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AN INDISPENSABLE 

AMINO ACID 



The discovery of a lysine deficiency in man y proteins of vege­

table origin has raised questions concerning the nutritional 

significance of this amino acid. Basic concepts have been 

developed using diets supplemented with purified lysine, 

but progress of such fundamental work has been governed 

by availability of the materials for experimentation. 

Today more economical methods of synthesis are helping 

ro expand the horizons of amino acid research . Clinical research 

with these important compounds is now possible. Further­

more, amino acids are destined to assume an important role 

in the investigation of livestock and poultry feeding. 

The Dow Chemical Company has undertaken leadership 

tn making the essential amino acids available for research 

tn this special field. 
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PART I 

DISCOVERY AND IDENTIFICATION 

T IME AND AGAIN new discoveries have grown our 
of the development of new techniques, the use of 

new reagents, or attempts to reconcile divergent experi­
mental observations. The isolation of lysine, one of 
the three basic amino acids , by Drechsel in 1889 (1 ), 
is an exemplification of this in rhe amino acid field. 

Prior to 1889 only eleven of the nineteen amino 
acids now commonly associated with proteins had been 
isolated and only nine were known robe components 
of proteins (2 ) . Drechsel had become anxious to learn 
why the hydrolysis of protein with hydrochloric acid 
in rhe presence of stannous chloride, first used by 
Hlasiwerz and Habermann in 1873 (3) , and the diges­
tion of proteins with barium hydroxide, as ourlined by 
Schurzenberger in 1879 (4 ), should both yield am­
monia and amino acids . The acid hydrolysis should 
liberate lirrle or no carbon dioxide, rhe alkaline hydrol­
ysis a considerable amount . He was also struck with 
the realization rhar the amino acids which had been 
isolated had failed to account for more than a small 
portion of the total nitrogen in rhe protein . He there­
fore hydrolyzed casein and isolated rhe readily crystal 
lizable amino acids (glutamic acid, aspartic acid , tyro­
sine and leucine), as Hlasiwerz and Habermann had 
done, then concentrated che mother !iquors to a syrupy 
consistency and added phosphotungstic acid. He ob­
tained a very bulky precipitate This he suspended in 
water and decomposed with banum hydroxide. Here­
moved rhe barium phosphotungstate, freed the filtrate 
of excess barium by precipiranng rhe latter as rhe sui­
fare, added hydrochloric acid, and concentrated rhe 
solution to thick syrupy residue. Upon standing 
over sulfuric acid, crystals formed. These were dissolved 
in a minimum of warer and absolute alcohol was then 
added. Addition of ether produced an oily precipitate 
which became crystalline upon standing. Drechsel rec­
ognized rhe crystals as rhe chloride of a strong base 
which could be liberated by adding silver carbonate. 

When the solution of the free base was heated, a 
weak, sperm-like odor was evolved. 

Phosphotungstic acid had long been used to precip­
itate alkaloids, and had only three years before (1886) 
been applied by Schulze and Steiger (5 ) to a water ex­
tract of etiolated lupine seedlings, as parr of a pro­
cedure which had led to rhe isolation of arginine. It is 
quire likely that rhe expuience of Schulze and Steiger 
had prompted Drechsel to apply rhe reagent for rhe 
first time to residues obtained from an acid hydrolys­
ate of a protein, a procedure still in common use for 
rhe isolation of the basic amino acids, arginine, histi­
dine, and lysine. 

From rhe crystalline product which Drechsel had 
obtained and from irs mother liquors, he proceeded 
to prepare chloroplatinate derivatives . He obtained 
rwo products differing in color and composition. He 
noced that the crude mixture of the chlorides could be 
heated with concentrated hydrochloric acid to 150° 
without decomposition , bur that when this or the crys­
talline chloride was heated wirh barium hydroxide at 
120°-130°, degradation occurred , with the production 
of barium carbonate. He assumed that the base was 
the source of rhe carbon dioxide which Schurzen­
berger's method of protein hydrolysis had produced. 

In attempting ro evaluate Drechsel's early work, it 
is important to note that arginine had not yet been 
isolated from protein hydrolysates and that histidine 
had not been recognized . It is therefore nor surprising 
that he did not at once recognize that some of his 
products were mixtures. In 1890, he applied a new 
reagent, silver nitrate, and obtained a double salt of a 
base which yielded urea upon hydrolysis with barium 
hydroxide (6) . From the analysis of the double salt 
plus the assumption that it contained a readily remov­
able molecule of water, he concluded that the base 
was a homologue of creatine which could lose water 
to form irs corresponding anhydride. Presumably be-
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cause the base underwent hydrolysis, he called it lysa­

tilze and its anhydride lysatinine. The probability that 

lysacine was not a pure substance was not recognized 

until five years Iacer when Hedin (7 ), a former student 

of Drechsel, applied the methods which Drechsel 

had used to a hydrolysate of horn and was able to 

isolate both lysine and arginine from a compound 

having the composition of Drechsel's double sale of 

lysatine and silver nirrate . Hedin thus discovered for 

the first time chat arginine was present in a protein hy­

drolysate. Lacer he isolated the third hexone base, his­

tidine, from an amorphous precipitate produced when 

silver nitrate was added to a solution of the free bases 

obtained from protein hydrolysaces (8). Thus, the 

confusion first caused by Drechsel's use of silver ni­

trate, now recognized as an invaluable reagent, was 

resolved as experience was gained in irs application . 

The name lysine first appears in 1891 in a long paper 

by Drechsel (9) on the decomposition of proteins. Of 

the six seccions in the paper, the first three appear un­

der Drechsel's own name, each of the last three under 

the name of one of his students , Fischer, Siegfried, and 

Hedin. In the second seccion, Drechsel first gives the 

correCt formula for lysine chloroplatinate and recog-. 

nizes the base as a diaminocaproic acid and a homo­

logue of ornithine. In the fourth section, Fischer first 

applies the name lysine, without explanation, to the 

same base. He had obtained it from a hydrolysate of 

gelatin by first preparing Drechsel's so-called lysacine 

(or lysatinine) in crude form , decomposing chis with 

barium hydroxide, and isolating the lysine from the 

resulting hydrolysate as the chloroplatinate. 

The deductions of Drechsel and Kruger (10) chat 

lysine was a derivative of pentamechylenediamine were 

confirmed by Ellinger's demonstration chat this dia­

mine could be obtained by incubating lysine anaero­

bically with putrefactive bacteria (11 ) . That lysine was 

indeed a, £ -diaminocaproic acid was established by 

Fischer and Weigert (12), who synthesized it by using 

nirrous acid to convert y -cyanopropylmalonic ester to 

the ethyl ester of a-oximino-1\-cyanovalerianic acid , 

reducing and hydrolyzing the latter in absolute alcohol 

solution with sodium, and isolating it as the dihydro­

chloride. He found it identical with the DL-lysine di­

hydrochloride which he prepared by heating natural · 

lysine dihydrochloride with 20 pares of 20 per cent 

hydrochloric acid in a closed tube for 15 hours. It may 

be pertinent here to add that free lysine, as Drechsel 

and Kruger noted , is so alkaline that it readily com­

bines. with carbon dioxide. Special care m usc therefore 

be taken to prepare crystalline lysine. This was first ac­

complished in 1928 by Vickery and Leavenworth (13 ). 

H2N-CH2-CH2-CH2-CH2-yH-COOH 

NH2 



PART II 

T HE CHEMICAL METHODS which have thus far been 
most commonly employed in estimating lysine 

have involved either its isolation or its determination 
by nitrogen distribution analysis. In the former type 
of procedure, the basic amino acids must usually be 
isola red and separated; in the latter, histidine nitrogen 
and arginine nitrogen must be determined in order to 
calculate lysine nitrogen . Most of the variations in the 
isolation procedure have been concerned with the 
method of hydrolysis , the fractionation of the hydroly­
sate to yield the basic amino acids, and the method of 
precipitating or otherwise removing the histidine and 
arginine, rather than with the precipitation of the lysine. 

A. Isolation MPthods 

The procedure of Kosse! and Kutscher (1) may be 
considered more or less basic. The protein is hydro­
lyzed with sulfuric acid, chen freed of humin, excess 
acid and ammonia. The histidine and arginine are pre­
cipitated as the silver sales, the solution being made 
strongly alkaline with barium hydroxide . The silver 
salts are filtered off and the filtrate and washings are 
used for the isolation of lysine which is precipitated 
as che phosphotungstate, after first removing excess 
barium and silver. The phosphotungstate is next de­
composed and rhe lysine converted to the picrate. Usu­
ally the lysine is estimated gravimetrically as the pic­
rate. The K osse! and Kutscher procedure has been 
modified in various ways by various investigators. It 
has undoubtedly been studied most critically by Vick­
ery and Leavenworth (2) whose revisions have made ic 
a more precise analytical tool. 

Since histidine, arginine and lysine are more basic 
than the other amino acids, and the isoelectric points 
of histidine and arginine are respectively almost two 
pH units less and two greater than that of lysine, the 
three may first be separated from the other amino acids 
by electrophoresis, then the arginine and lysine sepa-

DETERMINATION 
rated from the histidine- also by electrophoresis, the 
arginine precipitated as the flavianate, and the lysine 
as che picrate, without previous precipitation as the 
phosphotungstate (3). Although this method has been 
used more extensively as a preparative method, it has 
also been recommended , with modifications, as an 
analytical procedure (4). 

Direct precipitation of lysine as the picrate has been 
applied to sulfuric acid hydrolysates of blood corpuscle 
paste after neutra.fizacion with calcium or barium hy­
droxide (5). According to Kurtz {6), this procedure 
fails entirely with gelatin. He has devised a method 
consisting of the conversion of the amino acids to 
their copper salts, followed by benzoylation . £-Ben­
zoyllysine copper precipitates and is converted first 
into £-benzoyllysine, chen into lysine dihydrochloride. 
The last two methods , at least at their present stare of 
development, should be regarded as preparative, rather 
chan as analytical procedures. Lysine dihydrochloride 
in alcoholic solution may be converted into the mono­
hydrochloride through the addition of pyridine in ab­
solute alcohol (5). 

B. Nif1·o({eu Distt·ibution 

In this procedure the basic amino acids and cystine 
are precipitated with phosphotungstic acid from a 
protein hydrolysate previously freed of ammonia. 
Usually the phosphotungstate is decomposed and ali­
quots of the filtrate are analyzed for sulfur, total nitro­
gen, amino nitrogen , and arginine nitrogen. Of the 
four amino acids, cystine and lysine yield all of their 
nitrogen when allowed to react with nitrous acid for 
thirty minutes, whereas histidine yields but a third 
and arginine bur a fourth of theirs. The cystine nitro­
gen can be calculated from the sulfur analysis. When 
boiled with alkali, arginine undergoes hydrolysis to 

urea and ornithine, and the urea decomposes to yield 
ammonia. Half of che nitrogen of arginine is thereby 

7 
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liberated. Besides arginine, only the histidine contains 

non-amino nitrogen, two-thirds of its total nitrogen 

being in this form. Hence, Histidine N = 3/ 2 [(Total 

N- Amino N)-%" Arginine N]. The lysine nitrogen 

can then be calculated by difference : Lysine N =Total 

N- (Cystine N-Arginine N- Histidine N ). 

When only lysine is to be determined , advantage 

may be taken of the observation that in four minutes 

at 20° all of its a-amino nitrogen and very little of its 

£-amino nitrogen reacts , whereas in thirty minutes 

both groups react. If this is true, then the £-amino 

nitrogen can be determined by difference and the total 

lysine nitrogen calculated without also determining 

the cystine, arginine and histidine nitrogen. 
The Van Slyke nitrogen distribution method has 

been modified in various ways since it was first pub­

lished in 1911 (7). The interested reader may find a 

review of these and a detailed discussion and evalua­

tion of the various steps of both the Kosse! and Kut­

scher and the VanSlyke methods elsewhere (8). 

C. Estimation from "Carbo.xJI Nitrogen" 
and Amino Nitrogen 

In 1941, Van Slyke et al. devised a procedure for de­

termining the carboxyl groups in free amino acids 

gasometrically (9). Advantage was taken of the ob­

servation that when a-amino acids are boiled with 

an excess of ninhydrin at pH 1 to 5, the C02 from 

their carboxyl groups is evolved in a few minutes . 

Only the carboxyl group adjacent to thea-amino group 

responds, except in the case of aspartic acid in which 

both carboxyl groups release C02 . In a mixture of the 

basic amino acids, such as that obtained by precipita­

tion with phosphotungstic acid , each of the amino 

acids except lysine yields one amino nitrogen by the 

nitrous acid method and all yield one " carboxyl nitro­

gen" by reaction with ninhydrin at pH 1. In the case 

of lysine the ratio is 2:1. Hence, lysine N = 2 (amino 

N- carboxyl N ). Van Slyke recommends this calcu­

lation as more exact (10) , than the calculation from 

total nitrogen and arginine, cystine and histidine 

nitrogen originally used (7). 

D. Estimation from "Free" 
Amino Nitrogeu 

The £-amino group of lysine apparently does not par-

nopate in the production of the peptide linkages 

found in native proteins, but exists in a form which 

will readily react with nitrous acid (11, 12) , or with 

such reagents as phenylisocyanate (13), or benzene­

sulfonyl chloride (14). Proteins treated with nitrous 

acid for 25 minutes yield approximately half as much 

nitrogen as the lysine fraction obtained from hydroly­

sates of the untreated prott>in (11 ), and no lysine can 

be isolated from hydrolysates that are prepared from 

the treated protein (12). In some proteins there ap­

pear to be some free a-amino groups which would 

also react (15). 
Lie ben and Loo (16) have devised a method for the 

estimation of lysine, based on the reaction of the na­

tive protein in the Van Slyke apparatus, with correc­

tion for the a-amino "groups liberated by the hydro­

lytic action of the glacial acetic acid on the protein . 

They determine the amino nitrogen liberated in 30 (a), 

60 (b), and 90 (c) minutes and calculate the £ -amino 

nitrogen from the equation: £-amino N = c- 3 (b-a). 

When a 100 mg. sample of protein is used and the 

amino N is expressed in mg., f-amino N x 146/ 14 

then gives the per cent of lysine. 

P, Colorimetric Estimation 

Recently a method has been devised for the determi­

nation of lysine which is based upon the capacity of 

chlorinated or brominated lysine to reduce Folin 's 

phenol reagent. Since tryptophan , tyrosine and other 

amino acids also react with the reagent, the lysine from 

a protein hydrolysate is first absorbed , along with 

arginine, by passing the solution through a column 

of Decal so (17), or it is removed by shaking with per­

mutit, which also adsorbs histidine (18). The eluate 

containing the lysine is chlorinated (16), or bromin­

ated (18), before the color is developed . A correction 

must be applied for the presence of histidine. There­

sults are said to agree favorably with those obtained 

by other methods of analysis. 

F. lHicrobiological DecarbOX)'lation 

In 1944 Gale and Epps (19), published a study which 

showed the feasibility of using an L-lysine decarboxyl­

ase preparation from Bacterium cadaveris as an agent 

for determining L-lysine. The carbon dioxide liber­

ated is measured manometrically. Zittle and 



Eldred (20), and Gale (21), have applied the method 
to a number of protein hydrolysates and have ob­
tained results in good agreement with analytical data 
yielded by chemical methods and by other methods of 
microbiological assay. The procedure is stereochemi­
cally specific. Gale and Epps obtained a 45 per cent 
response upon applying it to DL-lysine. 

G Lqrtic Acid Production 

Leuconostoc rnesenteroides P-60 (22, 23), and Streptococcw 
faecalis (24), have been recommended for use in the 
microbiological assay of L-lysine in protein hydroly­
sates. Titration of acid production in the medium has 
usually been employed as the index of growth, but 
measurement of turbidity has also been used. Higher 
values have been obtained by these procedures chan 
by isolation and nitrogen partition, as might be antici­
pated. According to Brand (23), the use of L. me.sen­
teroides is preferable to that of the decarboxylase of B. 
cadaveris which seems to yield low results. In the 
analysis of bovine serum albumin the result obtained 
with the former was practically identical with the 
isotopic dilution value reported by Shemin (25). 

H. '\f_rcelittl Grou'tb 

Doermann (26) has employed a "lysine-less" mutant 
of Neurospora crassa, using the weight of the dried 
mycelium obtained after seven days of growth as the 
criterion. Since arginine inhibits the growth of this 
mutant, it must first be precipitated from the hydroly­
sate of the protein being assayed, or converted to orni­
thine with arginase. The results obtained for lysine 
were considered reliable. 

I. Isotopic Dilution 

The isotopic dilution method originally devised by 
Rittenberg and Foster (27) has been applied in the de­
termination of lysine by Foster (28) and by Shemin 
(25). As applied to lysine, the method consists essen­
tially of hydrolyzing a protein, adding a known weight 
of isotopic lysine of known N 15 excess, isolating and 
purifying the lysine from the hydrolysate, and deter­
mining theN 15 excess in the isolated and purified prod­
uct by the mass spectrograph. When the synthetic 
form of the isotopic amino acid is added, as is usually 

the case, the method of recrystallization chosen must 
be one which will yield the pure L-amino acid: From 
the amount of isotopic lysine added and the amount 
of isotope in the final product, the amount of natural 
lysine with which the isotopic lysine was diluted can 
be calculated. The method is one of the most accu­
rate, but obviously its application is limited to labora­
tories having facilities for isotopic analysis. Radio­
active, as well as stable, isotopes might be applied. 

J. Adsorption 

Some years ago, Whitehorn (29) showed that permu­
tit could be used to separate relatively strong bases, 
among them lysine, from weaker bases (those having 
dissociation constants below 5x10-9) and nonbasic 
substances. Until recently, the principle was not ap­
plied quantitatively . In 1941, Turba (30) described the 
quantitative separation of arginine, histidine and ly­
sine from each other and from the neutral and acid 
amino acids. Upon passing an amino acid mixture 
through a "Floridin XXF extra" column, the arginine 
and lysine were adsorbed, but the other amino acids 
were washed out with water. The adsorbed amino 
acids were then eluted with a mixture of pyridine and 
sulfuric acid. The pyridine and sulfuric acid were re­
moved and the eluate was then concentrated and 
passed through a "Filtrol-Neutrol" column. The ly­
sine was extracted with M/6 KH2P04. Recovery from 
known mixtures was 98 per cent complete. The ad­
sorbents indicated above are of the Fuller's earth type. 
Synthetic resins have been studied by a number of 
workers. Wieland has observed that Wofatit C, one 
of the carboxyl resins which bind only the basic amino 
acids, will retain only lysine and arginine in the pres­
ence of porassiums ions, the histidine passing through 
(31). Block has rested a number of different cation ex­
change resins (32) for their capacities to remove the 
basic amino acids from protein hydrolysares. The 
method appears co be one of great promise, bur at 
present is in the developmental stage. 

An exceedingly useful qualitative method of amino 
acid separation which may eventually develop into a 
procedure suitable for the quantitative determinacion 
of minute amounts of amino acids is chat of partition 
chromatography on paper (33) . A one dimensional 
chromatogram is obtained by placing a drop of solu­
tion of amino acids near the top of a filter paper strip 

9 
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and allowing the strip to hang from a trough contain­

ing a solvent in a closed chamber saturated with water 

and the solvent vapor. The individual amino acids are 

carried down the paper at rates depending upon the 

ratio of water to solvent and by the partition coeffi­

cient. The order of the amino acids down the strip 

differs with the solvent. The position of the amino 

acids may be determined by drying the paper and 

spraying it with ninhydrin solution, then drying and 

heating to produce the color reaction. By using anal­

most square filter paper and placing the spot to be 

analyzed at one corner, allowing it to develop along 

one edge with one solvent, then drying the paper and 

placing the edge along which the chromatogram was 

first developed at the top, and redeveloping with a 

second solvent, a two-dimensional chromatogram may 

be obtained. Williams and Kirby (34) have used capil­

lary ascent rather than capillary descent, and Albanese 

and Lein (35 ) have applied the principle of ascent in 

the detection of lysine in the urine, converting the 

a·mino acids first to their copper salts , partitioning 

0 .02 cc. aliquots of the dried salt solution on paper 

strips in an aqueous phenol atmosphere for 6 hours . 

After drying, the strip was painted with ferrocyanide 

to locate the amino acids , the copper salts reacting to 

produce the pink copper ferrocyanide. 
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t•i\RT Ill 

As INDI CA TED earlier, lysine was first synrhes ized 
fi by red ucing ethyl a- isonirroso-1'>-cyanovalerate 
with sod ium and alcohol (1) . Several other synrhetic 
procedures have subsequenrly been employed, among 
th em the red uctio n and hydrolysis of diethyl (3-cya no­
propyl ) phthalimidomalonate, produced by condens­
ing y -chlorobutyronirrile and sodium ethyl ph thali­
midomalonate (2); the conversion ofN -benzoylpiperi­
dine (3) or cyclohexano ne oxime (4) ro £-benzamido ­
caproic acid , thence to the a-bromo acid with phos­
phorus and bromine (3, 4) or to th e a-chloro acid with 
sulfonyl chloride in the presence o f iodine (5), and 
finally to lysine by amination and hydrolysis (3, 4); 
reacti on of hydrazoic acid with ethyl 2-oxocyclohex­
anecarboxylic acid and subsequendy with the a-ami-

SYNTHESIS 
nopimelic acid thus produced (6); hydrolysis of 3, 4-
dihydro-2H-pyran with acid to yield the 0-hydroxyval­
eraldehyde which is then converted by a modified 
Srrecker synrhes is to 5-(4-hydroxybutyl )-hydanroin, 
followed by hydrohalogenation to the 5-(4-halobutyl) 
-hydantoin and amination of the latter with concen­
trated am monia (7, 8); preparation o f N- (3- formyl­
propyl ) benzamide from acrolein via B-cyanopropional­
dehyde diethyl acetal, conversion to E-benzamidoca­
proic acid, thence to the a-bromo derivative and to 
lysine (9); conversiQn of diethyl acetamido (2- formyl­
ethyl) malonate via th e cyanohydrin to diethyl aceta­
mido (4-acetamidobutyl ) malonate which is hydro­
lyzed with concenrrated hydrochloric acid (1 0). 

11 
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PART IV 

PROPERTIES 

THE ISOLATION of lysine from hydrolysates has 
been most commonly via the monopicrate, a de­

rivative which has also been used for purposes of 
idenrification, or verification. In a capillary tube, the 
pure L-lysine monopicrate darkens at 240°, becomes 
very dark around 250° and shows no obvious 

melting, but rather a slight explosion at 265-266°. 
The decomposition temperature is little altered by 
rate of heating (1 ) . According to Fischer and 
Weigert (2), the monopicrate of DL-lysine darkens 
and decomposes at 230°. The DL-lysine dipicrare 
sinrers at 169° and melts ar 188-190° C. (3 ). Photo­
micrographs of rhe phosphorungsrares , picrares , and 
picrolonares and their crystallographic characteristics 
have been published (4). 

As indicated earlier, free lysine is so alkaline char irs 
solutions absorb carbon dioxide from the air , bur with 

proper precautions it can be prepared (l ) . Free L-lysine 
crystallizes as fine transparenr needles from water 
which usually aggregate into irregular striated , plate­
like forms and in radiating groups. From aqueous al­
coholic solutions either fine needles or hexagonal plates 
may form . Free lysine darkens above 210° and melts 

wirh decomposition at 224-225°. [a] 0
20 =+14.6°. 

L-Lysine dihydrochloride crystallizes in elongated 

prisms which melt at 201-202°; irs [a J 0 
20

, using 3 gm. 
per 100 cc. of solution, in water, is +15.63° (5) . DL­
lysine dihydrochloride melts at 188-190° (5 ). Aqueous 
solutions of the dihydrochloride are acid to litmus. 
The dihydrochloride may be converted ro the mono­
hydroch loride, which is neutral to litmus, by dissolv­
ing ir in 95 per cenr alcohol and adding an alcoholic 
solution of pyridine. The anhydrous L-lysine mono­
hydrochloride melts ar 263-264° (6), as does also the 
DL form (7). The L-lysine monohydrochloride shows 

[a] 0
26 =20-21°, when irs solution in normal hy­

drochloric acid conrains 1 gm . per 100 cc. 
Racemic lysine may be resolved with camphoric 

acid (5). Natural lysine may be racemized by hearing 
ar an elevated temperature for several hours with bar­
ium hydroxide solution (8 ) or wirh concentrated hy­
droch loric acid (2 , 8) . Neuberger and Sanger (9) have 
prepared D-lysine by Walden inversion. Action of ni­
trosyl bromide on £-N-benzoyl-L-Iysine produces le­
vorotatory a-bromo- £ -benzamidocaproic acid which 
on aminolysis yields £ -N -benzoyl-o-lysine having a 
specific rotation opposite in direction , bur equal in 
absolute value, to the starring material. 
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NUTRITIONAL IMPORTANCE 

THE PRECIPITATION of rhe basic amino acids from 

protei': hydrolysares wirh phosphotungstic acid, 
which led in 1889 ro Drechsel's discovery of lysine (1) 
was soon adopted as a key step in procedures for dif­
ferentiating proteins . In 1899, H ausmann used ir in 
formulating his procedure for es timating rhe amide 
nitrogen diamino (bas ic) nitrogen , and monoammo 
nitrogen fractions of protein hydrolysates (2), since 
superseded by rhe Van Slyke nitrogen distribution 

method. In 1900, Kosse! and Kutscher (3) employed 
it and precipitation wirh silver in rhe systematic isola­
tion of arginine, histidine, and lysine. In 1901, Fischer 
published his method of separating rhe monoamino 
acids (4) and Hopkins and Cole announced rhe isola­
tion of tryprophan, with rhe help of an improved 
color rest (5). 

As a result of rhe impact of these discoveries , ir be- . 
came clear rhar proteins varied greatly in their amino 
acid content. Thus, in 1903, Osborne called attention 
to the extremely wide variation in response of purified 

proteins tO· the Hopkins-Cole test (6). In his applica­
tion of Hausmann's method to various vegetable pro­
teins , he was srruck with the relatively low amounts 

of basic amino nitrogen in the alcohol soluble pro-

reins of wheat (gliadin ), rye (gliadin), barley (hordein), 
and maize (zein ) and noted that from rhe alcohol 
soluble proteins of wheat and zein Kosse] and 
Kutscher had been able ro isolate no lysine (7). He 
closed his paper with rhe comment, "The fact that so 
many of the vegetable proteins , which serve exten­
sively as food, have been shown, by our present in­
vestigation, to yield such different proportions of the 
various nitrogenous decomposition products, as com­
pared with rhe animal proteins, makes ir a matter of 

grearesr interest and importance to know something 
more of rhe processes involved in this synthesis." 

lndhh malulity &(I }Sim 

In one of rhe first contributions to our present knowl­
edge of rhe nutritive value of rhe proteins, Willcock 
and Hopkins, in 1906, observed rhar zein failed to 

maintain mice . Although rhe addition of rrypto.phan 

to rhe diet induced rhe animals ro consume more food 
and enabled rhem to live longer, ir did nor permit 
rhem to grow, "a fact possibly due to orher deficien­
cies in rhe zein molecule, such as the absence of lysine 
or the lack of some other amino-acid not yet ob­
served" (8). In 1912, Osborne and Mendel reported 
that rats could be maintained, bur would show only 

slight growth on diets containing 18 per cent of 
wheat gliadin, from which they were themselves able 

to isolate only 0.15 per cent of lysine (9) ; similar re­
sults were obtained on gliadin from rye and hordein 
from barley. They also showed (10), that normal 
growth occurred when gliadin was supplemented with 
lysine ; also that the addition of tryptophan to zein 
led to maintenance, bur that the inclusion of lysine 
was also necessary to promote growth. Thus, for the 
first rime was lysine demonstrated conclusively to be 
"indispensable for the functions of growth." 
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LASSIFICATION OF THE AMINO ACIDS . 

WITH RESPECT TO THEIR GROWT·II EFFECTS 

Histidine @ 
Isoleucine 

Leucine 

LYSINE 

Methionine 

Ph en y !alanine 

Threonine 

Tryptophan 

Valine 

Arginine (!) 

fD Histidine is indispensable to the rat bur is not required 
for nitrogen balance in the human adult. 

(/J Glycine is indispensable to the chick. 

Arginine can be synthesized by the rat but not rapidly 
enough to meet the demands of normal growth. It is 
indispensable in the chick. 



Lysine has subsequently been shown to be neces­
sary for growth in the mouse (11), in the chick (12), 
and in the turkey poult (13), and for maintenance in 
the dog (14) and in man (15, 16). The amount of 
L-lysine required for good growth in the rat was esti­
mated by Osborne and Mendel (17) to be 2 per cent 
or more of the protein (18 per cent of gliadin) in the 
food. Using purified amino acid mixtures, Rose ten­
tatively placed the amount needed at 1 per cent of the 
diet when a complete amino acid mixture is provided 
(18). On mixtures of the DL modifications of the nine 
amino acids essential for moderate ·rat growth, Wret­
lind (19) obtained maximal weight increments when 
the diet contained 1-2 per cent of DL-lysine. For the 
chick 0.9 per cent of L-lysine is considered adequate 
(20), for the turkey poult, 1.3 per cent (13) . Rose has 
estimated tentatively that, when the diet furnishes 
sufficient nitrogen for the synthesis of the nonessen­
tial amino acids, the human adult subject requires 0.8 
gm . of L-lysine per day; he recommends supplying 
1.6 gm. per day (2 1). 

Several years ago McGinty, Lewis and Marvel (22) re­
ported that L-lysine seemed to promote better growth 
than DL-lysine. This was later confirmed by Berg and 
Dalton (23). It has since been shown that D-lysine 
cannot be utilized for growth in the rat (24) or in the 
mouse (11). No data have been published concerning 
the availability or unavailability of the D isomer in 
the human subject. In a review on the amino acid re­
quirements in man published in 1947 (25), Albanese 
states (p. 256), "Unpublished results based on changes 
in urinary lysine and amino N output indicate that 
more than 80% of orally administered unnatural lysine 
is utilized by man." He also tabulated (p. 253) the D 
isomer as being utilizable by man, but not by the rat 
or the mouse. More recently, however, he states (26) 
that supplementation of a wheat gluten diet with 6 
per cent of the D-lysine "cau"sed a tremendous in­
crease in the lysine output, which became normal on 
changing to 6% L-lysine. On the basis of this observa­
tion and the poor N -retention and weight changes 
manifested by infants maintained on the D-lysine sup­
plemented wheat gluten diet, it would appear that 
D-lysine is not utili zed for growth by the infant. " 
Conclusions which are based on nitrogen retention or 

weight changes , as well as on urinary excretion, would 
seem to be much safer than conclusions based on uri­
nary excretion alone. 

Although the evidence indicates that DL-lysine is 
only half as well utilized for tissue synthesis, there is 
no basis for assuming that the presence of the D 
isomer may be deleterious. A mixture of the DL-modi­
fications of the essential amino acids in proper pro­
portions will afford ·as rapid growth as a physiologi­
cally equivalent mixture of the same essential amino 
acids, all in the L form (27). So far as lysine itself is 
concerned, Wretlind has observed that the consump-

tion by rats of diets containing mixtures of the indis- ~ 
pensable amino acids in the DL form is essentially 
maximal whether the diet contains 0.25 or 4.0 per cent 
of DL-lysine, and that no toxic effect can be definitely 
shown until 16 per cent of DL-Iysine is incorporated. 

Whether lysine is required for maintenance in all ani­
mals, as it is in man, is a debated question . In the 
adult rat, nitrogen balance studies by Wolf and Corley 
with amino acid mixtures (28) and weight change 
studies by Neuberger and Webster, who used zein 
fortified with tryptophan (29), have been interpreted 
to indicate a definite need of lysine for maintenance. 
On the other hand , nitrogen balance data presented 
by Burroughs, Burroughs, and Mitchell (30) who 
used amino acid mixtures and by Mitchell (31) who 
used proteins are interpreted differently. In most of 
the tests thus far made, even in the growing ra t, it is 
quite true, as Neuberger and Webster indicate (29), 
that traces of lysine may have been introduced in the 
"protein free" milk used to supply minerals or in the 
yeast or liver preparation used as a source of the vita­
mins ; on the other hand , Mitchell (3 1) emphasizes 
that the loss of weight observed by Neuberger and 
Webster may have been due to the failure of their rats 
to consume enough diet ad libitum to maintain caloric 
equilibrium, a possibility prevented in the study of 
Burroughs et al. (30) by tube feeding. Recently Wiss­
ler et al. (32) have reported that the removal of L­
lysine from an amino acid mixture patterned after 
casein produced only slight interference with food 
consumption in either the protein-depleted or the 
normal adult rat. Despite equalization of food intakes 
by force-feeding, the animals on these diets lost weight 
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when the lysine was removed. It seems fair to infer 

that the balance of evidence favors lysine as a requisite 

even for maintenance. 
The adult mouse fed diets ad libitum which con­

tained "protein free" milk is able to maintain weight 

(33), .as is also the young mouse fed diets containing 

tryptophan and zein and a separate daily allotment of 

yeast vitamin concentrate (11 ). It is quire possible, 

however, that at least the yeast concentrate may have 

contained some lysine. 
In the young rat fed mixtures of purified amino 

acids, Rose reports a rapid loss of weight and de­
creased food intake when any of the essential amino 

acids but arginine is withdrawn (16) . On mixtures of 
only the essential amino acids , all in the DL form , 

Wretlind obtained maintenance on 0.2 per cent of DL­
Iysine bur noced rhar when the lysine was withdrawn 

completely rhe decline in weight was much smaller 

rhan that occasioned by the withdrawal of any of rhe 

other essential amino acids (19) . 
In adult rats placed on an amino acid mixture after 

a period of protein depletion , the omission of lysine 
from the mixture also caused less weight loss than 

observed when any of the other amino acids except 

arginine was removed (34). 

Pbl u logic,t! ( 'JIHHfll 1 t c( 
[) fuu 1 

So far as it is yet known few, if any, specific symp­
toms follow the withdrawal of lysine from rhe diet 

(29, 16, 34). Loss of weight and poor appetite occur 
in the rat when any essential amino acid, except argi­
nine, is omitted. Retardation in growth of the various 

organs and tissues is nor uniform. The body, rail and 

long bones increase in length (35 ) , and the kidneys 

and eyes continue to develop at the expense of the 

rest of the body (36) . Pearson observed cessation of 

the estrus cycle in rats maintained on an 18 per cent 
gliadin diet, with resumption after adding 0.6 per cent 

of L-lysine dihydrochloride (37 ) . A similar effecr can 

be induced, however, by restricring the intake of a 

complete diet (38) . 
Failure to rear young had been noted some years 

earlier in rats fed zein diets fortified only with trypto­

phan (39), possibly because of poor milk production. 

Milk cows fed rations deficient in lysine produced 

less milk and showed an increased loss of nitrogen in 
the urine, whereas high yields of milk protein ·ordi­

narily are accompanied by decreased output of ni­
trogen in the urine (40) . 

Carefully-conducred studies in both the weanling 

rat ( 1) and in the 110-140 gm . animal (42) indicate 

that hypoproteinemia develops on lysine-deficient 

diets. A mild anemia, with slightly greater reduction 

in hemoglobin than in red cells, also occurs, with 

loss of liver protein , bur little or no change in rhe 

total procein content of rhe body. In rhe rat fed an 

adequate diet in amounts so restricted as to produce 

similar body weight changes , none of these symptoms 
other rhan loss of weight were noted (42) . 

The lysine-deficiency symptoms rhus far discussed 
cannot be regarded as unique. They are qualitatively 

rhe same as those produced by any general inrerfer-



ence with protein synthesis. The same is true of the 

production of corneal vascularization by diets low in 

lysine; similar symptoms may be produced by the 

lack of other amino acids (43 ) . Whether this will 

prove to be true also in the case of feather depigmen­

tation, which can be induced in bronze turkey poults 

by lysine-poor diets and corrected by the addition of 

lysine (44 ) , remains to be seen. 

In 1')43, Albanese et al. reported that several human 

subjects placed on a lysine-deficiem diet "complained 

of nausea, dizziness and hypersensitivity to metallic 

sounds" (45 ). The symptoms were "associated with a 

rise of non-ketone organic acid output in the urine 

and varied in intensity with the amount of these acids 

excreted" (25 ) . This observation has nor been con­

firmed. Unfortunately , the chief source of nitrogen in 

the lysine-deficient diet used in chis study was a hy­

drolysate prepared from casein which had been created 

with nitrous acid to render the· lysine nutritionally in­

effective by destroying its terminal amino group. Fail ­

ure to remove the res~lting organic acid residues, 

rather than a lysine deficiency per se, might well have 

been the cause of the " biochemical lesion" described. 

Studies in the rat indicate that deaminized casein is 

roxie. Animals receiving it survive for only a few 

weeks and develop a profound anemia (46) . The 

anomaly can be overcome by adding lysine ·ro the 

diet, but twice as much is required for growth and re­

covery as would suffice in the usual diet for saris­

factory growth (47 ) . The anemia-producing agem is 

nor destroyed by hydrolyzing the deaminized casein 

with sulfuric acid , and may or may nor be found in 

the hydrolysate at roxie levels, depending upon how 

completely it is adsorbed on/ or co-precipitated with 

the barium sulfate produced in removing the excess 

sulfate (48) . Recent rests of synthetic a-amino-£-hy­

droxycaproic acid , whose L component would result 

from the deaminarion of the£ -amino group of lysine, 

have shown char it cannot replace lysine in the diet 

(49) and chat ir produces anemia (50) . The presence 

of the derivative in hydrolysares of deaminized casein 

has been confirmed by paper chromatography; no 

lysine was detected (51 ). 

As has already been indicated, the deficiency of lysine 

in some of the proteins of the cereal grains was noted 

in even the earliest determinations of their basic amino 

acid content (3 ), as well as of their nutritive value (8, 

9). This is true particularly of the alcohol soluble pro­

reins of the endosperm of wheat, rye, barley , and 

maize. On rhe other hand, determinations have shown 

the nutritive values of the total proteins of wheat, 

rice, oars, rye, barley, and maize to be fairly saris­

factory (52 ), the proteins of oars, rice , and rye seem­

ingly outranking those of wheat and ~· perhaps 
,, . ?. 

partly because of their somewhat higher lysine con-

rent (53 , 54) . 
It should be made quite clear that the various pro­

teins found in a single cereal may differ rather widely 

in composition (54-56), more lysine usually being 

found in rhe germ and bran protein per unit weight 

chan in the proteins of the endosperm. Hence, mill­

ing , as commonly practiced , reduces the lysine con­

tent of rhe flour below rhat found in rhe whole grain. 

Thus, Bricker, Mitchell, and Kinsman (57) were able 

to convert a negative nitrogen balance of- 0.872 gm. 

per day during a 5-day period on a wheat flour diet 

into a slightly positive balance during the next 5 days 

by supplementing the 38.7 gm. daily allotment of 

protein wirh 1.37 gm. of lysine (0.263 gm. of nitro­

gen ). Kuether and Myers (58) have noted an im­

proved nitrogen balance on supplementing diets con­

raining manufactured oar cereals (rolled oats and ex­

ploded oars) with 5 gm. of DL-lysine monohydro­

chloride daily (0.38 of nitrogen as L-lysine) . In addi­

tion to the nitrogen in the L-lysine, 0.8 to 1.02 "ex­

era" nitrogen was retained on the supplemented diets. 

Hoffman and McNeil (59) have used the nitrogen 

balance index method of Allison and Anderson (60) 

to gauge the nutritive value of wheat gluten in 10 

I 
I 
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hospital patients , most of them with chronic protein 
deficiency. The addition of "4% purified L-lysine hy­
drochloride" raised the mean nitrogen index from 
0.62 to 0.76, approaching the value for casein . 

It should be pointed out that the nutritive values 
of several proteins have been shown to be influenced 
by heating them, some having thereby been improved , 
others impaired. In 1926 Morgan and King (61 ) 
showed that the heat treatment used in processing 
toasted breakfast cereals reduced their nutritive value 
to the rat. This was verified in an extended study 
which showed similar damage of dry whole wheat , 
wheat gluten , and casein after heating them for 30 
minutes at 150°C. The lowered biological values were 
associated with only a slight lowering of digestibility 
(62) . These observations have in general been con ­
firmed in the human subject, particularly with the ex­
ploded type of breakfast cereal (63 , 64, 58) . Subse­
quently, Greaves and Morgan noted that supplemen­
tation of heated casein with lysine compensated for 
most of the impairment (65 ) and Block , Jones and 
Gersdorff reported that the proportion oflysine yielded 
upon hydrolyzing casein with acid was not appreci · 
ably altered by thi~ type of heat treatment (66) . 

Decrease in biological value occurs also when liver, 
muscle, and kidney are similarly heated. Thus Seegers 
and Matti!! (67 ) noted that beef liver which had been 
carefully dried at temperatures below 60° suffered 
considerable loss in its value as a source of protein for 
maintenance and growth in rats when it was heated 
at 120° for 72 hours , or extracted with boiling 95 per 
cent alcohol for 130 hour¥ Yet, acid hydrolysates of 
the three products, when similarly supplemented to 
compensate for tryptophan destruction during the 
hydrolysis , produced approximately equal rates of 
growth and showed the same biological values, thus 
confirming the results of the chemical assays (66) on 
heated casein that the lysine is not destroyed . Diges­
tion of casein with purified proteolytic enzymes was 
only slightly impaired by the heating process, but ap­
preciably less free lysine was detected in the resulting 
hydrolysate by the lysine decarboxylase procedure 

than in the hydrolysate of the unheated casein (68). 
Presumably the heat treatment caused the free £-amino 
group of the lysine in the protein to combine with 
some other group to form a linkage which is not af­
fected by digestion (nor by metabolism, if absorbed ) . 
An anhydride or diketopiperazine type of linkage has 
been suggested (69, 70) . That the £-amino group re­
acts readily at elevated temperatures is suggested by 
the observation that the heating of DL-lysine methyl 
ester produces aminohomopiperidone by the conden­
sation of the £-amino with the carboxyl group (71). 

The heat treatment to which many of the animal 
proteins were exposed may be regarded as rather rigor­
ous. Devlin and Zittle have reported that human globin 
appears to be damaged when dried at 55-85° for 18 
hours (72) and Block et al. (73) have observed a rapid 
deterioration in the capacity of a cake mix to engender 
weight recovery in protein Jepleted rats after it had 
been baked and subjected to relatively mild processing 
procedures . 

Apparently there are two types of heat inactivation 
of lysine which occur when soy bean oil meal is auto­
claved for several hours . In a recent study in which 
the meal was autoclaved at 121° for 4 hours, approxi­
mately 40 per cent of the total lysine present was de­
stroyed , as judged by determinations made after acid 
hydrolysis, and 20 per cent more converted into a 
form from which it could be liberated by hydrolysis 
with acid, but not enzymolysis. When the soy bean 
protein alone was similarly autoclaved, little loss oc­
curred, as judged from the acid hydrolysate, but about 
a fourth of the lysine could not be liberated by en­
zymolysis. When the protein was mixed with 25 per 
cent sucrose by weight, borh destruction and inacti­
vation occurred. Samples subjected to dry heat at the 
same tern perature and for the same length of time 
showed much less inactivation toward enzymatic di­
gestion in vivo and relatively minor destruction (74) . 

In processing foods for human or animal consump­
tion, inactivation must obviously either be avoideJ 
or steps taken to compensate for it, if the foodstuff is 
robe utilized efficiently. 



LITHO IN U.S. 

FORM NO. SPIJ-S-850 

BIBLIOGRAPHY 
Part VI 

1. Berg, C. P., and Rose, W . C.,]. Bioi. Chern., 82, 
479, 1929. 

2. Geiger, E.,]. Nutrition, 34, 97, 1947. 

3. Geiger, E.,]. Nutrition, 36, 813, 1948. 

4. Conrad, R. M., and Berg, C. P.,J. Nutrition, 14, 
35, 1937. 

5. Frazier, L. E., lVissler, R. W ., Steffie, C. H., 
Woolrrdge, R. L., and Cannon, P. R., ]. Nutrition 
33, 65, 1947. 

5a. Sauberlich, H. E., Pearce, E. L., and Baumann 
C. A.,]. Bioi. Chern., 175, 29, 1948. ' 

6. Madden, S. C., and Whipple, G. H., Physiol. Revs. 
20, 194, 1940. ' 

?· Berg,. C. P., in Sahyun, Proteins and Amino Acids 
m Nutrrtron, Reinhold, New York, 290, 1948. 

8: Schoenheimer,. R., The Dynamic State of Body Con­
strtuents, Cambrrdge, Mass., Harvard University Press 
1942. ' 

9. Foster, G. L., Rittenberg, D., and Schoenheimer 
R.,J. Bioi. Chern . 125, 13, 1938. ' 

10. Foster, G. L., Schoenheimer, R., and Rittenberg, 
D.,]. Bioi. Chern., 127,319, 1939. 

11. Schoenheimer, R., Ratner, S., and Rittenberg, D., 
]. Bioi. Chem., 127, 333, 1939. 

12. Schoenheirner, R., Ratner, S., and Rittenberg, D., 
]. Bioi. Chem., 130, 703, 1939. 

13. Weissman, N., and Schoenheimer, R., ]. Bioi. 
Chem., 140, 779, 1941. 

14. Ratner, S., Schoenheimer, R., and Rittenberg, D ., 
]. Bioi. Chem., 134, 653, 1940. 

15. Rose, W. C., Physiol. Revs., 18, 109, 1938. 

16. Bauer, C. D., and Berg, C. P.,J. Nutrition, 26, 
51, 1943. 

17 Ratner, S. Weissman , N., and Schoenheimer, R., 
]. Bioi. Chern., 147, 549, 1943. 

18 Berg, C. P.,J. Nutrition, 12, 671, 1936. 

9 Totter, ]. R., and Berg, C. P., ]. Bioi. Chem., 
127, 375, 1939. 

20 Albanese, A . A., and Lein, M., Science, 110, 
163, 1949. 

21. Doty,]. R., and Eaton, A. G., ]. Bioi. Chem., 
122, 139, 1937-38. 

22. Doty,J. R., and Eaton, A. G.,]. Nutrition, 17, 
497, 1939. 

23. Silber, R. H., Seeler, A. 0., and Howe, E. E., 
]. Bioi. Chem., 164, 639, 1946. 

24 Madden, S. C., and Clay, W . A.,]. Exp. Med., 
82, 65, 1945. 

25. Wright, L. D., Russo, H. F., Skeggs, H. R., Patch, 
E. A., and Beyer, K. H., Am.]. Ph'\Jsiol., 149 130 
1947. / ' ' 

26. Dunn, M. S., Carnien, M. N., Shankman, S., 
and Block, H., Arch. Biochern., 13, 207, 1947. 

27 Steele, B. F., Sauberlich, H. E., Reynolds, M.S., 
and Baumann, C. A.,]. Nutrition, 33, 209, 1947. 

28. Woodson, H. W., Hier, S. W., Solomon,]. D., 
and Bergeim, 0.,]. Bioi. Chem., 172, 613, 1948. 

29 Thompson, R. C., and Kirby, H. M., Arch. 
Biochem., 21, 210, 1949. 

30 Neuberger, A ., and Sanger, F., Biochem. ]., 38, 
119, 1944. 

31. Wohlgemuth,]., Ber., 38, 2064, 1905; see also 
reference in Berg, C. P., and Potgieter, M.,]. Bioi. 
Chem., 94, 661, 1931-32. 

32 McGinty, D. A., Lewis, H. B., and Marvel 
C. S.,J. Bioi. Chem. , 62, 75, 1924-25. ' 

.33 Page, E., Gaudry, R., and Gingras, R.,]. Bioi. 
Chem., 171, 831, 1937. 

34 Waelsch, H., and Miller, H. K.,]. Bioi. Chern., 
145, 1' 1942. 

3 5 Green, D. E., Nocito, V., and Ratner, S.,]. Bioi. 
Chem., 148, 461, 1943. 

36 Cohen, P. P.,]. Bioi. Chem., 136, 585, 1940. 

~ 7 Klein, ]. R., and Handler, P., ]. Bioi. Chem., 
139, 103, 1941. 

.> Gordon, W. G.,]. Bioi. Chem., 127, 487, 1939. 

Neuberger, A., and Sanger, F., Biochem. ]., 38, 
125, 1944. 

"t Neuberger, A., and Sanger, F. Biochem. ]., 37, 
515, 1943. 

21 



22 

41 Dakin, H. D., J. Bioi. £,hem ., 14, 321, 1914. 

42 Butts,]. S., and Sinnhuber, R. 0.,]. Bioi. Chem ., 
140, 597, 1941. 

4.;. Sharp, G. 0., and Berg, C. P., J. Bioi. Chem ., 
141, 739, 1941. 

4 Ringer, A . I., J. Bioi. Chem., 12, 223, 1912. 

45 Ringer, A. I., Frankel, E. M., and Jonas , L., 
J. Bioi. Chem ., 14, 539, 1914. 

46. Corley, R. C., J. Bioi. Chem ., 70, 99, 1926. 

47. Corley, R. C., J. Bioi. Chem ., 81, 545, 1929. 

48. Borsook, H., Deasy, C. L., Haagen-Smit , A.]., 
Keighley, G., and Lowy, P. H., J. Bioi. Chem., 176, 
1383, 1948. 

~9. Borsook, H., Deasy, C. L., Haagen-Smit, A.]., 
Keighley, G., and Lowy, P. H.,]. Bioi. Chem., 179, 
689, 1949. 

50 Borsook, H. Deasy, C. L., Haagen-Smit, A.]., 
Keighley, G., and Lowy, P. H.,]. Bioi. Chem.,· 176, 
1395, 1948. 

51 Borsook, H., and Dubnoff,]. W.,]. Bioi. Chem., 
141, 717, 1943 . 

' ' 

--

. 
\ . 
\ 

' 

-- ............. 

/ 

. • 
' ' 

' ' 

............ 

--

I 

I , 
I 

, 
I 

I , 

, 

/ 

/ 
I 

/ , , 
I 

I , 

52 Braunstein, A. E., Advances in Protein Chemistry, 
3, 40, 1947. 

53 Dubnoff, J. W., and Borsook, H.,]. Bioi. Chem ., 
173, 425, 1948. 

54. Mitchell, H. K., and Houlahan, M. B. , J. Bioi. 
Chem., 174, 883, 1948. 

55 Geiger, E., and Dunn, M. S., ]. Bioi. Chem. , 
178, 877, 1949. 

56 Udranszky, L. V., and Baumann, E., Z. physiol. 
Chem. 13, 562, 1889. 

7 Garrod, A. E., Inborn Errors of Metabolism, 
2nd Edition, Oxforc/ University Press, London, 1923. 

58 Werle, E., Biochem. Z., 288, 292, 1936. 

59 Ackermann, D., and Kutscher, F., Z. Bioi., 37, 
355, 1912. 

60 Yeh, H. L., Frankl, W ., Dunn, M. S., Parker, 
P. , Hughes, B ., and Gyorgy, P., Am. ]., Med. Sci., 
214, 507, 1947. 

I 

' 

I 

, , , 

\ 

I 
I 

\ 

I , 
I 

I 
I 

, , , 

\ • 
' ' ' ' ' \ 

, 
I • , , 

I 

\ .. 
' ' 

,' 



PART VI 

METABOLISM 

I N CONSIDERING the anabolic phase of metabolism, 

it seems important to emphasize that if a protein 

is to be fabricated all of the units needed must be 

made available to the tissue simultaneously, whether 

by synthesis in the organism or through the diet. Syn­

thesis of an essential amino acid, of course, either 

does not occur at all or takes place at a rate too slow 

to meet body needs. 

The limited capacity of the body to conserve the 

separately fed essential amino acid has been repeatedly 

demonstrated. Some twenty years ago Berg and Rose 

(1) noted that growth on a tryptophan-deficient diet 

supplemented by the separate feeding of tryptophan 

was more rapid when the daily allotment of trypto­

phan was divided into two and four doses, fed 12 and 

6 hours apart, than when the daily allowance was pro­

vided in a single dose. More recently Geiger (2) has 

shown that when zein supplemented with tryptophan 

is fed for 12 hours and lysine alone or zein supple­

mented with lysine is made available for the next 12 

hours, the animals lose weight, instead of gaining 

slowly as do rats fed zein supplemented with both tryp­

tophan and lysine. That these observations are of 

practical, as well as of academic, interest is indicated 

even more clearly by experiments with wheat gluten, 

which is low in lysine, and blood protein, which is ca­

pable of supplementing it. When rats were allowed ac­

cess to one of these for 10 hours each day, and after a 

2-hour interval, to the next for 10 hours, they lost or 

at best barely maintained weight, whereas, when the 

rwo proteins were fed mixed, growth ensued (3). 

If the supplement is not allergenic, it need not be 

fed by mouth. Thus, in the case of lysine, an animal 

fed a diet containing zein fortified with tryptophan 

will show a good growth response whether the lysine 

is fed or is injected subcutaneously or intraperitone­

ally (4). The fact that somewhat better growth is in-

) 

variably obtained by m1xmg the m1ssmg essential 

amino acid intimately with the deficient protein source 

than by feeding it separately or injecting it is in 

harmony with the concept that most efficient utiliza­

tion cannot occur unless all of the amino acids needed 

for tisstJ.e construction are provided simultaneously 

in adequate proportion and quantity. The administra­

tion of one or two relative massive doses of a missing 

essential amino acid each day would naturally provide 

a great excess at one time and a shortage at others (4). 

In protein-depleted rats which were provided the 9 

amino acids indispensable for repletion, Frazier et a/. 

noted an excellent recovery when lysine was injected 

subcutaneously and the other 8 amino acids were fed 

(5). Curiously, injection of the missing component 

produces an increased consumption of the deficient 

diet (4, 5), thus suggesting that taste is at least not 

an overwhelming determinant of appetite. 

Confirmation of the better use of complete mix­

tures is had in tests which indicate that mice and rats 

fed incomplete proteins actually excrete proportion­

ately more amino acids into the urine than do rats fed 

adequate proteins, even though they ingest less than 

do the latter (5a). 
It is important also not to overlook the correlative 

fact that when only one amino acid is supplied, the 

course of metabolism is limited largely to catabolism 

and is bound to differ widely from the course that 

would have been followed, had the amino acid been 

supplied as a component of a well-balanced mixture 

of use also for anabolic purposes. 

Dyuamic I •#e "latio,,ships 

Experimental evidence has shown conclusively that 

organs and tissues of the body lose protein in varying 

degrees during starvation and regain it variously 
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during recuperation. Presumably autolysis of expend­
able proteins sets in during starvation ro provide 
energy or to insure conservation or replacement of 
vitally needed proteins (or vitally needed nonprotein 
nitrogenous constituents). When repletion again be­
comes possible, some tissues are given priority (6, 7). 
Incontrovertible proof and extension of this concept 
of a fluid or' 'dynamic stare" of the body constituents , 
involving the use of isoropes, has been provided by 
the work of Schoenheimer and his associates (8, 7). 
Constant interchange has been shown ro occur be­
tween tissue nitrogen and dietary nitrogen. What 
appears to be a static stare is actually one of equilib­
rium, involving the summation of a complex array 
of interdependent equilibria between opposing dy­
namic forces. 

In this connection, lysine occupies a unique posi­
tion. Isoropic tracer experiments have shown that 
lysine, unlike the other amino acids of the tissues , 
does not exchange any of irs hydrogen metabolically 
for ·deuterium (9), nor does it exchange irs nitrogen 
for N 15 fed in the form of ammonia (10) or of amino 
acids (11, 12) . Apparently lysine is nor subjected in 
the body to reversible chemical reactions which in­
volve subsriruents on the carbon chain, such as 
deaminarion and reaminarion. When L-lysine having 
irs carbon chain substituted with stably bound deu­
terium and irs a-amino group marked with heavy 
nitrogen, was added tO rhe normal dier of the young 
rar, the lysine subsequently isolated from its body 
proteins was found ro contain rhe two isoropes in rhe 
same proportion. The smaller isoropic excess in the 
body proteins indicated that admixture with other 
dietary lysine had obviously occurred. Some of the 
isoropic nitrogen was found in other amino acids 

isolated from the proteins and some in the excreta 
(all bur a small fraction of rhis in the urine) (H). 

In contrast with rhe carbon chain of D-leucine, which 
can be deaminared and reaminared to produce 
L-leucine (14), though to an extent obviously roo 
small to promote growth on a leucine-deficient diet 
( 15 , 16) , the carbon chain of D-lysine is entirely un­
available, at least tO rhe rat ," for the synthesis of lysine 
having the natural configuration (17) . In the rests 
noted ( 14, 17), rhe carbon chain of both of these 
am ino acids was substituted with deuterium, the 
a-amino group with heavy nitrogen . Inability of the 
rat (18) , rhe mouse (19) or the human subject (20) 
to utilize unnatural lysine for maintenance and growth 
ha been mentioned in the secrion on nutrition. 

Although lysine appears ro be more slowly absorbed 
from the gastrointestinal react than most of the other 
amino acids, as judged from rests using the Cori 
technique (2 1) , the very small amount o f isotopic 
nitrogen recovered in rhe feces after the L (13) of the 
D isomer (17) of marked lysine is fed indicates that 
the absorption of free lysine ordinarily is virtually 
complete. 

S'pecifc DJ 11amic- Effect 
The catabolic course taken by the lysine which is nor 
used for tissue synthesis is obscure. In dogs which 
were injected intraperironeally with L-lysine mono­
hydrochloride, apparently in about 8-9.5 gm. doses, 



about a third of the lysine nitrogen was retained, a 

fourth converted into urea, and the remainder excreted 

as amino nitrogen. The metabolism was much slower 

than that of glycine, and there was no detectable 

production of specific dynamic action (22) . 

Urium:r E:-..:cretion 

Among the several srudies beside the one above which 

indicate that lysine is rather readily excreted by the 

kidneys is one by Silber, Seeler and Howe (23) . They 

used the "Vuj" amino acid mixture (24) and a modifi­

cation of it. In these 50 and 10 per cent of the amino 

acids were in the racemic form, respectively. Both 

mixtures contained 12.3 per cent of L-lysine mono­

hydrochloride. When 220 mg. of nitrogen per kilo 

were infused into dogs at a rate of 12 mg. of N per 

kilo per minute, 23 per cent of the amino acids were 

lost in the urine; when the modified mixture was 

infused at the same rate, only 13 per cent. Micro­

biological assays showed that, of the amino acids 

excreted, from 32 to 45 per cent was lysine; of the 

lysine infused about 15 per cent was lost in normal 

dogs , about 6-10 per cent in protein-depleted animals. 

As two possible reasons for rhe greater wastage of 

threonine, histidine, and lysine, the authors suggest 

that rhe proportions in the mi xture infused may not 

have approximated closely enough the proportions 

needed by the dog , or rhar the amino acids may have 

been lost because the kidney could not retain rhem. 

In the case of lysine, rhe second factor was probably 

ar least partly involved. A study of the renal clearance 

of the singly infused essential amino acids (25 ) in the 

dog has shown rhar only two- arginine and lysine­

are nor readily reabsorbed by rhe tubules. The average 

maximal rare of tubular reabsorption of lysine was 

found to be 13.2 mg. per minute. At postabsorptive 

levels , less than 0. 5 per cent calculated as filtered at 

the glomerulus was found in rhe urine, but as the 

blood levels increased , the clearance decreased sharply. 

Assays of the lysine lost in the urine of the human 

subject have been reported by several investigators 

(26-29) . On the K ration (26) and on uncontrolled 

diets (26, 28) the total urinary lysine (free and bound ) 

averaged about 73-85 mg. per day and represented 

from 3 to 8.5 per cent of the total amino acid excre­

tion. Of the total lysine about a third to a half was 

present in the free form (28 , 29) . On egg and soy 

bean diets, only 1.5-3.0 mg. per day of free lysine 

were found to be ex_creted (27) ; the calculated average 

daily intakes were 1.79 and 1.62 gm. Individual vari­

ations in excretion appear to be wide and to show no 

positive correlation with body weight (29) . 

Deamiuatiou aud Urea Formation 

As has already been indicated , injection of lysine into 

dogs produced a rise in the urea content of the blood 

and urine (22 ) . When L-lysine with N 15 in thea-amino 

group was fed to the growing rat, 20 to 25 per cent 

of the nitrogen was recovered in the urine, apparently 

chiefly as urea and ammonia (13), 8 to 15 per cent 

was found in the body as nonprotein nitrogen and 

part of the remainder in other amino acids of the body 

protein. When marked o-lysine was similarly tested , 

about half of it was excreted in the urine unchanged 

and about 19 per cent of irs nitrogen as ammonia and 

urea ; 21 per cent was found in the various amino 

acids of the body protein , and 5.5 per cent as non­

protein nitrogen (17) . Neuberger and Sanger (30) 

report having fed 0.5 gm. of L-lysine monohydro­

chloride to rats of unstated age on rwo consecutive 

days , or a single dose of 1 gm. on a single day, and 

having accounted for 67-78 per cent of the nitrogen 

as extra urea or ammonia. When racemic modification 

was similarly fed , rhe increases were only a little 

smaller, bur rhe non-volatile basic nitrogen excretion 

was greatly increased. The o form was metabolized 

srill more slowly, and 55 per cent of the single 1 gm. 

dose was recovered from the urine unchanged. The 

observation rhat rhe o component is Jess well utilized 

when fed alone in large amounts is consistent wirh rhe 

results of rhe many similar rests which have been 

made on orher amino acids since 1905 (31 ) . There 

seems to be no doubt, however, that appreciable 

metabolism occurs, presumably with release of energy, 

whether the L, OL oro form is administered . 

The mechanism by which either isomer of lysine 

is deaminared is nor clear. Failure of a-hydroxy-E­

aminocaproic acid (32) to replace L-lysine for pur­

poses of growth is consistent with the observation 

. that reaminarion does nor occur. Failure of a-amino­

E -hydroxycaproic acid ro stimulate growth (33) sug­

gests either that oxidation and reaminarion cannot 

occur on rhe E-carbon or rhat deamination of rhe 

a-amino group takes priority . Waelsch and Miller (34 ) 
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have reported tiJat both L- and OL-lysine produce an 
increase in the a-keto acid output in the urine, when 
fed to the fasting rat. The keto acid was not identified , 
and the increase appears to have been very small. 

L-lysine is apparently not attacked by L-amino acid 
oxidase (35 ), nor does it seem to participate in trans­
amination reactions (36). o-Lysine is not deaminized 
by reconstituted o-amino acid oxidase (37). 

Neither a-N-dimethyllysine nor a-N-monomethyl 
lysine will support growth in rats when incorporated 
into lysine-deficient diets (38). £-N-Methyl-OL-lysine 
is available for growth and is about as effectivf; as 
OL-Iysine (39). E-N-Acetyl-L-lysine is also available 
for growth on a lysine-deficient diet, but the a-N­
acetyl derivative is not (40), nor is E-N-acetyl -o­
lysine (39) . Kidney slices produce L-lysine from E-N­
methyl-DL-lysine, but liver slices yield very little; the 
method used involved estimation of the lysine with 
L-lysine decarboxylase, hence could not detect o­
Iysine if such were liberated (30) . The process seemed 
to require oxygen, but formaldehyde production 
could not be demonstrated o-Amino acid oxidase 
showed a definite oxygen uptake when the E-N-acetyl 
and the E-N -benzoyl derivatives of OL-lysine served 
as the substrates , only a small uptake with the e-N­
methyl derivative, and none or only a trace with the 
DL- or o-lysine monohydrochlorides (30) . The L­
amino acid oxidase of Green er al. (35 ) oxidized the 
£-aceryi-L-lysine slowly, bur nor L-lysine (30). Obser­
vations such as these have been the basis for suggest­
ing that acetylation of the terminal amino group may 
be the first step in the oxidation of lysine (30) . 

Int'!rmedia7 f etabolism 

Some years ago Dakin was unable to show that any 
appreciable amounts of acetoacetic acid or of extra 
glucose were produced when 12.69 and 16.43 gm . of 
lysine were fed to phlorizinized dogs, nor was aceto­
acetic acid produced in marked amounts when lysine 
was added to the blood used in perfusing a dog 's 
liver ( 41 ) . Reinvestigation of this problem with the 
newer methods now available has failed to show any 
production from DL-lysine of liver glycogen (42, 43 ) 
or any excretion of appreciable extra acetone bodies 
in the fasted rat (43) or in the rat fed sodium butyrate 
(42, 43) . 

From the available evidence lysine appears to be 

(41 ) the only straight chained amino acid recognized 
as a component of proteins which has nor been shown 
to promote increased sugar output in the diabetic 
animal or glycogen deposition in the fasted rat. 

On the basis of Dakin's evidence, Ringer, who had 
earlier found char glutaric acid did nor yield extra 
glucose or diminish acetone body output (44) in rhe 
phlorizinized dog, proposed char lysine might under­
go deaminarion and oxidation to glutaric acid (45 ). 
Failure of this acid to produce extra glucose has been 
substantiated by evidence indicating that glutaric 
acid fails to promote either glycogen formation or 
any appreciable change in the acetone body excretion 
in rhe fasting rat (4 3) . If a -deaminarion of lysine 
occurs, rhe a-ketonic acid must escape reaminarion 
(13), bur decarboxylation and oxidation to 5-amino­
valeric acid might well follow . The product is nor a 
glucose form er in the phlorizinized dog (46) and 
could conceivably be converted into glutaric acid by 
deaminarion and oxidation in the b-posirion. 

Ir seems doubtful , bur by no means impossible , 
rhar lysine might be reducrively deaminized to pro­
duce £-aminocaproic acid which neither replaces lysine 
for growth purposes in rhe rat (32) nor produces 
glucose in the diabetic dog (47). 

If the terminal amino group is first attacked , as has 
frequently been suggested (e.g ., 13 , 30), then a-amino­
adipic acid might first be produced . This could then 
be converted to glutaric acid by deaminarion , decar­
boxylation, and oxidation. In a recent series of brilliant 
rests, Borsook and his associates have been able ro 
prove that this pathway is a feasible one. They have 
synthesized and resolved OL-Jysine COntaining C14 in 
the £-position, and incubated the enanriomorphs with 
guinea pig liver homogenares . The incubated mixture 
was deproreinized , rhe filtrate chromotographed on 
filter paper with phenol and collidine, and the paper 
treated with ninhydrin . Two of rhe ninhydrin spots 
obtained in rests with L-lysine were radioactive, one 
spot being found in the lysine, rhe other in rhe glu­
tamic acid position . The radioactivity of rhe latter 
was traced to a-aminoadipic acid , which was synthe­
sized and shown to respond similarly. o-lysine was 
inactive. The rate of conversion of L-lysine was slow, 
only 0.336 mg. of the 10 mg. added being converted 
ro the aminoadipic acid in 6 hours (48). Some of the 
lysine was incorporated into the protein of rhe homo­
genate (49). In continuing their study, this research 



group has shown that a-aminoadipic acid labeled in 

the £-position is deaminized to a-ketoadipic acid, 

though at a rate slower than that by which it was 

formed from lysine. The rate at which the a-keroadipic 

acid is oxidatively decarboxylated ro form glutaric 

acid exceeds its rate of formation (50). 

The conversion of lysine ro a-aminoadipic acid and 

a-ketoadipic acid is assumed ro occur also in the 

kidney. A few years earlier Borsook and Dubnoff had 

observed that lysine was active in the synthesis of 

arginine from citrulline in liver slices (51 ) and had 

assumed that it was converted to glutamic acid (a 

glucose former) which then aminated the citrulline. 

The assumption of Braunstein that a-aminoadipic 

acid which is active in transamination reactions (52 ) 

was instead the dicarboxylic acid involved has now 

been accepted (53). 

Mitchell and Houlahan have shown that a-amino­

adipic acid can function as a precursor of lysine in 

one of four Neurospora mutants requiring lysine for 

growth (54) . As might have been anticipated , the 

product cannot be used as a lysine substitute by the 

rat; nor is it rhus utilizable by bacteria commonly 

employed in microbiological assays (55 ) . 

There are no known pathological conditions in 

which the metabolism of lysine is primarily involved . 

In cystinuria, however, the excretion of cadaverine 

may occur (56), though apparently rather spasmodi­

cally (57). Whether the diamine is produced by putre­

faction in the alimentary traer or arises metabolically 

is uncertain . Although the existence in animal tissues 

of decarboxylases capable of acting on other amino 

acids has been demonstrated (58), there is little basis 

for assuming that decarboxylation occurs as the initial 

step in the main catabolic pathway of any one of 

them. On the other hand, the possibility that some 

decarboxylation of lysine might normally occur ro 

produce cadaverine has nor been ruled out. 

Incidentally , it was also earlier noted (59) that 

lysine could be isolated from the urine of the cysti­

nuric. In a recent study in which the urine of a cysti­

nuric has been subjected to microbiological assays, it 

has been shown that the metabolism of several amino 

acids must be deranged . The urinary excretion of 

glycine and histidine was diminished , the excretion 

of arginine and lysine greatly increased. In normal 

urines rested simultaneously, the lysine accounted 

for 2.4 per cent of the free amino acids and 5.2 per 

cent of the total after hydrolysis; in the urine of the 

cysrinuric, the corresponding values were 24 .2 and 

23.7 per cent. The assay procedures did nor respond 

to cadaverine, hence would nor have measured it if it 

was present. In any event, the data do show that the 

metabolism of lysine was affected (60) . 

In compiling this review the aim has been neither 

to catalog completely the research which has been 

done on lysine nor ro refer to it merely to provide 

proof of the reviewer 's opinion, bur rather to afford 

the reader enough of a glimpse of the experimental 

evidence to permit him some basis for judging for 

himself the characteristics of lysine, a rugged indi­

vidualist among the essential amino acids . 

HOOC-CH -CH -CH -CH-COOH 
2 2 2 I 

NH2 

HOOC-CH -CH -CH -C-COOH 
2 2 2 II . 

0 
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THE ROLE OF LYSINE IN THE 
NUTRITION OF POULTRY AND SWINE 

A NUMBER of experimems have been conducred 
which demonsrrare rhar lysine is indispensable 

in rhe nurririon of chickens , turkeys and swine. Irs 
significance in rhe pracrical feed ing o f li vesrock and 
poulrry has nor been definirely esrablished bur cer­
rainly progress made ro da re indicares a solurion in 
rhe near furure. A bibliography of rhe published re­
porrs is given below: 

Mertz, E. T., D . C. Shelton and W . M. Beeson, 
]. Animal Sci. 8 , 524-531 (1949). 
The amino acid requirements of swine, lysine. 

German, H. L., B . S. Schweigert, R. M. Sherwood, 
and L. E. J ames, Poultry Sci. 28 , 165-68 (1949). 
Further evidence of the role of lysine in the formation of 
normal bronze turkey fea thers. 

Grau, C. R. and Taylor, L. IV. Poultry Science 2 7, 
665 (1948). 
Experiments on the amino acid requirement ofla vin~; 
hens. 

Grau, C. R., ]. Nutrition 36, 99-108 (1948). 
Effect of protein lez1el on the lysine requirements of the 
chick. 

McGinnis, J ames, Peng Tung Hsu and ]. S. Carver , 
Poultry Sci. 27 , 389-93 (1948). 
Nutritional deficiencies of sunflower seed oil meal for 
chicks. 

de Man Th .]. and K Bas, M ededel. lnst. Moderne 
Veevoed "De Schothorts" Hoogland bij Amersfoort Dec. 
1947; Chem. Abst. 42 , 7848 (1948). 
The influence of some important amino acids on the 
growing rate of chickem. 

Schu·eigert, B.S. , Poultry Sci. 27, 223 -7 (1948) . 
The value of various feeds as sources of arginine, histi­
dine, lysine and threonine for poultry. 

Evans, R. J. and Helan A. Butts.]. Bioi. Chem. 175 , 
15-20 (1948). 
Swdies on the heat inactivation of lysine in soybean-oil 
meal. 

Evam, R.]. and McGinnis, James. ]. Nutrition 35 , 
477-88 (1948) . 
Cystine and methionine metabolism by chicks receiving 
raw or autoclaved soybean-oil meal. 

Weast , Elsie 0, Mary Grady and Agnes Fay Morgan 
Am.]. Physiol 152 , 286-301 (1948) 
Utilization by dogs of the nitrogen of heated casein. 

M(Ginnis, J ames and R.]. Evans]. Nutrition 34, 
725-32 (1947) . 
Amino acid deficiencies of raw and overheated soybean­
oil meal for chicks. 

Clandinin, D . R., W . W . Cravem, C. A. Elvehjem 
and ]. G. Halpin, Poultry Sci. 26, 150-6 (1947) . 
Deficiencies in overheated soybean-oil meal. 

Riesen, W. H. , D. R. Clandinin, C. A. Elvehjem and 
W. W. Cravem]. Bioi. Chem . 167 , 143-50 (1947). 
Liberation of essential amino acids from raw, properly 
heated and overheated soybean-oil meal. 

Grau , C. R. , F. H . Kratzer and V. S. Asmundson 
Poultry Sci. 2 5, 529-30 (1946). 
The lysine requirements of poults and chicks. 

Fritz, ]. C.,]. H. Hooper, ]. L. Halpin and H. P. 
Moore, ]. Nutrition 31, 387-96 (1946). 
Failure of feather pigmentation in bronze poults due to 
lysine deficiency. 

Almquist, H.]. and E. Macchi Proc. Soc. Exptl. Bioi. 
Med. 49 , 174-6 (1942). 
Lysine requirement of the chick. 

Buckner, G. D. , A.M. Peter, R. H. Wilkins and].]. 
Hooper, Kentucky Agr. Exp. Sta. Bul. 220, 1919. 



29 



NOTES 

-- -----~--

---------

----~ 

-- - -

30 



NOTES 

----- ----- --

-~--- -----

--------

---- -------

--- - · --

--- -~ 

31 



32 

This ret·ieu· is published with the desire to further 

the study of the known and unexplored problems 

inl'ohing amino acids. Such studies and research 

hold great future promise for the improt·ement 

of human and animal nutrition and therapy. 

THE DOW CHEMICAL COMPA Y 

MIDLAND . MI C HIGA 
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this revtew on 

rRYrrorJHAN 
is the first in a series of publications which in due 

time will cover all of the essential amino acids . It is 

our firm belief that through the information con­

tained herein other research workers and laboratories 

will be encouraged to further studies leading to a more 

complete comprehension of this important field. 

THE DOW CHEMICAL COMPANY 

MIDLAND , MICHIGA N 
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ADVANCEMEN'fS IN AMINO ACID RESEARCH 

Although the study of amino acids has been actively pursued for many years, 

it is only within the last ten to fifteen years that their direct relationship to 

nutrition and therapy has been, even in part, understood. One of the reasons 

for the somewhat slow and painstaking progress in this field has been the lack 

of sufficient quantities of amino acids for advanced nutritional and clinical 

studies. However, within recent years more economical methods of synthesis 

have been evolved which now make several more of the amino acids com­

mercially available. 

The Dow Chemical Company, with its vast facilities and knowledge of 

synthetic organic chemistry, has undertaken the role of leadership in research 

in this very special field. 
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SEVENTY-SIX YEARS before the actual isolation of 

tryptophan, Tiedemann and Gmelin (in 1825) 

reported the development of a violet color, now known 

ro be attributable ro tryptophan , when chlorine was 

added ro the pancreatic juice of a dog. Claude 

Bernard , who discovered glycogen, became interested 

in rhe observation, probably because the color pro­

duced was similar ro rhar obtained on the addition 

of iodine ro glycogen. In 1856, Bernard reported 

that minced pancreatic tissue failed ro give this 

reddish color before putrefaction had occurred and 

that minced liver, spleen, and certain other glands 

behaved similarly. Of particular interest was his 

observation that boiled pancreatic tissue lacked this 

property of producing a reddish color with chlorine 

and that the color was apparently a property of pro­

reins resembling casein. Bernard failed co obtain a 

similar color rest on pancreatic digests with bromine 

and iodine. In this he was correct only with respect 

ro iodine. The use of bromine water as a rest reagent 

was introduced by Ki.ihne in 1875. He was the first to 

show that indole was not produced when the digestion 

with trypsin was conducted so as to avoid putrefaction, 

but that it was formed only when putrefaction 

occurred; hence he was the first to associate indole 

with tryptophan. In 1890, numerous im1estigators, 

among them Neumeister, Stride/mann, Nencki and 

Beitler, attempted to isolate the then unknown 

chromogenic substance, without success. Neumeister 

proposed the name tryptophan for it and this name 

was later adopted by Hopkins and Cole. 

Another interesting color reaction of proteins, 

now associated with tryptophan , was noted by 

Adamkiewicz in 1874. When concentrated sulfuric 

acid was added ro a solution of albumin in glacial 

acetic acid a violet color was produced. According 

co Hopkins and Cole, the glacial acetic acid used by 

Adamkiewicz probably gave the color because it 

was contaminated with glyoxylic acid. 

IMPORTANT DISCOVERIES 
In 1901, Hopkins and Cole succeeded in isolating 

rrypcophan from an enzymatic digest of casein. They 

used the glyoxylic acid color rest ro guide them. 

The isolation procedure finally evolved consisted of 

adding enough sulfuric acid ro rhe digest to make a 

5 per cent solution, then a gram of mercuric sulfate 

in 5 per cent sulfuric acid for every gram of casein 

digested. After 24 hours, the voluminous yellow 

precipitate which formed was filtered off and freed 

of rryosine by washing it with dilute sulfuric acid. 

The mercuric sulfate complex was suspended in 

water and decomposed with hydrogen sulfide and 

barium hydroxide. The mixture was then filtered. 

To the clear filtrate, sulfuric acid was added ro 

precipitate the barium, the solution was again filtered 

and sulfuric acid was added ro produce a concentra­

tion of 5 per cent by volume. Mercuric sulfate dis­

solved in 5 per cent sulfuric acid was next added until 

a slight precipitate formed. This precipitate con­

rained chiefly cystine. After standing for half an 

hour, the turbid mixture was filtered and an excess 

of mercuric sulfate in 5 per cent sulfuric acid was 

added ro precipitate the trypcophan. The mercury 

and the sulfate were removed from the complex as 

before, and the filtrate was concentrated under 

vacuum and mixed with alcohol. The tryptophan 

which separated was recrystallized from 75 co 80 

per cent alcohol. 

Soon after its isolation, Ellinger reported that tryp­

tophan was probably the precursor of the indole pro­

duced in the intestine and previously noted in the 

putrefied digests of proteins. In 1907, Ellinger and 

Flammand synthesized trypcophan by condensing 

indole-aldehyde with hippuric acid and hydrolyzing 

the resulting azlacrone; they showed that the struc­

ture of rrypcophan was that of a-amino-3-indole 

propionic acid. 
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FORMULA·PROPERTIES·OCCURRENCE 
structural formula . ... 

H 
N 

C=64.69% • H=5.92% • N=13.72 % • 0=15.67% 

Properties of Synthetic Tryptophan 

DL-Tryptophan is almost white in color. It crystallizes 

in thin, shining rhombic and six-sided plates. The o 

component gives it a characteristic sweet taste; the 

L form tastes flat. In water, DL-tryprophan dissolves 

ro the extent of approximately 0.4% at 25°C. and 

approximately 2% ar 100°C. Its solubility in methanol 

approximates 0.2% ar 25°C. In rhe presence of other 

amino acids, ir is much more soluble. Ir is stable in 

alkaline solution at reflux temperatures and above, 

bur unless it is very pure, it rends ro decompose in 

strong acids, even at room temperature. 

The melting point of DL-tryprophan varies with 

mode of determination, hence melting point alone 

is not an accurate criterion of purity. If the sample is 

placed in an open capillary rube in a bath at 250°C. 

and the temperature is raised 3° per minute, melting 

with decomposition should occur within the range 

of 278-285°C. Darkening of rhe sample usually 

begins at a temperature 10 ro 20° lower. 

Occurrence of Tryptophan in Nature 

Natural L-tryptophan is not found in the free form, 

except perhaps in small arnou11ts in urine. Its . con­

centration in animal proteins is rarely large, varying 

usually from 0.5 to 2.5 per cent. It is absent from gela­

tin, elastin and a number of vegetable proteins, and 

present in others in amounts ranging up to 1.5 

per cent. 
L-Tryprophan is destroyed during the acid hydrol­

ysis of proteins and it is racemized by alkaline 

hydrolysis. It is therefore usually isolated from pro­

teolytic digests by the method outlined earlier, or 

by some modification of ir. 



NUTRITIONjL ASPECTS 
In 1906 Willcock and Hopkins Jed zein, the alcohol 
extractable and tryptophan-deficient protein of corn, 
to young mice as the sole dietary protein. They 

found that the animals lost weight rapidly and died, 
but that the addition of tryptophan to the diet 
greatly prolonged their survival time. This observa­

tion was confirmed by others, including Osborne and 
Mendel, whose more extensive tests on rats demon­

strated conclusively that tryptophan was indispensable 
for growth . Two types of diets soon came into 

common use for determining the dispensability or 

indispensability of an amino acid in an experimental 
animal. In one, a pure protein devoid of one or more 

of the common amino acids was fed as the only 
source of nitrogen ; in the other, the source of 

nitrogen was a protein hydrolysate from which one 
or more of the amino acids had been removed as 

completely as possible. 

Indispensability* 

Removal of tryptophan from the diet causes a ll 

experimental animals thus far tested, including 
mice, rats, dogs, chickens and man, to go into 

negative nitrogen balancel-3. Tryptophan is the only 

H 

rYNir ~CHa 

natural amino acid having an indole ring as part 
of its structure. Inability to synthesize the ring may 

account for its indispensability. Loss of appetite and 
loss of weight, symptoms characteristic of any essen­
tial amino acid deficiency, follow the development 

of negative nitrogen balance. In the rat, prolonged 
maintenance on a tryptophan-deficient diet causes a 

reduction in blood albumin and globulin and the 
development of cataracts4, 5; after an initial period 

o f rapid weight loss, the animal continues to lose 

weight slowly and finally dies. These consequences 
can be prevented by the addition of tryptophan to the 

diet. According to Albanese and Buschke 4, the cata­
racts induced by the lack of tryptophan are very similar 

to those induced by riboflavin deficiency. Berg and 
Rose 6 have observed that tryptophan is nutritionally 

more effective when it is incorporated intimately m 
the food mixture than when it is fed separately. 

Intestinal Putrefaction 

Tryptophan undergoes putrefaction in the intestines to 
form several so-called toxic compounds, among them 

indole, skatole, indoleacetic acid and 3(2-aminoethyl) 
indole. The following are their structural formulas: · 

Absorption of indole from the bowel gives rise to the fo rmation of 
indoxJ•I U'hich is conjugated with mlfuric acid in the lit•er and 

excreted as indican in the 11rine. 

H H H 

3 (2-aminoethyl) indole Skatole rY'"~ 
N 

? (JL)
I 

0 

0-~-0K 
H 

~OH 

(JL) CH2-COOH 

Indoxyl 

Indoleacetic Acid Indole 

0-S-OH 
II 
0 

Indoxyl Sulfate Indican 

II 
0 

*A more gmuai and detailed diJcussion of the dispensability and indiJ­
Pmsability of the amino acids will be found in the appended seclion. 
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Metabolic Aspects 

Little is known of the intermediary metabolism of 

tryptophan. The early work of Berg and Potgieter7 
and of du Vigneaud, Sealock and Van EttenB 

indicates that the nutritive state of the rat is 

maintained as well by D-tryptophan as by its 
natural L isomer. More recent studies on the chick 

by Wilkening and Schweigert9 indicate that D-tryp­

tophan is utilized to an extent of 17 to 40 percent. 
Albanese and Frankston1o have recently reported that 

rhe administration of DL-tryptophan to the human 

subject promotes the excretion of an uncharacterized 

"aberrant metabolite" which apparently is converted 

to indigo red by the addition of iodine to the urine; 

also that this does nor occur when L-tryptophan is fed. 

It has long been known that rats, guinea pigs, dogs 

and coyotes synthesize kynurenic acid from L-tryp­
tophan, whereas men and cats do not. Gordon, 

Kaufman and Jackson 11 have studied still other 

species. Apparently L-kynurenine is an intermediate 

product. n.Tryptophan produces D-kynurenine, but 

no kynurenic acid. Ir is also the more readily excreted 

unchanged. The configurational relationship of these 

substances to tryptophan is shown below: 

Effect of Vitamin B6 Deficiency 
on Tryptophan Metabolism 

Lepkovsky and Nielsen 12 noted that the unne of 

rats kept on a pyridoxine-deficient diet contained a 

yellowish-green pigment which they subsequently 

isolated and identified as xanthurenic acid ( 4,8-di­

h ydroxyq uinoline- 2-carboxy lie acid). Xanthurenic acid 

is excreted also by dogs, pigs, and mice, bur not by 

chicks 13-16, on a pyridoxine-free diet containing 

tryptophan as such , or in the form of protein. The 

relationship between tryptophan and xanthurenic 

acid had been noted earlier by Musajo 17 in studies 

on rats and rabbits . Whenever these animals were 

deprived of dietary tryptophan, xanthurenic acid 

disappeared from the urine ; when tryptophan was 

added to the diet, xanthurenic acid reappeared. Ried, 

Lepkovsky, Bonner and Tatum 18 observed that only 

L-tryptophan and L-kynurenine are capable of pro­

ducing xanthurenic acid in the pyridoxine-deficient 

animal. None is formed from ind ole-3-pyruvic 

acid 19. 20 , o-rryptophan 8, 21, indole- 3- lactic acid 22 

or abrine (methyl-tryptophan) 23·24. When xanthu­

renic acid is fed to pyridoxine-deficient animals it is 

excreted unchanged. In addition to increasing the 

excretion of xanthurenic acid in such animals the 

feeding of tryptophan or of proteins like casein also 

aggravates the ill health caused by the deficiency. 

Schweigert and coworkers 26 observed that the pyri­

doxine content of animals fed pyridoxine-free diets 

decreased as the protein content of the diet was 

increased; also that fatty livers developed. Axelrod , 

Morgan and Lepkovsky 27 noted that the ingestion 

of tryptophan by dogs fed pyridoxine-free diets pro­

duced nausea, anorexia and sometimes collapse. These 

symptoms were not produced under similar circum­

stances when the B6 deficiency was only moderately 
severe. Other syndromes, such as dermatitis, were 
noted in pyridoxine-deficient rats kept on a high 
protein diet 2S. Sarma, Snell and Elvehjem 29 observed 

retardation of growth in rats fed indole or DL-trypto­
phan as supplements to diets low in pyridoxine or 
pyridoxal. Such observations leave little doubt that 



normal metabolism of tryptophan cannot occur in 
animals unless they are provided with ample amounts 
of vitamin B6. Whether this may apply also in man 
is not known. 

Interrelations Between 
Tryptophan and Niacin 

The urinary excretion of nicotinic acid in dogs is 

influenced by the amount of protein ingested in the 
diet. In swine, Wintrobe et al.30 were able to produce 

niacin deficiency by reducing the protein content of 
the diet to 10 per cent, but were unable to do so 
when the diets contained 26 per cent of protein. 
The niacin deficiency could be prevented by adding 
niacin to the diet. The white rat is ordinarily able to 

synthesize this vitamin. In investigating the reason 
why either corn meal or corn grits 31 should retard 

growth in rats when added to their protein-low diets , 
Krehl , Teply, Sarma and Elvehjem 32 found that 
tryptophan-deficiency was the causative factor. 

Nrttritionally, 50 mg. of L-tryptophan proved to be 
equivalent to 1.0 to 1.5 mg. of niacin. Further 
research has clearly indicated that high protein diets 
are beneficial in niacin deficiency because of their 
tryptophan content. Rosen, Huff and Perlzweig33 
showed conclusiv~ly that the urinary excretion of 
nicoti11ic acid was increased by increasing the trypto­
phan intake and decreased by decreasing it. This 
was true whether the tryptophan was jed as the 
free amino acid or as a component of protein. 
Schweigert, Pearson and Wilkening35 have carried out 

similar studies in the Shetland pony and the cotton 

rat, obtaining substantially the same results. 
The deleterious effect of corn grits in animals 

normally requiring niacin may be due to a factor 

other than tryptoph~n deficiency. Woolley 34 claims 
to have extracted a "pellagragenic" substance from 

corn with chloroform . He noted that it was capable of 

simulating niacin deficiency and that 3-acetylpyridine, 
an analog of niacin, is also "pellagragenic". Luecke 
and coworkers36 carried out studies in which wean­
ling pigs on a corn ration showed symptoms of 

nicotinic acid deficiency, chiefly confined to the large 
intestine, particularly the colon. Supplementing the 
rations with 200 mg. of DL-tryptophan per day 
produced an excellent growth response and reduced 
considerably the inflammatory conditions. 

The evidence cited seems to indicate either that 
L-tryptophan is a precursor of niacin or that it in­
duces niacin synthesis in the experimental animal. 
The mechanism by which the niacin is produced is 
still obscure. 

Fortification of Protein Hydrolysates 
with Tryptophan 

As indicated earlier, no protein, protein hydrol­
ysate, or amino acid mixture which lacks trypto­
phan is capable of effecting growth or maintaining 
nitrogen balance in any species of animal thus jar 
tested. Considerable interest has recently been mani­
fested in the clinical use of protein hydrolysates. 
Those prepared by using acid require the addition 
of tryptophan to render them satisfactory for clinical 
application. According to Rose37, man's minimal 
requirement of L-tryptophan is about 0.15 grams 
daily. Ingestion of slightly higher amounts may be 
more practical. Since Rose's figure is based on the 
natural L form and the capacity of the human 

subject to use the o isomer has not yet been 
definitely determined, it would be well when using 

the DL-mixture to provide at least 0.3 gm. per day. 
At least one manufacturer of acid hydrolysates of 
protein for clinical use has fortified them since 1943 

with 1.2 per cent of DL-tryptophan (equivalent ap­
proximately to 0.6 gm. of tryptophan per day), with 

no resulting untoward reaction. 
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CLASSIFICATION OF THE AMINO ACIDS 
WITH RESPECT TO TIIEIR GROWTH EFFECTS 

Histidine is indispensable to the rat but 1s not required for 
nitrogen balance in the human adult . 

ycine is indispensable to the chick. 

ft Arginine can be synthesized by the rat but not rapidly enough 
to meet the demands of normal growth. It is indispensable 
in the chick. 

TABLE 1 



e DISPENSABILITY 
AND INDISPENSABILITY OF AMINO ACIDS 

PROT EINS owe their nurrinve value ro their con­

stituent amino acids. These are liberated by 

digestion and pass unchanged into the portal circula­

tion. "They are then distributed throughout the 

system, utilized by the various tissues ro form the 

many characteristic tissue proteins, or they are de­

aminated by rhe liver and the carbon-containing resi­

due may then serve as a source of energy. One of the 

most astounding phenomena of life is the unerring 

accuracy with which a specific tissue cell builds up 

its specific tissue proteiu out of the mixture of 

amino acids that are comtantly circulating in 

the blood*". 

Until recently, studies of rhe nutritive significance 

of individual amino acids were limited ro animals. 

The prohibitively high cost of pure amino acids in 

the past may have deterred extending such investi­

gations ro man, bur rhe invalid assumptions that the 

human dietary protein intake usually provides an 

adequate supply of amino acids, and, hence, that 

study of the amino acids was only academically in­

teresting, were quite likely also partly responsible. 

Hypoproteinemia, attributable to malnutrition, is 

frequently observed in man and is often associated 

with digestive disturbances cmd tropical diseases. 

To it may in some instances be attributed the rapid 

onslaught of infectious diseases, slow healing of 

ulcers and wound ruptures, poor recot•ery from 

major surgical operations, etc. 

The amino acids whose chemical identity cpn/ 

whose common occurre11ce as protein comp01zents 

have been definitely established, are dit.•ided into 

two main nutritional classes: (1) dispensable and 

(2) indispensable amino acids. An indispensable 

amino acid may be defined as one that the body 

cannot synthesize, at least at a rate commensurate 

with needs. It must therefore be included in the 

diet. A dispensable amino acid is defined as one 

that the body can synthesize; its omission from the 

· *"Rose, W. C., Physiol. Rev., 18, 109, 1938. 

diet therefore does not retard growth or cause 

negative nitrogen balance. 

The recent investigation by Rose on histidine 

serves as an illustration of differences in need, 

according ro species. In the rat, this amino acid 

is indispensable. In man, Rose found that nirrogen 

balance could be maintained despite irs absence 

from the diet. Almquist found that glycine, which 

is dispensable in the rat, the dog and man, is 

essential in the chick. Interconversion of amino 

acids also complicates the picture. The indispensable 

amino acid, phenylalanine, may be used by the animal 

organism for the synthesis of tyrosine. A larger intake 

of phenylalanine is required when no tyrosine is 

suppl ied in the diet. Methionine and cystine have a 

sim ilar relationship. When the methionine content of 

the diet is sufficient to meet the body's needs, not 

only for methionine, as such, but also to provide the 

sulfur needed for cystine synthesis, incorporation of 

cystine in the diet will not enha1zce the animal's 

growth. When the methionine content of the diet 

is roo low ro meet borh of these demands, subnormal 

growth results and supplementation of the diet with 

cystine stimulates growth by relieving the body of 

the need of diverting methionine for cystine synthesis. 

Tests by Schoenheimer with isoropic amino acids 

have added ro our understanding of the metabolic 

functions and interconversion of amino acids. Thus, 

dietary leucine containing deuterium and N16 was 

observed ro be used by rhe aoimal ro replace some of 

the leucine in the tissue proteins . Parr of the leucine 

nitrogen was transferred, particularly ro the carbon 

chains of rhe dicarboxylic aspartic and glutamic acids. 

The N 16 of isoropic tyrosine was partly transferred ro 

the a-amino group, but not ro the imidazole ring, of 

histidine. From animals fed isoropic phenylalanine, 

isoropic tyrosine could be isolated. Lysine appears to 

be the only amino acid that does not accept N 16 from 

isotopic amino acids incorporated in the diet. 

11 
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Protein Requirements and 
Nitrogen Balance 

Considerable speculation has prevailed as to the 

protein requirements of human subjects . Late in the 

nineteenth century, Voir concluded that the daily 

consumption of 110 to 120 grams of protein was 

necessary . Because of Voir's prestige in the field of 

nutrition , this estimate was not readily discounted , 

despite lower estimates based on better scientific 

evidence. Recently , however, the standard of one 

gram of protein per kilogram of body weight was 

proposed by Sherma~ for the adult after careful re­

investigation of the subject. This estimate has met 

with favor. The Food and Nutrition Board of the 

National Research Council recommends 70 grams of 

dietary protein for a ma1l weighing 70 kg. and 60 

grams for a woman we~ghing 56 kg. It is important 

to note that the requirement of dietary protein per 

kilogram of body weight is higher than this in the 

infant, the adolescent, and the pregnant and lactating 

woman; during the period of recovery from surgery, 

severe burns, and certain diseases; and in the period 

required for overcoming the effects of malnutrition. 

Nitrogen Balance 

Estimation of nitrogen balance is important as a 

measure of the dietary protein requirement. When the 

intake of total nitrogen (chiefly protein nitrogen) ex­

ceeds the total nitrogen output, the subject has 

obviously retained nitrogen and is said to be in 

positive nitrogen balance. When the nitrogen in­

gested in the diet approximates or equals the nitro­

gen output, neither loss nor storage can have taken 

place and the subject is therefore said to be in 

nitrogen equilibrium. When the nitrogen output ex­

ceeds the nitrogen intake, nitrogen has obviously 

been lost from the body and the subject is therefore 

said to be in negative nitrogen balance. 

A careful study of nitrogen balance requires that 

the nitrogen content of the food and the nitrogen 

content of the excreta be determined accurately. 

Usually 24-hour collections of well-mixed feces and 

urine are analyzed to determine output. If extreme 

accuracy is desired , the nitrogen in the perspiration 

sho uld also be measured , particularly when the pers­

piration is profuse, as during hot weather, in fever, 

and during exercise. However, the error introduced 

by failure ro determine the loss of nitrogen through 

the skin is usually insignificant . 

The establishment of nitrogen balance may require 

adjustment of the diet with reference ro caloric intake 

and the ratio of protein ro fat and carbohydrate, as 

well as with reference ro daily protein intake. Ob­

viously an increased intake of protein in the diet of 

the normal adult will lead to an increased nitrogen 

output, a decreased intake of protein to a decreased 

nitrogen ouput. 

Relation of Indispensable 
Amino Acids to Nitrogen Balance 

The nutritive value of a protein depends upon its 

digestibility and absorption from the intestinal tract 

and upon the presence of the indispensable amino 
acids among those thereby made available. A com­

plete dietary protein contains all of the essential amino 

acids listed in Table 1. All of the indispensable amino 

acids must be present to promote optimal growth in 

the rat. Rose has demonstrated that the omission of 

any one other than arginine from the ration produces 

loss of weight. As has already been intimated, Rose 

has recently extended his studies of amino acid re­

quirements to include man. Healthy young men were 

fed a diet consisting of purified amino acids, starch, 

sucrose, centrifugated butter, inorganic salts , and 

vitamins. When approximately 7 grams of nitrogen 

were supplied daily in the form of a mixture of the 

10 amino acids previously found essenrial for animals, 

the subjects reached nitrogen equilibrium in a few 

days , after which they mainrained it as long as the 

diet was continued (for a period of about 8 days) . 

Hence, Rose concluded that the amino acids which 



he had omitted from rhe dier because rhey were dis­

pensable ro animals, were also dispensable ro man. 

Subsequenr omission singly from rhe dier of valine, 

leucine, isoleucine, lysine, merhionine, TRYPTOPHAN, 

phenylalanine or rhreonine, produced a negarive 

nirrogen balance. Curiously, rhe omission of hisridine 

d id nor. Hence in man , hisridine is dispensable for 

rhe mainrenance of nirrogen equilibrium. 

TRYPTOPHAN AND NITROGEJ EQUILIBRIUM 

When the intake of total nitrogen (chiefly pro­

tein nitrogen) exceeds the total nitrogen output, 

the mbject has obviowly retained nitrogen and 

is said to be in ... 

When the nitrogen output exceeds the nitrogen 

.intake, nitrogen has obviously b.een lost from the 

body and the subject is therefore said to be in . .. 

NEGATIVE NITROGEN BALANCE 

POSITIVE NITROGEN BALANCE 

When the nitrogen ingested in the diet approx­

imates or equals the nitrogen oltlput, neither 

loss nor storage can have taken place and the 

subject is therefore said to be in ... 

NITROGEN EQUILIBRIUM 

13 
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DETERMINATION OF TRYPTOPHAN 
SEVERAL METHODS have been devised for the 

quantitative estimation of tryprophan . These 

are of two general types (1) chemical and (2) micro­

biological. 

Hydrolysis 

Although L-tryptophatz ts a constituent of many 

proteins, it is rarely found free in nature. To permit 

the isolation and estimation of tryprophan proteins 

must be hydrolyzed and this ordinarily may be done 

with acids, alkalies, or enzymes. The hydrolysis with 

acids is not satisfactory since tryptophan is destroyed 

either in part or in toto . When alkalies such as sodium, 

potassium or barium hydroxide are used for hydrolysis 

of proteins, L-tryprophan is converted to DL-trypro­

phan. When barium hydroxide is used great care 

must be exercised to prevent the absorption of 

tryprophan on the insoluble salts formed by removing 

the barium as the sulfate or carbonate. 

Proteins may also be hydrolyzed with enzymes 

trypsin, erepsin, papain and others that are capable 

of splitting the protein molecule into simple peptides 

and amino acids. Unless care is exercised ro prevent 

contamination during the process, microorganisms 

will invade the hydrolysate and destroy the trypto­

phan molecule or metabolize it ro indole or indole 

derivatives. Usually enzymatic digestion does not 

go to completion. 

Chemical Methods of Analysis 

Most chemical procedures for the estimation of 

tryptophan are based on (1) the reaction between 

tryptophan and glyoxylic acid, (2) the reaction of 

tryptophan with bromine, (3) the condensation of 

tryptophan with aldehydes or (4) diazotization 

reactions. Condensation with glyoxylic acid and 

other aldehydes: As early as 1874 Adamkiewicz38 

observed that the addition of concentrated sulfuric 

acid to a solution of albumin treated with glacial 

acetic acid yielded a violet-blue color. In 1901 

Hopkins and Cole 39 made use of this test ro guide 

them in preparing tryprophan from casein digests. 

They considered glyoxylic acid responsible for the 

color and subsequently employed it in the presence 

of hydrochloric or sulfuric acid. For many years the 

method of Hopkins and Cole was used with moderate 

success. Among its several modifications are those of 

Cary 4°, Winkler 41, and Shaw and MacFarlane 42 The 

last method is still frequently used. In 1905 , Voisenet 43 

reported that other aldehydes reacted with tryprophan 

in the presence of sulfuric or hydrochloric acid. 

Rhode44 applied Voisenet's principle and showed 

that tryptophan - containing proteins reacted with 

p-dimethylaminobenzaldehyde in sulfuric acid to 

yield a reddish color. He also found that Ehrlick's 

reagent (p-nitrobenzaldehyde) could be used satis­

facrorily. Subsequent quantitative modifications of 

the Voisenet-Rhode method have been developed by 

Thomas4\ May and Rose 46, Furth and Dische47, 

Kraus 48,49, Komm~o, Tomiyama and Shigematsu~t, 

and Sullivan and coworkers ~2 

Bromi·ne Test 

On creating a dilute solution of tryptophan with 

bromine water a reddish (magenta) color is obtained. 

This reaction is a sensitive one but has not found a 

wide quantitative application since the color is 

destroyed by an excess of bromine. Bromine is ab­

sorbed by tryptophan and the color is highly specific 

for free tryptophan but other amino acids present in 

protehz such as cystine, tyrosine, histidine and 

phenylalmzine and decomposition products of trypto­

phan such as indole and skatole also react. 

Diazo Reaction 

In 1941 Nicols and EckertH found that trypro­

phan could be treated with nitrous acid and the 



resulting product condensed with N-(a-naphthyl)­
ethylenediamine to give a reddish color. The micro­
colorimetric procedure they devised was subsequently 
modified by Eckert to make it suitable for the 
microphotocolorimerric determination of tryptophan. 

Microbiological Methods of 
Analysis 

In 1943 and 1944 Green and Black54 ou tlined a 
microbiological method for estimating tryptophan 
which depended upon the response of L. arabinosus 
to this amino acid in a medium complete with respect 
to all the growth factors, the essential minerals and 
the other amino acids. Since D-tryptophan is inactive 
i11 supporting the growth of this organism, the value 
obtained for DL-tryptophan, present because it has 

been added to an amino acid mixture or hydrolysate 
or has been produced by alkaline digestion of 
protein, should be multiplied by two. Values obtained 
by applying this procedure to enzymatic hydrolysates 
are somewhat low but consistent with those obtained 
for other amino acids. Incomplete protealysis is 
probably responsible. Wooley and SebreJP5 were 
unable to recover added tryptophan quantitatively 
when alkaline hydrolysis was used. According to 
Snell56, indole and anthranilic acid can replace 
tryptophan for growth of L. arabinosus, but these 
compounds can be removed by extraction with ether 
at a pH of about 4 before applying the microbio­
logical procedure. According to Snell, Green and 
Black's method gives consistent values in repeated 
assays and permits the quantitative recovery of 
added tryptophan. 
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This review is published with the desire to further the 

study of the known and unexplored problems involving 

amino acids. Such studies hold great future promise for the 

improvement of human and animal nutrition and therapy 
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OPPORTUNITY FOR RESEARCH 
The recognition of methionine as an essential amino acid in 

nutrition and the discovery df its diversified metabolic re­

actions have stimulated increasing interest in the dietary and 

therapeutic utility of this compound. 

Particular attention has been focused upon nutritional studies 

which have shown that the protein of many commonly used 

poultry and livestock feed mixtures can often be more eco­

nomical! y utilized if synthetic methionine is added in small 

amounts to correct a naturally existing deficiency. 

Other important aspects include the clinical investigations 

that have indicated the possible value of methionine in the 

treatment of certain liver disorders and nutritional deficiencies. 

The Dow Chemical Company with its interest in agricultural 

progress and knowledge of synthetic organic chemistry has 

assumed a leading position in making available DL-METH­

IONINE and other amino acids . 
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PART I 

I N 1922, Mueller (l-5) announced the discovery of 
a sulfur-containing amino acid in casein hydro­

lysates to which he finally gave the empiLical formula 

C5H 11 N02S. Curiously enough this was brought 

about through microbiological research relative to the 

growth of the streptococcus. When , eventually , this 

amino acid was isolated in a pure form , it showed no 

particular influence on the growth of the micro­

organism. 
Mueller 's procedure for isolation of this amino acid 

may be summarized as follows: An acid hydrolysate 

of casein was neutralized and treated wirh mercuric 

sulfate. The precipitare was washed and exrracred 

four rimes by two per cent hoc bari urn hydroxide. 

The extracrs were freed from mercury and then from 

DISCOVERY 
barium. After concentrating rhe filrrares, mercuric 

chloride was added and the precipitare formed was 

washed and treared wirh barium sulfide. Reagents 

were removed and rhe filcrate was next concenrrated 

in vam o. A crystalline product was obtained which 

was subjecred to further purification and recrystal­
lization . The final yield varied from 0 .2- 0.4 per 
cent of casein. 

In 1925 Odake (6) mveStigared yeast exrracrs and 

succeeded in isolating a crystalline substance possess­
ing rhe properties of Mueller's amino acid. Barger 

and Coyne (7 ) were first to synthesize this compound , 

and after consultation with Mueller , suggested the 

name METHIONINE in allusion to irs structural 
formula. 

3 
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The isolation of methionine was also investigated by 
Pirie (8) and by du Vigneaud and Meyer (9). Bio­
chemical methods for the isolation of this amino acid 
in a pure state gave very low yields which for more 
than two decades accounted for its high cost. 

DL-Methionine has been synthesized by numerous 
investigators with varying yields . 

Barger and Coyne's (10) attempt to synthesize this 
amino acid by the hydantoin method was not suc­
cessful. They finally succeeded, however, by the ap­
plication of a modified Stecker reaction using beta­
methylthiolpropionaldehyde. The over-all yield was 
only 3.4 per cent of the theoretical amount. Windus 
and Marvel (11 ) employed a malonic ester synthesis 
and their method was modified by Emerson, Kirk and 
Schmidt (12) with slight improvement in yield. Barger 
and Weichselbaum (13) applied the phthalimido­
malonic ester synthesis and shortly after that Hill and 
Robson (14) reported another synthesis. Graham 
and Schweitzer (15 ) investigated Barger and Coyne's 
original method and effected some improvement in 
yield. Lecky (16, 17) studied the acid hydrolysis of 
methionine nitrile and claimed substantial gain in 
yield , mostly by refinement in technique. 

The synthesis of DL-methionine containing excess 
quantities of the stable isoropes S34 and CJ3 in the 
beta and gamma positions was accomplished by Kil­
mer and du Vigneaud (18) . Melville, Rachelle and 
Keller (19) reported the synthesis of L-methionine 
containing Cl4 in the methyl group. Livak , BrittOn , 
VanderWeele and Murray (20) obtained DL-methion­
ine by the alkaline hydrolysis of 5- (beta-methylmer­
captoethyl)-hydantoin. Other methods of synthesis 
and variations thereof are now employed commer­
cially using as starting materials acrolein, hydrogen 
cyanide and ammonia. 

DL-Methionine (C5H 110 2NS) crystallizes from water 
in lustrous white hexagonal plates. It is soluble in 
100 gm. water ro the extent of 1.8 gm. at 0°C. , 3.4 
gm. at 25°C. and 17.6 gm. at 100°C. It is slightly 
soluble in methanol (app. 0.1 gm. per 100 cc. at 
25°C.), ro a slight degree in ethanol, and almost in­
soluble in other organic solvents. The melting point 

. varies greatly with the procedure used, but is in the 

range of 268-270°C. when inserted in an open capil­
lary tube in a bath at 240° and the bath temperature 
raised at a uniform rate of 3°C. per minute. 

Determination of Methionine 

Methionine may be determined by chemical or mi­
crobiological procedures. The latter methods account 
for on ly 50 per cent of DL-methion ine. 

Chemical Methods 

By virtue of the labile methyl group, Barger and 
Coyne (21) pointed out that methionine may be de­
termined by dem~thylation with hydriodic acid and 
the resulting methyl iodide may be quantitatively esti­
mated. Baernstein (22) applied this principle for the 
determination of methionine found in proteins. His 
procedure became known as the " methyl iodide 
method" ; however on further investigations, numer­
ous workers found that it gave high values for this 
amino acid. Bailey (23 ), Kassel and Brand (24) Kuhn , 
Birkofer and Quackenbush (25) and Lavine (26) sug­
gested several refinements and modifications for Baern­
stein's method. Beach and Teague (28) reported a 
gravimetric method. 

MacCarthy and Sullivan (29) found that methionine 
forms a colored compound with sodium nitroprusside. 
They developed a satisfactory, rapid , colorimetric 
method which is now widely used. White and Koch 
(30) offered minor modifications. Tutiya (3 1) pro­
posed a colorimetric method based on fusion of me­
thionine with sodium hydroxide, aeration of the solu ­
tion into isatin and measurement of the green colored 
compound. 

Microbiological Methods 

Assay of amino acids by microbiological methods in­
volves the use of certain groups of bacteria known as 
test organisms. These may be divided into two groups: 
(a) Homofermentative, which comprises bacteria that are 
capable of almost quantitatively converting glucose 
to lactic acid and (b) Heterofermentative, which can con­
vert g lucose into lactic acid and ocher degredation 



produces such as erhyl alcohol , aceric acid and carbon 
dioxide. 

Alrhough many organisms have been employed for 
microbiological assay of amino acids, only a lim ired 
number have been carefully sruclied and recomrpended 
by workers in this field. One reason is rhar different 

strains of the same species may not give the same re­
sponse or may differ from one another as to their 
specific nutritional requirements. 

Several microbiological methods for the estimation 
of methionine have been developed . References to 
these methods and to rhe test organisms employed are: 

Test Organisms 
References to Microbiological Meth-
ods for Estimation of Methionine 

Streptococcus Jaecalis 34, 35, 

Leuconostoc rnesentroides 36, 38, 

L. arabinosus 37, 40, 

L. casei 40 

L. fermenti 40, 46, 

L. delbruckii 40 

Measurement of Results: 

The resulrs may be obtained eirher by rurbidimetric or 
rirrimetric measuremenrs. 

For turbid imerric measurements of bacrerial growth, 
photoelectric colorimeters are generally used. Read­
ings are recorded , plorred and checked againsr a srancl-

39, 40, 41, 42, 43, 44 

39, 40, 41, 42, 43, 46, 47 

43, 44, 46, 48 

49 

ard reference curve or againsr readings using known 
amounrs of rhe srandard amino acid. For rirrimerric 
measuremenrs , rhe acidiry of a sample is derermined 
by rirrarion wirh a srandard alkali. For derails on cri­
reria for accuracy see Snell (50, 51 ) . 
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PART II 

MET!BOLISM OF METHIONINE 
FOR MANY YEARS prior ro rhe discovery of methio­

nine, cystine was rhe only component of proteins 
known to contain sulfur. Cystine was first investigated 
by Osborne and Mendel who observed, that when 18 
per cent of casein was incorporated in an otherwise 
adequate diet, young rats receiving such a food mix­
ture grew at normal rates. When the proportion of 
casein was progressively decreased in the diet , how­
ever, the rare of increase in body weight wa inhibited 
(1 ). The percentage of cystine in casein was known ro 
be very small and consequently it was assumed rhar 
this amino acid was the limiting facror. On the basis 
of these findings cystine was considered an essential 
amino acid. Several investigators confirmed these ob­
servations. and it was not until Jackson and Block (2 ) 
reported that rhe addition of methionine to a diet low 
in casein promoted growth in the rat. that the indis­
pens:~ble nature of cysrine was questioned . The find­
ings of Jackson and Block were confirmed by Weich­
selbaum et a/. (3) . Even then, the di pen ability of 
cystine and the indispen ability of methionine were 
nor as yet fully established. 

1. [lldispemctbil if]' 

ince experimental evidence based on d1ers containing 
proteins is nor conclusive ro demonstrate the indi -
pensable nature of an amino acid, mixture of pure 
amino acids should be utilized for such purposes. To 
insure the exclusion of cystine and methionine from a 
ration, each amino acid employed in the preparation 
of a mixture of amino acids must be of the utmost 
purity and free from contamination by other amino 
acids. Rose and his associates (l ) were first to employ 
such a procedure and painstakingly prepared and re­
crystallized each amino acid in the diet they used. The 
cystine employed as a supplement was recrystallized 

six times until correcr chemical data had been ob­
tained. The methionine investigated was a recrystal­
lized synthetic product. Rose's elab rare experiments 
showed rhar the addition of cystine to a diet deficient 
in methionine and cystine was pracrically without any 
effect and the animals lost weighr; on the other hand 
rhe incorporation of methionine in such a diet per­
mitted rapid growth. These dara provided the first 
convincing proof of the dispensability of cystine and 
the indispensability of methionine. Beach and White 
( ) al oreportedrharmerhioninesrimularesrhegrowrh 
of animals previously stunted by a diet in which ara­
chin served as the pro rein; whereas cystine under the 
same conditions yielded no growth-promoting effect. 

Thus it has been shown rhar the need of rhe body 
for protein-sulfur is mer by the all-important amino 
acid i\1 ETHIO ! E. l n this connection it m usr be 
pointed our that although methionine is indispensable 
in the diets of certain animals, irs quantitative require­
ments vary nor only with rhe species bur also with the 
cystine content of food protein constituents. Experi­
ments have shown rhar cysrine can be synthesized 
from methionine bur rhe reverse reaction does nor oc­
cur. The addition f cystine ro a diet low in methio­
nine, however, enhances growth and can , to a certain 
extent, pare methionine. 

The requirement for sulfur-containing amino acids 
by different animal species and by rrian is of critical 
importance in nurnrion. The high content of sulfur 
in keratin proteins such as wool, hair , nails, and hoofs, 
in hormone such as insulin and in many organs of 
the animal system musr be supplied by a diet which 
contains adequate methionine or a suitable propor­
tion of methionine and cy tine. There is considerable 
evidence in the literature that many well known foods 
for human and animal consumption are so limited in 
their methionine and cystine content that the index 
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of their biological va lue is low. By incorporating 
methionine in such foods an enhancement of their 
utilization ensues, permittmg a decrease in the pro­
rein intake. 

2. Mechanism of Co-nversiou of 
Methioniue to Cysth1e 

The mechanism of conversion , in vivo, of methionine 
ro cystine has been investigated in considerable de­
rail. In the absence of an adequate supply of cystine 
in the diet , methionine is converted , probably in the 
liver, ro cystine , bur the reverse does nor occur. The 
derails of the chemical reactions involved are nor fully 
established. Tarver and Schmidt (5) showed that the 
sulfur of methionine containing S35 is transferable ro 
cystine in the animal body. They also reported that 
methionine can fulfill all the functions of cystine. 
Srekol (6) observed that there was no immediate eli­
mination of sulfur nor of nitrogen when either cystine 
or methionine was given ro rats receiving a low pro­
rein diet . This invesrigaror concluded that since there 
was no diminution in the excretion of nitrogen de­
rived from the protein of the diet plus that from en­
dogenous sources , the retained cystine and methio­
nine were not used ro form protein bur were srored in 
some ocher form . Madden and his coworkers (7) ob­
served negative nitrogen balance in the experimental 
dog when cystine was the only source of amino acid 
sulfur in the diet. Of considerable importance is the 
recent finding of du Vigneaud eta/. (8) who performed 
feeding experiments with rats using methionine con­
taining is oro pes of sulfur and carbon. They reported: 
" On isoropic analysis of the cystine approximately 80 
per cent of its sulfur bur no significant amount of irs 
carbon had been derived from the ragged methio­
nine." This conclusive experimental evidence estab­
lishes that the carbon chain of methionine is nor uti­
lized for in vivo conversion of methionine ro cystine. 
Since the sulfur of methionine has been found ro be 
transferable ro cystine, it has been suggested that the 
remainder of the molecule cou ld be derived from 
senne. 

3. Relation of Methionine to Creatine 

The origin and metabolism of creatine and creatinine 

In the animal body and their relation ro the amino 
acids have long been subjects of considerable research 
and debate. One reason for the unusual interest in 
creatine has been the startling revelation made less 
than two decades ago by Lundsgaard on the mechan­
ism of muscular contraction. Prior to this time, it was 
assumed by physiologists that the energy released from 
the breakdown of glycogen ro lactic acid was respon­
sible for muscular activity and that muscle fatigue was 
caused by the accumulation of lactic acid in situ; also 
that muscular contraction was not resumed until the 
lactic acid formed was converted ro glycogen, one 
fifth of it being ox idized ro carbon dioxide and water 
and rh e remaining four-fifths being used for glycogen 
synthesis . Lundsgaard demonstrated that the poison­
ing of muscle with monoiodoaceric acid would per­
mit muscular contraction even though lactic acid was 
not produced . This meant that the process of muscle 
contraction and the production of lactic acid were not 
inseparably connected. Subsequently, it was discov­
ered that the process of muscular activity was the re­
sult of the tremendous energy released by the break­
down of a substance known as phosphocreatine the 
chemical structure of which is: 

Phosphocreatine 

/NH-PO(OH)z 
HN= C 

"N-CH -COOH I . z 
CH3 

Phosphocreatine was isolated from the extracts of 
skeletal muscle by Fiske and Subbarrow in 1927 and 
they, together with the Egglesrons, proved that during 
muscular contraction, this compound is hydrolyzed 
ro phosphates and creatine, and is resynthesized dur­
ing the period of muscular recovery. When a muscle is 
poisoned with monoiodoaceric acid it contracts as 
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long as there is phosphocreatine available, but unlike 

normal muscle, resynthesis of phosphocreatine does 

nor take place, hence contraction ceases. 

Obviously Lundsgaard's discovery and the findings 

of Fiske and Sub barrow and of rhe Egglesrons, aroused 

considerable interest in the o rigin of creatine in rhe 

system. Creatine has rhe following chemical structure: 

In chis presentation we are on ly concerned wirh the 

relationship char exists between creatine and merhio­

nme. 
Borsook and Dubnoff (9) reponed char liver slices 

synthesized creatine from guanidoaceric acid in vitro 

and char chis reacrio n was accelerated by the addition 

of methionine. Their findings were confirmed by Bo­

dansky, Duff and McKinney (10) . The amidine grou p 

of creat ine was shown to originate from arginine by 

Block and Schoenheimer (11 ) by means o f their iso­

tope experiments . However, ir remained for duVig­

neaud and his associates (12 , 13) to prove by means of 

isotopic elements in DL-merhionine, char chis amino 

acid contributes irs methyl g roup for the conversion 

of guanidoaceric acid to creatine. 

4. Ultimate fate of Methiouiue 

in the system. 

Ir has been defin itely established that methionine is 

the precursor of cystine in the animal body. The ques­

tion arises as to whether or nor cystine is an obligate 

intermediate in rhe metabolic disposal of methionine. 

Lewis (14 ) has shown chat methionine is oxidized 

more slowly than cysrine in rhe normal cou rse of meta­

bolism. The simultaneous oral or parenteral adminis­

tration of these rwo substances revea led that methio­

nine remained longer in ci rculation and formed sui­

fare more slowly chan cystine did. This indicates chat 

the first seep of methionine breakdown IS ItS conver-



sion ro cystine. Subsequent reduction converts cystine 
ro cysteine. Medes (15) extracted liver enzymes which 
oxidized the sulfur of both cystine and cysteine ro 
sulfinic acid and the latter was eventually converted 
to sulfate. 

Hair, fingernails, toenails , hoofs , and wool are un­
usually rich in cystine. Smuts, Mitchell and Hamilton 
(16) demonstrated that a diet deficient in this sulfur­
containing amino acid inhibited the growth of rats 
and their hair. Payne and Perlzweig (17) observed that 
the fingernails of pellagrous patients (due to niwrinic 
acid deficiency) were low in cysrine.Sullivan and Hess 
(18) reported similar findings in chronic deforming 
arthritis. Peters (19) reported improvements in rwo 
cases of exfoliative dermatitis following the adminis­
tration of cystine. An analysis of the "scaly skin" of 
these patients showed that one-third of the dietary 
cystine was lost by the exfoliation. 

Hitherto in rh is presentation no mention has been 
made of the fare of the labile methyl group of methio ­
nine. Recently, MacKenzie and his associates (20) feel 
rats methionine containing rhe isotope Cl4 in the 
methyl radical and reported rhe presence of radio­
activity in the carbon dioxide collected one hour after 
feeding the tracer compound. This is conclusive evi­
dence that the labile methyl group of methionine can 
be oxidized to carbon dioxide. 

5. Detoxification Mechanism 

It has been observed (21 ) that when a roxie substance 
like bromobenzene is feel continuously to rats, a de­
ficiency in the sulfur-containing amino acids occurs. 
This deficiency is accompanied by retardation of 
growth and loss of weight and can be corrected by the 
intake of adequate amounts of methionine, cystine 
and homocystine (22 ) . Cessation of growth and loss 
of weight following bromobenzene poisoning are ex­
plained on the basis of utilization of these amino acids 
for conjugation mechanisms and rhein vivo synthesis 
of mercapturic acids ; rhus preventing methionine from 
the pursuit of irs normal metabolic functions. A simi­
lar deficiency has also been noted in animals feel bi ­
phenyl or chrysene and this toxicity was shown to be 
alleviated by methionine, cysteine and glutathione 
(23 , 24 , 25 ). 

The administration of 1 per cent nicotinic acid or 
irs amide to rats causes roxie manifestations with con­
comitant loss of weight. Nicotinic acid apparently ere­
ares a labile methyl group deficiency shown to be 
counteractable by methionine but not by choline, 
cystine or homocystine. Choline can be rendered effec­
tive against nicotinic acid poisoning if given in con­
junction with cystine or preferably homocystine (26, 
27) . 

High protein diets have been known to exert a pro­
tective mechanism in animals exposed ro the roxie 
effects of selenium, trinitrotOluene, arsephenamine 
and Mapharsen. The effective agent in proteins against 
these poisons was recently found to be methionine 
(28-37) . In the depleted dog, Miller et al (38) found 
that methionine and , to a lesser extent, cystine pro­
tected the animal against the ill effects of chloroform. 

Baxter (39, 40) investigated the roxicity in rats of 
0.1- 0.2 per cent pyridine hydrochloride added ro a 
diet moderately low in protein (10 per cent casein) and 
noted cessation of growth and eventual death within 
rwo weeks. The supplementation of the diet with 0.5 
per cent methionine permitted growth and increased 
ro a limited extent the survival time. Baxter and 
Mason (41) studied the relationships between the 
mechanisms of the liver and kidney injury produced 
by pyridine and other similar toxic substances and of 
diets deficient in choline and methionine. They found 
that, in contrast with the beneficial influence of methio­
nine, the addition of choline ro a diet moderately low 
in protein. and containing pyridine afforded no protec­
tion to the animal. They therefore concluded that 
methionine, but not choline, contributes labile methyl 
groups in the presence of pyridine. 

In his recent discussion "Conditioning Facrors in 
Nutritional Disease" Ershoff (42 ) states: "On a low 
protein diet, insufficient amounts of such amino acids 
may be present to meet the requirements for mainte­
nance plus detOxification with the result that an amino 
acid deficiency may develop. The effects of such a de­
ficiency will be particularly marked in the liver cell , 
since the liver is the organ where deroxification pri­
marily occurs. The hepatotoxic effects of chloroform,. 
carbon tetrachloride and other roxie substances may 
be explained therefore, at least in part, on the basis 
of methionine deficiency in the liver cell. Particularly 
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pertinent in this regard is the similarity of symptoms 
resulting from a dietary deficiency of methionine with 
that obtained on the administration of noxious sub­
stances requiring methionine for detoxification. It ap­
pears further that the body will employ nutrients prefer­
entially for detoxification, even at the expense of sacri­
ficing its own tissues to obtain the required material." 

Bearing in mind that methionine in the animal sys­
tem can be a precursor of cystine, the av. ilable infor­
mation on the subject of detoxification indicates that 
the diet should supply sufficient methionine for : (1) 
labile methyl groups, (2) conjugation mechanism , (3) 
synthesis of mercapturic acids, (4) prevention of fatty 
liver infiltration, (5) normal metabolic functions, (6) 
maintenance of positive nitrogen balance, and (7) 
growth . 

6. Methionine Deficiency 

The complete absence of methionine from the diets 
of experimental animals causes loss of weight, loss of 
hair and eventual death. Dietary relationships between 
methionine and cystine have already been discussed. 
It is now definitely established that cystine alone does 
not stimulate growth in the complete absence of 
methionine. In the presence of suboptimal amounts of 
methionine, however, cystine does cause growth stimu­
lation (43 ). Appropriately, Rose stared: "These facts 
serve to emphasize the importance of knowing the 
exact composition of the ration before drawing posi­
tive deductions from the growth behavior of the 
animals." 

There is a paucity of literature dealing with patho­
logical changes occurring in animals kept nor only on 
diets deficient in methionine bur also on suboptimal 
amounts of this and other indispensable amino acids. 
Unquestionably, it is not enough to know that a cer­
tain amino acid is important in our diet and whether 
or not it is indispensable to the experimental animal. 
In addition, we must understand the consequences of 
deficiency, particularly when the diet contains sub­
optimal quantities of any of the essential amino acids 
and of any pathological changes that may occur in 
the essential organs of the body. 

Glynn, Himworth and Neuberger (44) kept rats on 
a diet deficient in methionine and cystine and ob­
served the development of massive hepatic necrosis 

and excretion of homogentisic acid-like compounds. 
These abnormalities were noted to be preventable 
when either cystine or methionine was added to the 
deficient diet. Neuberger and Webster (45) as cited 
by Cuthbertson ( 46) reported that a deficiency of the 
sulfur-containing amino acids decreases the ability of 
the body to metabolize aromatic amino acids to such 
an extent that even with small intakes of tyrosine and 
phenylalanine considerable amount of a homogentisic­
like acid is excreted . Cystine alone partially protects 
the animal against this alcaptonuria. They suggested 
that the important factor which is responsible for the 
development of necrosis , is the deficiency of cystine 
and that the protective effect of methionine is due to 
its transform tion to cystine in the body. 

Wanscher (47) found that rats kept on a 5 per cent 
casein diet develop: 

(1 ) severe degeneration of liver cells concomitant 
with hemorrhage and intestinal inflammation, 

(2 ) degeneration occurring in the convoluted tu­
bules of the kidneys and 

(3 ) not infrequently severe chronic convulsions. In­
creasing the amount of casein in the diet from 5 per 
cent to 10 per cent gives no protection to these ani­
mals , but the addition of as little as 0.2 per cent of 
methionine restores normal growth and causes re­
generation of hepatic tissue. The addition of cystine 
alone yields only partial protection, but does not pre­
vent loss of weight, whereas cysteine affords no bene­
ficial effect whatsoever. Sydenstricker et a! ( 48) ob­
served corneal vascularization in rats kept on methio­
nine deficient diets . 

Ir has recently been reponed that chloretone and 
phenobarbital accelerate the urinary excretion of vita­
min C in the rat and cause increased concentration of 
this vitamin in the small intestine, kidneys , liver and 
to a lesser extent in the spleen ( 49). Roberts and Spiegel 
(50 ) pursued the latter investigation with rats kept on 
a 5 per cent casein diet and reported that the ability 
of these animals to excrete ascorbic acid in response 
to either chloretone or phenobarbital is greatly limited , 
as compared with those kept on a diet of 18 per cent 
casein . The addition of methionine, cystine or both , 
to the 5 per cent casein diet, in amounts sufficient to 
supply a sulfur content equivalent to an 18 per cent 
casein level, increases the excretion of vitamin C by 
rats treated with either chloretone or phenobarbital. 



Roberrs and Spiegel are, therefore, of rhe opinion rhar 
methionine and cysri n e do nor acr di recrly as precur­
sors of vitamin C in rhe rar, bur rhar rhe accelerating 
influence on vitamin C excretion is related ro rhe gen ­
erally beneficial effect observed when rhe amino acids 
are added ro a low protein diet. 

Gordon et al (51 ) studied the effect of the pituitary 
growth hormone and reponed nitrogen retention and 
cessation of growth ro occur in rats kept on a low 
protein diet of 6 per cenr casein . The addition of 
methionine ro this diet permitted prompt resumption 
of growth as well as nitrogen retention. 

13 
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PART III 

INTERRELATIONSHIPS OF METHIONINE, CYSTINE 
AND CHOLINE IN FATTY LIVERS 

THE ACCUMULATION of fat in the cells of the liver 
may either arise from exaggerated physiological 

circumstances or from pathological conditions. As a 
rule physiological and pathological fatty livers are dis­
tinguished, not only by the quantity of lipids they 
contain, but also by the character and partition of 
these lipids. 

The excessive accumulation of fat in the liver has 
been recognized since 1889 when Minkowski per­
formed his classical experiment of extirpation of the 
pancreas in dogs. Since then investigators were more 
concerned with the metabolic functions of the pan­
creas and its relation to experimental diabetes than with 
its relation to fatty liver infiltration. However, follow­
ing the discovery of insulin it was soon realized that 
this hormone does nor suffice to maintain life of the 
depancreatized animal (1 ). An impairment of liver 
function rakes place with rapid accumulation of lipids 
and ketone bodies. Since the only difference between 
the depancreatized and the intact animal is the re­
moval of the pancreas, it was found necessary to in­
clude raw pancreas in the diet of such animals to per­
mit normal hepatic functions while insulin is being 
parenterally administered ro control blood sugar. 
Hershey and Soskin (2) also discovered that egg-yolk­
lecithin could replace raw pancreas in the diet of rhe 
depancreatized animal and restore normal liver func-

Choline 
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HO-CH -CH -N-CHJ 
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rion. Thus the term lipotropic has been applied to such 
substances that are capable of eliminating excessive 
accumulation of fat in the liver caused by dietary de­
ficiencies. 

Individuals with pathological fatty livers do nor con­
sume an undue amount of far in the diet nor is there 
an excess of lipids in the blood stream. In effect there 
is a diminution of blood lipids, a reduction in choles­
terol esters, phosphatides and a disturbed pattern of 
hepatic lipids. These pathological disorders arising 
from dietary deficiencies will ultimately lead to a de­
generation of liver cells and cirrhosis and not infre­
quently are accompanied by hemorrhages and degen­
erative lesions in the kidneys. 

According to Peters and VanSlyke (3), "In almost 
every instance dietary fatty livers have been traced to 

the absence from the diet of some components essen­
tial for the synthesis of phospholipids or the presence 
of some compound which interferes with their syn­
thesis." 

Two of the important dietary factors that have been 
investigated and found to possess lipotropic activity 
are choline and methionine. Although these rwo com­
pounds differ radically from one another in their 
chemical composition, as can be seen from their struc­
tural formulae, nevertheless, they do possess one 
structural feature in common, viz. labile methyl group. 

Methionine 
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It has been pointed out earlier in this discussion that 

lecithin (phosphatidyl choline) found in egg yolk is 
capable of preventing fatty infiltration in the liver of 

the depancreatized dog. The findings of Hershey and 
Soskin were subsequently confirmed by Best and 
his associates (4) who also demonstrated that the 
active lipotropic agent in lecithin is choline. Further 

research in this field led to rhe observation rhar the 
livers of animals kept on choline-deficient diets, but 

containing adequate amounts of casein and sucrose, 
did nor accumulate fat. An investigation of the active 
lipotropic agent in casein soon revealed that, whereas 
cystine added to diets deficient in choline and methio­
nine caused fatty liver infiltration in the experimen­

tal animal, both D and L methionine did nor. 

Transmethylation 

In reviewing the subject of interrelationships between 

choline and other methylated compounds, du Vig­
neaud (5 ) stated. " The concept that methylation was 
a general metabolic process was, in fact, explicitly 

stated some fi fty years ago by Hoffmeister (1894) who 
in his studies on the methylation of tellurium sug-



gested the formation of choline and creatine might be 
due to the same methylating mechanism. He even 
postulated that for the purpose of methylation , a 
methyl group might be split off from some precursor 
and attached to the new moiety." 

On demerhylating methionine in the animal sys­
tem, it has been shown that homocystine is the first 
intermediate produce. Du Vigneaud, Chandler Moyer 
and Keppel (6-7 ) demonstrated that rats receiving 
homocystine in a diet deficient in both methionine 
and choline were unable to grow. However, it was 
found that homocystine could support growth of ani­
mals on a methionine-free diet only in the presence of 
choline or betaine. These observations were confirmed 
by qrhers (8, 9) . It therefore appears that choline had 
probably acred as a donor of a methyl group for the 
synthesis of methionine from homocystine. The abil­
ity of methionine co transfer irs labile methyl group in 
the in vivo synthesis of creatine has already been dis­
cussed. 

The liporropic acrion of methionine apparenrly re­
sults from irs ability co contribute methyl groups for 
the synthesis of choline from ethanolamine (10). Evi­
dence for the latter compound as rhe source of nirro-

gen of choline is found in the experiments of Sretten 
(11 ) on rats in which the feeding of ethanolamine con­
raining N 151ed co the in vivo synthesis of choline con­
raining labelled nitrogen. 

Although both choline and methionine are con­
sidered excellent rransmerhylaring agents in the ani­
mal system, their paths only cross at certain intersec­
tions in chis com plica red system of far metabolism and 
evidenrly only in this respecr do they perform similar 
funcrions. Thereafter, each assumes more specific roles 
in metabolism. Choline, for example, is nor entirely 
dependent on irs labile methyl group for irs liporropic 
acriviry whereas methionine performs this funcrion 
only by donating irs methyl group for the in vivo 
synthesis of choline. The latter is an essential precursor 
of lecithin and the exacr mechanism of irs lipotropic 
activity is yet co be elucidated. 

The lipotropic acrivity of a large number of com­
pounds has been investigated and only those sub­
stances which can form choline or donate their methyl 
groups for its synthesis were found physiologically 
active in preventing fatty liver infiltration. In the study 
of casein as a substitute for choline as a lipotropic 
agent, several workers (12, 13, 14) were unable co ac-
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count for the total lipotropic activity of this protein 
by its methionine content. In view of this , a number 
of amino acids have been tested and found devoid of 
this activity. Some observers (14) implied that the 
opposing action of cystine and methionine together 
could explain the whole lipotropic effect of casein . 
This is indeed doubtful, as cystine has a fattening 
effect and therefore counteracts the lipotropic action 
of methionine. 

Several substances are known to produce fatty livers 
in the experimental animal despite the presence of 
protective doses of choline. Among these is guanido­
acetic acid (15 ). It is postulated that the methylation 
of guanidoacetic acid to form creatine reduces the 
availability of labile methyl groups responsible for 
prevention of fatty livers . Like most agents that give 
rise to fatty livers , guanidoacetic acid induces charac­
teristic lesions in the kidneys . 

Ever since its discovery, cystine has been an elusive 
compound and some one hundred years were required 
to establish its exact chemical structure. Early investi­
gation showed the important role of cystine in metab­
olism. As methionine replaced cystine in its classifica­
tion among the indispensable amino acids, investi­
gators in this field were again puzzled by the peculiarity 
of cystine to promote hepatic far infiltration . In young 
rats, for example, 0.3 per cent of this compound did 
as much damage as 1.0 per cent, and no greater 
quantity of choline was necessary to counteract the 
Jar ge dose than was needed for the small dose (16). 
This effect of cystine was considered by some work­
ers to be connected with methylation. This .explana­
tion is also applicable to homocystine which also 
induces hepatic fat infiltration, and which has been 
shown by isotopic studies to be a methyl receptor. 

The liver fattening effect of cystine, according to 
Griffith (16, 17) may be accounted for by the appetite­
stimulating effect it produces , thus exacting a greater 
demand for choline or methionine in the diet. This 
obviously indicates that this particular effect of cystine 
is not due to any specific toxic action nor co a direct 
interference with the process of fat transportation. 
Griffith and Mulford (18) reported that the incidence 
of fatty livers in rats is related to food-intake . For the 
prevention of fatty livers caused by cystine, adequate 
amounts of either choline or methionine must be in­
corporated in the diet. Thus in rats kept on choline de-

ficient diets and just enough methionine to prevent 
hepatic fatty liver infiltration, cystine will enhance ap­
petite and causes deposition of fat in the liver. This 
effect is greater in young growing rats than in mature 
animals (19, 20) . 

Recently , Stetten and Salcedo (2 1) showed that the 
administration of heavy water to rats kept on choline 
deficient diets resulted in the finding of deuterium 
only in the fatty acids of the liver. The addition of 
cystine to the diets of animals similarly treated , re­
sulted in livers equally fat but with deuterium in the 
fatty acids of the liver and in the fatty acids of the 
carcass. Ir may be concluded therefore that cystine is 
a general fattening agent ; whereas , the lack of choline 
seems ro block rhe movement of fat from the liver to 
other rissues of rhe body . 

Hepatic Diseases 
In 1942, Fagin and Zinn (22) and in 1943 , Fagin , 
Sahyun and Pagel (2 3) clinically investigated the lipo­
tropic activity of amino acid mixtures and reported 
that liver specimens from patients with cirrhosis of 
the liver and chronic alcoholism , wh o had received 
amino acids , contained a greater percentage of pro­
tein and a lesser percentage of fat than specimens from 
patients who had not received amino acid therapy. 
They postulated that the lipotropic activity of the 
preparation they used was primarily due co its methio­
nine content. In 1944, Beattie and Marshall (24) pub­
lished their observations on a case of a young soldier 
with infective hepatitis who fully recovered following 
the injection of methionine. However they stated that 
in chronic cases superimposed on a pre-existing cir­
rhosis there might be limited improvement with 
methionine therapy. Barclay et al. (25) intravenously 
administered 10 gm of methionine daily and obtained 
dramatic results with infective hepatitis in two patients. 
They felt that the failure of Higgins et al. (26) ro 
achieve similar results was rhe inadequacy of rhe 
dosage the latter used in their clinical studies . Barclay 
and Cooke (27) also obtained remarkable success 
when borh choline and methionine were intravenously 
injected into a patient who had severe heparorenal 
injury as a result of large doses of barbiturates. Wilson , 
Pollock and Harris (28) orally administered methio­
nine to 52 patients with infective hepatitis . They found 
a significant shortening of the period of recovery as 



compared with 51 conrrol cases. Ferriman, Williams 
and Cadman (29) gave methionine to a patient with 
subacute hepatic necrosis. Two monrhs after the 
methionine treatmenr complete recovery was ob­
served. Eddy (30, 31 ) studied the effect of methionine 
in patienrs with toxic hepatitis due to trinitrotoluene 
and carbon tetrachloride poisoning and reported fa­
vorable resu lts. Recenrly Morrison (32) reported 
studies on a group of 43 patienrs with cirrhos is of the 
liver. These studies exrended over periods from 1938 

to 1940 and 1943 to 1945 . Outstanding improvemenr 
was observed where methionine, choline, whole liver 
extract and vitam in B complex were added to the d iets. 

Beams and Endicott (33) have recen tl y shown the 
va lu e of methionine based on histologic changes in 
the livers of patienrs with ci rrh osis. A recenr review 
(34) of the studies using methionine in the rreatmenr 
of hepatic ci rrh osis indicates that this amino acid was 
responsible for improved histologic changes in the 
liver which occurred in these patienrs . 

1-
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PART IV 

METHIONINE IN NUTRITION 

W E HAVE so FAR followed the course of methio­

nine in metabolism with reference to: (1 ) its 

indispensability as a constituent of proteins in the 

diets of animals, (2) its breakdown in the system and 

the mechanism of its conversion to homocystine and 

cystine, (3) its ultimate fate, (4) detoxification mech­

anisms, (5 ) consequences of its deficiency , and (6) 

by virtue of its labile methyl group (a) its relation to 

the in vivo synthesis of creatine and choline and (b) 

rhe role it plays in fatty liver infiltration- in brief its 

importance as a transmethylaring agent. 

Protein-Sparing Action 

Recendy considerable interest has been shown in the 

relationship between nitrogen balance and absorbed 

protein nitrogen. This interest by certain workers has 

revolved around the regions of negative and low posi­

tive nitrogen balances with the object of providing 

more accurate means of evaluating the biological effi­

ciency of proteins, protein hydrolysares and mixture 

of amino acids in the diets of animals and man. In 

1944, Miller (1) furnished evidence to the effect that 

methionine reduces the excretion of nitrogen in nor­

mal adult dogs receiving a protein-free diet. Steven­

son, Swanson and Brush (2 ) also noted a nitrogen­

sparing action for this amino acid in the rat. Croft and 

Peters (3 ) demonstrated in burned rats that by dou-

bling the protein-intake and including one per cent of 

DL-methionine, nitrogen equilibrium was attained. 

This indeed was a starding revelation. Sahyun, Kade 

and Houston (4) carefully investigated the biological 

efficiency in dogs of acid hydrolysates of casein forti­

fied with DL-tryptophan and showed that the addition 

of DL-merhionine to this mixture considerably en­

hances its biological activity. They also showed that 

for the maintenance of nitrogen balance in the dog, 

whereas 140 mg. N of casein per kg. of body weight 

is required , only 110 mg. N of the acid hydrolysate 

fortified with DL-rryprophan and DL-methionine is 

needed. Subsequent investigations · by these authors 

(4a) revealed that in the dog as well as in the rat, the 

biological value of casein fortified with DL-merhionine 

is on a par with that of lactalbumin which is con­

sidered one of the most efficient and complete pro­

reins known . 
Allison and coworkers (5 ) found rhar the addition 

of DL-merhionine to a low protein diet containing 

casein or egg white will reduce the excretion of nitro­

gen in the adult dog. Furthermore, they reported that 

nitrogen excretions remain lower than those of con­

trol values for several days after the amino acid 

(methionine) has been withdrawn from the diet. Thus 

they concluded that the addition of 0.025 gm. of 

methionine-N (0.4 gm. of methionine) to one gram 

of casein-N (6.25 gm. casein) produces a maximum 
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nitrogen balance index for this protein . The addition 
of larger guanrities of methionine ro the casein does 
not alter this index. Brush eta!. (6) also observed a 
marked reduction in the guantity of nitrogen ex­
creted in the urine by standardized rats partially de­
pleted of their bodily reserves of proteins following 
the introduction of whole eggs inro a protein-free 
diet. A careful study of the 10 essenrial amino acids 
by these workers led ro the idenrificarion of methio­
nine as being the most effective amino acid in this 
respect. Analyses of whole carcasses and muscle of 
adult rats suggest the specificity of methionine in ni­
trogen metabolism. They stared: "The continued loss 
in body weight, rhe lack of change in rhe coral nitro­
gen conrenr of the carcass , rhe constancy of rhe ratio 
of methionine nitrogen ro coral nitrogen of the car­
cass and rhe incremenr in hepatic tissue when methio­
nine is fed ro rhe depleted animals , poinr ro rhe possi­
bility rhar this amino acid does nor act in the general 
mainrenance of body tissues bur in the synrhesis of 
functional proteins and important metabolites. " 

The sparing action of methionine on rhe urinary 
nitrogen in men ar normal and low levels of protein 
inrake was studied by Johnson and coworkers (7) 
who reponed that under the conditions employed , 
methionine did not seem ro spare body protein , and 
Cox and coworkers (8) also made similar observations. 
The laner two observations in man may either mean 
rhar methionine sparing effect does not occur in the 
normal human subject but may be demonstrable in 
cases of malnutrition and severe hypoproteinemia or 
rhar there are species differences . The Ianer is well 
known ro investigators in this field e.g. histidine 
which is an essenrial amino acid to experimenral ani­
mals is dispensable to man . In rhe case of methionine , 
rhis particular function of protein sparing effect may 
or may nor rake place in man, bur on the other hand 
if methionine has no sparing action on urinary excre­
tions of nitrogen when rhe subject is kept on low­
protein diets, its other functions, previously discussed , 
may be accentuated and the demand for the labile 
methyl group for the synthesis of creatine and 
choline in vivo, becomes such that there will be no 
methionine available to exercise a protein-sparing ac­
tion. The experiments of Tidwell (9) support this 
theory for he found no diminution in rhe formation 
of creatine as measured by urinary excretion in ani-

mals kept on a diet deficienr in labile methyl groups. 
He stared : " The available methionine was preferen­
tially used for growth and creatine formation . The in­
creased excretion of creatine by these animals, ap­
parently associated with weight loss, causes a waste 
of needed methyl groups instead of their conserva­
non." 

From the experimental evidence presenred in rats 
and in dogs rhe effect of methionine should be ex­
tensively studied in such animals as sheep, rhe lactat­
ing cow, hogs , chickens and turkeys. This protein-spar­
ing property of methionine should prove of consider­
able value nor only from a metabolic poinr of view 
bur also for economic reasons. Many feed proteins 
are low in this amino acid, and if ir should prove 
rhar rhe addition of small guanriries of methionine to 
feeds enhances the conversion of feed ro meat, then 
livestock and poultry could be raised ar lower costs. 

Methion iue Supplementation 

Of considerable importance to rhe dietary of both 
man and animals is rhe admixture of various types of 
foods ro obtain sarisfacrory and pleasing diets that 
provide adeguare growth and maintenance of good 
health ar reasonable costs. The economic factors in­
volved are certainly of paramounr considerations to 
all. In a recenr publication on this subject, Booher 
(10) states : 

"Carefully considered and circumspect improve-



ments in the numnve qualities of staple low-cosr 
foods and the development of further !ow-cost food 
items of high nutritive value and wide acceptability 
could expedite the process of obtaining more ade­
quate diets for those of low incomes . However, the 
inadequate diets of rhe poor are nor of a uniform par­
tern and the poor, as well as other economic groups , 
have various food preferences . So ir is not to be ex­
peered that one or even a few !ow-cost food items can 
be ushered in hastily to solve rhe entire nutritional 
problem of the poor. Whether or nor improvements 
in nutritive qualities of existing staple articles of food 
or deve!opmenr of inexpensive new foods would be 
in rhe best interests of the poor requires consideration 
of the cost to the consumers, the degree of accept­
ability of the items, and the probable level of con­
sumption of the products proposed. Any food pur­
porting to be a boon to the poor must be within 
economic reach of those with low incomes; it should 
enjoy ready acceptance by significant numbers of rhe 
poor, and ir should supply needed nutrients and be 
consumed in effective quantities by the poor. .. . 
Ignorance or indolence (borh remedial by proper edu­
cation) almost doom one to the maximal risk of liv­
ing in poverty; knowledge, training and a willingness 
to be productive and useful are the best tools we 
have to avoid the risk of having to Jive in poverty." 

Iris true that the proteins of mear are of high nu­
tritive quality, however in order to produce meat pro­
reins, plant proteins must be utilized as feed for con­
version into meat proteins. The efficiency of feed 
proteins to mear protein conversion , obviously , varies 

with rhe species and rhe nature of protein , as well as 
with the size of the animal produced. For beef pro­
teins , for example, the conversion factor varies through­
out the entire range of relatively short-term intensive 
feeding between 11 and 14.5 per cent (10) . However, 
for Jess intensive feeding and storing the animals over 
long periods, the conversion factor is significantly 
lower. This, in a nutshell, explains the high cost of 
animal proteins as compared to that of plant proteins 
and why among many nations and in many areas of 
the United States plant proteins have to be used 
almost exclusively as a food. 

Ir is well kown that field peas have been and still 
are widely used as a source of protein in famine areas 
in Europe and Asia and in many pans of this country . 

Cull peas provide a protein concentrate of · high 
value for animal feeding. Russell and coworkers (11 ) 
employing rats, Peterson and Lampman (12) using 
chickens, demonstrated rhat rhe low methionine con­
rent of pea protein is a limiting factor when peas 
were used as rhe sole source of protein in growth 
studies. Lehrer, Woods and Beeson (13 ) showed in 
the rat rhat cooked peas alone were a poor source of 
protein for growth. However, when peas were supple­
mented wirh 0.3 per cent DL-methionine growth was 
increased until it was nor insignificantly differenr from 
rhar obtained wirh whole egg protein. 

Murray (14) investigated the protein of Alaska 
field pea and showed it to be inferior to casein when 
both were fed at the 10 per cenr level. She also ob­
served that canning and baking of peas produce a 
lowering of the biological value of this protein. 
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II 
Russell et a/. (15) Investigated several vaneues of 

lima beans, snap beans, chick peas and soy beans and 
showed that their methionine content ranged from 
0.29 to 0.85 per cent. They also studied the nutmive 
values of these legumes in the rat at a 10 per cent pro­
tein level as the sole source of nitrogen intake . They 
observed little or no growth ; however the addition of 
as little as 0.1 per cent of methionine to the basal diet 
caused an immediate growth response . 

lt is therefore obvious from the results obtained by 
these investigators that the addition of DL-merhio­
nine to such a valuable plant protein so abundant and 
well-liked by animals and man will raise irs biological 
value and renders it a far more useful and nutritive 
food. Using methionine as a supplement to proteins 
in food, it is important to bear in mind that it should 
be incorporated along with the protein of rhe diet. 
Geiger (16) has shown that delayed supplementation 
of such amino acids as tryptophan, methionine and 
lysine, by several hou rs after feeding of rhe incom­
plete protein or amino acid mixture, will nor promote 
growth. 

Methio11ine m Ma11 

The indispensability of this amino acid to humans 
has been well established by numerous investigators 
(17, 18, 19, 20 , 21 ) , however its exact requirement has 
not as yer been quantitatively determined. Man's re­
quirement of this as \vel! as of other indispensable 
amino acids should probably vary in different subjects 
depending on age, sex and condition o f rhe individ­
ual. For infants , growing children and for rhe preg­
nant and lactating woman, dietary protein intake is 
much higher rhan for rhe adult. This fact is universally 
accepted. Thus if we were to assume that the average 
adult male and adult female daily require 60 gm. and 
50 gm. respecrively of a protein such as casein for the 
maintenance of good health , then approximately 2 gm. 
of methionine is needed ; for casein has been shown 
to contain about 2.9 to 3.1 per cent methionine . This 
estimate of 2 gm. of methionine per day should be 
considered as a minimum requirement , provided ade­
quate amounts of choline and other vitamins have 
been incorporated in the diet. In deficiency disorders 
and metabolic dysfunctions, higher quantities of 
methionine may be necessary. 
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PARTV 

THE ROLE OF METHIONINE 
IN POULTRY NUTRITION 

M ETHIONINE , o ne o f rh e essentia l amino ac id s 

fo un d in pro tein , p lays an in d ispensabl e ro le 

in avian nutriti o n . fn thi s rev iew an o utlin e will first 

be presented whi ch describes rh e kno wn facts con ­

cerning th e m etabo li sm o f methi o nin e a nd biochemi­

cally rela ted compo un ds. Seco nd ly , a summary will be 

g iven o f th e p rac ti ca l feed ing tri als perfo rm ed ro de­

termin e th e suppl em ental va lue o f DL-merh ionin e in 

avi an nutriti o n. A combinati o n o f p rac tica l feed ing 

trials rogerh er wirh info rmati o n ga ined with purifie d 

diets has serv ed to b uild up the present stare o f kn owl­

edg e o f th e biochemi stry o f m ethi o nin e in b irds. 

Biochemical Significance of 
Methioniue in Avian Metabolism 

In th e chi cken , as in rh e ra t , m ouse, dog and h uman , 

m ethi o nin e is an in d ispensab le a min o ac id (Al m q uist, 

1). This mea ns, acco rd ing ro rh e defin it ion o f R ose 

(2 ) , th at m ethi o nin e canno t be sy nth es ized from the 

materi als no rm all y ava il able in th e d iet a t a rare com ­

m ensurate wi th rh e dema nds o f no rm al g ro wth . T hus, 

m eth io n ine must be supp li ed p refo rm ed in rhe feed if 

chi ckens are ro g row. In the ou tsta nd ing work of 

Almq uis t and coworker (2, 3, 4 , 5) ir has been es­

tab li shed th at th e percentage cha nge in body weigh t 

bears a linea r relationsh ip to the percentage co ncen ­

tra ti o n o f rh e lim iting essentia l am ino acid in the dier. 

In rhe presence of adeq uate cystine rogerher wirh 

other essenti al nutritiona l fac to rs 0 .5 per cent meth io ­

nin e in th e diet is req u ired for opt im um growth o f rhe 

chi ck. Less than th is essenti al level of meth ionin e re­

su lts in res tri ction of the g rowth rare (Al m q uist 3, 

Grau and Almqu ist 6) . 

Th e interrela ti o nships berween,m erhi o nin e, cystine, 

cho line and beta ine in av ian m etabo lism have an im ­

po rtant bearing upon prac ti ca l feed ing problems . 

Th e rela ti o nship o f methi o nin e ro cystine in the 

chi ck is s imil ar to that in mammalian species (6, 7, 8, 

9) . M ethi o nin e can be ca ll ed upo n as a precursor o f 

cys tin e in th e bod y, however, thi s b ios ynthesi s o f 

cystin e fro m m ethi o nin e ca n be spared if th e d iet sup­

p li es adeq ua te cystin e to m eet metabo li c requirements. 

When cystin e is nor present 0.9 per cent m ethi o nin e 

must be s uppli ed ro meet th e dema nd fo r sulfur-con ­

ra in ing amino acids (3, 9) . Cystin e ca nn o t compen ­

sate fo r a m eth ionin e defi ciency e ven wh en high 

levels of choline are fed (9) . Grau and Almquis t (6 ) 

have sho wn tha t th e unnatura l isom er o r D fo rm o f 

methi o nin e ca n be uti li zed by th e chi ck . Thus it is 

reasonab le th at DL-merhi o nin e cou ld be effi cientl y 

employed as a supp lement in methi o nin e-defi cient 

diets. 

In addi ti o n to irs ro le as an essential tiss ue com ­

ponent, a nd as a precu rso r o f cystin e, methi o nin e 

serves as a merhyla ring agenr in av ian metabo lism . 

Un li ke the ra t (10, 11, 12 ) however, rh e grow ing chi ck 

can no t ut ili ze meth ioni ne as a precurso r o f cho lin e ; 

in fact , cho li ne synthe is is ex trem ely limited ( 13) . 

M ethi o nin e does nor rep lace d ietary cho line in chicks 

(6 , 14 , 15 , 16, 18, 19, 2 1) o r in turkeys (17) fo r pre­

venti ng peros is o r sli p tendo n wh en an extreme cho line 

defic iency exis rs. The successfu l subs rir u ri o n o f 

methi o ni ne fo r a pa rr o f rh e cho lin e requ irem ent of 

ch icks appea rs ro be limi ted ro th ose fun crio ns o f 

meth ylat io n wh ere either cho line o r m eth ionin e co uld 

serve as a methyl dono r. W hen rhe methylati ng func­

ti o n is reli eved by aclded methi o n ine, the ava il a ble 
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choline may serve in its other essential physiological 
reactions such as phospholipid synthesis, lipotropic 
action and perosis prevention. 

Betaine, like methionine, can spare choline by as­
suming its role as a methyl donor (8); however, unlike 
reactions of betaine in the rat (10, 11, 12) this com­
pound cannot adequately serve as a precursor for cho­
line synthesis in the chick (13, 15 , 20, 21). Jukes and 
coworkers (22, 23) have demonstrated in experiments 
with chicks that choline synthesis can take place from 
dimethylaminoethanol in the presence of methionine, 
however in similar tests monomethylaminoethanol , 
aside from perosis prevention , does not substitute for 
choline. McGinnis and coworkers (21) have suggested 
that precursors of choline are present in the simplified 
diets in which methionine and betaine prevent pero­
sis. These views are supported by the experiments of 
Lucas, eta/. (24) and Jukes , eta/. (22 , 23). Ethanola­
mine has little or no effect on the occurrence of perosis 
in chicks (25). 

Arsenocholine is a unique analogue of choline in 
that it does not serve as a methyl donor (26); but does 
enter into phospholipid synthesis and lipotropic activ­
ity and does promote growth and prevent choline­
deficiency perosis in the chick (3, 8, 20). The effects 
of arsenocholine plus those of betaine or methionine 
are additive. Either methionine or betaine in combi­
nation with arsenocholine serves as practically a com­
plete substitute for dietary choline (8). 

The relationship of homocystine and methionine 
in chick metabolism is similar to that observed in the 
rat. In the presence of choline (6, 7), betaine (8), but 
not arsenocholine (26), homocystine can be utilized 
by the chick to form methionine. 

Further quantitative evidence regarding the inter­
relationship between choline, betaine and methionine 
in chick nutrition has been reported by McKittrick 
(18, 19). Choline and methionine have at least two 
metabolic roles as (a) essential tissue components and 
(b) methyl group donors. For optimum growth 0.5% 
methionine and 0.10% choline chloride must be pres­
ent in the diet as " essential" components . These es ­
sential levels must be supplemented with a replace­
able fraction of choline, methionine or both, 
(0.25% methionine plus 0.45% choline or an equiva­
lent mixture). Betaine may substitute for the 
replaceable fraction of choline or methionine but 

nor for the essential quantities of either material. 
Excess methionine in the diet of chicks causes a 

depression of growth rate (1 9) which can be counter­
acted by the addition of guanidoacetic acid. High 
dietary homocystine has no growth depressing effects 
unless additional choline is added. Guanidoacetic 
acid is presumed to exert its protective action by serv­
ing as a methyl acceptor resulting in the formation of 
homocystine from methionine. Added serine also 
counteracts the growth depressing effects of a high 
level of methionine probably by facilitating the syn­
thesis of cystine. It is likely that methionine is the 
specific carrier of methyl groups for the conversion 
of guanidoaceric acid to creatine (1). 

Supplemeutal Value of 
Methionine in Poultry Nutritiou 

The first evidence of the supplemental value of DL­
metliionine used in connection with chick diets con­
taining soybean oil meal was published in 1941 by 
Hayward and Hafner (27) who reported that the pro­
tein of raw or cooked soybeans was improved by the 
addition of 0.3% L (-) cystine or 0.3% DL-methionine. 
Almquist et a/. in 1942, working with a diet consisting 
principally of purified ingredients, concluded that the 
principal growth limiting factor in raw soybean pro­
tein is that of methionine and that heated soybean 
protein is slightly deficient in methionine for the 
chick when fed at the 20% level. The addition of 
choline to raw soybean protein produced no effect; 
however, small but definite increases in the rate of 
gain were produced by adding choline to heated 
soybean protein. DL-Methionine produced a defi nite 
growth response with both raw and heated soybean 
protein. Almquist and Grau (9), later found that 
levels of choline in chick diets as high as 0.6 per cent 
gave only a 4 per cent per day increase in chick growth, 
whereas 0.55 per cent supplemental methionine gave 
optimal gains of 6 per cent per day. Furthermore, they 
concluded that cystine cannot offset a methionine 
deficiency regardiess of the level of choline fed. Ex­
periments have also been described by Almquist and 
Grau (6, 8) which demonstrate that methionine could 
be replaced by a combination of homocystine and 
choline and that methionine could only partially re­
place choline. 



Earlier repons from the Purdue University Agricul­
tural Experiment Station by Carrick et a!. (29, 30, 3 1, 
32, 33) indicated that choline and methionine exened 
an interchangeable supplementary action in a chick 
diet in which the protein was supplied principa ll y 
by soybean oil meal and com. Bird and Matting! y 
(34), using a ration which contained yellow com , oars, 

wheat products, soybean oil meal , alfalfa meal , mo­
lasses-butyl-fermentation solubles , vitamin A and D 
oil and mineral supplements , found that choline and 

DL-meth ionine did not produce interchangeable sup­
plemen tary action. Two-tenths per cent of added DL­
methionine produced a growth stimulus slightly ex­
ceed ing the effect of adding 4% fish meal. The growth 
was not improved by adding choline ch loride. The 

imponance of the method of processing of soybean 
o il meal was recognized by Carrick et al. (3 2) as an 
important lim itation in the nutritional adequacy of 
a d iet. While no significanr differences were observed 

in rhe choline conrenr of mferior or superior soy­
bean oil meals , it was suggested that differences in 
avai lability of either choline or methionine or other 
growth faccors may have been the cause of the clif­
f erent res ul rs reponed. 

Clandinin et a!. (3 5) supplemented a diet containing 
different samples of soybean oil meal with methionine 
and choline. AJJ of the meals tested were benefited by 
methionine addition and one was made adequate 
thereby for optimum growth. ft was concluded, con­
trary ro earlier cone! usio ns by Carri ck et a!. , rhar 
choline and methionine cannot be considered as in-

rerchangeable supplements co practical soybean oil 
starter rations . Only one our of the four meals tested 
was improved by the addition of choline ch loride. 

Mishler, Carrick , RobertS and Hauge (36) reponed 
rhar a ration containing com, soybean oil meal, min­
erals, fish oil , synrheric ri boflavin , pancorhenic acid 
and niacin appeared co be deficient in choline. Con­
tinued experiments with this type of die t (37) indi­
cated that either choline or methionine acted as a 
supplement co the ration bur methionine was more 
effecrive. These workers concluded ," Althouth methio­
nine and choline may not be entirely interchangeable, 
it is apparent that in the absence of sufficienr methio­
nine, choline was panially ·effective as a supplement." 

A recent repon by Mishler, Carrick and Hauge (78) 
states that choline, betaine and methionine were aJJ 

effective in supplemenring simplified rations similar 
co those described above. Under the conditions of 

thei r experiments , betaine at 0.3 and 0.4 per cenr levels 
appeared co have higher supplementary value than 
either choline or methionine. The resl.dts also indicate 
that a combination of betaine and methionine may 
substitute for the growth function of choline . 

Experiments by Mishler, Carrick and Hauge (38) 
demonstrate that the addition of 0. 3% DL-methionine 

co a ration co ntaining com , soybean oi l meal , min­
erals , fish oil , condensed fish solu bles (1.5 %) , panto­
thenic acid , niacin and riboflavin gave a significant 
increase in growth and defin ite improvement in the 
efficiency of feed utilization. Similar addition of 
cho line chloride produced only a sl ight growth re-
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sponse. With both choline and methionine additions 
the results were nearly the same as with methionine 
alone. It appears, therefore, that methionine was a 
more effective supplement than choline for the soy­
bean oil meal and fish sol u bles used. 

Carrick and his coworkers (39, 40, 41 ) have reponed 
further evidence that methionine and choline will not 
completely replace each other. The amount of methio­
nine which is required for optimum growth varies de­
pending on the type of soybean oil meals used. 
Betaine shows pronounced supplementary value in 
the simplified rations. The basal diets contained rela­
tively high percentages of protein (22-24%) . It is 
probable that the requirment for "essential" methio­
nine was largely met by the amount of protein fed 
and that the response to supplementation with cho­
line, methionine and betaine can be attributed to the 
role of these compounds as methyl donors. The sup­
plementary effects of methionine would possibly be­
come more obvious in basal diets of somewhat lower 
protein content. 

Variable result by different workers who have in­
vestigated the supplementary value of methionine and 
choline can be best interpreted in the light of the pre­
viously stated hypothesis (18, 19) that a certain die­
tary level of these compounds is essential for chick 
growth while the methylating function can be as­
sumed by either one, or by supplementation with 
betaine. Many of the uncertainries of this problem, 
now gradually being resolved , have conrributed to 
additional lack of agreement by different experi­
menters. These include the effect of heat treatmenr 
upon the chemical nature and availability of the amino 
acids in protein supplements , the availability of un­
known nutritional factors , and the importance of the 
diet of the laying hen (56) in hatchability and subse­
quent growth of the chick . 

Moderate autoclaving has been shown IO increase 
the nutritive value of raw soybean oil meal for the 
growth of chicks (28, 42 , 43, 44 , 46, 47) . Prolonged 
or drastic hear treatmenr, however, will in turn cause 
a reduction in nutritive value (43, 44, 45 , 46) . Melnick 
et al. (48) have suggested that mild autocla ving of soy­
bean oil meal improves the digestability and thereby 
permits earlier release of methionine from the pro­
tein, resulting in more efficient use of other sim ul­
taneously-liberated essential amino acids. The infor­
mation concerning the presence of trypsin inhibitors 
in soybean has been briefly reviewed by Westfall and 
Hauge (49) . Furthermore, these workers have pre­
sented evidence showing that the protein efficiency 
of soybean meal is increased in direct proportion to 
the destruction of irs trypsin inh-ibitor potency by 
heat . It was concluded that the presence of trypsin in ­
hibitor was the chief cause for the poor utilization of 
the protein of inadequately heated soybean meals. 
This is in agreement with the explanation advanced 
by Ham, Sandstedt and Mussehl (57 ) and by Evans 



and McGinnis (45 , 47). The latter workers found that 
mild autoclaving of soybean oil meal increased the 
percentage of cystine and methionine which was re­
tained by the growing chick . 

McGinnis and Evans (50) have performed experi­
ments wherein raw soybean oil meal supplemented 
with methionine produced a growth response short of 
the maximum observed with control diets. The addi­
tion of methionine to mildly auroclaved soybean meal 
provided no additional growth stimulus. They have 
suggested that the methionine requirement for grow­
ing chickens may not be more than 0.26% when the 
diet contains 0.4% cystine. In a.later paper (47) Evans 
and McGinnis indicate that raw soybean oil meal is 
deficient in amino acids ocher than methionine be­
cause methionine additions to the raw soybean oil 

meal did not increase growth and protein-utilization 
to the extent that mild autoclaving did . In view of 
the observations by McKittrick (19) indicating growth 
inhibition by diets which contain excessive methio­
nine, this conclusion should be substantiated by 
further experiments using less than 0.5% of supple­
mental DL-methionine. 

Overheating soybean oil meal can produce defi ­
ciencies in the known vitamins and in available lysine, 
methionine and cystine (45 , 46, 47) . McGinnis and 
Evans (50) showed that the deficiency in soybean oil 

meal autoclaved for 60 minutes at 130°C. was not cor­
rected by adding methionine, cystine or lysine but 
was corrected by adding a combination of all three. 
Methionine plus lysine can also correct the heat in­
duced deficiency (53) . The yield of methionine by mi­
crobiological assay in overheated meal was shown bv 
Clandinin eta!. (46) to be equal to that in raw soy­
bean oil meal. They concluded that methionine assay 
of an acid hydrolysate may not be a reliable index of 
biologically available methionine. 

The destruction of certain amino acids, including 
methionine, by heat treatment in the presence of car­
bohydrates or aldehydes has been demonstrated (52, 
53, 54, 55). This type of reaction may, in part, explain 
the impaired nutritional value of overheated soybean 
oil meal. It is obvious that careful control in the proc­
essing of soybean oil meal has a very important 
bearing upon its nutritional quality . Difficulties result­
ing from overheating are better avoided with the 
solvent process of soybean oil extraction. 

With the exception of choline, little is known about 
the metabolic interrelationships between methionine 
and the vitamins. Sarma, eta!. (57) have shown that 
DL-methionine has a growth retarding effect when fed 
to rats on a pyridoxine-deficient diet. Further investi­
gation of unidentified factors will probably render the 
dietary imerrelationships of methionine more under­
standable because it appears that one or more of these 
unidentified factors influences the efficiency of amino 
acid utilization . 

McGinnis and Carver (58) have reported that the 
need for supplementing vegetable protein chick diets 
with unidentified animal protein factors is general and 
is not limited only to rations which contain corn and 
soybean oil meal as suggested by Patton eta!. (59). 

It has been shown (60) that a built up litter can 
serve as a potent source of the unidentified animal 
protein factors necessary for supplementing a vege­
table protein diet for the production of eggs of maxi­
mum hatchability . More informacion about poultry 
management coupled with the eventual commercial 
availability of now unidentified factors will permit 
more specific planning of amino acid-supplemented 
diets designed to give the maximum efficiency of pro­
rein utilization . 

Another problem which has been recognized (48) 
and which needs further clarification is the relation 
between absorption rates , digestive mechanism, and 
blood concentration of the amino acids (61) and 
their bearing upon the efficiency of the anabolic 
process. 

The methionine content of certain feedstuff pro-
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reins has been reported by several investigators in­
cluding Grau and Almquist (62 ), Block and Bolling 
(63) and Almquist (1) . By making use of these re­
ported values iris possible to esrimare whether or nor 
a compos~re feed is deficient in methionine . In view 
of variable availability of methionine in these feed­
scuffs , however, it is necessary to check rhe adequacy 
of supplemented and unsupplemented diets by growth 
resrs. 

McGinnis et al. (64 ) have reported rhar chick growth 
on a diet containing sunflower seed oil meal was nor 
improved by the addition of methionine. Soybean oil 
meal used in similar resrs was benefited by methionine 
supplementation (0.1 %) . Petersen, Lampman , Bolin 
and Sramberg (65 , 66) have demonstrated rhar methio­
nine is rhe principal growth limiting deficiency in pea 
protem. The addition of 0. 25% DL-merhionine in­
creased rhe growth response to all diers containing 
peas. 

The supplementation of commercial broiler feeds 
bought on the open marker wirh 0.1 % DL-merhionine 
added gave results which varied both with the brand 
of feed and the time rhe feed was procured (77) . Some 
of the mixtures were nor benefited by the addition 
of methionine. Others showed a definite response. 

The maximum effect of methionine supplementa­
tion was shown wirh one of the feeds in borh labora­
tory and field experiments. During a 4 week growing 
period in laboratory rests birds receiving 0.1% sup­
plemental DL-methionine grew ren per cent faster and 
compared to the controls, consumed only 87% as 
much feed per unit gain in weight. 

In rests, run over a ten week period , using a broiler 
flock wirh one thousand chickens per group, rhe addi­
tion of 0.1 % DL-merhionine to rhe feed produced an 
eight per cent increase in rhe rare of growth. These 
birds, however, consumed only 80% as mu<.'h feed per 
pound gain in weight as a control group fed unsup­
plemented diet. 

Taylor and Russell (67 ) found rhar feeding DL­
merhionine to molting hens neither shortened the 
molting period nor increased rhe rare of egg produc­
tion afrer the molt. The basal diet used in this experi­
ment was not reported. Bethke et al. (68) have found 
rhar rhe hatchability, of eggs from hens maintained 
on a vegetable protein dier was not improved by the 
addition of DL-methionine, choline or borh . Based 

upon the comparative analysis of amino acids in eggs 
and in skeletal muscle of chickens , Munks, et al. (69) 
have suggested rhat the amino acid requirement for 
growth differs from the requirements for egg pro­
duction. Ringrose and Davis (70) reponed that rhe 
choline content of egg yolks did nor vary in propor­
tion to the choline or methionine content of rhe dier. 
Their conclusions are in agreement with earlier ob­
servations by Lucas , Norris and Heuser (71 ) rhar sub­
stantial amounts of choline are synthesized by rhe 
laying hen under conditions of low choline and low 
methionine intake. 

The additon of 0.2% DL-merhionine to the diet of 
turkeys produced a significant stimulus ro growth in 
rwo of the three experiments tried. Supplements of 
choline chloride or calcium pantothenate did nor im­
prove the nurrirional adequacy of the basal-vege­
table-protein diets used (Bird, Marsden, and Kellog, 
72) . 

The Effect of Supplemental Methionine 
iu the Nutrition of Farm A 11imals 

Shaw (73) has reponed that DL-merhionine adminis­
tered either orally or intravenously ro dairy cattle was 
ineffective in the treatment of ketosis . 

Loosli and Harris (74 ) found rhar rhe addition of 
methionine ro the diet of sheep increases the rare of 
gain and nitrogen retention. Further experiments ar 
Cornell by Lofgreen , Loosli and Maynard (75) showed 
rhar rhe addition of 0. 2% DL-merhionine to a ration in 
which 40% of the nitrogen is supplied by urea in­
creased the proportion of dietary nitrogen retained 
by sheep. 

The addition of 0.3% of either cystine or methio­
nine to a raw soybean ration has been reported to in­
crease the rate of growth of pigs (75) Ferrin , (76) 
however, has reported rhar rhe addition of 0.1 % DL­
methionine to rations containing heated, extraction 
soybean oil meal, corn, whey , alfalfa meal, irradiated 
yeast and minerals did not change the rare of growth 
or feed consumption of swine. Furthermore, the ad­
dition of methionine caused scouring within 6 or 7 
days. Ferrin considers the scouring to result from an 
upset of rhe intestinal flora following the addition of 
methionine to the ration because it was arrested by 
the oral administration of sulpharhaladine. 
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Methionine, an essential amino acid, is a required component 

of poultry feed. This requirement cannot be replaced by APF , Vitamin 

B12' antibiotics or any other presently known feed supplement . A 

Methionine deficiency results in reduced growth, lower feed 

efficiency and consequent ly less profit to the feed user . 

Recent evidence proves the following : 

l. Supplemental Methionine helps feed proteins 

function more effectively . 

2 . Improved feed performance pays for the 

Methionine and pay s increased profit to 

the user . 

3 . Methionine is now effectively used at 

one-half the perc e ntage ( .05% to 0.1%) 

previously thought necessary ( . 15% to .3%) . 

4 . Methionine response on addition to feed is 

usually enhanced by small amounts ( 1.0% to 2%) 

of dried whey, fish meal ( 1% to 2%) or meat 

s c rap (2% to 4%) . 

5 . The addition of Methionine to broiler feed, 

depending heavily on vegetable proteins , 

results in significant net profit to the 

feed user . 

Table l shows the result of adding dl - Methionine to a 

practical ration in a battery experiment . From these results it 

is apparent that growth and feeding efficiency were definitely 

improved by the addition of Methionine either with condensed fish 

solub les or aureomycin APF supplements. 



TABLE l 

Basal Diet 

Comp onent 

Ground ye ll ow corn - - - - - - -
Pu l ve ri zed Oats - - - - - - -
A & D Oil (3000A- 400D ) - - - - - - - -
Iod i zed Sal t - - - - - - - - - - - -
Oyste r She l l Fl our - - - - - - - -
Steamed Bone Meal - - - - - - - - - -
Alfa lfa Leaf Meal - - - - - -
Soybean Oil Mea l (So l vent 44% Prote i n) - - - - - -
Vi tami n B12 Supplement - - - -
Dri ed Whey - - - - - - - - - -
BY- 500 ( Ri bofl av i n Supple ment ) - - -
Ch oline Ch l ori de (25% Dr y ) - - - - - -
Mangan ou s Sulfate - - - - - -
Ni ac i n - - - - - - - - - - - - - - - - - - - -
Ca l c i um Pan t o t hena t e - - - - -
Pot a ss ium I od i de - - - - - - - - - - - - - - -

VARI ABLE COMPONENTS - % 

Condensed fi sh so l ubles 
Aureomyc i n APF 
d l-Meth i on i ne 

AVERAGE WEIGHT - 8 WEEKS 

A 

1. 0 

Both Sexes 907 
Ma l es 979 
Fema l es 835 

FEED TO GAI N RA TIO 0 - 8 WEEKS 2 . 9 6 

B 

1. 0 

0 . 1 

1046 
1175 

9 17 

2 . 65 

Vari a ble Components a dded at the e xpens e of cor n . 

Pe r 100 

58 . 05 
5 . 0 
0 . 2 
0 . 5 
1. 5 
3 . 0 
3 . 0 

26 . 0 
0 . 05 
2 . 0 
0 . 5 
0 .2 
7 . 0 
1. 0 

400 
70 

c 

0 . 25 

925 
1000 

850 

2 . 73 

lbs . 

l bs . - -

l bs . - -

l bs . - -

lbs . - -

lbs . - -

lbs . - -

lbs . - -

lbs . - -

l bs . - -
l bs . - -

lb s . - -
l bs . - -

gm. - -
gm. - -

mg . - -
mg. - -

-
-
-

-
-
-
-
-
-
-
-
-
-
-
-
-

Pe r 

116 1 
100 

4 
10 
30 
60 
6o 

520 
1 

40 
10 

4 
140 

2 0 
8 

1.4 

D 

0 . 25 
0 .1 

1069 
1155 

983 

2 . 57 

New Ha mp shire Red - ten ma l es and ten f e male s pe r g r oup - r aised i n bat t e ri es . 
Basal Diet - 19 . 3% pr ote i n . 

Ton 

l bs . 
l bs . 
l bs . 
l bs . 
l bs . 
l bs . 
l bs . 
l bs . 
l b . 
lb s . 
lb s . 
lb s . 
gm. 
gm. 

I 
gm. [\) 

gm . I 
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Choline Chloride was used to fortify the above diet to 

rule out any question of Methionine re s ponse due to labile methyl 

groups . Vitamin B12 was added to assure no defic i ency of this 

factor known to have a s pa r ing effect on Methionine . 

Other tests indi cate that the magnitud e of Methionine 

response may be inf l uenced by the typ e of APF, the type of soybean 

meal, and the ty pe of whey, but in practically all cases similar 

tests have given comparable results both with 0 .1% or 0.05% added 

Methionine . 

The availability of Vitamin B12 and antibiotic supplements 

has now made it p ossib l e to throw heavy or complete reliance on 

vegetab le proteins . I n spite of this, however, meat and fish 

proteins will continue to be used in feeds when availabi l ity dic ­

tates sufficiently l ow pri ce . Tests were therefore conducted to 

measure the effect of supplemental Methionine in diets of four 

basi c type s : corn - soy, corn-soy - meat, corn - soy - fish, and corn - soy ­

meat -fi sh combinations. The compositions are shown in Table 2 . 

Methionine (0 . 05%) improved the feeding effi ci ency in every t yp e of 

ration . Growth improvement also resulted in al l groups ex cep t the 

one which received fish meal. Hot weather during the course of 

this experiment restricted somewhat the growth of a ll groups. 

Field trials were conducted comparing the performance of 

Methionine supplemented diets containing minimal amounts of meat 

or fish protein with that of standard high energy broiler feeds . 

In each case Methionine made it p oss ible to lower substantially the 

anima l and fish protein, and yet attain dietary performance superior 

to rations containing relatively large amounts of meat and fish 

p roteins . 



TABLE 2 

Basal Diet 

Comp onent Per 100 Lb s . Pe r Ton 

Ground ye llow corn - - - - - - - - - - 57 . 8 lb s. - - - 1156 lbs. 
Pulverized Oats - - - - - - - - - - - - - - - - s.o lb s . - - - 100 lbs. 
A & D Oil (3000A-400D) - - - - - - - - - - 0 . 2 lb s. - - - 4 lbs. 
I odized Salt - - - - - - - - - - - - - - - - - - - 0.5 lbs. - - - 10 lbs. 
Oyster Shel l Flour - - - - - - - - - - - - - - 1. 5 lb s. - - - 30 lb s . 
Steamed Bone Meal - - - - - - - - - - - - 2 . 5 lbs . - - - 50 lbs. 
Alfalfa Leaf Meal - - - - - - 3 . 0 lbs. - - - 6o l bs . 
Dried Whey - - - - - - - - - - - - - - - - - - - - l. O lbs. - - - 20 l bs . 
Soybean Oi l Meal - - - - - - - - - 22.0 lbs. - - - 440 l bs . 
Aureomycin APF - - - - - - - - - - - - 0.3 l bs. - - - 6 lbs. 

BY-500 (Ribof l avin Supple ment) - - - - 0 . 5 lb s . - - - 10 l bs. 
Choline Ch l oride (25% Dry) - - - - - - 0.2 lbs. - - - 4 lbs. 
Manganous Sulfate - - - - - - - - - - - - 7.0 gm. - - - 140 gm . 
Niacin - - - - - - - - - - - - - - l. O gm . - - - 20 gm . 

Calcium Pantothenate - - - - - - - - 400 mg. - - - 8 gm . 
Potassium Iodide - - - - - - - - - - - 70 mg. - - - 1.4 gm. 

VARIABLE COMPONENTS* - % A B c D E F G H 

Soybean meal 4 . 0 4 .0 
Meat and bone scrap 4.0 4.0 2.0 2.0 

Fish meal ( 70% protein) 3.0 3.0 1.5 1.5 
Steamed bone meal 1.5 1. 5 l. O l.O 0.5 0.5 
dl - Methionine 0 . 05 0.05 0 . 05 0 . 05 

AVERAGE WEIGHT - 8 WEEKS 

Both Sexes 899 937 822 918 964 956 922 978 
Males 953 998 92 1 1030 1095 1068 1048 1096 

Fe males 844 876 722 805 832 844 795 860 

FEED TO GAIN RATIO 3.40 3 . 20 3 . 63 3 . 20 3.50 3. 16 3.26 3 . 00 

Barre d Ro ck - New Hamp shire Cross, 114 Birds per group mixed sexes - Servall litter. 

*C orn adjusted to tota l 100 pounds. 
Protein - 19.4% . 

I 
-l= 
I 
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The object of these tests was to show that Methionine­

supplemented feeds pay increased profits to the user. 

In the first trial New Hampshire red chicks were raised on 

a radiant-heated floor (Serval l li tter). One group was fed high 

energy comme r cial broiler mash and the other group was fed a diet 

(Tab le 3) containing 1.5 pounds of added Methioni n e per ton 

(0.075%). The results show that it is profitable to use Methionine 

to supplement feeds containing primarily vegetable protein. (See 

results Table 3) . 

The trial listed in Table 4 was a commercial f r yer operation . 

The contro l feed contained high levels of fish and meat protein (9.1%) 

fish meal: (4 .5% meat scrap). The experimental ration contained 

supplemental Methionine (l p ound per ton), less fish and meat 

(2 .2% each), and more soybean meal. Both rations contained anti­

biotic feed supplement. The calculated intake of essential nutrients 

was approximately equal in these diets . The Methionine supplemented 

diet showed obvious advantage in feeding efficiency , dressed quality 

and increased profit. This experiment involved approximately 100 

tons of feed which was only a small p ercentage of the operators' 

feed manufacture. Feed was mixed at weekly intervals. The continual 

change in ingredients both as to source , type, and quality was 

comparable to commercial practice. Methionine was the only in­

gredient ca l culated to be p otentially limiting, so that variation 

in the amount and availability of the natural Methionine from the 

feed ingredients accounts primarily for the difference in the two 

rations. The supplemental dl-Methionine was all available in the 

experimental ration and gave insurance against a marginal deficiency. 



TABLE 3 
Component 

Ground yellow co r n - - - - - - - - - - - -

Pulveri zed Oats - - - - - - - - - -

A & D Oil (3000A - 400D) - -

Iodi zed Salt - - - - - - - - -

Oyste r She ll F l our - - - - - - - - - - - -

De fluorinated calcium phosphate - - - -

Alfalfa Leaf Mea l - - - - - - - - - - - -

Corn Gluten Meal - - - - - - - - - - - -

Soybean Oi l Meal (So l vent 44% protein) -

Meat and Bone Sc r ap (50% protein) - - -

Condensed Fi sh So lubles - - - - - - - - -

Dried Whey - - - - - - - - - - - - -

BY - 500 (Ribof lavin supplement) - - - - - -

Choline Ch l oride (25% Dry) - - - - - - -

Manganous Sulfate - - - - - - -

Niacin - - - - - - - - - - - - - - - -

Calc ium Pantothenate - - - - - - - -

Potassium Iodide - - - - - - - - - -

dl - Methionine - - - - - - - - - - -

PER CENT PROTEIN 

AVERAGE WEIGHT IN POUNDS* (BOTH SEXES) 

4 weeks - - - - - - - - - - - - - - - -
6 weeks - - - - - - - - - - - - -

8 weeks - - - - - - - - -
10 weeks - - - - - - - - -
Fema le s - - - - - - - - - -
Males - - - - - - - - - - - - - - - - -

POUNDS FEED PER POUND LIVE WEIGHT - - -

PROFIT OVER FEED COST - - - - - - - - - - - - - -

NET PROFIT I NCREASE (Supplemental over Commercial) 
NET PROFIT INCREASE PER BIRD 

Pe r 100 

49 . 2 
- - - 10.0 
- - - 0 . 2 

0 . 5 
1. 3 

- - - 2 . 5 
2 . 0 

- - - 2.5 
- - - 25 . 0 
- - - 4 . 0 
- - - l. O 

l. O 
0.5 

- - - 0 . 2 
- - - 7 . 0 

l. O 
- - 400 
- - - 70 
- - - 0 . 015 

TEST RATION 

21 

0 .78 -
- l. 42 -
- 2 . 26 -

3 .14 -

2 . 87 -

- 3 .41 -

3.15 -

- $470 

$ 50 
5 . 7 cents 

Lbs. Per Ton 

lbs. 
lb s . 
lbs . 
lb s . 
lbs. 
lbs. 
lbs. 
lbs. 
lb s . 
lb s . 
lb s. 
lbs. 
lb s . 
lbs. 
gm . 
gm . 
mg. 
mg. 
lb s . 

- -
- -
- -
- -
- -
- -

- -

- - - 984 lb s . 
- - - 200 l bs . 
- - - 4 lb s . 
- - - 10 lb s . 
- - - 26 lbs. 
- - - 50 lbs. 
- - - 40 lbs. 
- - - 50 lbs. 
- - - 500 l bs . 
- - - 80 lbs. 
- - - 20 lbs. 
- - - 20 lb s . 
- - - 10 lbs. 
- - - 4 lbs. 
- - - 140 gm . 
- - - 20 gm . 
- - - 8 gm. 
- - - 1.4 gm . 
- - - 1. 5 lbs. 

HIGH ENERGY 
COMMERCIAL RATI ON 

22 

0 . 84 
l. 32 
1. 99 
2.88 
2 . 57 
3 .18 

3 . 23 

$420 

*876 birds per grou p, mixed sexes , New Hampshi r e Red, Se rva ll li tter , radi ant floor heat . 

I 
01 
I 
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TABLE 4 

EXPERIMENTAL AND CONTROL DIETS 

Ingredients Pounds Per Ton 
Contro l Ex perimenta l 

Alfalfa leaf meal - - - - - - - 100 - - - - - 100 
Fish meal - - - - - - - - - 200 - - - 50 
Meat and bone sc rap - - - - 100 - - - 50 
Soybean oi l meal -expeller - 150 - - - - - 550 
Corn - - - - - - - 1300 - - - 1100 
MilO - - - - - - - 325 - - - - - 270 
Bone - phos - - - - - - - 6 . 5 - - - - 45 
Manganese sulfate - - - - - - - 0 . 5 0 .5 
Fortafeed 2 - 22C - - - - 3 - - - - - 3 
Sal t - - - - - - - - - 5 - - - ll 
Dry D - - - - - - - - - - - 0.5 0 .5 
Antibiotic Feed Supplement 3 - - - 3 
25% Choline Chloride (Dr y) 3 - - - 4 
dl - Methionine - - - - - - - - - - - - l.l 

Tota l Weight - Appr ox . - - - - 2200 - - - - - 2200 

% Pr otein - - - - - - - - - - - - - 20 20 

CONSOLIDATED RESULTS OF EXPERI MENT 

Item 

Number birds* - - - - - - - - -
Live weight of birds marketed -
Average live weight at market -
Pounds feed per pound gain 
Pounds feed consumed per bird 
% Grade A - New York dressed 

Control 

- - 10 , 939 
37,360 

3 . 42 
3 .49 

- ll. 94 
- 68 . 7 

Experimental 

8, 118 
28,000 

3 .45 
3 .12 

10 . 76 
79 . 3 

Net Profit Increase per 1000 birds based on efficiency only -

l-23-50 feed prices 
6 -l- 50 feed prices 

- - - - - - - - - - - $40 . 03 
- - - - - $23 . 03 

Net Profit Increase per 1000 birds considering al l factors 
(Efficiency, dressed quality , etc . ) 

l- 23 - 50 feed prices 
6 -l-50 feed prices 

Net Profit Increase per bird 

l-23 - 50 feed prices 
6-l - 50 feed prices 

$77.90 
$59 . 40 

7.79 cents 
5 . 94 cents 

*Mixed groups - New Hampshire and Co rni sh New Hampshire Cross , 
bui l t up li tter , radiant heat . 
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IT IS EVIDENT THAT LOW LEVELS OF SUPPLEMENTAL METH I ONINE 

IN THE PRESENCE OF VITAMI N B12 AND ANTIBIOTI C SUPPLEMENT WILL 

IMPROVE THE QUALITY AND PERFORMANCE OF FEED. SMALL QUANTI TIES OF 

EI THER DRIED WHEY, FISH MEAL, OR MEAT SCRAPS MAY FURTHER I MPROVE 

THE BENEFI TS FROM METHI ONINE SUPPLEMENTATI ON . 

Improved feed performance means increased profit to the 

grower. The f ollowing method of translating experimental re sults 

into a measure of profit has proven very useful in determining the 

value of Methionine supplementation . 

The profit over feed cost per 1, 000 birds is ca l culated for 

each diet (simi l ar except for Meth i on i ne supplementation) in the 

manner tabulated be l ow . This method wil l definitely show which 

diet is most profitable because the factors of f eed effi c iency , 

growth, and feed cost are a ll taken into consideration . 

DIET 

Non -

AGE NO . 
DAYS BIRDS 

supplemented 70 40 

Supplemented 
( 0 . 05%) 70 40 

FEED 
PER 
BI RD 
LBS. 

AV . 
WT . 
LBS . 

*MEAT 
VA LUE 
PER 
1000 
BI RDS 

**FEED 
COST PROFI T 
PER OVER 
1000 FEED 
BIRDS COST 

9 . 393 3 . 037 $9 11 $376 $535 

9 . 803 3 .297 $989 $407 $582 

INCREASED 
PROFIT 
RESULTING 
FR OM 
METHIONINE 

$47 

* A price of $ . 30 per pound is used in figuring meat value in a ll diets. 
**A p rice of $4.00 per hundred is used in figuring feed costs of non ­

supplemented diets. Supplemented diets would then be $4 .15 per 
hundred when 0.05% Methionine (one pound per ton) is used . 

The co l umn "Inc r eased Profit Resulting From Methionine" shows 

the value of Methionine supplementation in dollars and cents . It 

should be emphasized that this is INCREASED profit after taking into 

account a ll of the feed ex penses inc l uding the Methionine supple -

mentation. 
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Table 5 is a tabulation of a rand om series of experiments 

in which the value of Methionine supplementation was determined by 

the above method . This table includes good, fair, and poor re sults 

and includes battery tests, pen tests, and field trials . THERE I S 

NO QUESTION ABOUT THE TREND OF INCREASED PROFIT TO THE USER WHERE 

METHIONINE HAS BEEN INCLUDED I N THE DIET. 

If you manufacture broiler feed, we strongly recommend 

that you investigate for yourself, under practical broiler raising 

conditions, the increased value of feeds containing supplemental 

Methionine . 



'lj TABLE 5 
~ 
I-'• 
::J PROFIT OVER FEED COST PER 1, 000 BIRDS - TYPI CAL OF ALL EXPERIMENTS 
cT 
CD 
Q, (Pr ofit Figure s in Dollars) 
I-'• 
::J 8 Week s 10 Weeks 
c::: Inc reas ed Profit I ncreased Pr ofit . 
(/) % Profit over Fe ed Cost Resulting From Profi t over Feed Cos t Resulting From . Methionine Control Supplemented Methionine Cont r ol Supplemented Methionine J> . 

.05 406 421 15 466 474 8 

. 05 361 457 96 398 495 97 

. 05 340 361 21 410 415 5 

. 05 291 358 67 352 400 48 

. 05 360 381 21 423 449 26 

. 05 360 391 31 414 419 5 

. 05 410 418 8 543 555 12 

. 05 393 420 27 544 559 15 

. 05 39 1 404 13 515 538 23 I 

. 05 451 462 ll 607 6oo - 7 f--' 

. 05 404 443 39 535 582 47 0 
I 

.05 452 464 12 594 6oo 6 

. 05 455 474 19 ---

. 05 548 589 41 
>-:rj 
0 
~ s . 075 494 527 33 
L: 
0 . 
H . l 406 454 48 466 513 47 
L: .l 361 404 43 398 456 58 
1\) 

f-' .l 443 433 -10 
_p:-

.l 402 460 58 I 
~ .l 413 420 7 I 
f-' . l 376 440 64 
f-' .l 451 464 13 607 593 -14 IJl 
0 . l 452 453 l 594 590 - 4 

Average 28 Average 25 

Average Per Bird 2 . 8 cent s Average Per Bird 2 . 5 cents 
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