceptable modif ica t ion , s ince i t does not grea t ly reduce affinity fo r the 
hypothetical cata lys t . The p rocess shows a higher degree of s t e reo-
spec i f i c i ty than some other t ranspor t sys tems (4, 15, 33). 

Because of the l i k e l y complex i ty of this p rocess and the c o n c o m i ­
tantly mino r p robab i l i ty of d e r i v i n g mechan i s t i ca l ly useful informat ion 
f r o m such s tudies , l i t t l e attention has been given to the effects of p H on 
uptake beyond showing that glutamate accumula t ion i s m a x i m a l between 
a p H of 6.0 and 6.5. T h i s i s c lose to the p H opt imum fo r g l y c o l y s i s i n 
this o rgan i sm. In agreement wi th the e a r l i e r f indings of Gale (14), a c ­
cumulated amino ac ids a r e re ta ined tenaciously even dur ing washing i n 
d i s t i l l e d water . They can be eluted f r o m the c e l l s by those substances 
wh ich a re effective as compet i tors du r ing uptake (Table I). 
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Ύ 1 ~ Γ 

MINUTES 
Figure 3. Effect of nutritional status and growth phase on time-

course of glutamate accumulation 

L. arabinosus cultured and harvested under following conditions : 
1. Complete medium, cells harvested in mid-exponential phase 

at density of 0.35 mg./ml. 
2. Complete medium, cells harvested in early exponential phase 

at density of 0.20 mg./ml. 
3. Low biotinmedium (0.050 m^g./ml.) cells harvested in period 

of declining growth rate at a density of 0.15 mg./ml. 
4. Low pantothenic acid medium (7.5 m\ig./ml.) cells harvested 
in period of declining growth rate at density of 0.23 mg./ml. 
5. Low Be medium (0.020 m^g./ml.) cells harvested in period of 

declining growth rate at density of 0.19 mg./ml. 
Washed cells incubated with C14-glutamic acid under standard 
uptake conditions (27). Glutamate uptake estimated from isotope 

content of cell extracts 

Effect of Vitamin Deficiencies on Amino Acid Uptake 

The c e l l u l a r content of v a r i o u s v i t amins such as n i a c i n , b io t in , 
pantothenic ac id , and v i t a m i n B 6 can be reduced to low leve l s by c u l t i -
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vat ing L . arabinosus i n media containing t race amounts of these sub­
stances. Having explored some of the p roper t i es of the t ranspor t s y s ­
tems i n nu t r i t iona l ly n o r m a l c e l l s , this study was extended to an i n v e s ­
t igat ion of these sys tems i n va r ious v i t amin-def ic ien t c e l l types. F i g ­
ure 3 s u m m a r i z e s the course of glutamic ac id accumulat ion i n some of 
these nut r i t iona l va r ian t s . Since these def ic ienc ies general ly reduce the 
c e l l y i e l d , nu t r i t iona l ly n o r m a l c e l l s harvested at comparably low den­
s i t i e s were used as cont ro l s . The accumulat ion rate of a l l low density 
c e l l types dec l ines marked ly after a b r i e f pe r iod of n o r m a l a c c u m u l a ­
t ion . There i s no further accumula t ion by severe ly v i t amin B 6 - d e f i c i e n t 
c e l l s . In a l l other low density c e l l types the accumula t ion rate subse­
quently inc reases w i th longer incubat ion. The onset of this phase i s 
postponed by a b io t in def ic iency, and by a pantothenic ac id def ic iency to 
an even greater extent. 

Because v i t a m i n B 6 has been cons idered prominent ly as a potential 
c a r r i e r for amino ac ids i n c e l l u l a r t ranspor t , the effects of this de ­
f i c iency were invest igated in tens ive ly . A s shown i n F i g u r e 4, a v i t amin 
B 6 def ic iency a l so has a pronounced effect on p ro l ine and alanine a c c u ­
mulat ion. A la rge number of exper iments wi th v i t a m i n B 6 - d e f i c i e n t 
c e l l s ( L B 6 c e l l s , grown i n absence o r presence of t race amounts of 
pyr idoxamine) showed that although there was a marked reduct ion i n 
tota l g lutamic a c i d accumulat ion , there was no effect on the i n i t i a l up­
take ra te . Pre t rea tment of L B 6 c e l l s w i th var ious B 6 i nh ib i to r s such as 
i son ico t in ic ac id hydraz ide , s emica rbaz ide , o r hydroxylamine d id not 
depress the i n i t i a l rate . The bac te r i a used i n these exper iments c o n ­
tained an average of only 40 molecules of v i t amin B 6 pe r c e l l . The a c ­
t i v i t i e s of va r ious B 6 -dependent enzymes such as the glutamic a c i d de ­
carboxylase , and the a spa r t i c -g lu t amic t ransaminase were depressed 
marked ly i n these c e l l s . Consequently, the attainment of a n o r m a l a c ­
cumulat ion rate i s not eas i ly r econc i l ed w i th the suggestion that the 
v i t a m i n functions as a c a r r i e r molecu le . If this were t rue for this bac ­
t e r i u m , there should have been fewer effective c a r r i e r molecu les i n 
the deficient c e l l s and, therefore, a substant ial ly reduced rate of up­
take. 

The l ack of effect of a v i t a m i n B 6 def ic iency on the i n i t i a l a c c u m u ­
la t ion rate contrasts w i th the m a r k e d effect of this def ic iency on the 
tota l amount of amino ac id taken up. Trea tment of deficient c e l l s w i t h 
va r ious fo rms of v i t amin B 6 alone fa i led to improve the accumulat ion 
capaci ty . S i m i l a r l y , v i t a m i n B 6 antagonists fa i led to reduce the capac­
i ty of nu t r i t iona l ly n o r m a l c e l l s . Bo th observat ions suggested that the 
v i t a m i n affects accumulat ion capaci ty i n d i r e c t l y and not by d i r e c t i n ­
tervent ion of a v i t a m i n B 6 -dependent cata lyst i n the uptake p rocess . 
Simultaneously , i t was observed that L B 6 c e l l s a re morpho log ica l ly 
abnormal , having a swol len , bulged appearance (26), and that they r e ­
lease la rge quantities of 260 ιημ -absorb ing ma te r i a l s inc lud ing nuc leo­
t ides dur ing incubation i n buffers (19). It became apparent that L B 6 

c e l l s might be deficient i n c e l l w a l l substance, thus accounting for the 
morpho log ica l change. The decl ine i n amino a c i d accumula t ion ac t iv i ty 
could be de r ived i n d i r e c t l y f r o m this p r i m a r y s t r u c t u r a l defect, p o s s i ­
b ly through a secondary change i n the configurat ion of a membrane-
l o c a l i z e d t ranspor t ca ta lys t . 
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20 

20 40 6 0 

M I N U T E S 
Figure 4, Effect of vitamin Be -deficiency in L. arabinosus on 

alanine and proline accumulation 

Washed cells incubated under standard uptake conditions with the 
C 1 4 -amino acid at 0.003M. Accumulation estimated from isotope 

content of hot water cell extracts 

In acco rd wi th this in terpre ta t ion , i t was observed that high c o n ­
centrat ions of sucrose , K C 1 , and other ion ic and nonionic substances 
res to red the accumulat ion capaci ty of L B 6 c e l l s to n o r m a l l eve l s 
(Table Π ) . The comple te ly osmot ic nature of this effect i s supported 
by the findings s u m m a r i z e d i n F i g u r e 5, w h i c h shows that except at 
v e r y high l eve l s sucrose and K C 1 have p r e c i s e l y equal s t imula to ry ef­
fects on glutamate accumulat ion over a wide range of i s o - o s m o t i c c o n ­
centrat ions. In contrast to the tenacious retention of accumulated 
amino ac ids by nu t r i t iona l ly n o r m a l c e l l s , L B 6 c e l l s , wh ich have a c c u -
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Table II. Stimulation of Glutamate Accumulation by Various Substances0 

Degree of Activity 

High stimulation 

Moderate stimulation 

No stimulation 

Inhibition 

% of Maximum Stimulation 

Compound 0.3 M 0.6 M 0.9 M 

Sucrose 47 92 100 
Glucose 32 66 72 
Galactose 16 45 57 
Lysine 50 74 74 
KC1 58 97 91 
KBr 46 85 76 
KN0 3 50 80 61 
N H 4 C I 70 85 71 

Sorbitol 10 34 48 
Fructose 7 13 24 
Potassium acetate 22 30 lb 
NaCl 40 51 I 
MgCl 2 71 22 I 

Glycerol 0 0 0 
Rhamnose 0 0 0 
Ribose 9 0 0 

Potassium lactate 15 I I 
Glycine I I I 
KH 2 P0 4 I I I 
KCNS I I I 

a L * arabinosus (LB6) was incubated for 90 min. under standard uptake 
conditions modified to include test substance at stated concentration. 
The results were taken from a number of experiments, in all of which 
sucrose was used as a reference stimulatory compound. 

b I = inhibition. 

mulated a l a rge pool i n the presence of sucrose , r ap id ly lose this a d ­
d i t iona l por t ion of the pool when suspended i n med ia of substant ial ly 
lower osmola l i t y . The abnormal accumulat ions of alanine and p ro l ine 
i n L B 6 c e l l s a l so are co r r ec t ed by sucrose and K C L , showing that these 
defects have a common bas i s . 

It seemed c l e a r that sucrose has a benef ic ia l effect on a c c u m u l a ­
t ion because i t reduces water content i n some por t ion of the c e l l . T h i s 
region of the c e l l , therefore, should not be penetrated by sucrose . 
Consequently, th ick suspensions of c e l l s were exposed to va r ious sub­
stances to determine what por t ion of the c e l l space access ib le to a 
nonst imulatory substance (glycerol) i s not entered by a s t imula to ry 
substance (sucrose). 

A s shown i n Table ΙΠ , sucrose enters nu t r i t iona l ly n o r m a l c e l l s 
only to a s l igh t ly greater extent than dextran and inu l in , w h i c h a re 
confined to the ex t r ace l l u l a r compartment . The s m a l l differences be ­
tween these values may a r i s e f rom the m o r e complete d i s t r ibu t ion of 
sucrose i n c e l l w a l l i n t e r s t i ce s . In contrast , g l y c e r o l , a substance 
wh ich i s known to enter many c e l l s r ap id ly and wh ich does not s t i m u -
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SUCROSE MOLALITY AND K C l OSMOLALITY 

Figure 5. Comparative effectiveness of sucrose and KCl in stim­
ulating glutamate accumulation by LBe cells 

To maintain equal cell concentrations at equivalent levels of su­
crose and CKl, amount of these substances required to give indi­
cated molal concentration added to usual volume (3.45 ml.) of up­
take buffer containing glucose and L-C14-glutamic acid. Incubation 
for 100 minutes at37°C. Amount of glutamate calculated from 

isotope content of cell extracts 

late accumula t ion , penetrates a l l but approximate ly 28% of the pel let 
vo lume. Thus, i n n o r m a l c e l l s sucrose i s excluded f r o m the whole c e l l 
i n t e r i o r , probably by the p e r i p h e r a l c e l l membrane . In v i t a m i n B 6 -
deficient c e l l s these re la t ionships a re essen t ia l ly the same. Sucrose 
appears to enter a s l igh t ly l a r g e r in t e rna l vo lume. However , these 
suspensions contain a higher propor t ion of nonviable c e l l s wh ich may 
be comple te ly penetrated by suc rose . Therefore , i t appears l i k e l y that 
here too sucrose i s excluded f r o m most o r a l l the c e l l volume ly ing 
beneath the surface membrane and that i t s t imulates accumula t ion by 
prevent ing water inf lux to this reg ion of the c e l l . W h i l e these resu l t s 
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Table III. Permeability of L. arabinosus to Sucrose and Glycerol0 

Volume, 
Ml. /G. DW 

HB 6 LB 6 

Space Measured Test Substance cells cells 

Total pellet 4.16 4.43 
Total cell Dextran 3.15 3.13 

Inulin 3.04 3.19 
Sucrose impermeable Sucrose 2.88 2.71 

C14-Sucrose 2.50 2.33 
Glycerol impermeable C1 4-Glycerol 1.15 1.28 

aApproximately 100 mg. of centrifuged cells were resuspended 
and incubated at 37° for 15 or 45 min. in an equal volume of 
test substance dissolved in 0.12M phosphate buffer. Dextran 
(av. M.W. 60,000—90,000) was used at 100 mg./ml., inulin at 
50 mg./ml., sucrose at 0.2 or 0.3M, and glycerol at 0.1M. Cells 
were centrifuged and supernatant analyzed as described (21). 
All incubations were in duplicate. Values shown are averages 
of 4 experiments with each cell type. Indicated spaces were 
obtained by subtracting volume accessible to test substance 
from total pellet volume. 

are consistent wi th the accumulat ion mode l wh ich ass igns a p r o m ­
inent ro l e to the c e l l membrane, they do not exclude the pos s ib i l i t y 
that pools accumulate wi th in i n t r a c e l l u l a r s i tes wh ich might be d i s ­
rupted by overhydrat ion of the c e l l i n t e r i o r . 

Effect of Cell Wall Synthesis on Amino Acid Accumulation 

A s indicated above, the in t imate re la t ion between accumula t ion c a ­
paci ty and ex t r ace l lu l a r osmot ic ac t iv i ty suggested that v i t a m i n B 6 -
deficient c e l l s might possess w a l l s l ack ing n o r m a l r i g id i t y . T h i s i n ­
ference has been substantiated i n a number of ways . M o s t recent ly , the 
r e l a t ive def ic iency of w a l l substance i n L B 6 c e l l s has been demon­
stra ted d i r e c t l y by e lec t ron m i c r o s c o p y (22) and by d i r ec t i so la t ion (25). 
In a compara t ive study us ing var ious nu t r i t iona l and phys io log ica l c e l l 
types, L B 6 c e l l s y ie lded only 60% as much isola table w a l l substance as 
d id nu t r i t iona l ly n o r m a l c e l l s harvested at a comparable densi ty and 
growth phase. M o s t of this change represents a pronounced decrease i n 
the amount of mucopeptide. The te ichoic ac id f rac t ion was affected 
much less , suggesting that these major w a l l p o l y m e r s may be synthe­
s i zed independently of one another. 

E a r l i e r invest igat ion of envi ronmenta l fac tors wh ich modify the 
accumula t ion capaci ty of L B 6 c e l l s foreshadowed much of these f i n d ­
ings . Spec i f i ca l ly , i t was observed that condit ions wh ich favor c e l l w a l l 
b iosynthesis promote a la rge inc rease i n amino a c i d accumulat ion c a ­
paci ty . These observations or ig inated i n the i n i t i a l studies on osmotic 
protect ion when i t was observed that L B 6 c e l l s washed wi th v i t a m i n B 6 -
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8. HOLDEN Amino Acid Transport in Bacteria 107 

supplemented growth medium accumulated essen t ia l ly n o r m a l amounts 
of g lutamic ac id , apparently because a s m a l l amount of growth medium 
was unavoidably c a r r i e d wi th the c e l l s into the uptake buffer (20). These 
s m a l l amounts of medium d id not provide sufficient nutrients to support 
s ignif icant c e l l d i v i s i o n , and, as shown i n Table I V , the effect of growth 

Table IV. Stimulation of Glutamate Accumulation 
by Growth Medium Components 

Glutamate Uptake, 
Additions to Uptake Buffer μπιοΙββ/ΙΟΟ Mg./90 Min. 

None 20.0 
Pyridoxamine 19.6 
Growth medium 

(+ B 6 ) a 50.4 
(-B6) 31.2 

Growth medium components b 
Vitamin mix 20.3 
Purines, pyrimidines + B 6 23.2 
Amino acids + B 6 20.0 
Buffer, trace salts + B 6 54.0 

Buffer-salts components k 
NH4C1, potassium acetate, B 6 54.7 
MnSQ4, MgCl 2 , KH 2 P0 4 , B 6 20.0 

a0.06 ml. used, volume calculated to be slightly in excess of that 
carried over when a cell pellet was washed with growth medium 
[cf. (28) for growth medium composition]. 

h At levels equal to those contained in 0.06 ml. of medium. 

medium could be reproduced en t i re ly by i t s buffer and t race element 
f rac t ion . The effect of these components i n turn was accounted for en ­
t i r e l y by acetate, N H 4

+ , and pyr idoxamine . Under these conditions 
near ly n o r m a l accumulat ion capaci ty was achieved i n the absence of 
osmot ic protectants. These benef ic ia l changes were observed i n the 
absence of s ignif icant inc reases i n i n t r a c e l l u l a r pro te in and nucle ic 
ac id . 

The effect of acetate i s highly spec i f i c . Of a la rge va r i e ty of 
mono- and d i ca rboxy l i c ac ids tested, only a few such as pyruvate , b u -
tyrate , malate , and succinate s t imulated uptake s l igh t ly even when 
tested at concentrations 5 t imes higher than those at w h i c h acetate i s 
effective. P y r i d o x a m i n e was m a x i m a l l y effective at v e r y low leve l s 
(1 x 10 " 9 M ) , ind ica t ing a ca ta ly t ic ro l e i n this phenomenon. In the 
range where i t s concentrat ion i s l i m i t i n g , the total amount of N H 4

+ 

avai lable was lower than the addi t ional glutamate accumulated. 
A c l e a r e r indica t ion of the s t imula to ry mechanism came f r o m p r e -

treatment studies. These were attempted on the p r e m i s e that i f these 
substances a re used to r epa i r a c e l l w a l l defect, i t should be poss ib le 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
4.

ch
00

8

In Amino Acids and Serum Proteins; Stekol, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



108 ADVANCES IN CHEMISTRY SERIES 

to t reat c e l l s w i t h acetate, N H 4

+ , and v i t a m i n B 6 and thereby b r i n g 
them to a state i n which they would accumulate amino a c i d n o r m a l l y i n 
the absence of these s t imula to ry compounds or osmot ic protectants. In 
such exper iments L B 6 c e l l s were pre t rea ted i n suc rose buffer w i t h a ce ­
tate, N H 4

+ , and pyr idoxamine , centrifuged away f r o m these substances, 
and then exposed to g l u t a m i c - C 1 4 a c id under standard uptake condit ions 
to measure the i r accumulat ion capaci ty . In i t i a l l y , this procedure fa i led 
to produce any improvement i n amino a c i d accumulat ion . However , as 
shown i n Table V , the addit ion of g lu t ama te -C 1 2 to the pretreatment s o -

Table V. Effect of Preincubation on Restoration of 
Glutamate Accumulation Activity in L B e Cel ls 0 

Preincubation 

Supplement Time, min. 
Uptake 

Condition 

Glutamate (C14) 
Accumulation, 
μ moles/100 
Mg./90 Min. 

Sucrose 

+ mix a 
+ mix + L-glutamate (1 M) 

0 Stda 9.9 
0 + Mix a 52.6 

90 Std 13.6 
90 Std 13.4 
90 Std 46.3 

L B 6 cells of L. arabinosus were preincubated under standard uptake conditions 
(27) with indicated supplements. Sucrose was used at 0.6M. Mix provides po­
tassium acetate at a final concentration of 0.0023M, NH4C1 at 0.0012M, and 
pyridoxamine at 0.18 χ 10~6 M. After times shown cells were separated from 
this solution by centrifugation at 5000 x g for 7 min., resuspended in cold buf­
fer, and distributed to tubes for measurement of C14-glutamate accumulation 
in normal way. Std. refers to standard uptake condition. 

lut ion caused a la rge i nc r ea se i n the subsequently measured a c c u m u ­
lat ion ac t iv i ty . 

W h i l e this suggests that glutamate i s an essen t ia l component of the 
pret reatment solut ion, an al ternate p o s s i b i l i t y i s that the c e l l must a c ­
cumulate glutamate to protect o r mainta in an essen t ia l i n t r a c e l l u l a r 
s i te . A number of observat ions conf l ic t w i th the la t ter p o s s i b i l i t y . The 
amount of glutamate taken up and retained through the cyc l e of p r e ­
treatment and wash i s only one half the addi t ional amount of glutamate-
C 1 4 subsequently taken up. A m o r e conc lus ive f inding i s that the capac­
i ty for alanine accumula t ion i s not inc reased when alanine i s p rovided 
dur ing pretreatment , whereas there i s a s ignif icant improvement when 
glutamic a c i d i s inc luded i n the pret reatment so lu t ion . 

W h i l e these resu l t s a r e consistent w i th the proposed involvement 
of the c e l l w a l l i n the de terminat ion of accumula t ion capaci ty , they do 
not complete ly exclude changes i n some other c e l l component wh ich 
might be the p r i m a r y locus of the desc r ibed effects. Consequently, the 
fate of a c e t a t e - C 1 4 i n th is o rgan i sm was invest igated. Table V I shows 
that the major s i tes of acetate incorpora t ion i n r e s t ing c e l l s a re the 
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8. HOLDEN Amino Acid Transport in Bacteria 109 

Table VI. Distribution of Acetate-2-C" in 
L. arabinosus Cell Fractions 

Cell Type 

Fraction HBg LBg 

CPM/10-Mg. Cells a 

Cold TCA 
Hot TCA 
Ethanol 
Trypsin 

114,000 
1,600 

38,000 

3,000 
100 

6,000 
300 

128,000 
500 

19,000 Residue (wall) 

awashed cells were incubated at 1.6 mg./ml. 
in 0.12M phosphate buffer (27) containing 
glucose (0.028M), sucrose (0.5M), and po­
tassium acetate-2-C14 (0.0059M). After 60 
min. at 37° cells were centrifuged, pellets 
frozen and extracted as described by Park 
and Hancock (39). Appropriate aliquots 
were plated and radioactivity was meas­
ured in a gas-flow counter. 

ethanol-soluble and the c e l l w a l l ( spec i f ica l ly , mucopeptide) f rac t ions . 
V i t a m i n B 6 -de f i c i en t c e l l s incorpora te half as much acetate into the 
w a l l f rac t ion as do nu t r i t iona l ly n o r m a l c e l l s , but a re as ac t ive as these 
con t ro l c e l l s when N H 4

+ , py r idoxamine , and L - g l u t a m i c a c i d a re p r o ­
vided (22,24). There i s a s i zab le inc rease i n c e l l w a l l substance under 
these condit ions. Thus , those pret reatment condit ions wh ich foster a 
la rge inc rease i n amino ac id t ranspor t and accumulat ion ac t iv i ty i n L B e 

c e l l s a re a l so requ i red to obtain a l e v e l of acetate incorpora t ion into 
c e l l w a l l comparable to that observed i n H B 6 c e l l s (grown w i t h an e x ­
cess of pyr idoxamine) . 

Since we have been unable to detect changes i n other c e l l f ract ions 
which co r re l a t e w i th improvements i n accumulat ion capaci ty , i t ap ­
pears reasonable to conclude, e spec ia l ly i n v iew of the p rev ious ly c i ted 
osmot ic evidence, that a l ack i n c e l l w a l l r i g i d i t y l i m i t s the a c c u m u l a ­
t ion capaci ty of L B 6 c e l l s and that the r e p a i r of the w a l l defect suffices 
to p e r m i t these c e l l s to express n o r m a l accumulat ion capaci ty . On the 
question of the par t ic ipa t ion of v i t a m i n B 6 i n amino a c i d t ranspor t , 
these, and espec ia l ly the osmot ic exper iments , a r e c l e a r l y inconsis tent 
w i t h the suggested ca ta ly t ic r o l e of th is substance d i r e c t l y i n the entry 
reac t ion . 

Stimulation of Accumulation in Other Vitamin-Deficient Cell Types 

The unusual course of amino a c i d accumula t ion i n b i o t i n - and pan­
tothenate-deficient c e l l s (F igure 3) a l so has been found to be marked ly 
influenced by sucrose and other osmot ic protectants, as w e l l as by ace ­
tate. The course of g lu tamic a c i d uptake by bio t in-def ic ient c e l l s i n the 
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110 ADVANCES IN CHEMISTRY SERIES 

MINUTES 
Figure 6. Effect of sucrose on abnormal glutamate accumulation 

observed in biotin-deficient cells of L. arabinosus 

1. Nutritionally normal control cells, glutamate uptake measured 
under standard conditions 

2. Biotin-deficient cells, uptake measured in presence of 0.5M 
sucrose 

3. Biotin-deficient cells, uptake measured under standard con­
ditions 

Glutamate accumulation estimated from isotope content of hot water 
cell extracts 

absence and presence of sucrose i s desc r ibed i n F i g u r e 6. The unusual 
b iphas ic t i m e - c o u r s e cha rac t e r i zed by a marked dec l ine i n a c c u m u l a ­
t ion rate after 5 minutes of n o r m a l uptake i s r es to red to the con t ro l 
pat tern by high sucrose concentrat ions. Thus , as i n a v i t a m i n B 6 d e f i -
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ciency, a b io t in def iciency has no effect on the rate o r amount of amino 
a c i d taken up, so long as the c e l l s a re exposed to a high ex t r ace l l u l a r 
osmot ic p re s su re . T h i s suggests, f i r s t , that these c e l l s a l so may pos ­
sess s t ruc tu ra l features wh ich a re incompat ib le wi th the mass ive a c ­
cumulat ion of amino ac ids , and, second, that th is v i t a m i n a l so does not 
p lay a ca ta ly t ic ro l e d i r e c t l y i n the t ranspor t p roces s . The same i s 
t rue for pantothenate-deficient c e l l s , wh ich suffer even a more p r o ­
nounced aber ra t ion i n the uptake pattern (F igure 3) but w h i c h a c c u m u ­
late amino acids i n a n o r m a l manner when ex t r ace l lu l a r sucrose i s 
provided . 

W i t h b iot in-def ic ient c e l l s low concentrations of acetate w i l l sub­
stitute for high concentrations of sucrose i n r e s t o r i n g uptake to n o r m a l 
l eve l s (22). B i o t i n s t imulates s l igh t ly when provided i n addit ion to a ce ­
tate. Pantothenate-deficient c e l l s respond d r a m a t i c a l l y to acetate only 
i n the presence of this v i t a m i n . T h i s behavior probably re f lec t s the i n ­
volvement of coenzyme A i n the p rocess which res to res a n o r m a l a c ­
cumulat ion pat tern. 

Therefore , the three v i t a m i n def ic iencies so far studied i n de ta i l 
appear to affect amino ac id t ranspor t and accumula t ion i n s i m i l a r but 
i nd i r ec t ways . The accumulat ion defect i s most pronounced i n v i t amin 
B 6 -de f i c i en t c e l l s , for wh ich there i s a l so s t rong evidence i m p l i c a t i n g 
an abnormal i ty i n c e l l w a l l composi t ion as a l i k e l y source of the 
change i n t ranspor t ac t iv i ty . D i r e c t evidence for a c e l l w a l l change i n 
b i o t i n - and pantothenate-deficient c e l l s has not yet been obtained. The 
pos s ib i l i t y r ema ins , therefore, that the change i n accumulat ion ac t iv i ty 
may be caused by an abnormal i ty i n some other s t ruc tu ra l component 
such as the pe r iphe ra l c e l l membrane . 

Mechanism of Amino Acid Transport and Accumulation 

These studies s t rongly contradic t the suggestion that v i t a m i n B 6 

se rves as a c a r r i e r of amino ac ids dur ing t ranspor t , at least so fa r as 
L . a rabinosus and re la ted bac t e r i a a re concerned. They a lso cast s e r i ­
ous doubt on the pos s ib i l i t y that b io t in and pantothenic ac id a re involved 
d i r e c t l y i n this p rocess . Recent studies w i th E h r l i c h asc i tes tumor 
c e l l s suggest that here too v i t a m i n B 6 does not cata lyze the entry step 
of t ranspor t (9, 38). On the other hand, M o r a and S n e l l (37) have ob­
served that py r idoxa l does s t imulate amino ac id accumulat ion i n p ro to ­
plas ts but not i n whole c e l l s of S. f aeca l i s . A s wi th E h r l i c h asc i tes t u ­
m o r c e l l s r e l a t i ve ly high l eve l s of the v i t a m i n a re r equ i red to e l i c i t the 
response. T h i s f inding, together w i th the observat ion that c e l l s w i th 
ex terna l w a l l s do not show the effect, suggests that a s t r u c t u r a l ra ther 
than a ca ta ly t ic p rocess may be affected. A number of studies have 
shown that v i t amin B 6 may affect amino ac id t ranspor t i n in tes t ina l t i s ­
sue (31). However , the metabol ic bas i s of this effect has not yet been 
evaluated. 

The exper iments repor ted here a l so have been useful i n evaluating 
va r ious cur ren t proposa ls r egard ing the nature of the accumula t ion 
p rocess . The view i s wide ly held that accumulat ions of the type d e ­
s c r i b e d here can be at tr ibuted to the operation of t ranspor t ca ta lys ts 
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l o c a l i z e d i n a pe rmeab i l i t y b a r r i e r w h i c h a l lows net i nward fluxes to 
be maintained un t i l high i n t r a c e l l u l a r concentrat ions of free amino 
ac ids a re attained. T h i s thesis i s supported by the repeated demons t ra ­
t ion of a p e r i p h e r a l pe rmeab i l i ty b a r r i e r i n bac t e r i a (22, 35, 43). A l ­
though d i r e c t efforts to demonstrate sequestrat ion of la rge amino ac id 
pools i n o r on i n t r a c e l l u l a r p o l y m e r s o r par t icu la tes have fa i l ed , and 
the ext rac t ion proper t ies of these pools a re consistent w i th the i r o c ­
cur rence i n a free f o r m , incont rover t ib le evidence support ing this v iew 
i s s t i l l l ack ing . Indeed, after carefu l ana lys i s some w o r k e r s in te rpre t 
the i r findings on amino a c i d uptake i n E . c o l i i n t e rms of f ixat ion on 
adsorpt ion s i tes fo l lowing entrance cata lyzed by mobi le c a r r i e r s (6,7). 
The most convenient exper imenta l measure of the state of the pool 
seems to be i t s i n s i tu osmot ic ac t iv i ty . There have been a number of 
attempts to de termine such ac t iv i ty (1, 22, 36). W h i l e amino acids 
wi th in b a c t e r i a l protoplas ts appear to cause water inf lux, measured i n ­
d i r e c t l y as changes i n l ight sca t te r ing , the studies repor ted so far have 
not been quanti tat ively p r e c i s e enough to es tab l i sh how much of the pool 
par t ic ipa tes i n this phenomenon. Al though they a re a good dea l l e s s d i ­
rec t , the studies repor ted here a re of in teres t f r o m this point of v iew. 

A n obvious in terpre ta t ion of our findings i s that the newly a c c u m u ­
lated amino ac id pool i s free and that an inc reased i n t r a c e l l u l a r o s ­
mot ic p r e s su re may be developed i n the course of i t s uptake. Under 
most c i rcumstances the c e l l w a l l i s suff ic ient ly r i g i d to prevent any 
adverse effects a r i s i n g f r o m the resul tant s t r e s s . However , i n v i t a m i n 
B 6 - d e f i c i e n t c e l l s , and poss ib ly i n other deficient types as w e l l , w a l l 
r i g i d i t y i s decreased and the i n c r e a s i n g osmot ic p r e s su re associa ted 
w i t h accumula t ion causes membrane dis tent ion or some other conf igu-
ra t iona l modif ica t ion wh ich i s dele ter ious to the uptake p rocess . C o n ­
sequently, a great ly d imin i shed pool s i z e i s attained unless the i n ­
c reased i n t r a c e l l u l a r osmot ic p r e s su re i s offset by a great ly elevated 
ex t r ace l l u l a r osmot ic p r e s s u r e . Unfortunately, th is s i m p l e i n t e r p r e ­
tation of our osmot ic findings i s not s t rongly supported when the quan­
t i ta t ive aspects of this phenomenon a re cons idered . 

F i g u r e 7 shows that as the suc rose concentrat ion i s r a i s e d i n c r e ­
ments i n alanine and p ro l ine accumula t ion f a l l a long a s t ra ight l ine 
having the same slope. A lan ine capaci ty , being higher , r equ i r ed higher 
concentrations of sucrose for m a x i m u m accumulat ion . However , ap ­
p rox imate ly 4 μ π ι ο ΐ β β per m l . of ex t r ace l l u l a r sucrose were requ i red 
to s t imulate an addi t ional i n t r a c e l l u l a r alanine o r p ro l ine load of only 
1 μ mole pe r m l . (assuming un i fo rm d i s t r ibu t ion of these amino ac ids i n 
the ava i lab le c e l l water) . If these substances have ac t iv i ty coefficients 
i n the v i c i n i t y of unity, i t would appear ei ther that other substances 
contribute to the osmot ic load o r that the amino ac ids a r e sequestered 
i n a f rac t ion of the c e l l water wi th a cor responding inc rease of concen­
t ra t ion i n this reg ion . The behavior of g lutamic a c i d i s m o r e eas i ly 
r econc i l ed w i t h the s i m p l e concept of d i r e c t osmot ic in te rp lay of e x ­
t r a c e l l u l a r sucrose and i n t r a c e l l u l a r amino ac id . In the range 0.2 to 
0 . 5 M sucrose , an inc rease of 2 μ π ι ο ΐ β β per m l . i n ex t r ace l l u l a r sucrose 
concentrat ion p e r m i t s an apparent inc rease of 0.84 μ π ι ο ΐ β pe r m l . of 
i n t r a c e l l u k glutamate. These values at least approach the r a t i o e x -
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Figure 7. Comparative stimulation of glutamic acid, alanine, 
and proline accumulation in vitamin B%-deficient cells of L. 
arabinosus at various extracellular sucrose concentrations 

Incubation at 37° for 60 minutes using indicated sucrose 
concentration in standard uptake buffer containing L - C 1 4 -
amino acid at 0.003M. Accumulation calculated from iso­

tope content of hot water cell extracts 

pected i f there was osmot ic in te rac t ion (somewhat l e s s than two a s s u ­
ming that at the i n t r a c e l l u l a r pH glutamate behaves as a uni-univalent 
ion of the monobasic sal t ) . Thus , i n quantitative t e r m s th is por t ion of 
the invest igat ion gives only ra ther l i m i t e d support to the concept of 
free i n t r a c e l l u l a r amino a c i d pools . 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
4.

ch
00

8

In Amino Acids and Serum Proteins; Stekol, J.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



114 ADVANCES IN CHEMISTRY SERIES 

F u r t h e r support comes f r o m the studies r e l a t i ng c e l l w a l l b i o s y n ­
thesis and amino ac id accumula t ion capacity i n v i t a m i n B 6 -deficient 
c e l l s , s ince i t i s d i f f icul t to account for these observat ions without a t­
t r ibut ing considerable osmot ic ac t iv i ty to the accumulated amino ac ids . 
Any desc r ip t ion of accumulat ion wh ich invokes amino ac id attachment 
to i n t r a c e l l u l a r binding s i tes , whose affinity can be reduced by a v i t a ­
m i n B 6 def ic iency, must account for the s t imula t ion of uptake that a c ­
companies the synthesis of essen t ia l ly e x t r a c e l l u l a r c e l l w a l l m a t e r i a l . 
If the reduct ion i n affinity occurs because the c e l l i n t e r i o r becomes 
overhydrated (a reasonable postulate which fo l lows f r o m the osmot ic 
exper iments) , the benef ic ia l effect of w a l l synthesis i s not r ead i ly ex ­
p l i cab le , s ince v i t a m i n B 6 - d e f i c i e n t c e l l s have a swol len appearance 
wh ich i s not s igni f icant ly a l te red after w a l l synthesis has been s t i m u ­
lated. Thus , the ex i s t ing overhydra t ion wi th in the c e l l probably i s not 
r e v e r s e d by this change. In contrast , the deposi t ion of addi t ional w a l l 
substance would prevent further unfavorable consequences of swe l l ing 
such as membrane dis tent ion, and, i n this way, f o r e s t a l l the premature 
cessat ion of amino ac id accumulat ion. 

Al though these resu l t s appear to be most reasonably accounted for 
i n t e rms of an o smot i ca l l y ac t ive pool wh ich i s l a rge ly unassociated 
w i t h i n t r a c e l l u l a r binding s i tes , the speculat ive nature of these p r o ­
posa ls i s c l e a r l y appreciated, as i s the necess i ty fo r m o r e def ini t ive 
informat ion . F o r example, whi le our evidence c l e a r l y shows an a s so ­
c ia t ion between improvements i n uptake ac t iv i ty and synthesis of w a l l 
substance, i t does not exclude the concomitant synthesis of s m a l l 
amounts of functionally important membrane substance. F u r t h e r m o r e , 
a l ternat ive proposa ls a r e conceivable that would account for a l l our 
findings without nece s sa r i l y invoking the occur rence of an osmot ica l ly 
ac t ive pool . One i s that v i t a m i n B 6 might act as an essent ia l component 
of a regula tory mechan i sm which controls the movement of water 
through the c e l l membrane . The diff icul ty of excluding such a p roposa l 
underscores the l imi ta t ions of ex is t ing evidence concerning the m e c h ­
a n i s m of pool format ion and retention. 

Recent studies of inorganic ion t ranspor t have revealed poss ib le 
re la t ions to A T P metabo l i sm (40, 42), phospholipideturnover (18), 
phosphoprotein turnover (3, 32), and oxidat ive phosphorylat ion (5, 41). 
These studies have opened f resh approaches to this p r o b l e m and have 
r a i s e d hopes that some ins ight into the mechan i sm of ion t ranspor t w i l l 
soon be attained. In contrast , p rogress i n studies on amino a c i d t r a n s ­
por t has been somewhat l e s s d rama t i c . 

A number of w o r k e r s have observed amino ac ids i n l ip ide ext rac ts , 
inc lud ing those of m i c r o b i a l o r i g i n (11, 12, 17, 29). Recent ly , M a c f a r -
lane (34) has repor ted that most of the phospholipide i n C l o s t r i d i u m 
w e l c h i i i s bound to amino ac ids and that some of this m a t e r i a l occurs 
as the O-amino ac id ester of phosphat idylg lycero l . The r e l a t i ve ly 
prominent occur rence of l ip ides i n c e l l membranes has led to the r e ­
cur ren t suggestion that t ranspor t of hydrophi l ic substances through 
such membranes would be great ly fac i l i ta ted by combinat ion wi th hy ­
drophobic substances. Consequently, most w o r k e r s who have observed 
the incorpora t ion of amino ac ids into l ip ide f rac t ions quite na tura l ly 
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have mentioned the pos s ib i l i t y that these l ipoamino ac id complexes a re 
re la ted to the t ranspor t p rocess (13, 16, 29, 30, 34). A s yet, there have 
been no defini t ive observat ions favor ing this v iew, and some instances 
of con t ra ry f indings. F o r example, Hunter and Goodsa l l (29) have ob­
se rved that ch loramphenico l inhib i t s l ipoamino ac id synthesis i n B . 
megate r ium without affecting the uptake of amino acids into the pool . 
T h i s f inding tends to support an a l te rna t ive p roposa l wh ich has perhaps 
been quoted even more wide ly , that l ipoamino ac id complexes a re c o n ­
cerned i n p ro te in synthesis . 

It i s apparent that at this stage of development defini t ive c o n c l u ­
sions a re p remature , and that this aspect of amino ac id and l ip ide m e ­
t abo l i sm w i l l be pursued v igorous ly i n the near future. It i s of c o n s i d ­
erable in teres t to us that b io t in and pantothenic ac id def ic iencies affect 
amino ac id t ranspor t i n L . arabinosus , s ince both v i t amins a re known to 
play a prominent ro l e i n l ip ide b iosynthes is . We a re cu r ren t ly r e ­
examining the turnover of l ip ide f ract ions i n nu t r i t iona l ly n o r m a l and 
v i tamin-def ic ien t c e l l types to determine whether there i s some r e l a ­
t ion between this aspect of metabo l i sm and amino ac id t ranspor t . In any 
case, the nature of the ca ta ly t ic steps involved i n amino ac id t ranspor t 
i s s t i l l unknown t o u s . They probably occur i n the p e r i p h e r a l c e l l m e m ­
brane, but even this e lementary and wide ly accepted bel ief w i l l r equ i re 
addi t ional study before i t can be accepted beyond doubt as an estab­
l i shed fact. 

Summary 

The uptake and accumulat ion of va r ious amino acids i n L a c t o b a c i l ­
lus arabinosus have been desc r ibed . A n extensive invest igat ion of this 
p rocess us ing c e l l s deficient i n v i t a m i n B 6 , b io t in , and pantothenic ac id 
has shown that a l l these def ic iencies marked ly a l te r the t ranspor t p r o c ­
ess . Accumula t ion capacity i s most severe ly decreased by a v i t amin B 6 

defic iency. The evidence now avai lable indicates that this does not r e ­
f lect the d i r ec t par t ic ipa t ion of the v i t amin i n the t ranspor t p rocess , 
but ra ther i s an i nd i r ec t effect a r i s i n g f r o m the synthesis of an abnor­
m a l c e l l w a l l which renders the c e l l unusual ly sens i t ive to osmotic 
s t r e s s . A m i n o ac id t ranspor t i n v i t a m i n B 6 -de f i c i en t c e l l s i s r es to red 
to n o r m a l l eve l s by r a i s i n g the ex t r ace l lu l a r osmot ic p r e s su re o r by 
enabling the c e l l s to synthesize addi t ional w a l l substance. 

These findings can be in terpre ted to support a concept of poo l f o r ­
mation i n which free amino ac ids accumulate wi th in the c e l l through the 
intervent ion of membrane - loca l i zed t ranspor t ca ta lys ts . The nature of 
these catalysts i s s t i l l unknown. The k ine t ic and osmot ic exper iments 
repor ted here a l so appear to exclude biot in and pantothenic ac id f r o m 
d i r ec t involvement i n the t ranspor t p roces s . The evidence suggests 
that l i k e v i t a m i n B 6 they affect t ranspor t i n d i r e c t l y through some 
change i n the synthesis or turnover of a s t ruc tu ra l component of the 
c e l l . 
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Differential Responses to Amino Acids 
in Bacterial Growth 
GERRIT TOENNIES 

The Institute for Cancer Research, 
Philadelphia 11, Pa. 

The paper discusses the changes which result 
during the growth of Streptococcus faecalis, 
when different essent ia l amino ac ids a re de­
pleted while all other nutrients remain avail­
able in excess. Depletion of lysine, an amino 
acid which is a building block of cell wall 
glycopeptides as well as of protein, is fol­
lowed by bacterial lysis, while depletion of 
other protein components is followed by fur­
ther growth. The depletion of different amino 
acids elicits different changes in cellular 
composition, characterized by different pro­
portions of protein, cell wall, membrane, 
DNA, RNA, etc. A tentative cytological inter­
pretation of some of these changes is pre­
sented. 

R i c h a r d B l o c k ' s " A m i n o A c i d Handbook" i s a compendium of ana ly t i ­
c a l p rocedures and ana ly t i ca l r e su l t s . Among the ana ly t i ca l p r o c e ­

dures a chapter i s devoted to the m i c r o b i o l o g i c a l methods, and i t i s 
f r o m a study of m i c r o b i o l o g i c a l methods for the determinat ion of amino 
ac ids that the studies here s u m m a r i z e d have developed. M o r e detai led 
accounts of var ious phases of the work have been published (1-15). 

Principle of Microbiological Assay 

The p r i n c i p l e of m i c r o b i o l o g i c a l assay i s s imp le . F o r instance, i n 
o rde r to determine, say, phenylalanine, one se lec ts a m i c r o o r g a n i s m 
that needs phenylalanine. In a medium which contains an abundance of 
a l l other nutr ients , the extent of b a c t e r i a l growth w i l l be determined by 
the amount of phenylalanine added to the medium. The analyst w i l l set 
up a s e r i e s of tubes, standards and unknowns, and after inocula t ion put 
them i n the incubator . Af te r a specif ied period—overnight o r s e v e r a l 
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9. TOENNIES Amino Acids in Bacterial Growth 119 

days—he w i l L t a k e the tubes out and ei ther t i t ra te the ac id i ty formed as 
a r e su l t of the growth, o r measure i n the spectrophotometer the amount 
of turbidi ty formed. He i s not l i k e l y to look at the tubes before the 
method c a l l s for i t , e spec ia l ly i f he i s a chemis t who knows l i t t l e about 
bac te r i a . 

We happened to belong to this category, but just the same we d id 
look at our tubes before they were ready for analysis—the reason being 
that we were unhappy about the lack of l i nea r i ty of the responses . The 
response curves va r i ed , not so much f rom one experiment to another, 
but s t rangely f rom one amino ac id to another. T h i s i s how we came to 
study the growth cu rves . 

On the left side of F i g u r e 1 we see the turb id i ty curve w i t h t ime 

Figure 1. Growth in presence of 5.3 χ ΙΟ"5 M L-valine 

of a cul ture of S. faeca l i s wh ich contains a l i m i t e d concentrat ion of v a ­
l ine . A f t e r 24 hours the curve has n i ce ly leve led off, and this would 
seem to be the l o g i c a l t ime to take the ana ly t i ca l readings. Eventual ly 
we came to determine the fate of a l i m i t i n g amino ac id over the whole 
course of b a c t e r i a l growth. F o r instance, at var ious points a long the 
growth cu rve we determined how much va l ine was present wi th in the 
o rgan i sm and how much was left i n the med ium. The sum of these two 
quantit ies remained constant, and equal to the amount added i n the b e ­
ginning—i.e. , there was no metabol ic l o s s . It was a l i t t l e more s u r ­
p r i s i n g to find that the point at which a l l the va l ine had disappeared 
f r o m the medium and was incorpora ted into the b a c t e r i a l c rop was not 
up at the plateau, but somewhere a lmos t halfway down before the p l a ­
teau was reached. 
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The r ight half of F i g u r e 1 shows the same data as the left s ide , but 
the turb id i ty values are plotted on a 1 gar i thmic sca le ins tead of the 
o rd ina ry a r i t h m e t i c a l sca le . Under these condit ions the f i r s t par t of 
the growth curve i s essen t ia l ly as i t should be i f the bac t e r i a grow at a 
constant rate of dupl icat ion o r , as i t i s c a l l ed , a re i n the exponential or 
log phase. Now the point at wh ich a l l va l ine has been removed f r o m the 
med ium, which we c a l l the deplet ion point, i s c lose to the end of the 
exponential growth phase. In this case, as i n the other cases d i scussed , 
after deplet ion of the l i m i t i n g amino ac id a l l other amino ac ids r e m a i n 
avai lable i n la rge excess . 

F i g u r e 2 shows addi t ional examples . The deplet ion point i s reached 

ISOLEUCINE 
48ΧΙ0ΓβΜ 

600h 

>-
o400h 
m 
oc 
3 

2 0 » 

LEUCINE 
5L8XKfV 

<-D.R «• O.P. 

THREONINE 
135.3X10"̂  

/ » , V , 0 i / » u 

10 20 10 20 10 20 10 20 10 20 

Figure 2. Growth patterns in response to different limiting amino 
acids 

D. P. Depletion point 

w e l l before growth attains i t s m a x i m u m , and i n every case tends to c o ­
inc ide w i t h the end of the exponential phase. 

L y s i n e i s an in te res t ing exception: The theore t i ca l deplet ion point 
i s not fol lowed by fur ther growth, but by prompt l y s i s and eventual d i s ­
appearance of the cu l ture . 

Bacterial Cell Walls 

T h i s was the evidence some yea r s ago. A t that t ime studies began 
to appear i n the l i t e ra tu re about the compos i t ion of b a c t e r i a l c e l l w a l l s . 
It became evident that among the amino acids we had studied only l y -
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9. TOENNIES Amino Acids in Bacterial Growth 121 

s ine had been found as a major component of w a l l substance. T h e r e ­
fore , one could tentatively say that lys ine i s essent ia l for the growth of 
the c e l l w a l l , but that i so leuc ine , leucine , threonine, h is t id ine , va l ine , 
and some others a re not. A l l of them are , of course , e ssen t ia l fo r c y ­
toplasmic pro te in synthesis . 

One could further conclude that at the deplet ion point ( and the end 
of exponential growth) pro te in synthesis stops but w a l l synthesis c o n ­
t inues. In the case of lys ine deplet ion, however, both pro te in synthesis 
and w a l l synthesis a r e i m p o s s i b l e , and i n the absence of continuous r e ­
newal through new growth the c e l l s f a l l v i c t i m to au to lys i s . 

The shapes of the growth curves after the deplet ion point show 
cha rac t e r i s t i c and reproducib le differences f r o m one l i m i t i n g amino 
ac id to another. The most s t r i k i n g example of these differences i s i l ­
lus t ra ted by F i g u r e 3, i n wh ich the depletion points of a v a l i n e - l i m i t e d 

H O U R S 
Figure 3. Comparison of valine- and threonine -

limited growths 

and a th reon ine - l imi ted cul ture are both shown as 100 turb id i ty units . 
In the case of va l ine l imi t a t ion postexponential growth amounts to about 
40% and attains i t s m a x i m u m after 20 hours; i n the case of threonine 
l im i t a t i on the postexponential growth i s twice as la rge and requ i res 
about twice as long. 

T o evaluate the pos s ib i l i t y of postexponential c e l l w a l l synthesis 
o c c u r r i n g without p ro te in synthesis , we d is rupted bac te r i a by shaking 
wi th g lass beads. Under p roper condit ions this y i e ld s a wa te r - so lub le 
and a wa te r - inso lub le f rac t ion . A s a f i r s t approximat ion the soluble 
f rac t ion may be c a l l e d the cy top lasmic f rac t ion and the insoluble par t 
the w a l l f rac t ion . F i g u r e 4 shows a study by the g lass bead procedure 
of c e l l s f r o m the exponential growth phase and of 20-hour c e l l s r e s u l t -
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Figure 4. Mechanical disruption of exponential cells and 
valine - and threonine-limited postexponential cells 

ing f rom val ine depletion, as w e l l as 40-hour c e l l s resu l t ing f r o m th re ­
onine deplet ion. The graph shows the par t i t ion of the total ni t rogen be ­
tween the soluble and the insoluble f ract ions after different per iods of 
mechanica l d i s rupt ion . The insoluble ni trogen f rac t ion i s 11% of the 
tota l for exponential c e l l s , 22% for s o - c a l l e d va l ine c e l l s , and 28% for 
threonine c e l l s . T h i s agrees w e l l w i th our expectation that the va l ine 
c e l l s a re r i c h e r i n w a l l substance than the log c e l l s , and shows that the 
insoluble ni t rogen f rac t ion i s la rges t i n the threonine c e l l s , where post -
exponential growth i s twice as much as i n val ine c e l l s . 

The insoluble substance i n a l l three cases turned out to be i d e n t i ­
c a l o r v e r y s i m i l a r i n composi t ion and to represent near ly pure w a l l 
substance. 

Nothing i n these resu l t s gives any indica t ion as to why the postex­
ponential growth i s twice as l a rge i n the case of threonine deplet ion as 
i n va l ine deplet ion. It became obvious that i n our ana tomical ana lys is 
of different bac t e r i a l c rops we had to go beyond the two compartments : 
soluble and insoluble f rac t ions . 

Bacterial Membrane 

P a r t i c u l a r l y i t became necessa ry to cons ider the b a c t e r i a l m e m ­
brane. A s things stand now, the b a c t e r i a l c e l l w a l l i s thought of as an 
outer skeleton which can be f ree ly t r ave r sed by macromolecu les and 
i s important fo r the mechan ica l s t ruc ture and protec t ion of the c e l l . It 
i s made up of po lysacchar ides and carbohydra te -der ived substances, 
wh ich include some peptide groups. Underneath the c e l l w a l l there i s 
the c e l l membrane , wh ich appears to be the seat of the important phys ­
i o l o g i c a l functions of a s s i m i l a t i o n and excre t ion . Some findings suggest 
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9. TOENNIES Amino Acids in Bacterial Growth 123 

that r i b o s o m a l pro te in synthesis i s a l so c lo se ly associa ted wi th the 
membrane s t ruc ture . L ipopro te in seems to be the major component o r 
component c l a s s of the c e l l membranes wi th w h i c h we a re concerned. 
Specimens of membrane substance have been obtained by making b a c ­
t e r i a l c e l l s lyse through var ious means, preferably perhaps after the 
c e l l w a l l has been digested away by ly sozyme , and then applying c e n t r i -
fugation at in termediate speeds. T h i s resu l t s i n a f rac t ion of r e p r o ­
ducible composi t ion which i s cha rac t e r i zed by a high content of l i p o ­
pro te in and of l ip ide phosphorus. The y i e l d i s va r i ab le and, unl ike the 
procedure for w a l l substance, fa r f r om quantitative. Apparen t ly sub­
s tant ia l por t ions of the membrane substance a re so lub i l i zed o r f r a g ­
ment ized to a degree not access ib le to in termediate speed centr i fuga-
t ion. Therefore , other ways had to be found for measur ing i n quanti ta­
t ive t e rms the membrane content i n a given c rop . 

Our solut ion of this p rob l em for the o rgan i sm of our studies, 
Streptococcus faeca l i s , i s based on the l ipopro te in nature of the m e m ­
brane. A c c o r d i n g to establ ished procedures , the l ip ide moiety of l i p o ­
pro te in i s determined by break ing the l ip ide -p ro te in l inkage wi th b o i l ­
ing methanol, and then i so l a t i ng the l ip ide component i n pe t ro leum 
ether. The evaporation res idue of the pe t ro leum ether extract can be 
weighed to give a measure of the l ip ide component. Bes ide s , the pe t ro ­
leum ether extract can be used for phosphorus determinat ion, and this 
gives a measure ( co lo r ime t r i c ) of the l ipoprote in phosphorus. We found 
that both l ipoprote in l ip ide and l ip ide phosphorus occur only i n the 
membrane substance—i.e., they a re absent f r o m c e l l w a l l substance as 
w e l l as the cy toplasmic substance. That having been establ ished, we 
could obtain reproducib le quantitative values for the membrane content 
of different bac t e r i a l c rops . 

We prepared specimens of the membrane f rac t ion f rom each c e l l 
type and determined two pa ramete r s : the l ip ide content g r a v i m e t r i -
c a l l y , and the l ip ide phosphorus c o l o r i m e t r i c a l l y (Table I). The l ip ide 
phosphorus i s i n a l l three cases of the o rde r of 3% of the l ip ide . Then 
we determined the same two paramete r s , l ip ide g r a v i m e t r i c a l l y and 
l ip ide phosphorus c o l o r i m e t r i c a l l y , on the whole c e l l substance. Aga in 
the l ip ide phosphorus i s of the o rde r of 3% of the l ip ide . If both p a r a m ­
eters belong exc lus ive ly to the membrane substance, membrane p e r ­
centage can be calcula ted independently by means of the two pa rame-

Table I. Lipide and Lipide Phosphorus in Different Cell Products 

Cell Type Log Val Thr 

Lipide 

% of membrane 
% of cell 
Membrane, % of cell calcd. 

28.3 
4.93 

17.4 

40.2 
10.96 
27.3 

36.0 
4.22 

11.7 

Lipide Phosphorus 

% of membrane 
% of cell 
Membrane, % of cell calcd. 

0.85 
0.151 

17.8 

1.17 
0.331 

26.6 

1.00 
0.111 

11.1 
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Table II. Estimated Composition of Three Cell Types 

Fraction 

100-Mg. 
Log 

Cells, 
% 

145-Mg 
Val 

Cells, 
% 

190-Mg. 
Thr 

Cells, 
% 

RNA 
DNA 

Wall 
Membrane 
Cytoplasmic protein 

25.5 
17.6 
30.5 
30.2 

2.84 

38.0 
27.0 
13.4 
23.8 

2.18 

44.0 
11.4 
16.5 
20.0 

4.05 

t e r s . We see that, indeed, we have reasonable agreement and, m o r e 
in te res t ing ly perhaps, that the three cul ture types v a r y great ly i n the 
amount of membrane substance w h i c h they contain. 

Tab le Π shows the changes i n the compos i t ion of the b a c t e r i a l sub­
stance wh ich occur when 100 m g . of log c e l l s at the depletion point grow 
into va l ine c e l l s (if that i s the l i m i t i n g amino acid) , o r into threonine 
c e l l s i f threonine i s l i m i t e d . The amounts fo rmed f r o m 100 mg . at the 
point of deplet ion average 145 m g . i n the case of va l ine and 190 m g . i n 
the case of threonine. The determinat ion of w a l l substance by mechan­
i c a l d i s rup t ion and the de terminat ion of membrane substance by l ip ide 
ana lys i s have been out l ined. The other data a re obtained by way of c o n ­
vent ional p rocedures : D N A (deoxyribonucleic acid) by diphenylamine, 
and comple te ly independently by thymine; R N A (r ibonucleic acid) by 
u l t r av io le t ext inct ion; and cy top lasmic pro te in f r o m ni t rogen d e t e r m i ­
nations co r r ec t ed for the n i t rogen content of the other components. 

It i s impor tant to r e m e m b e r that the data i n Table Π a r e p e r c e n ­
tage values . F o r instance, s ince the weight of a cu l ture near ly doubles 
i n the case of threonine deplet ion, the 25 m g . of w a l l substance present 
at the deplet ion point w i l l i nc rease to m o r e than 80 m g . , o r m o r e than 
threefold, i n the threonine deplet ion c e l l s . S i m i l a r l y , i n the case of 
D N A , 2.8 m g . of D N A at the deplet ion point w i l l i nc rease to about 8 mg. 
o r about threefold i n the threonine c e l l s , wh i l e i n the va l ine ce l l s— 
where the to ta l m a s s goes f r o m 100 to 145 mg.—the tota l amount of 
D N A r ema ins nea r ly constant. Therefore , to see what ac tua l ly happens 
dur ing the postexponential events, the values i n the va l ine co lumn have 
to be mu l t i p l i ed by 1.45, and the values i n the threonine co lumn by 1.9. 

The resu l t s a re shown d i ag rama t i ca l l y i n F i g u r e 5. The left ba r 
shows the ana ly t i ca l breakdown of 100 m g . of exponential c e l l sub­
stance. P r o t e i n of the cy top lasm i s shown i n white and the a r e a c o r r e ­
sponding to the pro te in moiety of the membrane l ipopro te in i s m a r k e d 
by v e r t i c a l dashed l i n e s . The sum of these two pro te in f rac t ions i s 
near ly the same i n a l l three ins tances . T h i s i s to be expected, s ince 
the tota l amount of b a c t e r i a l p ro te in cannot inc rease further after one 
of the p ro te in -essen t i a l nutr ients has been used up. The left b a r shows 
the ca lcula ted composi t ion of an exponential ly growing cu l ture at the 
deplet ion point, whether the depleted nutr ient i s va l ine , threonine, o r 
any other nutr ient . The center ba r shows the to ta l amount of b a c t e r i a l 
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C E L L 

W A L L 

LIPIDE+ 
CARBOH. 

PROTEIN 

C Y T O P L . 

PROTEIN 

< 
CD 
Έ' 
Hi 
Έ 

RNA 

DNA 
L O G V A L T H R 

Figure 5. Pattern of changes on conversion of ex­
ponential cells into valine- or threonine - depletion 

cells 

substance wh ich ex is t s when the growth w h i c h fol lows deplet ion of v a ­
l ine has reached the m a x i m u m . A s shown i n Table Π , th is represents a 
net gain of about 45%. S i m i l a r l y , the las t ba r shows the outcome after 
depletion of threonine, w i t h a net weight gain of about 90%. The h o r i ­
zonta l ly shaded sect ion represents c e l l w a l l substance. The v e r t i c a l l y 
shaded sec t ion , inc lud ing the dashed por t ion , represents membrane 
substance; cy top lasmic pro te in i s shown whi te , R N A by a dotted a rea , 
and D N A by a b lack a r ea . 

C e l l w a l l shows the greatest i nc rease i n the threonine-deplet ion 
c e l l s . However , membrane substance inc reases m o r e i n the v a l i n e -
deplet ion cul ture than i n the threonine-deplet ion cu l ture . W h i l e to ta l 
p ro te in i s essen t ia l ly constant, i t seems necessa ry to assume that when 
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Figure 6. Cross sections of ideal spherical cells, calculated 
from data of Figure 5 

Cell wall symbolized by horizontal shading, cytoplasmic 
membrane by vertical shading, cytoplasm shown in white, 

and DNA in black 

exponential c e l l s a re converted into va l ine-deple t ion c e l l s th is entai ls 
a convers ion of some cy top lasmic pro te in to l ipopro te in of the m e m ­
brane. R N A inc reases to some extent, but more in te res t ing i s what 
happens to D N A . There i s a m ino r inc rease i n the va l ine c e l l s , but i n 
the threonine c e l l s there i s about three t imes as much D N A as was 
present at the point of deplet ion when net pro te in synthesis ceased. 

These a re the facts wi th in our exper imenta l l i m i t s of accuracy . 
The remainder i s speculat ion, u t i l i z i n g two reasonably w e l l supported 
assumptions . One i s the p r i n c i p l e , proposed by the V e n d r e l y s , that for 
a given species the amount of D N A pe r c e l l r ema ins constant. The 
other i s the s i m p l e assumpt ion that the c e l l u l a r unit of a s t reptococcus 
i s essen t ia l ly sphe r i ca l . On the bas i s of the p r i n c i p l e of constant D N A , 
ca lcu la t ion indicates that the c e l l number has i nc reased by about 10% 
i n the format ion of va l ine c e l l s , but has t r i p l e d i n the fo rmat ion of 
threonine c e l l s , s ince there i s three t imes as much D N A as at the de ­
ple t ion point. T h i s means that the average va l ine c e l l weighs about 
one t h i rd more than the exponential c e l l : If 100 corresponds to one e x ­
ponential c e l l and 145 cor responds to about 1.1 va l ine c e l l s , the c e l l u ­
l a r unit cor responds to about 130. S i m i l a r l y , i f the 190-mg. threonine 
c e l l s represent three c e l l s , the s ingle threonine c e l l corresponds to 
about 65—i.e., i t i s about one t h i r d s m a l l e r than the exponential c e l l . 
B y applying s imp le s p h e r i c a l geometry to these resu l t s one can c a l c u ­
late f r o m the est imated re l a t ive s p h e r i c a l d iamete r s , and f r o m the 
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percentage values of w a l l substance and of membrane substance, the 
thickness of the outermost w a l l l aye r and the thickness of the m e m ­
brane l aye r just below. 

The outcome of such ca lcula t ions i s shown graphica l ly i n F i g u r e 6. 
Obvious ly this d i ag ram i s not only hypothetical but a l so schemat ica l , 
and subject to qual i f icat ions and co r r ec t i ons . A s i t stands, i t suggests 
that what we c a l l the val ine c e l l has a double- thickness w a l l and a 
double- thickness membrane, and i s one th i rd b igger than the exponen­
t i a l c e l l . On the other hand, the threonine c e l l i s one t h i r d s m a l l e r than 
the exponential c e l l and i t has a s ingle- th ickness membrane and a 
double- thickness w a l l . 

Whether o r not this i s ac tual ly so, and what b iochemica l mecha ­
n i sms effect the observed changes i n bac t e r i a l composi t ion , a re mat ­
t e r s for further r e sea rch . Meanwhi le , i n the par lance of the geneticist , 
a s ingle genotype gives r i s e to different phenotypes as a resu l t of the 
disappearance of different s ingle amino ac ids f rom the c e l l u l a r en ­
vironment , a phenomenon which may be viewed as a rudimentary f o r m 
of c e l l u l a r differentiat ion. 
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10 
Biosynthesis and Utilization of Acetyl 
Phosphate, Formyl Phosphate, 
and Carbamyl Phosphate and 
their Relations to the Urea Cycle 

SANTIAGO GRISOLIA AND LUISA RAIJMAN 

Department of Biochemistry, 
School of Medicine, University of Kansas, 
Kansas City, Kan. 

Animal and bacterial enzymes that utilize or 
synthesize carbamyl phosphate have activity 
with acetyl phosphate. Acyl phosphatase hy-
drolyzes both substrates, and maybe involved 
in the specific dynamic action of proteins. 
Ornithine and aspartic transcarbamylases 
also synthesize acetylornithine and acetyl as­
partate. Finally, bacterial carbamate kinase 
and animal carbamyl phosphate synthetase 
utilize acetyl phosphate as well as carbamyl 
phosphate in the synthesis of adenosine tri­
phosphate. The synthesis of acetyl phosphate 
and of formyl phosphate by carbamyl phos­
phate synthetases is described. The mecha­
nism of carbon dioxide activation by animal 
carbamyl phosphate synthetase is reviewed 
on the basis of the findings concerning ace­
tate and formate activation. 

y h i s a r t i c l e d i scusses the present status of the mechan i sm of c a r b a m y l 
phosphate ( ca rbamyl -P ) format ion and i l l u s t r a t e s that the reagents 

ace ty l phosphate (ace ty l -P) and c a r b a m y l - P can replace each other wi th 
a number of w e l l defined and /o r highly pur i f ied enzymes . 

W h i l e quite apparent to us now, i t has taken many y e a r s to r e a l i z e 
that a c e t y l - P and c a r b a m y l - P could be substrates for the same en­
z y m e s . A c e t y l - P was cons idered , for some yea r s , an important i n t e r ­
mediate for acetyla t ion. However , no evidence for e i ther i t s synthesis 
o r i t s u t i l i z a t i on , other than by phosphatase ac t ion (26) w i t h a n i m a l 

128 
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prepara t ions , could be demonstrated un t i l recent ly . The d i s cove ry of 
coenzyme A and ace ty l coenzyme A changed the status of this reagent 
f rom a poss ib le in termediate to more o r l ess a cu r io s i t y , as fa r as a n ­
i m a l sys tems were concerned. The advances made wi th ace ty l C o A and 
the fact that coenzyme A i s not involved i n c i t r u l l i n e synthesis (12) p e r ­
haps justify the delay i n test ing the poss ib le substi tut ion of a c e t y l - P 
for c a r b a m y l - P as a substrate. 

T h i s presentat ion a l so indicates that a l l c a r b a m y l - P and a c e t y l - P 
react ions thus far studied a re re la ted v i a the u rea c y c l e . The newer 
findings and the i r r e l a t ion to the u r ea c y c l e a re outl ined i n F i g u r e 1. 

A C Y L - P H O S P H A T A S E -

< s 
-J α 
Q- ω 

• I C I T R U L L I N Ë 1 g - A C E T Y L - O R N I T H I N E * 

• A R GI N O S U C C I N A T E — » JURE A| 

k , 

X 
ASPARTIC T R A N S C A R B A M Y L A S E -

IPYRIMIDINESI «v 

C A R B A M Y L - A S P A R T A T E ' 
Ν - A C E T Y L A S P A R T A T E ' 

E N Z Y M E CONFORMATION 

M g + * . M n + + > ^ c / 

; θ 3 + Ν Η 4 * + ΐ τ ρ » 

f AG 
C A R B A M Y L - P S Y N T H E T A S E 1 

A [ H C O 3 + A T P * AG — • "ACTIVE COgl 
B C H C 0 5 + ATP • C 0 2 - P ] 
C [AG + ATP • A G - P ] 
D [ A G - P + C 0 2 - P + N H 3 - * 

D ' C C 0 2 - P + N H 3 + Α Τ Ρ - » 

t»ADP 
• A G / M ^ M Ç 4 -

A C E T A T E + ATP 
FORMATE + ATP 

A G V M n * * , M g * + 

• r * A D P 

F O R M Y L - P x 

AG « ACETYLGLUTAMATE 

Figure 1. Interrelations of carbamyl-P, acetyl-P, and 
formyl-P metabolism with the urea cycle 

Studies with Acyl Phosphatase 

The la rge concentrations of a c y l phosphatase present i n most t i s ­
sues led to the be l ie f that i t prevented the demonstra t ion of a c e t y l - P 
biosynthesis and accumulat ion i n a n i m a l t i s sues . We pur i f i ed exten­
s i v e l y , some yea r s ago, what we f i r s t thought to be a spec i f ic c a r b a ­
m y l - P phosphatase. T h i s enzyme in teres ted us as a too l fo r better u n ­
ders tanding the mechan i sm of c i t r u l l i n e synthesis ; however, on test ing 
for spec i f i c i ty , we found that i t attacked a c e t y l - P just as r ead i ly as 
c a r b a m y l - P . 
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The b r a in enzyme has been pur i f i ed over 1000-fold and shown to 
be homogeneous by ul t racentr i fugat ion and e lec t rophores is c r i t e r i a (36); 
the ac t iv i ty ra t io for a c e t y l - P over c a r b a m y l - P remains unchanged 
wi th pur i f i ca t ion . Th i s enzyme i s one of the sma l l e s t on r eco rd ; the 
molecu la r weight f rom phys i ca l data i s 13,200 and f rom amino ac id 
ana lys i s i s 12,600; the amino ac id composi t ion of the enzyme i s given 
i n Table I. The t e r m i n a l amino ac id i s aspar t ic ac id (25). Cys t ine has 
not been detected. 

Table I. Amino Acid Composition of Brain Acyl Phosphatase 

μ moles/0.7 8 Calculated No. of 
Amino Acid Mg. Protein Residuesa per Mole Protein 

Lysine 0.64 13 
Histidine 0.10 2 
Ammonia 0.68 14 
Arginine 0.20 4 
Methionine sulfoxides 0.05 lb 
Cysteic acid 0.04 i c 
Aspartic acid 0.54 11 
Threonine 0.38 7 
Serine 0.42 8 
Glutamic acid 0.82 16 
Proline 0.44 9 
Glycine 0.51 10 
Alanine 0.43 9 
1/2 cystine 0d 0 
Valine 0.31 6 
Methionine trace lb 
Isoleucine 0.27 5 
Leucine 0.32 6 
Tyrosine 0.09 2 
Phenylalanine 0.12 2 
Tryptophan — 

a Assuming cysteine = methionine = 1 mole/mole enzyme, 
k Methionine sulfoxides calculated as methionine. 
c Cysteic acid = cysteine. 
d As little as 0.01 μπιοΐβ would have been detected. 
e Small amount of degradation product of tryptophan found. At least 1 residue 

tryptophan assumed to be present. 

The great s tabi l i ty of a c y l phosphatase, together wi th the lack of 
disulf ide br idges , i s unusual i n enzyme chemis t ry . The high specif ic 
rotat ion, — = 89.3, i s of in te res t a l so , suggesting that the enzyme 
does not have an appreciable number of res idues i n the a - he l ix c o n ­
f igurat ion. T h i s i s consistent wi th the r e l a t i ve ly l a rge number of p r o ­
l ine res idues which , i f evenly d is t r ibu ted , would prevent a - h e l i x f o r ­
mation (7). The a c y l phosphatase may play a s ignif icant r o l e i n phys io ­
l o g i c a l phenomena such as hibernat ion and specif ic dynamic act ion (4). 
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Heat s tab i l i ty and other cha rac t e r i s t i c s indicate that this enzyme may 
be iden t i ca l w i th the ace ty l phosphatase of L ippman (26), which a l so 
ca ta lyzes the hydro lys i s of 1,3-diphosphoglycerate (21). 

In spite of the indica t ion that the same enzyme u t i l i z e d c a r b a m y l - P 
and a c e t y l - P , we d id not r e a l i z e the pos s ib i l i t y , un t i l some 4 years 
la ter , that a c e t y l - P could be synthesized o r used for synthetic purposes 
i n a n i m a l t i s sues . 

Studies with Ornithine Transcarbamylase 

A s indicated i n React ions 1 and 2, both c a r b a m y l - P and a c e t y l - P 
can react wi th orni thine to f o r m ei ther c i t r u l l i n e or ô - a c e t y l o r n i t h i n e 
w i th orni thine t ranscarbamylase (15). 

C a r b a m y l - P + orni thine — c i t r u l l i n e + P i (1) 

A c e t y l - P + orni thine — δ - a c e t y l o r n i t h i n e + P i (2) 

W h i l e the a - amino group of ornithine could a l so react w i th a c e t y l -
P , th is pos s ib i l i t y was e l iminated i n a number of ways . Chromatog­
raphy i n the automatic r eco rd ing amino ac id ana lyzer by the procedure 
of Spackman, Stein, and M o o r e (41) y ie lds excellent separat ion of Ô-
acety l o r n i thine and a?-acetylornithine. Only t races of a -acetylorni th ine 
have been detected wi th orni thine t r ansca rbamylase and a c e t y l - P ; the 
product i s a lways better than 95% ô - a c e t y l o r n i t h i n e . The separat ion of 
a- and ô - a c e t y l o r n i t h i n e by paper chromatography i s not p r a c t i c a l l y 
feasible , although both ace ty l de r iva t ives a re v e r y read i ly separated 
f r o m orni thine (15). δ - A c e t y l o r n i t h i n e i s a natura l product f i r s t i s o ­
lated f r o m a S iber ian plant 26 years ago (28) and now known to be p r e s ­
ent i n many plants (39). 

The product of the s to ich iomet r i c reac t ion of a c e t y l - P wi th o r n i ­
thine, ca ta lyzed by ornithine t r anscarbamylase , has been shown u n ­
equivocal ly to be ô - a c e t y l o r n i t h i n e ; the t r anscarbamylases f rom rat 
l i v e r , f rog l i v e r , and bac te r i a , however, even though y i e ld ing the same 
product, appear to differ i n the i r ra t ios of ac t iv i ty wi th c a r b a m y l - P and 
a c e t y l - P (Table Π ) . Whi l e i t i s poss ib le that the synthesis of ô - a c e t y l ­
orni thine i s ca ta lyzed by other enzymes (16), the different ra t ios may 
be due to species differences; we know now that the ra t ios of ac t iv i ty 
wi th c a r b a m y l - P and a c e t y l - P of a l l orni thine t ranscarbamylases thus 
far tested r e m a i n constant w i th pur i f ica t ion . F u r t h e r , the r a t i o of c i t ­
r u l l i n e to acetylorni thine format ion does not change wi th a number of 
t reatments , such as heat inact iva t ion of preparat ions containing o r n i -

Table II. Relative Rates of Utilization of Acetyl-P and Carbamyl-P 
with Animal and Bacterial Ornithine Transcarbamylases 

Rat Liver Frog Liver Bacteria 

Carbamyl-P 
Acetyl-P 

34 
4.1 

245 
7.4 

900 
5.4 
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thine t ranscarbamylase (15). A c e t y l - P seems to be used much more 
effectively by a n i m a l prepara t ions than by b a c t e r i a l prepara t ions of 
both orni thine t ranscarbamylase and aspar t ic t r anscarbamylase (see 
below). L y s i n e reac ts , although v e r y s lowly , wi th ei ther a c e t y l - P or 
c a r b a m y l - P and orni thine t r ansca rbamylase . 

Studies with Aspartic Transcarbamylase 

Aspar ta te + c a r b a m y l - P — c a r b a m y l aspartate + P i (3) 

Aspar ta te + a c e t y l - P — Ν - a c e t y l aspartate + P i (4) 

React ions 3 and 4 indicate that w i th aspar t ic a c i d , aspar t ic t r a n s ­
ca rbamylase , and c a r b a m y l - P o r a c e t y l - P , e i ther c a r b a m y l aspartate 
o r ace ty l aspartate can be formed. C a r b a m y l aspartate i s the f i r s t i n ­
termediate i n the format ion of p y r i m i d i n e s , and ace ty l aspartate, of u n ­
known function, i s the amino ac id de r iva t ive present i n the l a rges t c o n ­
centra t ion i n b r a i n of mos t species (43). 

P repara t ions of aspartate t r ansca rbamylase f r o m dog in tes t ina l 
mucosa , ra t l i v e r , E . c o l i B , and E . c o l i 185-482 can u t i l i z e a c e t y l - P , 
although at much s lower ra tes than c a r b a m y l - P . The r a t i o of c a r b a ­
m y l - P to a c e t y l - P t ransfer i s of the o rde r of 20 wi th m a m m a l i a n e n ­
zymes , and 400 wi th b a c t e r i a l prepara t ions (as indicated above, the r a ­
t ios of c a r b a m y l - P to a c e t y l - P t r ans f e r r i ng ac t iv i ty a r e a l so s m a l l e r 
w i th m a m m a l i a n than wi th b a c t e r i a l orni thine t ranscarbamylase ) . 

The ac t iv i ty of the m a m m a l i a n enzymes i s v e r y low, even wi th 
c a r b a m y l - P , and i t has not yet been ascer ta ined beyond doubt that R e ­
act ions 3 and 4 a re ca ta lyzed by a n i m a l aspar t i c t r ansca rbamylase . 
However , the speci f ic ac t iv i ty for a c e t y l - P and c a r b a m y l - P u t i l i z a t i on 
r ema ins constant w i t h pur i f i ca t ion of the t r ansca rbamylase f r o m E . c o l i 
185-482, suggesting that both ac t iv i t i e s a re ca ta lyzed by the same en ­
z y m e (11). 

Whether a c e t y l - P functions i n the acetyla t ion of l y s ine res idues of 
proteins—e.g. , cytochrome C—or of polypeptides [suggested by M e i s t e r 
and Hospe lhorn (31)], o r i n other acetyla t ion react ions r ema ins to be 
invest igated. Ace ty lhydroxyorn i th ine f o r m s a l a rge percentage of f e r -
r i c h r o m e (9). Ex t r ac t s of son ica l ly d isrupted Us t i l ago sphaerogena 
were found to contain orni thine t r ansca rbamylase (1 mg . of p ro te in 
synthesized 40 μ π ι ο ΐ β β of c i t r u l l i n e i n 15 minutes at 37° C ) . The p o s ­
s i b i l i t y that orni thine t r ansca rbamylase may be r equ i r ed to acetylate 
N-hydroxyorn i th ine i s an a t t rac t ive one. Since the fungus can a l so s y n ­
thes ize the glutaconic de r iva t ive of δ - h y d r o x y o r n i t h i n e , i t i s of in teres t 
to find out i f the presence of t r ansca rbamylase i n this o rgan i sm may 
be responsible for the synthesis of one or the other de r iva t ive of hy -
droxyorni th ine . 

Studies with Carbamate Kinase 

Carbamate kinase f r o m s t r a in D 1 0 , group D s t rep tococc i u t i l i z e s 
a c e t y l - P for A T P synthesis (16, 17) at approximate ly the same rate as 
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c a r b a m y l - P , accord ing to React ions 5 and 6. 

Acetate + A T P Λ 2 a c e t y l - P + A D P (5) 
M g 1 

Carbamate + A T P c a r b a m y l - P + A D P (6) 
M g 

To test the pos s ib i l i t y that the carbamate k inase might be iden t i ca l w i th 
acetokinase i n other m i c r o o r g a n i s m s , three deficient E . c o l i mutants, 
R 1 8 5 - 8 2 3 , R prototroph, and K ^ - w t , known to have low carbamate k i n ­
ase ac t iv i ty , were tested for a c e t y l - P u t i l i za t ion (17). Synthesis of A T P 
f r o m a c e t y l - P occu r r ed much faster than f r o m c a r b a m y l - P ; the ra t ios 
of ac t iv i ty for a c e t y l - P - c a r b a m y l - P ranged f r o m 8 to 20; on the other 
hand, the enzyme f r o m st reptococcus Om u t i l i z e s c a r b a m y l - P twice as 
fast as a c e t y l - P ; this ac t iv i ty ra t io . remained unchanged throughout a 
40-fo ld pur i f i ca t ion of the enzyme (17). 

It appears then that although a number of enzymes that u t i l i z e o r 
synthesize c a r b a m y l - P can a l so u t i l i z e o r synthesize a c e t y l - P , i t c a n ­
not be assumed that a l l a c e t y l - P enzymes a r e a l so able to use c a r b a ­
m y l - P (11). 

Studies with Carbamyl-P Synthetase 

F o r many years we have been in teres ted i n the mechan i sm of c i t ­
r u l l i n e synthesis f r o m orni thine. The mechan i sm of the reac t ion was 
c l a r i f i e d cons iderably by Jones , Spector, and L ipmann , when they s y n ­
thes ized c a r b a m y l - P chemica l l y (24) and suggested that the m a t e r i a l 
which we had f i r s t i so la ted f rom a n i m a l prepara t ions (19) was c a r b a ­
m y l - P . 

Acetyl Glutamate-Induced Activation and 
Inactivation of Carbamyl-P\ Synthetase 

The invest igat ion of the mechan i sm of ac t ion of c a r b a m y l - P s y n ­
thetase has been always associa ted wi th the study of the ro l e of ace ty l 
glutamate o r re la ted cofactors i n the reac t ion : 

H C O 3 - + N H 4

+ + 2 A T P ace ty l glutamate , c a r b a m y l . p + 2 A D P 

In extension of previous observat ions f r o m this labora tory (20) M e t z e n -
berg , M a r s h a l l , and Cohen (32) demonstrated that the f rog l i v e r c a r ­
b a m y l - P synthetase can be act ivated by preincubat ion w i t h ace ty l g l u ­
tamate. The act ivat ion phenomenon has been extensively studied i n our 
labora tory . 

The act ivat ion i s not immedia te ; under the condit ions of Table ΙΠ, 
near ly m a x i m a l effect was obtained i n 2 minutes . 

Samples containing 0.8 m g . of c a r b a m y l - P synthetase (35), 50 

+ P i (7) 
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Table III. Effect of Length of Preincubation on Activation of Frog 
Liver Carbamyl-P Synthetase by Acetyl Glutamate. (37) 

Acetyl Glutamate Present during Preincubation 
Preincubation 

Time, 
Minutes Citrulline Synthesis, μ moles 

2 0.021 0.142 
5 0.021 0.149 

10 0.021 0.153 

μ moles of T r i s - C I " , p H 7.4, and 2 μ moles of ace ty l glutamate w e r e 
preincubated at 38° for the indicated length of t i m e . The tubes were 
then cooled. Incubations for the assay of c a r b a m y l - P synthetase were 
conducted i n a volume of 2 m l . The f i n a l concentrat ion of reagents was : 
A T P , 0 .004M; K H C O s , 0 .05M; N H 4 C 1 , 0 .025M; M g S 0 4 , 0 . 01M; ace ty l 
glutamate, 0 .005M; orni thine t r anscarbamylase , 25 units (4); orni th ine , 
0 .005M; T r i s - C l " , p H 7.4, 0 .05M; and the enzyme. When any of the 
above reagents was present i n preincubat ion mix tu re s , further a d d i ­
t ions were adjusted to temperature and to y i e l d the indicated f ina l c o n ­
centrat ions dur ing the assay. Incubation was for 1 minute at 25°. C i t ­
r u l l i ne was measured as p rev ious ly desc r ibed (4). 

T h i s r e l a t i ve ly r a p i d type of ac t iva t ion explains the autocatalytic 
curves obtained when i n i t i a l ra tes of c i t r u l l i n e synthesis a re compared 
w i t h those obtained after s e v e r a l minutes ' incubation. Table I V demon­
s t ra tes that by i nc r ea s ing the ace ty l glutamate concentrat ion and the 
length of incubation for the o v e r - a l l synthesis , the act ivat ion was ob­
scured . T h i s i s why the act ivat ion effect remained undetected un t i l ex ­
t r eme ly short incubation t imes and low temperatures were used. 
B r i n g i n g a compl ica ted reac t ion m i x t u r e to incubation temperature , 
wa i t ing for equi l ibra t ion , and complet ing wi th a las t component, as i s 
often done, may obscure effects such as the ones desc r ibed here. 

Table IV. Initial Rate of Synthesis of Preincubated and Unmodified Frog Liver 
Carbamyl-P Synthetase at Different Concentrations of Acetyl Glutamate (37) 

μ moles of Acetyl Glutamate Added 
Incubation 

Time, 
Seconds Exptl. Control a Exptl. 

2 10 

Control a Exptl. Control a 

40 

μ moles Citrulline Synthesized 

12 
30 
60 

120 
240 

0.13 
0.34 
0.77 
1.38 
2.46 

0.01 
0.02 
0.16 
0.39 
1.22 

0.17 
0.41 
0.94 
1.60 
2.69 

0.02 
0.07 
0.34 
0.94 
2.14 

0.17 
0.51 
1.03 

0.03 
0.22 
0.72 

Control tubes contained no acetyl glutamate during preincubation period; 
indicated amount of this cofactor added prior to final incubation. 
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In the exper iments of Table I V 3.2 m g . of pro te in f r o m f rog l i v e r 
preparat ions (35), 100 μ ιηο ΐββ of T r i s - C l " at p H 7.4, and the indicated 
amount of ace ty l glutamate, i n a volume of 1 m l . , we re preincubated at 
38° for 5 minutes . The tubes w e r e cooled to 25° and completed, at def­
in i te i n t e rva l s , w i t h the components and concentrat ion of reagents i n d i ­
cated i n Table ΙΠ, and then incubated at 2 5 ° for the indicated length of 
t ime . 

The act ivat ion of the ex t remely unstable ra t l i v e r enzyme i s l ess 
marked than that of the f rog l i v e r enzyme and i s thus more diff icul t to 
demonstrate. However , as i l l u s t r a t ed i n Table V , w i t h the a id of C 1 4 0 2 

Table V. Effect of Preincubation of Rat Liver Carbamyl-P 
Synthetase with Acetyl Glutamate, ATP, Mg + 2 and HC03~. (37) 

Reagents Present during Total Counts Calculated C0 2 

Preincubation per Minute Fixation, Μμπιοΐββ 

None 
Acetyl Glutamate 
Acetyl Glutamate + ATP + Mg + 2 

a Figures in parenthesis correspond 
extended to 6 seconds. 

143 6.4 (12.3)a 
549 24.4 (37.5) 

1890 84 (129) 

experiments where incubation time was 

and v e r y short incubation t ime , i t was poss ib le to demonstrate that the 
rat l i v e r enzyme was a l so act ivated by ace ty l glutamate. 

In the experiments of Table V 4.5 mg. of pro te in f r o m an acetone 
powder of ra t l i v e r mi tochondr ia (4) containing 100 μ π ι ο ΐ β β of T r i s - C l " 
at p H 7.4, w e r e preincubated at 25°, for 10 minutes , w i t h the fo l lowing 
i n a volume of 1 m l . : ace ty l glutamate, 5 μ moles ; A T P , 4 μ moles ; 
M g S 0 4 , 10 μ ι η ο ΐ β β ; and HC 1 4 Oâ, 100 μ π ι ο ΐ β β (containing 50 μ cur ies ) . 
The tubes were completed at definite in t e rva l s w i t h the components and 
concentrat ion of reagents indicated i n Table ΙΠ, except that H C 1 4 O g was 
used. The completed tubes were incubated at 2 5 ° f o r 3 seconds. R a d i o ­
ac t iv i ty was determined i n al iquots f r o m the deprote inized supernatant 
f lu ids . 

Effect of Acetyl Glutamate Concentration 

The degree of act ivat ion i s a function of the concentrat ion of ace ty l 
glutamate, as shown i n F i g u r e 2. The m a x i m a l effect occu r s at 2 to 
5 χ 10 " s M ace ty l glutamate; the concentrat ion of enzyme i n these ex ­
per iments was approximate ly 4 x 10" 6 M , 1 x 10" 5 M , and 2.2 x 10" 5 M 
for cu rves I , Π , and ΙΠ, r espec t ive ly . H a l f - m a x i m a l ac t ivat ion occurs 
at approximate ly 5 χ 10 "* M ace ty l glutamate, a value v e r y c lose to the 
K m for the o v e r - a l l reac t ion , and for the ace ty l glutamate-induced i n -
act ivat ion. The s ignif icance of this f inding was pointed out by C a r a v a c a 
and G r i s o l i a (4). S i m i l a r f indings w i t h other enzymes (1, 14) indicate 
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n l I I I 1 1 1 1 
I0"7 IO"6 IO"5 I0"4 IO"3 IO' 2 

M O L A R I T Y O F A C E T Y L 6 L U T A M A T E 

Figure 2. Dependence of activation phenomenon on 
concentration of acetyl glutamate 

1.45, 3.45, and 7.1 mg. of frog liver enzyme (bottom, 
middle, and top curves, respectively) in 0.1M Tris-
Cl", pH 7.4, preincubated with acetyl glutamate at 
indicated molarities, at 38° for 10 minutes. Tubes 
cooled to 25°, completed at definite intervals, and 
assayed under conditions of Table III. Incubation at 

25°, 1 minute 

the usefulness of the technique of substrate and cof actor-induced inac-
tivation. 

We have shown that there is good agreement between dissociation 
constants obtained by kinetic studies, and by measurements of the sub­
strate-induced enzyme inactivation (4); the latter may yield true equi­
librium constants, as is the case for Κτ determinations, free from k i ­
netic variables that may be present in estimations of Km (6). However, 
the constants determined by inducing inactivations cannot be accepted 
without properly evaluating other factors (14). 

Influence of pH on Activation. The pH dependence of the activation 
phenomenon is illustrated in Figure 3. The fact that the activation be­
gan to appear at pH 5.6, became maximal at pH near 7.4, and remained 
maximal at pH as high as 10.0, indicated that a certain ionic species of 
acetyl glutamate might be involved in the activation of the enzyme. 
Since the amino group of glutamate becomes more acidic on acetylation 
than on carbamylation, and since both acetyl and carbamyl glutamate 
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i-
< 

0 . 5 h 

I 1 1 ι ι ι I 
4 6 8 10 12 

PH 

Figure 3. Influence of pH on activation of frog liver 
carbamyl-P synthetase by acetyl glutamate 

pH adjusted with following buffers : Κ acetate at pH 
3.8 to 5.6; Κ citrate at pH 6.5; Tris-Cl' at pH 7.4 and 
8.3; glycine at pH 10.0. Each tube contained 30 
\imoles of indicated buffer, 5 μ-moles of acetyl gluta­
mate, and 1.6 mg. of enzyme protein (35). Mixtures, 
in volume of lml., preincubated at 38 °for 10 minutes ; 
controls without acetyl glutamate carried in same 
manner. After cooling to 25°, additions made as in 
Table ΠΙ (except that Tris-Cl" concentration was 
0.1M) and mixtures were incubated at 25°, for 1 
minute. Ratios of synthesis by activated and control 
enzyme plotted against pH during preincubation 

activate the synthetase, the species r e su l t i ng f r o m the ion iza t ion of 
substituent groups i n carbon 2 (which occu r s at different p H fo r ace ty l 
and c a r b a m y l glutamate) appears un l ike ly to be respons ib le fo r the a c ­
t ivat ion; the ion iza t ion of the ω - c a r b o x y l group would seem to be r e ­
qu i red . N - f o r m y l , N - c a r b a m y l , and N - a c e t y l glutamine cannot rep lace 
N - f o r m y l , N - c a r b a m y l , and N - a c e t y l glutamate i n c i t r u l l i n e synthesis 
(10, 13). The effect of pH on the ac t iva t ion , however, may be due as 
w e l l to the ion iza t ion of groups wi th in the enzyme molecu le , i n wh ich 
case the above-mentioned p o s s i b i l i t y may not apply. 

Effect of Temperature on Activation. The extent of ac t iva t ion i s a 
function of temperature; as shown i n F i g u r e 4, a l i nea r re la t ionsh ip i s 
d i s c lo sed when l o g Κ χ i s plotted against 1 /T, but i t i s not yet known 
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0.9 

0 .8 

H 0 . 7 

ο 
0 .6 

0 .5 

3.1 3.2 3.3 3.4 3.5 
Ι / Τ 

Figure 4. Effect of temperature on activation 

2 mg. of frog liver carbamyl-P synthetase (35) con­
taining 50 \imoles of Tris-Cl", pH 7.4, and 5 \imoles 
of acetyl glutamate, in 1 ml.,preincubated at 15°, 25°, 
35°, 45°, for 10 minutes. Tubes rapidly taken to 25°, 
and completed with necessary reagents, as in Table 

III. Incubated at 25 °, for 1 minute 

whether the van ' t Hoff o r the A r r h e n i u s express ions apply. W h i l e the 
ac t iva t ion phenomenon o c c u r r e d r ap id ly (see above), and f u l l ac t ivat ion 
was reached i n 10 minutes at the temperatures shown i n F i g u r e 4, that 
length of t ime was not sufficient when samples w e r e preincubated at 5°. 
Once the m a x i m a l act ivat ion for a ce r t a in temperature had been 
reached, further ac t ivat ion could be obtained by a r i s e i n temperature , 
but only to the l e v e l that would have been reached by i n i t i a l l y p r e i n c u -
bat ing at the higher temperature—for example , under the condit ions of 
F i g u r e 4, the same value was obtained when samples were f i r s t i n c u ­
bated at 15° and subsequently at 3 5 ° , as when preincubated at 35° only. 

Once the act ivat ion had taken p lace , lower ing the temperature d id 
not resu l t i n a decrease to a lower l e v e l of ac t iva t ion . On the other 
hand, temperatures below 10° might r e su l t i n co ld inact iva t ion . 

C o l d L a b i l i t y of C a r b a m y l - P Synthetase. The ace ty l glutamate-
act ivated enzyme i s l e s s stable at low temperatures than the nonac t i -
vated enzyme preparat ions (35). The f rog enzyme i s stable ove r a wide 
temperature range. In the presence of ace ty l glutamate, i t re ta ins i t s 
s tab i l i ty i f s tored above 10° and as high as 45°, but i t i s inact ivated atO 
to 5 ° . T h i s i s one of four cases known to us , of enzymat ica l ly act ive 
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Table VI. Effect of Storage at 0° and of Freezing and Thawing on Stability 
of Frog Liver Carbamyl-P Synthetase, 

with and without Acetyl Glutamate (37) 

Acetyl Glutamate Present during Storage 

Storage Time, N o n e 

Hours Citrulline Synthesis, μ moles 

0 0.32 0.30 a 0.54 0.52 a 

3.5 0.33 0.30a 0.28 0.24 a 

5.5 0.31 b 0.28a 0.15b 0.09 a 

7.5 0.33 0.28a 0.13 0.09 a 

26.5 0.33 0.02 

a Values attained after freezing and thawing preparation immediately 
before assaying. 

^Same values obtained after re incubating enzyme at 38°, for 5 minutes, 
immediately before assaying. 

proteins that a re more stable at higher tempera tures , but the only one 
induced by a cofactor . A s further i l l u s t r a t ed i n Table V I , the ace ty l 
glutamate-induced co ld inac t iva t ion was l i t t l e affected by r e w a r m i n g o r 
by f reez ing and thawing before assaying . 

Samples containing 2 mg . of c a r b a m y l - P synthetase (35) pe r m l . i n 
0 .05M T r i s - C l " at p H 7.4, and the indicated addit ion w e r e preincubated 
at 38° for 5 minutes, cooled, and s tored at 0° . Then 1 .0-ml . port ions 
were wi thdrawn, completed w i t h the other necessary reagents as out­
l ined i n Table ΙΠ, and incubated at 38° for exact ly 1 minute. 

The prompt r e m o v a l of ace ty l glutamate f r o m the preincubat ion 
mix tu r e s , by d i a l y s i s at r o o m temperature o r by prec ip i t a t ion of the 
pro te in w i t h ammonium sulfate, prevented the co ld inac t iva t ion . The 
presence of ammonium sulfate, i n concentrat ions as high as 0 .17M, d id 
not protect the enzyme against co ld inac t iva t ion (at higher m o l a r i t i e s 
of the sal t , p rec ip i ta t ion began to occur ) . Once the co ld inac t iva t ion had 
taken place , the enzymat ic ac t iv i ty could not be res to red ei ther by p r e ­
c ip i ta t ion w i t h ammonium sulfate, o r by reincubat ion w i t h ace ty l g lu ta ­
mate o r w i t h A T P and M g + 2 . 

Upon ul t racentr i fugat ion, the unmodified enzyme shows apeak hav­
ing an S20w °* 12 χ 1 0 " 1 3 . In the presence of ace ty l glutamate and after 
storage at 4 ° fo r 48 hours , the m a i n peak separates into two compo­
nents, one of w h i c h sediments at the same rate as the o r i g i n a l peak, 
the other one m o r e s lowly (F igure 5). The change, however, does not 
p a r a l l e l the changes i n ac t iv i ty : There i s no a l te ra t ion of the o r i g i n a l 
sedimentat ion pattern after 24 hours of s torage i n the c o l d , wh i l e the 
enzymat ic ac t iv i ty i s complete ly los t i n the same pe r iod of t ime . In no 
case was there an appreciable p rec ip i t a t ion of pro te in , not even after 
p ro t rac ted s torage. 

De te rmina t ion of - S H Groups i n F r o g L i v e r C a r b a m y l - P Synthe­
tase. Sul fhydry l groups were measured i n samples of c a r b a m y l - P s y n -
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Figure 5. Ultracentrifugal pattern of frog liver car­
bamyl-P synthetase, before and after cold inactivation 

Top. Sedimentation pattern (left to right) of frog 
liver carbamyl-P synthetase β5) containing 5.5 mg. of 
protein per ml. after incubation at 38°, for 5 minutes 
Bottom. Same preparation made O.OIM in acetyl 
glutamate, incubated at 38°for 5 minutes, and stored 

at O°for 48 hours 
Centrifugations carried out in Spinco Model Ε ultra-
centrifuge, at a speed of 52,640 r.p.m. Photographs 
taken at 16-minute intervals, and at bar angle of 40° 

thetase w i t h and without ace ty l glutamate ac t iva t ion , and before and 
after co ld inac t iva t ion . 

Pho tomet r i c determinat ions w i t h p -ch lo romercur ibenzoa te (3) were 
c a r r i e d out i n phosphate at p H 8; 27 ± 1SH groups w e r e found pe r mole 
of unmodified and a lso of ace ty l glutamate-act ivated c a r b a m y l - P s y n ­
thetase. W i t h co ld- inac t iva ted enzyme, however, only 19 to 20 groups 
could be detected. The same resu l t s were obtained by amperomet r i c 
t i t r a t ion i n aqueous so lu t ion (2) and i n 8 M u rea (5); after su l f i to l y s i s on 
the co ld- inac t iva ted enzyme, an average of 23 SH groups per mole of 
enzyme was de termined. The cases thus fa r examined, of subs t ra te-
induced enzyme inac t iva t ion , show a l so a change i n SH group content (1, 
14). 

A t p H 7 (the method desc r ibes determinat ions at p H 5 and 7) p r o ­
te in began to prec ip i ta te after 15 to 20 minutes ' incubation w i t h p - c h l o ­
romercur ibenzoa te , tu rn ing the procedure i m p r a c t i c a b l e . The enzyme 
prepara t ions used i n our w o r k had been lyoph i l i zed and s tored for v a r ­
iab le lengths of t ime; the i r specif i c ac t iv i ty had not decreased w i t h s t o r ­
age. A s the prepara t ions were about 85% pure , a sys temat ic e r r o r i s 
present i n our de terminat ions . M a r s h a l l , Metzenberg , and Cohen (30) 
have repor ted that "the reac t ion of the enzyme w i t h h y d r o x y m e r c u r i -
benzoate was complete i n approximate ly 80 minutes w i t h the concen t ra ­
t ion of reagents wh ich were used. Between 41 and 44 moles of SH 
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groups reacted. T h i s value was somewhat lower for a prepara t ion of 
the enzyme wh ich had been s to red fo r a few w e e k s . " W h i l e the number 
of SH groups repor ted here may have to be r e v i s e d , the induction of 
changes i n the pro te in s t ruc ture by incubation w i t h ace ty l glutamate i s 
c l e a r l y ref lected by the decrease i n t i t ra table S H groups . 

Other P h y s i c a l Measuremen t s . V i s c o s i t y measurements d id not 
show differences between samples t reated w i t h ace ty l glutamate and 
cont ro l s , before and after s torage i n the co ld (35). Extens ive s e r i e s of 
ul t racentr i fuge measurements d i d not c l a r i fy the phenomenon; the l a t ­
te r studies were conducted at s e v e r a l p ro te in and ace ty l glutamate c o n ­
centrat ions, and at temperatures v a r y i n g f r o m 5° to 2 0 ° ; only after co ld 
inact ivat ion for 40 hours were m a r k e d changes noticeable. 

Rota tory power measurements were c a r r i e d out and, as shown i n 
F i g u r e 6, enzyme prepara t ions had an abnorma l d i s p e r s i o n curve , that 

15 20 25 30 30 
/ 2 x l 0 , 0 c m 

Figure 6. Optical rotatory dispersion of frog liver 
carbamyl-P synthetase 

Solutions contained 2.2 mg. of enzyme (35) per ml. 

• Enzyme 
Δ Enzyme in 0.005M acetyl glutamate 
Ο Enzyme in 0.005M acetyl glutamate after cold in-

. activation 

became l i nea r i n the presence of ace ty l glutamate. A f t e r c o l d - i n a c t i ­
vat ing, the ro ta tory d i s p e r s i o n plot r emained l i nea r , although there was 
a decrease i n magnitude of the a va lues . 
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The addit ion of 1 x 10 " 3 M ace ty l glutamate to f rog l i v e r enzyme 
prepara t ion causes a 10% and immedia te inc rease i n f luorescence. 
T h i s effect has been conf i rmed by Ede lhoch (8), who concurs i n our i n ­
terpreta t ion that this f inding s igni f ies ace ty l glutamate-induced confor ­
mat iona l changes of c a r b a m y l - P synthetase. W e bel ieve that the de­
crease i n s tab i l i ty induced by substrates and cofactors i s , whenever i t 
i s found to occu r , the s imp le s t and mos t sens i t ive method ava i lab le for 
the detection and study of conformat ional changes i n enzymic pro te ins . 

W i t h the a id of the technique of e q u i l i b r i u m d i a l y s i s , M a r s h a l l , 
Metzenberg , and Cohen concluded recent ly (30) that ace ty l glutamate 
binds to the enzyme. B ind ing studies w i t h ace ty l glutamate present d i f ­
f i cu l t i e s due, fo r example , to the r e l a t ive ly high mo lecu l a r weight of 
the enzyme, and i t s f a i r l y low affinity fo r ace ty l glutamate. 

The difference i n rad ioac t iv i ty between the pro te in and d i a l y z i n g 
compartments was used as a measure of bound ace ty l glutamate (30) ; 
i n one case , for example, i t was determined that 100 counts had bound, 
w i t h a standard deviat ion of ± 2 0 . It appears that a s t a t i s t i ca l ly s ign i f ­
icant number of exper iments i s r equ i red to a sce r t a in the binding of 
ace ty l glutamate, i n view of the s m a l l magnitudes and la rge e x p e r i ­
menta l e r r o r s involved. 

A c e t y l glutamate may par t ic ipa te i n the synthesis of a p r e c u r s o r 
of c a r b a m y l - P , i n a manner as yet hypothetical ; i t doubt less ly causes 
a deep a l te ra t ion of the enzyme s t ruc ture , and that may be i n fact i t s 
so le involvement i n the o v e r - a l l reac t ion . 

Since only after co ld inac t iva t ion was there any difference i n s e d i ­
mentation (see above) and p a r t i c u l a r l y i n SH content, substra te- induced 
co ld inac t iva t ion may be re la ted to the genera l phenomenon of sub­
s t ra te- induced inact ivat ion (18). 

The data i n Table V show that the addit ion of A T P and M g + 2 i n ­
c reases the act ivat ion by ace ty l glutamate of ra t l i v e r c a r b a m y l - P 
synthetase. The same i s t rue of the f rog l i v e r enzyme, although the 
super imposed A T P act ivat ion i s l e s s marked i n this case . Perhaps the 
ace ty l g lu tamate- induced and the ace ty l g l u t a m a t e - A T P - M g + 2 - i n d u c e d 
act ivat ions a re addit ive phenomena. A T P and M g + 2 do not activate 
ei ther synthetase, i n a s t r i c t sense, i n the absence of ace ty l glutamate. 
The p o s s i b i l i t y that the act ivat ion by ace ty l glutamate might be re la ted 
to the presence of t r ace amounts of A T P was e l iminated for both the 
ra t and f rog l i v e r enzymes , i n exper iments i n w h i c h the enzymes were 
preincubated w i t h glucose and hexokinase p r i o r to the addit ion of ace ty l 
glutamate. 

Studies with Acetyl-P and Formyl-P 

It was found i n our l abora to r ies that a c e t y l - P (16, 33, 38) and 
f o r m y l - P can be u t i l i z e d for the synthesis of A T P wi th c a r b a m y l - P 
synthetase f r o m both ra t and f rog l i v e r . These react ions r e semble the 
Reac t ion 8 (13) for A T P synthesis f r o m c a r b a m y l - P . 
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« C 0 2 i n t e r m e d i a t e - + A T P + N H 3 ^ c e t y l glutamate N 

c a r b a m y l - P + A D P (8) 

A c e t y l - P and f o r m y l - P w e r e recent ly synthesized by the c a r b a ­
m y l - P synthetase i n our l abora tor ies ; some of the c h a r a c t e r i s t i c s of 
these react ions may help i n the c l a r i f i c a t i o n of the mechan i sm of act ion 
of c a r b a m y l - P synthetase. 

A considerable amount of ace ty l o r f o r m y l phosphate i s synthesized 
i n the absence of ace ty l glutamate. 

Coenzyme A does not appear to be invo lved , s ince the passage of 
the enzyme prepara t ion through a Dow ex-2 co lumn, o r the addit ion of 
coenzyme A to the incubation mix tu re s , does not change the ve loc i ty of 
the reac t ion . Coenzyme A i s not involved i n c i t r u l l i n e synthesis (13). 

These unpublished findings of the w r i t e r s indicate that ace ty l g l u ­
tamate i s not an absolute requi rement for the synthesis of a c e t y l - P o r 
f o r m y l - P , and they render un l ike ly the pos s ib i l i t y that an acet ic o r 
f o r m i c ac id de r iva t ive of ace ty l glutamate may be invo lved . The new 
findings a re represented by React ions 9 and 10. 

Fo rma te + Λ T P ^ M n + 2 > M%*2> ace ty l glutamate s t i m u l a t e s ^ 
M g + 2 , M n + 2 , a ce ty l glutamate 

f o r m y l - P + A D P (9) 

Acetate + Λ Τ Ρ ^ M n + 2 > M8*2> & € θ ^ glutamate s t imulates ^ 
M g + 2 , M n + 2 , ace ty l glutamate 

a c e t y l - P + A D P (10) 

The p o s s i b i l i t y that enzymes other than c a r b a m y l - P synthetase 
might be respons ib le for React ions 9 and 10, although un l ike ly , was 
considered . The f rog l i v e r c a r b a m y l - P synthetase shows equal t he rma l 
s tab i l i ty for both c a r b a m y l - P synthesis and for A T P synthesis f r o m 
a c e t y l - P i n the absence and presence of ace ty l glutamate (33); further , 
the ra t io of ac t iv i ty for React ions 9 and 10 to that of the o v e r - a l l s y n ­
thesis of c a r b a m y l - P (Reactions 11 and 8) remained unchanged w i t h 
pur i f i ca t ion . 

Incorpora t ion of H C 1 4 0 3 " . F r o g l i v e r c a r b a m y l - P synthetase i n ­
corporates H C 1 4 0 3 " when incubated w i t h A T P and M g + 2 (Table VII); i n ­
cubation w i t h ace ty l glutamate alone does not resu l t i n the f ixat ion of 
C 1 4 0 2 into a stable in termedia te , but the addi t ion of ace ty l glutamate to 
A T P and M g + 2 i nc reases the to ta l f ixa t ion . T h i s represents an apparent 
contradic t ion to the statement p rev ious ly made, that nei ther the rat nor 
the f rog l i v e r enzymes a re act ivated by A T P and M g + 2 alone. The c o n ­
t rad ic t ion i s only apparent, however; i t can be seen i n Table VII that 
the tota l incorpora t ion i n these exper iments , after 10-minute incuba ­
t ions, amounts to 10 to 100 π ι μ ι η ο ΐ β β of bicarbonate; the incorpora t ion 
would not be apparent under the condit ions used i n the study of the a c ­
t ivat ion phenomenon. 
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Table VII. Incorporation of C " 0 , with Frog Liver Carbamyl-P Synthetase (37) 

Reagents Present during Total Counts C0 2 Fixation, 
Incubation per Minute Μμηιοΐββ 

HC 1 40 3" 266 9.6 
HC1403*+ acetyl glutamate 177a 6.4 a 

HC 1 4 Of + ATP + Mg + 2 3,161 114 
HC1 4<V + acetyl glutamate + ATP + Mg + 2 5,366 193 
HC 1 40 3" + acetyl glutamate + ATP + Mg + 2 + NH 4

+ 22,290 802 
HC 1 4Q 3" , zero time 262 9.4 

a Incorporation of HC 1 40 3" by enzyme with acetyl glutamate was consistently 
lower than that of mixtures containing enzyme and bicarbonate only. 

In the exper iments repor ted i n Tab le VII 4 m g . of pro te in f r o m 
f rog l i v e r prepara t ions (35) w e r e incubated w i t h the fo l lowing, when i n ­
dicated: T r i s - C l " , p H 7.4, 50 μ moles ; ace ty l glutamate, 5 μ m o l e s ; 
A T P , 4 μ π ι ο ΐ β β ; M g S 0 4 , 10 μ π ι ο ΐ β β ; N H 4 C 1 , 100 μ π ι ο ΐ β β ; H C 1 4 ( V , 100 
μ π ι ο ΐ β β (containing 50 μ ο η Γ ί β β ) . Incubations were at 38°, for 10 m i n ­
utes, i n a volume of 1 m l . P r o t e i n was precip i ta ted wi th 1 m l . of 1 M 
H C 1 0 4 , and N 2 was passed through the solut ions. Af te r centrifugation, 
0.1 m l . of the supernatant f luids was neut ra l ized , plated, and counted. 

Co ld- inac t iva ted f rog l i v e r c a r b a m y l - P synthetase i s s t i l l capable 
of i ncorpora t ing H C 1 4 O s " when incubated wi th A T P and M g + 2 . 

The poss ib le r o l e of b io t in i n the synthesis of c a r b a m y l - P was r e ­
invest igated (27). The addit ion of b io t in to crude ra t l i v e r enzyme r e ­
sul ted, i n one s e r i e s of exper iments , i n inc reased synthesis , ranging 
f r o m 21 to 53% over the con t ro l l e v e l . T h i s effect could not be r e p r o ­
duced wi th crude o r pur i f i ed prepara t ions . The ac t iv i ty of f rog l i v e r 
enzyme i s a lso unaffected by b io t in at any stage of pur i f i ca t ion . 

A v i d i n inh ib i t s c a r b a m y l - P synthesis by ra t l i v e r enzyme (10 units 
cause a 40 to 70% inh ib i t ion , depending on the pu r i ty of the enzyme), but 
does not affect the f rog l i v e r prepara t ions . Pre incuba t ion of the av id in 
w i t h a la rge excess of b io t in does not prevent the inh ib i t ion of the m a m ­
m a l i a n enzyme, suggesting that the effect i s not s t r i c t l y due to the b i o -
t in -b ind ing capaci ty of av id in . W e concluded that b io t in i s not d i r e c t l y 
involved i n the synthesis of c a r b a m y l - P , although the enzyme may c o n ­
ta in bound b io t in . A l s o , th is v i t a m i n may play a r o l e i n enzyme s y n ­
thes is (34). 

Mechanism of Carbamyl-P Synthetase 

Since the d i s cove ry of the ca ta ly t ic act ion of ace ty l glutamate and 
re la ted reagents, i t has been repeatedly proposed by s e v e r a l w o r k e r s 
(19,23,32) that the synthesis of c a r b a m y l - P by c a r b a m y l - P synthetase 
proceeds s tepwise. 

The p o s s i b i l i t y that m o r e than one enzyme i s involved i n the s y n ­
thesis of c a r b a m y l - P has been cons idered , and cannot as yet be en t i re ly 
d i s m i s s e d ; however, i m m u n o l o g i c a l studies w i t h highly pur i f i ed f rog 
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and ra t l i v e r prepara t ions (29) fu l ly justify the assumpt ion that only one 
enzyme, perhaps mult iheaded, i s respons ib le fo r the reac t ion . We have 
suggested (35) that two re la ted phenomena a r e involved i n the c o m p l i ­
cated ace ty l glutamate requi rement of c a r b a m y l - P synthetase for c a r ­
b a m y l - P synthesis : one i n f l i c t i ng s t r u c t u r a l changes i n the enzyme 
prote in ; another, r e q u i r i n g A T P , r e su l t i ng i n the accumula t ion of an 
in termedia te . 

G r i s o l i a and Towne (20) f i r s t proposed that an in termediate was 
fo rmed p r i o r to the synthesis of c a r b a m y l - P . The idea of an i n t e r m e ­
diate was further strengthened by la te r evidence (35) r ega rd ing the i n ­
c rease i n synthetic ac t iv i ty that fol lows the preincubat ion of the ra t 
l i v e r enzyme w i t h ace ty l glutamate, A T P , and M g + 2 , and by the demon­
s t ra t ion that, after preincubat ion of the enzyme w i t h ace ty l glutamate, 
A T P , M g + 2 , and H C 0 3 " , fol lowed by the r e m o v a l of A T P f r o m the i n c u ­
bation mix tu r e s , some c i t r u l l i n e was s t i l l synthesized upon addit ion of 
orni th ine and orni thine t r ansca rbamylase . 

Metzenberg , M a r s h a l l , and Cohen (32) proposed the fo l lowing 
scheme for the incorpora t ion of C O z into c a r b a m y l - P : 

A T P + C O , ace ty l g lu tamate , ^ p + ^ + ( < a c t l v e ^ , , ( n ) 

A T P + " a c t i v e C 0 2 » + N H S y , a c e t y l g l u t a m a t e N A D P 

+ c a r b a m y l - P (8) 

Evidence point ing to this mechan i sm included the inc reased u t i l i ­
za t ion of A T P w i t h decreased c a r b a m y l - P synthesis induced by cobalt 
ions (32); the u t i l i z a t i on of A T P by the enzyme i n the absence of a m ­
monia , a phenomenon enhanced by M n + 2 (32); and the phosphatase- l ike 
effect of hydroxy l amine , extens ively studied by C a r a v a c a and G r i s o l i a 
(4). [No evidence of the poss ib le format ion of a hydroxamate was ob ­
tained (4).] The same data indicate that ammonia enters the reac t ion 
las t , r e l ea s ing the hypothetical in termedia te w i t h s imultaneous f o r m a ­
t ion of c a r b a m y l - P . 

The p a r t i a l r e v e r s i b i l i t y of the reac t ion i s a lso an argument i n 
favor of the stepwise mechan i sm, although the la t te r i s not the only 
poss ib le explanation; 2 moles of A T P a re u t i l i z e d per mole of c a r b a ­
m y l - P synthesized (Reactions 11 and 8), yet only 1 mole of A T P can be 
synthesized f r o m 1 mole of c a r b a m y l - P . It has been thought that the 
synthesis of A T P f r o m c a r b a m y l - P ref lected a r e v e r s a l of Reac t ion 8, 
wh i l e React ion 11 was assumed i r r e v e r s i b l e . The ac t iva t ion reac t ions 
of acetate and formate a re perhaps iden t i ca l w i t h React ion 11, and yet 
they a r e r e v e r s i b l e , as indicated i n React ions 9 and 10. It may w e l l be 
that the r eve r se reac t ion , Reac t ion 8—e.g., A T P synthesis f r o m c a r ­
b a m y l - P — i s par t of Reac t ion 11 i n a l l cases . T h i s would i m p l y that 
wh i l e the synthesis of c a r b a m y l - P i s a two-step p roces s , the " a c t i v a ­
t i o n " of H C O s " and the format ion of A T P f r o m c a r b a m y l - P (in essence 
a r e v e r s a l of C 0 2 activation) may be c a r r i e d out i n one step. 

W h i l e ace ty l glutamate i s r equ i r ed as a cofactor fo r the o v e r - a l l 
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synthesis of c a r b a m y l - P , as w e l l as for the synthesis of A T P (Reac­
t ion 8), the absolute requirement fo r ace ty l glutamate i n the postulated 
f i r s t step—the C 0 2 act ivat ion—is s t i l l conjectural ; there i s , i n fact, 
evidence to the con t ra ry . 

The ro l e of ace ty l glutamate remained undefined i n M a r s h a l l ' s 
p ropos i t ion (30); Jones and Spector (23) proposed a mechan i sm for the 
synthesis of c a r b a m y l - P dependent on the hypothetical fo rmat ion of 
ca rboxy l phosphate f r o m A T P and H C 0 3 " , fol lowed by the synthesis of 
a carbonic ac id de r iva t ive of ace ty l glutamate. To our knowledge no 
further evidence of the existence of these in termedia tes has been ob­
tained to date. The exper iments pe r fo rmed i n our l abora to r ies on the 
incorpora t ion of H C 1 4 0 3 " may be in terpre ted differently. If a carbonic 
a c i d der iva t ive of ace ty l glutamate i s fo rmed, the presence of an ex­
cess of ace ty l glutamate i n the incubation mix tu re s should favor the 
C O z f i x ing reac t ion , r e su l t ing i n inc reased incorpora t ion ; however, the 
s t r uc tu r a l modif icat ions induced by ace ty l glutamate, wh ich r e su l t i n a 
m o r e act ive f o r m of the enzyme, would be sufficient to inc rease the i n ­
corpora t ion . 

To the prev ious data must be added the exchange exper iments c a r ­
r i e d out by s e v e r a l inves t iga tors ; most atoms of ace ty l and /o r c a r b a ­
m y l glutamate have been labeled (except those that f ree ly equi l ibra te 
w i t h water) , and the i r exchangeabil i ty w i th other elements pa r t i c ipa t ing 
i n the reac t ion has been tested. No indica t ion of exchange has been 
found thus fa r . W h i l e this does not exclude the par t i c ipa t ion of ace ty l 
glutamate i n the format ion of an in termedia te , i t l i m i t s the p o s s i b i l i ­
t ies to a nar row group. 

Since the f rog l i v e r synthetase i s act ivated by ace ty l glutamate 
without A T P , M a r s h a l l , Metzenberg , and Cohen (30) concluded that 
ace ty l glutamylphosphate was not an in termedia te . A s shown above, the 
presence of A T P and M g + 2 together w i th ace ty l glutamate a lways en ­
hances ac t iv i ty (pa r t i cu la r ly i n the case of the ra t l i v e r enzyme, where 
the act ivat ion by ace ty l glutamate alone i s ba re ly demonstrable) , and 
we have been able to reproduce the exper iments where c i t r u l l i n e was 
synthesized after the r e m o v a l of A T P (20). It appears then that the a c ­
t iva t ion of c a r b a m y l - P synthetase by ace ty l glutamate does not neces ­
s a r i l y exclude the p o s s i b i l i t y of a phosphorylated ace ty l glutamate i n ­
termediate . 

Three important d is t inguishing facts concerning the synthesis of 
a c e t y l - P and f o r m y l - P w i l l be brought to mind : (1) that unl ike the s y n ­
thesis of c a r b a m y l - P , no ammonia i s involved i n the synthesis of a ce ­
t y l - P o r f o r m y l - P ; (2) that M n + 2 ra ther than M g 2 i s the most act ive 
cat ion i n a c e t y l - P and f o r m y l - P synthesis and i n A T P synthesis f r o m 
a c e t y l - P (while M g + 2 i s mos t ac t ive i n the synthesis of c a r b a m y l - P , 
M n + 2 i s again more act ive i n the u t i l i za t ion of A T P by the f rog l i v e r 
enzyme i n the absence of ammonium ions); and (3) that the s t o i c h i o m -
e t ry of the reac t ion wi th respect to A T P appears to differ w i t h the 
product, one A T P being u t i l i z ed per mole of f o r m y l - P synthesized (ev i ­
dence indicates that the same i s the case for a c e t y l - P synthesis) . 

On the bas i s of the evidence ava i lab le to date, s e v e r a l hypotheses 
on the mechan i sm of synthesis of c a r b a m y l - P may be maintained; how-
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ever, they must now be applicable as well to the synthesis of acetyl and 
formyl-P. 

In view of the new information presented with regard to the syn­
thesis of carbamyl, acetyl, and formyl -P, two further postulations on 
the enzymatic mechanism may be advanced. 

The "activation" of acetate, formate, and bicarbonate may be car ­
ried out by the synthetase by an analogous mechanism, conducing to 
the synthesis of acetyl-P, formyl -P , and an unidentified compound (per­
haps carboxyl-P), respectively. The activation possibly occurs in one 
step, utilizing 1 mole of A T P per mole of product synthesized (Reac­
tion 12): 

acetyl-P 

+ A T P ^ ^ formyl -P + ADP (12) 

<C02 - P " 

The participation of ammonia [that can apparently be replaced by 
Ο-methylhydroxylamine (30)] may be related to a second function of 
the enzyme, accomplished in the case of the activation of H C 0 3 " , and 
only in that case (Reaction 13): 

" C 0 2 - P " + N H 3 + A T P ̂  ^. carbamyl-P + ADP + P i (13) 

The enzyme (perhaps involving a second binding site for ATP) may 
complete the activation of H C 0 3 " to carbamyl-P in the following man­
ner: 

H C C V + A T P - " C 0 2 - P " + ADP (14) 

Acetyl glutamate + A T P — "acetyl glutamate-P" + ADP (15) 

" C 0 2 - P " + "Acety l glutamate-P" + N H 3 — 

carbamyl-P + acetyl glutamate + P i (16) 

This mechanism is not inconsistent with the fact that the role of 
acetyl glutamate as a cofactor appears to be fundamentally associated 
with the structural changes it induces in the enzyme protein. 

The findings described here and their possible interrelations with 
the urea cycle are presented in Figure 1. 

Recent Work 

Important contributions to two subjects of this paper have been 
made since its submission: 

Stadtman has demonstrated (42) the conversion of carbamyl phos­
phate and acetate to acetyl phosphate, catalyzed either by a crude lysine 
system or by a purified acetate kinase f r o m X . sticklandii. ADP and 
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M g * 2 were r equ i red for the reac t ion to proceed . The ace ty l phosphate 
i s u t i l i z e d for the synthesis of a c e t y l - C o A , r equ i r ed for l y s ine d e g r a ­
dat ion. The impor tance of Stadtman's f inding becomes apparent upon 
c lose examinat ion of the exper imenta l data. 

Schooler , Fah ien , and Cohen (40) have repor ted that 2 -ace toxyglu-
tarate i s an ac t iva tor of c a r b a m y l phosphate synthetase. One of the 
s t ruc tures proposed by Jones and Spec tor fo r the c a r boxy lated d e r i v a ­
t ive of ace ty l glutamate i s thus ru l ed out. 
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